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Arbitrary Prescribed Flat Wideband Group Delay
Absorptive Microstrip Bandpass Filters
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Abstract— This article demonstrates the design of microstrip
line symmetrical all-band absorptive bandpass filters (BPFs)
with arbitrarily prescribed wideband flat group delay (GD)
characteristics. The proposed BPFs consist of coupled line
sections with series resistor connected stubs (short-circuited
quarter-wavelength or open-circuited half-wavelength stubs).
Analytical design equations are derived to obtain circuit parame-
ters for arbitrarily prescribed flat GD characteristics. A detailed
analysis shows that the absorptive sections (series resistor con-
nected stubs) not only eliminate out-of-band reflections, but
also determine the passband GD flatness characteristics. The
proposed absorptive BPFs with arbitrarily prescribed flat GD can
be easily extended to a higher order by cascading the first-order
symmetrical quasi-absorptive BPF. For experimental validation,
first- and second-order quasi-absorptive BPFs were designed with
arbitrarily prescribed GD of 1.75 and 3.40 ns, respectively, and
measurements were taken at a center frequency of 3.5 GHz.
The results of the measurement are in good agreement with the
predictions obtained through theoretical methods and simulation.

Index Terms— Absorptive bandpass filter (BPF), circula-
tor, coupled line, microstrip line filter, wideband flat group
delay (GD).

I. INTRODUCTION
ULTIFUNCTIONAL, high-performance bandpass fil-
ters (BPFs) are in high demand for next-generation

wireless communication systems. In recent years, absorptive
or reflectionless RF BPF has become attractive to prevent
interblock signal interference from unwanted RF-signal-power
reflections and improve the stability of adjacent RF active
circuits in RF front-end chains [1]. Conventional BPF topolo-
gies have a reflective nature in the stopband, which allevi-
ates the need for nonreciprocal components that are bulky
and difficult to integrate (e.g., isolators and circulators) in
a complete RF system to avoid the unwanted RF-signal
power reflections. Contrary to conventional reflection BPFs,
absorptive or reflectionless filters dissipate inside themselves
the nontransmitted input-signal energy in the stopband regions
instead of reflecting it back to the source, which results in a
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more robust RF front-end chain by avoiding the creation of
RF signal-power reflections without the need for passive/active
nonreciprocal components. In addition, microwave filters with
prescribed group delay (GD) response with respect to fre-
quency have various applications in communication, real-time
analog radio-signal processing (R-ASP), RF self-interference
cancellation in-band full duplex radio, and signal cancella-
tion in feed-forward amplifier [2]-[4]. Moreover, arbitrarily
prescribed flat GD BPFs play important role in designing
magnet-free nonreciprocal components, such as isolators, cir-
culators, and nonreciprocal BPFs [5]-[7].

In recent years, absorptive or reflectionless BPFs based
on different approaches and topologies have been investi-
gated in the literature [8]-[27]. Absorptive BPFs are realized
using a broadband coupler and a Wilkinson power divider,
which are arranged in a two-branch structure, as reported
in [8]. Reflectionless BPFs were presented by exploiting
theoretically perfect matched circuits in [9]-[12]. In [13],
first-order input-reflectionless BPF was developed by employ-
ing lumped-elements based on input-matching sections with
resistive elements. In [14]-[16], absorptive filters were realized
by using a complementary-duplexer architecture consisting of
main and auxiliary channels with the opposite filtering func-
tions. One-port absorptive multiband BPF [17] and filtering
power divider [18] were realized by using a complementary
susceptance cancellation method. Similarly, two-port absorp-
tive filters could be realized by adding one more channel at
the output port [19], [20].

One-port absorption or symmetrical two-port absorption
for bandstop filters was realized by using low-Q lossy res-
onators in [21]-[24]. Similarly, a distributed quasi-absorptive
BPF was presented in [25] by using resistor-loaded lossy
resonators as its first resonator to absorb reflection in only
one side. Symmetrical quasi-absorptive BPFs were realized
by using a complementary branch-line BPF and a bandstop
filter [26]. Similarly, a higher order and symmetrical all-band
quasi-absorptive BPF was realized using a bandpass section
(reflective type coupled line filter) and absorptive section (a
matched resistor in series with a short-circuited stub) in [27].
Although these BPF topologies feature reflectionless character-
istics for input and output, they still suffer from an arbitrarily
prescribed flat GD characteristic. In addition, conventional
absorptive BPFs mainly focus on a frequency-dependent mag-
nitude transfer response rather than a GD response.

