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1 | INTRODUCTION

Yongchae Jeong

Abstract

Microwave impedance transformer (IT) with center frequency tunable capabil-
ity is one of great research issue for better utilization of frequency spectrum
resources and system miniaturization of next generation wireless communica-
tion systems. This article presents a filter synthesis approach for designing IT
with center frequency tunable capability using single dc-bias controlled tun-
able resonators. The proposed IT provides bandpass filtering response and is
designed by properly coupling quarter-wave tunable resonators with alternate
J- and K-inverters. The J-inverters are realized using a parallel-coupled line,
whereas K-inverter is implemented with T-type short-circuited TL. Using filter
theory, analytical design equations are derived to calculate the circuit parame-
ters. The center frequency of the proposed IT is tuned over a wide frequency
tuning range (FTR) by changing the varactor diode capacitance of quarter-
wave resonators. For experimental demonstration, a prototype of 25-to-50 Q IT
is designed, simulated, and measured. The measured results confirmed that
the center frequency of the proposed IT is tuned from 2.05 to 2.91 GHz
(860 MHz or 34.68% FTR) with an insertion loss variation of 2.57 to 1.76 dB.

KEYWORDS

bandpass filter response, frequency tunable, impedance transformer, quarter-wave
transmission line resonator

of-band suppression are presented in References 12,13,
using coupled line and shunt half-wavelength TL. In Ref-

Impedance transformer (IT), which convert certain
impedance into another one; is one of key components in
radio frequency and microwave systems. These ITs are
widely used for power dividers/combiner, power ampli-
fiers, and antenna feeding networks."”” In general, IT can
be easily realized using quarter-wave (J4/4) transmission
line (TL), however, it cannot provide bandpass filtering
response. More recently, various designs of filtering ITs
have been presented with different topologies including
parallel coupled lines with shunt open/short stubs, multi-
section parallel coupled lines, and stepped impedance
resonators.* ! Likewise, wideband filtering ITs with out-

erences 14,15, ITs with enhanced impedance trans-
forming ratio and wide out-of-band suppression are
demonstrated. Using multi-section coupled line and mod-
ified coupled line, the wideband ITs are presented in Ref-
erences 16-18. In References 19-21, ITs with extremely
low or high impedance transforming are presented. More
recently, the multi-band ITs are presented in References
22-23. In Reference 24, tunable IT is demonstrated at
fixed center frequency using split strip lines. Despite sig-
nificant research, conventional ITs are designed for fixed
center frequency and none of the previously reported
ITs can provide the center frequency tunability.
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FIGURE 1
of impedance transformer with tunable

(A) Proposed structure

center frequency and (B) equivalent
circuit of proposed impedance

R, Ry, Ry : A/4 tunable resonator

(B)

Simultaneous impedance transformation and center fre-
quency tunable capability of IT are of great interest to
future wireless communication for better utilization
of limited frequency spectrum resources and system
miniaturization.

In this article, we present a filter synthesis approach
to design filtering IT with center frequency turnability
capability over a wide frequency tuning range (FTR)
using 1,/4 TL resonators. The frequency tunability can be
achieved by tuning the bias voltage of a varactor diode.
We derive general design equations for designing IT with
center frequency tunability by using filter theory.

2 | ANALYTICAL ANALYSIS
2.1 | Proposed structure of impedance
transformer

Figure 1A shows the proposed structure of the IT with
tunable center frequency. The source and load imped-
ances are terminated with R; and R;, respectively. The
proposed IT consists of source/load connecting transmis-
sion lines (TLs), parallel-coupled lines, tunable resona-
tors, and T-type TLs. The TL with Z; = 1/Y, and 6, and
the TL with Z;, = 1/Y; and 6, are connected at source
and load, respectively. The tunable resonators (R;, R,)
are coupled to source/load connecting TLs through
coupled lines. The equivalent circuit of the proposed IT is
shown in Figure 1B. The parallel-coupled lines are equiv-
alent to J-inverters, whereas the T-type TLs are equiva-
lent to K-inverters. Using filter theory, the values of J-
and K-inverters are determined?” as (1).

