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A Cascaded Resonator Decoupling Network for Two
Filtering Antennas

Jianfeng Qian, Benito Sanz Izquierdo, Steven Gao, Fellow, [EEE, Hanyang Wang, Fellow, IEEE,
Hai Zhou, Huiliang Xu

Abstract—In this paper, a novel method for the decoupling
between two filtering antennas is presented. The mutual coupling
between two filtering antennas is investigated and a coupled-
resonator decoupling network (DN) is developed. This coupled-
resonator DN is co-designed with the coupled filtering antennas
with little effect on the original filtering responses. By connecting
this network to the coupled antennas in parallel, the mutual
coupling between two 2" order filtering antennas can be
suppressed dramatically. A step-by-step realization of the DN is
provided. To verify the concept, a prototype using the proposed
DN was fabricated and measured. Full-wave simulations and
measurements indicate that this coupled-resonator DN can
enhance the isolation between two filtering antennas up to 30 dB
without significantly affecting the filtering performance of each
antenna, at a cost of 1.15 dB efficiency drop.

Index Terms—Cascaded resonator,
filtering antenna, in-band.

decoupling network,

[. INTRODUCTION

N recent years the integrated designs of different devices

have drawn much attention among researchers and
engineers. Through the co-design of filters and other RF
devices, the system performance can be greatly improved [1-
6]. Compared to a conventional scheme, a co-designed module
usually shows more promising performance regarding cost,
loss, and size.

Among these designs, one of the most interesting topics is
filtering antenna. A filtering antenna/filtenna is an integrated
module of filter and antenna, which is expected to be capable
of filtering and radiating signals simultaneously. Many works
in this field can be found in the literature [7-14]. Some of them
have already found applications in the industry. Up to now,
filtering antenna is not a fresh topic anymore. However, if a
filtering antenna is used in a communication system, the
mutual coupling problem must be considered. Thus, the study
on the decoupling between two filtering antennas is necessary.

To suppress the mutual coupling (MC) between two
identical antennas, many methods can be found in the
literature, such as decoupling networks [16-21], physical
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placement [22], [23], multi-port feeding networks [24-26], and
parasitic elements [27-31]. Most of these works are proposed
for two identical antennas with limited decoupling bandwidths.
Some of them also suffer from bulky structures, complicated
physical implementation, or large element distances. Besides,
according to the authors’ knowledge, most of these methods
have not been tested on the filtering antennas yet.

In this paper, a decoupling network for two filtering
antennas is proposed. The network introduces an additional
path between two antenna ports. To achieve stable decoupling
throughout the band, the transmission coefficients of the
coupling and decoupling paths should have the same
magnitude but a 180° phase difference. The magnitude and
phase behavior of the decoupling path is controlled by a
coupled resonator network, which is more frequency-stable
and compact than the conventional transmission line structure
[18]. The DN can be synthesized according to the common
filter theory, without affecting the impedance conditions of
both antenna ports, thus maintaining the original filter function.
This method offers many advantages such as flexible design,
decoupling bandwidth, compact structure, and low cost. Most
importantly, it enables the decoupling of two filtering antennas.

II. PHYSICAL REALIZATION

A. Step 1: Unequal power dividing (PD) Network

Fig. 1 shows the structure of the filtering antenna for
demonstration in this paper [11-13]. For the sake of generality
and simplicity, a classical 2" order resonator-fed aperture
coupled filtering antenna is used as the test antenna. It consists of
two substrates with a 2-mm air gap between them. The common
ground plane is located on the upper surface of the bottom
substrate. The feeding structures on the lower surface of the
bottom substrate are then aperture coupled to the patch which is
on the upper surface of the top substrate. The substrates used in
this paper are all Rogers 4003 with a dielectric constant of 3.55
and a thickness of 0.813mm. The simulations are all carried out
in the High Frequency Structure Simulator (HFSS) [32]. The
response of this second-order filtering antenna is given in Fig. 1
(c). As can be seen, this antenna shows 2" order filtering
performance. The specifications for filtering antenna are given as
follows: fractional bandwidth (FBW) = 6.1% (2.38 GHz — 2.53
GHz), centre frequency = 2.45 GHz, ripple level = 0.3 dB. This
filtering antenna can be achieved by using a non-radiative
resonator to feed a patch antenna. By adjusting the coupling
strength between the resonator and patch, coupling of the port,
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Fig. 1. Configurations of the filtering antenna. (a) Exploded view. (b) Top
view. Dimensions in mm: /,= 5.04, [, = 12.75, [, = 16.9, w,= 1, [;= 13.98, w,
=04,8, =0.35,1,=45.67, w,= 455, w. = 0.5. (c) Frequency responses for
the filtering antenna under test and coupled antennas'.

