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Abstract— A new synthesis for the design of a bandpass
filter (BPF) with arbitrary real and/or complex termination
impedances is presented in this paper. The proposed BPF can
be terminated with arbitrary complex termination impedances
simply by adding series transmission lines (TLs) to the first and
the last coupled resonators. For design freedom, the characteristic
impedances of the additional TLs can be chosen arbitrarily.
Moreover, the proposed filter can be designed in either even-
or odd-ordered stages using a A/4 stepped impedance res-
onator (SIR). For the validation of the proposed filter, two- and
three-stage /4 SIR BPFs with Zg = 30 + j10 @, Z; = 50 L,
and Zg =50 @, Z; =100+ j100 2, respectively, were designed
and fabricated at the center frequency (fy) of 2.6 GHz. The
measured results are consistent with the simulation results.

Index Terms— Bandpass filter (BPF), complex impedance,
coupled line, stepped-impedance resonator (SIR), T-type network.

I. INTRODUCTION

HE bandpass filter (BPF) with real and/or complex
termination impedances is an important circuit in most
microwave applications for directly matching the adjacent cir-
cuits with a compact size, low-loss, and high-selective filtering
response. A quarter-wavelength (1/4) impedance transformer
is suitable for real-to-real impedance transformation [1].
However, the out-of-band suppression of the A/4 impedance
transformer is poor. Recently, real-to-real impedance trans-
formers with bandpass filtering response have been studied
using parallel-coupled lines with shunt-coupled lines or trans-
mission lines (TL) [2], [3], multisection parallel-coupled
lines [4]-[6], stepped-impedance resonators (SIRs) [7], and
pi-tapped feeds [8]. However, the unequal real-to-real termina-
tion impedance transformers with bandpass filtering response
are not enough for the impedance matching networks of the
power transistor, antenna, mixer, and RF harvesting system
when real-to-complex impedance matching is required.
The matching networks have been presented and can be
designed using lumped elements [9], TLs [10], stepped-
impedance TL [11], coupled lines with open/short stub [12],
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and shunt-stub networks [13], [14]. The design formulas
were previously considered only for center frequency (fo),
but the out-of-band suppression characteristics were poor.
Recently, the evanescent-mode cavity and microstrip line
matching networks with filtering response were designed for
use in high-power and high-efficiency amplifiers [15]-[20].
In [15], a two-stage cavity resonator BPF with complex
termination was studied under a coupling matrix. The complex
termination impedance could be obtained by modifying the
coupling matrix of the 50-Q termination BPF. In [16]-[18],
the microstrip line matching networks were designed by
converting ladder LC lumped elements in the low-pass fil-
ter (LPF) of [22] to the distributed elements. These networks
provided good passband characteristics; however, the lower
and higher stopband attenuations were limited. The LPFs
based on arbitrary real-to-real termination impedance were
designed, after which the real-to-complex termination could
be obtained by adjusting the reactance element values at the
complex impedance terminal. In [19] and [20], the impedance
transformers with bandpass filtering response were used to
design a high-efficiency and high-power amplifier. Similarly,
the complex termination impedance of the transformer was
obtained by optimizing that from the real-to-real termina-
tion impedance transformer. In [21], a new dual-band filter
with complex termination impedances was proposed using
a coupled resonator. However, there are no fabrication and
measurement results.

The microstrip BPFs have generally been studied using
equal termination impedances (i.e., 50 Q) with a com-
pact size, high selectivity, and controllable spurious perfor-
mance [23]-[28]. However, the general microstrip BPF with
complex termination impedance has not been widely studied
to date. In [23], a A/4 uniform impedance resonator with
alternative J-/K-inverters was analyzed for the even-order
Chebyshev BPF with equal termination impedances. Similarly,
in [24] and [25], the BPFs with controllable spurious perfor-
mance were designed using 4/4 SIRs. However, it is observed
that these BPFs can be designed only with the even-order
stages.

In this paper, a new design methodology for microstrip
BPFs with arbitrary real and/or complex terminations
impedance is investigated mathematically using narrowband
A4 SIRs. The proposed filter can provide controllable spu-
rious characteristics with either even- or odd-order stages.
The K-inverter and its T-type equivalent circuit are derived
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Fig. 1. Proposed structures of complex termination impedances /4 SIR BPF.
(a) Even-order stage. (b) Odd-order stage.
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Fig. 2. Equivalent circuit of proposed complex termination impedances
A4 SIR BPF. (a) Even-order stage. (b) Odd-order stage.

through a straightforward technique. The design formulas have
been mathematically checked and verified by lossless circuit
simulations, electromagnetic (EM) simulations, and measure-
ments. Moreover, the proposed BPF can be simultaneously
designed with a predefined fractional bandwidth (FBW), num-
ber of stages, passband response (Chebyshev or Butterworth),
and complex termination impedances.