Re(Yiu5)ADb
J()l: & (1a)
8081
Ax
K= 1b
n= (1b)

R,

transformer
R, Ry —», :
f Hn
P 7,,0, Z.,60 C, Z,,0 ‘—l
Yi" Zink
FIGURE 2 The proposed structure of a tunable quarter-wave
resonator

Re(Yl-nL)Ab
8283

J= (1c)

where g; (i =0, 1, 2, 3), A, b, and x are low-pass prototype-
element values, fractional bandwidth, susceptance slope
parameter and reactance slope parameter of tunable reso-
nator, respectively. Similarly, Re(Y;,s) and Re(Y;,) are the
real part of input impedance looking at the first and last
inverter as shown in Figure 1B, respectively.

2.2 | Resonant frequency and slope
parameter of resonator

Figure 2 shows the proposed structure of a tunable A,/4
resonator. The resonator consists of three TLs with charac-
teristic impedance and electrical lengths of Z;, Z,, 6,, 61,
6,, and a varactor diode capacitance C,. The input admit-
tance looking toward short-circuit TL is given as (2).

) YA —+ Yz tan92 .
Yin=jY,o—~ 5 =JB, (2)
Yz — YA tan92
where
Y=Y Ys+Y: tan61 _ ZﬂvaYl COteo . i Y, — i
AT Y —Ygtand,” P Yicotby—27fC,) 1z Zy

Similarly, the input impedance toward open circuited
TL shown in Figure 2, is given as (4).
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FIGURE 3 Resonant frequency of Z,() Z, ()
the proposed resonator according to C,, 3 60 3 70
Z,, and Z,. Electrical lengths of TLs (6,, .90 =12°, 01 =20°, 90 =12°, .91 =20°,
0,, 0,) are defined at 1.50 GHz. Color 2.8 0.=30° 7. =60 58 2.8 92= 30°, Zz —60 Q 68
bar represents value of Z; and Z, 2 1
N 2.6 66
T
g
w24 64
2.2 &
2 5
5 5 2 60
4 > c by . s & 0 5 10 15 20
v (pF) Cv (PF)
. Zy+Zitang, Yins =Re(Yins) +jIm(Yins), 7
Zink :]Zl— :]X, (4) inS ( lnS) J ( lnS) ( )
Z1 — Zp tanf
where where
Zj tanf, — Z, cotd 1 103+ a0
Zy=2Z, =L 2 . (5) Re(Yins) =Y —5—5— (8a)
Z1+Z,cotd, tand, 2xfC, az+ag
i 03 — o a
The resonant frequer.lcy (fo) can be.so.lved by setting (Y ins) = Ys 2 Z ; 4 (8b)
B=im(Y;,) =0 or X =im(Z,)=0. Similarly, the sus- az +ay
ceptance slope parameter (b) and reactance slope param-
1
eter (x) of the resonator at resonant frequency f, can be a1 = ——(Ys— Y tan6, tandy) (8¢)
found as (6). 'Ry,
b fodB (6a) a =Y (Y tanfs+ Y, tand,) (8d)
2 df |y, .
a3 =YY, — Y tanf; tand, (8e)
dx
2 df |, @y = (Y2 a6, + Y, tand). (8f)
L

Figure 3 shows the calculated resonant frequencies of the
proposed resonator. The resonant frequency decreases as
C, increases. From this figure, we also note that resonant
frequency is high when Z; is low and Z, is high for the
same C,,.

2.3 | Analysis of source and load
connecting transmission lines

The source/load connecting TLs (Zs, 65, and Z;, 01) used
to match source/load impedances to another real imped-
ance at the first and last inverters. Using Figure 1B, input
admittances (Yj,s) at first J-inverter looking toward
source terminated impedance (Rjg) is given as (7) assum-
ing the impedance transforming ratio r = R;/Rs provid-
ing Ry > Rs.

The electrical length 6g of source connecting TL that can
transform Rg to another real impedance at f, looking at
the first J-inverter, can be derived as (9) by equating
(8b) to zero.

