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ABSTRACT In this paper, an accurate filtenna synthesis approach is investigated and verified for achieving
the expected filtering response. The load-resistance flattening technique is carried out by attaching the shunt
inductive/capacitive elements to cancel the unwanted parasitic element in the antenna model. The synthesis
procedure was presented for a filtenna using a planar inverted-F antenna based on parallel-coupled lines.
Furthermore, to economize the circuit area, hairpin resonators are adopted to replace the straight resonators
in the PCL filtenna, and a tapped-feed structure is utilized for feeding. Thorough investigation reveals that
conventional tapped-line feeds based on a singly loaded resonator adopted in a generic coupled-resonator
filter requires careful modification to retrieve zero-reactance at the operation frequency. For verification,
two bandpass filters were designed with hairpin uniform-impedance and stepped-impedance resonators,
thereby validating the practicality of the proposed impedance-transforming tapped feeds. Eventually, the
load-resistance flattening and impedance-transforming tapped-feed techniques are combined for developing
an accurate filtenna synthesis approach. Two filtennas taking advantage of inverted-L and slotline antennas
were designed and fabricated, thus, validating the feasibility of the proposed approach.

INDEX TERMS Filtenna, coupled-resonator filter, load-resistance flattening, impedance transforming,
tapped feed, planar inverted-F antenna, inverted-L antenna, slotline antenna.

I. INTRODUCTION

IN an radio-frequency (RF) front-end circuit, there are usu-
ally bandpass filters adjacent to antennas for blocking the
unwanted interferences or suppressing adjacent channels as
shown in Fig. 1. The input/output (I/O) filter ports are com-
monly designed with Zy (usually 50 €2) for convenience.
The conventional approach of designing antennas consists
of adjusting the dimensions to make them resonate at the
operation frequency fy as well as tuning their input resistance
to match the output resistance of the preceding stage [1], [2].
However, antenna resistance is limited by the nature of the
radiation and may not be easily controlled to the demanded
level. Therefore, the antenna resonance is unused. One may
take advantage of an impedance transformer between the

antenna and filter but sacrifice the insertion loss. If one can
carry out the integrated design of the antenna and filter (see
Fig. 2) according to the approach of a coupled-resonator filter,
it is not necessary to separately design the antenna and filter
for matching Z.
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FIGURE 1. Filtenna: co-design of the filter and antenna.
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FIGURE 2. Coupling and routing diagram of an Nth-order filtenna.

A significant amount of research has been conducted to
design the so-called filtering antennas (filtennas) with dual
function [3]-[8] by elaborately including the antenna reso-
nance in the filter. Extended studies of duplex filtennas [9],
dualband filtennas [10], and filtenna arrays [11], [12] have
been published. In [3], it was the first time that the filtenna
synthesis was proposed by taking advantage of the antenna
lumped-element model. However, in the design procedure,
three key assumptions, which will be discussed in detail
later, are imposed in order to make the synthesis workable.
The coupled-resonator filter theory by virtue of full-wave
electromagnetic (EM) simulation for extracting the required
coupling coefficients and input/output external quality factors
is employed in [7], but the authors assumed the output exter-
nal quality factor of the filtenna Qgp to be approximately
equal to the antenna radiation quality factor Q, to ease the
extraction, thus leading to certain inaccuracy. An approach
similar to [7] without demanding the antenna model is used
in realizing a patch antenna including filtering functional-
ity [8]. The electrically small monopole filtennas are based
on capacitively loaded resonators [13]. Nevertheless, to the
best of the authors’ knowledge, the flatness of the antenna
input resistance vs. frequency has not been considered in
filtenna design. Intuitively, the dispersion characteristics of
the antenna resistance may inevitably affect the filtering
performance, and an accurate filtenna design procedure is
demanded for achieving the expected filtering response.

Moreover, the feeding structures play an important role
in designing the components with filtering characteristics.
There are several approaches, such as the tapped-line [14],
edge-coupled [15], [16], broadside-coupled [17]-[19], end-
coupled [20], [21] feeds and so on, for implementing the
feeding function. The tapped-line feeds were adopted in fil-
tennas [8] and [13], and they have been widely exploited
for decades in designing a considerable number of coupled-
resonator bandpass filters (BPFs) [22]-[25] due to their usage
simplicity. The design theory of tapped-line feeds applicable
for half-wave (A/2) open-circuited (OC) uniform-impedance
resonators (UIRs) or stepped-impedance resonators (SIRs)
is based on a singly loaded resonator [14], [26] and will
be proven to not be accurate enough hereafter in this study.
Although Y-TF feeds suitable for the bandpass filters using
short-circuited resonators were proposed in [27], no corre-
sponding work on accurate tapped feeds for A/2 OC-SIRs can
be found in the literature.

In this study, to more accurately design the filtenna, a
compensation technique for flattening the load resistance
vs. frequency is adopted in designing a filtering antenna.
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In addition, accurate tapped feeds with impedance trans-
forming capability applicable in those filters/filtennas utiliz-
ing A/2 OC-SIRs are proposed to tackle the long-standing
inaccuracy issue in the field of coupled-resonator filters.
Based on load-resistance flattening and the impedance-
transforming tapped-feed techniques, an accurate filtenna
synthesis approach is developed.
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FIGURE 3. Typical PIFA. (a) Layout. (b) EM-simulated input impedance Z,.