II. CIRCUIT ANALYSIS

Fig. 1 shows the proposed structures of complex termina-
tion impedances A/4 SIR BPF in even-and odd-order stages,
respectively, where the complex termination impedances are
Zs = Rs* jXs and Z; = Ry £ jX;. The filter can
be designed for real-to-real, real-to-complex, or complex-to-
complex termination impedances as desired. The proposed
structure consists of open-ended parallel coupled TLs and
T-type TLs cascaded alternatively. For the even-order, the net-
work is ended with the parallel-coupled line and series TL with
a characteristic impedance of Y5 (=1/Zp), as seen in Fig. 1(a).
For the odd-order, the network is ended with the T-type
TLs and series TL with a characteristic impedance of Zp,
as seen in Fig. 1(b). The electrical lengths of resonator and
series TLs of T-network can be added to or subtracted from
adjacent TLs with the same characteristic impedances. The
equivalent circuits of Fig. 1 can be modeled with alternative
J- and K-inverters as shown in Fig. 2 for even- and odd-order
stages, respectively, where Y> (=1/Z3) is the image admittance
of parallel-coupled lines [6], [7]. Y> and 6> can be varied
according to the stepped-impedance ratio (Rz = Y1/Y>) [29],
where Y4 (=1/Z4) and Yp are arbitrarily chosen variables.
In case of conventional A/4 SIR BPFs [24], the character-
istic impedance of Z; is always equal to the termination
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impedance, i.e., Zp = Zy = 50 Q, because 6, is less than
7/2 at the center frequency (fp). In the conditions of 6, <
/2 and Zy # Zy, the input admittances (Y;,s and Y;j,1) of
the conventional 1/4 SIR BPF will be complex admittances.
However, these complex admittances cannot directly match
the adjacent J- or K-inverters. For a solution to the complex
admittance, the TLs with electrical parameters of Z4 with 64
and Zp with 0p are added to the input and output ports of the
conventional A/4 SIR BPF. The addition of series TL sections
is more beneficial than the addition of shunt TLs for capacitive
or inductive effects in terms of bandwidth and simplicity.
By adding the TLs, Z» of resonators can choose arbitrary
impedances when the termination impedances (Zs and Z;)
are arbitrary real and/or complex values.

A. Even-Order Bandpass Filter

Fig. 2(a) shows the equivalent circuit of the proposed
complex termination impedances A/4 SIR BPF with even-
order stages. The resonators are coupled with J-/K-inverters
alternatively, where the J- and K-inverters are implemented
with parallel-coupled line and T-type network, respectively.
Since the last inverter ends with a J-inverter, the input and
output network syntheses are the same. The T-type network
consists of two series TLs with a short-circuited shunt stub,
and designed equations will be discussed in the next section.
Since J-/K-inverters cannot directly match the complex ter-
mination, the complex impedance must be transformed to real
impedance. From Fig. 2(a), the input admittance of Yj,s can
be derived as follows:

Yins = Re(Yins) + jIm(Yiys) (1)
where
[ (Y2A3 — Axtan ) (A — Y Aq tanby)
+(A2 + Y2 Az tan 6r) (Y2 As + Aj tanbs)
Re(Yins) = Y27 5 5
(Y2A3 — Axtan6)? + (Y2A4 + A tan6s)
(2a)
[ (Ax + Y2 Astan6) (Y2 Az — Ap tanby) 1
—(A| — YrAstan6y)(Y2A4 + Ajtan ;)
Im(Yins) = Y2 - 5 5
(Y2A3 — Axtan6)? + (Y2A4 + A tanbs)
(2b)
Al =Yy — Y,§XS tan 04 (2¢)
Ay = Y2Rgtanf, (2d)
A3z = RsYyu (2e)
Ag = XgY4 +tanly. (2f)

Rs and Xg are the real and imaginary parts of source
impedance, respectively.

