IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 52, NO. 4, APRIL 2004

1157

Lumped-Element Impedance-Transforming
Uniplanar Transitions and Their
Antenna Applications

Yo-Shen Lin, Member, IEEE, and Chun Hsiung Chen, Fellow, IEEE

Abstract—Novel impedance-transforming coplanar waveguide
(CPW)-to-coplanar stripline transitions and CPW-to-slotline
transitions are proposed, using planar lumped elements to realize
the L-section impedance-matching network in the transition
structures. Simple equivalent-circuit models based on closed-form
expressions are also established, from which various lumped-el-
ement impedance-transforming transitions are investigated.
Examples for using the proposed transitions in the design of
antenna feeding structures are also demonstrated, and successful
size reduction has been achieved.

Index  Terms—Antenna
transforming transition.

feeding structure, impedance-

1. INTRODUCTION

OPLANAR waveguide (CPW), coplanar stripline (CPS),

and slotline (SL) are widely used as the building blocks for
uniplanar monolithic microwave integrated circuits (MMICs)
[1]. Many circuit components based on these uniplanar lines
such as filters, couplers, mixers, and antenna feeding structures
have also been proposed in recent years. To fully utilize the
distinct features of CPWs, CPSs, and SLs, effective transitions
or interconnections between them is of practical importance.
Various CPW-to-CPS and CPW-to-SL transition structures
were proposed and investigated [2]-[10]. Applications of these
uniplanar transitions in balanced mixers, antenna feeding struc-
tures, frequency doublers, and CPW-to-waveguide transitions
were also widely documented in the literature. Most of the
previous studies on uniplanar transition design were focused on
bandwidth improvement [2]-[5] or size reduction [4], [7]-[10].
In certain applications, the transition output is connected to
other circuit components like mixer diodes [11] or antennas
[12], [13] with different impedance values so that additional
output matching or impedance transformation is required.
However, previous studies on the impedance transformation of
uniplanar transitions are rather limited.

Most of the conventional uniplanar transitions were designed
with the same source and load impedances [2]-[10]. Simple
impedance transformation was usually accomplished by adding
a quarter-wavelength (\/4) transformer in front of or after
the transition [12], [13], therefore, the resulting bandwidth is
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narrow. The printed third- and fourth-order Marchand baluns in
[3] may provide wide-band impedance transformation through
the additional \/4 lines at one or both ends of the transition.
The impedance-transforming Marchand balun [14], [15] may
also achieve wide-band impedance transformation by adjusting
the coupling coefficients of two A/4 coupled-line sections.
However, these transitions/baluns occupy a large circuit area
and are limited to the transformation of real impedance values,
a consequence of employing A/4 lines. Thus, they may not
be suitable in MMIC design, especially for low-frequency
applications.

In [8], the planar lumped-element LC circuits were used to
replace the A/4 open or short stubs in conventional uniplanar
transitions to reduce their sizes. In [9] and [10], the planar
lumped elements were adopted to implement compact uni-
planar transitions with filter characteristics. However, these
lumped-element uniplanar transitions are limited to applica-
tions with the same source and load impedance values. In this
paper, novel impedance-transforming uniplanar transitions
are proposed by using planar lumped elements to realize the
L-section matching network in the transition structure. The
resulting transitions have very compact sizes and may provide
impedance transformation to complex impedance values. For
design purposes, simple equivalent-circuit models are also
established. Applications of the proposed impedance-trans-
forming transitions to the design of antenna feeding structures
are also demonstrated.

II. IMPEDANCE-TRANSFORMING CPW-TO-CPS TRANSITIONS
A. Type-I Structures

Probably the simplest type of matching network is the L-sec-
tion, which uses two reactive elements to match an arbitrary load
impedance to a transmission line [16]. There are four possible
configurations for this network, as shown in Fig. 1. If the nor-
malized load impedance z;, = Z1,/Zy isinside the 1 + jz circle
on the Smith chart, then the circuits of Fig. 1(a) and (b) should
be used. On the other hand, if the normalized load impedance
is outside the 1 4 jx circle on the Smith chart, the circuits of
Fig. 1(c) and (d) should be used.

