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ABSTRACT In this paper, the state-of-the-art integrated filtering antennas with dual-band operation are

first reviewed. Then, two designs of dual-band microstrip filtering antennas with a low-frequency ratio are

presented. The 1st design is a dual-band dual-polarization (DBDP) antenna with a frequency ratio of 1.2 on

a single patch, by employing the coupled resonator technique. Two bands at each polarization are achieved

by vertically coupling a hairpin resonator with a patch through a slot in the ground plane and then coupled

to a dual-mode stub loaded resonator. Each band exhibits a 2nd-order filtering performance with improved

bandwidth and out-of-band rejection. Such an integration technique could significantly reduce the dimension

and the complexity of the traditional DBDP antennas/arrays. In the 2nd design, a novel dual-port dual-band

antenna (with a frequency ratio of 1.38) with the integrated filtering and duplexing functions is proposed.

The frequency duplexing function is implemented by coupling a single patch with two sets of resonator-

based filtering channels via a U-slot resonator inserted in the ground. This device seamlessly integrates the

functions of duplexers, filters, and antennas in a very compact structure.

INDEX TERMS Antenna, dual-band, dual-polarized, duplexing antenna, filtering antenna.

I. INTRODUCTION

Radio frequency (RF) frontends with integrated multiple

functions have attracted wide attention in the recent years

due to many advantages over the traditional cascaded RF

frontends. By merging multiple functions such as radiation,

filtering, power-splitting and/or duplexing into one device,

a reduced component number and significant compact circuit

footprint can be realized without the traditional transmission

line and interfaces between them [1]–[4]. The other important

virtue of the integrated design is the enhanced performance.

For example, by exploiting the electromagnetic couplings,

the bandwidth, frequency selectivity, and out-of-band rejec-

tion can be increased [5]–[10]. Additionally, the integra-

tion design could augment functionalities. For example, a

duplexer and an antenna can be combined to realize a new

dual-port duplexing antenna [11], [12]. The integration of RF

frontends could also contribute to the reduction of the loss

and cost of mm-wave devices [13]–[16].

The dual/multi-band operation with polarization diversity

are in high demand in the current and next generation wireless

systems for catering different wireless applications [17]–[19].

The dual-band antennas with different I/O ports are also

preferable in many practical applications. Most of the inte-

grated designs work at a single band and polarization.

In [20]–[26], integrated filtering antennas with dual-band

operation were reported. However, due to the asymmetrical

structure of the radiation elements, most of them are not

suitable for dual-polarization applications. In [23], a dual-

band dual-polarization (DBDP) filtering array antenna was

achieved by coupling a dual-mode resonator to two nested

patches. However, the restriction on the sizes of the nested

elements makes this design unsuitable for low frequency-

ratio (less than 1.5) applications.

In this paper, two novel integrated dual-band filtering

antennas with a low frequency ratio are proposed. Both

designs make use of the strong couplings between the
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resonant structures to generate two closely situated operation

bands. In the first design, a DBDP filtering antenna element

with a low frequency-ratio of 1.2 is achieved using a single

square patch. In the second design, a dual-port dual-band

antenna with integrated duplexing and filtering functions is

developed.

This paper is organized as follows. Section II reviews of

the state-of-the-art dual-band filtering antennas. Section III

proposes a low frequency-ratio DBDP filtering antenna.

Section IV presents the second design of the dual-port duplex-

ing filtering antenna, followed by a conclusion in Section V.

II. REVIEW OF DUAL-BAND FILTERING ANTENNAS

This section firstly reviews the recently reported dual-band

filtering antennas categorized by their design techniques. The

advantages and disadvantages of each design are discussed.

FIGURE 1. Configuration of the dual-band filtering antenna
in [22]: (a) side view, (b) driven patch, and (c) parasitic patch.

A. LATERALLY PLACED DUAL-BAND FILTERING ANTENNA

By placing two single-band filtering antennas close to each

other and side-by-side, dual-band antennas with excellent

frequency selectivity and a high isolation between the two

closed antennas can be achieved. Fig. 1 shows such a design

reported in [22]. The two antenna elements have similar con-

figuration, which consists of a parasitic patch, a driven patch

with inserted shorted pins and slots and a ground plane. The

stacked parasitic patch was used to broaden the bandwidth of

the antenna and introduce a radiation null at the high-band.