II. REVISITED FILTENNA DESIGN BASED

ON LOAD-RESISTANCE FLATTENING

The planar inverted-F antenna (PIFA) is extensively applied
in miniaturized wireless devices due to its low profile,
quasi-omnidirectional pattern, and ease in matching. Shown
in Fig. 3(a) is the layout of a typical PIFA, and Fig. 3(b)
illustrates the input impedance Z4 de-embedded to the cut-
ting edge of the ground plane. The equivalent-circuit model
consists of a series RLC resonators shunted by an inductor
to ground. The resistance Ry is the sum of the ohmic-loss
resistance Rjoss and the radiation resistance Ry,q. The two
specific frequencies are determined by

Ja =flimizn=0 and fyr = 1/277\/ Lant Cant (H

where f(= w/2m) is defined as the frequency variable, f4
is the zero-reactance frequency of the overall antenna, and
fser denotes the series resonant frequency of the embedded
series RLC. As shown in Fig. 4(a), the PIFA intrinsically
possesses rapidly changing input resistance R4 (—65 2/GHz)
around the zero-reactance frequency of f4 = 2.45 GHz and,
thus, can hardly be considered as a simple load resistor among
the passband. Obviously, the additional inductor complicates
the antenna resonant behavior. In designing a filtenna using
an antenna as its load, it is straightforward to adjust the
frequency fj equal to the filter center frequency fy. However,
the significantly dispersive input impedance Z4, especially
the real part expressed as

CszLI%RSa)4
14 C(—2(Lp + Ly) + CsR)w? + C2(L, + Ly)?0*’
2
may jeopardize the designated passband. In other words, the
better strategy is to control f., = fo and try to eliminate the

effect of inductor L,. By attaching a C,, capacitor in parallel
with L,, as shown in Fig. 4(b), the real part Rac of the

R4
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FIGURE 4. Input impedance. (a) Original antenna model

(f4 = fo = 2.45 GHz). (b) Antenna model with flattened load resistance
(fser = fo =2.45 GHZ).

compensated input impedance Zyc vs. frequency is signifi-
cantly flattened, thus showing zero slope at fy. Consequently,
the compensated antenna possesses better characteristics for
the filtenna purpose.
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FIGURE 5. Proposed filtenna based on the compensated PIFA with
flattened load resistance. (a) Layout. (b) Functional schematic.

(c) Inverter-based equivalent circuit of the proposed PIFA filtenna
designed at fy (Z, = Rs, Y, = 1/Z,, Grs = Ry/Z2, Z,: image impedance
of PCL).

Fig. 5(a) depicts the layout of the proposed filtenna using
a PIFA with flattened resistance, and its functional schematic
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and equivalent circuit are shown in Fig. 5(b) and 5(c), respec-
tively. The design concept is based on Cohn’s work [15]
(see Fig. 6). Note that the image impedances Zx(= 1/Y»)
of all the open-ended parallel-coupled line (OE-PCL) sec-
tions are identical to maintain uniform resonators. Therefore,
the filtenna is composed of two OC-UIRs and one compos-
ite antenna resonator. The susceptance slope parameters of
resonators 1 and 2 are given by

bi=Ysm)2, i=1,2. 3)

The input admittance seen from the LHS of resonator 3
around the center frequency f = fo+ Af can be approximated
as

Yip = Y3 /Yac, with Zac =1/Yac = 2Lan (27 Af).

“
The susceptance slope parameter b3y can be calculated by

_ fo dm[Y3]

T = Y3 foLant)- Q)

b3
f =fres

Furthermore, according to Fig. 5, the input impedance Zzg
seen from the RHS of resonator 3 consists of a series LC
resonator cascaded by an open-ended A/4 resonator. The reac-
tance slope parameter x3g seen from the RHS of resonator
3 can be calculated by the sum of the two individual res-

onators
X3g = 2nfoLan + 23 /4, (6)

thus forming the so-called composite antenna resonator. It is
interesting to note that resonator 3 behaves as a series res-
onator when observed from the RHS but alternatively as a
parallel resonator when observed from the LHS.

Eventually, based on [28], the inverter values are expressed

as
GrsA - b A2b1b
Jo1 = ‘/M, Jio = #, and
8081 8182
AZbybsy
= —, @)
8283

where g; denotes the element values of the lowpass prototype
and A is the fractional bandwidth. For design convenience, Z
can be selected equal to Rg making Grs = Gs. With regard to
the loaded antenna, the corresponding external quality factor
Qfo related to series resonance with respect to R is

Qro = x3r/Rant = Qumt + 7722/(4Ram) ®

where Qunt (= woLant /Rant) 1s the radiation quality factor of
the compensated antenna. Note that Q. and Ry, are both
relevant to antenna size and thus have to be extracted with
the aid of the full-wave EM simulator. In this study, the full-
wave simulations and optimizations were performed using
the ANSYS HFSS while the circuit-level simulations are
carried out by NI AWR Design Environment. Fig. 7 exhibits
the design graph of the extracted external quality factor Qgo

VOLUME 6, 2018
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FIGURE 6. Equivalent circuit of the PCL section (Cohn’s approach).
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FIGURE 7. Design graph of the extracted output external quality factor
Qgo and corresponding fractional bandwidth FBW versus length L; based
on (8).

and the fractional bandwidth versus length L. The realizable
bandwidth ranges from 7.7% to 13.4% as L ranges from 6 to
10 mm. Relatively, the patch antenna lacks of flexibility in
dimension selection thus the designable bandwidth in filtenna
application may be restricted.

For demonstration, two filtennas, i.e., PIFA1 and PIFA2,
are realized based on two different approaches fi., = fo
with flattening and f = fy without flattening, respectively,
to reveal the necessity of flattened load resistance. Both
filtennas are designed for a 3rd-order Chebyshev response
with ripple = 0.1 dB, A = 9.1%, and source impedance
Rs = 50 Q. The corresponding element values of the lowpass
prototype are [go, g1, &2, g3, and g4] =[1.0, 1.0316, 1.1474,
1.0316, and 1.0]. The output external quality factor Qo rele-
vant to the physical dimension L; is extracted and calculated
according to Fig. 7. The antenna model parameters adopted
in the two approaches are summarized in Table 1.

TABLE 1. Filtenna design parameters: PIFA model.