Shown in Fig. 2(a) is the proposed impedance-transforming
CPW-to-CPS transition to realize the L-section network in
Fig. 1(a). Specifically, the series inductor L is realized by a
shorter metal strip and is series connected to the CPW center
conductor. The shunt capacitor C), to ground is accomplished
by the interdigital structure and is shunt connected to the left of
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Fig. 1. L-section matching networks. (a) and (b) Networks for z1 (= Z1/Z,)
inside the 1 + j circle. (c) and (d) Networks for z, outside the 1 + jx circle.
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Fig. 2. Type-I impedance-transforming CPW-to-CPS transition that realizes
the L-section network in Fig. 1(a). (a) Layout. (b) Equivalent-circuit model.

the CPW-CPS cross-junction. This arrangement may reduce
the transition size since the series element along the trans-
mission line usually occupies a larger area. For suppressing
the odd CPW mode excited at the CPW-CPS cross-junction,
bondwires at suitable positions are included. The resulted
transition structure is then an L-section matching network with
one port in the CPW and the other port in the CPS. Let the load
impedance connected to the CPS port of the transition be Z,
this transition structure is capable of transforming Z;, to Z¢.
if the normalized load impedance z;, = Z1,/Zcp is inside the
1+ jz circle on the Smith chart. Shown in Fig. 3(a) is another
realization of the L-section in which the first reactive element
is a capacitor, as in Fig. 1(b). One may choose between the
transition structures for Figs. 2(a) or 3(a) depending on the
realizable range of the lumped elements and the requirement
on dc blocking of the matching network.
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Fig. 3. Type-I impedance-transforming CPW-to-CPS transition that realizes
the L-section network in Fig. 1(b). (a) Layout. (b) Equivalent-circuit model.

Characterization of the metal-strip inductance may be accom-
plished by the partial-element equivalent-circuit method [17]
based on quasi-static assumptions. The inductance is obtained
once the strip width, length, and thickness are specified. For cal-
culating the capacitance of the interdigital structure, the con-
formal mapping technique under quasi-static assumptions [18]
is adopted. The per-unit-length capacitance is first obtained and
is then multiplied by the finger length to give the total capaci-
tance. In order to take into account the mode conversion effect
at the CPW-CPS cross-junction, a six-port circuit model [19],
as shown in Fig. 4, is adopted. Specifically, each CPW line is
represented by two transmission lines that support the even and
odd CPW modes, respectively. Bondwires are modeled as in-
ductors with the inductance values estimated as a function of
their lengths and diameters. Thus, the incomplete suppression
of the odd CPW mode at the CPW-CPS junction due to the
finite bondwire inductance may then be suitably modeled. By
adopting the six-port cross-junction model, the resulted equiv-
alent-circuit models for the proposed impedance-transforming
transitions [see Figs. 2(a) and 3(a)] may then be constructed as
shown in Figs. 2(b) and 3(b). Here, the input CPW line and se-
ries reactance L4 (or Cy) are connected to the even CPW mode
ports CPW7 and CP W3 of the six-port junction model, respec-
tively, while the bondwire inductances are used to terminate the
odd CPW mode ports CPW9 and CPW3 at their corresponding
positions. The shunt reactance C), (or L,) and the output CPS
line are connected to the CPS mode ports CPS; and CPS,
on the left- and right-hand sides, respectively. These transition
models [see Figs. 2(b) and 3(b)] are based on three assump-
tions. First, the CPW and CPS sections are modeled as trans-
mission lines. Second, the discontinuity effect of the CPW-CPS
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CPs, cps,

Fig. 4. CPW-CPS cross-junction. (a) Layout. (b) Six-port circuit model.

cross-junction is neglected. Third, the parasitic effects of the
lumped elements (L and C) are neglected. Note that all the el-
ements in the transition equivalent-circuit model are character-
ized by closed-form expressions with element values directly
related to geometrical parameters. Therefore, the model is scal-
able and the simulation time may be drastically reduced.

The design of proposed impedance-transforming transition
may be easily done through the basic knowledge on impedance
transformation and the equivalent-circuit model. According to
the given transition source and load impedances, the required L
and C' values are obtained through the Smith-chart calculations.
The transition equivalent-circuit model may then be built in a
circuit simulator, and simulation is performed to see whether
the element values need to be fine tuned with the presence of
the cross-junction model. After the element values are fixed, the
geometrical parameters of the interdigital capacitor and metal
strip inductor are obtained directly from the design formulas.
The transition prototype may then be constructed.