The electrical length of resonators with characteristic admit-
tance of Y> can be calculated using Rz and Y (=1/Z1). There-
fore, the TLs with electrical parameters of Y4 with 84 and Y35
with fp_, are used to adjust the input admittances of Y;,s and
YinrL_. for pure real admittances. For this, the electrical length
of 04 is derived as follows by substituting (2b) equal to 0:

—Cy £ ,/C3 —4CC3

04 = tan”! e 3)
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where
Cr = [YXXSB1 —Yﬁ(R§+X§) tan6; + B; | (4a)
G = {[Yi(RLz? + X?v) —1]B + ZXS(Yi tan6 + By)}Y4

(4b)
C3 = Y;[B2(R§ + X5) — XsB) — tan 6] (40)
By =(-— tan’ h)Y, (4d)
By = Y22 tan 6, (4e)

and 64 must be a positive real number for given Z4 and other
variable values. In practical, Z4 can be chosen within the
realizable range of 20-130 Q.

Similarly, the input admittance of Yi,;, . can be derived as
follows:

Yint_e = Re(Yinr_¢) + jIm(Yinr _e) ©)
where

[ (Y2A7 — Agtan6r)(As — Yo Agtan 6s)
| +(A6 + Y2A7tan62)(Y2Ag + Astan 60) |

(Y2A7 — Agtan 05)? + (Y2Ag + As tan )2
(62)

Re(Yinr o) = 12

[ (Ag + Y2 A7tan 6,)(Y2A7 — Agtan6h)
i —(As — YrAgtan0y)(Y2Ag + Astan6,) |

(Y2A7 — Agtan61)? + (Y2 Ag + Astan 6)2

Im(Yiur o) =12

(6b)
As =Yp — YéXL tandp , (6¢)
A¢ = Y3R, tanfp , (6d)
A7 = R.Y3p (6e)
Ag = X1 Yp +tanfp .. (6f)

In order to obtain a real value of Y;,; ., (6b) must be equal
to 0. Thus, the electrical length of 0p , can be derived as

follows:
—Cs £ ,/C2 —4C4Cs
0 o = tan™! 2C, @)
where
Cs = [Y3X1B1 — Y5 (R? + X?) tan 6> + Bs] (8a)

Cs = {[Y2(R} + X7) — 1]B1 +2X. (Y} tan 0 + B2)} Y3
(8b)

Co = Y3[B2(R} + X7) — X.B1 — tan6s]. (8¢)

Since Z4 must have a feasible range with microstrip tech-
nology, Z 4 is chosen within the practical range of 20-130 Q.
However, it is very difficult to define realizable source/load
impedance ranges for fabrication difficulty. In order to solve
this problem, the relations between 84 and Z,4 are calculated
with different real and complex termination impedances and
plotted in Fig. 3. From (3), there are two possible results
for given Z4 and other variables values. The electrical length
of 04 is essentially varied with the termination impedance and
can be adjusted by changing Z4.

Fig. 3 depicts two different curves, one for the nega-
tive reactances (—Xgs) and another for the positive reac-
tances (+Xgs) by fixing Rg = 5 Q. For negative values
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Fig. 3. Electrical lengths of #4 according to the characteristic impedances Z 4
and reactance X g in conditions of Z1 = 130 Q, Z, =50 Q, and Rg =5 Q.

of Xg, the length of 64 has two possible design curves for
Xs = —40 to —140 Q; however, 84 has only one design
curve for Xg = —5 and —300 Q. For positive values of Xg,
64 has two possible design curves when Xg = +40 to +70 Q,
whereas 04 has one design curve for Xg = +5 Q and
+100 to +300 Q. In the case of dual results, both values can
be used to design the filter, but the shorter 84 is preferable
for compact circuit size. However, if the shorter 64 causes
fabrication difficulty of Z4, the longer 64 is preferable. The
calculations for Fig. 3 were done by fixing Z; = 130 Q,
Z>»=50Q,and Rg =5 Q.

Similarly, Fig. 4 depicts different curves, one is for fixing
Xs = —10 Q and another is for Xg = +10 Q whereas Rg
varies from 5 to 500 Q. In the case of Xg = —10 Q, 64 has
two design curves for Rg = 50 Q. 64 is required 60.2° for
all Rg from 5 to 500 Q when Z4 = 62 Q. Moreover, 64 has
two designed curves for Rg = 50 Q when Xg = +10 Q.
04 is required 50° for all Rg from 5 to 500 Q when
Za = 37 Q. The calculations for Fig. 4 were done by fixing
Z1 =130 Q and Z, =50 Q.

