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Abstract
A novel antenna design technique is proposed, which offers bandwidth enhancement up
to the limits defined by element radiation efficiency. The employed technique is referred
as frequency pulling (FP) as it mimics the ‘insertion loss design methodology of band‐
pass filters’. This is essentially a wideband matching approach pushing the antenna ef-
ficiency to the limits set up by radiation efficiency. There are three options towards this
trend: (i) first to enhance a single element bandwidth (compact element) exploiting its
possibly multiple symmetrical feeding points as distinct resonator ports, (ii) frequency
pulled array as to design a small antenna array (less than about 10 elements) where each
element acts as a resonator and (iii) second order frequency‐pulled array as to build a
small array using compact elements of category (i). Similar to the band‐pass filter design,
all antennas or distinct‐port circuits resonate at the same resonant frequency when iso-
lated, cascading two or more of them; FP yields to multiple‐overlapping successive
resonances in their overall response. Although the proposed technique is general within
this first effort, it is applied to simple patch antenna elements exhibiting multiple sym-
metrical feeding points, namely two—for rectangular, four—for square and five—for
pentagonal. The third option is applied to an array of three compact 4‐feeding point
square elements offering triple bandwidth with respect to the already wideband single
element. However, this is achieved at the expense of a significant beam squint. Thus, in
general, these wideband compact elements should be used within a classical array design.
Further bandwidth enhancement using FP to antenna elements with inherent multiple
resonances as patches with slots or truncated edges constitutes our next task. Their
inherent wider bandwidth in radiation efficiency is expected to allow multiply higher
bandwidths when exploited with our FP technique.

KEYWORD S
antenna arrays, antenna feeds, band‐pass filters, broadband antennas, impedance matching

1 | INTRODUCTION

With the adaptation of 5G communications, there is a need for
bandwidth increase without significant redesign of existing an-
tennas. Several antenna miniaturisation techniques and band-
width enhancements of classical antennas have been presented
in the recent past [1–3]. Specifically, bandwidth enhancement in
patch antennas can be achieved through the use of various

modifications such as the use of slots [4–6], lower permittivity
dielectric [7] or a slight increase in height [8, 9]. Another way to
increase bandwidth is by modifying the feeding of the antenna.
For example the placement of the L‐shaped feeding probe,
which acts as an equivalent resonant circuit between the patch
and the feed and alters the quality factor of the structure, further
enhances the bandwidth and reduces the size of the antenna
[10]. There are also different feedingmethods, described in Refs.
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[9, 11, 12]. The common concept in the aforementioned
methods refers to the establishment of multiple resonances in
the radiating structure, that is, simultaneous excitation of two or
three resonating modes in the patch antenna or the combination
of the resonating patch and resonating slot. These resonances
are separated but close enough for the overall response to be a
unified extended frequency band. The question is whether the
operating bandwidth of each one of them (operating at a single
or multiple resonances) could be extended bymanipulating their
feeding structure. It is common knowledge that the radiation
efficiency of these antennas has a much wider bandwidth than
their antenna efficiency. A solution towards this direction stems
from the ‘band‐pass filter (BPF) synthesis’, where a number of
high quality factor (narrowband) stages resonating at the same
central frequency are combined to offer a wide pass band filter.
The concept behind this synthesis is the ‘frequency pulling (FP)’,
that is, when two of these resonators are cascaded, the circuit
presents three overlapping resonances. Namely their common
resonant frequency is pulled downwards and upwards, while the
original common resonance is retained. Regarding this concept,
we started modifying the feeding network of classical patch
antennas observing an impressive bandwidth enhancement, just
as predicted by FP in BPF synthesis [13–16]. Advantages offered
by BPF but without any reference to FP were also exploited by
other researchers [17, 18].

Α filter synthesis was followed in Ref [17], but it was
specifically applied to waveguide aperture antennas. A series of
publications elaborate on the band‐pass filter and antenna co‐
design, known as ‘filtering antennas’ or shortly ‘filtennas’,
[19–26]. A common characteristic of these methodologies is
their attempt to formulate the antenna feeding network as a
band‐pass filter, without any reference to matching the antenna
efficiency to radiation efficiency. It is towards this direction
that our present effort is elaborating but exploiting the antenna
itself as a resonant stage. It seems that there are only two
publications utilising the radiating elements as resonators in
waveguide type antennas [18] and multiple coupled resonators
[27]. However, it is to our knowledge herein for the first time
that a systematic approach is presented for the design of
antennas exploiting the FP of BPF synthesis.

Overall, in this study a novel general antenna design
technique is presented that systematically exploits the ‘FP’
principle of band‐pass filters for bandwidth enhancement
while retaining minimal dimensions. The technique herein is
applied in three stages: (i) Single ordinary patches with multiple
symmetrical feeding points to yield compact wideband an-
tennas, (ii) A small array of the travelling wave (TWA) type
aiming at wideband operation rather than beamforming and
(iii) Second order FP as a small frequency pulled antenna with
compact antenna elements, pushing the bandwidth to its upper
limits set by radiation efficiency. However, the quarter wave
lines utilised as impedance inverters between successive ele-
ments to realise FP correspond to a −90° (−π/2) phase shift
causing beam steering (or a beam squint) by kdsinθο = π/2 ,
which for the interelement distance d = λ/2 yields a beam
squint by θο = 30°. Thus, such arrays can be comprised of only
a few elements (e.g. up to 4) and for applications where

wideband operation is important so that beam width remains
wide and its beam maximum orientation is not critical. On the
contrary, the obtained wideband compact elements can be
utilised within classical antenna array design methodologies
allowing ordinary beam shaping and beamforming within the
bandwidth offered by these elements. Our plans to further
enhance the bandwidth without any degradation refer to the
utilisation of the above scheme for single elements with
inherent multiple resonances such as square patches with
truncated corners or with etched slots as well as aperture‐
coupled fed antennas. In any case, FP is expected to push
the antenna efficiency close to the limits set by the element
radiation efficiency.