In this article, we demonstrate an analytical design method
for a microstrip line quasi-absorptive BPF with arbitrarily pre-
scribed flat GD. The arbitrarily prescribed GD and bandpass
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Fig. 1.  (a) Four-port coupled line section and (b) two-port network with
ports ¢ and d are terminated with short-circuit and series R connected stubs,
respectively.

response are realized by controlling a coupled line section and
stubs. To achieve absorption at all frequencies, the absorp-
tive stubs consisting of a series resistor and short-circuited
quarter-wavelength or open-circuited half-wavelength stubs are
connected at coupled sections. These stubs are open-circuit
at a center frequency, whereas they appear as a matched
load to the ground outside of the passband and contribute
to the absorption of out-of-band signals. In addition, series
resistors connected to the subs contribute to achieve a flat
GD response in the passband. The proposed topologies are
symmetrical all-band absorptive BPF, which can be easily
extended to higher orders. For experimental validation, first-
and second-order absorptive BPFs are designed and measured.

II. DESIGN THEORY

A. Building Block of Quasi-Absorptive BPF: Coupled Line
With Series R Connected Stub

Fig. 1(a) shows a section of a A/4 coupled line with four
ports labeled as a, b, ¢, and d. The even- and odd-mode
admittances (impedances) of the coupled line are denoted by
Yoo = 1/Zpe and Yo, = 1/Zy,, respectively. Assuming the
coupling coefficient k is a free design variable, Yy, is expressed
in terms of k and Y, as

1—k
14k

Fig. 1(b) shows a building block of the quasi-absorptive
BPF. As shown in Fig. 1(b), the proposed two-port network is
constructed by terminating port ¢ and d of four-port coupled
line with short-circuit and series resistor R connected stub
(short-circuited A/4 stub with characteristic admittance Y, =
1/Z or open-circuited /2 stub with characteristic admittance
Yo = 1/Zy), respectively. For simplicity, the normalized
frequency f/fp is used in the circuit analysis, where f and
fo are the operating and passband center frequencies of the
filter, respectively. The Y-parameters of the reduced two-port
network shown in Fig. 1(b) are derived as

Ia _ Yaa Yab Va
KRt ld @

YOe YOO . ( 1 )

where
Y2 Y, Y,

Yy = ity S - j 0o cotﬂ — & (3a)
mi(1 + k) 1+k 2fo mi(1+k)

Y, — nikYg, _jkYOO ot B mYo (3)
T m(+ k) 14k 2fo  mi(1+k)

_ I’llkzyozo iy Yoo cotﬁ B n2k2Y00 ()
mi(1 + k)2 1+k 2fc m(1+k)
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Fig. 2. Proposed structure of the first-order type-I quasi-absorptive BPF with
arbitrarily prescribed GD.
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Fig. 3. Equivalent circuits of type-I absorptive BPF under (a) even-mode
and (b) odd-mode.
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B. Type-I: Arbitrarily Prescribed GD First-Order
Quasi-Absorptive BPF With a Singly Loaded
Absorptive Network

Fig. 2 shows the proposed structure of the first-order type-I
quasi-absorptive BPF, which is constructed by connecting two
back-to-back singly loaded quasi-absorptive coupled lines.
To connect RF ports for measurement purpose, additional
transmission lines (TLs) with characteristic impedance Z, =
1/Yy = 50 Q and electrical length 6y are added at input and
output ports. As seen in Fig. 2, the proposed type-1 absorptive
BPF is symmetrical, which can be analyzed using an even-
and odd-mode analysis. Fig. 3 shows the equivalent circuits of
the proposed type-I absorptive BPF under even- and odd-mode
excitations. Using Fig. 3, the even- and odd-mode admittances
for the type-I filter can be written as

Yaa Yoo — Y2, + jYoYus tan(bo £/ fo)

Y1ype T even = Yo - (4a)
ypetee YoV + j (YaaYeo — Y3,) tan(bo £/ fo)
Yoa + jYotan(bo f/ o)
YType-Lodd = Yo - . (4b)
Y, + ]Yaa tan(HOf/fO)
Using even- and odd-mode input admittances, the

S-parameters of a type-I quasi-absorptive BPF can be
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TABLE I

CALCULATED CIRCUIT PARAMETERS OF TYPE-I BPF WITH ARBITRARILY
PRESCRIBED GD WITH 6y = 45° (REFER TO FIG. 4)

ety o K ZwslNao ZoVe  Zu=1Va R
=h °  (dB) () Q) (L) (®)]
6 126 1242038 77.0300 30 130
8 144 1394312 94.7995 30 160

expressed as

2
Y 0o Y Type-I-even Y Type-I-odd

Type-1 Type-I
S = = (Sa)
! . (YO + YType—I—even) (YO + YType-I—odd)
Y- -7 Y
Type-I Type-1 Type-I-odd Type-I- 0
Szilpe — S1 %fpe _ ( ype-I-o ype: even) (5b)

