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Synopsis

Investigations on Coplanar Waveguide to

Double-Sided Parallel-Strip Line Transitions

and its Applications

Coplanar Waveguide (CPW) probe pads used for rapid measurement and

characterization of packaged microwave integrated circuits (MICs), require the

coplanar waveguides at the end points of device under test (DUT). Therefore,

wideband, non dispersive transitions between CPW and other transmission

lines are a necessity. DSPSL, a differential transmission line, is having wide

range of easily realizable characteristic impedances . The differential sig-

nalling in the high frquency circuits results in better signal integrity and a

higher signal-to-noise ratio (SNR) due to lower electromagnetic interference

(EMI) and higher immunity to electromagnetic noise and crosstalk. With re-

cent technological advances, differential circuits are increasingly used in the

RF domain apart from the low-frequency analog and digital systems. Dif-

ferential systems need balanced circuits and interconnects, which increases

layout complexity.

From the above scenario, we can understand that transitions between

CPW to DSPSL is a primary requirement at present. No vertical transi-

tions between CPW and DSPSL have been introduced upto this point. These

transitions are useful in feeding differentially fed antennas like antipodal vi-

valdi. Eventhough normal transitions between CPW and CPW is reported,

Phase inverted vertical transitions between CPW structures are not yet re-

ported. Finally geometrically optimized, vertical or normal and with via or

via-less broadbanded transitions between CPW and DSPSL are a requirement

for converting the single ended signals to the differentail one.

Outcomes of the work presented in the thesis: The vertical broad-

band transitions between DSPSL and CPW have been designed, optimized

and measured for the first time. The proposed transitions (Types A and B)



are based on a single via connection and connected CPW grounds. An approx-

imate equivalent circuit, which is a Π shaped LC low pass filter, is discussed.

Transitions are fabricated on Rogers RO4003C and FR4 substrates, using the

standard photolithography process. A via-less transition is designed, proto-

typed in Rogers RT Duroid 5870, and measured, in the second part of the

chapter and its equivalent circuit is discussed.

Ultra-wideband CPW to CPW, vertical transitions with phase inverting

nature have been designed, optimized and prototyped for the first time. The

proposed transitions utilize two types of CPW to DSPSL transitions. These

are also fabricated on Rogers RO4003C and FR4 substrates, using the stan-

dard photolithography process. A compact CPW Fed Ultra-wideband (UWB)

Antipodal Vivaldi Antenna (AVA) has been designed and prototyped on the

cost effective substrate (FR4). The CPW fed AVA structures are very rare in

literature . The gain and radiation pattern of the antenna are measured. The

proposed antenna utilizes the CPW to DSPSL transition as feeding structure

and elliptically tapered flares as radiators.
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This chapter reviews the fundamentals and history in the first section
and explains the need of the transmission line theory. It further dis-
cusses the different varieties of planar transmission lines. Then the
transitions are explained and different techniques for achieving it are
discussed. The basics of two planar transmission line types (Coplanar
Waveguide and Double-Sided Parallel-Strip Line) and the Antipodal Vi-
valdi Antenna are discussed next. The motivation of research is also
furnished. This chapter concludes with a description about the organi-
zation of the thesis.
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Introduction

1.1 Introduction

Analog and digital design engineers are continuously refining their systems

for higher frequencies to match with the ever increasing clock speeds. In the

wireless communication scenario, more compact active and passive devices

like amplifier, filter, oscillator and mixer are needed at higher frequencies to

catch up with the generation networks. This trend will result in new design

challanges that are not familiar at lower frequencies.

At higher frequencies the wavelengths become comparable to the dimen-

sions of discrete lumped elements, such as resistors, capacitors and inductors,

which will deviate from their ideal electrical response at that frequency. As

a result, the voltages and currents no longer remain spatially uniform when

compared to the geometric size of the discrete lumped circuit elements. The

conventional conservation laws in circuit theory, the Kirchhorf’s voltage and

current laws, do not account for these spatial variations. So a new theory,

known as transmission line theory, where signals are treated as propagating

waves is introduced. Transmission lines are mainly used for connecting ra-

dio transceivers with their antennas and for connecting different distributed

elements.

In a high frequency system, different transmission line structures are uti-

lized at different places. Therefore inconnections between them are absolutely

needed and they are called transitions. Transitions can be between balanced

to balanced, unbalanced to unbalanced and balanced to unbalanced transmis-

sion lines.

1.2 History

� In 1885 Oliver Heaviside, who published his analysis of propagation of

signals in cables using his distributed-element modelling of transmis-

sion lines, found a correct description of the behaviour of signals on

the dispersive transatlantic telegraph cable and suggested methods for

overcoming it.

Cochin University of Science and Technology 2
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� In 1927 first coaxial filter using distributed element circuits is patented

by Warren P. Mason

� In 1939 R. D. Richtmeyer introduced dielectric resonator.

� In 1940 Cavity Magnetron oscillator is invented.

� In 1947 W. A. Tyrrell introduced Hybrid Ring.

� In 1948 Paul I. Richards’ commensurate line theory published.

� In 1948 MIT Radiation Lab Publications - Word War II - Major ad-

vancements.

� In 1951 Robert M. Barrett invents stripline.

� In 1951 stripline power divider by Rumsey and Jamieson

� In 1952 microstrip is introduced by Grieg and Engelmann.

� In 1952 the first planar slab dielectric line, imageline by King.

� In 1955 Kuroda’s identities, a set of transforms which overcame some

practical limitations of Richards theory.

� In 1964 George Matthaei described interdigital filter and the combline

filter.

� In 1968 Slotline is introduced by Cohn.

� In 1969 Coplanar Waveguide is invented by Wen.

� In 1972 Finline invented by Meier.

� In 1972 the first MMIC, an X band amplifier, is introduced by Pengelly

and Turner of Plessey.

� In 1979 Vivaldi Ariel by Gibson.

� In 1988 Antipodal Vivaldi Antenna by Gazit.

� In 1993 Balanced Antipodal Vivaldi Antenna by Langley.

� In 1998 SIW was first described by Hirokawa and Ando.

Cochin University of Science and Technology 3
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1.3 Transmission Lines

Channel 1 Channel 2

A B

l

V

z
z = l

VA

VB

VG

RG

R
L

–VA

0

∆
V

0 l

z

Figure 1.1: Amplitude measurements of high frequency voltage signal at the begin-

ning (location A) and somewhere along a wire connecting load to source [1].

The basic elements in a circuit, such as resistors, capacitors, inductors, and

the connections between them, are considered lumped elements if the time

delay in traversing the elements is negligible. The fundamental rule is that

one must consider elements as distributed if the propagation delay across the

element dimension is of the order of the shortest time interval of interest.

This means that their resistive, capacitive, and inductive characteristics must

be evaluated on a per-unit-distance basis. Amplitude measurements of high

frequency voltage signal at the beginning location A and somewhere along

a wire connecting load to source is shown in Figure 1.1. It clearly shows

the spatial variation of voltage along the line. This leads to the Heaviside’s

analysis of transmission lines.
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2-2 LUMPED-ELEMENT MODEL 53

R' Δz L' Δz R' Δz L' Δz R' Δz L' Δz R' Δz L' Δz

G' Δz C' Δz G' Δz C' Δz G' Δz C' Δz G' Δz C' Δz

Δz Δz Δz Δz

• L′: The combined inductance of both conductors per unit
length, in H/m,

• G′: The conductance of the insulation medium between the
two conductors per unit length, in S/m, and

• C ′: The capacitance of the two conductors per unit length, in
F/m.

Whereas the four line parameters are characterized by different
formulas for different types of transmission lines, the equivalent
model represented by Fig. 2-6(c) is equally applicable to all
TEM transmission lines. The prime superscript is used as a
reminder that the line parameters are differential quantities
whose units are per unit length.

Expressions for the line parameters R′, L′, G′, and C ′ are
given in Table 2-1 for the three types of TEM transmission
lines diagrammed in parts (a) through (c) of Fig. 2-4. For
each of these lines, the expressions are functions of two

sets of parameters: (1) geometric parameters defining the
cross-sectional dimensions of the given line and (2) the
electromagnetic constitutive parameters of the conducting and
insulating materials. The pertinent geometric parameters are:

• Coaxial line [Fig. 2-4(a)]:

a = outer radius of inner conductor, m
b = inner radius of outer conductor, m

• Two-wire line [Fig. 2-4(b)]:

d = diameter of each wire, m
D = spacing between wires’ centers, m

• Parallel-plate line [Fig. 2-4(c)]:

w = width of each plate, m
h = thickness of insulation between plates, m

Figure 1.2: Segmentation of two-wire transmission line into ∆z long sections suit-

able for lumped parameter analysis.

56 CHAPTER 2 TRANSMISSION LINES

Exercise 2-1: Use Table 2-1 to evaluate the line
parameters of a two-wire air line with wires of radius
1 mm, separated by a distance of 2 cm. The wires may
be treated as perfect conductors with σc = ∞.

Answer: R′ = 0, L′ = 1.20 (μH/m), G′ = 0,
C ′ = 9.29 (pF/m). (See EM .)

Exercise 2-2: Calculate the transmission line parameters
at 1 MHz for a coaxial air line with inner and outer
conductor diameters of 0.6 cm and 1.2 cm, respectively.
The conductors are made of copper (see Appendix B for
μc and σc of copper).

Answer: R′ = 2.07 × 10−2 (�/m), L′ = 0.14 (μH/m),
G′ = 0, C ′ = 80.3 (pF/m). (See EM .)

2-3 Transmission-Line Equations

A transmission line usually connects a source on one end to
a load on the other. Before considering the complete circuit,
however, we will develop general equations that describe the
voltage across and current carried by the transmission line
as a function of time t and spatial position z. Using the
lumped-element model of Fig. 2-6(c), we begin by considering
a differential length �z as shown in Fig. 2-8. The quantities
υ(z, t) and i(z, t) denote the instantaneous voltage and current
at the left end of the differential section (nodeN ), and similarly
υ(z+�z, t) and i(z+�z, t) denote the same quantities at node
(N + 1), located at the right end of the section. Application of

R' Δz L' Δz

Δz

i(z + Δz, t)i(z, t)
+

−

+

−

G' Δz C' Δzυ(z, t) υ(z + Δz, t)

Kirchhoff’s voltage law accounts for the voltage drop across
the series resistance R′�z and inductance L′�z:

υ(z, t)− R′�z i(z, t)− L′ �z ∂ i(z, t)
∂t

− υ(z+�z, t) = 0.

(2.12)
Upon dividing all terms by�z and rearranging them, we obtain

−
[
υ(z+�z, t)− υ(z, t)

�z

]
= R′ i(z, t)+ L′ ∂i(z, t)

∂t
.

(2.13)
In the limit as �z → 0, Eq. (2.13) becomes a differential
equation:

−∂υ(z, t)
∂z

= R′ i(z, t)+ L′ ∂ i(z, t)
∂t

. (2.14)

Similarly, Kirchhoff’s current law accounts for current drawn
from the upper line at node (N+1) by the parallel conductance
G′ �z and capacitance C ′ �z:

i(z, t)−G′ �z υ(z+�z, t)

− C ′ �z ∂υ(z+�z, t)

∂t
− i(z+�z, t) = 0. (2.15)

Upon dividing all terms by �z and taking the limit �z → 0,
Eq. (2.15) becomes a second-order differential equation:

−∂i(z, t)
∂z

= G′ υ(z, t)+ C ′ ∂υ(z, t)
∂t

. (2.16)

The first-order differential equations (2.14) and (2.16) are the
time-domain forms of the transmission-line equations, known
as the telegrapher’s equations.

Except for the last section of this chapter, our primary interest
is in sinusoidal steady-state conditions. To that end, we make
use of the phasor representation with a cosine reference, as
outlined in Section 1-7. Thus, we define

υ(z, t) = Re[Ṽ (z) ejωt ], (2.17a)

i(z, t) = Re[Ĩ (z) ejωt ], (2.17b)

where Ṽ (z) and Ĩ (z) are the phasor counterparts of υ(z, t) and
i(z, t), respectively, each of which may be real or complex.
Upon substituting Eqs. (2.17a) and (2.17b) into Eqs. (2.14) and

Figure 1.3: Equivalent circuit of a two-conductor transmission line of differential

length ∆z.

A transverse electromagnetic (TEM) transmission line will be represented

by a parallel- wire configuration, regardless of its specific shape or constitutive

parameters as shown in Figures 1.2 and 1.3.

R′ : The combined resistance of both conductors per unit length, in Ω/m,

L′ : The combined inductance of both conductors per unit length, in H/m,

G′: The conductance of the insulation medium between the two conductors

per unit length, in S/m, and

C ′ : The capacitance of the two conductors per unit length, in F/m.

The linear first-order partial differential equations given below are the

time-domain forms of the transmission-line equations, describe the spacial

Cochin University of Science and Technology 5
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Table 1.1: Origin of Transmission Line Parameters

Model

Parameter
Origin Comment

R′

Conductance atomic property of metal used

Geometry
larger cross section = lower R;

longer = higher R

Radiation fields not contained are losses

Skin Effect
current flows in smaller cross-section

as frequency increases

Proximity Affect
adjacent conductor’s field forces

current into smaller cross-section

L′

Permeability property of metal used

Geometry
larger cross section = lower L;

longer = higher L

Skin Effect
currents at different depths in conductor

have different phases, net effect is inductive

Proximity
adjacent conductor’s field forces

current into smaller cross-section

Radiation

C ′
Geometry

larger area = higher C;

closer conductors = higher C

Permittivity higher εr = higher C

G′

Loss Tangent higher loss tan = higher losses in dielectric

Conductance semiconductor dielectrics

Geometry

Cochin University of Science and Technology 6
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distribution of voltage and current on an transmission line with time. Other-

wise known as the telegrapher’s equations (or telegraph equations).

−∂v(z, t)

∂z
= R′i(z, t) + L′

∂i(z, t)

∂t
(1.1)

−∂i(z, t)
∂z

= G′v(z, t) + C ′
∂v(z, t)

∂t
(1.2)

This model introduced by Oliver Heaviside demonstrates that the electro-

magnetic waves can be reflected on the wire, and that wave patterns can form

along the line. The telegrapher’s equations in phasor form is given below

−dṼ (z)

dz
= (R′ + jωL′) Ĩ(z) (1.3)

−dĨ(z)

dz
= (G′ + jωC ′) Ṽ (z) (1.4)

The Heaviside condition (distortionless condition), which an electrical trans-

mission line must meet in order for there to be no distortion of a transmitted

signal is given below

G

C
=
R

L
(1.5)

Eventhough the general transmission line theory is developed for telegraph

lines, it can be applied to all frequencies from direct current (DC) to high

frequency. The origin of different transmission line parameters is given in

Table 1.1.

Planar Transmission Lines

Planar transmission lines are flat or ribbon shaped transmission lines made

of conductors or dielectrics, used as interconnects and constructing elements

of different distributed type of components. Different types of the planar

transmission lines and their derived varieties are shown in Figures 1.4 to 1.8.

Cochin University of Science and Technology 7
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Figure 1.4: Stripline.

Figure 1.5: Microstrip.

Figure 1.6: Coplanar Waveguide

Figure 1.7: Slotline

Figure 1.8: Substrate Integrated Waveguide

Cochin University of Science and Technology 8
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In the four most popular types (stripline, microstrip, suspended stripline,

and coplanar waveguide), the field pattern of the electromagnetic wave (mode)

is almost identical to a pair of wires. On the other hand, slotline and substrate

integrated waveguide, transmit along a strip of dielectric have different mode

of propagation.

The modes describes the electromagnetic field patterns inside the geometry

of the transmission line structure. The transverse electromagnetic mode is the

dominant mode in ordinary conductive cables and in some planar transmission

lines and can be used upto to zero frequency.

1.4 Transitions

Distributed elements, interconnects and feeding lines of a RF system are

best implemented using multiple transmission line types. The interconnect-

ing structures between various transmission line types, otherwise known as

transitions, are therefore required. Transitions can filter the signals, connect

different signal layers in a three dimensional module, cancel or provide the

DC coupling, etc. Vertical transitions provide layer changing of signals in a

multilayer environment. The quasi-planar transitions are the ones which con-

nect the signal lines on one layer but employing the matching elements placed

on both sides of the substrate. They can provide more degree of freedom, less

radiation loss and wide-band performance.

The interconnecting transition structures between balanced lines and un-

balanced lines are known as balun. Transitions introduce mode discontinuities

as the electric and magnetic field orientations are changing. Mode disconti-

nuities results in purely reactive impedance, thereby storage of electric and

magnetic energy. This introduces frequency dependence and limits band-

width, primarily setting the upper frequency limit of the transitions. Other

related point is that, transitions can excite higher order modes in transmission

lines.