A Type-I impedance-transforming transition for Fig. 2(a) is
built on an FR4 substrate (,, = 4.3, tané = 0.022, and thick-
ness h = 1.6 mm) in a back-to-back configuration. This transi-
tion is designed to transform the 50-2 CPW to 100-2 CPS with
a center frequency of 2 GHz. The CPW line has a strip width
of 3 mm, slot width of 0.3 mm, and finite ground-plane width
of 4 mm. The characteristic impedance of the CPW is 50 €2 ac-
cording to the closed-form formulas in [1]. The CPS line has a
strip width of 4 mm and a slot width of 0.6 mm such that its
characteristic impedance is 100 €2 according to [1]. The CPS
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Fig. 5. Measured and simulated results of the type-I transition [see Fig. 2(a)]
in back-to-back configuration with a 24-mm CPS line in between.

line length between the two transitions in the back-to-back con-
figuration is 24 mm, measured from the outer edges of CPW
ground planes. The required L and C' values are first obtained
through the Smith chart calculations and are then fine tuned to
give L, = 3.7 nH and C,, = 0.52 pF. The corresponding ge-
ometrical parameters are obtained through the closed-form ex-
pressions. The shorter metal strip has a length of 4.8 mm and
a width of 0.3 mm. The five-finger interdigital capacitor has a
finger width of 0.5 mm, finger length of 1.7 mm, and gap width
of 0.2 mm.

The back-to-back transition is measured on the Agilent 8722
network analyzer with thru-reflect-line (TRL) calibration to the
CPW-CPS junction. The measured and simulated results are
shown in Fig. 5. The measured insertion loss is less than 1 dB
from 1.74 to 2.34 GHz. The return loss is greater than 20 dB in
the 1.93-2.14-GHz frequency range. The match between mea-
sured and simulated results is good around 2 GHz. The discrep-
ancy between measured and simulated insertion losses at higher
frequencies is due to that the losses are not taken into account in
the equivalent-circuit model. In addition, the back-to-back con-
nection introduces the unwanted parasitic resonance within the
CPS line between the two transitions around 3.5 GHz, which
causes additional losses that are not observed in a single transi-
tion. Although the transition bandwidth is not wide due to the
nature of L-section matching network, the total area occupied
by L, and C}, is only approximately (A,/20)-()4/20), which is
much smaller than those of the conventional impedance-trans-
forming transitions based on A\/4 line sections.

Another type-I transition for Fig. 3(a) is also built on an
FR4 substrate to transform the 50-2 CPW to 100-2 CPS.
The line dimensions of the CPW and CPS are the same as
those in Fig. 5. The calculated values are C; = 1.18 pF, and
L, = 6.8 nH. Their corresponding geometrical parameters
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Fig. 6. Measured and simulated results of the type-I transition [see Fig. 3(a)]
in a back-to-back configuration with a 24-mm CPS line in between.

are obtained through the closed-form expressions. The shorter
metal strip has a total length of 7.4 mm and a width of 0.2 mm.
The seven-finger interdigital capacitor has a finger width
of 0.5 mm, a finger length of 4.3 mm, and a gap width of
0.2 mm. The measured and simulated results are shown in
Fig. 6. The measured insertion loss is less than 1 dB from
2.2 to 2.5 GHz. The return loss is greater than 20 dB in the
2.28-2.44-GHz frequency range. The match between measured
and simulated results is good around the center frequency
despite the discrepancy in insertion loss. The larger discrepancy
between measured and simulated results around 1.3 GHz is
attributed to the power losses associated with the unwanted
parasitic resonance in the back-to-back configuration that are
not included in the equivalent-circuit model. This resonance
occurs at a lower frequency compared to the transition for
Fig. 5 because the CPS line between two transitions (Fig. 3)
in the back-to-back configuration is now loaded by inductive
reactances at its two ends. Anyway, the equivalent-circuit
model has the advantage of very short calculation time since all
the elements in the equivalent-circuit model are characterized
by closed-form expressions. The total area occupied by Cs and
L, is only approximately (\,/20) - (\;/18) for this transition
structure.

