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ABSTRACT This paper investigates a thin low-pass filtering antenna array based on dual-polarized Vivaldi
elements. The low-pass filtering in the antenna elements reduces the requirement for the front-end filtering
between the antenna and the microwave electronics, resulting in improved overall out-of-band suppression,
size reduction, and lower cost. The array employs a novel stacked-PCB structure, where simple two-sided
PCBs are stacked on top of each other. The via-connected metal layers of all PCBs form a tapered
slotline along the surface normal of the PCBs. The filtering effect is realized by corrugating the tapered
slotlines, which provides effective, space-saving integration of the filters that fit into a half-wavelength
lattice. According to unit-cell simulations, the proposed antenna array operates at 6—18.5 GHz, and the
stopband extends from 21 GHz to 37 GHz. The antenna array provides a —10-dB active reflection coefficient
(ARC) with beam-steering angles within +60° in E- and D-planes, and —6 dB within £55° in the H-
plane. At stopband frequencies, the attenuation with respect to simulated total efficiency is at least 20 dB.
The operation of the proposed antenna array is confirmed by measurements of an 11x12 antenna array
prototype, which show that the gain suppression level in the stopband is more than 30 dB up to 37 GHz,
and more than 20 dB up to 40 GHz.

INDEX TERMS antenna array, filtenna, filtering antenna, flared notch, periodic slotline, planar, printed

circuit board (PCB), tapered slotline, Vivaldi

I. INTRODUCTION

ANY wireless systems employ antenna arrays to

agilely direct the microwave energy in the desired
direction. This effect is exploited, for example, in radar
systems and mobile communications. In these radio systems,
the antenna arrays are the outermost part of the signal chain.
Before the antenna array, the signal chain includes several
filters, which filter out both unintentional spurious emissions
in transmission and interfering signals from the environment
in reception. Usually, filters are external microwave compo-
nents associated with a relatively high cost and size if high-Q
performance is required.

To improve the compactness and overall performance
of the radio system, the integration of front-end filtering
functions into antennas and antenna arrays has attracted
increasing interest among researchers. Incorporating at least
a part of the filtering function into the antenna itself might
not only improve the filtering properties but also lower cost
and reduce the overall size as cheaper or lower-order filter
technology can be employed in other parts of the signal
chain.

A common method to integrate a filter to the antenna
array is to place it into the feeding network (e.g., [1]-
[3]), where it is possible to use transmission line filters.
Another approach is to integrate individual filters into each
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antenna element, which has been done, for example, in [4]-
[6]. In many cases, both the properties of antenna elements
and feed network are considered in the design process, and
the resulting filtering response depends on both parts (e.g.,
[71, [8]). The approach of individual filters is particularly
feasible for active, beam-steerable antenna arrays, as the
feeding arrangement or excitation coefficients do not affect
the filtering response.

In this paper, we present a planar Vivaldi-based filtering
antenna, which employs a corrugated slotline to provide
low-pass filtering. The operational band of the antenna is
6-18.5 GHz and the stopband extends from 21 GHz to
37 GHz. The antenna is constructed of several stacked two-
layer PCBs, which are galvanically connected to each other
by mechanical pressure using screws. The copper layers and
connecting vias of each PCB form a tapered slotline inside
the PCB stack such that the slotline opens to the direction
of the surface normal. The sizes of the copper pads and the
placement of connecting vias are altered such that the slotline
is corrugated. This corrugation forms a periodic transmission
line that acts as a filter, as previously studied in [9].

The filtering properties of periodic transmission lines
have been exploited for decades [10], [11]. In tapered
slotline antennas, this is a particularly suitable method for
filter integration for several reasons. First, the periodicity is
straightforward to implement in a slotline by adding short-
circuited stubs. Moreover, the dense spacing of stubs makes
the filtering method ideal for a steep, space-saving filter
integration. By filling the stubs with dielectric material,
the physical length of the stubs is reduced, and they can
be fitted into a conventional half-wavelength antenna array
lattice. Thus, every antenna element in a dense array can
be equipped with a filter, which is crucial in modern active
arrays.

To the authors’ knowledge, this is the first fully planar,
dual-polarized Vivaldi array that is constructed by stacking
several PCBs as layers to build the array structure. In contrast
to the conventional PCB-based Vivaldi arrays, the radiation
direction of the array is perpendicular to the PCB surface,
as illustrated in Fig. 1. Furthermore, the proposed structure
enables the integration of low-pass filter characteristics in
the antenna element.

The low-loss PCB substrates cause dielectric loading into
the Vivaldi slot, which helps to reduce the height of the
array [12]. Moreover, the stacked structure enables the use
of different PCB materials which can be used to improve the
impedance matching of the antenna elements. Notably, this
particular construction method is useful also for non-filtering
arrays. In that case, the Vivaldi slot is not corrugated and the
whole array can be made of only a few, thicker PCBs, which
makes the construction of the array simple.