A good transition structure must provide field matching and impedance

matching between transmission lines. Transitions structures can be between

different impedances values other than 50 W lines, in that cases impedance

Cochin University of Science and Technology 9
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matching is a requirement. Eventhough impedance is matched, the electro-

magnetic field pattern must be changed to the new mode smoothly by mini-

mizing the mode discontinuities. The problem is to design the reflectionless

transitions for different lines, and no well-developed theory is known and this

problem is difficult to formalize analytically. Detailed description of two ma-

jor techniques used for the transition structures are (electrical contacts and

electromagnetic field coupling) are given below.

1. Electrical Contact

� Via holes, Ribbon, Air bridge, Bonding wires and abrupt steps in

the conductor

� Compact size and Wide bandwidth

� Some degree of mechanical complexity

2. Electromagnetic Coupling

� No wired bonds or via holes

� Surface to surface, Single substrate, Radial stub, Cavity/Slot

� Narrow bandwidth and Larger size

� Recently wider bandwidth transition

1.5 Coplanar Waveguide (CPW)

A coplanar waveguide fabricated on a dielectric substrate was first demon-

strated by C. P. Wen in 1969. The characteristic impedance is determined by

the ratio of a/b, so size reduction is possible without limit as shown in Figure

1.9, with higher losses. Due to the ground planes, cross talk effects between

adjacent lines are very low, so high packing density possible.

Cochin University of Science and Technology 10
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Figure 1.9: Coplanar waveguide [2].

In a conventional CPW, the ground planes are of semi-infinite extent on

either side. However, in a practical circuit the ground planes are made of

finite extent (FGCPW/FWCPW). The conductor-backed CPW has a lower

ground plane, which not only provides mechanical support to the substrate,

but also acts as a heat sink as shown in Figure 1.10.

Figure 1.10: Conductor Backed Coplanar Waveguide [2].

Cochin University of Science and Technology 11
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1.6 Double-Sided Parallel-Strip Line

(DSPSL)

Differential structure of DSPSL with quasi-TEM mode propagation is shown

in Figure 1.11(a). It was initially proposed and analyzed by H. Wheeler in

1964 [3]. The field distribution remains unchanged if an infinite sized ground

plane is inserted at the middle of the dielectric and parallel to the strip lines.

Cross sectional view of the double-sided parallel-strip transmission line and

electric field distributions is shown in Figure 1.12. Placing infinite sized perfect

electric conductor at a distance h/2 from either strip will convert the DSPSL

to two similar microstrips placed together as shown in Figure 1.11(b).

0
Substrate

(a) (b)

h/2

h/2

Figure 1.11: Double-sided parallel-strip line, (a) three dimensional view, (b) cross

sectional view.

For the same line width, the (Z0)dspsl with substrate thickness h is double

the Z0)microstrip with substrate thickness t = h/2.

(Z0)dspsl = 2 ∗ (Z0)microstrip

The effective dielectric constant remains the same in this situation. Off-

seted DSPSL and edges-even DSPSL are the versions of double-sided parallel-

strip line with a shift in the stripline position. The most important dimen-

sional parameters are the microstrip width, w, and the height, h (equal to

the thickness of the substrate). Eventhough double-sided structure is a short

coming, simple wideband transition structures to other popular lines and easy

realization of wide range of characteristic impedances are the advantages of

this line.

Cochin University of Science and Technology 12
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εrεoh

w
Electric

field lines

Substrate

Metal strips

Figure 1.12: Cross sectional view of the double-sided parallel-strip transmission line

and electric field distributions [4].

0 1 2 3 4 5 6 7 8 9 10
W/h

0

50

100

150

200

250

300

C
ha

ra
ct

er
is

tic
 Im

pe
da

nc
e 

[O
hm

]

0.0

0.1

0.2

0.3

0.4

0.5

N
or

m
al

iz
ed

 g
ui

de
d 

w
av

el
en

gt
h

Microstrip
Parallel-strips

Figure 1.13: Characteristic impedance and normalized guided wavelength of a mi-

crostrip line and double-sided parallel-strip line [4].
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Table 1.2: Comparison of Different Transmission Lines in Terms of Characteristic

Impedance (Z0) [5]

Type/ Z0

Unbalanced

Transmission Line

Balanced

Transmission Line

Microstrip CPW
Coplanar

Strip Line
Slot Line DSPSL

Low Z0 × × ×
High Z0 × × ×

Figure 1.13 shows the characteristic impedances and the normalized guided

wavelengths (the ratio of the guided wavelength λg to the free-space wave-

length λo) of microstrip and double-sided parallel-strip lines on the substrate

with a dielectric constant of 10 . Comparison of different transmission lines

in terms of characteristic impedance (Z0) is shown in Table 1.2.

1.7 Antipodal Vivaldi Antenna (AVA)

An antipodal Vivaldi antenna (AVA) was first proposed in 1988 by Gazit [6],

for bandwidth enhancement of the Vivaldi antenna by Gibson in 1979 [7] and

has applications such as in wireless monitoring, imaging and communication

systems. Unique tapering structure makes the antenna operates over a wide

frequency band.

Vivaldi antenna is traditionally fed from a slot line and transition struc-

tures to slot line limits its bandwidth. The antipodal vivaldi antenna (AVA)

overcomes the problem of bandwidth limiting transitions. In addition, the

AVA has wider bandwidth because of broadband transitions, without any

change in beam width and gain.

Electric field vectors in the tapered slots are angled, and this angle is

small at low frequencies, as the frequency increases, it increases to 90◦, which

is the cause of the cross polarisation. To improve the polarization purity the

balanced antipodal vivaldi antenna (BAVA) is introduced [9]. The BAVA uses

Cochin University of Science and Technology 14
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a three layer arrangement shown in Figure 1.15. The larger cross-polarization

rejection is done by the mirrored grounds, which are costly and complicated.

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 65, NO. 10, OCTOBER 2017 5599

Communication
A Novel Symmetric Double-Slot Structure for Antipodal Vivaldi Antenna

to Lower Cross-Polarization Level
Ya-Wei Wang and Zhong-Wu Yu

Abstract— An antipodal Vivaldi antenna (AVA) with novel symmetric
two-layer double-slot structure is proposed. When excited with equiampli-
tude and opposite phase, the two slots will have the sum vector of their
E-field vectors parallel to the antenna’s plane, which is uniform to
the E-field vector in the slot of a balanced AVA with three-layer
structure. Compared with a typical AVA with the same size, the proposed
antenna has better impedance characteristics because of the amelioration
introduced by the coupling between the two slots, as well as the
more symmetric radiation patterns and the remarkably lowered cross-
polarization level at the endfire direction. For validating the analysis,
an UWB balun based on the double-sided parallel stripline is designed
for realizing the excitation, and a sample of the proposed antenna
is fabricated. The measured results reveal that the proposed has an
operating frequency range from 2.8 to 15 GHz, in which the cross-
polarization level is less than −24.8 dB. Besides, the group delay of
two face-to-face samples has a variation less than 0.62 ns, which exhibits
the ability of the novel structure for transferring pulse signal with high
fidelity. The simple two-layer structure, together with the improvement
both in impedance and radiation characteristics, makes the proposed
antenna much desirable for the UWB applications.

Index Terms— Antipodal Vivaldi antenna (AVA), double-slot structure,
low cross-polarization, UWB balun.

I. INTRODUCTION

Antipodal Vivaldi antenna (AVA) was first designed by Gazit [1]
for bandwidth enhancement on the basis of Vivaldi antenna which
was proposed by Gibson [2] and had been widely used for UWB
applications such as in radar-imaging, wireless monitoring, and
communication systems. One drawback involved in the original
Vivaldi antenna is the bandwidth limitation, that is, mainly imposed
by its feeding transitions, e.g., microstrip-to-slotline [3]. And the
AVA can achieve much wider bandwidth because of its natural
UWB feeding transitions, e.g., microstrip line (ML)-to-double-sided
parallel stripline (DSPSL), as well as the similar beamwidth, and
gain to the former. However, there is a problem with the cross-
polarization characteristics of the AVA. The structure of the AVA
is shown in Fig. 1(a), with the xy plane and yz plane referred to
the E- and H-planes, respectively, which is axisymmetric about the
x-axis. When the AVA is excited, the E-field components in the flared
slot are skewed with respect to the xoy plane [4]. This skew is small
at the low-frequency end of the band because the ratio of the slot
width to the dielectric thickness is large. However, as the frequency
increases, the angle of skew arises and ultimately tends to 90°.
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Fig. 1. Configurations of the AVAs. (a) Typical AVA. (b) BAVA. (c) Proposed
DSAVA.

Therefore, not only does the AVA have poor cross-polarization but
also there is severe beam tilt as the operating frequency goes up. For
resolving this problem, the balanced AVA (BAVA) was proposed by
Langley et al. [4], whose structure is symmetric about the xoy plane,
as shown in Fig. 1(b). Vector sum of the E-field components from the
middle-layer metal to the top-layer metal and the bottom-layer metal
is parallel to the xoy plane. As a result, symmetric beams with low
cross-polarization levels are implemented. However, the BAVA is of
three-layer structure, which is demanding and costly for fabrication.

Recently, many works have been reported about
improving characteristics for the AVA. Molaei et al. [5] and
Moosazadeh and Kharkovsky [6] used dielectric lens or directors
around the flared slot to focus energy. But the dielectric lens and
directors always make the AVAs bulky and less practical for some
applications. Chen et al. [7] and Sun et al. [8] utilized artificial
material to make E-field wavefront in the flared slot plane like so
as to improve the radiation characteristics, which is complicated
because of the need to optimize multiple parameters of the artificial
structures. Nassar and Weller [9] placed a parasitic elliptical patch
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Figure 1.14: Configurations of Typical AVA. [8]
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to Lower Cross-Polarization Level
Ya-Wei Wang and Zhong-Wu Yu

Abstract— An antipodal Vivaldi antenna (AVA) with novel symmetric
two-layer double-slot structure is proposed. When excited with equiampli-
tude and opposite phase, the two slots will have the sum vector of their
E-field vectors parallel to the antenna’s plane, which is uniform to
the E-field vector in the slot of a balanced AVA with three-layer
structure. Compared with a typical AVA with the same size, the proposed
antenna has better impedance characteristics because of the amelioration
introduced by the coupling between the two slots, as well as the
more symmetric radiation patterns and the remarkably lowered cross-
polarization level at the endfire direction. For validating the analysis,
an UWB balun based on the double-sided parallel stripline is designed
for realizing the excitation, and a sample of the proposed antenna
is fabricated. The measured results reveal that the proposed has an
operating frequency range from 2.8 to 15 GHz, in which the cross-
polarization level is less than −24.8 dB. Besides, the group delay of
two face-to-face samples has a variation less than 0.62 ns, which exhibits
the ability of the novel structure for transferring pulse signal with high
fidelity. The simple two-layer structure, together with the improvement
both in impedance and radiation characteristics, makes the proposed
antenna much desirable for the UWB applications.

Index Terms— Antipodal Vivaldi antenna (AVA), double-slot structure,
low cross-polarization, UWB balun.

I. INTRODUCTION

Antipodal Vivaldi antenna (AVA) was first designed by Gazit [1]
for bandwidth enhancement on the basis of Vivaldi antenna which
was proposed by Gibson [2] and had been widely used for UWB
applications such as in radar-imaging, wireless monitoring, and
communication systems. One drawback involved in the original
Vivaldi antenna is the bandwidth limitation, that is, mainly imposed
by its feeding transitions, e.g., microstrip-to-slotline [3]. And the
AVA can achieve much wider bandwidth because of its natural
UWB feeding transitions, e.g., microstrip line (ML)-to-double-sided
parallel stripline (DSPSL), as well as the similar beamwidth, and
gain to the former. However, there is a problem with the cross-
polarization characteristics of the AVA. The structure of the AVA
is shown in Fig. 1(a), with the xy plane and yz plane referred to
the E- and H-planes, respectively, which is axisymmetric about the
x-axis. When the AVA is excited, the E-field components in the flared
slot are skewed with respect to the xoy plane [4]. This skew is small
at the low-frequency end of the band because the ratio of the slot
width to the dielectric thickness is large. However, as the frequency
increases, the angle of skew arises and ultimately tends to 90°.
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Fig. 1. Configurations of the AVAs. (a) Typical AVA. (b) BAVA. (c) Proposed
DSAVA.

Therefore, not only does the AVA have poor cross-polarization but
also there is severe beam tilt as the operating frequency goes up. For
resolving this problem, the balanced AVA (BAVA) was proposed by
Langley et al. [4], whose structure is symmetric about the xoy plane,
as shown in Fig. 1(b). Vector sum of the E-field components from the
middle-layer metal to the top-layer metal and the bottom-layer metal
is parallel to the xoy plane. As a result, symmetric beams with low
cross-polarization levels are implemented. However, the BAVA is of
three-layer structure, which is demanding and costly for fabrication.

Recently, many works have been reported about
improving characteristics for the AVA. Molaei et al. [5] and
Moosazadeh and Kharkovsky [6] used dielectric lens or directors
around the flared slot to focus energy. But the dielectric lens and
directors always make the AVAs bulky and less practical for some
applications. Chen et al. [7] and Sun et al. [8] utilized artificial
material to make E-field wavefront in the flared slot plane like so
as to improve the radiation characteristics, which is complicated
because of the need to optimize multiple parameters of the artificial
structures. Nassar and Weller [9] placed a parasitic elliptical patch
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Figure 1.15: Configurations of the BAVA. [8]

1.8 Motivation of Research

In the current communication networks, in spite of significant improvement,

there is an underlying strong demand for higher data rate systems. An in-

creasing system complexity leads to new challenges in circuit design. In or-

der to cope with the new demand, the combined use of of different types of

transmission lines are necessary to achieve optimum performance. Different

planar transmission lines bring interesting, simple, and original circuits and

interconnects. Transition structures are mainly used not only to transform

electromagnetic energy between two types of transmission lines, but also for

filtering, phase inverting, layer switching, impedance matching and power di-

viding applications.
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RF probe pads used for rapid measurement and characterization of pack-

aged microwave integrated circuits (MICs), require the coplanar waveguides

at the end points of device under test (DUT). Therefore, wideband, non dis-

persive transitions between CPW and other transmission lines are a neces-

sity. DSPSL, a differential transmission line, is having wide range of easily

realizable characteristic impedances . The differential signalling in the high

frequency circuits results in better signal integrity and a higher signal-to-

noise ratio (SNR) due to lower electromagnetic interference (EMI) and higher

immunity to electromagnetic noise and crosstalk. With recent technological

advances, differential circuits are increasingly used in the RF domain apart

from the low-frequency analog and digital systems. Differential systems need

balanced circuits and interconnects, which increases layout complexity.

From the above scenario, we can understand that transitions between

CPW to DSPSL is a primary requirement at present. No vertical transitions

between CPW and DSPSL have been introduced upto this point [4, 10–17].

These transitions are useful in feeding differentially fed antennas like antipodal

vivaldi. Eventhough normal transitions between CPW and CPW is reported,

Phase inverted vertical transitions between CPW structures are not yet re-

ported. Finally geometrically optimized, vertical or normal and with via or

via-less broadbanded transitions between CPW and DSPSL are a requirement

for converting the single ended signals to the differential one.

1.9 Thesis Organization

The thesis presents the simulation and experimental studies of CPW to DSPSL

transitions and their applications.

Chapter 1: Reviews the need and fundamentals of general transmission line

theory. All the major planar transmission line types are reviewed with special

emphasis on CPW and DSPSL. Finally the basics of AVAs are also briefly

mentioned.
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Chapter 2: Literature review on the topics like CPW transitions, DSPSL

transitions and AVAs are done in this chapter.

Chpater 3: The design flow of planar waveguide transitions is provided

here. The simulation using three dimensional EM analysis package (CST

Microwave Studio® (MWS)) and the fabrication techniques are explained.

The measurement of scattering parameters and group delay of the transitions

and the measurement of gain and farfield radiation patterns of the antenna

are also exlained.

Chapter 4: Two (Type A & B) single via vertical transitions, and a via-less

transition, between CPW and DSPSL also are proposed, simulated, proto-

typed and measured.

Chapter 5: Applications of the designed transitions, like CPW to CPW

phase inverted vertical transitions and CPW fed UWB AVA are proposed,

simulated, prototyped and measured.

