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ABSTRACT

The duplexer and antenna are vital components in the communication infrastructures such as
satellites, base stations, synthetic aperture radars, etc. Traditionally, the duplexers and the antennas
are separately designed before being cascaded into a system by impedance matching circuit. This
technique leads to a larger size system and reduced performance as one or more of the components
deteriorate. To avoid low performance in the system, an integrated duplexer and antenna can be used.
This is a situation where the duplexer and the antenna are co-designed. The integration results in a
less complex system as the feeding/matching circuits are no longer required and are replaced by a
filter/duplexer. At this stage, the antenna acts as a resonator with radiating characteristics to the filter/
duplexer resulting in response with low insertion loss and sharp skirts leading to good guard bands.
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1. INTRODUCTION

Parts of the main components in the wireless communication systems are filters, duplexers, and
antennas. To design these components traditionally, different methods are applied to achieving them.
This leads to having different specialists for these components. These includes filters (Ogbodo et al
2016, Ogbodo et al 2021, Tang et all 2023), diplexers (Ogbodo et al 2016, Nwajana and Yeo 2016,
Wu et al 2016, Tang et al 2019, Anguera et al 2020, Ogbodo et al 2018, Ogbodo 2021) or antennas
(Zhang et al 2022, Ogbodo et al 2021, Ahmed et al 2024, Imran et al 2024, Mohan et al 2024). In
their respective design stages, for base station and or satellite communication systems, their input and
output ports are assumed to be 50 Ohm interfaced. The reason is that if the interfaces are assumed to
be 50 Ohms, the responses will be maintained after connection and commissioning. However, this is
usually not the case during operation due to mismatches in the individual component specifications,
leading to deteriorated performance. To avoid the deterioration in the systems performance, these
components are co-designed, leading to more compact systems by avoiding the use of the mismatching
circuits between the components. (Liu and Zhang 2024, Aly et al 2019, Wu et al 2019, Mao et al
2016, Mansour et al 2019, Liang et al 2023, Hasan and Shekhar 2024, Mahmud 2021).
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In this work, co-designing of antenna and filter is presented leading to co-designing of duplexer
and antenna. The method used reduced the complexity of the system by eliminating some of the
feeding/matching circuits experienced in the conventional system (Mao et al 2015, Eltokhy and
Wang 2016). It involves replacing the feeding network of the antenna with filters. This led to all
resonant structures in the system and elimination of the insertion losses normally introduced by the
interconnections between antennas and filters. In addition to this, the easy control of the bandwidths
is achieved by varying the coupling gap between the resonant poles of the resonators (Liu and Zhang
2024, Mao et al 2015). That is resonators of the filters and the resonating element of the antenna.

In the wireless communication systems, duplexers are used as a link between the transmitter (Tx),
and receiver (Rx), and provides the opportunity for both components to share one antenna port. To
avoid interference, high isolation is required between the Tx channel port and the Rx channel port of
the duplexer component. Figure 1(a) displays the duplexer and antenna connection in a conventional
topology. Figure 1(b) displays the topology of co-designing of a duplexer and antenna as proposed.
This method avoids the need to have the 50 Ohm interface matching network and the cable joining
the duplexer and the antenna. This is the integrated system.

The first proposed work is the co-designing of a bandpass filter and an orthogonal mode of a
patch antenna. For ease of implementation, the general filter synthesis is employed. The orthogonal
modes of the antenna are 1.8 GHz and 2.4 GHz. These modes were focused on during the designs
which yielded a 1.8GHz filtering antenna and a 2.4 GHz filtering antenna.