As mentioned above, the proposed impedance-transforming
transition is not limited to the transformation of real impedance
values, as in the case of the A/4 transformer. Within the real-
izable range of the lumped elements, the proposed impedance-
transforming transitions [see Figs. 2(a) and 3(a)] may transform
the complex load impedance Z 1, to Z.p., if the normalized load
impedance is inside the 1 + jz circle on the Smith chart.
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Fig. 7. Type-II 1mpedance—transformmg CPW-to-CPS transitions to realize
the L-section networks in Fig. 1(a)-(d), respectively.

B. Type-II Structures

Shown in Fig. 7(a)—(d) are the alternative designs for the
impedance-transforming CPW-to-CPS transitions. They are to
realize the L-section networks in Fig. 1(a)—(d), respectively.
Here, the asymmetric CPW-CPS junction, instead of the
CPW-CPS cross-junction, is adopted as the kernel of the
transition, and the interdigital capacitors and metal strip induc-
tors are used to realize the L-section impedance-transforming
network in the transition structures. The type-II transitions have
the same orientation for CPW and CPS compared to the type-I
structures, thus, may facilitate the circuit layout.

Specifically, for the transition in Fig. 7(a) or (b), the CPW is
first connected to the series inductor or capacitor formed on the
center conductor of the CPW, respectively. The shunt capacitor
or inductor is then connected to one slot of the CPW, while the
other slot of the CPW is connected to the CPS. Here, the se-
ries inductor in Fig. 7(a) is realized by the folded SL structure
formed on the center conductor of CPW, which is adopted from
[20]. For the transition shown in Fig. 7(c) or (d), the CPW is first
connected to the shunt interdigital capacitor or metal strip in-
ductor, respectively. It is then connected to the CPS through the
series metal strip inductor or interdigital capacitor. Their corre-
sponding equivalent-circuit models can be constructed in a sim-
ilar way as type-I transitions, with the CPW—CPS cross-junction
model being replaced by the asymmetric-junction model [21].
Within the realizable range of lumped elements, these transi-
tions may provide impedance transformation to any complex
load impedance within the Smith chart.

C. Antenna Applications

The proposed impedance-transforming CPW-to-CPS tran-
sitions can be implemented in the design of compact feeding
structures for balanced antennas. Fig. 8 shows the layout of
a CPW-fed bow-tie antenna using the proposed CPW-to-CPS
transition as the feeding structure. The antenna structure is
adopted from [22], which is composed of a pair of equi-
lateral triangular patches and a V-shaped dipole director to
achieve an end-fire radiation pattern. In [22], a third-order
microstrip-to-CPS Marchand balun was used to match the
50-Q microstrip line to the antenna input impedance. From
the simulated results by HFSS, shown in Fig. 9, the antenna
input impedance is 117 — j11.8 Q at 2 GHz. Here, in Fig. 8,
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Fig.8. CPW-fed bow-tie antenna using the proposed impedance-transforming
CPW-to-CPS transition [see Fig. 7(a)] as the feeding structure.
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Fig. 9. Simulated input impedance of the bow-tie antenna by HFSS.

we use the impedance-transforming CPW-to-CPS transition in
Fig. 7(a) instead to transform the 50-2 CPW to this antenna
input impedance. Design of this impedance-transforming
transition can then be simply done in three steps. The initial
value of L, and C, are determined as L, = 4.6 nH and
C 0.72 pF through the Smith-chart calculations. The

P
antenna and transition with C}, only is then simulated using
the full-wave simulator, e.g., HFSS, and the capacitance is fine
tuned until the input impedance around the resonant frequency
coincides with the » = 1 circle on the Smith chart, as shown
in Fig. 10. After C), is fixed, the inductance L, is added to the
full-wave simulation, and is fine tuned until a good matching is

obtained. The design of impedance-transforming transition for
the antenna is then completed.

Swp Min
1.5GHz
(a) Antenna only
(b) -- - Antenna + Cp
(©) =-—-—- Antenna + C_ + L

Fig. 10. Design steps for matching the CPW-fed bow-tie antenna shown in
Fig. 8. The marker points are at 2 GHz.

Measurement

Frequency (GHz)

Fig. 11.

Measured and simulated results for the CPW-fed bow-tie antenna
(Fig. 8).