Chapter 6: Conclusions drawn from the research work in this thesis are

provided. Major contributions of the thesis are summarized and suggestions

for further works are also proposed.
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This chapter surveys the transitions between CPW and other popular
transmission lines, such as microstrip, coplanar stripline(CPS), slotline
etc. in the first section. In the second section, all the DSPSL transitions
are reviewed. The final section reviews all major recent developments in
the area of antipodal vivaldi antennas. The geometry of the transitions
and antennas are also provided here.

2.1 DSPSL Transitions

In [1], as shown in Figures 2.1a, 2.1b and 2.1c, tapered transitions from mi-

crostrip line to DSPSL are designed and a return loss better than 10 dB for a

bandwidth of 1 to 30 GHz is reported.

[2] reports first CPS to DSPSL transition in Figure 2.1d with return loss

of better than 10 dB, and an insertion loss of 2.5 dB has been obtained from

2.4 to 10.7 GHz.
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Fig. 3. Configurations of the back-to-back transition from microstrip to double-sided parallel strip. (a) Step tapered. (b) Linearly tapered. (c) Circularly tapered.

dielectric constant remains the same in this situation [1]. The
closed-form design equation for double-sided parallel-strip line
can be found in [4] and [8]. Fig. 2 shows the characteristic im-
pedances and the normalized guided wavelengths of microstrip
and double-sided parallel-strip lines on the substrate with a di-
electric constant of 10. The normalized guided wavelength in
Fig. 2 is defined as the ratio of the guided wavelength to
the free-space wavelength . A double-sided parallel-strip line
has wider linewidth compared to a microstrip line with the same
characteristic impedance. The double-sided parallel-strip line
gives shorter wavelength than a microstrip line with the same
linewidth.

III. TRANSITION FROM MICROSTRIP LINE TO DOUBLE-SIDED

PARALLEL-STRIP LINE

Here, a wide-band transition from microstrip to double-sided
parallel strip is reported. The ground plane of the microstrip
line is partially removed (step tapered), as shown in Fig. 3(a)
or tapered linearly or circularly, as shown in Fig. 3(b) and (c).
The radius used in the circularly tapered transition is 300 mil.
The transition is fabricated on two different substrates. To eval-
uate the transition performance, two back-to-back transitions
are designed for the measurement purpose. Fig. 4(a) shows the
measured -parameters including two microstrip to coaxial line
connectors effect. The return loss is better than 10 dB from 1 to
30 GHz achieving several octave bandwidth for several types of
tapering, as shown in Fig. 3. Fig. 4(b) shows the measured -pa-
rameters of the circularly tapered transition with a radius of
300 mil. The widths of 50 lines are 37 mil on a double-sided
parallel strip and 22 mil on a microstrip.

When the input impedance at a transition varies as a func-
tion of frequency, the transition has limited bandwidth. How-
ever, in these transitions, the line impedance at any points of the
line is almost the same (50 ). Ideally, these transitions should
be frequency independent. The differences in -parameter mea-
surements are mainly due to the small discontinuities of electro-
magnetic fields at the transitions determined by how the tapered
ground strip is smooth. As Fig. 4(a) shows, the circularly tapered
transition gives a slightly better performance due to its struc-
tural smoothness. The measured -parameters of a microstrip
line of the same length (2 in) are also shown for comparison in

Fig. 4. Measured S-parameters of the back-to-back transition from microstrip
to double-sided parallel strip fabricated on the substrate of: (a) RT/Duroid 5880
(" = 2:2, h = 31 mil) and (b) RT/Duroid 6010.2 (" = 10:2, h = 25 mil,
R = 300 mil).

Fig. 4(b). From the results, the insertion loss is less than 1 dB
for a back-to-back microstrip to parallel-strip transition. For a
single transition, it is less than 0.5 dB. Other losses are due to
the transmission line and two coaxial-to-microstrip connectors.

(a) [1]
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Fig. 3. Configurations of the back-to-back transition from microstrip to double-sided parallel strip. (a) Step tapered. (b) Linearly tapered. (c) Circularly tapered.

dielectric constant remains the same in this situation [1]. The
closed-form design equation for double-sided parallel-strip line
can be found in [4] and [8]. Fig. 2 shows the characteristic im-
pedances and the normalized guided wavelengths of microstrip
and double-sided parallel-strip lines on the substrate with a di-
electric constant of 10. The normalized guided wavelength in
Fig. 2 is defined as the ratio of the guided wavelength to
the free-space wavelength . A double-sided parallel-strip line
has wider linewidth compared to a microstrip line with the same
characteristic impedance. The double-sided parallel-strip line
gives shorter wavelength than a microstrip line with the same
linewidth.

III. TRANSITION FROM MICROSTRIP LINE TO DOUBLE-SIDED

PARALLEL-STRIP LINE

Here, a wide-band transition from microstrip to double-sided
parallel strip is reported. The ground plane of the microstrip
line is partially removed (step tapered), as shown in Fig. 3(a)
or tapered linearly or circularly, as shown in Fig. 3(b) and (c).
The radius used in the circularly tapered transition is 300 mil.
The transition is fabricated on two different substrates. To eval-
uate the transition performance, two back-to-back transitions
are designed for the measurement purpose. Fig. 4(a) shows the
measured -parameters including two microstrip to coaxial line
connectors effect. The return loss is better than 10 dB from 1 to
30 GHz achieving several octave bandwidth for several types of
tapering, as shown in Fig. 3. Fig. 4(b) shows the measured -pa-
rameters of the circularly tapered transition with a radius of
300 mil. The widths of 50 lines are 37 mil on a double-sided
parallel strip and 22 mil on a microstrip.

When the input impedance at a transition varies as a func-
tion of frequency, the transition has limited bandwidth. How-
ever, in these transitions, the line impedance at any points of the
line is almost the same (50 ). Ideally, these transitions should
be frequency independent. The differences in -parameter mea-
surements are mainly due to the small discontinuities of electro-
magnetic fields at the transitions determined by how the tapered
ground strip is smooth. As Fig. 4(a) shows, the circularly tapered
transition gives a slightly better performance due to its struc-
tural smoothness. The measured -parameters of a microstrip
line of the same length (2 in) are also shown for comparison in

Fig. 4. Measured S-parameters of the back-to-back transition from microstrip
to double-sided parallel strip fabricated on the substrate of: (a) RT/Duroid 5880
(" = 2:2, h = 31 mil) and (b) RT/Duroid 6010.2 (" = 10:2, h = 25 mil,
R = 300 mil).

Fig. 4(b). From the results, the insertion loss is less than 1 dB
for a back-to-back microstrip to parallel-strip transition. For a
single transition, it is less than 0.5 dB. Other losses are due to
the transmission line and two coaxial-to-microstrip connectors.

(b) [1]
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Fig. 3. Configurations of the back-to-back transition from microstrip to double-sided parallel strip. (a) Step tapered. (b) Linearly tapered. (c) Circularly tapered.

dielectric constant remains the same in this situation [1]. The
closed-form design equation for double-sided parallel-strip line
can be found in [4] and [8]. Fig. 2 shows the characteristic im-
pedances and the normalized guided wavelengths of microstrip
and double-sided parallel-strip lines on the substrate with a di-
electric constant of 10. The normalized guided wavelength in
Fig. 2 is defined as the ratio of the guided wavelength to
the free-space wavelength . A double-sided parallel-strip line
has wider linewidth compared to a microstrip line with the same
characteristic impedance. The double-sided parallel-strip line
gives shorter wavelength than a microstrip line with the same
linewidth.

III. TRANSITION FROM MICROSTRIP LINE TO DOUBLE-SIDED

PARALLEL-STRIP LINE

Here, a wide-band transition from microstrip to double-sided
parallel strip is reported. The ground plane of the microstrip
line is partially removed (step tapered), as shown in Fig. 3(a)
or tapered linearly or circularly, as shown in Fig. 3(b) and (c).
The radius used in the circularly tapered transition is 300 mil.
The transition is fabricated on two different substrates. To eval-
uate the transition performance, two back-to-back transitions
are designed for the measurement purpose. Fig. 4(a) shows the
measured -parameters including two microstrip to coaxial line
connectors effect. The return loss is better than 10 dB from 1 to
30 GHz achieving several octave bandwidth for several types of
tapering, as shown in Fig. 3. Fig. 4(b) shows the measured -pa-
rameters of the circularly tapered transition with a radius of
300 mil. The widths of 50 lines are 37 mil on a double-sided
parallel strip and 22 mil on a microstrip.

When the input impedance at a transition varies as a func-
tion of frequency, the transition has limited bandwidth. How-
ever, in these transitions, the line impedance at any points of the
line is almost the same (50 ). Ideally, these transitions should
be frequency independent. The differences in -parameter mea-
surements are mainly due to the small discontinuities of electro-
magnetic fields at the transitions determined by how the tapered
ground strip is smooth. As Fig. 4(a) shows, the circularly tapered
transition gives a slightly better performance due to its struc-
tural smoothness. The measured -parameters of a microstrip
line of the same length (2 in) are also shown for comparison in

Fig. 4. Measured S-parameters of the back-to-back transition from microstrip
to double-sided parallel strip fabricated on the substrate of: (a) RT/Duroid 5880
(" = 2:2, h = 31 mil) and (b) RT/Duroid 6010.2 (" = 10:2, h = 25 mil,
R = 300 mil).

Fig. 4(b). From the results, the insertion loss is less than 1 dB
for a back-to-back microstrip to parallel-strip transition. For a
single transition, it is less than 0.5 dB. Other losses are due to
the transmission line and two coaxial-to-microstrip connectors.

(c) [1]

Wideband coplanar stripline to double-sided
parallel-strip line transition

C.H. Ahn and K. Chang

A novel wideband transition between the coplanar stripline and the
double-sided parallel-strip line is presented. The simple transition con-
sists of two tapered lines, one located on the top layer and one tapered
line on the bottom layer. Through the proposed transition, horizontally
distributed electric fields of the coplanar stripline become rotated by
908 to match the vertically distributed fields of the double-sided paral-
lel-strip line. Simulated and measured results of a back-to-back tran-
sition show good agreement.

Introduction: The double-sided parallel-strip line (DSPSL) has recently
been actively studied for many microwave applications such as
transitions [1], filters [2], and power dividers [3]. Its attractive character-
istics compared to other structures are balanced transmission, wideband
transitions, and the ability to realise various characteristic impedances
and large capacitances owing to its thin space between two conductors.
The coplanar stripline (CPS) is another attractive balanced line structure.
The characteristics of the CPS are low loss, small discontinuity para-
sitics, and small dispersion, and simple implementation of open/short
ended strips [4]. The CPS can be used to mount the solid-state
components in series or shunt without via holes. The uniplanar trans-
mission line has been used in a number of applications such as
antenna feedings, rectennas, filters, and optoelectronic devices. Many
microstrip line to coplanar waveguides (CPW) have been reported [5].
Wideband microstrip line to CPS transitions have been studied [6].
DSPSL to CPW and DSPSL to microstrip line transitions were also
investigated [7, 1]. However, no transition between CPS and DSPSL
has been reported yet for two attractive balanced lines, the CPS and
DSPSL.

In this Letter, a wideband CPS to DSPSL transition is proposed for
the first time. The characteristic impedance of CPS and DSPSL is 148
and 50 V, respectively. The proposed back-to-back transition operates
from 2.4 to 10.7 GHz with return loss better than 10 dB and insertion
loss better than 2.5 dB. It has a simple structure and can be easily
fabricated. The transition can be applied for many microwave
applications.

Transition design: The electric fields of both CPS and DSPSL have
similar characteristics. They are identical in magnitude and opposite in
phase on two conductors as balanced lines. However, their field
distributions are rotated 908 from each other. Figs. 1a–c show the
configurations of the proposed double-sided parallel-strip line transition.
The CPS has electric fields formed across two conductor strips on the
top layer, as shown in Fig. 2a. On the other hand, DSPSL produces
vertical electric fields from conductor strips located on the top and the
bottom layer, as shown separately in Figs. 2b and c. The proposed
transition is designed to gradually change the electric fields of CPS
mode to those of DSPSL mode. The transition on the top side is directly
connected to both CPS and DSPSL, i.e. the width of one conductor of
the transition on the top side is tapered from the width of the CPS to
the width of the DSPSL, as shown in Fig. 1b. The conductor of the
transition on the bottom side is electromagnetically coupled with one
of the conductors of the CPS located on the top side. This bottom con-
ductor of the transition is tapered from the same location of the end part
of the CPS in the z-direction to the conductor of the DSPSL as shown in
Fig. 1c. A radial stub at the end of the CPS is designed for broadband
coupling between the top and bottom conductors. Fig. 2 shows the elec-
tric field distributions and cross-sectional views at three different
locations. Fig. 2a shows CPS mode at A-A’ location which has electric
fields in the y-axis. The horizontally distributed electric fields of the CPS
mode are converted to the vertical distribution in the DSPSL mode at
C-C’ location of Fig. 2c, through the proposed transition mode in the
x- and y-axis at B-B’ location shown in Fig. 2b. The structures are all
printed on substrate RT/Duroid 5870 with thickness (h) of 31 mil
(0.7874 mm) and a dielectric constant (1r) of 2.31. The 148 V character-
istic impedance of the CPS is determined by IE3D simulation with the
strip width (W1) of the CPS of 3.5 mm, and the gap between two strips
(g) of 0.8 mm. The DSPSL width of the 50 V characteristic impedance
(W2) is 3.07 mm. The transition length (Lt) is 25 mm. The angle (u) of
the radial stub is optimised as 808 for good performance.
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transition

Simulated and measured results: The return loss and insertion loss of a
back-to-back transition were simulated and measured using IE3D (a
method of moment based EM simulator) and an HP 8510 network ana-
lyser, respectively. Fig. 3 shows the simulated and measured results of a
CPS to DSPSL back-to-back transition. Measured return loss better than
10 dB and insertion loss better than 2.5 dB of the back-to-back transition
are achieved from 2.4 to 10.7 GHz. The 1.5 dB insertion loss bandwidth
is obtained from 3.44 to 5.74 GHz and from 6.64 to 9.52 GHz. The
insertion losses also include line sections and discontinuities between
the limited widths of the DSPSL and two coaxial connectors for
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Fig. 1. Geometry of the printed balun transition with a general profile in the
ground plane.

Fig. 2. Tapered transmission line parameters.

From the physical point of view, this taper sets the character-
istic impedance at any position along the balun. Therefore, the
reflected power depends on this variation in .

The analysis of nonuniform transmission lines has been
studied by many authors, either in the frequency domain
[6]–[10] or time domain [11]–[13]. In the case of tapered trans-
mission lines (Fig. 2), the reflection coefficient at any point,

, is governed by the nonlinear differential equation [7]

(1)

where is the propagation constant and is the normalized
impedance, which is a function of the distance along the taper.
If the condition is assumed and ohmic losses and disper-
sion are considered negligible in the transmission line ,
the reflection coefficient at the input is expressible in the form

(2)

where is the total transition length, is the
effective propagation constant, is the frequency, is the speed
of light, and is the effective dielectric constant (assumed to
remain unchanged as a first approximation).

If the PS to MS geometry is analyzed as a particular case of a
nonuniform transmission line in quasi-TEM operation, (1) and
(2) can be used for computing , or equivalently, , where

is the angular frequency. Additionally, some methods relying
on adaptive techniques to accomplish desired responses, as well
as optimum solutions under certain circumstances, have been

Fig. 3. Geometry cross section and parameters involved in the Schwarz–
Christoffel transform (� -plane).

previously studied and evaluated [14], [15]. Hence, this analysis
equation is potentially useful for computing the geometric taper
to reach either optimum or specific return losses in a frequency
band.

The normalized impedance corresponding to the struc-
ture seems to be the main drawback in applying the previous
formulation. Although the characteristic impedance of several
printed transmission lines (including MS and coplanar strip
lines and double-sided parallel transmission lines) has been
reported in [16]–[19], to the authors’ knowledge, the case of
asymmetrical double-sided parallel transmission lines has not
yet been published in the literature. In Section III, we approx-
imate such impedance in order to complete the analysis of the
transition, applying a conformal-mapping technique.

III. ASYMMETRICAL DOUBLE-SIDED TRANSMISSION LINE

CHARACTERISTIC IMPEDANCE BY CONFORMAL MAPPING

Consider the asymmetrical double-sided strip line of Fig. 3.
The dielectric sheet is assumed to be infinitely wide, and the
strips are assume to have negligible thickness. The structure
has been closed by an infinite ground plane in order to care-
fully apply the conformal-mapping technique, following a sim-
ilar process to the one employed in an MS line analysis [20].
The geometry resembles an MS line of in width when

, whereas if , the PS line is obtained.
The objective is to yield simple closed-form formulas for ob-

taining the characteristic impedance given a transmission line
that has a cross section like that in Fig. 3. Conformal-mapping
techniques provide us with a powerful mathematical method to
accomplish this task, supposing a quasi-TEM hypothesis. This
implies this procedure is only valid up to a few gigahertz (for
typical substrates), but this range still includes most wireless
applications.