Frzecq}lgzn)cy Resonator elements
PIFA filtenna 1 fin=2.450 L,=18nH, C,=0.234 pF,
(PIFAT) f:e': 3 ;‘35 L =20.3 nH, Cane = 0.2079 pF,
Jser =fo i R,=319Q
PIFA filtenna 2 fia=2.466 L,=15nH, C,=0,
(PIFA2) f;“: 5 '450 Lo =19.1 nH, Cyn = 0.2179 pF,
Ji=fo : ' Ri=305Q

Regarding the PIFAl filtenna, the PIFA structure is
adjusted giving fer = fo = 2.45 GHz (L, = 18 nH, Ly =
20.3 nH, Cane = 0.2079 pF, Rynr = 31.9 Q) compensated
by an additional capacitor C, = 0.234 pF implemented
by an open-ended stub (Z,s = 77 @, 6o = 15.5°). The
PCL image impedance is selected as Z, = 50 Q. It leads
to by = by = 3142 mS, b3y = 132.84 mS, and x3g
= 351.76 Q2. The design parameters for the inverter-based

VOLUME 6, 2018
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FIGURE 8. Circuit-level simulated two-port scattering parameters using
the equivalent circuit of the PIFA filtenna proposed in Fig. 6 treating Rg
and Rg,; as input and output ports, respectively. (a) PIFA1: set fser = fy
(with flattening). (b) PIFA2: set fy = f; (without flattening).

filtenna are Jo; = 7.55 mS, Jip = 2.7 mS, J3 = 5.55
mS and Qgp = 11.03. Eventually, the even- and odd-mode
impedances for the three PCL sections are (Zog.1, Zoo1) =
(75.99, 38.25) 2, (Zoe1> Zoo1) = (57.67, 44.16) 2, and (Zp,3,
Zoo3) = (67.74,39.97) Q. Fig. 8(a) compares the scattering
parameters transformed from the ideal coupling matrix to the
results simulated based on the circuit in Fig. 5. Satisfactory
agreement between the two results in terms of passband ripple
and return loss (RL) can be observed showing the validity of
the proposed approach.

To clearly reveal the influence of flattening the load resis-
tance, a PIFA2 filtenna is designed using a PIFA without
flattening (fs = fo = 2.45 GHz) in contrast to the PIFA1
filtenna. Fig. 8(b) compares the scattering parameters trans-
formed from the ideal coupling matrix to the circuit-level
simulated results. The passband degrades significantly on the
lower band edge due to the increasing resistance slope thus
causing bandwidth shrinkage and an asymmetric response.
The influence of the resistance unflatness will inevitably
become more serious for filtennas with wider bandwidth.

I

7 x

FIGURE 9. Circuit photograph of the proposed PIFA1 filtenna.

The PIFAL filtenna is then implemented on a RO4003C
substrate (¢ = 3.55, h = 0.813 mm, tan§ =
0.0027) with its circuit photograph exhibited in Fig. 9. The
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FIGURE 10. EM-simulated/measured results of the PIFA1 filtenna.
(a) xz- and yz-plane radiation patterns. (b) Reflection coefficients and
antenna realized gain in the +z direction (¢ = 0°, 6 = 0°).

measured and simulated radiation patterns on the xz- and yz-
planes are illustrated in Fig. 10(a). The fabricated filtenna
possesses the patterns of gain G, in the yz-plane and the
total gain in the xz-plane both nearly omni-directional. The
EM-simulated/measured reflection coefficients and the real-
ized antenna gains are shown in Fig. 10(b). The minimum
RL among the passband is 21.3 dB, whereas the 15-dB RL
bandwidth from 2.342 to 2.538 GHz is related to a ripple-
FBW of 8.1%. The bandwidth shrinkage may be attributed
to the etching resolution (line width/spacing) of the adopted
PCB process. The simulated and measured antenna gains
in the +z direction are approximately 0.608 and 0.604 dBi,
respectively. The gain drops below —20 dBi at frequencies
below 2.24 GHz or above 2.71 GHz because of the integrated
filter. The measured results are well predicted by the EM
simulation in terms of the passband RL ripple and antenna
gain.

Notably, in Chuang’s work [3], important contributions
were presented, but three assumptions were made to make
their synthesis possible: 1) the antenna quality factor is
roughly used to estimate the FBW, 2) the symmetric two-
port PCL section adjacent to the antenna is modeled as an
asymmetric network composed of two TL sections with dif-
ferent characteristic impedance Zy and Z,, and 3) the parasitic
capacitor Cy in Fig. 4 of [2] is considered ignorable after
circuit transformation. For the 1st assumption, through (8),
the output Qrp depends not only on the antenna but also on
the A/4 TL resonator. With regard to the 2nd assumption, it has
been proven that using an asymmetric network to model a
symmetric structure is physically not appropriate [29]. For
the 3rd assumption, the Cy can roughly be ignored at the
center frequency and otherwise found not negligible due to
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its influence on the antenna frequency response. On the other
hand, a thorough synthesis procedure has been proposed in
this section without necessitating the three assumptions. Most
important of all, the simple analytical design formulas are
derived and can be easily extended to Nth-order filtenna
design.

Ill. HAIRPIN FILTER BASED ON ACCURATE
IMPEDANCE-TRANSFORMING TAPPED FEEDS

The horizontal dimension of the filtenna utilizing PCL sec-
tions can be further miniaturized by using hairpin res-
onators [30]. Shown in Fig. 11(a) is the sample layout
of a conventional 3rd-order hairpin coupled-resonator BPF.
The interstage couplings are achieved by open-ended PCLs,
whereas the I/O feeds are realized by tapped lines. Taking
advantage of the tapped-line feeds, one may more flexibly
select the resonator impedance without being restricted by the
end PCL section adjacent to the input port. The schematic cir-
cuit is given in Fig. 11(b) and deserves careful investigation.

O e

Wr

Zy, 26,

(ZO(‘|3 Z(){Jl) (ZO('Z’ ZO{JZ)

Tt apped foed PCL, PCL,
(b)

FIGURE 11. Hairpin coupled-resonator filter with
impedance-transforming tapped feeds and PCL interstage couplings.
(a) Layout. (b) Functional schematic.

o

utput tapped feed

A. PARALLEL COUPLED-LINE SECTION

The coupling structure between resonators consists of the
OE-PCL sections. Among the PCL filters, each i-th PCL
section PCL; in Fig. 12 of even-/odd-mode characteristic
impedances, Zy, and Zy,, used for interstage coupling can
be modeled by an impedance inverter attached to two series
open-circuited stubs [28]. By providing the coupled length
Oci, the preferable reference impedance Zg;, and the inverter
value K; from the filter parameters, the Zy, and Z, of i-th
PCL section are available as

Zoei = Zsi + K sinO¢; (9a)

Zooi = Zsi — Kisin¢; (%9b)
The i-th inverter is determined by both the length 6.; and the
impedance Zgi[= (Zoei — Zooi)/2] as

K; = Zgi/sinfc; with i=1,2,...,N—1 (10)

VOLUME 6, 2018
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FIGURE 12. Interstage coupling between resonators i and i + 1 using an
OE-PCL. (a) Equivalent circuit of the OE-PCL section. (b) Layout of the
coupled-resonator pair. (c) Open-wire equivalent circuit of the
coupled-resonator pair (i = 1, 2).