The slots and the shorted pins are employed here to generate

other radiation nulls at the low-band. Therefore, very good

frequency selectivity and isolation between the two antennas

can be realized. This physically separated antennas could also

render the flexibility to control and optimize the two bands.

However, this also leads to a large circuit footprint due to the

two separate sets of radiators and feeding networks.

FIGURE 2. Configuration of the aperture-shared dual-band filtering
antenna in [24].

B. APERTURE-SHARED DUAL-BAND FILTERING ANTENNA

To make the dual-band filtering antenna more compact, one

method is to embed the smaller high-band radiator inside the

low-band radiator, sharing the same aperture [23]–[24]. Fig. 2

shows the configuration of a compact aperture-shared dual-

band filtering antenna reported in [24]. The antenna consists

of two nested U-shaped patches work at different operation

bands. They are fed by a multi-stub microstrip line. The two

resonances of the microstrip lines are tuned to match with

the resonant frequencies of the two patches, producing two

operation bands each with a 2nd-order filtering characteristic.

The antenna has an evident advantage of compact size due

to the two radiators are embedded and printed on the same

layer. In addition, two radiation nulls were generated outside

of the both bands, shaping the sharp roll-offs. However, the

layout of the two radiators in this design constrains its ability

to control the frequency ratio of the two bands. Besides,

the asymmetrical configurations of the radiators prevent its

use in dual-polarization applications.

C. RADIATOR-SHARED DUAL-BAND FILTERING ANTENNA

For further integration and miniaturization, different reso-

nant modes of a patch can be used to design the dual-

band operation. In [25] and [26], two resonant modes of a

patch were generated by inserting a U-shaped slot in the

patch. The two resonant modes can be controlled by adjusting

the dimensions of the patch and the slot line, respectively.

Fig. 3 shows a design of a radiator-shared dual-band filtering

antenna in [26]. The two resonant modes of the U-slot patch

are separately coupled with a stub-loaded resonator (SLR),

resulting in the dual-band operations and each with

a 2nd-order filtering performance.

Since the two resonant frequencies of the U-slot patch and

the SLR can be independently controlled, good flexibility
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FIGURE 3. Configuration of the dual-band filtering antenna with shared
radiator in [26].

FIGURE 4. Configuration of the dual-port dual-band filtering antenna
in [27]: (a) top view, (b) side view.

in adjusting the frequency ratio of the two bands can be

achieved. An added advantage is that the higher order modes

of the SLR and the U-slot patch are mismatched with each

other, resulting in the cancellation of the high-order modes

and therefore the wideband harmonic suppression. However,

the lack of rotational symmetry of the U-slot patch limits its

applications in dual-polarization antennas.

D. RADIATOR-SHARED DUPLEXING FILTERING ANTENNA

In [27], a dual-band filtering antenna with two separate ports

work at different frequency bands was investigated and is

shown in Fig. 4. This design integrated the duplexing and

radiation functions in a single device. The antenna uses the

TM10 and TM30 modes for achieving the broadside radi-

ation. By inserting two parallel slots in the patch, the two

modes are coupled with the feeding networks/resonators,

respectively, generating two frequency duplexing bands.

However, due to the high-order mode are used in the design,

it is difficult to achieve a low frequency ratio. Other limita-

tions in the performance include the relatively low frequency

selectivity and low isolation between the two ports (20 dB).

III. DESIGN-1: SINGLE-PATCH DUAL-BAND

DUAL-POLARIZED FILTERING ANTENNA

To overcome the limitations of the dual-band dual-polarized

filtering antennas described in Section-II, a novel DBDP

filtering antenna with a low frequency ratio using a single

square patch is proposed here.

FIGURE 5. Configuration of the proposed low frequency-ratio DBDP
filtering antenna (Antenna-I): (a) exploded view; (b) feeding resonators
of each polarization. Lp = 17.8 mm, Lg = 50 mm, Ls1 = 11.8 mm,
Ls2 = 10.3 mm, Ws = 0.9 mm, L1 = 5.8 mm, L2 = 4 mm,
L3 = 7 mm, L4 = 6.5 mm, S1 = 1.2 mm, S2 = 0.3 mm.

