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A Wideband Filtering Antenna Array With
Harmonic Suppression

Yi-Ming Zhang, Member, IEEE, Shuai Zhang, Senior Member, IEEE, Guangwei Yang, Member, IEEE,
and Gert Fradund Pedersen

Abstract—In this work, a wideband 2x2 filtering antenna array
is proposed and studied for fixed beam applications. The device is
composed of a patch antenna array and a slotline-based four-way
filtering power divider served as the feeding network. The
integration of the antenna and the feeding parts is not a simple
combination but a co-synthesis, where the characters of the two
parts are both involved during the integration. First of all, the
presented network is analyzed through an equivalent-circuit
study to verify the frequency selectivity. Subsequently, integration
synthesis of the network and the patch array is carried out to
realize the filtering antenna array. For demonstration purposes, a
filtering antenna array centered at 3 GHz is developed and
fabricated. The measured absolute impedance bandwidth is 1.13
GHz, corresponding to a fractional bandwidth of 37.1%, and
out-of-band rejection of up to 9.5 GHz is achieved. Compared to
the array fed by a traditionally T-junction-based power divider,
the absolute impedance bandwidth of the filtering array is
significantly increased by 47%. The in-band gain of the proposed
array is higher than 9.7 dBi, which is over 12.1 dBi from 2.75 GHz
to 3.25 GHz. The results denote that compared to the previously
reported literature the proposed filtering antenna array features:
sharp cutoff response, wide impedance bandwidth, high gain as
well as low cross-polarization level, with the harmonic
suppression of up to three times the center frequency.

Index Terms—Filtering antenna array, filtering power divider,
harmonic suppression, differential feeding.

I. INTRODUCTION

S TWO essential components/parts of modern wireless

communication systems, the antenna and filter take
significant roles for realizing the information exchanging
purposes and stabling the system capacities. Because of the
rapidly increasing demand for wireless services, growing
efforts have been devoted to investigating the integration of
filters and antennas, aiming to compactness, high frequency
selectivity as well as a wideband response [1]-[19]. Moreover,
harmonics and spurious signals generated in out-of-band
frequencies are also critical issues, which would introduce
severe interference between different frequencies. This denotes
that the suppression of the undesired signals is of importance to
the systems. To achieve the aforementioned filtering purposes,

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, Department of Electronic Systems, Aalborg

University, 9220 Aalborg, Denmark (e-mail: yiming@es.aau.dk; sz@es.aau.dk;

guangweiy@es.aau.dk; gfp@es.aau.dk).

there are generally two approaches that are the antenna-filter
fusion and filter synthesis approaches. The former focuses on
the antenna design, hammering at the development of specified
antenna configurations with filter-like responses [4]-[8]. The
latter fastens on the filter design, where the characteristics of
the required antennas are also involved during the design
process [9]-[19].

As for the antenna-filter fusion approaches, the filtering
response is mainly determined by the radiation structures
[4]-[6]. In [4], a filtering dielectric resonator antenna was
proposed. By introducing two microstrip stubs at the feeding
point of the antenna, quasi-elliptic responses for impedance
matching and realized gain are achieved. In [6], a wideband
filtering antenna was reported, where additional slots were
etched on the radiation patches to achieve the filtering purposes.
The utilization of frequency selective surfaces is an alternative
to develop filtering antennas, leading to bulky systems since the
frequency selectivity surfaces are generally allocated with
certain distances away from the antenna layers [7], [8]. The
above schemes enable the feasibility of filtering antennas for
single-antenna systems. However, facing to the antenna array
applications where higher realized gains are required, these
schemes might not be effective since additional resonances
would be excited within the feeding network.

Using the filter synthesis approach would be more effective
for filtering antenna array systems since the feeding networks
of the arrays can be designed with filtering responses [11]-[17].
Please note that the filter synthesis approach is not just a
connection of an antenna and a filter, but should be a
comprehensive integration. Despite the increasing designs of
filtering power dividers [20]-[22], the implementation of
wideband filtering antenna arrays featuring high gain and wide
stopband is still a challenge. This is because the impedance
mismatching between the interfaces of feedings and antennas is
unavoidable if the components are designed independently. A
simple connection would lead to the degradation of the
frequency selectivity of the whole system, especially at the
frequency edges of passbands compared to the filters
themselves [11], [12]. At this point, to overcome the mentioned
issues, antennas should be considered as the final loads of the
filtering networks, and the output impedance of the feeding
networks is no longer matched to 50 Q but some specified
values.

In [11] and [13], two filtering power dividers were presented
for 2x2 patch antenna arrays, respectively. With the specified
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Fig. 1. Block diagram of a differential-fed 2x2 array with its feeding network.

feeding networks, filtering responses are achieved at the input
ports of the arrays. Although the impedance bandwidth is
increased in each case compared to the ones using traditionally
T-junction-based feeding networks, but still features a narrow
fractional bandwidth of 3%. In [12], a 2x2 filtering antenna
array was proposed. With the developed loop-resonator-based
filtering power divider, a high frequency selectivity was
achieved. The second harmonic of the antenna array can be
suppressed, and the measured fractional bandwidth is 5.6%. In
[17], to enhance the impedance and axial ratio bandwidths, a
filtering feeding network was provided and studied for a 2x2
circularly polarized antenna array. The measurement denotes a

fractional bandwidth of 8.3 % with a maximum gain of 9.88 dBi.