Most of the filtering antenna arrays presented in the liter-
ature include relatively narrow band-pass filtering functions
that are suitable especially for telecommunication purposes.
The proposed antenna array, however, has a large bandwidth

FIGURE 1. lllustration of the proposed planar Vivaldi array concept.
Instead of conventional PCB-based Vivaldi array in an egg-crate lattice
(left), the Vivaldi elements are constructed inside the stack of planar
PCBs (right).

FIGURE 2. Photograph of the manufactured 11x 12 antenna array.

and low-pass functionality. A large bandwidth is needed, for
example, in modern signal intelligence receivers, cognitive
radars, and multifunctional systems. In reception, the low-
pass filter helps to suppress high-frequency out-of-band
signals. In transmission, the low-pass filter suppresses the
harmonic distortion components of the transmitter [13]. The
low-pass filtering arrays have also been used to decrease
the coupling between the low-band and high-band antenna
elements in base station antenna arrays [14].

The rest of the paper is structured as follows: First, the
background theory behind the integrated filtering is briefly
described. Second, antenna structure is described in detail.
Then, the antenna array is analyzed by unit-cell simulations.
After that, the full-array measurement results of the manu-
factured 11x12 array [Fig. 2] are presented and compared
to the unit-cell and full-array predictions. Finally, the paper
summarizes the outcomes of the study and concludes.

Il. ANTENNA STRUCTURE AND OPERATING PRINCIPLE
A. BACKGROUND THEORY

The filtering effect of the antenna elements is based on a
periodically loaded slotline. It means that both branches of
the conventional slotline are loaded by series impedance ele-
ments that are placed densely with respect to the wavelength.
The periodic loading on the transmission line (TL) cause
special dispersion properties that differ from the conventional
unloaded TL. Thus, the transmission line has also periodic
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FIGURE 3. (a) Simplified cross-section of the proposed antenna array
element showing a periodic stub-loaded slotline. The red line shows the
symmetry plane. (b) Unit-cell circuit model of the stub-loaded
transmission line. The circuit corresponds to one segment of periodically
loaded slotline. Adapted from [9].

transmission properties and cut-off frequencies that depend
on the configuration of the periodic loading [10].

In the proposed antenna array, the periodic loading of
the slotline is realized by short-circuited series stubs, i.e.,
corrugation. The cross section of the physical structure
showing a plurality of stubs in a Vivaldi slot is shown in
Fig. 3 (a). The corresponding TL model of one unit cell is
shown in Fig. 3 (b). However, only one branch is illustrated
in the TL model as the effect of the second branch can be
easily understood by the image principle. Series stubs cause
dispersion that strongly increases near the cut-off frequency
of the TL. The relation of the guided wavelength )\, in the
loaded TL and the wavelength of the unloaded TL JA; is
given by [10]

P

cos N = cos N (1)
where Z; and Z, are the characteristic impedances of the
unloaded transmission line and the stub, respectively, A\, is
the wavelength in the stub, p is the period, and [ is the
length of the stub. The first cut-off frequency occurs when
Mg = 2p and it is slightly smaller than the quarter-wavelength
frequency of the stub [10].

Based on (1), the frequency of the guided wave with
respect to the wave number 3, = 27/), is plotted in
Fig. 4. This dispersion curve is computed by assuming that
Zy/Z1 = 0.32, p = 1.054 mm, [ = 1.5 mm, \; = /3.6,
and A\, = v/6.15)0, Ao being the wavelength in free space.
These values have been estimated from the proposed antenna
structure shown in Figs. 3 (a) and 5. At the cut-off frequency
(19 GHz), which is mainly defined by the length of the stub,
Mg approaches zero and the wave stops propagating. That is,
B, approaches infinity. This dispersion property of the peri-
odically loaded TL causes a low-pass filtering phenomenon
with a steep transition band. There is also an additional
passband at higher frequencies (starting at 24 GHz) which
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FIGURE 4. Dispersion diagram of the ideal, uniform stub-loaded
transmission line of Fig. 3. The dashed line (33 = ko) shows the
behaviour of an unloaded TEM transmission line.

comes from the periodic nature of the transmission line.
However, if stubs of different lengths are embedded in
the transmission line, the extra passbands are effectively
suppressed. Note that Fig. 4 is a simplified example on the
properties of the periodically loaded transmission line, and it
does not fully describe the properties of the proposed antenna
array.

