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Abstract—An upgraded version of the complementary strip-
slot radiating element is reviewed. The original radiating element
consists in a microstrip-fed slot in transmission configuration. In
the proposed modification, the slot is backed by a cavity in order
to obtain unidirectional radiation. The presence of this cavity
changes the behavior of the slot. A new equivalent circuit is
used to propose a design methodology for broadband operation.
Two array designs are simulated and implemented: a phased
array and a log-periodic array. Promising experimental results
verify the unidirectional radiation and the wide bandwidth of
these antennas.

I. INTRODUCTION

Now more than ever, the world needs to be fully intercon-
nected by digital means. The efforts of the past years have
allowed reducing mobility and physical interaction (inevitable
some time ago), in addition to increasing the working ef-
ficiency of developed countries. However, more work must
be done in order to achieve real-time global communications
that are accessible to everyone. For this aim, extremely high
bitrates are also required in wireless links. Despite the fact that
the antenna design in the context of communication systems
is one of the most classic challenges in telecommunication
engineering, the antennas for new applications and recently-
appeared services may require special attention in their de-
velopment or further research. These enhanced functionalities
can include wide bandwidth, high efficiency, high directivity,
small size, low cost, and easy integration.

Slot-like radiators [1] have been traditionally strong candi-
dates when designing high-performance small antennas due
to their many advantages, such as lightweight, high cross-
polarization discrimination, low profile, and low manufactur-
ing cost. Thus, they may be a good solution for the antennas of
future communication systems. However, although the band-
width of these radiators is enough for narrow-band applica-
tions, it will be insufficient for more demanding, high-bitrate
systems. Slot radiating elements have a very resonant nature
which compromises their impedance bandwidth considerably.

In [2], a new radiating element, the so-called ‘complemen-
tary strip-slot’ was proposed. It consist in a microstrip-fed
slot in transmission configuration. A stub is placed in the
feeding line, just beneath the slot. Its special feature is that
it has a very broad matching. Additionally, the element is
simple, easy to implement, and its design is straightforward.
This new element has proven to be a solid radiator for
building arrays, such as phased arrays [3] or log-periodic
arrays [4]. Microstrip-fed slots, however, radiate towards both
half-spaces, since it consists of a slot printed on a single
ground plane. This means that there will be at least two main
beams when an array made of this element is built. Thus, they
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Fig. 1. Geometry of the unit cell of the proposed arrays.

can be a poor antenna choice when a single, directional beam
is desired since it wastes power on an additional beam.

II. THE UNIDIRECTIONAL-RADIATING COMPLEMENTARY
STRIP-SLOT ELEMENT

The problem of the bilateral radiation pattern of the classic
complementary strip-slot was tackled by closing the structure.
This has been done by changing the microstrip lines for
striplines or enclosed microstrips. After this change, a cavity
appears underneath the slot and, for this reason, the behavior
of the radiating element changes significantly. The structure
is shown in Fig. 1. The radiating element consists of a
slot transversally fed by a strip printed on a substrate. The
substrate is placed on top of an aluminum cavity to form
a closed structure. As in the complementary strip-slot, the
bandwidth of the radiating element is greatly enhanced by
the presence of a stub in the feeding line. A previous version
of this radiating element was proposed in [5].

In order to understand the behavior of the radiating element
and significantly simplify the design process, a lattice-network
([6]) equivalent circuit has been found. The lattice network is
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Fig. 2. Lattice network equivalent circuit of the unit cell.

able to separate the effect of the even and odd modes of the
structure into its two branches: the parallel branch and the
series branch, respectively. For this reason, the effect of the
slot (odd mode) will be modeled into the series branch and
the effect of the stub (even mode) into the parallel branch.
This separation allows designing both elements (slot and stub)
separately, which makes the process easier. The behavior of
the slot, however, is greatly affected by the presence of the
cavity and, thus, to model it, the equivalent circuit proposed in
[7] was used. The resulting lattice-network equivalent circuit
is shown in Fig. 2. Three different effects can be discerned.
First, the effect of the slot, modeled as a transmission line
ended in a resistor, which models the radiation losses. The
slot mode has cut-off frequency due to the cavity and so must
be included in the characteristic impedance and propagation
constant of that line. Secondly, the coupling effect between the
feeding strip and the slot, which can be controlled by changing
the distance between these elements. Finally, the effect of the
stub, which can be modeled as a simple transmission line
ended in open circuit. Using the impedances of the lattice
network (Z, the impedance of the series branch and Z; the
impedance of the parallel branch), it is possible to express the
image impedance of the two-port as a function of frequency
as:

Zim(w) =\ Za(w)Zp(w). e))

Both the slot and the stub are resonant elements and, thus,
by properly choosing the length of the stub, it is possible
to almost cancel the pole of Z, out with the zero of Z,
obtaining a flat image impedance in a wide bandwidth. The
impedance level can be adjusted using the width of the stub
or the distance between the feeding line and the slot.