The aforementioned schemes enable the filtering responses of
antenna arrays by designing filtering power dividers. Although
sharp cutoffs are realized at frequency edges, the bandwidth
features a narrow response. Besides, the in-band maximum
gain of these cases is no more than 9.88 dBi, which
characterizes a low level from a 2x2 array point of view.

In this paper, a wideband filtering antenna array consisting of
a 2x2 patch antenna array and a four-way slotline-based
filtering power divider is presented and studied for fixed beam
applications. Although slotline-based components have been
studied in recent years [23]-[29], these researches mainly focus
on the in-band transmission performance and do not provide
effective approaches for feeding 2x2 antenna arrays. On the
other hand, the proposed power divider features compactness,
out-of-phase output, high frequency selectivity as well as wide
stopband, and can be utilized as the feeding network of antenna
arrays. Further, by synthesizing the impedance characteristics
of the proposed network and a 2x2 patch antenna array, a
wideband and high-gain filtering antenna array is realized.
Compared to recently published 2x2 filtering antenna arrays,
the proposed scheme features wider impedance bandwidth,
higher realized gain with an up to third-order harmonic
suppression level, verified by both full-wave simulations and
measurements.

This paper is organized as follows. Section Il presents the
theoretical synthesis of the proposed filtering antenna array
configuration, including the analysis of the filtering network
and the comprehensive integration of the network and the 2x2
antenna array. Besides, a simple design procedure of the
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Fig. 2. Basic configuration (marked as Case A) of the proposed slotline-based
four-way power divider, where 0, = z/2 and s, = 6, = #/4 referred to fy. (a)
Top view. (b) 3-D view. (c) Simplified equivalent circuit model of the power
divider.

proposed filtering array is summarized. In Section III, the
implementation analyses of two design examples involving a
four-way power divider and a filtering antenna array centered at
3 GHz are provided. Section IV presents the performance
discussions of the fabricated prototypes and the performance
comparisons with other published schemes. A feasibility of the
proposed scheme for beam scanning is also discussed. Finally,
the conclusion of this work is stated in Section V.

Il. SYNTHESIS OF THE PROPOSED FILTERING ANTENNA ARRAY

The block diagram of a 2x2 antenna array and its feeding
network is shown in Fig. 1. The array configuration features a
mirror symmetry for the horizontal plane, requiring a
differential feeding for broad-side radiation. Therefore, the
network is designed to provide four outputs with out-of-phase,
as illustrated in Fig.1 where Nodes 2 and 3 are positive, and
Nodes 4 and 5 are negative. In this work, a slotline-based
four-way power divider is proposed and served as the feeding
of the array. Finally, a wideband filtering antenna array with
harmonic suppression can be realized. For the input impedance
Zan of every antenna element, it can be readily designed to 50 Q
at the center frequency. However, it would be extremely
changed as the frequency departs from the center. This would
degrade the filtering response of the system, especially at the
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Fig. 3. Calculated transmission responses of the four-way power divider
versus different values of 6, referred to fy, based on Case A shown in Fig. 2(c).
The source impedance and load impedance are set to the traditional values of
ZS = ZL:50 Q.

frequency edges once the power divider is developed
independently of the antenna array. Therefore, it is not a simple
connection of an antenna array and a bandpass filter by 50-Q
lines, but should be a comprehensive synthesis including the
input/output impedance of the feeding network and the antenna
array, as discussed in Section I.

The following discussion is started from a basic-structure
study of the proposed slotline-based power divider. Further, the
synthesis of the improved configuration is carried out to
determine the final architecture of the power divider and
achieve the performance of high frequency selectivity and
harmonic suppression. The last part of this section focuses on
the integration of the proposed power divider and a 2x2 patch
antenna array, aiming at the realization of a wideband filtering
antenna array.

A. Synthesis of differential four-way power divider

Shown in Figs. 2(a) and 2(b) is the basic configuration of the
slotline-based four-way power divider. A slotline is loaded on
the ground plane of a substrate layer. Three microstrip lines are
printed on the other side of the substrate, serving as the input
ports and output ports respectively. The source impedance and
load impedance are marked as Zs and Z, respectively. The
electrical lengths of the transmission lines are fixed as
mentioned in Fig. 2, while the characteristic impedances are the
variables that will be determined later. It is readily found that
the output Ports 2 and 4 are out-of-phase owing to the
transmission characteristics of slotlines, which is similar for the
Ports 3 and 5. Prior to the bandpass filter synthesis, a general
setting involving the center frequency (fo) and the lower and
upper attenuation poles (f. and fu) of the passband is adopted,
expressed as

fL+ 1,

5 &)

Owing to the symmetry, the magnitudes transmitting from
Port 1 to the other four ports would be identical. Moreover, the
output ports 2 and 4 would be out of phase due to the
transmission characteristics of the slotlines, which is similar for

fO

ports 3 and 5. The simplified equivalent circuit is given in Fig.
2(c), where the transmission matrix M; can be derived
according to network analysis, given as

B
M, = {Al 1} (2a)
Cl Dl
27, sin Z. tan 27, cos
A1 2005051+ 1 I S1 + S1 951 _ 1 951 (Zb)
Z,tang, Z ,tand,, Zg,tand;,tang,
. . . 2Z,¢cos 0.
B1 = 1251 Sin 951— J;an—ngl (20)
.sin . Cos
Cl — ! ‘951 _ ‘951 (2d)
Zg, Zg,tand,,
D, =cosé¥, (2e)