To summarize, the slotline loaded with short-circuited
stubs can be treated as a periodic transmission line. The
corrugated slotline causes dispersion characterized by (1),
and the dispersion property causes a low-pass filtering phe-
nomenon. The cut-off frequency of the stub-loaded slotline
is mainly defined by the length of the stub, as it can be found
inside the tangent function in (1). This is also the parameter
that can be used to tune the cut-off frequency during the
design process. More sophisticated analysis on periodic TLs
can be found in [9]-[11].

B. ANTENNA STRUCTURE

The antenna structure consists of 19 two-layer PCBs and
one four-layer PCB, which are stacked on top of each other.
The two-layer PCBs form the radiating slot, and the four-
layer PCB acts as the feed PCB which contains baluns
and connectors. All PCBs have an immersion silver surface
finish.

1) FEED PCB

The four-layer feed PCB is made of Rogers RO4350B
laminate (¢, = 3.66, tand = 0.0037 at 10 GHz) and
RO4450F bondplies (¢, = 3.52, tand = 0.004 at 10 GHz).
In Figs. 5 and 6 the detailed structure of the feed PCB is
presented. The signal is fed through a C.FL connector [15]
and a microstrip line to the balun structure, which consists
of a signal via, stripline, ground vias, and back-cavity inside
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FIGURE 5. Detailed cross-section of the proposed antenna array. Only
one antenna element is illustrated. The green vias are not visible in the
real cross-section as they are offset from the center line. However, they
illustrate the indentations in the tapered slotline. Blue arrows show the
signal propagation direction through the structure. Antenna PCBs (on the
top of the feed PCB) are numbered 1-19, starting from the bottom.

Slotline
start point

FIGURE 6. The top side (against the antenna PCBs) of the feed PCB and
all four layers of the PCB. Red dots are PTHs and green dots are blind
vias between layers 1 and 2.

the PCB. The blue arrows in Fig. 5 show the path for the
signal from the C.FL connector to the radiating slot.

As shown in Fig. 6, the first and second layers (from
the top) are heavily filled with copper. The main idea is
to prevent the radiation of the feed PCB: if there were large,
non-conductive areas on the PCB, the fields inside the feed
PCB would radiate. The antenna structure above the feed
PCB would not prevent this radiation as there are big holes
between the antenna elements. Similar feed PCB, without
radiation-preventing mechanisms, was successfully used also
in [12], [16].

2) ANTENNA PCBS

The 19 different two-layer antenna PCBs are made of Rogers
RO4360G2 (¢, = 6.15, tand = 0.0038 at 10 GHz) and
Rogers RT/Duroid 5880 (¢, = 2.20, tané = 0.0009 at
10 GHz) substrates. The layout of the first PCB (on the
top of the feed PCB) is shown in Fig. 7. The PCB layout
contains cross-shaped copper pads on both sides, and they
are connected together by vias. The empty areas between the

cross-shaped pads are perforated by 6.5-mm holes. In the
center of the copper pads, there are 1.2-mm plated through
holes (PTH) for the screws. In this first (bottom) antenna
PCB, there is also an additional 1.0-mm PTH which creates
a cavity on the top of the feeding via of the feed PCB and
prevents its short circuit. The short circuit of the feed via can
be avoided also by other methods, such as the back-drilling
process (the top part of the PTH is drilled off) or using blind
vias. However, these special features usually cost more and
add special restrictions for via diameter and depth.

The two-layer antenna PCBs are stacked as shown in
Fig. 5, and the cross-shaped pads of all PCBs are in galvanic
contact with each other. The shape of the copper pads of all
antenna PCBs is similar, but the gap between the adjacent
copper pad vias (d,, n = 1...19) increases according
to Table 1 along the broadside direction. Obviously, the
placement of the small vias is altered as the copper pads
become smaller. The vias are placed as close to the copper
pad edges as possible: in this design, the clearance from the
via to the edge is 0.125 mm. The perforation and the PTHs
for the screws remain identical throughout the whole stack.
Fig. 8 further illustrates the tapered shape of the antenna
elements when the PCB substrate is hidden.

As the PCBs contain fine details and the gaps between the
cross-shaped pads are narrow, the proper alignment of the
PCBs is crucial. When the prototype was manufactured, the
alignment of all layers was done by inserting a few alignment
pins into non-plated holes that go through the stack of
PCBs. After the screws were fastened, alignment pins were
removed. The used technique was shown to provide a proper
alignment since all measured elements worked as expected.

The proposed antenna array uses cross-shaped copper pads
but also other shapes are possible. For example, the circu-
lar copper pads would result in body-of-revolution (BoR)
elements which are used in wideband antenna arrays [17].
However, based on our experience, BoR-shaped filtering
elements do not provide as good filtering properties as the
cross-shaped ones since the frequency response of filtering
BoR elements depends on the beam-steering angle.