The study is organised as follows: Section 2 describes the
FP of band‐pass filters and how ordinary stub resonators can
be substituted by patch antennas. Design cases using the FP
technique are presented in Section 3. The designed and
demonstrated cases are: A TWA (case ii), a simple multi‐feed
patch (case i) and a multi‐feed array antenna (case iii) as well
as an array of three compact elements without second order
FP. Section 4 concludes the work.

2 | DESCRIPTION OF DESIGN
METHODOLOGY

2.1 | Design procedure outline

The design starts applying the synthesis process of a band‐pass
filter [28]. Using the insertion loss method and Chebyshev
equal ripple response from a low‐pass prototype, a BPF is
constructed (Figure 1a,b). Thus, a structure of shunt‐
connected parallel resonators is created. As a next step, we
replace the shunt resonators with appropriate stubs behaving
in the same way. The resonant circuits can be replaced
equivalently by quarter wavelength short‐circuited or half
wavelength open‐circuited stubs, both of which behave as
parallel resonant circuits (Figure 1c). Although there are
alternative implementations, here we choose the microstrip
technology. Thus, we use half wavelength open‐circuited stubs,
which as resonators are equivalent to patch antennas and are
more likely able to radiate. By this way, the constructed BPF
takes the form of a travelling wave array (Figure 1d). It is
important to mention, as explained above, that the frequency‐
pulled antenna only aims at a wider operational bandwidth
rather than beamforming, which is somehow sacrificed in this
case by accepting of up to a 30° beam squint. The resistor load
at the terminal is replaced by the resistors representing losses
on each antenna element. Finally, by feeding a single antenna at
different symmetrical feeding points, the structure produced
(Figure 1e) is expected to have the same frequency response as
that of the assumed BPF.

The constructed BPF operates with enhanced bandwidth
and either in the form of a ladder‐type circuit of series and
parallel resonant circuits or at the final stage of a travelling
wave array consisting of a series of patch antennas that can be
used for the explanation of FP. The larger bandwidth is due to

2 - KOUTINOS ET AL.
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the multiple successive resonances created by the FP occurring
when resonant circuits are cascaded. Actually, FP generates
new resonant frequencies, which are identical to the natural or
eigenfrequencies of the coupled resonators. This is the same
phenomenon as the one appearing in the filter theory. The
cascaded circuits forming the BPF undergo a phase shift in
much the same way as short and open stubs are used for
wideband impedance matching. One has to keep in mind that
these overlapping resonances occur at the structure input port
while the antenna element (resonator) retains its modal‐
operating radiation characteristics. Thus, the employed FP
affects—enhance the input—port matching to the feeding line,
but it does not disturb the element radiation properties.
Notably, a pair of shorted and open stubs is used to realise the

Marchand Balun. The latter has been recently used to develop
wideband feeds for the tightly coupled dipole arrays [27].

2.2 | Analysis of design technique

In order to demonstrate the way FP leads to bandwidth
extension, we use a second order BPF in its initial form as
shown in Figure 2. The inclusion of ohmic resistances in series
and parallel resonators ensures the equivalence of resonators to
patch antennas with least radiation losses by giving meaning to
the existence of their quality factor. It is well established that all
isolated elements of a filter must resonate at the same fre-
quency but with a different quality factor given as, Qsi = ω0Li/
Ri and Qpi = ω0RiCi for the series and parallel resonator,
respectively, where ω0 is the resonant frequency [28].

FP in the sequence of series and parallel resonant circuits,
resulting in additional resonances, ωr1 and ωr2, below and
above ω0, respectively. Namely, the resonant frequency of the
second resonator, as seen at the input of the BPF, is pulled by
the precedent first resonator downwards and upwards by an
equal amount Δω. To clarify this effect, the input impedance of
the second order BPF of Figure 2 is examined for resonances
and its transfer function is extracted. The input impedance of
the circuit is given by

Zin ¼
ðZ1 þ RLÞ þ Z1RLY 2

1þ RLY 2
¼

1þ Z1Y 2 þ Z1=RL

1þ RLY 2
ð1Þ

where all parameters are denoted in Figure 2.
Taking the open‐circuit resonances by letting RL → ∞,

Equation (1) reduces to

Ζoc
in ¼ Z1 þ 1

�
Y 2 ¼ Z1 þ Z2 ð2aÞ

Expecting a resonance shift from ωo to ωr ¼ ωo � Δωr
and approximating Z1 and Y 2 according to Ref. [28] as

Z1 ≈ R1 þ j2L1Δωr ð2bÞ

Y 2 ≈ 1=R2 þ j2C2Δωr ð2cÞ

The new resonances at ωo � Δωr can be estimated by
equating the phase of Zin to zero. After some calculations we
find that,

Δωr1;2 ¼�
1

2R2C2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2
2C2

L1
− 1

s

ð3Þ

With the use of a circuit simulator, FP can be explained
graphically from the results shown in Figure 3. In this figure,
the amplitude and phase of Zin of BPF of Figure 2 are drawn
for the serial and parallel resonant circuits, each one alone and
for the combination of them, that is, a series resonance
cascaded by a parallel resonance. Resonance occurs at the zero