and patch dimensions, a 2™ order filter function can be
obtained. The detailed design procedure of such a filtering
antenna can be found in many works in the literature [11-13],
so it is not given here for brevity.

Fig. 1 (c) provides the S-parameters when two identical
filtering antennas are placed close to each other. The distance
between the two patches is randomly set as 16.2 mm for
generality, which is about 0.13 4o, where Ao is the free-space
wavelength at the antenna’s center frequency. It should be
noted here that the proposed decoupling technique can also be
used to decoupler antennas with smaller distances. For this
case, the mutual coupling is about -16 dB in the operating
band. It can be observed that the shape of the curve
representing the mutual coupling (Szi) between these two
antennas is very similar to the transmission coefficient of a
lossy bandpass filter (BPF) [33].

To reduce the mutual coupling between two filtering
antennas, the basic concept of our work is illustrated in Fig. 2
(a). As can be seen, a decoupling path is introduced parallelly
with the coupling path between the antennas. To make sure the
transmission from portl to port 2 is perfectly suppressed, the
transmission coefficients for both paths should have the same
amplitude but 180-degree phase different, that is Mag
(Suc)=Mag (Spy) and Z(Suc) = Z(Spwy) + 180°. Besides, to
ensure a good decoupling performance in the whole operating
band, the phase slopes of the transmission coefficients should
be the same for both paths in the band of interest.

According to filter theory, the slope of the phase response
for the coupling coefficient of a filtering circuit is related to its
order and bandwidth [34]. Thus, the proposed decoupling
network and coupled antennas should share the same
bandwidth and filter order.

! Dashed line is simulated reflection coefficient of the original filtering
antenna. Solid lines are the responses when two such antennas are coupled.

_li’lag(SMc) Z (s;lrc)
Input 1 | Filtering Coupled Antennas Filtering | Input 2
&—— Power D li h Power [—e
Divider | - - - =X ccoupling path ___ _ Divider
Mag(Spy) Z(Son)
(@
0 T T T T T 100
10
@ — -100
2 154 Ny 1-200 =~
- f >
5 1-300 §
@ : 1-400
g -30{——S,,, w.decoupling path 1 _500_&‘@
g_ —=—S,,, w. decoupling path 16000
[0

--= 8,,, wo. decoupling path 1.700

_45/——phase (8,,). w. decoupling path | o
230 235 240 245 250 255 2.60
Frequency (dB)

b c
Fig. 2. (a) C(()n)ceptual framework of decoupled (ﬁftering antennas, (b) EM
structure of the proposed filtering antenna with unequal PD and (c) S-
parameters of the filtering antennas with/without decoupling path.
Dimensions in mm: /; = 4.14, [,= 1425, 5= 9.4, I,= 11.26, [s= 14.25,],=
17.09, wo= 1, ;= 13.98, wy= 0.4, S; = 035, S, = 0.35, S = 0.54, [, = 45.62,
w,=45.5.