The antenna PCBs are made of high- and low-permittivity
substrate materials. The high-permittivity substrate is needed
to provide electrically longer stubs: As the filter cut-off
occurs when the electrical length of the stub is near a
quarter wavelength, the high-permittivity material is needed
in order to fit the stubs inside a half-wavelength square
lattice of the antenna elements. In turn, the low-permittivity
material improves the impedance matching and surface-wave
rejection of the antenna array. When the permittivity of the
stack decreases gradually along the broadside direction, the
impedance matching of the electromagnetic wave from the
antenna to the free space is improved. Furthermore, the use
of low-permittivity material in conjunction with perforation
effectively prevents the propagation of surface waves along
the antenna array [18], [19].

VOLUME ,

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Open Journal of Antennas and Propagation. This is the author's version which has not been fully edited and

content may change prior to final publication. Citation information: DOI 10.1109/0JAP.2024.3466

IEEE Open Journal of

DO00000000000”
o) o)

S o
@=12mm @=1.0mm
FIGURE 7. The bottom layer of the first antenna PCB on top of the feed
PCB. The zoomed picture on the right shows the details and relevant
dimensions of the antenna structure. Dimensions d,, are shown in Table 1.
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FIGURE 8. Perspective view of the antenna array when the substrate
material of the antenna layers is hidden. All yellow parts represent copper
layers and vias.

In [9], the filtering antenna element based on a similar
periodically loaded transmission line was surrounded by a
waveguide. The reason for this kind of shielding was to add
the high-pass filter functionality and to prevent the radiation
of the periodic slotline. The results indicate that the effect of
the waveguide is crucial regarding the filtering performance.
However, in this paper, we do not have any waveguide or
other shielding structure around the slotline. The main reason
for the successful operation without a waveguide is the better
confinement of fields inside the slotline. That is, the Vivaldi
flares are thicker than those in the standard Vivaldi-antenna
based on a single PCB, and the slot is fully filled by (high-
permittivity) dielectric material.

lll. UNIT-CELL SIMULATIONS

The unit-cell simulations were conducted in CST Studio
Suite 2023 using unit-cell boundary condition that cor-
responds an infinite array approximation. Three sets of
results are shown: active reflection/coupling coefficients
(ARC/ACC), embedded-element patterns (EEPs), and total
efficiencies. As the finite-array performance differs quite
much from the infinite-array predictions, the performance
characteristics are evaluated based on the unit-cell sim-
ulations. This approach gives a fair comparison between
different antenna array designs.

VOLUME ,

TABLE 1. Distance between the edge vias of adjacent cross-shaped copper
pads (d,,). The distance is defined as the closest dimension between the
via edges. The gap between the metal layers is respectively 250 um smaller
(125 um clearance between the via and metal edge).

Parameter | Value (mm) H Parameter | Value (mm)
di 0.350 di1 1.95
da 1.76 dio 425
ds 0.561 di3 2.55
da 2.62 d1a 4.25
ds 0.817 dis 3.30
de 2.93 dis 4.21
dr 1.13 di7 4.21
dS 3.70 dlg 5.34
dg 1.50 dig 5.34
dio 4.25

A. ACTIVE REFLECTION AND COUPLING COEFFICIENTS
The simulated active reflection coefficient of an infinite array
is presented in Fig. 9. In the E-plane, the coupling of the
elements is strong which enables the wideband operation in
a large beam-steering range of £60° with ARC <-10 dB.
However, in the H-plane, the array behaves differently and
the ARC rises up to —6 dB. In the D-plane, the ARC is
mainly somewhere between the values of E- and H-plane
ARCs.

When the ARC of an infinite array is compared to other
published Vivaldi arrays, e.g., [12], it is worse in the H-plane.
This effect is probably due to the slotted edge of the Vivaldi
element and the different permittivity-reduction method. In
this work, perforations are outside the radiating slot, which
is probably not as good method as that of [12]. One should
still note that the ARCs are usually worse in the H-plane if
the antenna array elements are tightly coupled or connected.
This phenomenon is shown, e.g., in [9], [19].

The simulated active coupling coefficient in the D-plane is
shown in Fig. 10. The results are typical for a Vivaldi array
of this height [12], [20]. In E- and H-planes, the coupling is
negligible and not shown here.

B. EMBEDDED-ELEMENT PATTERNS

The embedded-element patterns of the infinite array are
shown in Fig. 11. Both co- and cross-polarized components
are given based on Ludwig’s third definition [21]. The results
are given at three different frequencies, and they reveal
very predictable behavior over the operational bandwidth.
At the lowest frequency (6 GHz), the scan-loss and cross-
polarization levels are minimal, as can be concluded from
the simulated ARC and the height of the antenna element.
When the frequency increases, the cross-polarization levels
increase and scan loss gets worse. At the highest frequency,
the maximum cross-polarization level in the D-plane is
just a couple of decibels lower than the co-polarization
levels, which indicates that the antenna element height has
become large in wavelengths. At all frequencies, there is
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FIGURE 9. Simulated active reflection coefficient of the infinite array in
the (a) H-plane, (b) E-plane, and (c) D-plane.
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FIGURE 10. Cross-coupling of the orthogonal polarizations in the
unit-cell simulation when the beam is steered in the diagonal plane.

no indication of scan blindness, which would occur due to
surface waves or detrimental resonances in the antenna.