B (YO + YType—I—even) (YO + YType—I—odd)
where Yy = 1/Zy is a port admittance. Using the phase
of Sleype'I, the GD of type-I BPF according to f can be
calculated as
1 dis)™!
2 df

To calculate circuit parameters with arbitrarily prescribed
GD, (6) is further simplified at f = f

Type-I _

(6)

7|

T|Type—I — aY(?o + YOOC + d + ﬁ (7)
I=h 4f0bY020 7 fo
where
1 —k2 k2 k2 (8a)
a=——, = = —— a
Y2(1+k)* Yo(1 + k)? 14k
2 k2 A
k“Yy = — for short-circuited —stub
d = St o (8b)

2y _ 2K rcuited -
2kYy = for open-circuited 2stub.
ot

Based on the analytical analysis, arbitrarily specified flat
GD and magnitude response can be obtained by selecting the
appropriate Yy, and k if Y or Y are specified by the designer.
Therefore, the solution of Yy, in terms of specified GD at f,
k, Y, or Yo can be found as

a¥y — 4f0b(r|}y="j,j - ﬁ)YOzO +Yoec+d=0. (9
7 fo

As noted from (9), Yy, has three roots and one of these
roots is the optimum circuit parameter of the proposed BPF
with an arbitrarily prescribed GD.

For illustration purposes, Fig. 4(a) shows the magnitude/GD
responses of type-I BPF with different arbitrarily prescribed
GDs. Table I gives the calculated circuit parameters. As seen
from Table I, a higher GD can be achieved by decreasing
k and Yy,. The proposed filter can provide three reflection
zeros in passband either at real or imaginary frequencies.
Moreover, the proposed BPF shows quasi-absorptive responses
with a return loss better than 9.5 dB at all frequencies. The
transmission coefficient roll-off characteristics improved with
an increasing GD.

Fig. 4(b) shows the magnitude/GD responses according to
different R values. When R = 0 Q, the filter response is
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Fig. 4. Magnitude/GD responses of the first-order type-I BPF. (a) Different
magnitude/GD. (b) Magnitude/GD according to R.

similar to a reflective-type Chebyshev filter. Similarly, the GD
ripple can be minimized by increasing R without degrading
the insertion loss (IL) at fy. In addition, R also contributes to
an improved absorption of out-of-band signals. In this work,
the in-band GD ripple (zrppie) is defined as

Tmax — Tmin

Tripple = B (10)

where 7Tm,x and 7y, are the maximum and minimum GD ripple
within the passband (refer to Fig. 5), respectively. Similarly,
the 3-dB passband and flat GD fractional bandwidth (FBW)
of the proposed BPF can be calculated as

fﬁs B fL3 B

fo

fa— L
fo

where f1348, fr3ap are lower and upper cutoff frequencies
of 3-dB passband, respectively (Fig. 4(a)). Similarly, fi and
fu are the lower and upper cutoff frequencies in between
which the GDs are equal to 7, within the passband as shown
in Fig. 4(a). Once circuit parameters are determined for the
specified GD at fy, then minimum zyjppe, 3-dB passband,
and in-band GD FBWs are calculated by finding the cutoff
frequencies using MATLAB.

Fig. 5(a) illustrates the magnitude/GD responses of the
open-circuited A/2 stub and short-circuited A/4 stub for

= f(ka YOU YOO,R) (lla)

As, 348 =

Agp = = f(k, Yot, Yoo.R) (11b)
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Fig. 5. Magnitude/GD response of first-order type-I BPF. (a) Comparison
between A/2 and A/4 stub and (b) different k and Yy, = 1/Z,.

TABLE II

CALCULATED CIRCUIT PARAMETERS OF THE TYPE-I BPF WITH A
NORMALIZED GD r}l"f)’l X fo =15,0p = 45°, AND
Zot =1/Yo = 3{9 (REFER TO FIG. 5)

Zoe Zoo R Agp = fu-fi Tmax—Tmin
k (dB =1/Y0e =1/Yoo fo Tripple = — 5
(dB) Q) () (&) As,,—3a5 (%)
-11.30  132.26 75.65 120 10.35/9.63 0.22
-11.70  124.25 72.97 130 9.05/8.45 0.12
-12.0 117.01 70.03 145 8.78/8.42 0.06

comparison. As seen from Fig. 5(a), the same magnitude/GD
responses can be achieved if Zy = Zy/2.