F I GURE 1 Basic steps in the design of a frequency pulled antenna:
(a) band‐pass filter design, (b) transformation of series resonators to parallel
ones, (c) replacement of discrete elements resonators with open‐circuited
stubs, (d) replacement of stubs with patch antennas, and (e) replacement of
antennas with symmetrical feeding points of a single antenna

KOUTINOS ET AL. - 3
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phase; thus, the overall input impedance [Equation (2a)] has
series resonances at ImðZoc

in Þ ¼ 0 or

θoc ¼ 0↔ jZ1jsin θ1 ¼ jZ2jsin θ2 ð4Þ

This can be understood from Figure 3b, where at some
frequency ωo þ Δωr, above ωo resonance and the negative
phase −Δφ inserted by Z1 is compensated by the positive phase
shift þΔφ introduced by Z2. The opposite occurs at a lower
frequency ωo − Δωr. Hence, for the cascaded circuit of two
resonators of Figure 2, the single resonance, originally existed
at ωo; occurs simultaneously at two new frequencies, ωo − Δωr
and ωo þ Δωr. The original resonance at ωo; is retained be-
tween the new ones but for different impedance as is shown in
Figure 3a. It is important to observe that the two new resonances
at ωo � Δωr have a lower quality factor and equivalently wider
bandwidth than the resonance at ωo as shown in Figure 3c.

For a more general investigation of FP, the voltage transfer
function HðjωÞ for BPFs of order 1, 2 and 3 are given in
Table 1. For a band‐pass response, HðjωÞ should be maxi-
mised at resonance, which corresponds to setting the imaginary
part of its denominator to zero.

The resulting resonant frequencies are also depicted in the
same table, where for the resonators, only elements L and C
are used. As expected, the two approaches yield the same
resonant frequencies for the second order filter if we eliminate
the ohmic resistances by letting R1 → 0 and R2 → ∞.

In Figure 4, we plot on a Smith chart, the impedance locus
of the two resonators and their cascaded combination of BPF
of Figure 2. As can be seen, the trajectories of the series and
parallel resonators, when they are alone, intersect the x axis at
ωo moving from opposite directions. Their cascaded combi-
nation intersects the x axis two more times where these points
correspond to the new resonances at ωo � Δωr. It passes also
from ωo, which is between them and happens for higher
impedance but can still be considered to contribute to a single
enhanced bandwidth. In all three cases, the 3‐dB bandwidth is
defined by the constant Q = X/R = 1 trajectories.

As already described, the series resonant circuits are
transformed into equivalent parallel ones by using quarter
wavelength transformers as impedance inverters. In this way, a
structure of only shunt or parallel resonators is constructed.
The next step is to replace the shunt resonators of lumped
elements with distributed form resonators using appropriate
stubs. They can be replaced equivalently by quarter wavelength

short‐circuited or half wavelength open‐circuited stubs, which
behave as parallel resonant circuits. The classical BPF approach
is based on using quarter wavelength stubs short‐circuited to

F I GURE 2 Equivalent ladder‐type circuit of a second order band‐pass
filter. R1; R2 represent the ohmic losses of resonant circuits

F I GURE 3 (a) Amplitude and (b) phase of input impedance.
(c) Quality factor of the series and parallel resonator, each one alone and
their combination as in the circuit of the band‐pass filter (BPF) of Figure 2.
(d) S‐parameters of BPF

4 - KOUTINOS ET AL.
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the ground plane through metallised vias. On the contrary,
herein, open circuited half wavelength stubs are utilised as
patch antennas. For a chosen response, the prototype param-
eters gn are given by standard tables. In the ordinary BPF, by
matching the stubs and resonator input impedances, the stub
characteristic impedance is calculated as [28]

Z0;n ¼ πZοΔ
��

4gn

�
ð5Þ

where Δ is the fractional bandwidth and Zο the characteristic
impedance of the admittance inverter (Figure 1b).

These shunt stubs can be readily substituted by rectangular
patch antennas to directly obtain a frequency pulled antenna.

However, the utilised printed antennas operate at their
parallel resonance when their length is half wavelength and
their edges are open‐circuited. Hence, the BPF must be real-
ised utilising open‐circuited, half wavelength shunt stubs. In
this case, the elements of the parallel equivalent circuit are
estimated by extracting an approach similar to [28],

Ln ¼
ΔZ0

ωοgn
¼

2Z0;n

πωο

Cn ¼
gn

ωοΔZ0
¼

π
2ωοZ0;n

9
>>>=

>>>;

↔ Z0;n ¼
πΔZ0

2gn
ð6Þ

2.3 | Equivalent circuit of the patch antenna

For the successful substitution of half‐wavelength open‐
circuited stubs with patch antenna elements, their equivalent
electrical circuits must be identical. When a rectangular patch
antenna (RPA) is operated within the bandwidth of one of its
resonant modes (e.g. at TM100), the corresponding parallel
resonant circuit is dominant and its equivalent circuit is shown
in Figure 5 [11, 29]. Although for the calculation of parallel
resonance parameters, R, L,and C, for each individual mode,
closed form expressions exist [28]; these can be also extracted
from measurement or simulation results. Since the aim is to
design arbitrary‐shaped wideband antennas, we estimate these
parameters from simulated input impedance results. We choose
to use this method, since it is more accurate and general, and
we use the expressions to verify the produced results. The RPA
is designed following established procedures by simulation in
IE3D™, a commercial method of moments code well suited
for planar structures. Thus, for every different feeding point,
the input impedance is obtained. In turn, its parallel equivalent
circuit can be extracted following the same way as for the open
half‐wavelength stubs.