It should be mentioned that the radiation of the slotline is
unavoidable in practice due to its transmission characteristics.
According to the studies in [23]-[29], the slotline radiation can
be ignored during the transmission-line-based synthesis for
slotline-based microwave components, since the in-band
radiation loss is with a very low level, especially in sub-6 GHz
applications. Therefore, the slotline radiation is not involved
during filtering analysis. Further, the S parameters can be
formulated based on the microwave network theory, expressed
as [30]

_ 2AZ, +B,-4C,Z;Z, -2DZ;
" T 2AZ, +B +4CZ.Z, +2D,Z,

JR.R
Sle1 = S L (3b)

S. . =
4 %% 2AZ, +B +4CZ.Z, +2DZ,

where S11 and Sz represent the S parameters of the four-way
power divider shown in Fig. 2(a), Si1, s and Sz, s are the S
parameters of the two-port circuit given in Fig. 2(c). The
asterisk denotes the conjugate operation, and Rs and R.
represent the real part of the source and load impedance,
respectively. Based on the aforementioned discussion, it is
found that

Im[2AZ, +B, +4C,22 +2D,Z, | \f

Sy = (3a)

—o @)

=21,
Then, we have
321|f:sz =0 ®)

This means that there would be a transmission zero at f = 2fy
regardless of the load value. Besides, bandpass response can be
obtained with specified values of Z1, Zs1, and Zs; determined by
synthesizing the derived S parameters given in (3). Here,
graphical studies are operated based on the circuit model to
show the transmission performance against normalized
frequency (defined as the ratio of f and fu), as plotted in Fig. 3.
The simple analysis applied to the graphical studies in Fig. 3
gives a reasonable conclusion that the operating band of Case A
would be involved in the range of 0.5fy - fy with a bandpass
response, as expected. It is also clearly seen that the
transmission zero is determined by the electrical length 61, and
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Fig. 4. Equivalent circuit model (marked as Case B) of the proposed
slotline-based power divider with performance improvement compared to the
one illustrated in Fig. 2(c), where 6, = /2 referred to fy, 65 = #/4 referred to fy,
04 = /2 referred to f, and 65 = #/3 referred to f.

there is no transmission zero at lower frequencies except DC
with a narrow stopband response at higher frequencies.

Since the network model illustrated in Fig. 2 does not present
the desired performance, an improved configuration is further
proposed to enhance the performance, especially the in-band
impedance matching and stopband rejection levels, as shown in
Fig. 4 and marked as Case B. Subsequently, the four-way
power divider based on Case B is fully synthesized. By taking
network analysis, the transmission matrix M. of the simplified
two-port network plotted in Fig. 4 can be formulated as

B
M 2 = |:A2 ’ :| (6)
CZ DZ
A, = jR,[2Z,(PP, +P,)sin6, - R cosd, |
Psi (6b)
+(PP, +P)cosg, + LMY
3
B, =—jP cosd, + j2Z,(PP, +P,)sin 6, (6¢)
. 0.,sin 6,
C, = P, cosé, cosb,, + jm
2Z, (6d)
— jR,cos@, —2Z,P,P,sin6,
D, =cosé, cosb,, —2Z, P, sin6, (6e)
where
2Z,c0s6, .
A= ,;T@Sl_zmsmgm (7)
t
P - ano, 1 (7h)
27, Zg,tanb;,
27Z,si
P, = cosé,,  2hsingy, (7c)
Z, tang,
- tand, N tang, (7d)
2z,  2Z,
sin@,, cosé,, tané, cos 6,
P5 — S1 + S1 2 S1 (79)
Zg, 27, Zg,tan g,
Then, we have
2AZ, +B,—4C,Z.Z, —2D,Z.
Sll,F :Sll,CaseB: Az Lt — — (8a)

2A,Z, +B,+4C,Z.Z, +2D,Z,

1 JRR. (8)

SZLF ==
2AZ +B, +4CZZSZL +2Dzzs

S =
21, Case B
4

where S11, £ and Sy1, r represent the S parameters of the four-way
power divider based on Case B, Si1, case 8 and Sz1, case 8 are the S
parameters of Case B.

Seeing that 6, = 7/2 referred to fy, it can be derived that

SZl,CaseB f=f = SZl,CaseB f=21, :o (9)

This indicates that an additional transmission zero is generated
by introducing the open-circuited stub TL; at fu. Similarly, due
to the setting of 0, = #/2 referred to fi, it is derived that

SZl,Case Blior, SZl,Case B
—'H

f=2f,

(10)

~ “Y21,Case B f=1, — “21,Case B f=3f,

The result denotes that transmission zeros are both generated at
frequency f_ and 3f.. Furthermore, if we properly set f_ = 0.5fu,
we then have

SZl,Case Blt-0st, = SZl,Case B

=S

1= (11)

2LCase By 51, — Y21,Case B =21, -

This result shows that transmission zeros are both observed at
the lower and upper attenuation poles. Moreover, the second
harmonic at 1.5fy referred to center frequency fo is well
suppressed. On the other hand, since the shunt stubs TLi, TLa,
and TLs are employed for transmission-zero generation
purposes at specified frequencies, high-impedance lines can be
utilized for these stubs. Then, the impedance matching is
mainly determined by the parameters 6s, Zs, Zs1, Zs2, and Zs.

