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Abstract—A reconfigurable substrate integrated waveguide
(SIW) filtenna operating in the 5G millimeter Wave (mmWave)
band is presented, where varactors are integrated into the
filtering-antenna structure to change the resonant frequency and
coupling between the SIW resonators. The proposed structure al-
lows for the reconfigurability of the antenna radiation frequency
band in the range of 24-27 GHz, covering most of the 3GPP
n258 band, with a constant bandwidth of 400 MHz and broadside
radiation pattern. A prototype of the proposed mmWave filtenna
is designed and fabricated, where the measurement results are in
good agreement with the simulation. The proposed cost-effective
and scalable filtenna is an ideal candidate for deployment in 5G
wireless networks, with the ability to reduce adjacent channel
interference (ACI) and enable passive spectrum coexistence with
weather sensors in the 23.8 GHz band.

Index Terms—SG, filtenna, millimeter wave (mmWave), passive
spectrum coexistence, substrate integrated waveguide (SIW),
tunable filter

I. INTRODUCTION

The 5G New Radio (NR) is globally recognized as the
advanced standard for 5G wireless air interfaces, operating on
the frequency bands referred to as Frequency Range 1 (FR1)
and Frequency Range 2 (FR2). FR2, in particular, operates
within the millimeter-wave spectrum, covering a range from
24.25 GHz to 52.6 GHz. As the expansion of 5G wireless
communication networks has surged in recent years, it has
become crucial to address the issue of interference from 5G
transmission networks with adjacent frequency bands. For
instance, this coexistence challenge has drawn attention from
various aviation associations, who have raised concerns that
the public auctioning of the C-band spectrum (3.7 GHz -
4.2 GHz) within FR1 could cause harmful interference to
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radar altimeters used in all types of civil aircraft [1]-[3].
Such interference could lead to catastrophic outcomes, as it
may result in the loss of radar altitude information or the
production of inaccurate radar altitude data [4]. These concerns
underscore the importance of carefully managing spectrum
allocation and addressing potential interference to ensure the
safety and reliability of critical aviation systems.

In the FR2 regime, deployment of spectrum above 24 GHz
for 5G services, has raised considerable concerns regarding
the accuracy of weather forecasting, performed by employing
satellites sensing in the 23.8 GHz band [5], which is critical
for weather predictions. As can be seen in Fig. 1, water vapor
molecules absorb and then emit a fair amount of signal around
23.8 GHz and observations of this signal is a well-known
method for remotely sensing the atmospheric water content,
which is the driving force behind cloud formation and the
development of storms. On the other hand, n258 band, as
illustrated in Fig. 2, is designated for mmWave communication
in 5G networks, covering frequencies from 24.25 GHz to
27.5 GHz with standard channel bandwidths of 50, 100, 200,
and 400 MHz [6]. The out-of-band radiations from antennas
incorporated in the 5G networks to send a desired signal in
this band, interfere with the emitted signals from the earth and
atmosphere which are measured by microwave radiometers
installed on meteorological satellites, in the 23.8 GHz band.

Furthermore, it is anticipated that the spatial density of
the 5G base stations will increase across the majority of
the geographic regions in the future [7], [8]. As a result,
the leakage of mmWave 5G signals into the 23.8 GHz
band might cause errors in weather forecasting. Therefore,
researchers have been increasingly focusing on investigating
this interference, as highlighted in studies [9]-[13]. In this
regard, the authors of a recently published article present an



inclusive research on the out-of-band interference, origina
from realistic 5G mmWave infrastructures to weather satel
sensing in the 23.8 GHz frequency band [12]. In this st
the interference stemming from a single interferer as wel
a network of interferers including Users and base stat
located in New York City are modeled and investigs
The results of this study show that aggregate interferc
from a network of uplink or downlink interferers, given
existing 5G network densities, would be detrimental in r
atmospheric conditions. Subsequently, the authors endorse
apprehensions regarding the spectrum coexistence between
5G mmWave networks and passive weather sensing thrc
microwave radiometers that have been expressed by me
rological scientists and experts at the National Oceanic
Atmospheric Administration (NOAA) [14]-[20]. In ano
study [13], inaccuracies in temperature and rainfall predict
are reported as a result of certain 5G mmWave leakag
the 23.8 GHz band, by employing the Weather Research
Forecasting Data Assimilation (WRFDA) model as a nur
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Fig. 1. Atmospheric absorption spectrum for typical conditions [22].