Following the well‐known design procedure, we make the
RPA to resonate at the desired central frequency ω0 ¼ 2πf0.
The resistance Rp is estimated at the resonance, while the
inductance and capacitance can be calculated from the imped-
ance value at a frequency ω¼ ωo þ Δω within the resonant
mode bandwidth as shown in (2c):

TABLE 1 Voltage transfer function and
resonant frequencies of band‐pass filters for
orders n = 1, 2, and 3

n HðjωÞ ωr

1 RL
RL þ Z1

ω0 ¼
1ffiffiffiffiffiffiffiffi

L1C1
p

2
RLZ2

Z1Z2 þ RLðZ1 þ Z2Þ

ω1;2 ¼ ω0

2þA
�
1 �

ffiffiffiffiffiffiffiffiffiffi
1 þ 4 1

A

p �

2

2

6
6
4

3

7
7
5

1
2

A¼ L2
L1

3 RLZ2
Z1Z2 þ ðRL þ Z3ÞðZ1 þ Z2Þ

ω2 ¼ ωoω1;3 ¼ ω0

2þA
�
1 �

ffiffiffiffiffiffiffiffiffiffi
1 þ 4 1

A

p �

2

2

6
6
4

3

7
7
5

1
2

A¼ L2
L3
þ L2

L1

F I GURE 4 Impedance locus of a shunt resonance, a series resonance
and the cascaded connection of them at fo = 2 GHz

F I GURE 5 The equivalent circuit of a rectangular patch antenna
resonating in the TM100 mode

KOUTINOS ET AL. - 5
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Rp ¼ Zinðω¼ ω0Þ ¼ RefZinðω¼ ω0Þg ð7aÞ

Cp ¼
ω

ω2 − ω2
0

ImðYinÞ ≈
ImðYinÞ

2Δω
ð7bÞ

Lp ¼
1

ω2
0Cp

ð7cÞ

The subscript p denotes ‘patch’ and corresponds to the
resonant mode, which here is the dominant mode TM100.
Alternatively, the reactive parameters can be calculated using
the unloaded quality factor Q0, which in turn can be estimated
from the negative slope of the imaginary part of the impedance
or from its phase according to Ref. [18] and the references
cited therein, as

Q0 ¼ Rpω0Cp ¼ Rp
��

ω0Lp
�

ð8aÞ

Then

C0 ¼
Q0

Rpω0
ð8bÞ

and

Lp ¼
Rp

Q0ω0
ð8cÞ

ZinðωÞ ¼
�

1
Rp
þ jωCp þ

1
jωLp

�−1

ð8dÞ

Q0 ≈ −
f 0

2Rp
Im
�

ϑZinðf Þ
ϑf

��
�
�
�
f¼f 0

ð8eÞ

In general, for the calculation of the slope‐derivative, a
simulated or a measured ZinðωÞ can be used. Patch antennas
are designed after choosing the operating frequency and a
material for the dielectric substrate characterised by its thick-
ness, dielectric constant and loss tangent [11]. The patch an-
tenna can be inset‐fed or probe‐fed and when it operates at its
dominant mode TM100 , it is replaced by its equivalent circuit
as shown in Figure 5. The comparison of Figure 5 with the
circuit of each resonator in Figure 1b shows that they are
almost identical. The difference is the existence of the shunt
resistor (radiation resistance), which has the role of the quality
factor regulator of the antenna and the series inductance,
which represents the feeding transmission line or probe where
energy is stored corresponding to high order modes. Under
matching conditions, the impedance Zt

in locus will be rotated
on the Smith chart when the feeding line length is changed, but
its matched operating frequency point will be retained at the
centre. Hence the length in Figure 5 can be tuned to implement
the desired resonators. The patch antenna feeding point, when
either an inset or coaxial probe feed is utilised (Figure 5), is

selected for matching to the transmission line as ReðZp
inÞ ¼ Z0.

The complex antenna input impedance as a function of
frequency Zp

inðωÞ is herein estimated from electromagnetic
simulation.

For a given central operating frequency ω0, the antenna
input impedance Zt

inðωÞ , including the additional line as in
Figure 5, should be made identical to the corresponding
resonator of the filter ðLp;CpÞ to be implemented. In turn
Zp

inðωÞ is given by ð8dÞ, from the pth‐stage ðLp;CpÞ (Figure 2)
and it can be equal to Zp

inðωÞ defined by Equation (2c). Hence,
the feeding line length is estimated by the following expression:

Zt
inðωÞ ¼ Zo

Zp
inðωÞ þ jZotanðβlÞ

Zo þ jZp
inðωÞtanðβlÞ

ð9Þ

It is worth to be noted here that extra effort was paid to
keep as central frequency the value of 2 GHz. The addition of
feeding line length is equivalent to the addition of series
inductance, which has as a result the rotation of the impedance
on the Smith chart or shifting the bandwidth to higher fre-
quency values. This is the reason that the FP bandwidth
enhancement shown in prototypes of the next section is not
centralised to the original central frequency but occurs around
a higher frequency.

3 | ANTENNA DESIGN CASES

Although the main purpose of this work is the design of single
compact wideband elements as option (i) described in the
introduction, for clarification and convenience we start with
the array of option (ii). This is a direct application of the band‐
pass filter approach explicitly designed in Section 2.2 and
illustrated in Figure 1d. The only difference from the standard
printed band‐pass filter is the substitution of the short‐
circuited quarter wavelength stubs (typical BPF) by open‐
circuited half wavelength ‘stubs’, which are actually rectan-
gular patch antennas. Notably, both of them behave as shunt
parallel resonators.