Based on (10), an auxiliary graph is drawn in Fig. 13 using
Zs; and K; as parameters for demonstration of the impedances
(Zoei> Zooi) of the i-th PCL section with predetermined cou-
pled length 6,; = 70°. Note that this graph can be easily
redrawn under an arbitrarily selected coupled length.

110

PRSI B AR AN EURT A A AR
35 45 55 65 75 85 95 105 115
ZOe(Q)

20:.||.I|||.I||..I|..|I

FIGURE 13. Even- and odd-mode characteristic impedances (Zge;. Zgo;) of
i-th PCL section with both reference impedance Z; and inverter value K;
as parameters (coupled length 6¢; = 70° ).

B. DISCUSSION OF GENERIC BPFS USING HAIRPIN UIRS
WITH CONVENTIONAL TAPPED-LINE FEEDS

For the conventional hairpin coupled-resonator filter using
UIRs with the topology as shown in Fig. 11, the electrical
lengths must fulfill the following conditions to ensure reso-
nance of each isolated resonator

(11a)
(11b)

Om1 +0p2 401 +0c1 =7, 01 +6c1 =7/2,
Oc1 + 201 +6cr = .

Based on the typical design approach of coupled-resonator
filters, the I/O feeds and the interstage couplings are indepen-
dently designed as follows. The tapped position 6y1 = 6

VOLUME 6, 2018

TABLE 2. 3rd-order BPF using hairpin resonators.

Design parameters Ot
Conv. Z=50 Q, 65]:6C2:700, ?FZO“, Ori=17.68°, 01=72.32° 90°
(Zoer, Zoor) = (Zoez, Zoo2)=(54.3115, 45.6885) Q
This Z=50 Q, 0c1=02=70°, 01=20°, Os1=16.1°, )n=72.52° 88.62°
work (Zoer, Zoor) = (Zoez, Zoo2)=(54.1225, 45.8775) Q ’

can be calculated from the singly loaded resonator (Gs =
1/Rs) [14].

O = Boly1 = sin™' \/m Y /2G5 Q. (12)

With regard to the coupling between resonators depicted in
Fig. 12, the required impedance inverter values K1 and K>
can be expressed as

A2x1x0 A - xp

K=K, = = , (13)
8182 /8182
where the reactance slope parameter of the resonator is
X; Z
= R AL g 103 (4
20 =g 2