To control the magnitude and phase of the decoupling path,
the DN is separated into two identical blocks for ease of design.
Fig. 2 (b) shows the basic block of the proposed decoupling
structure. As can be observed, based on the structure shown in
Fig. 1, another resonator is coupled to the first-stage resonator,
dividing the energy into two parts. Fig. 2 (c) shows the
frequency responses for the structure. This unequal power-
dividing network shows almost the same S;; as the original
filtering antenna. As the mutual coupling between original
antennas is -16 dB, the insertion loss of the decoupling network
(DN) should be 16 dB too. Thus, when the decoupling network
is divided into two equal parts, the insertion loss from the
driven port (port 1) to the decoupling port (port 2) in Fig. 2 (b)
should be about 16/2=8dB. However, because of the inevitable
loss of a coupled-resonator network, insertion loss of the
decoupling path should be slightly lower than the mutual
coupling level to compensate for the energy consumed in the
decoupling network. As a result, the insertion loss for the
decoupling path in Fig. 2 (b) is set as about 6.5 dB in our
design.

B. Step 2: Construction of the Decoupling Path

In this step, two identical power-dividing (PD) networks
obtained in step I is combined to simulate the behavior of the
coupled dual-antenna structure illustrated in Fig. 1 (c¢). To
study the decoupling path solely, it is necessary to first
eliminate the mutual coupling effect. This can be achieved by
ensuring that the polarizations of the two antennas are
orthogonal.

The dimensions of the DN can be decided through a curve-
fitting procedure. The test structure for the establishment of
DN is shown in Fig. 3. The proposed structure consists of two
filtering antennas with the same filter function but orthogonal
polarizations. This structure allows the study of the coupling
dominated by the decoupling path. The coupling between the
decoupling blocks is achieved by an aperture on the ground.
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Notably, the decoupling path is composed of four resonators,
which is the same as the mutual coupling counterparts of the
antennas, allowing for the matching of the slopes of the phase
response of the two paths.

During the tuning process, the aperture's dimensions can be
adjusted to control the magnitude of the transmission
coefficient of the decoupling path, while the phase response
should be carefully controlled to ensure that the decoupling
path is out-of-phase with the coupled path between the
original coupled antennas in the whole operating band. As the
decoupling path shares the same filter function as the filtering
antennas, the phase responses of the transmission coefficients
for the original coupled antennas and the decoupling path are
parallel to each other. In Fig. 4 (a), the magnitude and phase
responses for both the test structure (S33, S, £(S34)) and the
original coupled antennas (Si1, S21, £(S12)) are plotted and
compared. As can be observed, despite some minor
discrepancies, the magnitudes of the transmission coefficients
for both structures agree well. The phase curves show similar
trends too. Besides, a 180-degree phase difference can be

2 S, denotes the mutual coupling whereas Ss4 represents the decoupling
path transmission coefficient. Magnitude error = S>; — Sy3; Phase difference =
Z8— L84,
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Fig. 7. Decoupling performance of the antennas.

observed. This phase shift is contributed to the external
coupling structure which is realized by two coupled-
transmission-line (CTL) sections [35]. Such a well-designed
CTL structure can perform as an impedance inverter in the
vicinity of the band of interest. Two additional inverters
introduce the 180-degree phase difference we need.

Fig. 4 (b) illustrates the magnitude error and phase
difference between the two paths. It is observed that the
magnitude error can be tightly controlled within a narrow
range of less than 0.27 dB in the band of interest. Additionally,
the phase difference between the two paths falls within the
range of 176-180 degrees. Using this method, the initial
dimensions of the DN can be determined.

III. EXPERIMENTAL DEMONSTRATION AND DISCUSSION

In the last step, the realized decoupling network is
connected with the dual-antenna module in parallel. After
some finetuning, the final dimensions of the decoupled dual-
antenna system can be determined as shown in Fig. 5.

A prototype was fabricated and measured for demonstration.
Fig. 6 shows the photograph of the fabricated decoupled
antennas. Fig. 7 presents the simulated and measured S-
parameters. Despite some slight frequency shift, the antennas
cover the 2.4 GHz WiFi band with a measured bandwidth of
2.36 GHz — 2.515 GHz. The decoupling network can improve
the decoupling level up to 33.6 dB in simulation, which is
about 34 dB in the measurement. Compared with the result
given in Fig.1 (c), an improvement of 18.9 dB is achieved. In
addition to achieving highly suppressed mutual coupling, this
DN offers another significant advantage: it has minimal
impact on the original S-parameters of the filtering antennas,
as illustrated in Fig. 7. This feature is crucial for filtering
antennas.