Figure 1. Duplexer and antenna: (a) conventional topology subsystem, (b) co-designed system
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The co-designing of the antenna and duplexer is to demonstrate the multi-functional of RF
front end of the wireless communications component. To demonstrate this, the orthogonal mode of
the patch antenna is used to function as a resonating junction, radiating junction, signal splitter and
combiner in the duplexer-antenna component. Two sets of three-poles bandpass filter were individually
designed to operate at the orthogonal modes of the patch antenna, which are 1.8 GHz and 2.4 GHz.
After each of the bandpass filter were fully designed and optimized, their third resonators were
removed and replaced with the patch antenna. It is worth mentioning that the patch antenna were
treated as a resonator during the coupling with the individual filters. However, the quality external
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factors (Qext) of the third resonators were at this time performed on the patch antenna as quality
radiation factor (Qrad). This method led to compactness or miniaturized circuit because the 50 Ohm
interface and matching network is not needed. In addition to this, the patch antenna acted as a radiating
element while its orthogonal modes reduced the number of required resonators from six to five and
the antenna forming an integral part of the component. This method is different from (Mao et al
2019), were coupling is achieved using the through hole coupling method leading to stack formation.
In this design, the coupling is achieved using the edge coupling method and co-designed on a single
substrate which formed the main contribution of this work. In (Hasan 2024), a compact full-duplex
antenna was presented. It consists of two identical patches which acted as antennas, although the
design presented some level of reasonable isolation, the circuit was big. In addition to the size, the
design lacks filtering capability which will even make it bigger if implemented. Even though the
patches were placed in close proximity and connected through a neutralization line in a bid to enhance
isolation between the patches, the achieved isolation was less than -8dB between the antennas.

2. DUPLEXING ANTENNA DESIGN

2.1. Design Specifications

To proceed with this proposal, the lumped element filtering synthesis was first utilized. The
numerical calculation used is focused on the duplexer specifications of Rx and Tx at 1.8 GHz and
2.4 GHz for GSM and WIFI channels respectively. They both operate at 4% FBW that is Rx from
1.764 GHz to 1.836 GHz, and Tx channel from 2.352 GHz to 2.448 GHz. Return loss is set at -20
dB for both channels and with three-poles on Chebyshev ripple factor of 0.043 dB with low-pass
prototype response obtained from (Ogbodo et al 2017, Ogbodo et al 2018, Werfelli 2016). The
terminal immittances of the low-pass prototype responses were provided as the g-values, with g,
=g,=10,g =g,=0.8516 and g, = 1.1032. This g-values were numerically used to achieve the
capacitive and inductive values of the lumped element components, and the J-inverter values used
for frequency transformation purposes.

The Equations (la) and (1b) were used to obtain the capacitive and inductive values of the
resonant frequency of the lumped element components, respectively. Whereas the equations (2a),
(2b), and (2c) are used for evaluating the J'-inverter values of I’ ,J* ,,and J’,, of the lumped elements
respectively. To obtain the capacitive coupling values, the J’-inverter values had to go through a
frequency transformation by dividing them with w; (3), this frequency transformation yielded the
capacitive coupling values as shown in Table-1. The Table-1 shows the obtained values from equations
(1) and (2). These values were used for the lumped element model of the design shown in Fig. 2(a)
and in Fig. 3(a) for the channel filtering antennas and the Duplexer antenna respectively. The Figs.
2(b) and 2(c) shows the simulated responses of Fig. 2(a) for Rx and Tx channels filtering antenna
respectively. While the Fig. 3(b) shows the simulated response of the Fig. 3(a).

Table 1. Calculated parameters from equations (1), and (2)

Channel CpF L nF JO01 pF J23 pF FBW % wo
2.4 GHz 28.2334 0.155759 1.32629 1.16526 0.04 1.131E10
1.8 GHz 37.6446 0.207679 1.76839 1.55368 0.04 1.508E10
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Figure 2. (a) Filtering antenna channel; (b) Rx channel response; (c) Tx channel response
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Figure 3. Duplexer antenna (a) schematic diagram; (b) duplexing antenna response
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From the response, three poles could be seen in the return losses which confirms the contribution
of the orthogonal modes of the patch antenna as resonance modes in the design and its inclusion that
led to the reduction of the resonators from six to five in the filter designs. However, considering the
fact that the antenna is an integral part of the design, the number is reduced from seven to five when
compared with its equivalent conventional counterpart.