Regarding the compact element design approach [option (i)],
it follows the scheme of Figure 1e. Here, the same patch antenna
is utilised to implement each resonator of the BPF topology
through a different feeding point. The explicit implementation
of option i and ii follows in the next subsections.

3.1 | Three and four elements array

The first case implements option ii defined in the introduction,
namely to design a frequency‐pulled array similar to the antenna
array shown in Figure 1d. As was explained, the phase difference
between adjacent patches is 90° (Figure 1b), and the dimensions
of patches are calculated for the chosen operating frequency and
dielectric substrate material. The input impedances of patches
should be in agreement with the corresponding resonator of the
related filter and are taken from Equation (9). By adjusting the

6 - KOUTINOS ET AL.
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F I GURE 6 (a) Four elements FP antenna. (b) Current distribution at central frequency. (c) S11 of single element, and three and four‐element array antennas

TABLE 2 Parameter dimensions of the 4 elements FP array (Figure 6), four‐feed single patch (Figure 8) and multi‐feed array (Figure 11), antennas

Parameter dimensions
(mm)

Antenna of
Figure 6

Parameter dimensions
(mm)

Antenna of
Figure 8

Parameter dimensions
(mm)

Antenna of
Figure 11a

Antenna of
Figure 11b

Lf 20 Lg 46.48 Lg 128.79 183.04

Wf 3.56 Wg 46.48 Wg 60.98 67.98

L 41.25 Lp 30.99 d1 39.80 39.80

W 28.2 xf 3.87 d2 19.26 29.26

Linset 16.99 Wf 3.5 d3 ‐ 13.26

Winset 5.5 L1 30.79 L1 44.25 44.25

Lm1 34.09 L2 23.43 L2 46.75 56.75

Lm2 35.68 L3 8.93 L3 ‐ 40.75

Lm3 38.47 L4 11.79 W1 7 10.5

Lm4 36.09 L5 11.25 W2 3.5 11

L6 9.47 W3 ‐ 3.5

L7 11.25

L8 20.11

KOUTINOS ET AL. - 7
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feeding line length, these values are seen at the connection point
of every patch with the feeding line.

In order to show the bandwidth enhancement, two an-
tenna arrays with three and four patches were designed
corresponding to BPF of the third and fourth order,
respectively, with centre frequency of 2 GHz. The values of
all necessary parameters are given in Table 2. The antennas
are shown (for space economy only one of the fourth order)
along with their S11 parameters in Figure 6, where for
comparison reasons, the case of a single patch antenna was
also added. The elements are placed on alternate sides of the
feeding line in order to obtain unidirectional and parallel
current distributions (Figure 6b), which enhance the effi-
ciency of the antenna. Patch elements are aligned parallel,
using meander‐feeding lines when it is necessary. In the
proposed method, no load is needed because each antenna
element has its own resistor (representing radiated power) in
its equivalent circuit and so the only action needed is the
tuning of the values of the equivalent circuit to the ones
defined by the filter theory. This is realised through the
different lengths of the feeding line of each element (Lm1 to
Lm4). Although the last element does not radiate as much as
the other elements, it is needed for the total band‐pass
behaviour. From Table 3 where the bandwidth edge fre-
quencies for each antenna are given, the values of the total
and fractional bandwidth can be calculated. These values are
also shown in the same table, from which the bandwidth
enhancement for the cases of three‐ and four‐element array
antennas can be estimated. It is obvious that the bandwidth

increases and it can be said that it is tripled and quadrupled,
respectively, for the two cases of three‐ and four‐element
antennas with respect to a single‐element antenna. For
comparison reasons, the achieved fractional bandwidth of a
typical eight elements array [30] was included, which although
operating in different centre frequency presents roughly the
same bandwidth in the case of the three elements array and
smaller bandwidth than the case of the four elements array.
In addition, the comparison with a four elements filtenna
(third order BPF and antenna load) from Ref. [25] is shown,
but it should be noted that in our case, the antenna elements
have smaller W dimension and higher dielectric constant
(εr = 3.5 instead of 2.2), which results in elements with
narrower bandwidth.

Radiation patterns of the three‐ and four‐element antennas
are illustrated in Figure 7 for the three frequencies shown in
Table 3. It is observed that as the number of elements in-
creases, the main single lobe starts to split in two. Essentially,
the expected beam squint or orientation towards 30° is
observed in Figure 7 due to the −90° phase difference induced
by the impedance inverters between successive elements. This
renders the proposed FP inappropriate for arrays with strict
desired radiation patterns. However, it is proved in the next
section that FP is best suited for bandwidth enhancement of
single elements exhibiting multiple symmetrical feeding points.
These can in turn be utilised within classical array design
without any restrictions and yield a radiation pattern free from
any beam squint. This feature is explicitly proved in the
wideband array design of Section 3.3.

F I GURE 7 Radiation patterns of three‐ and
four‐element antennas for frequencies of Table 3.
Elevation plane for three elements (a) and four
elements (b) antennas

TABLE 3 Bandwidth frequencies for
the antennas of Figure 6.