Fig. 5(b) depicts the magnitude/GD responses of a BPF
with different k, Yo, = 1/Zy,, and R. The calculated circuit
parameters for Fig. 5 are shown in Table II. To facilitate a
conclusive explanation, a few variables are labeled in Fig. 5
as R, and f,, i = 1, 2, 3), which are defined as the
maximum passband reflection and location of reflection zeros,
respectively. As seen from Fig. 5, the in-band GD ripple is
minimized by decreasing k and increasing R for a specified
GD at f = fy. Similarly, the calculated 3-dB passband and
GD FBWs are shown in Table II.

As seen from Table II, 3-dB passband FBW is slightly
smaller than in-band GD FBW. When the in-band GD ripple
increases from 0.06 to 0.22, in-band GD and 3-dB passband
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Fig. 6. Calculated circuit parameters of first-order type-I quasi-absorptive
BPF with a passband maximum reflection (R,) of —15 dB and 6y = 45°.

FBWs increased from 8.78% to 10.20% and 8.42% to 9.28%,
respectively. Also, the two reflection zeros f),1 and f,3 move
toward f», resulting in an improvement in R, as well as 3-dB
passband FBW.

Fig. 6 depicts the circuit parameters calculated for the
type-I quasi-absorptive BPF with different GD as design graph.
A higher GD can be achieved by decreasing k and increas-
ing Zo,. Meanwhile, the 3-dB passband and in-band GD
FBWs decrease with an increasing GD. Therefore, a tradeoff
exists among the in-band GD, 3-dB passband FBW, and GD.
As observed from Fig. 6, Z(. and Z, can decrease by reducing
Zy for the same GD at f = fj. In addition, a higher GD can
be achieved by decreasing Z,; with practical realizable coupled
line Zy. and Zy, circuit parameters.

C. Type-1I: Arbitrarily Prescribed GD First-Order
Quasi-Absorptive BPF With a Double Absorptive
Stub in Coupled Line Section

Fig. 7 shows the proposed structure of a first-order type-II
arbitrarily prescribed GD absorptive BPF. The symmetrical
structure of the type-II BPF is constructed by connecting
absorptive stubs at the input and output port of the type-I
BPF. As with type-I, the S-parameters of type-II BPF can be
derived as follows using equivalent circuits under even- and
odd-mode excitations, as shown in Fig. 8:

Y, ()2 Y Type-1l-even Y Type-1I-odd
(Yo+ Yrype-tt-even) (Yo + Y1ype-ti-odd)
SType-H _ SType-H _ (YType—H—odd - YType-H-even) Yo (12b)
. 2 (YO + YType-H—even) (YO + YType—H—Odd)

Type-II Type-II
S yp =S ype-il _

11 22 = (12a)
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Fig. 7. Proposed structure of a type-II quasi-absorptive BPF with an
arbitrarily prescribed GD.
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Fig. 8. Equivalent circuit of type-II absorptive BPF under (a) even-mode
and (b) odd-mode excitations.

where
Y, 4 jYotan(6o f/ fo)

YTvpell even = 13
meetteen = Yoy Sy o o) Y
Y, 1Y, tan(6;,
Yrype-il_odd = Yo— +]. otan@f/ o) (13b)
YO + ]Yn tan(‘ginf/fO)
Y, ! +7, Yap (13¢c)
= - c
" R+4jZy “ Y
1
Y, = — + Y. 13d

Using the phase of Ssz'pe'H, the GD of a one-pole type-II

BPF at f = f; can be derived

r|Typell — i W < 4 ﬁ (14)
=t 4 fo bY020 Yo 7 fo
where
1 LA
Yy = —for short-circuited —stub
o Zy 4 (15)

A
2Y, = ——for open-circuited —stub.

Equation (14) indicates that the GD of a first-order type-II
BPF is higher than that for type-I due to the additional
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Fig. 9. Magnitude/GD responses comparison of first-order type-I and type-1I
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TABLE III

CALCULATED CIRCUIT PARAMETERS TYPE-I AND TYPE-II BPFs WITH
Zot = 1/Y o = 30 Q AND 6y = 45°(REFER TO FIG. 9)

Type-1 BPF Type-1I BPF

T=ro % fo | Zo Zo R B | Zoe Zow R Agp

(9)) Q ©@ ) | ©Q Q@ €
7 1332 867 135 710 | 1342 8178 90 936

Bs, 205 6.77% 7.62%

absorptive stubs at the input and output port. Using (14),
the solution of Y, for the type-1I BPF in terms of the specified
GD at fy, k, Yy, or Yy can be obtained from

e (90

— = )bY2 + Y, d=0.
4Ys fo ﬂfo) 0o ¥ Y0oC +
(16)

Type-I1
avy, —4f0(r|fy=p;0 —

The required circuit parameters for the type-II BPF can
be obtained by solving (16) by providing the values of GD,
fo, k, and Yo = 1/Zy. After obtaining Yo, = 1/Zgo, the
Yoe = 1/Z¢. can also be found by using (1).