B. Odd-Order Bandpass Filter

Fig. 2(b) shows the equivalent circuit of the proposed
complex termination impedances A/4 SIR BPF with odd-
order stages. The source termination structure is the same
as that of the even-order filter; however, the final order
structure is terminated with a T-type network and series TL
with characteristic admittance of Yp. In this case, the input
admittance (Yj,r o) looking into the load is derived as
follows:

Yint_o = Re(Yinr_o) + jIm(Yinr_o) )
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Fig. 4. Electrical lengths of 64 according to the characteristic impedances Z 4
and resistors Rg in conditions of Z| = 130 Q, Z, =50 Q, and Xg = £10 Q.

where
(Y1A11—Ajptan61)(Ag—Y1Aqp tan 6y)
Re(¥ins o) =¥ +(Ajp+Y1Ajtan60;)(Y1 Ao+ Ag tan 6)
e(Y; =
into YA — Ajotanf;)?+ (Y1 A2+ Ag tan 6;)?
(10a)
(Ajo+Y1 A tan01) (Y1 A1 — Ajo tan 0y)
Im(Viy ) =¥ —(Ag—Y1Aptan61)(Y1 A2+ Ag tan 0)
m(Y; =
into YA — Ajotanf;)?+ (Y1 A2+ Ag tan 6;)?
(10b)
Ag = Yp — Y5 X tanOp , (10c)
Ajg = Y3Rp tanfg , (10d)
A1l = Rp.Yp (10e)
Ao = X1 Yp +tanfp ,. (10f)

Similar to the even order, Y;,7—, must be pure real admit-
tance. Thus, the electrical length of g , can be derived as
follows by substituting (10b) equal to O:

[ —Cs£\/C§ —4C1Co

2C; (1

0p o, =tan~

where
C7 = [Y3X1Bs — Y5(R] + X7) tan 6 + By] (122)
Cs = {[Y3(R] + X7) — 1]B3 +2X, (Y} tan 6, + By)}¥5

(12b)
Co = Y3[Bs(R] + X7) — X1 B3 — tan 6 | (12¢)
B3 = (1 —tan’ )Y, (12d)
By = Y} tan0. (12e)

From (3), (7), and (11), the input admittances of Yj,s
and Yj,; remain as pure real admittance for given Y4, Yp,
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Fig. 5. Electrical lengths of 6p , according to the characteristic impedances
Zp and reactance X; in conditions of Z; = 130 Q, Z», = 50 Q, and
R = 5Q.

and other variables. The relations between fp , and Zp are
studied and plotted in Fig. 5 with different values of X.
0p » can be adjusted by changing Zp. Fig. 5 depicts two
different curves, one is for positive values of X; and the
another is for negative values of X by fixing Z; = 130 Q,
Zy = 50 Q, and R = 5 Q. 0p , has two curves for
X1 = 440 to +140 Q; however, p , has one curve for
Xr =45 Q and X; = 4300 Q. For negative values of X,
0p o has one design curve for all X; = —5 to —300 Q.

Fig. 6 depicts different curves for fixing X; = —10 Q and
X1 = +10 Q, where R varies from 5 to 500 Q. In the case
of X = —10 Q, 0p , has one curve for all Rg, varying
from 5 to 500 Q. Similarly, 0p , and Zp are required to
be 58° and 118 Q, respectively, for varying Rg from 5 to 500 Q
and for X; = 410 Q. The calculations for Fig. 6 were done
by fixing Z; = 130 Q and Z; = 50 Q.

C. Stepped-Impedance Resonator and J-/K-inverters

Fig. 7 shows a A/4 SIR structure with open- and short-ends.
From [29], the resonance condition can be obtained as follows
for 81 = 6, = by:

tan2<90 =Ry = é = ﬁ
Zr I

In this paper, the characteristic impedances of Z; and
Z> can be arbitrarily chosen. The relationship among Rz,
normalized spurious frequencies, and Z; is shown in Fig. 8.
Herein, the spurious frequencies are moved far away from
the fundamental frequency as Rz decreases and Z; increases.
Moreover, the slope parameters of resonators are derived as
b=6yY, and x = 6yZ,.

Based on the previous section, the source and load
input admittances are checked as pure real admittances.