C. FILTERING PERFORMANCE

The filtering performance of the antenna array can be
estimated based on the total efficiency computed in the
unit-cell simulation. The total efficiency, with respect to
the scan angle and frequency, is shown in Fig. 12. The
differences between the H-, E-, and D-planes correspond to
the differences shown in ARCs [Fig. 9]. They also show
that the proposed antenna array element has low resistive
losses over the whole beam-steering and frequency range,
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FIGURE 11. Embedded-element patterns of the infinite array at (a) 6 GHz,
(b) 12 GHz, and (c) 18 GHz. Solid lines denote the co-polarized component
and the yellow, dashed line is the cross-polarization component in the
D-plane (¢ = 45°). Black, dashed line shows the 3-dB scan-loss level with
respect to the highest realized gain.

as the total efficiency is mainly better than —1 dB. The
maximum total efficiency is slightly better than —0.5 dB in
the passband.

The most interesting information in Fig. 12 is the filtering
performance in the stopband. Evidently, the transition band
from the passband to the stopband is steep as the attenuation
increases from 3 dB to 20 dB in a 350-MHz transition
band. The stopband attenuation is typically more than 30 dB
and at least 20 dB up to 36 GHz if very small areas
of lower attenuation at distinct beam-steering angles are
ignored. An important observation from these results is that
the attenuation of the filter is almost independent of the
beam-steering angle.

IV. FULL-ARRAY SIMULATIONS AND MEASUREMENTS
An 11x12 antenna array prototype was manufactured and
measured. The prototype array can be considered large at the
highest operational frequency (18.5 GHz) and small at the
smallest frequency (6 GHz). Consequently, the results from
the upper end of the frequency range can be considered to be
close to the infinite array predictions, but the lower frequency
results may have considerable differences [22].

The antenna array was measured element-by-element
when the other ports were terminated to 50-2 load. The ter-
minations were manufactured by soldering 50-€ resistors at
the end of C.FL cables. The arrangement of the termination
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FIGURE 13. Backside of the manufactured antenna array with termination
cables.

cables, as well as the backside of the antenna array, is shown
in Fig. 13. According to our experiments, the matched load
at the end of the C.FL cable provides a termination with a
reflection coefficient less than —10 dB in the whole passband.

A. ACTIVE REFLECTION COEFFICIENT AND
S-PARAMETERS

S-parameters were measured by a vector network analyzer
(VNA) by conducting multiple two-port measurements. All
reflection coefficients (diagonal terms) were measured, as
well as the coupling of all elements to the center element.
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FIGURE 14. Measured (prefix m) and simulated (prefix s) passive
reflection coefficients of the representative antenna elements. The
element locations are shown in Fig. 16. The measurement data has been
time-gated to remove the reflections from the measurement cable and
connectors.

This measurement set makes it possible to compute the active
reflection coefficient of the center element by combining the
effect of other elements when the ports are fed by a uniform
feed vector with a progressive phase shifting.

As we used Hirose C.FL [15] connectors, the calibration
of the measurement cables was not possible by conventional
short-open-load-thru calibration. Thus, the effect of the first
reflection from the measurement cable and connectors was
removed by time gating the data in MATLAB [23]. However,
the time-gating procedure does not compensate for the
resistive and mismatch losses of the measurement cable and
connectors, which increases from 1.1 dB to 2.2 dB at 5-
20 GHz. This will, obviously, improve the ARC and S-
parameters accordingly, especially at higher frequencies.

The selected passive S-parameters are shown in Figs. 14
and 15. The port locations are shown in Fig. 16. The
reflection coefficients of the center, edge, and corner el-
ements show very uniform behavior, and they correspond
to the simulated reflection coefficient of the center element
(element 61). However, the level of measured reflection
coefficients is considerably lower and the frequency has been
shifted. The lower level of reflection obviously comes from
the cable loss, whose effect at 20 GHz is about 4.4 dB. Also,
coupling coefficients to the adjacent elements and the other
center element of orthogonal polarization show very similar
behavior if the effect of cable losses is taken into account.