Based on the aforementioned discussions, the values of all
parameters except 63, Zsi, Zs2, Zs, and Zs are already
given/selected. The unspecified ones will be determined by the
synthesis of the transmission-line-based bandpass response,
leading to a quasi-equal-ripple frequency response in the
passband. As studied in [31], the transmission coefficient of a
two-port network with an equal-ripple response has the
following relation

1

2
S = 12a
| 21'E| 1+ &% cos? (ng+qé) (122)
0s g = 050 (12b)
cos O,
0 = cos@ [1—cos® G, (120)
cosf.,, \ 1-cos® @

where n and q represent the number of the cascaded
transmission sections, and the in-band transmission-zero order,
which are n = 2 and g = 2 in this case, respectively. The
parameter 6c. is the equivalent electrical length at the lower
cutoff frequency fc, and ¢ is determined by the passband ripple
level, which are expressed as

Ay

OcL = T+ A (13a)
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TABLE |
CALCULATED VALUES OF THE PARAMETERS OF CASE B
Parameters Values Parameters Values
01 72 @ fH Z1 100 Q
02 72 @ fH Zz 100 Q
03 w4 @ fH 23 68.2Q
94 71'/2 @ f|_ (fH /2) Z4 110 Q
05 73 @ fH Zs 435Q
61 4 @ fy Zs 1121 Q
Os2 4 @ fy Zs, 109.7 Q
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Fig. 5. Calculated S parameters of the four-port power divider based on Case
B. The source impedance and load impedance are set to a traditional value of
ZS = ZL: 50 Q

L, =10log(L+ &%) (13b)

where Lp denotes the in-band maximum insertion loss, and Ac.
and Acn are the wavelengths at the lower and higher frequency
band edges (fc. and fcu), respectively. Further, we employ a
difference parameter A, in dB, defined as

A=-20log | Sa1, case (14)

+20l0g(S,, ¢|

For the two-port network given in Fig. 4, a quasi-equal-ripple
response can be achieved in the passband under the requirement
of the nonnegative determinant

Apn 20, fe[fo, o]

min —

(15)

The aforementioned discussion implies that by selecting a
group value of s, Zs1, Zs2, Z3, and Zs to fit the requirement of
(15), good impedance matching performance in the passband
can be achieved theoretically. Meanwhile, the transmission
zeros at the out of band would not depart. Here, a group of
solution can be readily found with the specified parameters of n
=q-= 2, fc|_ = 0.635fH, fCH = 0.865f|-|, and Lp = 0.044 dB
(corresponding to an insertion loss of 20 dB), which are listed
in Table I. Fig. 5 depicts the calculated S parameters of the
four-way power divider based on the scheme of Case B and the
requirement of (15). It is observed that the calculated response
exhibits a high frequency selectivity and a wide stopband. The
insertion loss is higher than 20.28 dB in the passband, with a
rejection of more than 15 dB up to 2.223fy (3fo) is achieved at
the stopband. Especially starting from the upper attenuation

Fig. 6. Equivalent circuit model (marked as Case C) of the proposed
slotline-based power divider for a 2x2 antenna array, where Z; = 50 Q.

pole of the passband to 2.169fy, an out-of-band rejection of
over 20 dB is achieved.

B. Discussion of a harmonic-suppressed filtering antenna
array based on the proposed feeding network

The above synthesis is operated to verify the performance of
the proposed filtering power splitter, where the source and
loads are set as the traditional impedance of 50 Q. However, if
the proposed network is simply connected to a 2x2 antenna
array by some 50-Q transmission lines, the frequency
selectivity response would be probably degraded. This is due to
the mismatching between the output ports of the network and
the antenna array, especially at the frequency edges of the
filtering network, as discussed before. Therefore, to realize a
filtering antenna array integrated with the presented filtering
network, the impedance of the array and the additional 50-Q
transmission line should be taken into consideration.

Fig. 6 depicts the simplified equivalent circuit of the final
configuration of an array integrated with the filtering network.
The load impedance is replaced by the two times the antenna
impedance, and a transmission line is connected between the
load and the network. Referring to Case B shown in Fig. 4, the
load impedance can be written as

Z,+]j2Z,tané,

27, =27, :
27, + JZ, tan g,

(16)
By substituting (16) into (8), the impedance matching
performance of the array integrated with the power divider
based on Case B can be easily calculated. Consequently,
following the discussions of (12)-(14) to find an available
group value of the parameters, a 2x2 array with filtering
performance and harmonic suppression can be realized.

To describe the realization of the 2x2 filtering antenna array
more clearly, a simple design procedure is summarized as
follows:

Step 1: Determining the values of 61, 8-, and 64. Based on the
original specification including the center frequency,
edges, and transmission zeros at specified frequencies,
the mentioned parameters can be calculated, as studied
in (5), (9)-(11).

Step 2: Calculating the impedance responses of the antenna
array without any feeding. The responses can be readily
obtained by using a full-wave electromagnetic (EM)
simulator.