Actually, we compute the capacitance per unit length when
the conformal method is applied. Once is determined, we
can calculate the characteristic impedance and the effective di-
electric constant. This technique has been successfully applied
to MS and double-sided PS lines, as well as to other complex
transmission line geometries of more recent interest. Most cases
have focused on symmetrical structures, although some studies
deal with asymmetrical structures and finite ground planes [21],
[22]. Conformal mapping is applied in [21] to a strip line with
two infinite ground planes, introducing an asymmetry respect
to the vertical axis, whereas the structures under study in [22]
consist of finite ground planes placed in one single face above

(e) [3]
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Fig. 1. Schematic diagram of the proposed back-to-back transition, (a) whole
view of the layout, (b) layout on top layer, (c) layout on bottom layer and (d)
cross-sectional E-field distribution (Initial parameters: � � �� mm, � �

� mm, � � � � � mm, � � ��� mm, � � ��� mm, � � �� mm,
� � �mm,� � ���mm,� � �mm,� � ����mm,� � ��	�mm,
� � ���� mm, � � � � �� ).

Fig. 2. Photograph for some fabricated prototypes.

is shown in Fig. 3(b). It is seen that the return loss at the fre-
quency range above 3 GHz is sensitive to . Relatively flat re-
turn loss higher than 10 dB within the whole frequency range
can be obtained when .

Based on simulation and parametric study, two 50 -to-50
transition prototypes, named Prototype I and Prototype II, with
different gap width and center conductor width , are de-
signed. The final parameters are: mm, mm,

mm, mm, mm, mm,
mm, mm, mm, mm,

mm, mm (for Prototype II,

Fig. 3. Parametric study on �
 � of the transition, (a) � and (b) �.

mm), mm (for Prototype II, mm),
.

III. NUMERICAL AND EXPERIMENTAL RESULTS

The S parameters of the back-to-back transitions are sim-
ulated by using Zeland’s IE3D and measured by employing
Agilent’s 8720ET vector network analyzer (VNA) and An-
ritsu’s 3680K universal test fixture. As shown in Fig. 4, the
simulated and measured results show good agreement with
each other from 50 MHz to 20 GHz, and the performances for
both narrow-gap and wide-gap CBCPW to BCS transition are
almost the same. The measured return loss is higher than 10 dB,
and the maximum insertion loss is about 2.3 dB.

In the simulation, the substrate has loss tangent
and the conductors are copper with conductivity

S/m and thickness of 17 m, and the transition
is placed in free space. The situation for ideal substrate and
perfect conductor is also simulated and compared. The average
difference of insertion loss is about 0.2 dB from 50 MHz to
20 GHz. Such difference should be composed of dielectric loss,
conductor loss and radiation loss. Thus, the insertion loss of a
single transition, , can be quantified by

(1)

where is the measured insertion loss, is the sum of di-
electric loss, conductor loss and radiation loss, and

are transmission loss of the CBCPW and BCS sections,
respectively. According to [1] and [12], the transmission loss
of CBCPW and BCS sections can be estimated to be about

(f) [4]

Wideband coplanar waveguide to
edges-even broadside-coupled stripline
transition

W.-J. Lu, C. Cheng and H.-B. Zhu

A wideband transition between a coplanar waveguide (CPW) and an
edges-even broadside-coupled stripline (EEBCS) is proposed. The
simple transition is composed of a linear tapered line on the top
layer and an electromagnetically-coupled Y-shaped stub on the
bottom layer. A back-to-back, 50 V CPW to 100 V EEBCS transition
is simulated, fabricated and measured. It is reported that a maximum
insertion loss of 2.4 dB, a return loss better than 210 dB and
average group delay of about 0.5 ns are obtained from 1.1 to
11.2 GHz for the transition.

Introduction: In recent years, the double-sided parallel-strip line
(DSPSL) has attracted increasing attention owing to its merits such as
compact size, good transmission performance, easy fabrication and sim-
plicity, and has been used to design various high performance balanced
microwave components [1–3]. By varying the overlap area and the line
distance of the DSPSL, the characteristic impedance can be controlled
easily within a wide range [4]. With the development of DSPSL circuits,
transitions between the DSPSL and different transmission lines have
been studied [5–8]. The edges-even broadside-coupled stripline
(EEBCS), whose strip edges are even and is also known as the micro-
coplanar stripline [4, 9,10], is one of the novel important varieties of
DSPSL. When EEBCS circuits are interconnected and packaged with
coplanar waveguide (CPW) circuits, high performance transitions are
required. However, no such transition between EEBCS and CPW has
been reported. In this Letter, a novel EEBCS to CPW transition with
a simple, linear tapered structure is proposed. Compared with conven-
tional DSPSL to CPW transitions with bandwidth of no more than 7:1
[5–7], the novel EEBCS to CPW transition has low insertion loss,
good impedance matching and transmission phase linearity within an
operation bandwidth of over 10:1.

Description of transition: The whole view and layouts on different
layers of a back-to-back transition between the EEBCS and the CPW
are shown in Figs. 1a, b and c, respectively. The characteristic impe-
dances of the EEBCS and CPW are 100 V and 50 V, respectively,
which are determined by using Zeland’s IE3D. On the top layer, the
centre conductor of the CPW is directly tapered to one arm of the
EEBCS. On the bottom layer, another arm of the EEBCS is electromag-
netically coupled with the ground plane of the CPW via an open-
circuited, Y-shaped stub. As shown in Fig. 1d, the E-field of the CPW
is gradually changed to the one of the EEBCS by introducing a linear
tapered profile at A-A′, B-B′, C-C′ and D-D′ locations. Design parameters
are optimised by using IE3D. Detail of parameters of the transition are:
a ¼ 218, b ¼ 678, g ¼ 0.08 mm, Lg ¼ 1.5 mm, Ls ¼ 11.0 mm, Lt ¼

13.1 mm, Lt1 ¼ 1.4 mm, Lt2 ¼ 7.5 mm, W ¼ 1.20 mm, Wg ¼

10.3 mm, Ws ¼ 1.78 mm, Wt ¼ 0.4 mm, Wt1 ¼ 4.5 mm.

Numerical and experimental results: The return loss and insertion loss
are simulated by using Zeland’s IE3D and measured by employing
Agilent’s 8720ET vector network analyser (VNA) and Anritsu’s
3680K universal test fixture. As shown in Fig. 2, the simulated and
measured results show good agreement with each other from 1.1 to
11.2 GHz. The measured return loss is better than 210 dB, and the
maximum insertion loss at 11.2 GHz is about 2.4 dB. In the simulation,
the substrate has a loss tangent tand ¼ 0.0008, the conductor is copper
with conductivity s ¼ 5.88 × 107 S/m and thickness of 17 mm and the
transition is placed in free space. The situation for the ideal substrate and
the perfect conductor is also simulated for comparison. The average
difference of insertion loss is about 0.2 dB from 1.1 to 11.2 GHz.
Therefore, such difference should be composed of dielectric loss, con-
ductor loss and radiation loss. The insertion loss of a single transition,
ILtrans, can be quantified by the following formula:

ILtrans = (IL − Lm − LCPW − LEEBCS)/2

where IL is the measured insertion loss, Lm is the sum of dielectric loss,
conductor loss and radiation loss, LCPW and LEEBCS are transmission
loss of the CPW and EEBCS sections, respectively. According to [1]
and [11], the transmission loss of the CPW and EEBCS sections can

be estimated to be about 0.03 and 0.02 dB/mm, respectively. Thus the
loss introduced by the CPW and EEBCS sections should be about
0.03 × 1.5 × 2 + 0.02 × 11 ¼ 0.31 dB. Therefore, the maximum
insertion loss at 11.2 GHz for a single transition is estimated to be
about 0.95 dB.
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Fig. 2 Simulated and measured S-parameters of transition

The measured group delay is plotted in Fig. 3. It is seen that the
average group delay from 1.4 to 11.2 GHz is about 0.53 ns with vari-
ation of about 0.15 ns, which is relatively small and flat. Therefore, it
can be determined that the transmission phase linearity of the transition
is quite good.
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Figure 2.1: Different DSPSL Transitions
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ABSTRACT: New design of double-sided parallel strip line to co-
planar waveguide transition is proposed in this article. The via-less
structure gives convenience to the design and implement of the tran-
sition. A demonstration back-to-back transition circuit is designed
and fabricated. Simulated and measured results are presented and
show good agreement. © 2006 Wiley Periodicals, Inc. Microwave
Opt Technol Lett 48: 1717–1718, 2006; Published online in Wiley
InterScience (www.interscience.wiley.com). DOI 10.1002/mop.21755
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1. INTRODUCTION

Modern microwave systems need integrate various transmission
lines, such as coplanar waveguide (CPW), microstrip line, double-
sided parallel strip line (DSPSL), and coplanar strips to realize size
compactness or performance improvement. So the research of the
transition between different transmission lines is necessary to
realize RF signal transmission with minimum attenuation. CPW is
widely used in the systems, and the transitions from CPW to other
transmission lines have been widely studied [1–6]. Recently,
DSPSL has been used to design microwave circuits with good
performance [7], such as lowpass filter. In this article, a novel
transition from DSPSL to CPW is investigated. The via-less struc-
ture reduces the performance uncertainties and implement com-
plexities of the transition. A back-to-back transition is optimized
and fabricated. Simulated and measured results show good agree-
ments.

2. TRANSITION DESIGN

Figures 1(a) and 1(b) show layout of the proposed transition from
DSPSL to CPW. The substrate with a relative dielectric constant �r

� 9.6 and a thickness of 0.8 mm is used for the design, and the
characteristics impedance of CPW and DSPSL is 50 �. The
dimensions in Figure 1(b) are as follows: w1 � 1.35 mm, w2 �
1.22 mm, g � 0.4 mm, s1 � 0.6 mm, s2 � 3.0 mm, w � 5.1 mm,
and l � 11.3 mm. The current on the top and bottom strips of the
DSPSL is identical magnitude and out-of-phase. Meanwhile, the
current magnitude of each ground plane of CPW is half of that of
the center strip, and phase difference between the currents of
center strips and ground plane is 180°, namely out-of-phase. So the
currents of bottom strip of DSPSL and ground plane of CPW have
the same direction in the proposed structure. Therefore, two meth-
ods can be used for transition design, one is using via hole
connecting them directly, and the other is coupling between them.
We choose the latter for our design because of the design uncer-
tainties of via hole. The top strip of DSPSL is connected with the
center strip of CPW, and the bottom strip of DSPSL is divided to
two symmetrical triangular stubs to couple with two ground planes
of CPW. It is well known that the E-field of DSPSL is vertical to
substrate, and that of CPW is parallel to substrate. The gradual
offset of the two triangular stubs is to change the E-field formation.
In our study, we can find that the length l mainly decided the center
frequency of the transition, while the return loss is determined by
the width w of the triangular stub and the ratio s2/s1.

3. MEASURE RESULTS

The simulation and measurement are accomplished using EM
simulator IE3D and network analyzer HP8510, respectively. Fig-
ure 2 shows the photograph of the fabricated back-to-back transi-
tion circuit. The simulated and measured results are shown in
Figure 3. The return loss is better than 10 dB and the insertion loss
is less than 1.8 dB from 1.1 to 6.45 GHz. Simulation results agree
with measurement results almost. Some discrepancy between them

Figure 1 Layout of the proposed DSPSL to CPW transition: (a) 3D view
and (b) schematic layout
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Broadband Transition Between Double-Sided
Parallel-Strip Line and Coplanar Waveguide
Xiu Yin Zhang, Jian-Xin Chen, Student Member, IEEE, and Quan Xue, Senior Member, IEEE

Abstract—A broadband transition between double-sided par-
allel-strip line and coplanar waveguide is proposed in this letter.
This design is based on tapered structure and vertical coupling,
which doesn’t require any via hole. The proposed transition has
a simple structure for easy fabrication. Several parameters are
studied by simulation to optimize the transition. A demonstration
back-to-back transition is fabricated and measured. The exper-
imental results show that the insertion loss of less than 1.4 dB
and the return loss of better than 10 dB is obtained from 1.3 to
9 GHz.

Index Terms—Coplanar waveguide (CPW), double-sided par-
allel-strip line (DSPSL), transition.

I. INTRODUCTION

MODERN microwave devices are usually fabricated with
various transmission lines such as coplanar waveguide

(CPW), microstrip line, coplanar strip (CPS), and double-sided
parallel-strip line (DSPSL). DSPSL, a differential transmission
line, is attractive to circuits and antennas mainly due to these
advantages [1]: 1) good performance of differential microwave
components; 2) easy realization of line with various charac-
teristic impedances; and 3) simplicity in circuit structures of
wideband transitions. Based on the above advantages, DSPSL
has found plenty of applications [1]–[4] such as filters, rat-race
hybrid couplers, feeding networks of antennas, and push–pull
amplifiers. Meanwhile, CPW has also found plenty of appli-
cations in microwave systems and the transition from CPW to
other transmission lines has been widely investigated [5]–[10].
In order to fully take the advantages of these two kinds of trans-
mission lines, transitions are required to obtain excellent in-
tegration. Up to date, only one transition between CPW and
DSPSL has been reported [10], with the insertion loss of less
than 1.8 dB from 1.1 to 6.45 GHz.

In this letter, the design in [10] is significantly improved, re-
sulting in enhanced bandwidth, lower insertion loss, and smaller
size. The shape of CPW open ends in [10] is modified to avoid
abrupt discontinuity. Instead of using triangular stubs, radial
stubs are adopted and optimized to achieve gradual change of
electric field and size reduction. This design uses vertical cou-
pling between two layers. Thus it doesn’t require any via hole.
The via-less structure reduces the performance uncertainties and
fabrication complexities. In addition, this design uses tapered
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Fig. 1. Layout of the proposed back-to-back transition: (a) schematic layout,
(b) top view, and (c) bottom view. (W1 = 2.4 mm, W2 = 1.35 mm, L1 =
5 mm, L2 = 6 mm, R1 = 5 mm, R2 = 8 mm, g = 0.3 mm, s = 0.6 mm, and
� = 10 .)

structure and can obtain a wide bandwidth with low insertion
loss. A back-to-back transition is optimized and fabricated. Sim-
ulation and measurement results are presented and show good
agreements.

II. TRANSITION DESIGN

Fig. 1 shows the configuration of the proposed transition be-
tween DSPSL and CPW. The substrate with relative permittivity
of 6.15 and thickness of 0.635 mm is used for this design. CPW
is fabricated on the top side of the substrate and DSPSL is fab-
ricated on both sides. It is well known that the currents on the
top and bottom strips of DSPSL are identical in magnitude and
opposite in phase. As for CPW, the magnitude of the current on
each ground plane is half of that on the center strip, and the phase
difference is 180 . Hence, the currents on top strip of DSPSL

1531-1309/$25.00 © 2007 IEEE

(b) [7]

CPW mode will gradually transform to y-polarised
microstrip-line (MSL) mode at B–B′ and C–C′ location,
and finally change to BCS mode at D–D′ location. It is
seen that the transition has a simple, linear tapered,
via-hole-free structure, and it can be designed more quickly
and fabricated more easily.
In the simulation, fabrication and measurement,

back-to-back transitions are considered and investigated.
Without loss of generality, a 50 Ω BCS to 50 Ω CPW
transition designed on a substrate with relative permittivity
ɛr = 3.38 and thickness h = 0.508 mm, with initial
parameters of W = 1.3 mm, g = 0.1 mm, Ws = 1.52 mm, Wg

= 12.3 mm, Lg = 1.0 mm, L1 = 1.5 mm , L2 = 14.0 mm, L3 =
8.0 mm, Ls = 7.5 mm, W3 = 4.0 mm, α = 36° and β = 20°,
is under investigation. The initial parameters are tuned and
determined by employing Zeland’s IE3D [15].