However, in the design of the slot and cavity, it is important
to consider the resonance of the TE;y mode. This resonance
will produce a mismatch, limiting the bandwidth. It can be
computed as:

< L 1 )
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where lcquity and Weqvity are those shown in Fig. 1. To
increase the cut-off frequency of the TE;y mode and, thus, a
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Fig. 3. Picture of the manufactured phased array.
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Fig. 4. Magnitude of the S parameters of the unit cell of the phased array
with and without misalignment.

wider working bandwidth, a narrow cavity, with a low Wcquity.
is preferred. However, if the cavity width, wcquty, is reduced,
the cut-off frequency of the slot mode will increase, and the
slot will start radiating at a higher frequency. To broaden the
operating frequency band, the cut-off frequency of the slot
mode can be lowered by increasing the height of the cavity,
hecavity- Thus, it is important to reach a compromise between
bandwidth and element thickness. Furthermore, wegyity Will
also limit the distance between the elements of the arrays,
which is a very important parameter in their design.

III. SERIES-FED ARRAYS

The transmission configuration of this radiating element
makes it ideal to build broadband series-fed arrays like these
proposed in this section. Two different classic array topologies
have been analyzed and manufactured, a phased array and a
log-periodic array.

A. Phased Array

A uniform phased array has been built by cascading ten
elements, in order to perform frequency scanning. Fig. 3
shows the manufactured prototype. Between the substrate and
the aluminum cavity, a layer of 3D-printed dielectric material
is placed to hold the substrate. A small misalignment between
the strip and slot elements is added to the unit cell in order
to reduce the problem of the open stopband at broadside. The
degree of freedom of this asymmetry allows obtaining an even
lower level of the |S7;| parameter. Such a good matching
can be obtained so that, even if the reflections are added in
phase, there will be less reflected power at the source. Fig. 4
shows the S parameters of the unit cell of the proposed phased
array, where it is possible to see that adding the misalignment
resulted in an even lower S;; parameter from 3.25 GHz
onward. It can also be seen the resonance of the resonant
mode TEqg; at 4.6 GHz.
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Fig. 5. Reflection coefficient of the proposed phased array.
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Fig. 6. Radiation patterns of the proposed phased array at different frequen-
cies.

The designed phased array has 10 radiating elements. The
power radiated by a single element can be adjusted with
the width of the slot. Special attention was paid to the
design of the distance between the elements. To maximize
the bandwidth of the array, the distance was adjusted so the
array pattern finishes scanning at the resonance of the cavity,
at 4.6 GHz. The resulting array radiates broadside at 3.65
GHz.

The measured S parameters of the fabricated structure
are shown in Fig. 5 together with those from the HFSS
simulation. Good matching is obtained in both cases, with
return losses higher than 10 dB in the working band. To
verify the array scanning capabilities, the measurement of its
radiation pattern was carried out. Fig. 6 shows the radiation
patterns in the plane longitudinal to the feeding strip (co-pol)
obtained for the array at several frequencies in the radiation
band. The agreement between simulation and measurement
is excellent and, as expected, they demonstrate its scanning
behavior. The antenna can continuously scan its beam from
-70° to 50°. No significant gain degradation is found at
broadside, unlike LWAs without open-stopband suppression.
The obtained maximum gain, 11 dB, is reasonable given the
size of the array, and is stable in frequency, changing only
around 3.5 dB over the whole working band.