In accordance with (9)-(14), this conventional hairpin filter
can be designed. By applying Zg = 50 Q as the resonator
transmission line (TLIN) impedance, a microstrip 3rd-order
filter at fy = 2.45 GHz is designed for a 0.04321-dB-
ripple Chebyshev response with A = 5%. The electrical
parameters are x; = 88.944 Q and K12 = K3 = 4.588 Q.
The corresponding Zy, and Zy, of the PCL section can be
found through Fig. 13. The calculated electrical parameters
are listed in Table 2 as the “Conv.” row, whereas the circuit-
level simulated results are shown in Fig. 14. Obviously,
the passband response of the conventional hairpin filter devi-
ates significantly from ideal one. This is the reason why a
coupled-resonator filter demands unexpected dimension tun-
ing even when based exactly on the conventional approach,
which means that the conventional design approach requires
appropriate modification.

~~~~~~~~ S21_matrix o-o0-o0 S21_conv sseeeee §11_matrix o-0-0 S11_conv
05 = 0
0.1 10
_ 023 _ 20}
) E o) 1
z '0-3_: Z -30 -
@ _0'4_5 @ 404 i
0.5 E § i
E -50 H
-0.6 3 1 H
B L o e o 60 Tt
235 24 245 25 2.55 2.35 24 2.45 25 2.55

Frequency (GHz) Frequency (GHz)

FIGURE 14. Comparison of the S-parameters generated from the circuit
simulation using Fig. 11(b) (Conv) and those transformed from the
coupling matrix (Matrix).

C. ACCURATE IMPEDANCE-TRANSFORMING

TAPPED FEEDS

Fig. 15 exhibits the revised version of the PCL coupled-
resonator filter using the hairpin SIRs with the adopted
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FIGURE 15. Generalized PCL coupled-resonator filter using the hairpin SIRs and the
impedance-transforming tapped feeds (Yy, = 1/Zy, Yy =1/Z;, Y, = 1/Z;).

(b

FIGURE 16. Proposed impedance-transforming tapped feed:
(a) schematic and (b) equivalent circuit.

impedance-transforming tapped feeds depicted in Fig. 16.
The inverter-based open-wire equivalent circuit is shown in
Fig. 17. As discussed in Sec. II.A, a different viewpoint on
the tapped-feed structure is necessary to acquire a satisfac-
tory filter response. The input impedance of the tapped feed
structure for a specified source resistance Rg can be expressed
as

. Z1p + jZp tan Oy
Zr1 = Ry + jX11 = Z, - 15a
I 1 +Jj X711 Mz T+ Zip tan Oany (152)
with Y1p = 1/Z;p given as
. Yy tan Oy + Yy tan
Yip = 1/Rs +j¥y—— Pt M2 (5

Yy —tan 6y - Yy tan 6y,

To ensure that the effective resonator 1 resonates at fp, it is
essential to force the input reactances seen from both its sides
(LHS and RHS) to simultaneously vanish at fy, i.e., X171 (fo) =
X1r(fo) = 0. The above condition can be fulfilled by letting
X11(fo) = 0. As a result, the impedance-transforming tapped-
feed structure also contributes to the reactance slope for
effective resonator 1. The susceptance slope of X77 (= X{,)
can be expressed as

00X
wyy = J0 X (16)

2 f ly=p
According to Fig. 17, the overall reactance observed from the
LHS of resonator 1 can be treated as the series combination of
the series-LC tank contributed by the series-resonant source
and the A/4 open-circuited SIR. The LHS reactance slope
parameter for resonator 1 can be formulated as

4 / "
X1L = XTI +X1L = XL +x1L’ (I7)

where x" 7, represents the LHS susceptance slope parameter

of the A/4 open-circuited SIR shown in Fig. 17 that can be

analytically evaluated by

sec2 01[Az0; sec? 6, + 6, (A% + tan? 6,)]
2(Az tan6; + tan 6,)?

x, =2y (18)
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In addition, the RHS reactance slope parameter xjr for res-
onator 1 obtained by differentiating the input reactance Xig
is

xip = x7y 5ec? 01 + (Z16) sec? 0y + Za6 csc?62) /2. (19)

Based on the design approach of the inverter-based
coupled-resonator bandpass filter, the input coupling has to
satisfy the following conditions

K2 ARy -
=0 — Ry(fo), where Ko= |—AME (50
Ra 8081

Eventually, the following simultaneous equations for solving
Op1 and Oy2 at fy with the given Rg are summarized as

X71(fo, Rs, Om1, 0m2) = 0, (21a)
Rs, Om1, 0 . A

x1L(Rs, Opm1, Om2) — Opr with Qg @Iy
R (fo, Rs, Om1, Om2) 8041

Similarly, the equations for the arbitrary resonant load port
with given Ry, are

XNR(RL, Om1, Om2)
" Rro(fo. RL. Om1. Om2)

Xro(fo, R, Om1, Om2) =0 = 0ro,

(22)

where X790 = Im[Z7p] and Qpo = A/(gn X gn+1). With
regard to the resonator N, the RHS reactance slope parameter
XNR = Xyg + Xy can be similarly derived as xiz in (17),
whereas xyz can be similarly derived as xjz in (19).

To clearly reveal the effect of adopting the proposed
impedance-transforming tapped feed, consider a loaded res-
onator designed for external quality factor Qg = 17.032 and
Rs = 50 Q. The SIR parameters are given as Z; = 90 Q
and Z; = 45 @, and 6] = 6, = 35.2644°. By setting Oy =
6, and Zy; = Zi, the required tapped-line feeding lengths
are calculated based on both the modified and conventional
approaches, and the simulated Z7; for the two approaches are
shown in Fig. 18. Apparently, the non-vanishing imaginary
part X1 at fo based on the circuit using the conventional
approach will detune resonator 1 and thus degrade the filter
passband response as observed in Fig. 14.

Based on (9)-(22), the design graphs are drawn in
Fig. 19 for finding the lengths of 6j71 and 6s2. The proposed
impedance-transforming tapped feed has Qgy = Qp and
Rs = Ry as parameters. Fig. 19(a) is calculated for the BPF
using hairpin UIRs (Z; = 50 ©,Z; = 50 2, 6c1 = O¢c2 =
70°, 0, = 20°, 0y = Oy, Zy = Z», Zyy = Zp), whereas
Fig. 19(b) is for the BPF using hairpin SIRs (Z; = 90 €,
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FIGURE 17. Inverter-based open-wire equivalent circuit of the proposed N-th order BPF using hairpin SIRs and impedance-transforming tapped
feeds.
8 - 11 76
6 Y -
4 E N
@ 2 i 7 E AL
= f=245GHz [’ N C
N, 2 E5 % [
£ \i , ° 72:—
6 3 < F
8 IEEEE e e \éﬂ)_—
22 23 24 25 26 27 22 23 24 25 26 27 < [
Frequency (GHz) Frequency (GHz) N
68
FIGURE 18. Input impedances Z7; seen in the tapped feed. Conventional: [
(0M1' 0M2) = (l 1.56°, 23.70); Modified: (GMI' oMz) = (10.12590, [
23.8879°). 66 -
64,3
Zr =45 Q,0] = 6, = 35.2644°, 0.1 = Ocp = 0, Oy = 63,
Zy = Z»,Zy = Zy). Therequired 071 and 6y can be readily
acquired by locating the assigned (Qg, Rp) in the figure. 26
251
D. DESIGN OF AN INVERTER-BASED 3
COUPLED-RESONATOR FILTER 24r
