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Co-Synthesis of A Filtering Antenna With
Harmonic Suppression

Yi-Ming Zhang, Member, IEEE, Shuai Zhang, Senior Member, IEEE, Qi-Cheng Ye, Student Member,
IEEE, and Gert Frglund Pedersen, Senior Member, IEEE

Abstract—To suppress the undesired signals at the front-ends
of wireless systems, a co-design of a simple filtering antenna
highly integrated with a slotline-based network is presented and
studied in this letter. The proposed antenna integrated with the
low-pass filter, the bandpass response is achieved and impedance
bandwidth is also enlarged due to the additional reflection pole
contributed by the high integration, which has been evaluated and
verified through numerical calculations and full-wave
simulations. A design example of the filtering antenna working at
3.5 GHz is developed and fabricated for demonstration purposes.
Measured results indicate that good filtering responses with a low
insertion loss are achieved. Compared to the original patch
antenna, the fractional impedance bandwidth of the proposed one
is significantly enhanced, from 6.63% to 13.7%. Besides,
harmonics of up to 15.5 GHz are well suppressed. The proposed
scheme is simple and compact, exhibiting attractive performance
for bandwidth enhancement, and spurious suppression
applications.

Index Terms—Harmonic suppression, bandpass, slotline.

I. INTRODUCTION

T IS of great importance to suppress the undesired frequency

bands for antennas in modern wireless communication
systems since the harmonic and spurious signals would
contribute to the electromagnetic interference and lead to the
degradation of communication stability. To address the
aforementioned issue, investigations on antennas with filtering
responses have attracted increasing attention [1]-[11]. One of
the common methods is the employment of antenna-filter
fusion approach, where the core is the antenna design with
filter-like impedance matching and radiation characteristics
[1]-[6]. These studies give the sense that the antenna fusion
approach enables the filtering applications for some specified
antenna configurations, but might not be feasible for the
requirements of using other kinds of antenna types.

Different from the antenna-filter fusion approach, the filter
synthesis approach focuses on the integration of antennas and
filters, where the antennas are considered as the final loads of
the filters. At this point, the design of the filters and the
integration of the filters and antennas are the key challenges
[7]-[11]. Moreover, the International Telecommunication

This work was supported by AAU Young Talent Program. (Corresponding
author: Shuai Zhang)

The authors are with the Antenna, Propagation and Millimeter-wave
Systems (APMS) Section, Aalborg University, 9220 Aalborg, Denmark
(e-mail: yiming@es.aau.dk; sz@es.aau.dk; qcy@es.aau.dk; gfp@es.aau.dk).

Union (ITU) [12] and the 3rd Generation Partnership Project
(3GPP) [13] give a very strict requirement on out-of-band
rejection for industrial applications, where the spurious gain
should be at least 43 dB less than the in-band gain. It is very
difficult to realize such an attenuation by using only the
antenna-filter fusion. Thereby, the investigation of the filter
synthesis approach is essential and important.

On the other hand, featuring simple layout, low profile, and
low cost, microstrip antennas are most often used at microwave
applications [14]. Since both the impedance matching and
radiation performance of microstrip patch antennas are
sensitive to the physical structures of patch antennas, it is more
flexible to use filter synthesis approach. Besides, bandwidth
improvement can benefit from the filter synthesis approach [7],
[10], and [11], but generally still feature narrow responses.

In this letter, a filtering antenna consisting of a patch and a
slotline-based network is proposed and studied under the filter
synthesis approach. The filtering network is compact, including
a microstrip line loading with four open-circuited stubs and a
slotline etched over the microstrip line. Recently, slotline-based
microwave components have been studied [15]-[17], but there
was no report that a slotline-based low-pass network is
proposed for filtering antennas previously. Here, the proposed
antenna features a wide harmonic-suppressed band and an
improved impedance bandwidth. Moreover, the radiators need
to be redesigned in filter synthesis approaches normally,
leading to complicated design procedures. As for the proposed
design in this letter, the design process is much simpler since
the physical sizes of the patch remain unchanged. Only an
additional transmission line is pending determination to tune
the input impedance of the radiator.