3 Parametric study of the transition

The structure of the proposed transition is different from those
studied in [11, 12]: First, an additional parameter d is
introduced to control the coupling between the Y-junction
and the ground plane, and to optimise designs. Second, the

outer corner of the ground plane is not chamfered.
Furthermore, the centre conductor of CPW is linearly
tapered to make the impedance and field distribution transit
smoothly. The effect of the linearly tapered CPW centre
conductor is simulated first and compared with the case of
uniform centre conductor. As shown in Fig. 2a, the
simulated bandwidth of the invariant case is from 1.18 to
11.02 GHz, whereas in the linearly tapered case, the result
is from 1.28 to 12.13 GHz. The effect of ground plane
chamfering is also studied. In the case of chamfering, two
right angled isosceles triangles with equal lateral length of
2 mm are cut from the ground planes at the end of the
transition. As seen in Fig. 2b, the simulated bandwidth of
the chamfered case is from 1.18 to 11.38 GHz, however,
unlike the un-chamfered case with maximum in-band
insertion loss of 2.2 dB, the maximum insertion loss of the
chamfered case increases to about 2.8 dB at 8.3–8.7 GHz. It
is concluded from the results in Fig. 2 that the linearly
tapered centre conductor and the un-chamfered ground
plane structure proposed here are more effective to improve
high frequency response and reduce the in-band insertion
loss of the transition.
Detailed parametric studies are needed to find out the most

sensitive parameters of the transition so that optimal designs
can be determined. Eight key parameters, d, L1, L2, L3, W3,

Fig. 2 Comparison of the proposed transitions

a With/without tapered centre conductor
b With/without ground plane corner truncated

Fig. 1 Schematic diagram of a single CPW-BCS transition

a Whole view of the transition
b Layout on the top layer
c Layout on the bottom layer
d Cross-sectional E-field distribution

www.ietdl.org
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Figure 2.2: Different CPW to DSPSL Transitions
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As shown in Figure 2.1e, [3] reports a new method based on conformal

mapping to evaluate and optimize the return losses of a tapered microstrip to

DSPSL with impedance matching capabilities.

Figure 2.1f shows a Conductor Backed CPW (CBCPW) to DSPSL tran-

sition, reported in [4], with maximum insertion loss of 2.3 dB and return loss

of higher than 10 dB is obtained from 50 MHz to 20 GHz.

[5] reports transition from edges even DSPSL to CPW as in Figure 2.1g.

It shows maximum insertion loss of 2.4 dB and a return loss of better than 10

dB for 1.1 to 11.2 GHz band.

Table 2.1 and Figure 2.2 shows different CPW to DSPSL transitions [6–9].

2.2 CPW Transitions

This section reviews the geometries of the transitions between CPW to other

popular transmission lines such as microstrip, CPW, slotline and CPS [10].

Conductor Backed CPW - Microstrip Transitions

Figure 2.3, shows two CBCPW to microstrip transitions utilizing direct cou-

pling via multiple metal posts [11, 12].
752 IEEE MICROWAVE AND WIRELESS COMPONENTS LETTERS, VOL. 24, NO. 11, NOVEMBER 2014

Fig. 1. Layout of the CBCPW-to-Microstrip Transition.

Fig. 2. Plot of field transform for structure in Fig. 1. (a) ; (b) ; (c) .

Fig. 3. Two types of end launch connectors compatible with the design of
Fig. 1: (a) Johnson high frequency SMA, and (b) SouthwestMicrowave 2.4mm.

Another important point is that: CBCPW can be treated as
two patch antennas with a coplanar feed [11]. The ground plane
patches represents an over-moded, parallel-plate resonator with
a resonant frequency given by

(1)

where is the velocity of light, is the relative dielectric con-
stant, and are the width and length of the ground patch
and and are the mode indices, which are integers. With
proper length and width of the ground patch, it can be resonant.
The input signal will be radiated into space due to the radiation
property and reflected back due to the impedance changing by
resonance, which significantly degrades the performance of the
transition. To suppress the parallel-plate resonance, vias placed
at the ground patches have been shown to be a good option
[12]. This has been discussed in some previous work, such as

Fig. 4. Layout of the back-to-back transition.

Fig. 5. Simulated S parameters for both single and back-to-back transitions.

[8]; however, it is common that via diameters and spacings are
kept constant in multiple designs. The authors believe that a uni-
versal via size and spacing is not sufficient for all designs, as cur-
rent distributions and inter-via inductances can vary markedly
as a function of frequency. Strong resonances occur not only
in ground areas close to the signal line, but also in those areas
far away from the signal line. Consequently, to optimize the de-
sign over a wide bandwidth, the help of EM simulation tools is
required, with each new via placement based on the specific cur-
rent distribution preceding it. In the current design, multiple via
holes of different sizes and spacingwere placed by observing the
current distribution in IE3D [13], which is a quasi-3D, full wave,
method-of-moments based electromagnetic simulator. Detailed
procedures and discussion will be presented in a longer paper in
the near future.
The final layout of the CBCPW-to-microstrip transition is

shown in Fig. 1. There are four groups, a total of 17 vias on
each side ground patch with different diameters such as 16, 32,
42, and 78 mil.

B. Simulation

Both cases of single and back-to-back transition, which are
shown in Fig. 4, were simulated in IE3D.
As shown in Fig. 5, a single transition exhibits only 0.3 dB

insertion loss from dc to 26.5 GHz, while maintaining a return

(a) [11]

862 IEEE TRANSACTIONS ON ADVANCED PACKAGING, VOL. 31, NO. 4, NOVEMBER 2008

Fig. 1. CPW-to-microstrip transition. (a) Top view. (b) Isometric view.

Duriod 6010 with and . The metal
thickness is 17 and the substrate thickness is 0.635 mm. The
CPW probe pitch used for the design is 250 .

The transition structures that were considered in this work
are shown in Figs. 1 and 2. Fig. 1 shows the cross section that is
common to all structures. The structures include a purely CPW
section that ensures a proper field match at the contact point
with the CPW probes. There is a small section of conductor
backed coplanar waveguide (CB-CPW). The CB-CPW section
then transitions to microstrip. The bandwidth of the transition
is determined by four dominant factors: 1) energy leakage
in the CB-CPW section, 2) field match along the transition,
3) impedance match along the transition, and 4) higher order
mode propagation along the transition. Energy leakage is any
energy that is directed away from fundamental energy that
should be guided along the signal line of the transition.

In Section II, full-wave modeling results are used to demon-
strate how various geometrical factors influence the transition
performance. The parameters include the number of vias, the
placement of the vias, and the ratio of the microstrip width to its
substrate height. Section III compares the measured and simu-
lated results of a final back-to-back transition design. The paper
will address the possible causes of higher mode propagation that
occurs at the upper frequencies in the pass band. Some ideas
on how to suppress these modes are provided. Section IV gives
some conclusions.

Fig. 2. Transition configurations. (a) One via. (b) Three vias in y-direction.
(c) Three vias in x-direction. (d) Vias in both x and y directions.

II. TRANSITION DESIGN

It is important to design a broadband CPW-to-microstrip
transition since the transition bandwidth determines the band-
width over which the effects of the transition can properly be
de-embedded from the measurement results. Scattering pa-
rameters assume dominant mode propagation. The presence of
other modes significantly degrades the accuracy of the extracted
measurement results. This is particularly apparent when the mul-
tiline thru-reflection-line TRL (ML-TRL) calibration approach
is used to de-embed the transition [1]. ML-TRL is particularly
vulnerable since the process includes measurements on multiple
line standards and the method assumes that the cross sections
of every measured line are identical to one another.

Fig. 1 shows the geometrical parameters of the transitions con-
sidered in this work. Fig. 1(a) shows a top view of a single tran-

(b) [12]

Figure 2.3: Different CBCPW to Microstrip Transitions
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CPW - Microstrip Transitions

Broadly electromagnetic and direct coupling techniques are used for creat-

ing CPW to microstrip transitions. Figure 2.4a, shows a common ground

arrangement with signal continuity ensured using a gold ribbon or a bond

wire [13].

Electromagnetic coupling between strip conductors [14] and between ground

conductors [15] are also used for transitions as in Figures 2.4b and 2.4c. Figure

2.4d shows transition via phase shifting network [16].

FIGURE 10.1 Coplanar waveguide-to-microstrip transition via bond wire/
ribbon: h � h

�
� 0.635 mm, �

�
� �

��
� 9.6, S � 2W � 2.2 mm.

between a CPS and a microstrip line or a slotline. This section also includes a
transition between a micro-CPS and a microstrip line. The micro-CPS is a new
variant of the CPS in which the two strip conductors are located at different
heights and separated by a dielectric film. Last, Section 10.10 presents a
transition between a CPW and a balanced stripline.

10.2 COPLANAR WAVEGUIDE-TO-MICROSTRIP TRANSITION

10.2.1 Coplanar Waveguide-to-Microstrip Transition Using Ribbon Bond

In this transition [1] the dielectric substrate with the microstrip line is adhesive
bonded to the ground plane of the coplanar waveguide (CPW) as shown in
Figure 10.1. This arrangement allows the two transmission lines to share a
common ground plane. Electrical continuity between open ends of the CPW
center strip conductor and the microstrip line is provided by a gold ribbon.
The open end shunt capacitances of the two transmission lines, together with
the series inductance of the gold ribbon, form a �-equivalent circuit. This type
of circuit has a low-pass characteristic. Hence for broad bandwidth, the shunt
capacitance as well as the series inductance must be kept small. In [1] the
characteristics of an experimental transition on an alumina substrate are
reported. Typical dimensions of the transition are given in the caption of
Figure 10.1. The maximum VSWR of this transition is less than 1.4:1 over the
frequency range of 2.0 to 18.0 GHz [1]. This includes the VSWR of the
coaxial-to-microstrip and the CPW-to-coaxial transitions at the input and
output ports.

COPLANAR WAVEGUIDE-TO-MICROSTRIP TRANSITION 289

(a) [13]

FIGURE 10.2 Coplanar waveguide-to-microstrip transition: (a) Electromag-
netic coupling between strip conductors; (b) electromagnetic coupling between
ground conductors.

In the second type of transition [1], [3], the microstrip line and the CPW
are fabricated on a single substrate with a common continuous strip conductor
as shown in Figure 10.2(b). In contrast to the previous design, the coupling
between the respective ground planes is achieved electromagnetically. In
addition the ground planes of the CPW are of finite width to suppress the
excitation of the parasitic parallel plate mode.
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(b) [14]

FIGURE 10.2 Coplanar waveguide-to-microstrip transition: (a) Electromag-
netic coupling between strip conductors; (b) electromagnetic coupling between
ground conductors.

In the second type of transition [1], [3], the microstrip line and the CPW
are fabricated on a single substrate with a common continuous strip conductor
as shown in Figure 10.2(b). In contrast to the previous design, the coupling
between the respective ground planes is achieved electromagnetically. In
addition the ground planes of the CPW are of finite width to suppress the
excitation of the parasitic parallel plate mode.

COPLANAR WAVEGUIDE-TO-MICROSTRIP TRANSITION 291

(c) [15]
FIGURE 10.3 Coplanar waveguide-to-microstrip transition via a phase shift-
ing network: W � 0.23 mm, W

�
� 0.47 mm, W

�
� 0.254 mm, W

�
� 0.102 mm,

l
�
� 2.72 mm, S

�
� 2.97 mm, h

�
� 3.3 mm, �

�
� 10.5, substrate thick-

ness� 0.254 mm.

less than 1.0 dB over the frequency range of 0.045 to 6.5 GHz. The insertion
loss includes the losses occurring in the junction, the attenuation of the short
length of CBCPW and microstrip line on either side of the junction, and the
attenuation of the coaxial connectors of the test fixture. The measured return
loss is less than �10.0 dB across the above frequency band.

10.2.5 Coplanar Waveguide-to-Microstrip Transition Using a
Via-Hole Interconnect

In this transition which is shown in Figure 10.5, the coplanar waveguide
(CPW) and the microstrip line are fabricated on opposite sides of a semicon-
ductor wafer, such as semi-insulating GaAs or InP. The two lines are then
interconnected by an etched and metallized via [8]. The first step in the
fabrication process is the definition of the coplanar environment on the first
side of the wafer with standard photolithography. The wafer is then electro-
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(d) [16]

Figure 2.4: Different CPW to Microstrip Transitions

Transitions using metal posts or via-hole interconnects [17, 18] are shown

in Figures 2.5a and 2.5b. Figure 2.5c shows orthogonal transition via direct

contact [19].
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FIGURE 10.4 Coplanar waveguide-to-microstrip transition via a metal post:
S � 1.14 mm, W � 0.25 mm, W

�
� 0.76 mm, D

�
� 1.02 mm, D

�
� 2.54 mm,

T
�
� 3.18 mm, �

��
� 2.2, T

�
� 0.25 mm, �

��
� 2.2.

FIGURE 10.5 Coplanar waveguide-to-microstrip transition using a via-hole
interconnect: h � 100 �m, �

�
� 12.9, d

�
� 55 �m, d

�
� 140 �m, t � 4 �m.

plated with gold to a thickness at least three times the skin depth at the
operating frequency; typically this is about 1.5 �m at Ka-band frequencies. In
this design the gold thickness is 4 �m. At this point the wafer is thinned by
lapping and polishing so that the final via interconnect has a small inductance.
Typically for Ka-band and W-band applications, the wafers are thinned to
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(a) [17]

FIGURE 10.4 Coplanar waveguide-to-microstrip transition via a metal post:
S � 1.14 mm, W � 0.25 mm, W

�
� 0.76 mm, D

�
� 1.02 mm, D

�
� 2.54 mm,

T
�
� 3.18 mm, �

��
� 2.2, T

�
� 0.25 mm, �

��
� 2.2.

FIGURE 10.5 Coplanar waveguide-to-microstrip transition using a via-hole
interconnect: h � 100 �m, �

�
� 12.9, d

�
� 55 �m, d

�
� 140 �m, t � 4 �m.

plated with gold to a thickness at least three times the skin depth at the
operating frequency; typically this is about 1.5 �m at Ka-band frequencies. In
this design the gold thickness is 4 �m. At this point the wafer is thinned by
lapping and polishing so that the final via interconnect has a small inductance.
Typically for Ka-band and W-band applications, the wafers are thinned to
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(b) [18]

FIGURE 10.6 Coplanar waveguide-to-microstrip orthogonal transition via
direct contact: (a) Connection is from the bottom, h � h

�
� 0.63 mm, �

�
�

�
��

� 6.0, S � 0.93 mm, W � 0.20 mm, L � 0.65 mm, W
�
� 1.33 mm, L

�
� 0.42

mm, W
�

� 0.93 mm; (b) connection is from the top, h � h
�
� 0.63 mm,

�
�
� �

��
� 6.0, S � 0.93 mm, W � 0.20 mm, T � 0.99 mm, L � 0.65 mm,

S
�
� 0.65 mm, W

�
� 0.3 mm, W

�
� 0.93 mm, T

�
� 0.99 mm, W

�
� 0.65 mm.
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(c) [19]
FIGURE 10.7 Coplanar probe-to-microstrip transition using a radial stub.

10.3 TRANSITIONS FOR COPLANAR WAVEGUIDE WAFER PROBES

10.3.1 Coplanar Waveguide Wafer Probe-to-Microstrip Transition
Using a Radial Stub

A coplanar waveguide wafer probe-to-microstrip transition [10] in which the
ground continuity is established through the use of an electromagnetically
coupled microstrip radial stub is shown in Figure 10.7. In this transition the
center signal contact and the outer ground contacts of the wafer probe
establish direct connection with the microstrip line and the microstrip radial
stub on the substrate, respectively. The microstrip radial stub provides a virtual
short circuit between the ground contacts of the wafer probe and the substrate
ground plane.

For any given frequency of operation, the optimum stub length neglecting
the fringing fields along the perimeter of the stub is derived in [11]. If the stub
angle �� is large, and the stub inner radius r

�
is small compared to the

wavelength of operation, the optimum stub length L is given by [11]

L 

�
�

2���
�

, (10.1)

where �
�
is the free space wavelength and �

�
is the substrate relative permit-

tivity. The stub length is optimum for the following two reasons: First, for this
length the stub impedance is the lowest hence the radial stub is close to being
a virtual short circuit. Second, the stub impedance is also insensitive to the
substrate thickness, which is a desirable feature when making measurements
on substrates of different thicknesses.
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(d) [20]

FIGURE 10.8 Coplanar probe-to-microstrip transition using metal vias:
h � 100 �m, �

�
� 12.9, A � 250 �m, B � 200 �m, C� 200 �m, D � 100 �m,

W � 75 �m.