B. Log-Periodic Array

Log-periodic arrays are wideband antennas built out of
resonant (usually narrow-band) elements. Thanks to the log-
periodic progression in its geometry, a log-periodic array

is suitable to cover a wide bandwidth. Unlike the phased
array, the log-periodic topology is able to keep the direction
of its beam constant with frequency. The idea behind the
log-periodic scaling is that a group of radiating elements
covers the radiation in a band, while other groups of radiating
elements will radiate similarly at other bands. This way, the
active region of a log-periodic array is defined as the elements
that will radiate at a given frequency and will constitute a
sub-array of sorts. These active regions will have the same
radiation properties at different frequencies, so a very stable
radiation pattern over frequency can be obtained. The active
region of the log-periodic array will perform in a similar way
to a phased array. This way, the antenna directivity will be
determined by the number of elements that are radiating at a
given frequency. To obtain a more stable radiation pattern over
the frequency band, an array factor with backfire radiation
is desired. To do this, the elements must be placed close to
each other. However, if the elements are placed too close, the
mutual coupling effect may interfere with the proper behavior
of the array, as already noted in [4].

The use of a broadly matched radiating element with a
high-pass radiation efficiency adds some particularities to the
design of the log-periodic array. Most of them were already
covered in [4]. For instance, when the radiating elements
have a narrow impedance bandwidth, it is indispensable to
add a frequency-constant 180° phase shift between adjacent
elements. This way, the mismatch produced by each element
when they are not radiating is cancelled out by destructive
interference. When a broadly matched element is used, this
is not necessary. Furthermore, each element will radiate in
a wider band and, for this reason, there is more flexibility
in the difference of size between one element and the next.
This allows several elements to radiate at once, increasing the
directivity of the array. However, if many elements radiate
at the same frequency and their sizes and spacing are very
different between them, a non-stable array factor over fre-
quency or ripples will be obtained. Additionally, when using
the unidirectional radiating element instead of the classic
complementary strip-slot, the challenge of dealing with the
cavity appears. Again, it is desired to have a narrow cavity to
have flexibility in the spacing between elements. In the case
of a log-periodic array, an even narrower cavity is needed
because the radiating elements must be closer together to
obtain backfire radiation. This type of radiation is desired
to obtain a more stable radiation pattern over the frequency
band. For this reason, a higher than wider cavity was chosen
to build the radiating element. A picture of the manufactured
array of 15 elements can be seen in Fig. 7. A problem of
placing the radiating element this close together is that the
mutual coupling between them can be high. An advantage of
using the cavity is that the couplings between the stubs are
blocked and, this way, the mutual coupling is considerably
reduced. Lastly, to avoid the use of filler material in the cavity,
a small step has been made into the aluminum to suspend the
substrate, so the cavity is filled with air in this case.

Fig. 8 shows the reflection coefficient of the antenna with a
broadband 50 2 load placed at the second port. The agreement
between simulation and measurement is good. From 2.1 to
4.3 GHz, the matching is very good, below -12 dB (VSWR



Fig. 7. Picture of the manufactured log-periodic array.
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Fig. 8. Reflection coefficient of the proposed log-periodic array.

of 1.7 or lower), an uncommon figure for such a wide
bandwidth antenna (over 60% of fractional bandwidth). Note
that the bandwidth can be further increased by adding more
radiating elements to the array, at the cost of antenna size.
Fig. 9 shows the measured and simulated radiation patterns
at four different frequencies. The main direction of the beam
is around -50° since the array factor has the maximum in
the backfire direction and the radiating element has a null
in the apex and the maximum at broadside. This combination
leads to backward angle radiation. As expected, the shape and
direction of the radiation pattern are mostly maintained over
frequency. Regardless of this, the maximum directivity of the
antenna is considerable, about 10 dBi.

IV. CONCLUSIONS

A novel radiating element and two array applications
have been analyzed. By closing the structure with a cav-
ity, unidirectional radiation has been obtained. Despite the
different behavior of the slot due to the cavity, the use
of the complementary stub allows to greatly increase the
impedance bandwidth of the radiating element. It can also be
modeled with a lattice network. This model has been used to
provide physical insight behind the operation principle of the
element and to propose a design methodology. Its radiation
performance is similar to that of a conventional slot but with
unidirectional radiation and a wider bandwidth. The radiating
element is suited to build series-fed arrays and so has been
demonstrated by the simulation, fabrication, and measurement
of two different classic array topologies: a phased array and
a log-periodic array. It is expected that its wide bandwidth,
excellent radiating properties, and design simplicity make it
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Fig. 9. Radiation patterns of the proposed log-periodic array at different
frequencies. (a) 2.25 GHz. (b) 2.75 GHz. (c¢) 3.5 GHz. (d) 4.25 GHz.

a good candidate for demanding antenna applications.
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