For illustration, Fig. 9 shows the S-parameter magnitude
and GD responses of first-order type-I and type-II arbitrarily
prescribed GD quasi-absorptive BPFs. The calculated circuit
parameters are shown in Table III. As seen from Fig. 9, the
3-dB passband and in-band GD FBWs for the type-II BPF is
wider than that for type-I for the same GD. The filter generates
three reflection zeros in passband either at real or imaginary
frequencies. In addition, the type-II BPF has an improved
stopband reflection because of the additional absorptive stubs
at the input and output ports, which contribute wider matching
and transmission bandwidths as compared to type-I for the
same GD.

Fig. 10 depicts the S-parameter magnitude and GD
responses for the type-II for different arbitrary GD. As seen
from Fig. 10, the BPF with a higher GD can be designed
by decreasing k and increasing the odd-mode impedance of
a coupled line when the characteristic impedance of the stub
is fixed. With an increase in the GD, the 3-dB passband and
GD FBW decreases, which results in improvements of the
passband roll-off characteristics. Also, it is noted from Fig. 10
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Fig. 11.  Calculated circuit parameters of a first-order type-II BPF with a
passband maximum reflection (Rj) of —20 dB and 6y = 45°.

that reflection poles f,1 and f,3 move closer to f,, when GD
moves toward a higher value, resulting in a slight degradation
in the maximum stopband reflection.

Fig. 11 depicts the calculated circuit parameters of a
first-order type-II quasi-absorptive BPF with different GD and
Zo = 1/Y4. As seen in Fig. 11, a higher GD can be achieved
by increasing Z, and decreasing k. Similarly, 3-dB passband
FBW is slightly smaller than in-band GD FBW and decreases
with an increase in GD.

D. Extension to a Higher Order Quasi-Absorptive BPF With
Arbitrarily Prescribed GD

The proposed quasi-absorptive BPFs with arbitrarily pre-
scribed GD response can be extended to a higher order by
cascading the one-pole BPF as shown in Fig. 12. For higher
order, connecting line between one-pole quasi-absorptive BPF
would be 26 (double of input—output transmission line). The
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M4, Y
M2,Y,, : '““” I
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Fig. 12. Higher order quasi-absorptive BPFs with an arbitrarily prescribed
GD. (a) Type-1. (b) Type-II.

overall GD of the nth-order quasi-absorptive BPF is given as

N

N 2 Type-1 or Type-I Type-1 or Type-1I
Tl o= Ti| Zpe or Type 4+ =N T| Zpe or Type-IT
f=r f=h f=h

a7
i=1

To investigate the effect of 26, between one-pole

quasi-absorptive BPFs, Fig. 13 shows magnitude/GD

responses for the first-order (n = 1), second-order (n = 2), and
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TABLE IV
CIRCUIT PARAMETERS OF THE PROPOSED QUASI-ABSORPTIVE
BPFS WITH DIFFERENT FILTER-ORDER AND
GD WITH 0y = 90° (REFER TO FIG. 13)
Type-1 BPF
n
Zo. () Z0o(Q)  Zu(Q)  R(Q)  Agp(%)  As,—3q5(%)
1 123.27 67.58 50 140 12.45 10.56
2 123.27 67.58 50 140 12.45 7.82
3 123.27 67.58 50 140 12.45 6.40
Type-1I BPF
n
Zoe (Q) Z0o(Q)  Zu () R(Q)  Agp(%)  As,-3q5(%0)
1 141.23 81.87 50 110 12.95 10.85
2 141.23 81.87 50 110 12.95 7.84
3 141.23 81.87 50 110 12.95 6.35
>
&
[]
o
o
=]
2
o
= Z,=500Q k=-10.7dB,Z, =123.27Q,Z, =67.58Q, R=140Q
s 04
o -10 -
g 20
= =30
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0.85 0.90 0.95 1.00 1.05 1.10 1.15
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()
- 0--20 =90° —e—20 =180°
> 16 0 0
E z
[
(=]
o
=3
<
(O]
o
i
[}
T
2
s
o -40 e
. ---e---n=2
g -50 — T T T 1 T T T T T
0.85 0.90 0.95 1.00 1.05 1.10 1.15
Normalized Frequency (flf;)
(b)
Fig. 13. Magnitude/GD responses of different order (n = 1,

2, 3) quasi-absorptive BPFs. (a) Type-I. (b) Type-II.