To design the filter presented in Fig. 15, it is essen- 23+
tial to calculate the couplings and external quality fac- T
. . o Q22
tors according to the filter specification (center frequency St
fo, fractional bandwidth A, filter order N, and lowpass 21F
prototype response). Among the filter structure, the impedance- 2 i
transforming tapped feeds are used to achieve I/O feedings, 3
whereas the open-ended PCL sections are adopted to realize or 60
the interstage couplings. The two end resonators with tapped Y S N I I S S
feeds satisf 8 9 10 1 12 13 14
y O (°)
(b)

xiL/Rrr = Qg1 and  xyr/Rto = QOko, (23)

where xj; denotes the reactance slope parameter of outer
resonator 1 seen from the LHS and xyr denotes the reactance
slope parameter of outer resonator N seen from the RHS. The
electrical lengths 6y and 6yso of the tapped feeds related
to input and output ports can be solved for based on (23).
Furthermore, the values of the interstage impedance inverters
can be evaluated by

A2 A2xy_
K = —lexz’ Kn_1 = S ANV IXNL, (24a)
8182 8N—18N
and

K = A - S xox3 _ A - XsiR

= =2,
/8i8i+1 V/8i8i+1

,N —=2. (24b)
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FIGURE 19. Design graphs for finding 6,;; and 6y, with Q¢ and Rg as
parameters. (a) For BPFs using hairpin UIRs. (b) For BPFs using hairpin
SIRs.

where x;(= xs;g) denotes the reactance slope parameter of the
inner i-th SIRs (i = 2, ..., N —2) as depicted in Fig. 20. xs;g
can be analytically evaluated by
xsir = Zo6» csc? 92/2 + Z sec? 260,

2A—Z} +Z3)01 + Z1(2Z161 + Z26,) sec? 6,

2(Zp tan 20| + Z; tan 6)? (25)

under the resonant condition of the inner resonator
tan 6 tan 6, = Zz/Zl =Az. (26)
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FIGURE 20. Inner TL resonator among the inverter-based filters shown

in Fig. 17.

With (23)-(26), the proposed synthesis procedure can be
readily adopted in designing a filter with higher order by

cascading more PCL sections.

TABLE 3. Parameters of the filters using hairpin resonators.

BPF1-UIR: 3rd, A=5%
Chebyshev 0.04321 dB-ripple

BPF2-SIR: 3rd, A=5%
Chebyshev 0.04321 dB-ripple

Given
parameters

Z=50Q,72,=50Q,4,=1.0,
Hc1=02=70°, 6,=20°,
Ou= 0y, Zy =25, Zy =27,

Z,=90Q, Z,=45Q,4;,=0.5

60,=0,=35.2644°, 0., = O, = 05,

Ou= 0y, Zy =25, Zy =7,

Intermediate

Rr=R70=4.17, x1;=x33=70.98,
x17=x3,=81.32 Q, x5z~ 88.94,

R7=R70=5.62, x1;=x33795.71,
X1 g=x3,=146.57, x5;z=166.18

Oy + Oy = 88.62° #90°

parameters |y ~4 39 (all unit: Q) K=K»=8.05 (all unit: Q)
(ZoersZoo)™(Zoe2Z002)= (Zoer,Zoo1)=(Zoe2,Z003)=

Final circuit | (54.1225,45.8775) Q (49.3685, 40.6315) Q

parameters On=16.1°, 6,,=72.52° Oy =10.13°, Oy, = 23.89°,

Oy + Orp = 34.02° # 0,

E. IMPLEMENTATION OF TWO SAMPLE FILTERS BASED
ON THE PROPOSED IMPEDANCE-TRANSFORMING
TAPPED-LINE FEEDS

For demonstration, two sample filters, i.e., BPF1-UIR and
BPF2-SIR, using hairpin resonators are designed with fy =
2.45 GHz, and A = 5% for a 0.04321 dB-ripple Chebyshev
response. The corresponding element values of the lowpass
prototype are [go, g1, &2, €3, and g4] =[1.0, 0.8516, 1.1032,
0.8516, and 1.0]. BPF1-UIR is composed of hairpin UIRs
Z1 = Z, =50 2, 6p = 20°, 6, = 70°), and its coupled
lengths of PCL sections are §c = 6, whereas BPF2-SIR is
composed of hairpin SIRs (Z; = 90 2,72, = 45 Q, 01 =
35.26°,0, = 35.26°), and its coupled lengths of PCL sections
are c = 6, as well. The final circuit parameters are tabulated
in Table 3. From the calculated parameters, it is verified that
the proposed impedance-transforming tapped feeds possess
different line lengths than the conventional approach.

The circuit-level simulated scattering parameters of the
two proposed filters in comparison with the filter based on the
conventional approach are shown in Fig. 21. More expected
results are achieved in both examples through the proposed
impedance transforming tapped feeds. The slight passband
asymmetry and bandwidth shrinkage in both filters are caused
for two reasons: 1) the dispersion effects of distributed com-
ponents and 2) the structure-inherent transmission zero (TZ)
contributed by the open-ended stub related to the tapped
feed occurring at frequencies on the upper band that can be
observed in the following measured results.
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FIGURE 21. Narrowband circuit-level simulated scattering parameters of
the two proposed filters (BPF1-UIR and BPF2-SIR) based on the proposed
impedance-transforming tapped feeds in comparison with the results of
the filter based on the conventional approach (the three filters are all
designed for a 3rd-order 0.04321 dB-ripple Chebyshev response with

A = 5%).
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FIGURE 22. Measured and simulated filter-scattering parameters using
the accurate impedance transforming tapped feeds.
(a) BPFI1-UIR. (b) BPF2-SIR.

The two modified filters are then both implemented on a
RO4003C substrate (¢ = 3.55, h = 0.813 mm, tan§ =
0.0027). The narrowband measured and simulated results of
the two BPFs are presented in Fig. 22. For the BPF1-UIR,
the measured results are a center frequency of 2.45 GHz,
the minimum passband IL of 1.82 dB, the worst RL in
the passband of 18.37 dB, the 18.37-dB-RL bandwidth of
approximately 5.26%, and the 3 dB-IL bandwidth of 7.74%.
For the BPF2-SIR, the measured results are a center fre-
quency of 2.46 GHz, the minimum passband IL of 2.14 dB,
the worst RL in the passband of 22.25 dB, the 20-dB-RL
bandwidth of approximately 5.03%, and the 3 dB-IL band-
width of 7.95%. Note that the measured ILs of the two
proposed BPFs are comparable with those coupled-resonator
filters with similar bandwidth published in the literature.
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FIGURE 23. Wideband measured and simulated S,; of the filters using
the accurate impedance-transforming tapped feeds (Red line: BPF1;
Blue line: BPF2).

The wideband measured and simulated S, for both filters
are shown in Fig. 23. The transmission zero occurring approx-
imately at 3 GHz in both cases contributed by the open-ended
stub of the tapped feeds causes passband asymmetry, thus
explaining the asymmetric RL ripple observed in the circuit-
level simulated results (see Fig. 21). The measured results
coincide well with the EM-simulated results for both filters,