Quite often in practice measurements are made over a band of frequencies,
in which case it is necessary to determine the maximum frequency of the stub
operation. In general, as the frequency of operation increases, the stub electrical
length increases and approaches approximately half a wavelength in the
dielectric. At this frequency the radial stub and the substrate ground plane are
decoupled, and the radial stub behaves as an open circuit with a large
impedance. This condition therefore sets the upper limit of the operating
frequency. The stub reactance becomes infinite when [10]

L 

3.832�

�
2���

�

. (10.2)

For example, a coplanar waveguide wafer probe-to-microstrip transition for
optimum operation at 10.6 GHz with a maximum operating frequency of 40.0
GHz has the following typical dimensions as determined from Eqs. (10.1) and
(10.2): stub length L � 1250 �m, inner radius r

�
� 125 �m, outer radius

r
�
� 1375 �m, and stub angle �� � 180°. The substrate is a semi-insulating

GaAs of thickness h � 92 �m and �
�
� 12.9.

10.3.2 Coplanar Waveguide Wafer Probe-to-Microstrip Transition
Using Metal Vias

This transition [12] is shown in Figure 10.8. In this transition the center signal
contact and the outer ground contacts of the wafer probe establish direct
connection with the microstrip line and pads on the substrate, respectively. The
pads are connected by metal vias to the substrate ground plane. The disadvan-
tage of this approach is that the fabrication is more complicated than the
transition discussed in Section 10.3.1. Typical dimensions for a transition which
is good through 26.5 GHz are included in the caption of Figure 10.8.
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(e) [21]

Figure 2.5: Different CPW to Microstrip Transitions

For facilitating input/output ports in monolithic microwave integrated cir-

cuits (MMICs) CPW probe pads are used. Figures 2.5e and 2.5d are the

transitions from microstrip to these pads [20, 21].

Recent developments [22–33] in the CPW to microstrip transitions are

shown in Figures 2.6 and 2.7. It also utilizes the same techniques mentioned

above for achieving transitions.
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Ž . Ž . Ž . Ž . Ž .Figure 2 a In-line transition. b S ]]]] measurement, }}} simulation . c S ]]]] measurement, }}} simulation .12 11
W s 2.32 mm, W s 2.72 mm, W s 2.58 mm, L s 10.88 mm, S s 5.08 mm, W s 4.7 mm, l r4 s 10.96 mm, h s 0.762 mm,1 2 3 c c g m
« s 2.2r

tions use quarter-wavelength transformers, but a 50 V char-
acteristic impedance microstrip line can be directly used with
only a slightly smaller bandwidth, which is generally not
disturbing when these transitions are used for feeding mi-
crostrip array antennas. Realized on the two faces of the
dielectric substrate, this type of transition can be successfully

w xused in conformal array feeding 9 .
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Abstract - A new design of a coplanar waveguide 
(CPW) to microstrip transition is presented. 
Simulation using the high frequency simulator 
software (HFSS) shows that a bandwidth of 13 GHz 
with less than -25 dB return loss can be achieved. The 
transition was fabricated and characterized. 
Experimentally, the Sll of two back to back conductor 
backed CPW to microstrip transitions on InP substrate 
is better than -12 dB up to 14 GHz. For Alumina 
substrate the S11 was less than -15 dB up to 25 GHz. 

I. INTRODUCTION 

Coplanar waveguide (CPW) to microstrip transitions 
have been subject to rigorous study since 1979 [l-51. 
Integrating CPW with microstrip on the same wafer, 
making on wafer measurements through CPW probes and 
packaging CPW monolithic microwave integrated circuits 
(MMIC) are the motives for this increasing interest. 

The transition proposed by Houdart et a1 [4] consists of 
three coupled lines that couple the signal from the 
microstrip to the CPW at a specific frequency. Such 
transition has a narrow bandwidth. Williams et al. 
presented a coplanar probe to microstrip transition [SI, 
which coupled the bottom ground of the microstrip and the 
top surface by a large reactance that has the form of a 
semicircular metal layer on the top surface. This transition 
suffers from two disadvantages. First, it can not work 
efficiently at low frequency since this reactance, acting as 
a capacitor, is considerably large. Second, it can not be 
used to interconnect CPW to microstrip. To provide 
connection between them, different modifications have 
been introduced to the last structure [l]. The measured 
return loss was more than -12 dl3 within the operating 
bandwidth and much larger in low frequency and up to 5 
GHz. 

In this paper, a structure that provides a gradual 
transformation of the electric and magnetic fields and 

Patent pending 
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constant impedance along the transition between a 
coplanar waveguide or conductor backed coplanar 
waveguide from one side and microstrip from the other 
side is studied numerically and experimentally 

11. THEORY 

The Conductor backed coplanar waveguide (CPWG) as 
shown in Fig. 1 has four conductors over a substrate. 
Three conductors are on one surface forming the center 
line and two ground lines and the fourth is a ground line at 
the bottom. 2w is the width of the center line, s is the 
separation between the center line and the ground lines on 
the surface, g is the ground line width on the surface, h is 
the substrate height and is the relative dielectric constant 
of the substrate. 

Transition n 
Conductor backed 

icrostrip (W) CPW(Si. Wi) - 

Coplanr Wave 
guide (Zw, s) 

r 

\ Conductor 

Fig. 1. The proposed transition. It consists of n sections of 
conductor backed CPW , in the figure n = 3 , one port is a CPW 
and the second port is a microstrip line 

By using the mode matching technique, it has been 
shown that the characteristic impedance of CPWG can be 

2001 IEEE MlT-S Digest 

(c) [23]

Via-free broadband microstrip to CPW 
transition 

T.-H. Lin 

A broadband microstrip LO coplanar waveguide (CPW) transition 
is proposed. The design is based on vertical resonant coupling 
betwecn the microwip and CPW. The transition does not require 
via holes, wire bonds, or air bridges. The design of the transitions 
on C band shows good agreement with return loss better than 
-15dB over 2.M.5GHz. The new transition has the advantages 
of broad bandwidth and easy fabrication. 

Introduction: The use of microstrips and coplanar waveguides 
(CPWs) has rapidly been expanding due to the advantages of low 
cost, compact size, and easy integration [or devices. Each micro- 
strip and CPW has its exclusive advantages over the other. Some 
applications such as multilayer microwave integrated circuits [ I ]  
require the flexibility to use integrated microstrip and CPW cir- 
cuits. Therefore, the low-loss, wideband, and compact transition 
between a microstrip and CPW is necessary to ensure the compat- 
ibility of CPW and microstrip technologies. 

There are two main techniques for the transition between a 
microstrip and CPW. One is by electrical contact, and the other 
electromagnetic coupling. Transitions by electrical contact usually 
call for via holes, bonding wires, or abrupt steps in the conductor 
[2, 31. These transitions provide compact size and wide bandwidth, 
but the majority of them involve some degree of mechanical com- 
plexity. Transitions by electromagnetic coupling require no wire 
bonds or via holes, but most of them surfer from narrow band- 
width and larger size. Recently wider bandwidth transitions by 
coupling have been studied for millimetre wave circuit applications 
[I, 41. In this Letter, a broadband microstrip to CPW transition 
based on resonant coupling between an open-circuited microstrip 
and short-drcuited CPW is proposed. The design is demonstrated 
and verified by simulation and implementation on C band, which 
can be applicd for higher frequency bands without much dim- 
culty. The transition shows good performance over 2.8-7.5 GHz. 
It has the advantages of broad bandwidth and low fabrication 
cost. 

Fig. I Microstrip to CP W trunsition 

Continuous lines represent inetallisation of CPW and also ground 
plane of microstrip linc on one side of substrate. Broken lines repre- 
sent metallisation of microstrip signal line on revcrsc of substrate. 

Transition design: The structure of the proposed transition is 
shown in Fig. I .  The centre conductor of the CPW is integrated 
with thc ground plane of the microstrip line. The end of the 
microstrip line is connected to two open stubs. These stubs are 
extended past the two short slot amis of the CPW on opposite 
sides of the substrate. The lengths of open stub and short arm are 
designed to be appraxiniately one quarter of the guided wave- 
length. The opcn stub and shorted arm are radial in shape to 

allow wider bandwidth operation. It can be seen that the structure 
has provided a natural gap between the two transmissioii line 
structures, so that DC blocking capacitors in some microwave cir- 
cuit designs may be waived. Also, the transition is in H-plane sym- 
metry and the signal line of the CPW has been DC shorted to 
both ground planes such that the air bridges usually required in 
CPWs to suppress the occurrence of slotline modes are no longer 
necessary. 

Pig. 2 Equivalent circuit modeljor proposed microstrip to CP W transi- 
tion 

The present transition design is capable of inducing strong cou- 
pling between the electric field of the open-circuited microstrip 
and the magnetic field of the short-circuited CPW. As a result, the 
high-frequency signal can be effectively transferred between micro- 
strip and CPW through resonant coupling. Such occurrences can 
also be accounted for by the design of a broadband microstrip to 
slotline transition [5]. The equivalent circuit model is equal to a 
combination of two microstrip to slotline transitions, as shown in 
Fig. 2. In the equivalent circuit, Z,,,, and Zacpw are the charac- 
teristic impedances of the microstrip and CPW, respectively. X,  
and X, represent the reactances of the open microstrip stub and 
short slot cavity measured from the crossover point. The trans- 
former turns ratio n describes the magnitude of the coupling 
between the microstrip and slotline. 

The transition bandwidth limitation results mostly from the fre- 
quency dependence of X, and X ,  [6]. To design a broadband tran- 
sition, one attempts to provide mutual cancellation of X ,  and A', 
between slotline and microstrip resonators. This can be achieved 
by properly designing the shape of the microstrip open stub and 
CPW short ctvity. 
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To achieve both field matching and impedance matching,
some transitions use lumped circuit components [26],
transmission-line stubs [19, 21–23] or phase shifters [10,
20]. These components either suppress the field in one of the
slots in CPW, or make the fields in both CPW slots from in-
phase to out-of-phase, and therefore achieve field matching.
The other method is to design unique and sometimes odd
geometries intuitively to convert the field distribution [11,
12]. This strategy usually requires the understanding of the
field distributions in the transmission lines, and the help of
optimisation algorithms which are often provided by many
electromagnetic simulation software nowadays. In this
paper, the second approach will be adopted. The perfor-
mance of these transitions will be simulated and optimised
using IE3D software [27].
The shapes and dimensions of the building blocks and

sub-building blocks proposed in this paper are determined
with the aforementioned substrate and frequency band.
Nevertheless, these can be considered as prototypes, and
can be easily adapted to fit future requirements.

2.1 CPW-to-microstrip transition
To follow the concept of the building-block scheme, the
CPW-to-microstrip transition to be designed is further
decomposed into two sub-building blocks, as shown in
Fig. 1. The one shown in Fig. 1a can be considered as a
transition between CPW and elevated CPW (ECPW) [28,
29]. The characteristic impedances for CPW and ECPW are
set to be 70O and 75O, respectively. The RF connection of
the transition is achieved through the broad-side coupling of
the ground strips of CPW and ECPW. The length of the
overlap is first set to be lCPW/4 at 10GHz, and is then
adjusted using the optimisation algorithm in IE3D. To
provide smooth transition between top and bottom ground
strips, the widths of both strips are tapered in the same
fashion. The lengths and positions of points B and C on the
edge are adjusted to make the return loss better than 20dB
in the X-band.

The reason why the author uses coupled ground strips
instead of centre strips is given as follows. To achieve RF
connection at the frequencies of interest, the area of overlap
should be large enough to provide sufficient coupling. The
ground strip is wider than the centre strip, and therefore the
RF connection can be obtained in shorter lengths. In
addition, trimming the inner edges of the ground strips is
essential to the optimisation of the return loss. However,
doing the same thing to the outer edges of the centre strips is

found to be less effective. The current density on the centre
strip is high. Thus, no matter how the centre strip is
trimmed, the abrupt discontinuity cannot be avoided.
Figure 1b shows the proposed configuration of the

ECPW-to-microstrip transition. The characteristic impe-
dances of the ECPW and microstrip are 75O and 70O,
respectively. In the design, the widths of the centre strip and
ground slot of the ECPW are simply tapered to that of the
microstrip. The length of the transition is then adjusted until
the return loss is better than 20dB in the X-band.
Figure 2 shows the proposed configuration of the CPW-

to-microstrip transition, which is the direct cascade of the
CPW-to-ECPW transition shown in Fig. 1a and the
ECPW-to-microstrip transition shown in Fig. 1b. The main
challenge in designing the transition is to achieve the
electric-field matching between CPW and microstrip. While
the electric field is mostly parallel to the ground and centre
strips in CPW, it is mainly perpendicular to the ground
plane of the microstrip. In the design, the role of the ECPW
is to lift up the electric field. Through the tapered region
between ECPW and microstrip, the electric field converges
to the microstrip mode. As shown in Fig. 3, the return loss
is better than 20dB at all frequencies in the simulation,
which is attributed to the excellent performance of both
sub-building blocks.

2.2 Microstrip-to-CPS transition
Figure 4 shows the proposed microstrip-to-CPS transition.
This configuration is first proposed in [30] for a transition
between 50O microstrp and 140O CPS. Here the details
with regard to the design scheme are reiterated, and a
transition between 70O microstrip and 140O CPS will be
designed to serve as a building block in this paper. To
explain the scheme of design, the transition is decomposed
into five parts. Part 1 is 50O or 70O microstrip, and part 5
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Fig. 1 Top views of CPW-to-ECPW and ECPW-to-microstrip
transitions
Light-colour area represents upper metal, while deep-colour area
represents bottom metal. Width of overlapping strips in (a) is 0.4.
Positions of A, B and C in (b) are (3,5), (3,1) and (0,0). Unit of length
is mm
a CPW-to-ECPW transition
b ECPW-to-microstrip transition

Fig. 2 Top view of CPW-to-microstip transition
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Broad-Band Microstrip-to-CPW Transition via
Frequency-Dependent Electromagnetic Coupling

Lei Zhu, Senior Member, IEEE, and Wolfgang Menzel, Fellow, IEEE

Abstract—An improved broad-band microstrip-to-coplanar-
waveguide (CPW) transition is developed on a basis of the
frequency-dependence characteristic of an electromagnetic sur-
face-to-surface coupling. A self-calibrated method of moments is
extended to model this unbounded two-port discontinuity with the
two dissimilar microstrip/CPW feeding lines. Numerical results
are provided to demonstrate its frequency response of transmis-
sion under varied strip/slot dimensions and further exhibit its
attractive ultra-broad-band transmission with low radiation loss.
Next, the back-to-back transition circuits with the two different
lengths are fabricated and measured to deembed in experiment
the -parameters of two single-transition structures. Predicted
and measured results show good agreement with the return loss
less than 10 dB over the frequency of 3.2–11.2 GHz.

Index Terms—Broad-band, electromagnetic (EM) coupling,
experimental deembedding, method of moments (MoM),
microstrip-to-coplanar-waveguide (CPW) transition, short–open
calibration (SOC).

I. INTRODUCTION

B ROAD-BAND microstrip-to-coplanar-waveguide (CPW)
transitions or interconnects without bonding wires [1]–[9]

have been arousing an endless interest in the exploitation of
hybrid and/or multilayered microwave integrated circuits due
to several exclusive features of microstrip and CPW lines.
Stemming from the idea of a CPW-to-CPW transition [10],
a so-called surface-to-surface transition structure [1]–[3] was
successfully developed via electromagnetic (EM) coupling of
the microstrip and CPW at different layers. Intuitively speaking,
this transition operates on a basis of the quarter-wavelength
asymmetric parallel-coupled line theorem, e.g., [11]. The
broad-band transmission behavior with low return loss was
realized by widening the two slots in the CPW and the central
strip conductor in the microstrip [1] or installing an additional
microstrip matching circuit [3]. According to the principle
of the microstrip-to-slotline transition, an alternative mi-
crostrip-to-CPW transition was recently developed using two
pairs of open-circuited microstrip and short-circuited slotline
stubs with radial shape [4]. Moreover, a few transition struc-
tures were presented in [7]–[9] to realize the wave transmission
between the microstrip and CPW with a finite ground width.

In this paper, an improved broad-band microstrip-to-CPW
transition is proposed using the frequency-dependent behavior
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Fig. 1. Layout of the proposed microstrip-to-CPW transition via EM coupling.

of the surface-to-surface coupling [1]–[3] with extended cou-
pled-strip conductors [12]. Due to enhanced capacitive coupling
in series between microstrip and CPW strip conductors, the
overall transmission passband can be expanded with two rejec-
tion zeros [13]. Following [14] and [15], this two-port transition
structure with the two dissimilar microstrip and CPW feeders
is characterized by implementing the short–open calibration
(SOC) procedure in the full-wave method of moments (MoM).
Thus, electrical performance of such a transition is numerically
deembedded via two sets of SOC standards. Next, two types
of back-to-back transition circuits are fabricated and measured
for experimental deembedding of their actual behaviors over
a wide frequency range. Both predicted and measured results
show excellent broad-band characteristic with the bandwidth
of 91%–111% for the return loss below 10 dB.