third-order (n = 3) quasi-absorptive BPFs with different 6.
When 26y = 180°, the ripple in passband GDs is minimum
for second- and third-order BPFs. Therefore, we choose
26y = 180° for designing higher order quasi-absorptive BPE.
The calculated circuit parameters, 3-dB passband, and GD
FBWs are given in Table I'V. As seen from Fig. 13, the in-band
GD increased with an increase in the filter-order. With the
same circuit parameters, the different-order quasi-absorptive
BPFs have increased the GD while maintaining the same
in-band GD FBW. In addition, both stopband attenuation and
the passband roll-off improved, however, the 3-dB passband
FBW decreases accordingly with an increasing number of the
filter-order. The input—output return losses are higher than
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Group Delay

-50 ——7— 17—
085 090 095 1.00 105 110 115 1.20
Normalized Frequency (fIf;)

Magnitude (dB)

-50 —— 7
080 085 090 095 100 1.05 110 115 1.20
Normalized Frequency (f]f;)

(b)

Fig. 14.  Magnitude/GD responses of different-order quasi-absorptive BPFs
with a fixed maximum GD. (a) Type-1. (b) Type-IIL.

TABLE V

PROPERTIES CIRCUIT PARAMETERS OF THE PROPOSED
QUASI-ABSORPTIVE BPFS WITH DIFFERENT FILTER
ORDER, Ty—f, X fo =38, AND 26y = 180°
(REFER TO FIG. 14)

Type-1 BPF
"T20Q 7@  ZiQ RO A As (%)
1 128.68 87.29 25 140 5.80 5.60
129.63 75.05 50 150 11.20 8.0
3 158.09 85.66 130 310 17.60 10.40
Type-11 BPF
"TTZQ) Zo@  Z0@ RQ) A%  bs,sas)
1 129.62 82.73 25 88 7.60 6.40
136.20 71.89 50 101 14.80 8.80
3 163.24 83.77 130 245 20.80 10.80

10 dB for type-I and 15 dB for type-II for all frequencies.
Also, all-band quasi-reflectionless behavior can be achieved
at both input and output ports.

To demonstrate the in-band GD FBW enhancement capa-
bility of the proposed quasi-absorptive BPF, Fig. 14 depicts
the S-parameter magnitude and GD responses of the different-
order. In these designs, the normalized in-band maximum GD
is maintained at a constant value while increasing the filter-
order. The circuit parameters are given in Table V. As seen
from Fig. 14, the in-band GD and 3-dB FBWs increase with
an increase in the filter-order. However, 3-dB passband FBW
improvement is relatively smaller as than in-band GD FBW.

Based on these observations, a step-by-step design guideline
of the proposed BPFs can be summarized as shown in Fig. 15.
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z,:{20Q<27, <50 Q}
Initialize |k : {-8 dB < k <-18 dB}

R: {5()Q<RS3OOQ}

=Yz usmg (9) for type-I
00 * usmg (16) for type-II
l/ZOQ using (1)

[ alculate: {ST " usmg (5) for type-I ]
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Tpe-i Type-I
[Calculate 1 dLS i={ pe ]

Type-1I

Meet

Rp, Tripple 9 Adjust: R, k
Y

Meet Zo., Zo,
physically realizable?

Adjust: Z,,

Obtain physical dimensions using ADS LinCal
corresponding to Z,,, Zo., Zy, for specified substrate

( Simulate and fabricate circuit )

Fig. 15. Design flowchart of the proposed quasi-absorptive BPFs.

(b)

Fig. 16. EM simulation layouts with physical dimensions and photographs of
fabricated type-I quasi-absorptive BPFs with prescribed GD. (a) First-order.
(b) Second-order. Unit: millimeter (mm).

1) The process starts with setting values of r}fﬁo_’, fos
Tripple> and maximum reflection in passband R, where
i = type-I or type-II.

2) Once the specifications of BPF are determined, set initial
values of Z, k, and R. For practical implementation of
filter, the values of Z, k, and R should be in the range
of 20-50 Q, —8 to —18 dB, and 50-300 €, respectively.

3) Determine Yy, = 1/Z, using (8) in case of type-I and
using (15) in case of type-II. After obtaining values
of Yoo, Yoe = 1/Z¢e are calculated using (1).

Group Delay (ns) Magnitude (dB)
o = N w'é

OD S, Sim ---o---'§  Sim —*—§  Meas —*— S,, Meas

TN\
= S

] . i} —*— GD Meas = .
¥ ---0--- GD Sim N
-1 T T T T T T T T T
3.0 3.2 3.4 3.6 3.8 4.0
Frequency (GHz)
(a)

-b-D--- S,,Sim ---o--- §,, Sim —=— S8, Meas —*—§,, Meas

—=&— GD Meas
---0--- GD Sim

Group Delay (ns) Magnitude (dB)

-1 — 77— T — 7T
20 25 30 35 40 45 50 55 6.0
Frequency (GHz)

(®)

0“ 8§, Sim--->--§,,Sim —=s—g Meas—e— S,, Meas

Magmtude (dB)
N
o
1

30

-40 ;
+ 4 ~oo40- §,, Sim —+—S8,, Meas
5 4
z o]
° 27
o 4] N
=3 I —e— GDMeas 2=
[ 0—_ ---¢--- GD Sim
S - —

3.0 3.2 34 3.6 3.8 4.0
Frequency (GHz)
(©

Fig. 17.  Magnitude/GD responses of the type-I quasi-absorptive BPFs.
(a) First-order narrow-frequency response. (b) First-order wide-frequency
response. (c¢) Second-order narrow-frequency response.