(number) of elements fL (GHz) fC (GHz) fH (GHz) BW (MHz) Fractional BW (%)

1 1.995 2.002 2.009 14.02 0.70

3 2.008 2.026 2.043 34.87 1.72

4 2.003 2.031 2.058 54.49 2.68

8 [30] 27.9 28.15 28.4 500 1.776

4 [25] 4.925 5.0 5.075 150 3.0

8 - KOUTINOS ET AL.
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3.2 | Compact single‐element antenna

The second design elaborates on option (i) defined in the
introduction, namely the single‐compact element with multiple
symmetrical feeding points. The different resonators required
by FP can be offered by a single physical radiating element (e.g.
Figure 8a) when it exhibits multiple symmetrical feeding
points. A separate resonator is viewed at each corresponding
input port, but all of them resonate at the same frequency
(exciting the same mode). These exhibit identical resonant
circuits (Zp

inin Figure 5) apart from the transmission line uti-
lised in Figure 5 to match each resonator with the corre-
sponding BPF element.

Our first attempts applying FP to a rectangular and super‐
shaped patch antennas with two symmetrical feeding points are
presented in Refs. [14–16]. Aiming at maintaining the antenna
dimensions to minimum, a second dielectric substrate can be
used, sharing the same ground plane with the first. The patch
will be located on the top layer, while the feeding network will
be printed on the bottom layer. The feeding is achieved with
metallised vias by connecting each feeding point with the
feeding network. For the implementation, the antenna and the
feeding network will be printed on separate substrates. These
will then be placed back‐to‐back and their ground planes will
be glued or soldered together.

A variety of patch antenna shapes exhibit symmetrical
feeding points andFP can be applied to any one of those.Among
them the canonically shaped patch radiators—equilateral trian-
gle, square and canonical N‐agon—pentagon, hexagon, hepta-
gon etc. are of particular interest due to their high degree of
symmetry. Although we plan to study most of them, herein, we
focus on square–tetragonal for convenience reasons.

In order to test the FP technique for greater bandwidth
enhancement, instead of a rectangular, a square patch is selected,
which has four symmetrical feeding points. Using two, three or
four of them, the antennas equivalent to the second, third or
fourth order filter can be produced, respectively. The feeding
line length is selected to achieve the appropriate equivalent cir-
cuit and to induce the −90° phase difference needed for the
impedance inverters. It is important to mention that the FP
technique can be used with different shape radiators, such as
super shapes, resulting to a much wider bandwidth [15].

A square patch antenna with four symmetrical feeding
points, designed as a fourth order BPF, is shown in Figure 8.
Its design parameter values are given in Table 2, and the
resulting bandwidth frequencies, total and fractional band-
widths are given in Table 4. In Figure 8d the reflection coef-
ficient is shown, where for comparison reasons the cases of the
first to third order BPF were added. The ideal tuning of each
resonance's L and C would result in the right number of res-
onances (aka four), but this is difficult with all the elements
being fed by the same line. This is the reason we are focussing
on bandwidth enhancement as the fractional bandwidth and
not on the number of resonances.

For a better comprehension, in Figure 8e a parametric
analysis for some key dimensions of the antenna of Figure 8 is

F I GURE 8 Square patch antenna with four symmetrical feeding points:
(a) top view, (b) feeding network for the fourth order filter antenna with
dimensions given in Table 2, (c) fabricated prototype and (d) reflection
coefficient of multiple feeding point antennas (first, third and fourth order
filter), (e) reflection coefficient of the four feeding point antenna parametric
analysis (Δφ indexes represent the feeding points starting from the closest to
the feeding port) (f) efficiency and (g) gain for the fourth order filter antenna

KOUTINOS ET AL. - 9
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TABLE 4 Bandwidth frequencies for
the multi‐feed square patch antenna of
Figure 8.

(Number) of elements fL (GHz) fC (GHz) fH (GHz) BW (MHz) Fractional BW (%)

1 2.552 2.568 2.583 31 1.2

3 2.43 2.474 2.517 87 3.52

4 2.39 2.455 2.52 130 5.3

F I GURE 9 Radiation patterns of the
multi‐feed square patch antenna for
frequencies of Table 3. The elevation plane
for (a) single feeding, (b) third order,
simulated and measured, (c) fourth order
filter at 2.39 GHz, (d) fourth order filter at
2.455 GHz and (e) fourth order filter at
2.52 GHz antennas

10 - KOUTINOS ET AL.

 17518733, 2022, 1, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/m

ia2.12206, W
iley O

nline L
ibrary on [23/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



F I GURE 1 0 Simulations and measurement
results for the square patch antenna with four
symmetrical feeding points

F I GURE 1 1 Wideband travelling wave multi‐feed antenna. (a) Top and bottom (feeding network) view for the two elements array, (b) top and bottom
(feeding network) view for the three elements array, (c) manufactured prototype for measurements and (d) array with in phase multi‐fed compact elements

KOUTINOS ET AL. - 11
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shown. The purpose of the analysis is the examination of how
the shift in resonances affects the impedance matching and in
turn the bandwidth. Since this is controlled by the admittance
inverters between successive resonators, the corresponding
electrical lengths are perturbed above and below −90°.
Explicitly the increasing or decreasing of dimensions L6 or L8,
affects the phase difference between consecutive feeding
points. Specifically, adding 1 mm to the length of the line
between two feeding points increases the phase difference
almost by 10° (10.9°) while reducing the same length by 1 mm
decreases the phase difference by almost 10° as well. The
length between the feeding points 3 and 4 has not been studied
because the optimum response has been achieved for it to be
minimum (straight line with no turns) and as such it is not
possible to be further decreased. However, theoretically, the
same principle as with the two other lengths can be followed.
The resulting reflection coefficient (S11) illustrated in Figure 8e
shows that the variation of phase difference by L6, and L8
causes shifts in the resonances. As expected, pulling successive
resonances too far apart (L6 + 1 mm, Δφ = −100°, the first
resonance shift to 2.38 GHz from 2.415 GHz) causes an in-
crease in S11 above the limit of −10 dB. The optimal band-
width is obtained when the ideal −90° phase shift is attained,
just as predicted theoretically.