Step 3: Determining the values of Zs1, Zsy, Z3, Zs and 3. Based
on the impedance responses obtained in Step 2 and
(6)-(8), (16), the transmission response of Case C can be
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evaluated with a given group of Zsi, Zs, Z3, Zs, 6s.
Estimating and checking whether the values satisfy the
nonnegative condition of (15). If not, renewing the
values until they fit (15). Please note that the value of 6,
is generally specified prior to starting this step since the
physical configuration of the antenna array and all the
electrical lengths of the transmission lines are already
determined. This step is used for realizing a
quasi-equal-ripple response in the passband and can be
readily achieved by using a circuit simulator.
Step 4: Determining the final layout. Once the original values of
the feeding network are determined through the Steps
1-3, the initial layout of the filtering antenna can be
constructed. Finally, the layout will be numerically
optimized by using EM simulations to achieve the
required performance in practice.
Please note that the proposed filtering feeding network is not
a simple cascade or combination of microstrip-line-to-slotline
transitions and filtering stubs, but a highly integrated approach
with comprehensive co-synthesis. This work is different from
the existed slotline-based microwave components as reported
in [23]-[29]. First of all, the open-circuited stub TL; is served
not only for in-band impedance matching purposes but also for
tuning the transmission zero in out of band in this work.
Secondly, the 90<stubs TL, and TL. benefit both the sharp
cutoff at the frequency edges and the improvement of harmonic
suppression level. Thirdly, owing to the specified configuration,
several in-band poles are generated, leading to a well-designed
impedance matching. Finally, a very high frequency selectivity
still holds for a 2x2 antenna array integrated with the proposed
feeding network, where the characteristic impedance of all the
adopted transmission lines should be involved during the
integration. The aforementioned features and merits are
discussed for the first time and not mentioned or investigated in
the previous studies of slotline-based microwave components.
In summary, by following the above design procedure and
the discussions in this section, a 2x2 filtering antenna array
with a high frequency selectivity and a wide stopband can be
developed. Next, two design prototypes are provided. Results
based on full-wave simulation and measurement are both
discussed and summarized.

I1l. ANALYSIS OF IMPLEMENTATION

For verification purposes, two design examples are presented
in this section. More specifically, a four-way power divider
centered at 3 GHz and a wide 2x2 antenna array integrated with
the proposed network are developed and discussed for
implementation, respectively.

A. Implementation of the proposed power divider

Fig. 7 illustrates the physical layout of the developed
four-way power divider, based on the proposed design
procedure. The slotline is loaded on the ground plane, and the
microstrip lines are printed on the top of the substrate Rogers
RO4350B with the thickness and permittivity of 0.508 mm and
3.66, respectively. In this case, meandered microstrip lines are
employed for miniaturization purposes, where mitered bends

(Port 2, Z,)

(Port3, Z,)

Z3, O3 €N
Zsy, Oz <

-~ Slotline

Zo, 0, €~

(Port4, Z,)
Shorted half-wavelength
stub at 6.5 GHz (TLg)
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Input Port (Port 1, Z)

@

Port 2 A
[/
~ - Z Port 3
Port 4 —
Port | Port 5
: Substrae /
/,,,,,,,,47/:1/;,21,, ’
—
S
~ Slotted Groung
(b)

Fig. 7. Final layout of the proposed four-way power divider. (a) Plane layout,
(b) 3-D view.
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Fig. 8. Full-wave simulated S parameters of the developed four-way power
divider with/without the stub TLs.

are introduced based on the study in [32] to reduce the influence
of the discontinuity. According to the investigations in [27] and
[28], the slotline can be meandered as well, with nearly no
change in the transmission performance. The full-wave
simulated transmission responses are shown in Fig. 8. It is
observed that the simulated results are consistent with the
calculated ones depicted in Fig. 5 in the passband and around
the frequency edges. Harmonic-suppressed response of up to
2fq is achieved. However, two spurious resonances generated in
the stopband degrade the stopband rejection, especially the one
around 6.5 GHz. This is probably caused by the slotline
radiation, which is not involved in the equivalent-circuit
synthesis but does exist in real implementation.

The proposed filtering power divider is a preferable choice in
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the sub-6 GHz application since the radiation of the slotline is
not high. Seeing that the slotline radiation still exists and would
increase as the frequency increases, the higher harmonics
suppression level would be degraded in practice, resulting from
the increased radiation losses. In order to suppress the slot
radiation, a shorted half-wavelength stub referred to 6.5 GHz is
additionally introduced at the input interface of the network,
marked as TLs and noted in Fig. 7. The stub TLe is with a high
characteristic impedance of 115 Q to avoid a significant effect
on the circuit performance. Note that the contribution of the
stub TLe is not taken into account during the design of the
power divider as derived in Section Il. This stub is simply
added at the input port when the design of Case D is finished. It
can be found from Fig. 8 that after integrating the stub TLs, the
spurious resonance is well suppressed. Despite some
degradations on the impedance matching response in the
passband, the overall performance of the power divider loaded
with the stub TLe features a high frequency selectivity and wide
stopband, as expected. The full-wave simulated results will be
further discussed along with measured ones in Section IV.