13)
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Fig. 6. Electrical lengths of 6p , according to the characteristic impedances
Zp and resistors Ry in conditions of Z1 = 130 Q, Z», =50 Q, and X; =

+10 Q.
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Fig. 8. Spurious frequency of SIR according to Z| and Ryz.

Then, the impedance and the admittance inverters (K- and
J-inverters) of the even- and odd-order 1/4 SIR BPFs can be
calculated as follows:

Joi = Re(¥ing)FBW (14a)
258081
Z100FBW
Kj,j+1=L, @j:1,3,5,... (14b)
V8j8j+1
FBWO,
Jiiv1 = 0 @i:2,4,6,... (14c)

Z/8i8i+1
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Fig. 9. Two-port inverter. (a) K-inverter. (b) Its T-type equivalent circuit.

, @p :odd number

/Re(zm o) FBWO)Z1
Kp,p+1 = —
8p8p+1

(14d)

, @m : even number

; \/Re(YinLe)FBWHO
mtl =
e Z28m8m+1

(14e)

where go, g1, &i, &j. &p> and g, are the elements of the
low-pass prototype. FBW is the fractional bandwidth of the
passband. Re(Y;,s) is a real term of Y;,s and can be obtained
from (2a). Re(Yiur_») and Re(Y;,r_.) are the real terms of
Yinr o and Yiyr . and can be found from (6a) and (10a),
respectively.

D. Implementations of J- and K-inverters

The parallel-coupled lines with open-circuit stubs can be
modeled as J-inverters and widely used in the designs of
coupled BPF [29]. The even- and odd-mode admittances of
coupled lines with arbitrary electrical lengths can be derived
as follows:

1+ Jiit1Z2csc + Ji%iJrl Z%

Zoe)i+1 = 22 15a
(Zoe)i+1 1 — Ji2i+1 Z% cot2 0 ( )
| — Jiis1ZacscO + J2 | Z3
1 —J5 Z; cot=0

where Z> is an image impedance of the coupled line and can
be chosen as an arbitrary impedance. i is the even number
starting from 0.

Fig. 9 shows the K -inverter and its T-type equivalent circuit.
The equivalent circuit consists of two TLs with electrical
parameters of Y1 and ¢;;y1, and a shunt short-circuit stub
TL with electrical parameters of Y;;11(=1/Z;;41) and € 1.
The design equations can be obtained by equating the ABCD
parameters of the K-inverter and its T-type equivalent circuit.
Accordingly, the electrical lengths of 6;; 1 and ¢;; | are
derived as follows:

—1 Yjj+1Z1cosgjjr1sin it

0;i+1 = tan - , J:L,3,5...,p
o sin® @1 — cos? @11
(16)
where
_1 Kjjt1
¢jj1 = —tan~ ! =L a7

1
Kjj+1 is a K-inverter value and can be obtained from (14).
The characteristic impedance of Z; is already equal to the
adjacent lines of the same impedance of resonators. Based
on (17), since Z; is always greater than 1, ¢;;41 is always



KIM AND JEONG: NEW SYNTHESIS AND DESIGN APPROACH OF COMPLEX TERMINATION IMPEDANCE BPF

Spec1fy RS,L; XS,L, n, FBW, Zl,z,
Yjj+1, Z4,5 and passband ripple

2
( Calculate 6, using (13) )
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Re(Yins), Re(Yinz o) or Re(Yjuz ,) using (2a), (6a) or (10a)
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( Calculate J- and K-inverters using (14) )

Calculate Zy,, Zy, using (15a), (15b)
and 011, ¢;+1 using (16), (17)
¥

Obtain physical dimensions using
ADS LineCalc

(Simulate, fabricate, and measure)

Fig. 10. Calculation flowchart for circuit parameters of proposed complex
terminations BPF.
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Fig. 11. S-parameters of Chebyshev response with different n.

negative and can be subtracted from the adjacent lines of the
same impedance TLs. Thus, the length of the resonator with
characteristic impedance Z; will be slightly shortened. The
filter performance is not influenced although the resonator
length is slightly shortened. The electrical length of 6;;11 can
be calculated by choosing Z;; arbitrarily.

Fig. 10 summarizes the design flowchart of calculation
for circuit parameters of the proposed complex termination
impedance A/4 SIR BPF.