The measured ARC of the center element (element 61)
is presented in Fig. 17 in H-, E-, and D-planes. The ARC
has been obtained from the time-gated S-parameter data
by combining the effect of mutual coupling and reflection
coefficient. Progressive phase shifting without any amplitude
tapering was used in order to produce easily comparable
results. As shown in Fig. 17, the ARC is good from 10 GHz
to 20 GHz, but the finite array performs worse than the
infinite array model at lower frequencies. This kind of
behavior is expectable with finite arrays as the electrical size
of the array is smaller at lower frequencies.
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FIGURE 15. Measured and simulated passive coupling coefficients of the
center element, adjacent elements, and other center element of the
orthogonal polarization. Simulation results are denoted by dashed lines
and measurement results by solid lines.
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FIGURE 16. Measured antenna elements and their partitioning in the
modified hybrid array-pattern synthesis. The numbers designate the
measured antenna elements that have been used to approximate the
element pattern of the elements inside the colored box.

B. EMBEDDED-ELEMENT PATTERNS

The far fields of the selected antenna array elements were
measured in the anechoic chamber of Aalto University
[Fig. 18] one-by-one. Other elements were terminated with
50-Q) loads soldered to the backside of the PCB and to the
ends of the C.FL cables as shown in Fig. 13.

The measured and simulated embedded-element patterns
of the center element (element 61) are shown in Figs. 19
and 20. The patterns in the principal and diagonal planes
are presented at three different frequencies. The measure-
ment results mainly follow the simulated full-array results.
However, at 6 GHz, the fluctuation of the far-field pattern
is stronger in the measurements, and it is mainly caused
by the behaviour of ARC shown in Fig. 17. In addition, the
cross-polarization levels are smaller in the simulations which
may imply that the antenna array was unintentionally slightly
rotated during the measurements. The measured level of the
EEP is larger than in the simulations at 18 GHz, but this
effect falls within the error tolerances of the measurement
system and simulations. All in all, the measurement results
verify that the antenna works as intended.
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FIGURE 17. Measured active reflection coefficient of element 61 in the (a)
H-plane, (b) E-plane, and (c) D-plane. ARCs have been computed using
progressive phase shift and time-gated data.

18 20

FIGURE 18. Far-field measurement setup in anechoic chamber of Aalto
University. The prototype antenna is installed on the tower. The
measurement antenna is in the other end of the room.

C. SCAN GAIN AND BEAM-STEERING PATTERNS

As one polarization of the manufactured 11x12 array con-
tains 132 antenna elements in total, the measurement of all
elements would have been impractical. Thus, a few EEPs
were measured, and the scan gain and beam-steering patterns
were obtained by combining the measured EEPs using the
modified hybrid-AEP method [24]. This method, however,
is an approximation and the result may differ from the real
beam-steering scenario where all elements are actually fed.
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FIGURE 19. Measured (solid line) and simulated (dashed lines)
embedded-element patterns of element 61 in the E- (» = 0°) and H-planes
(¢ = 90°) at (a) 6 GHz, (b) 12 GHz, and (c) 18 GHz.

The partitioning of the antenna elements is shown in
Fig. 16. The grid of the figure illustrates the locations of
the antenna elements, viewed from the back (connector
side). Numbers inside each colored box denote the measured
antenna element, and all elements inside that colored box are
approximated by that measured antenna element.

According to [24], the total field of the [V-element antenna
array can be approximated by

N
E(0.4) =Y angy(0,¢)el" ", 2
n=1

where g (0,¢) is the phase-adjusted element pattern of
element n, a,, is the element excitation coefficient, # is the
unit vector defining the beam-steering direction, and r,, is the
element position vector. The phase-adjusted element patterns
are defined by

gr(0,0) = gi(0, )e I, 3)

where g (6, ¢) is the measured embedded element pattern
of element ¢. For each n, index ¢ is obtained from Fig. 16.

The computed beam-steering patterns are shown in
Figs. 21 and 22 for 6 GHz and 18 GHz, respectively. At
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FIGURE 20. Measured (solid line) and simulated (dashed lines)
embedded-element patterns of element 61 in both D-planes at (a) 6 GHz,
(b) 12 GHz, and (c) 18 GHz.

6 GHz, the array scans well in the H- and D-planes, but the
scan loss is considerably larger, even 5 dB at § = 45° in the
E-plane. That is, the ARC in the E-plane is worse than in
other planes. This kind of behavior is not shown in the unit-
cell pattern due to the different ARC at 6 GHz. At larger
frequencies, the E-plane scan would be better.

At 18 GHz, the scan pattern follows better the cosine
curve. The scan loss is ca. 3 dB in the H-plane and less than
2 dB in the E-plane in 6 = 45° direction. The measured
scan loss nearly follows the unit-cell predictions. The small
differences are mainly caused by the worse ARC of the
measured array elements than that of the unit-cell element.