Il. EQUIVALENT CIRCUIT ANALYSIS OF PROPOSED ANTENNA

Shown in Fig. 1 is the configuration of the proposed filtering
antenna, consisting of a patch antenna and a slotline-based
low-pass filter. Shown in Fig. 1(b) is the bottom view of the
physical configuration of the feeding network, including a
slotline etched on the ground plane and a microstrip line
crossing over the slotline. Four open-circuited stubs are loaded
on the microstrip line and symmetrically allocated with respect
to the slotline. The characteristic impedance and electrical
lengths (referred to the upper edge of the passband, fy ») of the
transmission lines of the network are defined as Z,, Zs, Z,, 6;, Os,
and 6, correspondingly. An additional transmission line with
the characteristic impedance and electrical length of Z, and 6,
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Fig. 1. Configurations of (a) the proposed filtering antenna, and (b) the
slotline-based low-pass filter.
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Fig. 2. Equivalent circuit of the proposed filtering antenna.

(referred to fy ), is employed. The line serves as not only the
connection between the antenna and the filter but also a key
component for impedance matching. Hence, the radiator part
includes the patch and the additional transmission line. Fig. 2

shows the equivalent circuit of the filtering antenna given in Fig.

1. The antenna is considered as a two-port network, where the
parameter Z,y is the input impedance of the antenna element.
The transmission coefficient between ports 1 and 2 represents
the transmission performance from Port 1 to free space through
the radiator. The circuit is considered the cascade of six
sub-network, featured with six transmission matrices. The two
subjects of the radiator part are illustrated separately since the
values of Z, and 6, need to be further determined. Since the
input impedance of the radiator part is involved during the
synthesis, the patch and the filter are not simply cascaded but a
high integration.

As mentioned, the input impedance of a patch antenna is
designed with the value of Z, at the center frequency (marked as
fo, av) Of the patch antenna, and would change when the
frequency departs from f, an. Here, a fully integrated discussion
of the proposed antenna featuring filtering response with
improved bandwidth is carried out. Based on the circuit plotted
in Fig. 2, the transmission matrix of the two-port circuit model
is formulated as [18]

A B| |A BJ|A BI|A B
{C D:|_|:C1 Dj{cz Dj{ca D3:|

A BJA BJA B
{04 DJ{CS Dj{ce DJ

Further, the S parameters of the two-port network shown in Fig.
2 is formulated, expressed as [19]

_ AZ,, +B-CZ,Z,, -DZ,
~ AZ,, +B+CZ,Z,, +DZ,
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Fig. 3. Calculated results of the slotline-based low-pass filter.
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where Ry is the real part of Zay. Next, a numerical study is
operated to determine the parameter values of the proposed
antenna for filtering, harmonic suppression, and impedance
bandwidth improvement purposes. In this case, the following
values are utilized that 6, = 6,,= #/8, 6= /4.

Assuming that Z,y and Z, always equal to Z,, the model
shown in Fig. 2 becomes the equivalent circuit of the
slotline-based low-pass filter. Fig. 3 illustrates some calculated
results of the low-pass filter with different parameter values
based on (2). It is found that the frequency edges are around
1.5fy a. Therefore, it is reasonably concluded that as for the
equivalent circuit of the filtering antenna shown in Fig. 2, the
realized upper edge of the in-band rang is around 1.5f, A, based
on the numerical models in (1)-(2). To get a sharp cutoff at the
upper frequency edge, it is set that fo av = 1.5 fo a. Then,
impedance matching can be achieved at the frequency 1.5fq a,
under the following consideration

(AZAN +B_CZOZAN _DZO)‘f:fOVAN:leO‘A =0 3
Here, it is defined that
Z,=2,

a

82,1 = (Zb)

f=fon =7, 4
Substituting (1) and (4) into (3), the numerical relationship
between the characteristic impedance Z,, Z,, and Zs can be
expressed as

B P1/+ le

s=o—L (®)
QA+Q,
where
P/=2;(0.923882,2] +1.84776Z;Z,, ) (62)
P/ =0.82495477, —0.92388ZZ; (6b)