wherew, = 2xf; and fis the fundamental frequency,

8
C=—1r
woZ, FBW
Z,FBW
= W,Z,FBW
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J, == (2.3)

The next step is the transformation of the lumped element circuit to a distributed element circuit.
This is to further confirm the proposed design. As the proposed design makes use of two channel
filters linked together with a resonating antenna, the filters have the criteria mentioned above, with
lowpass prototype obtained from (Liu and Zhang 2024, Aly et al 2019, Wu et al 2019). The g-values
were used to obtain the coupling coefficient, (M) and the input/output quality factors (Qex) used for
the design of the filters using (3) and (4) respectively (Wu et al 2019, Mao et al 2013, Mansour et
al 2019). The width (W) and the length (L) of the patch antenna are achieved from (5) (Liang et al
2023). The antenna, being a rectangular patch, possesses a dual-mode response at 1.8 GHz and 2.4
GHz depending on the feeding position used. If it is fed from the side of the width, it produces 1.8
GHz and when fed of the side of the length, it produces 2.4 GHz.

_ FBW
MrL,rH-l - \/m (3)
_ 88 _
@w—FBW = 21.29 4)
Cf)
W= — 5.1
2/ V=
C
L =-—2——-2Al 5.2)
eff 2]%1/6‘0#

where € _is the dielectric constant, C is the speed of light in free space and L  is the effective

length of the resonant element, €, is the effective dielectric constant, and Al is the line extension
and expressed as: ‘

(5.3)

w +0.3
Al = 0.412h[0'262+ ][ Cor ]

0813+%] |, - 0.258

To preserve the filtering characteristics of the filters, the Qrad of the patch antenna is made to
have the same value as the Qext of the filters input. Because of this, the patch’s radiated power or gain
response follows similar pattern of the insertion loss response of the filter with minimum insertion
loss in the passband but with high rejection in the off band or low gain.

2.2. Filtering Antenna Configuration

To demonstrate the filtering antenna configuration in the co-design process. Each channel of the
duplexing antenna is designed separately by co-designing the patch antenna with its corresponding
channel filter in the orthogonal modes individually. Firstly, the Rx of 1.8 GHz three-poles hairpin
filter had its third resonator replaced with the patch antenna as provided in Figure 3. The coupling
coefficient of the resonator 2 and the patch antenna is made to be the same as that of the coupling
coefficient of the resonator 2 and resonator 3 of the filter shown in Figure. 4(a). After extracting
the coupling distance, the filter and the antenna components are then assembled and optimised to
specification as provided in Figure 4(b). Figure 4(c) shows the simulated response of the filtering
antenna configuration after optimisation.
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Figure 4. 1.8 GHz channel (a) filter layout; (b) filtering antenna layout; (c) filtering antenna response
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This same process used in designing the 1.8 GHz filtering antenna is used to design the filtering
antenna of the second mode operating at 2.4 GHz. This process also maintained the in-line coupling
of the patch antenna with the 2.4 GHz filter in the corresponding orthogonal mode. It also replaced
the third resonator of the filter with the patch antenna and then optimised. Figure 5 presents the
topology of the 2.4 GHz filtering antenna after optimization as an insert in its achieved simulated
response. After both filtering antennas are achieved. The orthogonal modes of the patch antenna are
used to combine the two filtering-antennas into a duplexing antenna.
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Figure 5. The 2.4 GHz filtering antenna layout as an insert in its simulated return loss (S11) response

— 811

-8
=10 4 nll
10 IV
i ¥

S-Parameters (dB)

=
55 ]
i

1.6 18 20 22 24 28
Frequency {GHz)

The 1.8 GHz channel serves the receiving (Rx) for the downlink whilst the 2.4 GHz channel
serves the transmitting (Tx) channel for the uplink. Figure 6(a) presents the coupling configuration
of the duplexing antenna in a conventional cascaded design whilst Figure 6(b) presents the proposed
coupling topology. The EM software Sonnet is used for the simulation and the proposed design layout
is presented in Figure 7 with the achieved dimensional parameters after optimisation. The design
prototype is fabricated on Rogers RO4003C substrate with a dielectric constant of 3.55, thickness of
1.524 mm, and loss tangent of 0.0029 (nominal value at 10 GHz) and presented as an insert in the
Figure 7 indicating the achieved physical dimension after optimisation. The LPKF ProtoMat S63

micro-milling process was used for the fabrication.
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Figure 6. Coupling topology of duplexing antenna (a) conventional; (b) proposed
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Figure 7. Designed duplexing antenna layout with parameters. Dx = 52.5 mm, Dy = 43 mm, $1 =1.05 mm, $2=2.1 mm, 83 =0.3
mm, $4 =0.25, S5=2 mm, S6 = 0.3 mm, F1 =15 mm, F2 =20 mm, H = 15.5 mm, H1 =17.9 mm
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3. EXPERIMENTAL RESULTS