0, = tan~! <_a6 Evag- 4a5a7> ; 9)
2(15
where
as=(R;Y3/r’ —Y}) tand, (10a)
as=Y,Y,(Y2—R;/r*)(1— tan’6,) (10b)
a; =Y2(Y;—R;/r*) tand,. (10c)
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Once 0y is calculated, the value of Re(Y;,s) looking at first
J-inverter is determined as (8a). Similarly, using
Figure 1B, input admittances (Y;,;) at last J-inverter
looking toward load terminated impedance (Ry) is given
as (11).

Y= RE(YML) —|—jIm(Yl-nL), (11)
where
kiks +kyks
Re(Yi)=Y,———— 12a
( mL) 2 k% I ki ( )
koks — kyks
Im(Yi)=Y,——— 12b
( mL) 2 k% T ki ( )
kl = I/RL(YL —Y,tand, tanGL) (12C)
kz = YL(YL tanGL + Y2 tan92) (12(1)
ks =Y, Y,— Y7 tand tand, (12e)
k4 = 1/RL(Y2 tanHL—l—YL tan92). (12f)

Electrical length @, of the load connecting the TL that can
transform Ry to another real impedance at f, looking at the
last J-inverter is given as (13) by equating (12b) to zero.

2
(ke /I — aksk )

O = tan™ T R
where
ks = (Y5/R; — Y}) tan6, (14a)
ke=Y,Y1 (Y7 —1/R})(1— tan’6,) (14b)
k; =Y} (Y;—1/R;) tan6,. (14c¢)

Once 6, is obtained, the value of Re(Y},;) looking at the
last J-inverter is determined by using (12a).

0, 75,0 75,0
N Gk —
_— i
ZOei’ ZOG[ :
(A)

2.4 | Implementation of J- and K-
inverters

Figure 4A shows the parallel-coupled lines and their
equivalent J-inverter. The even- and odd-mode imped-
ances (Zoei, Zooi) of parallel-coupled lines with arbitrary
electrical length 6, and characteristic impedance Z, are
given as (15) in terms of J-inverter.

1+J;i+1Z,c5¢6; +Ji2,i+1Z§

Zoei =2 15a
T 12, Zcot?e, (152)
1—1J;i112Z,05¢0, +J?., , Z2
ZOoi =Z2 i,i+1 22 22 21,l+1 2 (lsb)
1-Ji;1Z;5 cot*0,

Figure 4B shows the K-inverter implementation with
T-type TLs. The T-type K-inverter consists of a series TL
with a characteristic impedance of Z; and electrical
length of 8, and a shunt short-circuited TL with a charac-
teristic impedance of Z, and electrical length of 6,. The
circuit parameters of the T-type K-inverter can be derived
by equating the ABCD-parameters of the K-inverter and
T-type TLs and are given as (16).

9(1 = — tan_l(Klz/Zl) (163)
K73
ek = tan_l {%} (16b)
217 — K7, Zk

The negative electrical length 6, will be absorbed by reso-
nator electrical length 6,. Therefore, the electrical length
of the resonator will be shorter than the original length
as shown in Figure 1A.

2.5 | Step by step design method

Based on the analytical design equations described in
previous sections, the step-by-step design guidelines for
the proposed IT with center frequency tunability can be
summarized as follows.

FIGURE 4 Circuit implementation
of (A) J-inverter and (B) K-inverter
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1. The design process starts with setting IT specifications 4. Calculate 05 and 6, at f,.rusing (9) and (13) by assum-

such as the passband ripple, A, Rs, R;.

. After IT specification is determined, choose resonator
parameters such as Z,, Z;, 0,, 64, 6y, C,, and f.r.

. Calculate the resonant frequency (fy) by setting
B =01in (2) or X = 0 in (4). Similarly, calculate the
susceptance and react slope parameters b and
x using (6).

ing the value of Zg and Z;, respectively. Once s and
0, are obtained, then calculate the values of Re(Yj,s)
and Re(Y},;) from (8b) and (12b), respectively.