4)

5)

6)

After obtaining circuit parameters Yo = 1/Z,
Yoo = 1/Zyo, and Z, calculate S-parameter magni-
tudes using (6) and (12) for type-I and type-II BPFs,
respectively. Using the phase of Sy, calculate the GD
response according to frequency.

Calculate  7jpple, 3-dB passband and GD FBWs
using (10) and (11) and compare R, and zjype With
the given specifications as shown in step (1). If R, and
Tripple are not satisfied with the required value, adjust k
and R, and then repeat steps (3) and (4).

Check physical realizability of Yo. = 1/Z¢e, Yoo = 1/Z0o.
If the coupled line is not realizable practically, then
adjust Z, and repeat steps (3)—(5).

Authorized licensed use limited to: Jeonbuk National University. Downloaded on February 10,2021 at 01:37:55 UTC from IEEE Xplore. Restrictions apply.



1412

e -3 £
83048 058

(b)

Fig. 18. EM simulation layout with physical dimensions and photographs
of fabricated type-II quasi-absorptive BPFs with prescribed GD. (a) n = 1.
(b) n = 2. Unit: millimeter (mm).

7) Higher order BPF can be designed by cascading the
first-order BPF.

8) Once all circuit parameters are determined for given
specification, obtain physical dimensions of coupled line
and TLs, and perform electromagnetic (EM) simulation.

III. SIMULATION AND EXPERIMENTAL RESULTS

For experimental demonstration, the proposed type-I and
type-II quasi-absorptive BPFs were designed and fabricated on
Taconic substrate with a dielectric constant (g,) of 2.20 and
thickness (#) of 0.787 mm. The simulation was performed
using ANSYS HFSS 2020.

A. Results of the Arbitrarily Prescribed GD Type-1
Quasi-Absorptive BPF

The design goal for one-pole equiripple (first-order) type-I
BPF is set to 7% = 175 ns at fy = 3.50 GHz with
maximum passband reflection R, = 15 dB and 6, = 45°.
Using the design procedures outlined in Fig. 15, the calcu-
lated circuit parameters of the first-order quasi-absorptive BPF
(n = 1) for given specifications are determined as Z,, = 35 Q,
R = 130 Q, k = —12.6 dB, Z;,. = 147.8333 Q, and
Zoo = 91.6848 Q. For experimental validation, open-circuited
A2 stub is chosen instead of short-circuited /4 stub because
of lower characteristic impedance needed for the later one
which makes it is not feasible. Fig. 16(a) shows the layout with
the physical dimensions and photograph of the fabricated BPF.
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Fig. 19. Magnitude/GD response of type-Il quasi-absorptive BPFs.
(a) First-order narrow-frequency response. (b) First-order wideband-frequency
response. (c¢) Second-order narrow-frequency response.

Fig. 17(a) shows the simulated and measured GDs and
S-parameter magnitudes of the first-order type-I quasi-
absorptive BPF. The measurement results agree well with the
simulation. The measured GD and IL at f, = 3.50 GHz
are 1.72 ns and 0.91 dB, respectively. The measured GD
and 3-dB passband FBWs are 10.28% (3.305-3.665GHz)
and 8.71% (3.32-3.63 GHz), respectively, with GD variation
of 1.65-1.92 ns. Similarly, the measured input—output return
losses are higher than 18.05 dB/17.65 dB at f = f and higher
than 6 dB at all frequencies.

Fig. 16(b) shows the layout and fabricated circuit photo-
graph of the second-order quasi-absorptive BPF with pre-
scribed GD. The circuit parameters for the second-order
designed BPF are the same as those of first-order. The sim-
ulated and measured GDs and S-parameter magnitudes of
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TABLE VI
PERFORMANCE COMPARISON OF THE PROPOSED BPFS WITH STATE-OF-ARTS

fo(GHz) | IL(dB) | RL(dB) |7y—s, (08) | Agp (%) | As,i_zas (%) | A Circuit Size

[14] 1 091 16.5/11 X X 8.80 No 0.47,x0.23),

[17] 3.86 1.8 15/9.7 X x 9.30 No NA

[25] 3.0 1.20 18/10 X X 11 No 1.144,X0.501,

[26] 245 2.20 14.8/20 4 6 6 No 1.254,X0.421,

[27] 245 0.60 18/13 1.10% X 22.5 No 0.710,X0.46),
This work! 3.50 0.91 18/10 1.72 10.28 8.71 Yes 0.2824x0.702
This work!! 3.50 2.10 25/9.5 3.40 7.72 5.80 Yes 0.442,x0.70%¢
This work™ 3.50 1.03 26.6/14 1.76 11.71 9 Yes 0.4224x0.802
This work!” 3.50 1.96 18/14 3.70 11.06 6.72 Yes 0.7624x0.802¢