II. GEOMETRY DESCRIPTION AND MODELING TECHNIQUE

Fig. 1 depicts the geometrical layout of the proposed two-port
microstrip-to-CPW transition driven with the microstrip and
CPW feeders. Herein, the two coupled-strip surfaces in con-
junction with the lower CPW and upper microstrip are largely
widened while the twin-slot width in the CPW is properly
incremented, making up a frequency-dependent parallel-cou-
pled microstrip/CPW section with tight coupling. Following
the early research in [12] and [13], this coupled-strip structure
can be perceived as an enhanced equivalent series-capacitive
element at low frequency and a parallel-coupled transmission
line with a tightly distributed coupling degree as frequency in-
creases. Thus, this transition is expected to hold the broad-band

0018-9480/04$20.00 © 2004 IEEE
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Fig. 2. (a) Schematics of the proposed coupler and (b) microstrip-to-CPW tran-
sitions.

Fig. 3. Cross-sectional view of the CPW coupled line region.

to be larger than the diameter of the via-hole, , and narrower
than .

The cross section of CPW coupled line region is shown in
Fig. 3. For a constant substrate thickness, , the spacing be-
tween the ground plane and the strip line is , the spacing
among the three coupled lines is , the widths of an internal
and two external coupled lines are W1 and W2, respectively.
The total length of the CPW region is designed to be the quarter-
wavelength, , of the center frequency to obtain the maximum
signal. The spacing, , determines the coupling signal from the
input line of W1 to the coupled line of W2. In most case, the
spacing between two coupled lines is limited by PCB manufac-
turing processes. The minimum , in general, of PCB processes
is about 0.1 mm, however, it requires at least 0.05 mm spacing
to design a conventional Lange coupler on a 0.8-mm-thick sub-
strate. This is the main reason to combine a CPW structure to
overcome the drawbacks of a conventional Lange coupler. As
mentioned previously, the spacing between coupled lines can be
obtained by adjusting the CPW geometrical parameters to meet
the design rules of the PCB manufacturing processes. The de-
sign of the proposed circuit is by controlling G to adjust W1 and

Fig. 4. Photograph of the proposed 3-dB coupler viewed from (a) the top side
and (b) the bottom side.

Fig. 5. Insertion loss and isolation over the frequency to 6 GHz. (Solid line for
experiments and dash line for simulation).

W2 to compensate the processing limitation of the minimum .
Finally, the input signal is spilt into two equivalent (3 dB) output
signals with 90 out of phase.

Compared with the other 3-dB couplers, the proposed struc-
ture merely consists of a top metal, a bottom metal and via-hole
transitions. No bonding wire processes [1], [14], [15], nor air
bridge requirements by multilayer structures [7]–[12], are used
which can greatly reduce the cost of processing. Besides, by the
virtues of the CPW coupler structure, the widths and the spacing
of the coupled lines can then be increased, this is the benefit for
a 3-dB coupler structure to be manufactured by PCB processes
or by a milling machine on a signal-layer PCB substrate.

III. IMPLEMENTATION AND PERFORMANCE

To validate the proposed structure, a 3-dB coupler operated
at 2.4 GHz was implemented on a low-cost FR4 board with a
dielectric constant of 4.4 and a substrate thickness of 0.8 mm.
The circuit used 0.1 mm as the spacing to design the couplers.
Microwave office and Zeland IE3D EM software were used to
analyze and optimize the circuit layout. The final dimensions
of the circuit are 20.9 mm, 1.5 mm,
1.0 mm, 0.15 mm, 0.2 mm, 0.8 mm,
1.87 mm, 0.83 mm, and 0.76 mm, respectively.
The photograph of the fabricated circuit is shown in Fig. 4. The
overall dimension of the circuit is 3.1 cm 1.8 cm.

The insertion loss of the three outputs as a function of fre-
quency is shown in Fig. 5. The measured results of insertion

(g) [27]
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Fig. 1. Configuration of the CPW-to-microstrip transition. (a)
Three-dimensional view of the transition. (b) Top and bottom view of the
transition.

width between the signal conductors and the ground conductors
on the top plane increases accordingly in order to maintain a
50- characteristic impedance for each section. The CPW line
does not have a ground, while the microstrip line does, thus the
bottom ground is designed to have a tapered slot. In order to
maintain a CPW mode at the beginning of the transition, the
slot width, , is set to be greater than [7]. The
slot width gradually decreases and eventually goes to zero at the
microstrip end of the transition.

The transition was designed on RT/Duriod 6006 substrate,
which has a relative dielectric constant of 6.15, a dielectric
thickness of 0.635 mm, and a copper foil thickness of 35 m.
All of the transition dimensions were calculated using Linecalc
by Agilent Advanced Design System (ADS) [8]. The signal line
widths were determined first. The value of is specified by
the pitch of the GSG probe. In this paper, the ACP40-GSG-1000
probe [9] was used. The value of is the width of a 50-
microstrip line, and is the average of and . The
first section of the transition can be approximated as a CPW
line and last section as a CPWG line. The values of and

were calculated to maintain to 50- CPW line in the first
section and a 50- CPWG line in the third section, respectively.
The value of was determined by averaging the gap width
determined from both the 50- CPW and CPWG Linecalc
models, using the material parameters and the value of
determined before. The resulting dimensions of each section are
as follows: mm, 0.14 mm; 0.72 mm,

0.28 mm; 0.92 mm, 1.00 mm. The dimen-
sions of the slot in the lower ground plane were determined by
computing performance curves for several different cases.

The field distributions at different positions along the transi-
tion were studied using Ansoft High Frequency Structure Sim-
ulator (HFSS) [10]. The electric field configurations in the cross
sections labeled A–A’, B–B’, C–C’, and D-D’ in Fig. 2 are
plotted in Fig. 3(a)–(d). There is a pure CPW mode in the CPW

Fig. 2. Locations of field evaluation along the transition.

feed line, a pure microstrip mode along the microstrip line, and
a combination of these two modes in the transition region. At
cross-section A–A’, there is no ground plane directly beneath
the signal trace and the gap width is small, thus the wave is
mainly guided through the gap on the top of the substrate and
a CPW mode dominates. Fig. 3(a) shows that the E-fields are
concentrated in within the upper slot region. Further along the
transition, the signal trace gets more tightly coupled with the
bottom ground than with the top ground. The wave becomes
more guided between the top and bottom conductors and the
microstrip mode prevails while the CPW mode declines.

Fig. 4 shows the measurement and simulation results of tran-
sitions with solid bottom ground planes and those with tapered
slots in the bottom ground. The values for and are those
that were previously determined. The length of the top ground
in each case is 3.00 mm. For the transition with the tapered
ground, 1.10 mm, 1.5 mm,
and 0.5 mm. The transitions were fabricated using a
back-to-back configuration with an interconnecting 50- mi-
crostrip line and were measured using an Agilent HP8510C
network analyzer. The system was calibrated to the probe tip
using multiline thru-reflect-line (ML-TRL) standards [11] that
were fabricated on the same substrate as the transition. It is seen
that the simulation and measurement for the solid ground tran-
sition agree well. For the tapered ground transition, good agree-
ment between simulation and measurement is demonstrated up
to 10 GHz. The discrepancy is due to a slight alignment devia-
tion between the top and bottom mask patterns during fabrica-
tion. The transition with the tapered ground plane exhibits lower
return loss and broader bandwidth compared to the solid one.

Transitions with different ground plane slot taper dimensions
were simulated in order to optimize the design dimensions. In all
of the simulations, the length of the top ground is 4.5 mm long.
First, transitions with the same slot length

1.5 mm , but different slot widths were studied to deter-
mine the optimal values of and . Fig. 5(a) shows the sim-
ulation results for the transitions with fixed at 1 mm and for

1.5, 2, 2.5, and 3 mm, respectively. As increases, both
the return loss and bandwidth are improved. Fig. 5(b) presents
the simulation results for the cases when is fixed, while
is increased from 0.25 to 1.5 mm. The return loss improves and
the bandwidth increases as decreases, but the trend reverses
after becomes less than . The optimal value of

is determined to be .
Transitions with the same slot width but different slot lengths

were also investigated. The slot in the bottom ground was fixed

(h) [28]

Figure 2.6: Different CPW to Microstrip Transitions
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Ultra-wideband microstrip to CB-CPW
transition applied to broadband filter

M. Nedil, T.A. Denidni and A. Djaiz

A new ultra-wideband microstrip to conductor backed coplanar

waveguide (CB-CPW) transition structure is presented and implemen-

ted. Results show good performance in terms of bandwidth, which is

about 12 GHz. Using this transition, a new ultra-wideband filter was

designed and fabricated. Simulated and measured results show that the

filter can cover the band from 3.1 to 10.6 GHz (�10 dB bandwidth).

Introduction: Planar transmission lines such as microstrip and

coplanar waveguide (CPW) have been applied in various microwave

and millimetre-wave circuits. In some multilayered structures, these

transmission lines coexist and are even combined to develop new

circuit components [1]. For instance, multilayer microwave integrated

circuits require more flexibility to use both microstrip and CPW

circuit technologies. To ensure compatibility between these techno-

logies, low-loss, wideband, and compact transitions between micro-

strip and CPW lines are necessary. In practice, additional conducting

planes in the CPW line are often present below the substrate in order

to electromagnetically separate the circuit from its environment [2].

In the same perspective, vialess CB-CPW to microstrip line transi-

tions using electromagnetic (EM) coupling of three-line couplers

have also been proposed [3–5]. However, to our knowledge a

broadside CB-CPW to microstrip transition has not been proposed.

In this Letter, a novel ultra-wideband microstrip to CB-CPW transi-

tion using slot coupling is proposed. The transition uses a conductor-

backed coplanar waveguide, which offers superior characteristics over

the CPW such as reduced size [6]. As an application, this transition was

applied to design a new multilayer ultra-wideband filter. This filter

offers a wider out-of-band rejection bandwidth and has good perfor-

mance in terms of group delay.

Fig. 1 Layout of proposed microstrip to CB-CPW transition and cross-
section

a Layout of proposed microstrip to CB-CPW transition
b Cross-section

Microstrip to CB-CPW transition: Fig. 1 shows the geometrical

layout of the proposed two-port microstrip to CB-CPW transition.

This transition is characterised by an aperture etched on the common

ground plane of the two-layered structures to provide a fed-through

coupling between the upper microstrip line and the lower CB-CPW line.

In this structure, the upper microstrip conductor is vertically coupled

with the lower CB-CPW line via a coupling slot located in the common

ground plane as shown in Fig. 1.

The transition was designed using the EM simulator IE3D, which is

part of Zeland software package [7]. The top and bottom 50O
transmission lines were computed using HP’s LineCalc. The coupling

line widths and line lengths were varied in order to optimise the

transition match. It is noted that the design offers good transition and

tight coupling via the geometry of the slot coupled in the ground

plane between the microstrip feed line to CB-CPW line section.

The transition was designed using a Duroid substrate (RT=Duroid
5880) with er¼ 2.2 and thickness of 0.254 mm. The dimensions

of the transition are LS¼ 5.15 mm, L¼ 4.75 mm, W¼ 2.7 mm,

W1¼ 4.5 mm, W2¼ 4.3 mm, S¼ 0.2 mm, G¼ 0.69 mm, e¼ 0.2 mm.

The main drawback of the CB-CPW technology is the parallel-plate

modes, which are considered as unwanted bulk modes [8]. This

indicates that the minimum parasitic resonant frequency from the

parasitic parallel-plate modes of the CB-CPW can be predicted based

on a simple rectangular patch model as reported in [8]. The calculated

lowest order mode resonance frequency is f11 (� 20.8 GHz) which is

obtained while the dimension of the width and the length of the

ground are Wg¼ 5 mm and Lg¼ 20 mm, respectively. In this case, it

is noted that the leaky wave phenomenon does not affect the

performance of the proposed transition, which allows avoiding the

use of via.

Based on this design, an experimental prototype was fabricated and

tested. Fig. 2 shows the simulated and measured results. From these, it

can be seen that simulated and experimental data show good agreement

and the microstrip to CB-CPW transition offers a very wide bandwidth

of� 12 GHz, which is more superior than the transition reported in [9].

As an application of this new transition, an ultra-wideband bandpass

filter was introduced, where a very wide bandwidth was achieved, which

is enough to cover ultra-wideband application (more than fixed by FCC

[10]).

Fig. 2 Simulation and experimental results of proposed transition

—— simulated
- - - -measured

UWB filter design: The most challenging problem in the design of an

UWB filter is the 110% fractional bandwidth requirement of the

Federal Communications Commission (FCC)’s decision to permit the

unlicensed operation band from 3.1 to 10.6 GHz in 2002 [10]. Few

works on UWB passband filters have been proposed [11–13].

In this contribution, a new bi-layer UWB filter based on the proposed

transition is presented in this Section. Fig. 3 shows the layout of the

proposed UWB filter. This filter is composed of two microstrip–

CB-CPW transitions and a section of CB-CPW transmission line as a

multiple-mode resonator (MMR) between the two transitions [9]. At the

centre frequency of the concerned UWB passband, both side sections of

this MMR (microstrip to CB-CPW transition) are identical and they are

chosen as one quarter-wavelength (lg=4) while the middle section is set

as one half-wavelength (lg=2).

Fig. 3 Layout of proposed UWB filter
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launched down the two slotlines and eventually via the CPW

output.

The strong coupling between each pair of the microstrip and

slotlines depicted in Figure 1(c) can be modeled by a trans-

former with 1:1 turns ratio connecting the two lines. With this

modeling, it becomes clear that to have full matching between

the 100-X microstrip at one side of the transformer and the slot-

line at the other side, the slotline should also have 100-X imped-

ance. The slotline dimension to achieve this value can be calcu-

lated using, for example, the closed form solution [9].

To efficiently couple a signal from the microstrip to the slot-

line across a wide bandwidth, the end of the slotline needs to be

compensated with an inductive element, whereas the microstrip

needs to be compensated with a capacitive element [2]. The in-

ductive element is chosen in the form of a circular slot, whereas

the capacitive element is in the form of a circular disc [2]. The

exact location of those elements is shown in Figure 1(c). The

guidelines presented in Ref. 10 can be utilized to find the initial

values for the radius of the microstrip circle (rm) and slot circle

(rs). For the transition presented in this article, there is another

factor to be considered; the summation of the diameter of each

of the circles and the extension of the lines beyond each other

should equal k/4 as indicated in Figure 1(c).

It is to be noted that the presented design procedure results

in a transition having one transmission pole. To increase the

bandwidth, each pair of the circular slots (at the bottom layer)

and circular discs (at the top layer) is overlapped in the manner

shown in Figure 1(c). This topography adds another transmission

pole due to the additional broadside-coupled microstrip–slotline.

A parametric analysis can be utilized to find the optimum value

of overlapping to achieve the required bandwidth.

3. RESULTS AND DISCUSSION

The validity of the presented design method was tested by build-

ing a transition aimed to operate across the band (2–12 GHz).

Rogers RT6010 (with er ¼ 10.2, h ¼ 0.635 mm, and loss tan-

gent ¼ 0.0023) was used for the development. Using the pro-

posed design procedure and with the help of the parametric and

optimization capabilities of the software CST Microwave Studio,

the dimensions of the transition were found to be; rm ¼ 1.3

mm, rs ¼ 2 mm, s ¼ 0.3 mm, and wm ¼ 0.6 mm. For the CPW,

width of the central conductor is 0.6 mm. The manufactured

transition has an overall dimension of 10 � 8 mm2 excluding

the input/output ports. The device was tested via simulation and

measurement. Subminiature A connectors were used to connect

the manufactured device to the measuring tool.

Figure 2 shows the simulated and measured performance of

the designed transition. It is clear from Figure 2 that the simu-

lated and measured results are in good agreement. The presented

results reveal that the proposed transition covers the band 1.5–

12 GHz assuming the 3-dB insertion loss as a reference. Con-

cerning the return loss at the input/output ports of the transi-

tions, the results in Figure 2 reveal that the return loss at the

two ports is more than 20 dB according to the simulations and

more than 18 dB according to the measurements across most of

the band under investigation. Regarding the insertion loss, it is

around 0.1 dB in the simulations and less than 0.4 dB according

to the measured results across the band 2.5–11 GHz.