Taking into account the extensive research conducted over
the past years, it is evident that more engineering solutions
and regulatory policies are needed to curb the leakage from
the n258 band into the 270 MHz bandwidth near the 23.8 GHz
frequency. For instance, the work in [23] proposes a theoretical
framework for 5G mmWave networks that includes using
filtering antennas (filtennas) at the transmitter, combined with
strategically allocating power and bandwidth. This approach
is designed to meet system performance criteria while also
reducing interference with the nearby weather sensing band.

The remainder of the paper is organized as follows. Section
IT describes the background of filtennas, operating in either
FR1 or FR2 band. Section III elucidates the proposed recon-
figurable filtenna design and its fabrication process. Section
IV presents the simulation and measurement results, including
the return loss (S71) and radiation gain of the reconfigurable

5G NR mmWave
Weather g
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mﬁ l
23.8 GHz 24.25 GHz 27.5 GHz 100 GHz

Fig. 2. 5G NR mmWave and weather sensing band around 23.8GHz.

II. BACKGROUND OF FILTERING ANTENNA (FILTENNA)

In recent years, design of tunable, reconfigurable, compact,
and cost-effective components such as filters and antennas has
attracted much attention [24]. In this context, a promising
element for the design of 5G front-end devices is the filtering
antenna, or filtenna, possessing characteristics such as effective
out-of-band radiation suppression, seamless integration, and
cost-effectiveness [25]-[30]. As mentioned earlier, n258 band
covers frequencies from 24.25 GHz to 27.5 GHz, offering
a maximum usable bandwidth of 400 MHz [6]. Therefore,
ensuring flexibility to encompass this band while preserving
a consistent radiation bandwidth is crucial for diverse 5G
wireless communication systems.

To this end, a reconfigurable filtenna as a compact and
multi-functional structure is a good candidate for achieving
radiation tunability. Various configurations have been reported
in the literature for designing tunable or reconfigurable fil-
tennas. However, the majority of these operate within the FR1
band, specifically below 6 GHz. In [31], a varactor-based
tunable filter is integrated into the feeding line of a printed
Vivaldi antenna. In [32], a filtering stub is added to the feeding
line of a quarter wave monopole antenna and PIN diodes are
incorporated into the structure to make a tunable filtenna. An
array of slotted rings embedded with varactors is placed on
top of an ultra-wideband planar monopole antenna to realize
a tunable filtenna in [33]. In [34], a reconfigurable filtenna
using a double arm ring resonator operating in K/Ka band is
designed by utilizing PIN diodes as tunable resistors. Although
the radiation frequency can be changed in these designs,
the radiation bandwidth of the filtenna is not fixed, which
instead will increase as the frequency becomes higher. Such
reconfigurable filtennas are not applicable to the scenarios
where a constant radiation bandwidth is required. In [35], a
reconfigurable filtering patch antenna operating from 2.05 to
2.52 GHz with frequency and bandwidth tunability is reported
by utilizing an F-shaped probe. However, this design requires
a complex non-planar feeding network, which may not be
applicable for a filtenna operating in the mmWave band. In
[25], a tunable filtenna with defected ground-plane structure
(DGS) resonators in the mmWave band for 5G applications
is reported. Nevertheless, the DGS topology may increase the
back lobes, the design procedure is quite complex in this work,
and the radiation bandwidth is not controllable by tuning the



radiation frequency. On the other hand, substrate-integrated-
waveguide (SIW) technology appears as a suitable platform for
designing low loss and cost-effective filters and antennas with
simple feeding network and good power handling capability
in the mmWave regime [36], [37].