Q =22(0.37258327 +1.490333Z,Z,, +1.490333Z7) ~ (6c)

Q, =0.665378Z, —1.4903332°Z,, +0.834524277%  (6d)

With the given values of Z; and Z,, the value of Z can be
determined. At this point, the S parameters of the two-port
network shown in Fig. 2 are determined by Z;, Z,,, and 6,, based
on (2) and according to (3)-(6). Please note that Z, is not the
only solution for Z,, here we use the relation of (4) as a study
case. It can be readily verified with different values of Z,,
similar results shown in (5) can always be obtained. The
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Fig. 4. Side view of the physical structure of the case studied in this work.
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Fig. 5. Calculated transmission responses of the two-port circuit of the
filtering antenna, based on the circuit model shown in Fig. 2.
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Fig. 6. Calculated S;, ; of the two-port circuit of the filtering antenna against
different values of 6,, based on the circuit model shown in Fig. 2

aforementioned discussions focus on the transmission
performance at the operating frequency f, an Of the antenna. As
for the out of band, the following determinant is found

S =S =S,,[ 11, =0 @

It is seen from (7) that for arbitrarily given values of Z, Z,, and
Z, there would be a transmission zero at the frequencies of 2f,
a 4o A, and 6y a, respectively. This implies that a potentially
wide-stopband from 2fy A to 6f, o might be achieved for the
equivalent circuit. Furthermore, to get a good stopband
rejection level, the following condition is employed

<-200dB ®)

2,1| f=21y A 2,1 f=41y A

| 2126, A< F <6y 4

Finally, a group of specified design parameters can be readily
determined on the condition of (8).

For verification purposes, the patch antenna (fo, any = 3.5 GHz)
given in Fig. 1(a) is used as the study case. The practical side
view of the patch antenna is illustrated in Fig. 4. A
two-stacked-substrate layer is served as the substrate of the
patch antenna. The input impedance Z,y of the patch antenna is
extracted through full-wave simulations. With the above
investigations, the values of Z,=98.7 Q, Z,,=53.7 Q, Z; = 69.1
Q, fo Lp =2.333 GHz, and 6, = 114.3° are theoretically selected,
where Z; is set as 50 Q. Fig. 5 shows the calculated
transmission responses of the circuit model constructed in Fig.
2, with the derived parameter values. Here, the parameter S,

(b)
Fig. 7. Photos of (a) the proposed filtering antenna and (b) the traditional patch
antenna.

represents the transmission performance from Port 1 to free
space through the radiator. The result denotes that an additional
reflection zero is generated, leading to an improved impedance
bandwidth. Moreover, transmission zeros are generated at two
sides of the passhand with good stop rejection, representing a
bandpass response. The stopband rejection level of the circuit
model implies that for the proposed filtering antenna, a wide
harmonic-suppressed band can be achieved. As for the
electrical length 6,, it serves as one of the key parameters for
performance improvement, as mentioned before. The influence
of 6, on antenna performance is further discussed based on
graphical studies. Fig. 6 depicts the S parameters of the circuit
model with different values of 6,. The result indicates that the
value of 8, has a very small effect on the out-of-band rejection
level, but is of great importance to bandwidth enhancement.

To further express the realization of the proposed filtering
antenna, a design procedure is summarized as follows:

Step 1: Getting the impedance Z,y of the patch antenna from
full-wave simulations.

Step 2: Determining the values of 8,, Z, Z,,, and Zs based on
(5), (6) and (8).

Step 3: Determining the final layout through full-wave
simulations.

I1l. MEASUREMENT AND DISCUSSION

The filtering antenna centered around 3.5 GHz is further
developed and fabricated, as shown in Fig. 7(a). The physical
dimensions (width W and length L) of antenna integrated with
the feeding network corresponding to Z;, Z, Zy, Za, 6, 6, and
O, are optimized as (unit: mm): W, = 0.3, W,, = 0.95, W; = 0.4,
Wy =1.05 L =49, L,=5.0,Ls=9.3. Itis clearly seen that the
proposed low-pass filter features compactness and simplicity.
A traditional patch antenna is also fabricated for comparison
purposes, as pictured in Fig. 7(b).