Fig. 8 plots the measured and simulated total radiation
efficiencies of the decoupled filtering antenna [16]. Good
filtering performance can be observed with respect to the out-
of-band selectivity. A high roll-off rate on the skirt of the
curve can be achieved by using a higher-order filter function.
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Also, as can be observed the measured total efficiency is about
-1.94 dB in the band of interest. Our investigation revealed
that the deterioration of total efficiency is about 1.15 dB at the
center frequency of the antenna, which is slightly higher at the
edges of the operating band (1.53 dB). This deterioration is
primarily attributed to the resistors used in the structure. Our
future work will focus on eliminating the losses in such
coupled-resonator DNs. A possible direction will be designing
DN using Y-parameter instead of S-parameters [17].

Fig. 9 shows the simulated and measured radiation patterns
of the antennas for in-band application. Because of the
symmetry of the structure, only the radiation patterns for one
antenna are provided here. During the measurement, one
antenna is excited while the other one is 50-Ohm terminated.
The simulated and measured results agree well. The radiation
pattern in its H-plane is slightly tilted from the broadside
direction. This can be attributed to the reactive loading effect
between two patches [36].

TABLE I. COMPARISON WITH PREVIOUS WORKS

Edge-to- Isolation
Ref edge Decoupling Iso. imbrove TE | Filtering
e Spacing method (dB) P (dB) |Response
ment
(M)
[18] N.G. Network 29.1 [>12.6dB| -4.7 No
[19] 0.12 Network 25.1 N.G. | -1.53 Yes
[20] 0.2 Network 32 14dB -0.8 No
[30] 02 | Decowpling | o5 1 jsqp | NG|
surface
31] | oot | Nearfield 4o 1o | 09 No
resonators
This 0.13 Filtering ~30 | 18.9dB -1.74 Yes
work network

N.G.: Not given. A: Free-space wavelength at the center frequency of the
antenna; Iso.: Isolation; TE: total efficiency.

Table I shows the comparison of the performance between
other presented works and this work. As can be observed,
considering the edge-to-edge spacing, this work achieves a
very competitive decoupling performance. Also, this work
presents a possible solution for the decoupling between two
filtering antennas. Although the decoupled antenna presented
in [19] also has filtering ability, it suffers from limited
application scenarios. Using the general method introduced in
this work, many other decoupling problems between two
resonating filtering antennas can be solved, but not limited to
some specific antenna forms only. Besides, compared with
another decoupling network presented in [18], the proposed
method can achieve a more compact design. In this work, the
phase behaviour is controlled by the coupled resonator, while
in [18] a long transmission line and a phase shifter are needed
for the adjustment of the phase response. Besides, two
directional couplers are used in [18] for the power
arrangement of the decoupling path which will also increase
the cost and time of the design. However, by using coupled
resonator decoupling network, our design provides a more
general, cost-effective, and simpler solution for the decoupling
between two filtering antennas. In this work, the distance
between the two patches is about 0.13 Ao. However, this
distance could further be reduced to 0.02 Ay (2 mm) and still
produce an improvement in isolation level of about 15.5 dB as
shown in Fig. 10, which shows the decoupling performance
with different antenna separations.

IV. CONCLUSION

This paper introduces a novel coupled resonator decoupling
network for two filtering antennas. This network is developed
based on the coupled-resonator filter theory. Step-by-step
design procedures are provided in detail in this paper. For
demonstration, a patch antenna prototype is fabricated and
measured. The experimental and simulated results agree well.
Compared with other presented works, this method shows a
more flexible design, higher adaptability, and high decoupling
performance. It should also be noted that theoretically this DN
is not limited to the decoupling problem between patch
antennas but can also serve for any other resonant antennas.
These characteristics make it a good candidate for the
decoupling between two filtering antennas.
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