A. CONFIGURATION

Fig. 5(a) shows the configuration of the proposed

low frequency-ratio DBDP filtering antenna, denoted as

Antenna-I. The square patch is printed on the top layer of the

upper substrate, whereas the feeding networks are printed on

the bottom layer of the lower substrate. The patch and feeding

structures share the same ground plane in the middle layer.
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In the ground plane, two slots are perpendicularly placed to

excite the orthogonal polarizations of the patch. Fig. 5(b)

shows the feeding network for each polarization, which

consists of a hairpin resonator and an SLR. The patch is

first coupled to the hairpin resonator, which is then coupled

to the SLR. The patch and the hairpin resonator are served

as the single-mode resonators. The SLR is a dual-mode res-

onator, which can be analyzed using the odd- and even-mode

methods [28]. The optimizations were performed using High

Frequency Structural Simulator (HFSS) and the optimized

dimensions are presented in the caption of Fig. 5.

FIGURE 6. Comparison of the simulated S11 of the antennas: (a) between
a traditional microstrip-fed patch and the hairpin-fed patch, (b) the
hairpin-fed patch antenna with and without the cascaded SLR.

B. OPERATION PRINCIPLE

One major technical contribution of this work is that the

DBDP characteristics are realized on a single patch. The

design principle of this antenna is explained as follows. First,

the patch and the hairpin resonator are tuned to have the same

resonant frequency (f0 = 5.4 GHz) and coupled through

the slot in the ground. By increasing the coupling intensity,

the coupled hairpin-patch generates two split resonant fre-

quencies (f1 = 4.9 GHz and f2 = 5.9 GHz), as shown

in Fig. 6(a) in comparison with a traditional microstrip-fed

patch antenna. These two resonances define the two operation

bands. The two frequencies can be adjusted by changing

the length of the coupling aperture, Ls1 and the frequency

ratio of the two bands can be achieved as required. The hair-

pin resonator is then coupled to the dual-mode SLR, which

is tuned to match the resonant frequencies of the hairpin-

patch. This results in the 2nd-order filtering response for each

band, as shown in Fig. 6(b). Similarly, dual-band filtering

characteristics can be achieved for the other polarization.

FIGURE 7. Prototype of the low frequency-ratio DBDP filtering antenna
(Antenna-I): (a) front view, (b) back view.

FIGURE 8. Simulated and measured S-parameters of Antenna-I.

C. RESULTS AND DISCUSSION

The proposed DBDP filtering antenna (Antenna-I) was pro-

totyped and measured. Fig. 7 shows the front- and back- view

of the prototype. Fig. 8 presents the measured and simulated

S-parameters. The measurements agree well with the simula-

tions, showing two operation bands from 4.75 to 4.98 GHz

(FBW = 4.8%) and 5.75 to 6.05 GHz (FBW = 5.1%)

for each port/polarization. The achieved frequency ratio is

1.22. The antenna also exhibits the 2nd-order filtering per-

formance with two reflection zeros observed in both bands.

In addition, the antenna demonstrates the high isolation

with the measured |S12| below to −30 dB at both bands.

It should be noted that two transmission nulls are produced at

around 4.8 and 5.85 GHz. These nulls are produced by pur-

posely conceiving the cross-coupling between the resonators,

which is beneficial to enhancing the isolation between the
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FIGURE 9. Simulated and measured normalized radiation patterns of the
DBDP antenna at 4.85 GHz: (a) P1 is excited, (b) P2 is excited.

FIGURE 10. Simulated and measured normalized radiation patterns of
the DBDP antenna at 5.85 GHz: (a) P1 is excited, (b) P2 is excited.

two polarizations. The minor discrepancies are attributed to

fabrication and assembly tolerance.

Fig. 9 shows the simulated and measured normalized

E-plane radiation patterns of the proposed DBDP antenna at

4.85 GHz. The measured results agree well with the sim-

ulations. The antenna exhibits consistent radiation patterns

with the maximum radiation in the broadside direction when

the two ports/polarizations are excited, respectively. The

antenna also exhibits excellent polarization purity with the

cross-polarization discrimination (XPD) higher than 28 dB

(25 dB) for the X-polarization (Y-polarization). Fig. 10 shows

the simulated and measured normalized radiation patterns

of the high-band (5.85 GHz). Good agreement between the

measurements and simulations is achieved when the antenna

works at both polarizations. The measured XPD is higher

than 25 dB.

Fig. 11 shows the simulated andmeasured realized gains of

the DBDP filtering antenna. The measured result agrees rea-

sonably well with the simulation, showing a gain of 7.2 dBi

from 4.87 to 5.03 GHz and a gain of 7.5 dBi from 5.8 to

6.05 GHz, respectively. The gains drop noticeably out of the

two bands, demonstrating a good filtering performance.