A CPW-fed bow-tie antenna for Fig. 8 is fabricated on an
FR4 substrate, with the designed center frequency at 2 GHz.
The measured return loss and the simulated one by HFSS are
shown in Fig. 11. Good agreement between them is observed.
The antenna exhibits a minimum return loss of —36.2 dB at
1.97 GHz. The frequency band for —10 dB return loss is from
1.6 to 2.65 GHz, corresponding to a 49.4% bandwidth. The mea-
sured radiation patterns are shown in Fig. 12, and are end-fire
in shape, as expected. The measured peak gain is 4.4 dBi. In
comparison to the original design [22] that utilized a third-order
microstrip-to-CPS Marchand balun for impedance matching,
the CPW-fed one (Fig. 8) that adopts the proposed impedance-
transforming transition demonstrates a larger impedance band-
width (47.7% for [22]) with only a one-tenth smaller matching
circuit area.
Fig. 13 shows another example of using the proposed
impedance-transforming transition in the design of a CPW-fed
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Fig. 12. Measured radiation patterns for the CPW-fed bow-tie antenna (Fig. 8)
at 2 GHz. (a) E-plane. (b) H -plane.
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Fig. 13. CPW-fed printed dipole antenna using the proposed

impedance-transforming CPW-to-CPS transition [see Fig. 7(c)] as the
feeding structure.

printed dipole antenna. The simulated dipole input admit-
tance is shown in Fig. 14(a). The first resonance frequency
of the dipole is at 2.1 GHz, with an input admittance of
0.01345 + 30.00736 1/, which corresponds to an input
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Fig. 14. (a) Simulated input admittance of the printed dipole antenna by HFSS.

(b) Measured and simulated results for the CPW-fed printed dipole antenna
(Fig. 13).

impedance of 57.15 — 731.32 2. The characteristic impedance
of the CPW is designed to be 100 €2, therefore, the transition in
Fig. 7(c) is adopted to transform the 100-2 CPW to the lower
dipole input impedance. A CPW-fed printed dipole for Fig. 13
is fabricated on an FR4 substrate, with the corresponding
geometrical parameters shown in the same figure. The center
frequency is designed to be 2.1 GHz. The TRL calibration
technique is adopted in measurement to change the reference
impedance to the CPW characteristic impedance of 100 €2. The
measured return loss and the simulated one by HFSS are shown
in Fig. 14(b). Good agreement between them is observed.
The antenna exhibits a minimum return loss of —31.2 dB at
2.14 GHz. The frequency band for —10-dB return loss is from
1.97 to 2.32 GHz, corresponding to a bandwidth of 16.3%.
The total length of the impedance-transforming transition for
Fig. 13 is only A,;/12 long, making the proposed CPW-fed
dipole antenna one-third smaller than the conventional ones
utilizing /4 lines for impedance matching. In addition, the
proposed transition can be easily adjusted to match the complex
input impedance of antenna, such that a better impedance
matching can be achieved.

By adopting the proposed impedance-transforming
CPW-to-CPS transitions in the antenna feeding structures,
one may largely reduce the circuit area compared to those
of the conventional feeding structures based on A/4 lines.
Although the proposed impedance-transforming transitions
have narrow bandwidths, the above examples demonstrate that
their bandwidths are sufficient for most antenna applications.
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(b

Fig. 15. Impedance-transforming CPW-to-SL transitions to realize the
L-section network in Fig. 1(b). (a) Type L. (b) Type IL.

III. IMPEDANCE-TRANSFORMING CPW-TO-SL TRANSITIONS
A. Transition Structures

Based on the same concept, the impedance-transforming
CPW-to-SL transitions may also be built. Shown in Fig. 15
are the proposed type-I and type-II impedance-transforming
CPW-to-SL transitions modified from their CPW-to-CPS
counterparts [see Figs. 3(a) and 7(b)]. Let the load impedance
connected to the SL port be Zp,, the proposed transitions [see
Fig. 15(a) and (b)] are capable of transforming Zj, to Z.,y
for z;, = Zi/Zcpw inside the 1+ jz circle on the Smith
chart. Their corresponding equivalent-circuit models can be
constructed in a similar way as their CPW-to-CPS counterparts.

Since it is not possible to realize a shunt capacitor in the SL
case due to the infinitely extended ground plane, the transitions
with a first series inductor as shown in Figs. 2(a) and 7(a) are
not realizable here for the CPW-to-SL transition. In addition,
the transitions with a first shunt reactive element as shown in
Fig. 7(c) and (d) are not realizable in the SL case either.