3.1. Simulated and Measured Results

The simulated S-parameters of the optimised duplexing antenna is presented in Figure 8 where
it presents the Rx channel measured and started from 1.764 GHz to 1.836 GHz while the Tx channel
is measured and started from 2.352 GHz to 2.448 GHz. This shows that this design achieved the
proposed 4% FBW on the individual channels. The sharp skirts normally observed in co-designed
filtering antenna response is well noticed in both channels. The return losses are at -17 dB and -13
dB respectively. Also, the isolation between the two channels (ports S21) is at about -51dB on the
Rx channel and at -43 dB at the Tx channel. As shown in Figure 8, the isolation S21 in comparison
with S11 and S22 depicts a good isolation between the channels. It can also be observed that the three
poles for each channel are clearly identifiable in the Figure 8 which indicates the contribution of the
antenna as a resonant pole for each channel (Rx and Tx). In comparison with the lumped element
circuit shown in Figure 3(b), it is observed that the lumped element circuit and the distributed element
circuit agree with each other. It also confirms the correctness of the lumped element configuration
shown in Figure 3(a).

10
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Figure 8. Measured duplexer antenna isolation between two channels (ports) and the frequency responses
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Figures 9 and 10 represent the measured far-field radiation patterns for co- and cross-polarisations
at 1.8 GHz and 2.4 GHz, respectively. Clearly, the maximum far-field signal strength or maximum
directivity achieved with the proposed duplexing antenna approach for the E-plane at 1.8 GHz
(cross-polarisation) and the E-plane at 2.4 GHz (co-polarisation) suggests a significant margin
of about -53 dB at zero degrees. This shows the contribution of the antenna as a resonant pole for
each channel (Tx and Rx). Furthermore, the polarisation isolation between the cross-polarisation
and co-polarisation is about 22 dB at an azimuth angle of zero degree as shown in Figure 8. Whilst
the measured far-field radiation patterns at the H-plane for both co-polarisation at 1.8 GHz and
cross-polarisation at 2.4 GHz results in undesirable radiation patterns with noticeable polarisation
isolation around 320 degrees as highlighted in Figure 9 with the likelihood of reduced performance.
It is assumed that the discrepancies noticed in the far-field radiation patterns of Figure 9 and 10 as
well as S-parameters of Figure 8 are associated with fabrication tolerance, post fabrication tunning,
and the variation of the dielectric constant for the high permittivity dielectric material of Rogers
RO3004C. The used material has a dielectric constant of 3.38, dissipation factor of 0.0023, copper
cladded, and high thermal stability of Tg > 280°C.

1"
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Figure 9. Measured far-field radiation patterns on the E-plane at 1.8 GHz (cross-pol) and 2.4 GHz (co-pol)
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Figure 10. Measured far-field radiation patterns on the H-plane at 1.8 GHz (Co-pol) and 2.4 GHz (cross-pol)
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4. CONCLUSION

In this study, we demonstrated how the proposed duplexing antenna design proved to provide good
filtering characteristics. The achieved sharp skirts seen at the band edges indicate that this design has
good guard bands. This enhanced feature is because of the integration of the duplexer and the antenna
which led to the elimination of the impedance matching circuits between them such as the 50 Ohm
interface matching network. The method used in this design made use of all the resonators including
the antenna to contribute to the filtering functions because the antenna is treated as a resonator. The
integration process utilised the general filter synthesis procedure making it easy to implement. This
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strategy helped to address the difficulties in achieving the desired bandwidth, radiation efficiency and
the fabrication tolerance when designing integrated circuits. This is mainly due to the use of general
filter syntheses and the coupling method used. The two bands of the duplexing antenna operate on
orthogonal polarisations. This makes this design to be suitable for applications where polarisation
diversity is required.
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