Fig. 23 shows the normalized maximum realized scan
gain with respect to frequency and beam steering angle 6.
Normalization of the scan gain is done with respect to the
theoretical aperture gain Ga = 4w Ax /A3, where A, is the
area of the aperture. The maximum gain is obtained by
taking the maximum realized gain from all #-angles in that
particular scanning plane, and the vertical axis of the figure
shows the intended beam-steering direction according to
progressive phase shift. This normalization helps to evaluate
the filtering performance, total efficiency, and scanning range
of the array as it removes the frequency dependency from
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FIGURE 21. Measured beam-steering patterns in the (a) H-plane, (b)
E-plane, and (c) D-plane at 6.0 GHz. Progressive phase shift and uniform
amplitude distribution were used. Co- and cross-polarized components
are drawn by solid and dashed lines, respectively. The radiation patterns
are plotted from —60° to 60° with the increment of 15°.

the realized gain. Note that the grating-lobe-free frequency
range of the array is up to 18 GHz. Therefore, at higher
frequencies, the appearance of grating lobes causes an ad-
ditional loss of maximum gain. Nevertheless, even if the
possible grating lobes are taken into account, Fig. 23 shows
an exceptionally wide stopband response, good attenuation,
and steep transition band.

The sharpness of the transition band, as well as broadside
gain with respect to the frequency, is better illustrated in
Fig. 24. Also, the theoretical directivity of the corresponding
aperture is shown for comparison. Note that the measured
realized gain is slightly larger than the theoretical directivity
at certain frequency points since the effective aperture size
can be larger than the estimated size.

V. COMPARISON WITH OTHER ANTENNA ARRAYS

A. FILTERING ANTENNA ARRAYS

Table 2 shows a few selected filtering antenna array designs
with their performance characteristics for comparison. The

Realized gain (dBi)

Realized gain (dBi)

Realized gain (dBi)

Steering angle 6 (°)

©

FIGURE 22. Measured beam-steering patterns in the (a) H-plane, (b)
E-plane, and (c) D-plane at 18.0 GHz. Progressive phase shift and uniform
amplitude distribution were used. Co- and cross-polarized components
are drawn by solid and dashed lines, respectively. The radiation patterns
are plotted from —60° to 60° with the increment of 15°.

other arrays exhibit a band-pass (BP) filtering function
instead of low-pass (LP) as they are more common in the
literature. In [5], [25]-[27] the filtering arrays have their
filters fully integrated into an antenna element (patch or
dipole), but in [7], the filtering is done mostly in the feeding
network.

The comparison shows that the proposed array has the
largest gain suppression level (i.e., out-of-band rejection)
and fractional bandwidth (FBW). It should be noted that
the majority of the arrays in this comparison were tested
only in fixed-beam scenarios. Thus, it is not known how
the filter behaves when a progressive phase shift is applied.
Furthermore, the proposed array is the largest (11x12) while
the other arrays are considerably smaller. In this work, the
filtering antenna element has been designed to work in a
large array, and thus, also unit-cell simulation results are
reported. It is uncertain, how the antenna elements of small
arrays behave in a large array.
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FIGURE 23. Measured normalized scan gain of the antenna array in the
(a) H-plane, (b) E-plane, and (c) D-plane. The normalization is done with
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FIGURE 24. Measured maximum realized gain in the broadside direction
and theoretical directivity of a 91.3x99.6 mm aperture.

However, the proposed array has also some disadvantages.
It has a larger profile than others which is a known disad-
vantage of a Vivaldi element. On the other hand, also the
bandwidth becomes higher when increasing the height.

Some designs in Table 2 have a considerably larger inter-
element distance than 0.5\, where )\, is the wavelength in
free space at the highest pass-band frequency. These arrays
will have grating lobes if the beam is steered too far away
from the broadside direction. In the proposed antenna array,
the antenna elements with filters can be fitted into 0.5\,
lattice.
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B. TRADITIONAL VIVALDI ANTENNA ARRAY
The proposed manufacturing technique is also suitable for
non-filtering arrays. Thus, the proposed array is qualitatively

compared to a traditional Vivaldi array illustrated in Fig. 1
(left side).

1) DESIGN COMPLEXITY

Based on our experience, the design complexity of the
proposed antenna array is a bit higher than that of a
traditional Vivaldi array. The complexity comes from the
expanded design parameters, which include layer count,
layer thicknesses, dielectric constants, and perforation of
the PCBs. However, these new design parameters give the
designer also opportunities to fine-tune the performance for
the desired purpose. Electromagnetic modeling of this kind
of structure is, of course, more laborious, but not difficult.