B. 2x2 antenna array integrated with the proposed network

Since the purpose of this work is to present a filtering
antenna array, a 2x2 wideband antenna array consisting of four
U-slotted patch elements is employed and integrated with the
proposed power divider. The physical configuration of the
array is plotted in Fig. 9. Two substrates are stacked, and an air
layer is inserted between the two substrates to achieve a wide
impedance response. The radiation patches and the feeding
network based on the proposed scheme are printed on the top of
substrate 2 and bottom of substrate 1, respectively. The center
distances between the vertical and horizontal pairs of elements
are 50 mm and 70 mm respectively, corresponding to 0.54 and
0.720 (Ao is the free-space wavelength at 3 GHz).

By utilizing the EM simulator, the input impedance at each
element port of the array without the feeding network can be
readily observed. By following the design procedure provided
in Section 111, the values of all parameters can be determined. In

TABLE II
CALCULATED VALUES OF THE PARAMETERS OF CASE D
Parameters Values Parameters Values
61 72 @ fy Z 81.4Q
6, 2 @ fy Z, 109.4 Q
65 4 @ fy Z3 117.2Q
04 /2 @ f, (0.5f) Z 106 Q
65 /3@ fu Zs 60 Q
Os1 4 @ fy Zs 109.2 Q
Os 74 @ fu Zs, 121.2Q
0

=
o

-11.02 dB
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Fig. 10. Calculated impedance matching performance of the 2x2 antenna array
integrated with the proposed power divider based on Case D.

this case, an available group of values is listed in Table II.
Different from the first prototype where the output ports are
designed for 50-Q terminations, the output impedance of the
feeding network is redesigned to achieve a good selectivity at
band edges after integrating with the antenna array. Fig. 10
shows the calculated response of the array integrated with the
proposed equivalent circuit Case C. It is observed that excellent
filtering response is obtained, involving a very sharp cutoff at
each frequency edge and a wide rejection band. Please note that
for the calculated results, the additional stub TLs is not utilized,
since this is a theoretical analysis and the slotline radiation is
not involved. The stub TLg will be loaded in the practical
implementation, and the full-wave simulated and measured
results of the array will be provided in the next section.

IV. MEASUREMENTS AND DISCUSSIONS

A. Differential four-way power divider

Fig. 11 illustrates the photos of the fabricated four-way
power divider with filtering and harmonic suppression
responses. The physical size is 40 x 40 mm?, corresponding to
0.44 x 0.44p at the center frequency of 3 GHz. The
performance of the power divider is fully tested by using the
Keysight Network Analyzer N5227A.

The measured S parameters of the power divider are plotted
in Fig. 12(a), against the simulated ones. It is found that the
measured and simulated results are consistent with each other.
Within the passband from 2.6 GHz to 3.4 GHz, the measured
transmission coefficients of the four output ports are better than
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TABLE Il
COMPARISONS BETWEEN SOME PUBLISHED FILTERING POWER DIVIDERS AND
THE PROPOSED ONE

Ref. [12] [14] [21] This work
Fractional bandwidth ~ ~4.3% ~3.5% 6% 26.7%
Harmonic rejection 2fo No No 3fo
Differential output Yes Yes No Yes
Phase imbalance / / / +H.2°
Magnitude imbalance / / / .17 dB

—7 dB, where the insertion loss introduced by the network is
less than 1 dB. Moreover, it can be easily evaluated through
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Fig. 14. Measured Sy of the proposed 2x2 filtering antenna array.
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full-wave simulations that the insertion loss caused by the
radiation of all transmission lines including the slotline is small
of around 0.41-0.58 dB. Transmission zeros at 2 GHz and 4
GHz are observed, and a wide stopband from 4 GHz to over 9.5
GHz is obtained, referred to |Sz1| < —15 dB. The magnitude and
phase imbalances are also tested, as shown in Fig. 12(b). Within
the passbhand, the maximum magnitude error between each pair
of the four output ports is #0.17 dB. The phase imbalance
between the in-phase ports is less than 1< and the one between
the antiphase ports is 1.2< featuring a well-designed
differential-output function among a wide bandwidth. Table I11
lists some published power dividers with filtering responses for
comparison purposes. According to the measurement, it is
verified that the proposed four-way power divider characterizes
a high frequency selectivity in the passband, a wide rejection
band as well as small output imbalances.

Using the structure of Case A shown in Fig. 2 is also an
alternative approach to realize the differential feeding for the
antenna array but without the filtering function. It is reasonably
concluded that the phase and magnitude imbalances of Case A
would be as good as the proposed one shown in Fig. 12 due to
the slotline. However, there are no filtering and
harmonic-suppression responses, as analyzed in Section II.
Visible comparisons of the arrays using the networks of Case A
and Case B are carried out in this work, which will be detailed
in the next section.

B. 2x2filtering antenna array

The 2>2 array shown in Fig. 9 integrated with the proposed
filtering feeding network is also fabricated and measured. The
photos of the demonstrator are provided in Fig. 13, where a
shorted circuit half-wavelength stub at 6.5 GHz is still
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employed to further suppress the slotline radiation.