A: arbitrarily prescribed group delay capability
RL: input/output return losses at fy/all frequencies
*: simulated group delay using ideal circuit parameters [27]

second-order BPF are shown in Fig. 17(b). The measured
GD and IL at fy, = 3.50 GHz are determined as 3.40 ns
and 2.10 dB, respectively. The measured GD varies from
3.20 to 3.56 ns with in-band GD and 3-dB passband FBWs
of 7.72% and 5.8%, respectively. Similarly, the input—output
return losses are higher than 25 dB at f; and higher than 8 dB
in all frequencies.

B. Results of Arbitrarily Prescribed GD Type-11
Quasi-Absorptive BPF

The type-II quasi-absorptive BPF was designed and fab-
ricated at fy = 3.50 GHz with %" = 1.75 ns. The
calculated optimum circuit parameters of the first-order type-II
quasi-absorptive BPF for the given specification are given as
Oy = 45°, Zoy =35 Q, k = —12 dB, R = 100 Q, Zp. =
139.3290 Q, and Zy, = 83.3856 Q. In this design example,
open-circuited A/2 stub is chosen instead of short-circuited
Al4 stub because of lower characteristic impedance. Fig. 18(a)
shows the layout and photograph of the fabricated type-II
circuit.

Fig. 19(a) shows the measured and simulated S-parameter
magnitudes and GDs. These results show that the measure-
ment results are in good agreement with the simulation and
theoretical predicated values.

From the experiment, the GD is 1.76 ns at f; and the pass-
band flat GD extends from 3.30 to 3.71 GHz. The flat in-band
GD and 3-dB passband FBWs of the fabricated first-order
type-1I filter are given as 11.71% and 9%, respectively, which
is slightly wider than the type-I BPF for a similar GD.
Similarly, the measured S-parameters at fy = 3.50 GHz are
determined as |Sy;|] = —1.04 dB, |S;;| = —36.15 dB and
|S2| = —26.60 dB, and measured input—output return losses
are higher than 14 dB for all frequencies.

For the experimental validation of a higher order BPF,
Fig. 18(b) presents the layout and photograph of the
second-order type-II BPF. The circuit parameters are the same
as the first-order BPF. Fig. 19(b) shows the measured and sim-
ulated S-parameter magnitudes and GDs of the second-order
type-II BPE. The measured GD and IL at f, = 3.50 GHz
are determined to be 3.70 ns and 1.96 dB, respectively.

The measured passband GD varies from 3.50 to 3.96 ns with
an FBW of 11.06% (3.295-3.682 GHz). Similarly, the mea-
sured 3-dB passband FBW of fabricated filter is determined to
be 6.72%, which is smaller than in-band GD FBW. Similarly,
the input-output return losses at fy are determined to be
15.65/15.50 dB, respectively. The input—output return losses
are higher than 13.4 dB in all frequencies. A performance
comparison of the proposed BPFs with state-of-arts is shown
in Table VI. As seen from Table VI, the proposed BPF
provides a quasi-absorptive filter response with an arbitrarily
prescribed flat GD. In addition, the proposed BPF structures
are very simple and can be easily extended to higher orders
for a high GD or enhanced GD bandwidth.

IV. CONCLUSION

This work demonstrates novel microstrip line absorptive
BPFs with arbitrarily prescribed GD response. The proposed
filters can achieve a two-port quasi-absorptive response over
a wide frequency range. To achieve absorption at all fre-
quencies, the absorptive stubs consisting of a series resistor
and short-circuited quarter-wavelength stub or open-circuited
half-wavelength stubs are connected at coupled lines. The
absorptive sections not only eliminate out-of-band reflections,
but also play an important role in achieving the passband
flat GD response. Higher order absorptive BPFs with an
arbitrarily prescribed GD can be easily designed by cascading
the first-order symmetrical quasi-absorptive BPFs. The exper-
imental validation of the proposed filter design methodology
was conducted by designing, fabricating, and measuring a set
of quasi-absorptive filters with arbitrarily prescribed GD and
various orders.
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