The radiation patterns for the frequencies of Table 4 are
presented in Figure 9. It is observed that the same radiation
pattern is retained across the whole operating bandwidth,
while the deformation of the main lobe that happened for the
antenna array of the same order of Figure 7 does not occur
here. As explained before, the reason for the main lobe
splitting and the beam squint is caused by the −90° phase
difference between elements due to the impedance inverters

between successive elements. However, in the compact square
patch two modes (TM100 and TM010) are simultaneously
excited by the corresponding pairs of feeding points in the
square patch of Figure 8 and the −90° phase difference simply
results to a circularly polarised radiation pattern. Notably, for a
rectangular patch operating at a single (e.g. the dominant)
mode frequency pulling through the two symmetrical feeding
points retains the linear polarisation [13]. In Figure 9, the back
lobe is a result of the feeding network in the back side of the
antenna (second substrate), which in the worst‐case scenario
(Figure 9d) is below −10 dB compared to the main lobe
maximum. The improved radiation pattern and the fact that
this antenna presents more than double the bandwidth of the
multiple elemental previous one, proves that this case is a
better design. Figure 10 presents a comparison between
simulation and measurement results from a manufactured
prototype.

3.3 | Three compact wideband elements FP
array

Frequency pulling according to the third (iii) option as iden-
tified in the introduction is attempted in this design. For this
purpose, the FP approach is used two times or in two levels: an
FP antenna array is designed using appropriate impedance lines
but with the patch antenna elements replaced by the multi‐feed
compact (Section 3.2) square elements equivalent to fourth
order filters. The multi‐feed shifts the frequency downwards
while the use of multiple elements causes upward shifts. As a
result, an extended bandwidth is produced. The resulting array
is illustrated in Figure 11 (a, for two elements and b, for three

F I GURE 1 2 Reflection coefficients for the antennas of Figures 6, 8 and 11

12 - KOUTINOS ET AL.
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elements), and its design parameter values are given in Table 2
while the corresponding reflection coefficient, compared to
those of previous design stages is presented in Figure 12.
Comparing Figure 6 with Figure 11, the design approach is
actually the same. In both cases, we have an array consisting of
4 and 3 elements, respectively. The only difference is that in
Figure 6 the elements used are planar antennas with a single
substrate and as such of narrow bandwidth, while in Figure 11
as an element we use the antenna of Figure 8, which offers
greater bandwidth. So, it is only an issue of matching for
narrow band and wider band elements. This is the reason for
the different dimensions of lines (d1, d2, d3, W1, W2, and W3),
resulting in the uncommon array shape between the elements

in order to achieve proper matching (L and C for each
element). Utilising three compact multi‐feed array antennas, it
is expected to have a bandwidth increase by about three times
in respect to that of Table 4. This yields an overall increase of
around 12 times in bandwidth compared to the ordinary square
patch antenna fed in a single point. Finally, a comparison of
important frequencies and efficiencies (maximum values) is
carried out as depicted in Table 5 for two and three compact
elements arrays. The initial bandwidth increase expectation is
achieved. The radiation pattern of the array is presented in
Figure 13 and a comparison between the measurements of the
fabricated prototype and simulations results is shown in
Figure 14.

F I GURE 1 3 Elevation radiation patterns for
frequencies of Table 5 of multi‐feed array antennas
comprised of (a) two elements, (b) three elements
and (c) array with in phase multi‐fed compact
elements

TABLE 5 Bandwidth frequencies and efficiencies for single, four‐feed square patch and multi‐feed array antennas

Single feed
patch

Square 4 ‐point feed patch
(Figure 8)

Two element array antenna
(Figure 11a)

Three element array antenna
(Figure 11b)

fL (GHz) 2.552 2.39 2.349 2.44

fC (GHz) 2.568 2.455 2.481 2.658

fH (GHz) 2.583 2.52 2.612 2.876

Peak antenna efficiency
(%)

73.1 64.36 62.1 59.9

BW (MHz) 31 130 263 436

BW (%) 1.2 5.3 10.6 16.4

KOUTINOS ET AL. - 13
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F I GURE 1 5 Radiation characteristics of antennas compared in Figure 12. (a) Efficiency versus frequency. (b) Gain versus frequency

F I GURE 1 4 Simulation and measurement results for the multi‐feed array antenna

14 - KOUTINOS ET AL.
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3.4 | Classical array of three compact
elements

The beam squint or orientation towards 30° occurred in the
two arrays of Figures 7 and 13a, b is attributed to the phase
difference of −90° between elements inserted by the corre-
sponding impedance inverters. In order to prove this reasoning
but also to demonstrate that the frequency pulled multi‐point
fed compact elements (e.g. Figure 8 and Section 3.2) can be
exploited within classical array design, such an array is elabo-
rated in Figure 11d.

The basic difference from the other two arrays is that no
attempt is made to apply a second order FP and for simplicity,
the feeding network is designed to provide equal phases to the
three elements of Figure 11d. Indeed, a broadside radiation
pattern is observed in Figure 13c free from any beam squint.
However, as expected the impedance bandwidth of this array is
retained almost identical (slightly widened) to that of the uti-
lised 4‐point feed compact element as shown in Figure 12.
Thus, when aiming at arrays, the bandwidth enhancement
effort should be directed only towards the multipoint‐fed
frequency‐pulled elements. Towards this direction, a combi-
nation of FP with inherent multiple resonance elements (i.e.
square patches with truncated corners and/or etched diagonal
slots) will be sought in our next task.