E. Design Examples

In order to demonstrate the previous analysis, /4 SIR BPFs
with complex termination impedances and arbitrary Z, are
designed and simulated using lossless TLs and coupled lines
of the advance design system (ADS) tool. Fig. 11 shows the
frequency response of the proposed BPF with different n.
In this simulation, the termination impedances of Zg and Zj,
are fixed with a complex impedance of (30+ j10) Q and a real
impedance of 50 Q, respectively, and Chebyshev polynomial

2351

0
— -20—_
@ -40
- J
% -60—_
-80 -
3-100—_ %
“2 120 ——Z=50 09,2750 0 - ———t— 730410 Q; Z=60-159)
1 —o—Z=30410 Q, Z,=50 Q—e——0— Z=10+20 Q, Z,=70530 Q)
40 +—4r—————F—T 7
00 05 10 15 20 25 30 35 40 45 50
Normalized frequency fIf,
Fig. 12.  S-parameters of Chebyshev response with different termination
impedances.
0 "
-ZLZSOQ
20-4n=4
2 -40-
s
N—'
@ =60
% ]
-80 -
§ ]
s -100
(=2 ]
el m
-1207 ————R,-023 =R - 0538
140 —o——0—R, =0.385 ————R =0.692
- ——— 77—
0 1 2 3 4 5 6 7
Normalized frequency ff,
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prototype element values are used. As shown in Fig. 11,
the stopband attenuation is highly increased as n increases.
The spurious frequency is located at 4.6 fo with Rz = 0.385.
Moreover, the FBWs of the passband are nearly identical
for all n. From these simulations, it has been proven that
the proposed BPF can be designed with even- and odd-order
stages.

Fig. 12 shows frequency responses of the proposed
BPF with different termination impedances. The passband
responses are identical for all termination impedances.
However, the stopband attenuation is slightly improved for
Zs =10+ j20 Q and Z; = 70 — j30 Q. Similarly, the first
spurious is located at 4.6 fy with Rz = 0.385. From these
simulations, it has been proven that the proposed BPF can be
designed with real-to-real, real-to-complex, and complex-to-
complex termination impedances.

Fig. 13 shows the frequency responses of the proposed
BPF with different Rz. In this simulation, the termination
impedances are fixed at Zg = 30 4+ j10 Q and Z; =
50 Q. The Z; is fixed to be 130 Q and Z, is varied from
30 to 90 Q. As shown in Fig. 13, the spurious frequencies
are moved far away from fy as Rz decreases. Moreover,
the FBW is maintained at about 5% for all Z,. Thus, it can
be observed herein that the proposed BPF can be designed
for arbitrary Z> and complex termination impedances with
the controllable spurious characteristic. The calculations and
specifications of all variables of Figs. 11-13 are listed in
Table 1.
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TABLE I

CALCULATED VARIABLES OF THE PROPOSED BPF WITH
DIFFERENT n, TERMINATION IMPEDANCE, AND Z»

ripple = 0.043 dB, FBW =5 %, 7, = 130Q, ,=50Q [
ZA =40 Q, Z]z = Z34 = Z56: 80 Q, Z_g: 30+]10 Q, ZL: 50 Q rner
Zoot!Zoot| $12/012 | Zoer Zood|  34/034 | Zoe3! Zoos| $56/056 | 04108175
7498 8235 46.805
;3773 [203/429| 3632 12626/45 | 2
71.01 52.87 46.805
/38.73 |1-042:60| 4743 |1195/19.8 /76.04/90 | 3
69.77 51.91 75.15 46.805
139.08 [1:43/2:35| jag 2 |145/235 | ;3769 126.26/45| 4
69.22 51.73 5238 46.805
8922 l1372.23| AET |-10uea | 0535 Liangsy 46808 | s
tipple = 0.043 dB, FBW = 5 %, Z, = 40 Q, Zz = 45 Q,
Z1,=7234=80Q,7Z,=130Q,72,=50Q,n=4 Term. Impe.
ZOel/ZOo] ¢12/612 ZOEZ/ZOOZ ¢34/934 2063/2003 9,4/93 Zs/ZI‘ [Q]
77.103 51.91 7515 | 25.83
I |Lasiass| 3O |-1as23s | 200 | hee 50/50
69.77 5191 | 75.15 | 46.805 .
139.08 145235 jagan [ 149235 | 5o | neae | 301050
69.77 51.91 82.63 [46.805 |30+/10/60-/15
3908 145235 4800 | 145235 | 3608 | 32,61 TR
59.08 51.91 91.01 | 36.34 . .
208 asnss| fgon | 145235 | A5G | At | 1042017030
ripple = 0.043 dB, FBW =5 %, n=4, Z,= 60 Q, )
Z1,=2734=80Q, Zs=30+10Q, Z;= 50 Q Impedgzr;cze Ratio
1
ZOGI/ZOUI ¢12/€12 ZOeZ/ZOOZ ¢34/934 Zogg/Zo(;} HA/GB/ZB
39.1 31.13 4695 | 218
p436 |"L1719 | pgos | -L1719 | oy | 855338 30/130
63.96 51.91 6927 | 38.07
Sas rasnas| fi5h [-1asnas| 6927 BT s0130
89.75 72.72 9436 | 48.03
/5746 [103/208| 5747 | 1652681 5539 |/53.73/70|  70/130
116.55 93.55 123.00 | 5621
/73,445 [1:81/2.94 jg671 [ -1.812.94) 717199 | 742570  90/130