thus validating the feasibility of the proposed impedance-
transforming tapped feeds.

Input tapped feed Zse
P#l Zi, O i Z,, 6, Oci O 7,26, Ocwi L }
000 Z0, Oy b
i compcnsatcd
: t
73,0, 3 (Zoet, Zoo1) (Zoers Zoo2) (Zoen-1> Zoon-1) antenna
PCL1 PCL2 PCL,N-1

FIGURE 24. Nth-order filtenna based on the BPF in Fig. 15
Oy = 62, Zy = Z;).

IV. SYNTHESIS OF THE FILTENNA WITH

TAPPED-LINE FEEDS

The filter synthesis approach mentioned in Sec. III can be
extended to the filtenna design by treating the antenna as a
partial resonator with a radiation resistor constituting the end
resonator. An Nth-order filtenna composed of (N—1) PCL
sections based on the filter presented in Fig. 15 is depicted in
Fig. 24 with 6y = 6, and Zy = Z; to simplify the design.
For convenience, let us treat the antenna in the transmitting
operation and thus the radiation resistor acts as the output
load. Shown in Fig. 25 is a sample antenna model with
an additional compensation inductor L; for demonstration.
By utilizing the compensated antenna (Zsc = Rac + jXac)
instead of the series resonant load (Zrp = Rro + jX10),
the design can be carried out by combining the approaches
developed in Secs. IT and III. Due to the effect of the compen-
sation inductor, we have Zsc equal to Zg,; = Ranr + jXanr at
the center frequency fp. The output series resonant load along
with the partial A/4 resonator constitute the end composite
antenna resonator with

Xant (fO) =0

XNR(Lant s Canr)

= Qro, 27)
Rlll’lt ro
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FIGURE 25. Equivalent circuit for determining the output external quality
factor related to the end composite antenna resonator.

where xygr = xI/VR + x"nR 1s expressed as

sec? 01[Az0, sec? 6, +6, (A% +tan? 65)]
2(Az tan 01 +tan 6,)?2

XNR = WoLant + Zy
(28)

The derived formulas facilitate the determination of the
implemented filtenna realizable bandwidth when using dif-
ferent types of antennas. For demonstration, assume all the
transmission lines in the equivalent circuit (Fig. 24) are
of 50 © characteristic impedance and that the filtenna pos-
sesses a 3rd-order 0.1-dB-ripple Chebyshev response. The
reactance slope parameter of the partial A/4 resonator x . is
39.27 Q. The design graph for determining the bandwidth
with known (Ry;;, Lans) and predetermined filter response
is drawn in Fig. 27. After finding the element values of the
antenna model with respect to the physical dimensions using
the EM simulator, the corresponding curve of L, vs. Ryt
can then be added to the same figure for finding the related
FBW.

V. TWO FILTENNA DESIGN EXAMPLES

Two filtenna types are designed and implemented in this
section according to the synthesis procedure described in
Sec. IV. Both filtennas are implemented on the 0.508-mm-
thick RO4003c¢ substrate (¢, = 3.55, tand = 0.0027). Note
that to provide sufficiently large coupling between resonators,
the UIRs are adopted hereafter for longer coupling edges.

A. FILTENNA USING INVERTED-L ANTENNA AND

HAIRPIN UIRS

Fig. 26 depicts the filtenna using an inverted-L antenna (ILA)
with flattened load resistance and hairpin UIRs. The ILA
can be primarily formed from the hairpin filter shown in
Fig. 11(a) by removing the port-2 feed line and etching the
partial ground under resonator 3. The equivalent circuit of
the ILA is identical to the antenna model shown in IV. The
equivalent circuit of the utilized compensated ILA is dis-
played in Fig. 28(a), whereas its simulated input impedances
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FIGURE 26. (a) Layout and (b) photograph of the proposed filtenna using

the compensated ILA with flattened load resistance (Z4¢ denotes the
input impedance of the compensated ILA).

26
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Extracted (Rant, Lan)) W.I.t. L} (mm)
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[
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FIGURE 27. Design graph with FBW as a parameter for determining the
realizable filtenna FBW after obtaining the extracted antenna resonant
parameters Rg,; and L, of the ILA (using hairpin UIR with

Z, =2, =50 Q).

Zac and the uncompensated counterpart Z4 are compared
in Fig. 28(b). The short-ended stub (Z; = 110 @, 0 =
55.56°) is adopted to compensate the shunt capacitor inher-
ently embedded in the original ILA model for flattening the
antenna resistance vs. frequency, and the effect is apparently
observable from Fig. 28(b). The extracted (Rgns, Lgn) With
respect to the antenna dimension L1 are included in the design
graph (Fig. 27). Based on the design graph, one may pick
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FIGURE 28. Compensated ILA. (a) Equivalent-circuit model. (b) Input
impedances of the uncompensated and compensated ILAs (Z4 and Z,¢)
vs. frequency.

up the required antenna dimensions as the FBW is deter-
mined or vice versa.

For demonstration, a 3rd-order filtenna using an ILA with
load flattening is designed for a Chebyshev 0.1 dB-ripple
response with fy = 2.45 GHz and A = 9.3%. The element
values of the lowpass prototype are [go, g1, &2, &3, and g4]
=[1.0, 1.0316, 1.1474, 1.0316, and 1.0]. The corresponding
external Qs are Qg = Qpo = 11.09. The hairpin UIRs
with Z; = 50 Q, Z, = 50 @, 6; = 15°, and 6, = 75°
are selected in this case, and the coupled lengths of the two
PCL sections are ¢ = 75°. To achieve the required FBW,
Ly is selected as 5.6 mm giving C, = 0.395 pH, Ly =
11.51 nH, Cyyy = 0.372 pF, and R, = 19.51 Q. The ILA
is compensated by an additional inductor L, = 10.68 nH
implemented by a short-ended stub. For the input impedance-
transforming tapped feeds, the calculated lengths are 6y71 =
19.39° and 0y = 68.12°. The even-/odd-mode impedances
of the adopted PCLs are (Zp.1, Zoo1) = (56.53, 43.47) Q2 and
(Zoe2, Zoo2) = (61.41,35.59) Q, respectively. The circuit-
level simulated results along with those transformed from
the coupling matrix are presented in Fig. 29 and show great
agreement in terms of passband ripple and return loss.

0 0+
] N S21(matrix)
1 10 3 0-0-0 S21(ckt)
-0.05 10 ]
o ] o -20 ]
% -0.1 2 ] |
%) ] o 30
-0.15 S21(matrix) 1 |
] 0-0-0 S21(ckl) -40 5 |
-0.2 i -50 Frrrrtrererrer e
23 235 24 245 25 255 26 23 235 24 245 25 255 26