B. Antenna Applications

Although the two impedance-transforming CPW-to-SL
transitions [see Fig. 15(a) and (b)] are limited to the trans-
formation of zj, inside the 1 + jx circle, they are sufficient
for most applications since the SL usually has a higher char-
acteristic impedance. Here is an example using the proposed
impedance-transforming CPW-to-SL transition [see Fig. 15(b)]
in the design of a CPW-fed linearly tapered slot antenna
(LTSA). Shown in Fig. 16 is the layout of this CPW-fed
LTSA, together with its corresponding geometrical parameters.
The antenna is built on an FR4 substrate, with the designed
center frequency at 5.8 GHz. The impedance-transforming
CPW-to-SL transition is designed to transform the 50-(2 CPW

1163
: 525 .
A
0.2 4.2
0.3 13 ——
S v f
31 1 oef
il
e ‘1..8
189
_Yy
Unit: mm

Fig. 16. CPW-fed LTSA using the proposed impedance-transforming
CPW-to-SL transition [see Fig. 15(b)] as the feeding structure.
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Fig. 17. (a) Simulated input impedance of the LTSA by HFSS. (b) Measured
and simulated results for the CPW-fed LTSA (Fig. 16).

to the antenna input impedance whose simulated value is
148 — j749.1 © at 5.8 GHz [see Fig. 17(a)]. For the CPW-fed
LTSA structure, the measured and simulated results are shown
in Fig. 17(b). The measured return loss is less than —10 dB
from 5.64 to 6.18 GHz, which is compliant to the industrial—sci-
entific-medical (ISM) band regulations (5.725-5.85 GHz). The
measured radiation patterns are shown in Fig. 18, with a peak
gain of 7.1 dBi. The total length of the impedance-transforming
transition for this CPW-fed LTSA (Fig. 16) is only A\, /17 long.

Although the bandwidth is narrower compared to other re-
ported LTSA with different feeding networks [23], [24], the



1164

Amplitude (dB)

_50 1 '} 1 A1 1
-180 -120 -60 0 60 120 180
Angle (deg)
(@

)

=X

[

T

2

s .

€ Vi

< '
40 - Co-pol

. Cross-pol
_50 1 1 1 1 1
-180 -120 -60 0 60 120 180
Angle (deg)
(®)

Fig. 18. Measured radiation patterns for the CPW-fed LTSA (Fig. 16) at 5.8
GHz. (a) E-plane. (b) H-plane.

proposed CPW-fed LTSA utilizing the impedance-transforming
CPW-to-SL transition has the advantages of very compact size
such that it can facilitate circuit layout especially in LTSA array
applications. In addition, it has the merit of versatile design ca-
pability for complex impedance matching. These merits make
the proposed transitions attractive for narrow-band applications.
All the transitions proposed in Sections II and III are based
on the L-section matching networks, therefore, their band-
widths depend on the impedance ratio between the source and
load, and are in the order of 10%—50%. Compared to other
conventional impedance-transforming transition/balun designs,
the proposed transition has a bandwidth comparable to those
of the \/4 transformer-type transitions/baluns. The bandwidth
of proposed transition is less than those of the impedance
transforming Marchand baluns in [3], [14], and [15], which use
the third- or fourth-order structures and may achieve larger than
2:1 bandwidth in general. Regardless, the sizes of proposed
transitions are much smaller and may provide impedance
transformation between complex impedance values.

IV. CONCLUSIONS

In this paper, novel lumped-element impedance-trans-
forming CPW-to-CPS and CPW-to-SL transitions have been
proposed, using planar lumped elements to realize the L-section
impedance-matching network in the transition structure. The
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proposed transitions are very compact and not limited to the
transformation of real impedance values, as the conventional
impedance-transforming transitions based on A/4 lines. For
design purpose, simple equivalent-circuit models based on
closed-form expressions have also been established. The pro-
posed transitions may then be easily designed through the basic
knowledge on impedance transformation and equivalent-circuit
models. Applications of the proposed transitions to the antenna
feeding structures have also been demonstrated. The resulting
antenna feeding structures are very compact, thus, they may
reduce the complexity of the feeding network in antenna array
applications. The proposed transitions provide a simple way to
accomplish impedance transformation for narrow bandwidth,
and may find applications in uniplanar MMICs such as antenna
feeding structures and balanced mixers.
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