IV. DESIGN-2: DUAL-PORT DUPLEXING

FILTERING ANTENNA

This section demonstrates the implementation of a novel

dual-port dual-band antennawith a duplexing function. In this

work, the two ports of the antenna are highly isolated and

working at different frequency bands.

FIGURE 11. Simulated and measured realized gains of the DBDP filtering
antenna.

FIGURE 12. Configurations of the dual-port dual-band duplexing
filtering antenna (Antenna-II). Lg = 50 mm, Lp = 24 mm, Wf = 1.8 mm,
L1 = 7.5 mm, L2 = 5.8 mm, L3 = 1.55 mm, L4 = 5.8 mm, L5 = 4.3 mm,
L5 = 1.3 mm, Ls1 = 8 mm, Ls2 = 8.2 mm, h1 = 0.8 mm, h2 =1 mm,
h3 = 0.254 mm.

A. CONFIGURATION AND TOPOLOGY

Fig. 12 shows the configuration of the proposed dual-port

duplexing filtering antenna (denoted as Antenna-II), which

consists of two substrates and a 1 mm thick foam between

them. The radiator is a square patch printed on the top layer

of the upper substrate. The ground plane with an inserted

U-shaped slot line is printed on the top layer of the lower

substrate. The microstrip lines and resonators are printed on

the bottom of the lower substrate. There are totally two ports

and two groups of open loop resonators (half-wavelength

resonator) as the filtering channels working at f1 = 4.3 GHz

and f2 = 6 GHz, respectively.
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FIGURE 13. Topology of the dual-port dual-band duplexing antenna.

To illustrate the design mechanism, the dual-port duplex-

ing antenna is modelled using a coupled-resonator topology,

as shown in Fig. 13. The circles represent single-mode res-

onators and the solid lines represent the coupling between

them. The patch resonator not only serves as the radiat-

ing element but also a single-mode resonator with the res-

onance of f0. The inserted U-slot resonator is adjusted to

synchronously tune with the patch and the resonant fre-

quency f0 is split into two resonant frequencies f1 and f2.

These frequencies are then respectively coupled to the

two groups of resonator-based filtering networks, generat-

ing two channels. Each of them has the 3rd-order filtering

response.

FIGURE 14. Resonant frequencies f1 and f2 with different h2.

In this design, the two resonant frequencies, as well as

the frequency ratio, can be controlled by adjusting the cou-

pling strength between the patch and the U-slot resonator.

Fig. 14 shows the extracted resonant frequencies f1 and f2 as a

function of the thickness of the foam, denoted as h2 in Fig. 12.

It is observed that the f1 increases and f2 decreases when

the thickness of the foam increases. This reversed tendency

provides the freedom to design the frequency ratio of the

two operation bands. It is shown that the frequency ratio

can be reduced to 1.1 when h2 increases to 5 mm. As a

demonstration, h2 = 1 mm was chosen in this work for a

frequency ratio of 1.38.

FIGURE 15. Simulated current distribution on the patch: (a) Port 1 is
excited, at 4.3 GHz, (b) Port 2 is excited, at 5.9 GHz.

FIGURE 16. Simulated current distribution of the duplexing antenna on
the feed and ground: (a) Port 1 is excited, at 4.3 GHz, (b) Port 2 is excited,
at 5.9 GHz.

B. CURRENT DISTRIBUTION

Fig. 15 shows the simulated current distribution of the dual-

band duplexing antenna. When Port 1 is excited (4.3 GHz),

the current on the patch is bent and flows along an extended

path. This enables the radiation at a lower band than the

patch’s intrinsic resonance.When Port 2 is excited (5.9 GHz),

however, the current on the patch is quite straight with

a shorter path. Although the current distributions at both

bands are slightly different, the antenna works in a quasi-

TM10 mode in both cases, which results in the similar radi-

ation in the broadside direction. The current distribution also

predicts that the antenna has the consistent polarization char-

acteristics at the two bands.

Fig. 16 shows the current distribution of the dual-port dual-

band duplexing antenna on the feeds and ground plane. When

antenna works at 4.3 GHz (Port 1 is excited), as can be seen

from Fig. 16(a), strong current flows along the larger hairpin

resonators and U-shaped slot. The current is significantly

subdued on the feed of the high-band channel. In contrast,

when the antenna works at 5.9 GHz (Port 2 is excited), the

current mainly distributes on the smaller resonators and the

commonU-slot. The current on the channel of the low-band is

very weak. This current distribution demonstrates that a very

good isolation is achieved between the two channels/ports.