III. SIMULATION AND MEASUREMENT RESULTS

In order to experimentally validate the analysis,
the microstrip line BPFs with complex termination impedances
are designed and implemented on RT/Duriod 5880 substrate
with ¢, = 2.2 and h = 0.787 mm. Two filters are designed
at fo of 2.6 GHz with different specifications. The EM
simulation is performed using HFSS v17.1 of Ansoft.

The measurements of the proposed BPF are summarized as
follows.

1) The TRL calibration is performed by offsetting the
lengths of the subminiature version A connectors at the
reference impedance lines of two ports, as shown in
Figs. 14 and 16.

2) The unequal termination impedances  2-port
S-parameters are measured and extracted as an
S2P file from the network analyzer.

3) Renormalizing the termination impedance with respect
to the port impedances, i.e., 30 + j10 and 50 Q, then
the S-parameters with port impedances of 30 4 j10 Q
and 50 Q can be calculated using the ADS tool.

A. Two-Stage SIR BPF
The first BPF is designed for Chebyshev response with

ripple of 0.043 dB, Ry = 30 4+ j10 Q, Ry = 50 Q,
Zy = Zp = 100 Q, Z; = 110 Q, and Z, = 80 Q
(Rz = 0.73). The calculated variables are 64 = 35.67°,
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Fig. 14. Two-stage SIR BPF with the complex termination impedance.
(a) Layout. (b) Photograph of fabricated circuit.

TABLE II

PHYSICAL DIMENSIONS OF THE TWO-STAGE SIR BPF WITH
COMPLEX TERMINATION IMPEDANCE

Win=0.65|L1=9.75| L1=8.3 | W= 0.8 |W,,,= 0.65
Li,=85 [84=0.57|Ls1=0.73| L2=9.7 |L,,,=9.43
W, =1.05|W1=0.54 W = 0.85| S2=0.4

04

-10

S-parameter (dB)
2
1

40 -
-50 -
O+ T T 1
1 2 3 4 5 6 7 8 9
Frequency (GHz)
Fig. 15. Simulated and measured S-parameters of the two-stage SIR BPF

with the complex impedance.

Zoe1 = 98.78 Q, Zp,1 = 67.28 Q, 12 = —3.35°, 612 = 4.62°,
Zoex = 106.15 Q, Zp,x = 64.36 Q, and 6p = 38.84°.
Fig. 14 shows the layout and a photograph of the fabricated
filter. The physical dimensions from the EM simulation are
shown in Table II.

The overall circuit size is 28 mm x 14.42 mm. The
EM simulation and measured S-parameters responses are
shown in Fig. 15. The measured insertion and return losses
are 0.89 and 1933 dB at fy = 2.6 GHz, respectively.
Moreover, the passband insertion and return losses are better
than 1.1 and 18.8 dB from 2.53 to 2.67 GHz (FBW =
5.3%), respectively. The lower- and upper-side stopband rejec-
tions of 25 dB are obtained from dc to 2.09 GHz and
3.22 to 7.6 GHz, respectively. The spurious frequency occurs
at 8.79 GHz (3.38 /o).

B. Three-Stage SIR BPF

The second BPF is designed for Chebyshev response with
n =3, Rs =50 Q, R = 100—;100 Q, Z4, = 90 Q,

Zp = 60 Q, Z1 = 130 Q, Z, = 70 Q (Rz = 0.538),
Z1p = 105 Q, and Z3y4 = 70 Q. The calculated variables
are 04 = 40.24°, Zp.1 = 91.69 Q, Zp,1 = 56.71 Q,

P12 = —1.87°, 6012 = 2.31°, Zoeo = 74.08 Q, Zpo2 = 66.34 Q,
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Fig. 16.  Three-stage SIR BPF with the complex termination impedance.
(a) Layout. (b) Photograph of fabricated circuit.
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Fig. 17. Simulated and measured S-parameters of the three-stage SIR BPF

with the complex impedance.