. Calculate the J and K-inverter values using (1). After

obtaining J-inverter values, calculate the even- and
odd-mode impedances of the parallel-coupled line
using (15). For practical implementation of the

60 90— 20
N ———2z - 0 T T 1
80 _ —_ 15 - v v v v v
~ 50 o
o)) —— e — 4 O 4
g g ] ——z, 8 10 %Tv—0,
=, 40— 9 E . 1—e—0
<o N 60 T 2 . 54 a
- § o
2 30 2., ] R=500 - -
N° §  R=500 A S S e ° =R$ :02 o
20 — T 40 — T -5 —
2 3 4 2 3 4 5 2 3 4 5
r=R/R r=R/R r=R/R
FIGURE 5 Calculated circuit parameters of proposed impedance transformer with Ry, = 50, , A = 5%, Chebyshev passband ripple of

0.043 dB, f,,y=1.5GHz, C, = 3pF, Z; = Z; = Z;, = 70 Q, Z, = 60 Q, 6y = 12°, 6; = 20°, 6, = 29.4°

——C,=20pF ——C,=6pF ——C,=3pF —o—C,=20pF ——C,=6pF ——C, =3pF

—~ 10 P —~ 104

o ] f

< .20 ) // 3 20 ]

@ 30 : o 30 A

—M/ r=RI/R =2 ﬂ_‘w// r=R/R =3

0 —=—C_=1.9pF —e—C, =15pF —=—C =19 pF ——C, =15pF

8 ; 0 ‘ :

3;;_ §.1o< R =500 \
FIGURE 6 Simulation o o 20 R=1667Q "\
results of the proposed - = ol R/R =3 [\
impedance transformer with 16 18 20 22 24 26 28 30 32 34 © 16 18 20 22 24 26 28 30 32 34
tunable center frequency: Frequency (GHz) Frequency (GHz)
(A)r=2and(B)r=3 (A) (B)

TABLE 1 Calculated circuit parameters

R; =50 Q, A = 5%, Chebyshev passband ripple = 0.043 dB, f,.r = 1.5 GHz, C, =3 pF, Z, = Z;, = Z; =70 Q, Z, = 60 Q, 0, = 12°,
01 = 20°, 0, = 29.4° O = 2.67°, 0, = —2.65°, 01, = 16.45°, Zo,» = 87.63 Q, Zoor = 46.08 Q

r =Ry /R; Z; () 6 (°) Zpe1 (Q) Zoo1 () C, (pF)
2 60 24.81 78.77 48.61 1.5~ 20
3 35 40.43 82.97 47.27 1.5~ 20
Vae bepass bepass Ve
(A) (B)
FIGURE 7 (A) Physical layout and (B) photograph of fabricated impedance transformer. Physical dimensions: W = 1.2, Wy, = 1.06,

We =128, W) = Wy =1.36, W, = 1.50, Ls = 5.8, Ley = Lo = 12, Ly = 9.5, L, = 4.36, Ly = 2.04, L, = 7.50, g.; = 0.18, g, = 0.3. Unit:

millimeter
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K-inverter, calculate 0, and 6 using (16). The negative
electrical length 6,; will be compensated within 6, with
the result that 6, is shorter than the original value.

6. Once all the circuit parameters are determined, the
center frequency is tuned by changing the value of C,.

Using the step-by-step design guidelines described
above, the calculated circuit parameters of the proposed IT
are shown in Figure 5. As seen in this figure, Zg decreases
and 6s increases as the impedance-transforming ratio (r)
increases. Similarly, Zg; slightly increases but Zy,;

©°O-c ), Sim —e— 8, Meas - O- - §,, Sim —%— S,, Meas

0~
m 4
< .10
&
L 20
@ 30 . . — . r .
T1: VC=OV T2:: Vc=4.9V T3: Vc=15V
0 B ———
% T
= -20- T2 f
= T3
L /’/ - ©- '8, Sim —®—S, Meas
-40 : : . , . , .
15 2.0 2.5 3.0 3.5
Frequency (GHz)
FIGURE 8 Simulation and measurement results of 25-to-50 Q