Fig. 8(a) depicts the comparisons of S; ; between the two
antennas. For the transitional one, the absolute impedance
bandwidth is 240 MHz (6.63%, from 3.50 to 3.74 GHz,
referring to |Sy, 4| < —10 dB), and several reflection nulls are
generated from 7 to 15.5 GHz. As for the proposed antenna, the
bandwidth is improved to 510 MHz (13.7%, from 3.47 to 3.98
GHz). Two reflection nulls are observed within the passband,
which is consistent with the theoretical discussions given in
Section Il. All the harmonics and other spurious of up to 4.2
times the center frequency of the antenna have been suppressed.
Fig. 8(b) and Fig. 8(c) depict the total efficiencies and realized
gains of the antennas, respectively. A bandpass response is
achieved for the proposed antenna. The in-band total efficiency
fluctuates from 77.2% to 84.6%. The realized gain is higher
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Fig. 8. Measured and full-wave simulated results of the developed filtering
antenna and the traditional patch antenna. (a) Sy 1, (b) total efficiency, and (c)
realized gain at boresight.

than 6.14 dBi, with a peak value of 7.65 dBi at 3.8 GHz.
Although there is a slight frequency offset between the
measured and simulated results owing to the
fabrication/assembling errors, good impedance matching and
radiation performance are achieved. A quasi-filtering response
is observed from the realized gain point of view. The far-field
radiation patterns of the proposed filtering antenna are also
measured, as described in Fig. 9. Results denote that a low
cross-polarization level is obtained within the impedance band.

To further display the performance of the proposed filtering
antenna, comparisons with some previously reported filtering
antennas are operated, as listed in Table I. As for the proposed
filtering antenna, a much wider impedance bandwidth is
achieved, compared to most of the mentioned schemes. The
harmonics of up to 4.2 times the center frequency are fully
suppressed, exhibiting a well-designed harmonic suppression
level, with a significant enhancement on impedance bandwidth.
As for the spurious rejection level, it was discussed in [20] that
it would be difficult to achieve the strict requirement of the ITU
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Fig. 9. Measured radiation patterns of the filtering antenna. (a) 3.5 GHz,
E-plane. (b) 3.5 GHz, H-plane. (c) 3.9 GHz, E-plane. (d) 3.9 GHz, H-plane.

TABLE |
COMPARISONS BETWEEN SOME PUBLISHED FILTERING ANTENNAS AND THE
PROPOSED ONE

Ref. Antenna FBW ? In-band gain Spun(_)us
scheme rejection

[5] Element 7.0% ~3.05 dBi -

[6] Element 22.6% ~7.4 dBi 2.3f,

71 2x2 array 3.0% <9.6 dBi -

[8] Element 6.2% < 6.3 dBi -

[9] Element 4.5% ~3.5dBi 2.4,

[10] 2x2 array 5.6% <9.7 dBi 2fy
This work Element 13.7% 6.14 ~7.65 dBi 4.2f,

2denotes the fractional bandwidth.

and 3GPP by only using a single approach (antenna-filter
fusion or filter synthesis approaches). For the future, we may
center on the investigation of the combination of the two
approaches, where the out-of-band rejection performance can
benefit from both the radiator and feeding parts.

IV. CONCLUSION

Facing to the demand for the suppression of the undesired
frequency bands at antenna level, a filtering antenna integrated
with a slotline-based low-pass filtering network is proposed
and analyzed for harmonic-suppressed and filtering
applications in this letter. Theoretical calculations and
full-wave simulations are carried out to verify the performance
of the presented structure. A design example is developed and
measured. The results demonstrate that for the proposed
filtering antenna, the impedance bandwidth is doubled
compared to the traditional patch antenna. The proposed
scheme is simple and compact with small insertion losses,
making it valuable and attractive for harmonic-suppressed and
filtering antenna systems.
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