C. RESULTS AND DISCUSSION

The proposed dual-port dual-band duplexing filtering antenna

was prototyped and measured to verify the design concept.

Fig. 17 shows the front and back views of the Antenna-II.
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FIGURE 17. The front and back view of the dual-port dual-band
duplexing antenna prototype.

FIGURE 18. Simulated and measured S-parameters of the proposed
duplexing antenna.

The simulated and measured S-parameters are presented

in Fig. 18. A very good agreement between the mea-

surements and simulations is achieved. When Port 1 is

excited, a frequency band is achieved from 4.1 to 4.35 GHz

(FBW = 5.9%). When port 2 is excited, a band from

5.8 to 6.15 GHz is achieved (FBW = 5.8%). At each band,

the antenna exhibits the 3rd-order filtering characteristics

with three reflection zeros observed. The antenna also shows

excellent frequency selectivity and out-of-band rejection per-

formance. The isolation between the two channels/ports is

higher than 30 dB at both bands. As the frequency ratio

reduces, the isolation between the two channels is deterio-

rated correspondingly.

Fig. 19 presents the simulated and measured realized gains

of the Antenna-II when the two ports are excited, respec-

tively. When Port 1 is excited, the antenna has a flat gain

response of around 6.5 dBi in the lower band. In the higher

band, the antenna achieves a flat gain of about 7 dBi when

Port 2 is excited. The gains are noticeably reduced by more

than 20 dB as the frequency shifts from the two opera-

tion bands, exhibiting an excellent filtering performance.

The minor discrepancy is attributed to the measurement

tolerance.

Fig. 20 shows the simulated andmeasured normalized radi-

ation patterns of the dual-port dual-band duplexing antenna

at 4.3 GHz when Port 1 is excited. The measurements and

FIGURE 19. Simulated and measured gains of the proposed duplexing
antenna.

FIGURE 20. Simulated and measured normalized radiation patterns of
the dual-port duplexing antenna at 4.3 GHz when Port 1 is
excited: (a) ϕ = 0◦, (b) ϕ = 90◦.

FIGURE 21. Simulated and measured normalized radiation patterns of
the dual-port duplexing antenna at 5.9 GHz when Port 1 is
excited: (a) ϕ = 0◦, (b) ϕ = 90◦.

simulations agree reasonably well with each other, showing

the maximum radiation in the broadside direction. The mea-

sured cross polarization discrimination (XPD) is over 25 dB

in both ϕ = 0◦ (E-plane) and ϕ = 90◦ (H-plane).

Fig. 21 shows the simulated and measured normalized

radiation patterns of the antenna at 5.9 GHz when port 2 is

excited. Similarly, the antenna exhibits the broadside radia-

tion patterns in both ϕ = 0◦ and 90◦ planes. The measured

XPD is over 15 dB in the broadside direction. The discrep-

ancy between the simulations and measurements, especially

the backward radiation, is caused by the blockage of the

measurement instruments.
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TABLE 1. Comparison With Other Dual-Band Filtering Antennas.

Table I compares the proposed two filtering anten-

nas with other reported dual-band filtering antennas

in [24], [26], and [27]. The first design (Design-1) can

realize the dual- polarization characteristics at two operation

bands using a single radiator. The frequency ratio is 1.22.

Compared with [27], Antenna-II has a lower frequency ratio

(1.38 versus 2.16), a higher frequency selectivity (3rd-order

versus 2nd-order) and better duplexing performance/isolation

(30 dB vs 20 dB). Although only single linear polarization is

demonstrated in Antenna-II, it is possible to be developed to

a dual-polarization antenna due to the symmetry of the square

patch.

V. CONCLUSION

In this paper, two novel highly integrated dual-band filter-

ing antennas with a low frequency-ratio are presented. The

concept and design mechanism are discussed. In the first

design, the dual-band dual-polarization characteristics with

a frequency ratio of 1.2 are achieved using a single square

patch. In the second design, a dual-port dual-band filtering

antenna with integrated duplexing functions is proposed. The

demonstrated integration technique is helpful in removing the

separate bandpass filters and duplexers, and thus it could be

potentially used in an integrated RF frontend with reduced

volume, complexity and cost.
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