Fig. 14 illustrates the measured and simulated impedance
matching performance of the prototype. The simulated results
of a 2x2 array integrated with the feeding network plotted in
Fig. 2 are also given for comparison purposes. For the array
integrated with Case A, the absolute impedance bandwidth
(referred to |S11| < —10 dB) is 0.52 GHz from 2.56 GHz to 3.08
GHz, where several spurious within 3.5-6.0 GHz and around
7.2 GHz and 8.7 GHz are generated. After integrating the
proposed filtering network, the impedance bandwidth (referred
to [S11| < —13 dB) is markedly enhanced to 1.13 GHz from 2.48
GHz to 3.61 GHz, corresponding to a fractional bandwidth of
37.1%. Four reflection poles are generated in the passband,
which is consistent with the numerical studies carried out in
Section I1l. Moreover, a high frequency selectivity is realized,
and the harmonics of up to 9.5 GHz (over 3fp) is well
suppressed, as expected in the discussion of Fig. 10.

The far-field radiation patterns are fully tested as shown in
Fig. 15, where the performance at 2.5 GHz, 3.0 GHz, and 3.5
GHz are provided, respectively. Please note that for the
cross-polarized components at E-plane, discrepancy difference
between the measured and simulated results is observed.
Particularly, the simulated cross-polarization is not visible at E
plane in Fig. 15 since the simulated results are less than —45 dB.
This is mainly contributed by fabrication/assembling errors and

20 T T T T T T T T T

Realized gain (dBi)

—=— Gain, mea.
BOr W Gain, sim. ;
i —o—Gain- Case A, sim. !
T I i i i i i 1 1 1
0
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Frequency (GHz)
Fig. 16. Measured and simulated realized gains at boresight direction.

limited measurement accuracy in practice. Despite that, a low
cross-polarization level of less than —20 dB is obtained owing
to the differential feeding. Fig. 16 describes the realized gain of
the developed prototype. As for the traditional one, harmonic
radiations of over 5.9 dBi and 4.7 dBi are generated at 7.2 GHz
and 8.7 GHz, respectively. Besides, there exist some spurious
radiations within the band less than 2 GHz. On the other hand, it
is found that for the array integrated with the proposed feeding
network, a sharp roll-off is observed with a good stopband
rejection level, and two nulls are observed at the two sides of
the passband around the lower and higher frequency edges. The
maximum realized gain of the array without filtering is 12.88
dBi at 2.95 GHz, while the one of the array with the filtering
network is slightly dropped to 12.4 dBi at 2.9 GHz for both
simulated and measured results. Seeing that the arrays with and
without the filtering are well-matched around 2.9 GHz, the
degradation of the realized gain mainly results from the
integration with the filtering feeding. Despite a small drop of
0.48 dB in maximum gain, the in-band total efficiency of the
filtering antenna array is still higher than 80.3%. Especially
from 2.75 GHz to 3.25 GHz (representing a fractional
bandwidth of 16.7%), the realized gain is over 12.04 dBi with a
total efficiency of higher than 82%. The gain in the stopband is
suppressed to less than —8.9 dBi. As for the stopband of less
than 2 GHz, the out-of-band gain is also well-suppressed to
smaller than —10 dBi.

C. Packaging and comparison study

Since slotline is utilized in the proposed scheme, the package
requirement of the feeding network might be different from the
ones using microstrip-line-based filtering approaches.
Particularly, the performance of the filtering antenna might
suffer from a small distance between the slotline and the inner
surface of the package, leading to distortion/deterioration on
the filtering performance. Here, a metal shield is loaded on the
bottom side of the filtering antenna array to further investigate
the performance of the scheme with a package, as illustrated in
Fig. 17(a). The distance between the bottom side of substrate 1
and the inner face of the shield is 0.09/0 (9 mm) where g is the
free space wavelength referring to 3 GHz. The full-wave
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TABLE IV
COMPARISONS BETWEEN SOME PUBLISHED 2x2 FILTERING ANTENNA ARRAYS AND THE PROPOSED ONE

Ref. Fractio_nal Total _profile In-band gain In-b{in_d total _SpL_Jrious Attenuation between ir}-band Maximum_in-banq
bandwidth height efficiency rejection level and out-of-band gains cross-polarized gain

[11] 3.0% 0.0085/¢ <9.6 dBi ~72.2% 1.12f, 24.6 dB -12.0dBi

[12] 5.6% 0.018% <9.7dBi Not given 2.2f, 225dB ~10.7 dBi

[14] 3.5% 0.0197 <8.3dBi ~58.3% 1.14f, 22.0dB —-18.0 dBi

[17] 8.3% 0.134/, <9.88 dBi ~83.0% 1.8fp 13.0dB —-15.12 dBi

This work 37.1% 0.084o 9.7~12.4 dBi > 80.3% 3fo 18.6 dB —18.2 dBi

simulated S parameters of the antennas with and without the  Table Ill, it can be reasonably evaluated that a narrow band

shield are depicted in Fig. 17(b). Despite that the transmission
response is slightly changed when the shield is loaded, high
frequency selectivity and good spurious suppression remain.
The results denote that the proposed structure can be packaged
by using a metal shield with a small height of 0.094¢. This is of
importance for some applications where the breakage of the
ground is not preferred. Besides, the radiation performance is
close to each other for the proposed antennas without and with
the shield, which is not detailed for brevity.