TABLE III

PHYSICAL DIMENSIONS OF THE THREE-STAGE SIR BPF
WITH COMPLEX TERMINATION IMPEDANCE

Wi3in= 0.88| S3.1= 0.35 W35, =0.55 W3_2= 0.38| W35, = 1.78
L3iy=9 W3 1=038{W3,,=1.45| L3 2=7.3 | L3pu=2.5
Win=14| Ly 1=8 | Lya=82 | Win=123

L31=84 | L351=0.2|8302= 1.25| L3,=2.47

P34 = —6.09°, 634 = 11.33°, and Op = 10.07°. Fig. 16 shows
the layout and a photograph of the fabricated filter. The EM
simulation and measured S-parameter responses are shown
in Fig. 17. The physical dimensions are shown in Table III.
The overall circuit size of the fabricated BPF is 26.33 mm x
22.3 mm.

The measured insertion and return losses are
1.3 and 18.07 dB at fy = 2.6 GHz, respectively.
Moreover, the passband insertion and return losses are
better than 1.6 and 17.7 dB from 2.53 to 2.66 GHz
(FBW = 5%), respectively. The lower- and upper-side
stopband rejections of 30 dB are obtained from dc to
2.26 GHz and 2.97 to 9.1 GHz, respectively. The spurious
frequency occurs at 9.83 GHz (3.78 fp). The transmission
zero at the lower passband is occurred due to the coupling
effect between a short-circuit stub and the input port. From
this measurement, it has been proven that the proposed

2353

TABLE IV

COMPARISON RESULTS WITH RECENT EQUAL AND UNEQUAL
TERMINATION IMPEDANCE BPFs

Ret.| | Z2 | Grder C‘égﬁﬁﬂﬂ?“” Ref;’;‘?“” A%t(e)rsl%ggz) et H
[5] | 2 |[real-real |[Even/odd No Microstrip N.A analytical
[6] | 2.6 | real-real |Even/odd] No Microstrip| 2.8to7 | analytical
[7] | 2.6 |real-real |Even/odd]  Yes Microstrip| 2.9to 9 |analytical
[8] |2.52| real-real | N.A No Microstrip | 3.02 to 8.62 | analytical
[10] [ 1 |com-com| N.A No Microstrip N.A analytical
[15]3.03| com-50 2 No Cavity N.A analytical
[16]] 2.5 | com-50 [Even/odd]  No Microstrip| N.A  [optimizing
[24]|1.41| 50-50 Even Yes  |Microstrip| 1.6to 7.5 |analytical
vr{(})‘l{f( 2.6 [com-com| Even/odd Yes  |Microstrip| 2.8 to 9.8 (analytical

Abbreviation: com, complex; SB, stopband; atten, attenuation.

SIR BPF can be designed with the odd-order stages and
complex termination impedance.

The merits of the proposed BPF are compared to those of
previous publications in Table IV. The proposed work is more
advantageous in terms of the complex terminations impedance,
controllable spurious response, and the fact that it can be
designed for either even or odd-order stages in the microstrip
line.

IV. CONCLUSION

The new synthesis of complex termination impedances BPF
was proposed and studied in this paper. The general design
equations have been derived and validated with simulations
using lossless TLs and coupled lines. The proposed filter can
be simultaneously designed with arbitrary real and/or complex
termination impedance and either even- or odd-order stages.
In order to show the validity of the proposed filter, two
complex terminations SIR BPFs were fabricated and mea-
sured. The simulated and measured results are consistent with
the analysis. Since the complex termination impedance BPF
presented in this paper can be designed with a narrowband,
it is considered to be more reliable, more advantageous, and
to have a low loss and more design flexibility. The proposed
filter is expected to be co-designed with other microwave
circuits for various applications in microwave circuit and
system designs. Moreover, the concept idea of the proposed
work might be applied to other kinds of the resonator such
as the uniform impedance resonators and half-wavelength
SIR. In the future work, wideband and/or dual-band BPFs
with complex termination impedances are going to be
studied.
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