3.5 | Performance in efficiency and gain

All elaborated structures are compared in Figure 15 in terms of
efficiency and gain. Regarding the antenna efficiency, a type of
‘Fano's gain limit’ is observed in Figure 15a with reference to
the ideal element radiation efficiency. Explicitly, the antenna
efficiency of the single feeding point patch is higher (73%)

approaching the radiation efficiency value (78%) but with the
narrowest bandwidth. As the bandwidth is increased by FP, the
maximum antenna efficiency remains lower than the radiation
efficiency at any frequency across the operating band. For this
reason, the three elements in the phase array have an antenna
efficiency of 62% close to that of its single quad‐fed element,
while the maximum value for the three element FP array drops
to about 60%.

Regarding the gain of Figure 15b, it is relatively following
the antenna efficiency with some alteration caused by the
additional loss introduced by the feeding network. As ex-
pected, the arrays have a higher gain due to the increased
directivity. The classical design of the three compact elements
broadside array shows the highest gain and verifies the
expectation of exploiting these elements in standard array
design.

3.6 | Discussion and comparisons

The characteristics of the proposed single compact element
antenna and the proposed arrays are compared with the
corresponding one in the literature in Tables 6 and 7. With
regard to the single element (Table 6), the proposed antenna
is more compact (small size) and has higher gain. Besides that
the competitive antennas [22, 24, 26] share essentially the
same principle as the FP herein to enhance the impedance
bandwidth. Namely, they place a band‐pass filter at the input
port of the antenna aiming at the compensation of the
reactive part of the antenna input impedance. Instead, the
proposed technique formulates the patch antenna as a band‐
pass filter by utilising each one of its symmetric feeding
points as a resonator. These work are actually following the
impedance broad‐banding techniques proposed by Fano [31]

TABLE 6 Comparison of the compact
proposed single element antenna with the
corresponding in the literature (PG stands for
peak gain)

Reference Size fc (GHz) BW (%) PG (dBi)

[22]a 0.41λο � 0.6λο � 0.01λο 2.45 14 2.53

[23]a 0.79λο � 0.59λο � 0.025λο 2.4 8.3 2.3

[24] 0.87λο � 0.58λο � 0.046λο 4.16 4.7 4.3

[26]a 1.25λο � 1.25λο � 0.013λο 2.45 8 4.6

Proposed antenna of Figure 8c 0.47λο � 0.47λο � 0.025λο 2.455 5.34 4.7

aBidirectional patterns.

TABLE 7 Comparison of the proposed
array antenna with the literature (NE, the
number of elements and PG, the peak gain)

Reference Size fc (GHz) BW (%) NE PG (dBi)

[18] 1.2λο � 0.49λο 2.485 14.9 4 4.73

[19] 0.93λο � 0.63λο 2 3.64 3 20.32

[30] 5.19λο � 0.48λο 28.15 1.776 8 24.4

[25] 1.23λο � 1.29λο 5 3 4 9.6

Proposed array of Figure 11c 3.05λο � 1.28λο 2.658 16.4 3 6.23

Proposed array of Figure 11d 2.11λο � 1.21λο 2.513 6.3 3 7.82

KOUTINOS ET AL. - 15
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and latter clarified by Youla in Ref. [32] who exactly sug-
gested the introduction of a filter at the antenna input port to
achieve broad banding. On this basis, the proposed technique
goes a step forward by implementing Fano's and Youla's filter
utilising the patch antenna symmetric feeding ports them-
selves. Referring to the cases [22, 23, 26], noted by a star
superscript in Table 6, they are essentially monopole antennas
with a bidirectional radiation pattern, which is reflected to a
lower gain of about 2 dBi.

Discussing the array of 3 compact elements (Figure 11c)
indeed offers the largest bandwidth as compared with the
corresponding one in the literature. However, regarding the
achieved gain this is lower, since there was not any effort to-
wards beamforming, which was sacrificed to increase the
bandwidth. As explained before, applying the FP at a second
level (array level) indeed compromises the radiation pattern
causing the beam squint. Hence, the second level FP is
abandoned and the resulting wideband compact elements
(Figure 8) are indicatively utilised in a classical array
(Figure 11d) also depicted in Table 7. Indeed this delivers the
expected gain of 7.82 dBi for a three element array but its
bandwidth is retained at the same level (1% higher) as that of
the single element.

4 | CONCLUSIONS

The FP technique for design compact patch antennas with
extended bandwidth has been presented and characteristic
design cases were shown. The multi‐feed single patch approach
gives bandwidth enhancement but with the size of a single
patch. The choice of more feeding points using different patch
shapes can further increase the bandwidth. The combination
of the travelling wave antenna with multi‐feed radiators indeed
yields significant bandwidth enhancement but at the expense
of the beam squint due to the −90° phase difference induced
by impedance inverters. It is of primary importance that the
obtained wideband compact elements can be utilised within the
standard array design but only with their inherent circular
polarisation. For linear polarisation, compact elements as
rectangular patches with two symmetrical feeding points can
be utilised as polarisation is retained through FP. The detailed
analysis of these limitations and the exploitation of single el-
ements with inherent multiple resonances (truncated corners
or slotted patches) will be the subject of future work.
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