For comparison purposes, some published 2x2 filtering
antenna arrays are summarized, as tabulated in Table 1V along
with the proposed one. Here, we mainly focus on the bandwidth,
profile, in-band gain as well as out-of-band gain suppression.
The fractional bandwidths of these schemes feature a narrow
response. It is clearly seen that the presented array in this work
exhibits a much wider bandwidth than the other schemes, with a
higher in-band realized gain. As for the antenna array reported
in [17], the improved impedance bandwidth is contributed by
the sequentially rotated array configuration, which is still less
than 10%. It is also verified that a wide spurious band of up to
three times the center frequency is achieved by using the
proposed scheme. The total profile height of the developed
demonstrator is 0.084q, which is much larger than the ones of
[11], [12], and [14]. The high profile is utilized for realizing the
wideband antenna. It is seen from Fig. 14 that the wide filtering
bandwidth is contributed by both the proposed feeding network
and the wideband antenna. As for the published works listed in

filtering feeding network generally cannot extend the
impedance bandwidth dramatically even though wideband
antennas are employed.

Note that the attenuation between in-band and out-of-band
gains is around 18.6 dB, 3.4-6.0 dB less than those in [11], [12],
and [14]. On the other hand, in terms of the recommendation of
unwanted emissions in the spurious domain provided by the
International Telecommunication Union [33] and the 3rd
Generation Partnership Project [34], a normally higher than 43
dB is required for the out-of-band rejection, compared to the
in-band total mean power. It is difficult to achieve such a quite
strict attenuation for array applications under a single approach,
according to the literature survey. Although the proposed
scheme does not achieve the requirement directly, it can
significantly reduce the burden of subsequent rejections. A
potential solution is the combination of the antenna-filter fusion
and filter synthesis approaches, where antenna and filtering
feeding network are both designed with harmonic suppression
function. In further, we will focus on the design of the antenna
and its integration synthesis with filtering feeding networks to
further improve the spurious suppression level. This would be a
challenge since the desired antenna needs to fit the requirement
of bandwidth, harmonic suppression, and especially the
feasibility of the integration with filtering feedings.

D. Feasibility for beam scanning
In the published literatures as mentioned above, filtering
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Fig. 18. Architecture used for investigating the scanning performance of the
array integrated with the proposed filtering network. Different phase delays
(O, Ouz, Oas, and 6Oys) are employed between the output ports of the feeding
network and the antenna elements for beam scanning purposes.
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Fig. 19. Calculated transmission responses of the array shown in Fig. 18 with
different phase shifter values of diff between 0y and 6y after integrating with
the proposed filtering network.

antenna arrays were generally developed for fixed beam
applications, the beam scanning performance was not
considered. Here, discussions of the feasibility of the proposed
approach for beam scanning is further carried out. For
wide-angle scanning purposes, a large phase difference
between antenna elements is always essential for excitation. In
practice, owing to the common issue that the active impedance
matching of the antenna elements might be significantly
changed during the scanning due to the mutual coupling among
the antennas.

Fig. 18 illustrates the configuration of the array integrated
with the proposed filtering feeding network with some
additional phase delays (fa1, a2, a3, and Bus) for beam
scanning purposes. Based on the synthesis study given in
Section 11, the reflection coefficient of the filtering array can be
readily calculated. In this part, the beam scanning performance
along x-axis is studied, and it is set that 841 = O42 and G4z = Gya.
The filtering network is determined by the parameters listed in
Table 1l. Fig. 19 presents the calculated S parameters of the
filtering antenna arrays shown in Fig. 18, under several phase
differences of 0 75< and 150° between g1 and 6Oqgs.
Theoretically, a large phase difference between fg1 and 6g3
would provide a wide beam scanning angle. It is found that
under the scanning conditions, the impedance matching

becomes worse, as we discussed before. Despite that, the
in-band reflection coefficients are almost less than —6 dB,
which is acceptable for wide-angle beam forming applications
from the industrial requirement point of view. Moreover, the
high frequency selectivity still holds with several in-band poles,
and the out-of-band rejection are all kept as good as the one
under broadside radiation. The aforementioned discussion
denotes that the proposed approach provides a potential
scenario for beam scanning systems with filtering response.

V. CONCLUSION

A filtering antenna array with wide impedance bandwidth,
sharp cutoff response, and harmonic suppression is proposed
and synthesized in this paper. First of all, a slotline-based
four-way power divider with filtering response and differential
output is presented. The transmission-line theory is utilized to
operate the synthesis of the equivalent circuit and verify the
performance of the power divider. It is investigated that the
proposed scheme enables several transmission zeros at the two
sides of the passband. Besides, the theoretical studies have
shown that the transmission zeros at different frequencies are
determined independently by different parts of the structure.
This exhibits the feasibility of tuning the transmission zeros to
several specified frequencies, and the operating frequency
would not be departed. Subsequently, a 2x2 patch antenna array
is employed and integrated with the proposed power divider.
Since the output ports of the power divider and the input ports
of the antenna elements are not well-matched especially in the
stopband, the input impedance of the antenna elements is taken
into account during the analysis and development of the power
divider.

To further demonstrate the performance, two prototypes that
are the four-way power divider and the 2x2 filtering array
centered at 3 GHz are developed and measured. The results
denote that the impedance bandwidth of the filtering array is
wider than the proposed feeding network itself, and also much
larger than the array using a slotline-based power divider
without any filtering function. Besides, calculations and
simulations are driven to present the filtering and harmonic
suppression performance under packaging and the feasibility
for beam scanning. In brief, the proposed filtering antenna array
features a well-designed performance, such as a very high
frequency selectivity with a sharp cutoff, a high in-band
realized gain, and a harmonic suppression level of over three
times the center frequency.
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