2) FABRICATION COST

Fabrication cost of the antenna array consists of PCB fabri-
cation, soldering of components, and assembly. Since PCB
fabrication is a highly automated standard process, it will not
cost much, especially for large production series. Typically,
RF PCBs are not expensive to manufacture since they can
be fabricated in standard FR4 process, except PTFE-based
laminates like Rogers RT5880. We estimate that due to the
larger amount of PCBs, the proposed array will have a larger
PCB fabrication cost than a traditional Vivaldi array.

The major cost advantage of the proposed manufacturing
method in comparison with a traditional Vivaldi array comes
from the assembly. The proposed array contains only planar
PCBs that should be placed on each other. The whole stack
is then pressed together with screws or other fasteners.
Traditional dual-polarized Vivaldi arrays, in turn, use an
egg-crate lattice, where multiple PCBs are manually placed
across each other. This requires manual assembly, and the
PCBs should also be electrically connected. Typically this
is done by manual soldering which is time-consuming and
costly.

3) ELECTRICAL PERFORMANCE

The performance of the proposed array is comparable to a
traditional Vivaldi array if the filtering is not considered. The
major difference is that the Vivaldi slot in the proposed array
is filled with PCB material. This dielectric loading helps to
reduce the height of the element, which causes beneficial
effects on cross-polarization and scanning performance. The
dielectric layers, however, may cause surface waves that are
not a problem with traditional Vivaldi arrays. They can be
effectively prevented by perforation, as done in this work.

VI. CONCLUSION
A low-profile filtering antenna array providing a wide op-
erational bandwidth of 6-18.5 GHz and a wide stopband
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TABLE 2. Comparison with other filtering antenna arrays.

Ref. [5] [7] [25] [26] [27] [9] This work
Elem. type Patch Patch Patch (LTCC) Patch Dipole Vivaldi Planar
Vivaldi
Filter type BP, integrated BP, in feeding BP, integrated BP, integrated BP, integrated BP, integrated, LP, integrated,
network periodic TL periodic TL
Pass-band 24% 37% 20% 18% 55% 88% (1) 102%1)
FBW (3.3-4.2 GHz) | (2.48-3.61 GHz) | (24.25-29.5 GHz) | (4.5-5.4 GHz) | (2.9-5.1 GHz) (1.2-3.1 GHz) (6-18.5 GHz)
Stop-band(?) 4.8-9 GHz 3.9-10 GHz 32-40 GHz 5.7-10 GHz 5.2-6 GHz 3.3-6.0 GHz 21-37 GHz
Gain supp.(®) >20 dB 18.6 dB 24 dB 13 dB >11 dB >20 dB >30 dB(®)
Total NA >80.3% 87.7% 80-94% NA 50-87% mainly
efficiency (simulated) 80-90%(1)
Polarization Dual Single Dual Single Dual Dual Dual
Elem. size 0.60x0.81x0.16 0.60x0.84x0.10 0.53x0.53x0.18 0.50x1x0.04 0.97x0.97x0.29 | 0.52x0.52x1.24 | 0.51x0.51x0.74
n)®
Prototype 1x3 2x2 4x4 1x8 1x4 6x6 11x12
array size

(T) Predicted infinite array performance.
(2) Upper stopband with specified gain suppression level, estimated.

(3) Gain suppression with respect to maximum realized gain in passband. Array configuration and broadside beam are assumed. Estimated from

measurement results of the upper stopband.
(4) >20 dB up to 40 GHz.

(5) An is the highest operational frequency. First two dimensions define the array lattice, and the last one is the height. In some array designs, the

inter-element distance is considerably larger than the size of the actual antenna element.

extending from 19 GHz up to 36 GHz was investigated
in this paper. We showed that it is possible to design and
manufacture a fully planar Vivaldi-antenna array that is
constructed of stacked two-layer PCBs. Only the feed PCB,
which includes the balun and connectors, is a multi-layer
PCB. The main difference to the known PCB-based Vivaldi
array designs is that the radiation direction of the proposed
array is perpendicular to the PCB planes.

The advantage of the proposed antenna is a planar
structure that can be manufactured using standard PCB
manufacturing techniques resulting in a low overall cost.
Furthermore, the layered structure inherently supports the
design of indentations that were used to realize a high-
performance filter inside the Vivaldi slot. The height of the
indentations can be easily controlled employing PCBs of
different thicknesses.

Furthermore, it is important to note that this stacked-PCB
structure can be applied also for conventional, non-filtering
arrays. Without the secondary slots inside the Vivaldi slot,
the design procedure is even simpler, and higher bandwidths
and lower profiles may be possible. In comparison with the
other planar, PCB-based arrays, this kind of array probably
results in a better beam-steering range as the Vivaldi arrays
are generally better than coupled-dipole arrays in the H-plane
scan. However, the Vivaldi-antenna-based arrays have also
disadvantages, such as generally higher profile and cross-
polarization levels than coupled-dipole arrays.
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