Frequency (GHz) Frequency (GHz)

FIGURE 29. Circuit-level two-port scattering parameters of the filtenna
in Fig. 24 using the equivalent circuit of the compensated ILA in Fig. 28 by
treating Rg and R,,; as input and output ports, respectively.

Fig. 30 illustrates the simulated and measured radia-
tion patterns at 2.45 GHz. The pattern of co-polarization
on the yz-plane is omni-directional as expected. The
EM-simulated/measured reflection coefficients, as well as
the antenna realized gain vs. frequency, are presented
in Fig. 31(a). The minimum RL among the passband is
17.6 dB, whereas the 15-dB RL bandwidth is from 2.342 to
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FIGURE 30. EM-simulated and measured radiation patterns of the
filtenna using a compensated ILA on the xz- and yz-planes.
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FIGURE 31. EM-simulated and measured results of the proposed ILA

filtenna. (a) S;; and antenna realized gain in the +z direction (¢ = 0°,
6 = 0°) versus frequency. (b) Wideband antenna realized gain.

2.542 GHz related to a ripple-FBW of 8.2%. The simulated
and measured antenna gains in the +z direction are approx-
imately 1.022 and 0.79 dBi, respectively, whereas the gain
drops below —20 dBi at frequencies below 2.16 GHz or above
2.73 GHz. It is observed that the antenna gain has satisfactory
frequency selectivity due to the integrated filter. Fig. 31(b)
shows the wideband gain vs. frequency.

B. FILTENNA USING MICROSTRIP-FED SLA AND

HAIRPIN UIRS

Recently, the slotline antenna (SLA) [31] has become popular
on mobile devices due to the limited design area left for
antennas and the trend of using metal cases. Fig. 32 exhibits
the layout and photograph of the filtenna using a microstrip-
fed SLA with the equivalent model shown in the inset. The
3rd-order filtenna is designed for a Chebyshev 0.04321 dB-
ripple response with A = 9.4%. The hairpin UIRs with
Z1 =508,7Z, = 50,6 = 15°,and 6, = 75° are selected and
the coupled lengths of two PCL sections are 75°. To achieve
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FIGURE 32. (a) Layout and (b) top- and bottom-plane photographs of the
proposed filtenna using a microstrip-fed slot antenna with flattened load
resistance.

the required FBW, the slotline antenna is designed as shown
in Fig. 32 giving (L, = 15.17 pH, Lsy = 6.63 nH,
Cant = 0.64 pF, Ry = 15.49 ) and compensated by
an additional capacitor C, = 0.278 pF implemented by an
open-ended stub. The calculated lengths of the input tapped
feeds are Gy = 21.02° and 6y = 65.73°. The even-/odd-
mode impedances of the adopted PCLs are (Zo.1, Zoo1) =
(57.34,42.66) Q and (Zoe2, Zoo2) = (60.45,39.55) Q,
respectively.

GO (simu)
e—o—e GO (meas)
G¢ (simu)
a—a—s G¢ (meas)

270

180 180

FIGURE 33. EM-simulated and measured radiation patterns of the
filtenna using the compensated SLA on the xz- and yz-planes.

The substrate size is 55 x 80 mm?. Fig. 33 illustrates
the simulated and measured radiation gain patterns. The
EM-simulated and measured reflection coefficients and
antenna realized gain in the +z direction (¢ = 0°,
6 = 0°) vs. frequency are presented in Fig. 34(a). The mini-
mum RL among the passband is 18.5 dB, whereas the 15-dB
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FIGURE 34. EM-simulated and measured results of the proposed SLA
filtenna. (a) S;; and antenna gains in the +z direction (¢ = 0°, 6 = 0°)
versus frequency. (b) Wideband antenna realized gains.

RL bandwidth is from 2.333 to 2.539 GHz related to a ripple-
FBW of 8.5%. The bandwidth shrinkage may be attributed
to the etching resolution of the PCB process. The gain drops
lower than —20 dBi at frequencies below 2.12 GHz or above
2.76 GHz, whereas the simulated and measured antenna
gains in the +z direction are around -0.301 and 0.118 dBi,
respectively. The wideband antenna gains vs. frequency are
depicted in Fig. 34(b). The simulations and measurements
show satisfactory agreement in terms of frequency response
and radiation pattern.

TABLE 4. Comparison between The proposed filtennas and previous
works.

Antenna Resonator fo o
Type Type Input feed (GHz) FBW (%)
Straight . 245 14%
[3] ILA UIR Coupled line GHz | (0=6~13.7)
(57 | Ushaped | T-shaped Direct feed | 5GHz 2%
patch resonator
I'-shaped Open-loop Conventional 2.45 o
7] antenna UIR tapped line GHz 163%
Rectangular | Open-loop Conventional o
8] patch UIR tapped line 3 GHz 3:4%
Sec. Straight . 2.45 o
I PIFA UIR Coupled line GHz 7.7-13.4%
Sec. Hairpin A 245
ILA ceurate 8-14%
V.A UIR impedance GHz
Sec. Hairpin transforming 245
VB SLA UIIg tapped feed GHz 8.5%

Table 4 summarizes the performance comparisons between
the proposed filtennas and those previous works. The pro-
posed accurate filtenna synthesis approach was utilized
in designing three different types of filtennas featuring
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satisfactory responses in terms of return loss, designable
bandwidth, and passband selectivity.

VI. CONCLUSION

In this paper, an accurate filtenna synthesis approach with
elaborate design formulas is presented. Compensated anten-
nas are utilized for achieving flattened input resistance, and
thus, the filtenna response agrees well with the ideal filter.
The load-resistance flattening technique is first verified in
a filtenna based on PCL sections using a PIFA. Further-
more, to miniaturize the filtenna size, hairpin resonators and
impedance- transforming tapped feeds are incorporated in
the design. To validate the proposed modified tapped feeds,
two hairpin BPFs with UIRs and with SIRs are designed
and implemented. In comparison with conventional tapped-
line feeds, the proposed approach ensures the feed structure
zero reactance occurs exactly at the filter center frequency
guaranteeing the passband performance. By systematically
combining the load-resistance flattening technique and the
impedance-transforming tapped feeds, an accurate filtenna
synthesis procedure is established, and thorough design for-
mulas are derived. Two filtennas using an ILA and an SLA
are designed and implemented. To sum up, this study has
developed the synthesis procedure applicable for filtennas
utilizing several commonly used types of antennas.
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