(r = 2) impedance transformer with tunable center frequency

TABLE 2 Measurement results
3-dB BW
Vac (V) fo (GHz) IL (dB) RL (dB) (MHz)
15 291 1.76 17.2 400
8 2.45 1.88 24.2 400
0 2.05 2.57 13.5 290
Frequency (GHz) IL (dB) RL i, (dB)
8 1.0 0.45 NA
10 1.0 0.82 20
11-15 2.60 <1 20
16 1 0.60 26
17 2 NA 18
18 1 NA 20
19 2.40 0.72 24.35
20 3.50 0.72 24.97
21 2.50 0.88 NA
This work 2.05 ~ 2.91 2.57 ~ 1.76 13 ~ 18

Note: A: Center frequency tunability, RL;,: Minimum input/output return losses.

decreases as r increases. However, Z,, and Z;,, remain the
same for all r.

2.6 | Design examples

To validate the analytical analysis, Figure 6 shows the fre-
quency response of IT with 7 = 2 and 3. The circuit parame-
ters are shown in Table 1. These results show that the
proposed IT can provide the bandpass filtering response.
Besides, the center frequency of IT can be tuned from 2.13
to 2.86 GHz by adjusting capacitance from 20 to 1.5 pF,
respectively. These results also confirm that the proposed
circuit can integrate IT and the center-frequency tunable
bandpass filter within a single device, which is essential for
future wireless communication system miniaturization.

3 | SIMULATION AND
MEASUREMENT RESULTS

For experimental validation, a 25-t0-50 Q (Rg = 25 Q and
Ry = 50 Q with r = 2) IT was designed, fabricated, and mea-
sured with Chebyshev passband ripple of 0.043 dB, A = 5%
and f,,s = 1.5 GHz on Taconic substrate with a dielectric con-
stant of 2.2 and thickness of 0.787 mm. The calculated circuit
parameters are given as C, = 3 pF, Zs = 604,
Zr =721 = Zj = 70Q, Zoey = 7877 Q, Zyy; = 48.61 Q,
Zoer = 87.63 Q, Zy,, = 46.08 Q, 0, = 294, 0, = 20°, , = 12,
Os = 248 °, 0; = 1645°, 0, = —1.64°, and O, = 2.67°. The
electrical lengths of TL are defined at f,r = 1.5 GHz. The
skyworks SMV-1233 varactors are used in this work, which
can provide capacitance of 0.9 pF to 20 pF by varying DC
bias voltage from 15 to 0 V. Figure 7 shows the physical lay-
out and photograph of fabricated circuit.

Figure 8 shows the simulation and measurement results
of fabricated IT. The measured results are consistent with

TABLE 3 Comparison between this
work and other state-of-arts

2 No
2 No
10/2/5 No
5 No
2 No
5 No
10 No
25 No
20 No
2 Yes
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simulated results. The measurement results are summarized
in Table 2. These results show that the center frequency of
IT can be tuned from 2.05 to 2.91 GHz (860 MHz or 34.68%
FTR) with insertion loss variation of 2.57 to 1.76 dB by con-
trolling DC bias voltage of 0 to 15 V. The measured 3-dB
insertion loss bandwidth varies from 290 to 400 MHz. In
addition, the measured input/output return losses are higher
than 14 dB within the overall frequency tuning range.

The performance comparison of the proposed IT with
previously reported works is shown in Table 3. As
observed from this table, the proposed IT provides ban-
dpass filtering response as well as center-frequency tun-
ability capability, which was not possible in previously
reported works.* >

4 | CONCLUSION

This article demonstrated impedance transformer with tun-
able center frequency based on filter synthesis approach by
using quarter-wave transmission-line resonators. Both ana-
lytical analyses and experimental results are shown for val-
idation. For experimental demonstration, a prototype of a
25-t0-50 Q impedance transformer is designed and fabri-
cated. The fabricated impedance transformer provides not
only a wide range of center-frequency tunability but also
arbitrary impedance-transforming characteristics. The pro-
posed method can be easily extended to design a higher-
order filtering impedance transformer. Therefore, the pro-
posed circuit can integrate the impedance transformer and
tunable filter within a single device and play an important
role in the circuit miniaturization of next-generation micro-
wave communication systems.
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