In this work, a mmWave tunable SIW filtenna incorporating
varactor diodes as tuning elements is presented, in which
the radiation bandwidth can remain constant (around 400
MHz) throughout the entire radiation frequency band. The
schematic of the proposed reconfigurable filtenna is shown in
Fig. 3, which can be applied in 5G wireless communication to
transmit and receive the filtered-signal in a desired frequency
band of 24 - 27 GHz, while decreasing the ACI into the
neighboring 23.8 GHz band that is used by passive sensors
(e.g. Advanced Microwave Sounding Unit (AMSU)-A sensors
[38]) installed in weather observing satellites that dynamically
monitor and measure the atmospheric radiance utilized to
predict the density of water vapor in the atmosphere for
weather forecasting [13], [23].
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Fig. 3. Schematic of the proposed tunable filtenna. Dimensions (millimeter):
Ly =95 Ly=13, L3 =1, L4 =185 Ls =4, Leg =17, Ly =1.05,
Lg = 1.65, w1 = 5, wa = 1.1, w3 = 1.2, wg = 0.7, ws = 0.15,
di1 =0.2,d2 =0.8,d3 =04, ds =0.7, 51 = 1.15.

III. FILTENNA DESIGN AND FABRICATION

The design procedure begins with devising one square SIW
cavity resonator. Utilizing the formula provided in (1) [39],
the size of the cavity is determined to position the resonant
frequency of the primary cavity mode (1'E'101) above 30 GHz,
accounting for the subsequent reduction in frequency due to
varactor loading.

co/2
2/6(a— 5%

where f191 represents the resonant frequency of the T FEig;
mode. a denotes the dimensions of the square cavity on a
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substrate with a dielectric constant ¢,.. d stands for the via hole
diameter, and p signifies the center-to-center pitch between
adjacent vias. Additionally, cy represents the speed of light.
A square slot is created on top of the cavity serving as the
radiating element. After that, a varactor is incorporated into
the slot to vary the resonant frequency between 24 to 28 GHz.
The electric (E)-field distribution is shown in Fig. 4, where the
resonant frequency occurs at 25.4 GHz with a specific varactor
value of 0.28 pF. As can be seen, by creating the square
slot and integrating the varactor, the E-field distribution will
be perturbed. Subsequently, two tunable cavity resonators are
cascaded to form a filtenna. By changing the bias voltages of
the integrated varactors, although the radiation frequency can
be varied, the radiation bandwidth will also change, which may
not be desirable in most of the wireless applications. Achieving
radiation tunability with a constant bandwidth requires the
coupling control between the two resonators, which is similar
to the design of a tunable filter with a fixed bandwidth. To this
end, the vias between the two SIW resonators are removed,
whereas additional varactors are added to enable coupling
tunability as shown in Fig. 3. For biasing the varactors, radial
stubs are utilized to prevent the signal flow from the resonators
to the DC bias pads in the frequency range of 24-27 GHz.

i
E Field N\ |

lMax te

-

1)

e
xl_'Y

192
¥ fﬁ'

-~

Varactor

\
R A

X4_.

Y

Fig. 4. Electric-field magnitude and vector of one single cavity resonator.

According to the filter synthesis approach [40], [41], the
(N +2) x (N + 2) immittance matrix [A] of an N*" order
filter (The rows and columns are indexed as S,1,2,--- , N, L
where S and L refer to the source and load, respectively.) can
be written as:

[A] = [M] + X[I] - j[R], 2

where [M] is the coupling matrix, [I] is a diagonal matrix with
[I]SS = [I}LL = 0, [Ihl = [1}22 == [I]NN = 1, where
[I]zy is the (z,y) element of the matrix [/]. Moreover, [R]
is the termination matrix whose elements are all zero, except
[Rlss = [R]rr = 1, and X is defined as:

v o b foy 1

_BW[(%_T)_‘?@L 3)



where f is the center frequency, BW is the bandwidth of the
filter, and @, is the unloaded quality factor of the resonators.
Finally, the S-parameters of the filtenna are obtained as [40]:

St =1+42j[A"gg, a1 =—2j[A7"Ls, 4)
Fig. 5 depicts the coupling diagram of our proposed filtenna.
The coupling between each resonator and the load is for
modeling the radiation from the filtenna to the free space.
Considering this, a second order Chebysheyv filter with the cen-
ter frequency of 25.4 GHz and fractional bandwidth of 1.5%
is synthesized [42], and the corresponding coupling matrix
M is shown in Fig. 5. The bias voltages of the varactors are
adjusted to achieve the coupling matrix elements, following the
methodology outlined in [43] for designing a microstrip filter
using a full-wave simulator. The corresponding S-parameters
based on (4) and simulation of the designed filtenna in HFSS
are plotted in Fig. 6. As can be observed, within the radiation
bandwidth, the simulated and theoretical frequency response
are in great agreement. On the other hand, the differences
outside of the radiation bandwidth may be due to the loading
effect of the varactors, as well as the losses, resulting in
decreasing the overall quality factors of the SIW resonators.
It is noted that by tuning the varactors’ bias voltages, the
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Fig. 6. Calculated S-parameters of the proposed filtenna based on the coupling
matrix method and EM simulation.

IV. SIMULATION AND MEASUREMENT

In the EM simulation, each varactor is modeled with a series
RC' circuit, in which the values for R and C are obtained
based on the model provided in the varactor datasheet under
different bias voltages. The fabricated prototype is shown in
Fig. 7, which is built on an RO5880 substrate with a thickness
of 0.381 mm. Flip-chipped varactor diodes (MAVR-000120-
141) from MACOM are employed, where the capacitance can
be tuned from 0.18 pF to around 0.9 pF by changing the
varactor bias voltages from 12 V to 1 V.

Fig. 8 plots the simulated and measured S; under various
varactor bias conditions. As one can clearly observe, the
tunability of the center frequency along with an almost 400
MHz constant radiation bandwidth in the simulation agrees
very well with the measurement results of the fabricated
filtenna prototype. To validate the filtering behavior of the
filtenna, Fig. 9 illustrates the comparison between measured
and simulated gain versus frequency for varying bias voltages
of the varactors. It can be seen that the out-of-band rejection is
more effective in the lower frequency range due to the presence
of a null resulting from the cross coupling between the first
resonator and the load. This null can be strategically utilized
to reduce the leaked power to the 23.8 GHz band utilized in
weather observing.

The simulated and measured co-polarization and cross-
polarization radiation patterns for different varactor bias volt-
ages are also plotted in XZ and YZ planes in Fig. 10. The
measured radiation gain of the proposed filtenna in the center
frequency of each radiation bandwidth is around 4.2 dBi as
can be seen in Fig. 10, which matches with the simulation
result. Moreover, according to the full-wave simulation, the
antenna efficiency is around 60%. The difference between the
simulated and measured radiation patterns in the XZ plane
may come from the asymmetric connector effects during the
measurement.
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Fig. 7. Fabricated reconfigurable filtenna.



-20

-25

S11 (dB)

-30

;Cw=0.48 pF, Cvc=0.42 pF (Mea) - - Cw=0.48 pF, Cvc=0.42 pF (Sim)
-35|—C, =0.38 pF, C  =0.23 pF (Mea) - - -C_ =0.38 pF, C__=0.23 pF (Sim) B
" —C,,=0.31 pF, C  =0.28 pF (Mea) - - -C, =0.31 pF, C, =0.28 pF (Sim) |
—Cw=0.26 pF, Cvc=0.41 pF (Mea) - - Cw=0.26 pF, Cvc=0.41 pF (Sim)
-45|—C,,=0.22 pF, Cvc=0.32 pF (Mea) - - .C_ =0.22 pF, Cvc=0.32 pF (Sim) 4
C,,=0.19 pF, C_ =0.41 pF (Mea) - - C, =0.19 pF, C, =0.41 pF (Sim)

-50
24 242 244 246 248 25 252 254 256 258 26 26.2 26.4 26.6 26.8 27
f (GHz)

Fig. 8. Simulated and measured S11 of the filtenna for different bias voltages
of the varactors.
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Fig. 9. Simulated and measured gain of the filtenna for different bias voltages
of the varactors.

Table I compares the proposed reconfigurable filtenna with
other related works reported in the literature. In [32], [34]
while the filtennas are tunable, due to the use of PIN diodes,
the tunability is discrete. As can be observed, in most of
the reported works, varactors are integrated into the structure
to provide continuous tunability. On the other hand, tunable
filtennas in mmWave band are reported only in [25], [34].
However, in [34] only the simulation results are reported and
there is no fabricated prototype with experimental validation.
Furthermore, in both cases, while the radiation frequency is
tunable, there is no control on the radiation bandwidth. To
the contrary, for the reconfigurable filtenna proposed in this
work, the bandwidth and radiation patterns can be kept almost
unchanged when changing the radiation frequency.

It is worth noting that, according to the principle of filter
design, increasing the filter order leads to a faster rolloff
rate, as can be seen in Fig. 11 for an ideal Chebyshev
filter response [44]. Akin to this principle, and given that
plotting the gain of a filtenna versus frequency resembles the
frequency response of a filter, a high-order filtering antenna
with more radiation/filtering elements through cascading more
SIW resonators can achieve an even sharper out-of-band signal

rejection. However, this approach comes with a downside.
Adding varactors to the filtenna allows for tuning its radiation
band, but this also leads to increased power loss, especially
when a greater number of varactor-integrated resonators are
used. This increased power loss is due to the resistances
introduced by the varactors, which result in greater power
dissipation. Therefore, there is a trade-off between power effi-
ciency and interference reduction in such designs. To optimize
a high-order filtenna with strong out-of-band suppression, it is
crucial to use varactors with very low resistances. We refer the
reader to [23] where an integrated resource allocation approach
that addresses the trade-off in power efficiency and leakage
reduction is undertaken.

TABLE I
COMPARISON OF THE PROPOSED TUNABLE FILTENNA CHARACTERISTICS
WITH OTHER RELATED WORKS

Tuning Frequency Bandwidth | Gain
Ref. Topology

(C/D)* band (GHz) control (dBi)
[31] Printed C 6.16 — 6.6 No 6
[32] Etching slots D 1.66 — 3.82 No 3
[331] FSS C 3.8-44 No 3
[34] Stack D 23.75 - 29.5 No 13
[35] Patch C 2.05 - 2.52 Yes 8
[25] DGS C 25 - 28.5 No 9
[45] DGS C 2.44 - 3.19 No 4
[46] Patch C 1.3-3 No 5
This

SIW C 24.4 - 26.8 Yes 4.2

work

* C: Continuous, D: Discrete

V. CONCLUSION AND FUTURE DIRECTIONS

A reconfigurable SIW filtenna in mmWave band was pro-
posed. The radiation frequency can be tuned from 24 to 27
GHz, while maintaining a nearly constant radiation bandwidth
of around 400 MHz. It is noted that the proposed configuration
can also be potentially utilized for designing a reconfigurable
filtenna with a narrower radiation bandwidth to accommodate
standard channel bandwidths such as 100 and 200 MHz in the
n258 band. As proof-of-concept, a prototype of the proposed
filtenna was fabricated, and the measurement results including
S11, gain versus frequency, and radiation pattern agree well
with the simulation results and theoretical prediction. The
proposed filtenna may be used in wireless communication
networks for 5G mmWave applications that demand spectral
filtering radiation characteristics, which is particularly useful
for passive spectrum coexistence with weather sensors. Be-
yond 5G mmWave, the design methodology presented here is
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Fig. 10. Simulated and measured radiation patterns (dBi) for different varactor
values. (a), (b) Cy»=0.38 pF, C,¢=0.23 pF. (c), (d) Cyr»=0.31 pF, C=0.28
pE. (e), (f) Cyr»=0.26 pF, Cy=0.41 pF. (g), (h) Cy»=0.22 pF, C=0.32 pF.

capable of addressing emerging spectrum coexistence chal-
lenges in other bands. The dimensions of the filtenna can
be modified to operate in other frequency bands such as

FR1 as well as the proposed

new spectrum allocations in

FR3 [47], [48], and used to address the mitigation of out-of-
band emissions for enabling both passive and active spectrum

coexistence in these bands.
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