Figure 1 Configuration of the proposed transition. (a) Top layer, (b)

bottom layer, and (c) the whole configuration. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com]

Figure 2 The simulated and measured performance of the transition.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]
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set of nonlinear equations evolving from the multiline TRL cal-
ibration problem at the expense of speed and compactness. A
study in [11] shows that the iterative algorithm in [10] outper-
forms in the presence of measurement noise.

This paper serves two purposes. First, it presents a vertical
transition from the CPW to microstrip line using only one via
interconnect. This transition is a new development, building
upon our earlier work in [12], which described a broadband
(dc–65 GHz) transition from the CPW to an inverted balanced
stripline using two via interconnects. The proposed transition
also serves as an impedance transformer, and, depending on
the required characteristic impedance transformation ratio
between the CPW and microstrip line, it can be made to op-
erate from 40 MHz to 60 GHz. Second, in order to extract the

-parameters of this transition a novel two-tier de-embedding
scheme based on the standard TRL procedure [7] is introduced.
The novel scheme is applicable to a range of configurations
where the error adapters (asymmetrical transitions) of Fig. 1
are either geometrically or electrically symmetrical in regard
to the midpoint in the thru standard. By taking advantage of
this symmetry, the proposed two-tier de-embedding procedure
obviates the need for the reflect standard and relies only on the
measurements of the thru and line sets. Viewed in this way, the
proposed two-tier calibration method is a subset of the standard
TRL procedure and can be referred to as the thru-line (TL)
two-tier calibration.

A step toward the proposed TL two-tier calibration was made
in [13], which was originally developed for the characteriza-
tion of the active section and the passive input and output CPW
tapers of the Mach–Zehnder modulator. However, in the tech-
nique in [13], the extraction of the passive CPW tapers did not
take advantage of the reciprocal nature of passive circuits. Be-
cause of this, the extraction of the measured -parameters of
the passive CPW tapers in [13] relies on the -parameters of
a reference structure; this is obtained by means of electromag-
netic (EM) modeling software. Since the extraction procedure is
based on a combination of measurement and simulations results,
it can have a detrimental effect on the accuracy of the extraction
method.

The main advantage of the proposed new TL technique, when
compared with the TRL method, lies with the fact that the -pa-
rameters of a range of asymmetrical passive devices can be ob-
tained using only two measurements compared to three required
by TRL. In this paper, the -parameters of the proposed CPW
to microstrip-line transition are extracted using both the TL and
TRL techniques. Results are then discussed.

II. TRANSITION DESIGN

The proposed transition is shown in Fig. 2. As can be seen
from this figure, the transition is triple layered, where the thick-
nesses and dielectric constants of the dielectric layers are

m, , m, , , and
m. The CPW section of the transition is printed on

the bottom layer, which has a high value of the dielectric con-
stant needed to achieve a characteristic impedance
of 50 for a practically realizable spacing between the center
conductor and ground planes. The choice of the material for the
middle layer (dielectric constant and height) is dependent on the

Fig. 2. CPW to microstrip-line transition. (a) Perspective view. (b) Top view.

requirements (e.g., the characteristic impedance and width of
the microstrip line) of a particular application. For the purpose
of this paper, the material with m and is
chosen. The microstrip line of the proposed transition is printed
on the bottom side of the top substrate so as to make a gal-
vanic connection to the center conductor of the CPW printed
on the top side of the bottom layer. The galvanic connection is
achieved through the use of a via interconnect that runs through
the middle layer connecting the center conductor of the CPW
on the bottom layer to the microstrip line on the top substrate.
The length of the via interconnect is therefore dependent on
the height of the middle layer, and in this design, it is equal to

m with a diameter of m. Also in this de-
sign, m, m, and m, while the
length of the CPW section is m.

As shown in Fig. 2, immediately after the via, the mi-
crostrip line is tapered. The length of the tapered section is

m. It is selected so that, at its highest operating
frequency (in this case, 60 GHz), it becomes approximately
equal to [14]. The taper is used as a broadband impedance
transformer and its presence is necessary for different charac-
teristic impedance ratios between the CPW and microstrip line.

In Fig. 2(b), , , and are optimization parameters
acting as a matching circuit in order to compensate for the in-
ductive behavior of the via interconnect and keep reflections to
a minimum. These optimization parameters are dependent on
the required characteristic impedance ratio and the operating
frequency range. The width of the microstrip ground plane is

m, while the width of the microstrip line is
dictated by an application requirement.

III. TL TWO-TIER CALIBRATION

As mentioned in Section I, direct measurement of the -pa-
rameters of the proposed transition using a probe station is not
possible; this is due to its special geometrical shape including a
split dielectric level and a microstrip line at one end. Due to the
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Design of broadband microstrip-to-CPW
transition

Ziwen Tao, Jianpeng Wang and Yan Dou

A broadband microstrip-to-CPW transition is presented. In the pro-
posed structure, the upper microstrip ring is vertically coupled to the
central conductor of the lower circular CPW via electromagnetic
coupling. To obtain a wide bandwidth of operation, a short-ended
stub is introduced. The introduced short-ended stub combined
with the open-ended microstrip ring constructs a quarter-wavelength
resonator. A sample transition has been designed and measured.
Experimental results indicate that over 129% bandwidth with better
than 10 dB return loss and below 1.7 dB insertion loss can be obtained.

Introduction: Microstrip-to-CPW transitions are essential to build
compact microwave circuits in multilayer designs due to the respective
advantages of the microstrip and the CPW lines. In a multilayer circuits
environment, vertical interconnections such as via-holes [1] between the
microstrip and the CPW in different layers are often needed. This type of
transition provides compact size and wide bandwidth, but as the operat-
ing frequency increases, the performance is degraded. To overcome the
shortcomings of the via-holes, electromagnetic coupling structures [2–4]
have been designed. To obtain a broadband transition, capacitive coup-
ling between the microstrip conductor and the CPW central conductor is
enhanced in [2, 4] and an additional matching circuit is added in [3].
Microstrip-to-CPW transitions have also been developed by using two
pairs of microstrip-to-slotline transitions [5, 6] and the transition band
can be easily controlled by changing the length of the open-ended and
the short-ended stubs.

The motivation of this Letter is to design a broadband
microstrip-to-CPW transition. With the introduced short-ended stub
and the open-ended microstrip ring, we constructed an additional
quarter-wavelength resonator in the transition circuit, thus to realise an
extra transmission pole inside the passband. By using this new
method, the proposed structure achieves broader bandwidth compared
with the currently reported microstrip-to-CPW transition. The measured
results show that the proposed transition provides a bandwidth of
2.6–12.2 GHz with return loss better than 10 dB.
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Fig. 2 Structural parameters of proposed transition

Broadband microstrip-to-CPW transition design: The layout of the
proposed transition is shown in Fig. 1. The proposed transition is com-
posed of a microstrip ring, a circular CPW and a short-ended stub, which
are on a common substrate. The microstrip is at the top layer of the sub-
strate and the CPW is at the bottom layer. The short-ended stub connects
in parallel with the microstrip line. Fig. 2 shows the structural

parameters. To design a broad transition, a transition without short-stub
and a transition with a short-ended stub are studied, respectively.

The microstrip-to-CPW transition without short-stub is achieved by
electromagnetic coupling between the upper microstrip ring and the
lower circular CPW central conductor. In the transition, the coupling
strength enhances as S1 widens. The simulated results of the transition
with appropriate S1 are shown in Fig. 3. From Fig. 3, it can be seen
that a bandwidth (at 10 dB return loss) of 3.8–12.2 GHz is obtained
with two transition poles in the passband.
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Fig. 3 Simulated S-parameters of microstrip-to-CPW transition without
short-stub

To widen the bandwidth of the transition based on electromagnetic
coupling, a short-ended stub is added in the proposed structure. Here,
a stub with a characteristic impedance of 116 Ω and a length of
4.1 mm is chosen. As shown in Fig. 1, an additional quarter-wavelength
resonator is formed by the short-ended stub and the open-ended micro-
strip ring, which introduces an extra transmission pole in the lower fre-
quency of the passband. The presented structure operates with three
transmission poles in the passband and the two upper transmission
poles are generated by the tight coupling between the microstrip ring
and the circular CPW central conductor. It should be mentioned that
the introduced short-ended stub has a minor influence on these two
upper transmission poles. The reason is analysed as follows. Define
Zin1 as the impedance looking into the shorted end from joint A and
Zin2 as the impedance looking into the AA1-plane. The transmission per-
formance desired by the short-ended stub in parallel with a 50 Ω micro-
strip main transmission line is shown in Fig 4. We can find from Fig. 4
that the input impedance of Zin1 is high at the frequency range of 3.8–
17.8 GHz, which includes the locations of the two upper transmission
poles. Since Zin1 is in parallel with Zin2, as can be seen in Fig. 1, the
total input impedance is approximately equal to Zin2. This means that
the influence on the transition passband caused by the added short-ended
stub can be ignored at the frequency range of 3.8–17.8 GHz.

port 1port 2
zin1

116 W

frequency, GHz

|S21|

|S11|

3 6 9 12 15 18

|S
11

| a
nd

 |S
21

|, 
dB

–50

–40

–30

–20

–10

0

Fig. 4 Simulated S-parameters of 50 Ω microstrip line with short-ended stub

Simulation and measurement results: Simulation was accomplished by
using EM simulation software ANSOFT HFSS 12. Measurement was
performed on an Agilent 8722ES network analyser. To verify the
design, the proposed microstrip-to-CPW transition was fabricated on a
substrate with a dielectric constant of 3.38 and a thickness of
0.813 mm. The centre frequency of the designed transition is at
7.4 GHz. The structure sizes are as follows: wm1 = 1.85 mm, wm2 =
0.3 mm, wm3 = 1.6 mm, wm4 = 0.5 mm, lm1 = 3.3 mm, lm2 = 3.9 mm,
rm = 2.2 mm, wc1 = 3 mm, S0 = 0.2 mm, S1 = 0.9 mm, rc = 2.8 mm, d =
0.6 mm and g = 0.4 mm.
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Broadband Transition Design
From Microstrip to CPW

Ziwen Tao

Abstract—This letter presents a broadband transition be-
tween microstrip and CPW located at the opposite lawyer of the
substrate. Basically, the transition is based on two couples of
microstrip-to-slotline transitions. In order to widen bandwidth
of the transition, a short-ended parallel microstrip stub is added.
A demonstrator transition has been designed, fabricated and
measured. Results show that a frequency range of 2.05 to 9.96 GHz
(referred to return loss of 10 dB) is obtained.

Index Terms—Microstrip-to-CPW transition, microstrip-to-
slotline transition, wideband circuit.

I. INTRODUCTION

I n hybrid integrated circuits design, transition between mi-
crostrip and CPW is essential. Some designed methods to

achieve microstrip-to-CPW transition are introduced as follows.
One method is based on via-hole to realize microstrip to CPW
transition [1]. This kind transition achieves wide bandwidth and
presents compact size. Besides, transitions employing electro-
magnetic coupling structures have been researched [2]–[5]. In
[2], [4], by widening the two slots of CPW to enhance capaci-
tive coupling, transition gets wide bandwidth. In [3], additional
microstrip matching circuit is added to obtain good impedance
matching in the passband. In [5], a short-ended parallel stub
is selected to widen the bandwidth. Furthermore, by utilizing
two pairs of microstrip-to-slotline transitions [6], transition with
good performance is also implemented. Wideband vialess CPW
RF probe pad to microstrip transitions are reported in [7].
A broadband transition from microstrip to CPW is presented

in this letter. The proposed structure fundamentally utilizes two
pairs of microstrip-to-slotline transitions to achieve transition.
At the lower frequency below the passband, the input impedance
contains capacitive reactance. To counteract the capacitive re-
actance, a short-ended microstrip stub is introduced to connect
in parallel with microstrip line. Thence, the proposed structure
can achieve wide bandwidth. Measured results indicate the pro-
posed transition provides a wide passband from 2.05 GHz to
9.96 GHz with return loss better than 10 dB and insertion loss
below 1.7 dB. Performance of the designed transition is shown
and compared with other work.
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Fig. 1. Layout of transition structure based on two pairs of microstrip-to-slot-
line transitions.

II. TRANSITION CIRCUIT DESIGN

A. Transition Based on Microstrip-to-Slotline Transitions
Fig. 1 shows the layout of the proposed transition. The pro-

posed transition is mainly composed of microstrip port, CPW
port, two open-ended microstrip stubs and two short-ended slot-
line stubs, which are on a common substrate. Microstrip is lo-
cated at the top layer of the substrate and CPW is located at
the bottom layer. The characteristic impedance of the microstrip
port and CPW port are both 50 , is 100 . The lengths of
short-ended slotline arm and open-ended microstrip stub are de-
signed to be approximately quarter wavelength at 6.5 GHz.
The simulated performance is shown as Fig. 2. From Fig. 2, it

can be seen that a passband (a criterion of better than 10 dB re-
turn loss) of 4.9–10 GHz is obtained. Fig. 3 gives the equivalent
circuit of the presented transition and Fig. 4 shows the simplified
equivalent circuit. In the equivalent circuit, and are the
characteristic impedances of the microstrip and CPW, respec-
tively. Transformer's ration between microstrip and slotline is
expressed as n. The value of n can be calculated according to
[8]. , and represent the char-
acteristic impedances of the microstrip line and slotline at the
coupling region. The reactance of the short-ended slotline arm,
open-ended microstrip stub and short-ended microstrip stub are
expressed as , and .
As discussed in [9], the input impedance can be expressed as

(1)

(2)

1531-1309 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 2. Simulated S-parameters of transition based on two pairs of microstrip-
to-slotline transitions.

Fig. 3. Equivalent circuit of the presented transition.

Fig. 4. Simplified equivalent circuit of the presented transition.

(3)

(4)

and denote the characteristic impedance of the open
microstrip stub and short slotline stub, respectively. repre-
sents the electrical length of microstrip stub and represents
the electrical length of slotline stub. Because includes
cotangent item and jX contains tangent item. At the lower fre-
quency close to dc frequency, cotangent closes to infinity and
tangent closes to zero, so the absolute value of is greater
than jX. Thus, contains capacitive reactance at the lower
frequency.

B. Transition With a Short-Ended Microstrip Stub

For the purpose of offsetting the capacitive reactance, a short
microstrip stub is introduced to connect in parallel with mi-
crostrip transmission line. Fig. 5 shows the layout of the mi-
crostrip-to-CPW transition with a short-ended microstrip stub.
The proposed transition is very different from previous work in
[5]. It mainly includes two differences. One is construction of
the transition: the proposed transition is based on two couples
of microstrip-to-slotline transitions and the additional short mi-
crostrip stub is added along the inner conductor of CPW; while

Fig. 5. Layout of proposedmicrostrip-to-CPW transition structurewith a short-
ended microstrip stub.

the transition in [5] is achieved by using electromagnetic cou-
pling and the short microstrip stub connects with the ground of
CPW. The other is the aspect of analysis: the analysis with re-
spect to the presented transition is from the point of the input
impedance; however, the work in [5] is interpreted from the per-
spective of the resonator.
With the simulation software HFSS, the structure can ob-

tain good transition performance by using the stub with char-
acteristic impedance of 93 and length of 5.2 mm. The vari-
ations of the reactance of the normalized input impedance

, with frequency are plotted in Fig. 6(a) for both
transitions without and with the chosen short microstrip stub.
Fig. 6(b) gives the simulated phase of transmission coefficients
of the developed transition. It is observed that the capacitive re-
actance of the microstrip-to-CPW transition only based on two
pairs of microstrip-to-slotline transitions is canceled out by the
introduced short microstrip stub at the lower frequency. On the
one hand, within the band of 4.9–10 GHz, gets relative
high value, so the impact on the upper passband introduced by
the short microstrip stub can be neglected. On the other hand,
the introduced short microstrip stub can realize lower frequency
(below 4.9 GHz) impedance matching. Therefore, a broadband
transition from microstrip to CPW is achieved.
The transition is designed on a substrate with dielectric con-

stant of 3.38 and a height of 0.813 mm. The dimensions of the
presented transition are as follows: ,

, , , ,
, , , ,
, , , ,

.

III. MEASUREMENTS AND DISCUSSION

To verify the design, the proposed microstrip-to-CPW transi-
tion was fabricated and tested. Simulation was accomplished by
using EM simulation software ANSOFTHFSS 12 andmeasure-
ment was carried out on an Agilent 8722ES network analyzer.
Fig. 7 shows the simulated and experimental S-parameters of a
single microstrip-to-CPW transition. The two results are in good
agreement. Measured results indicate that, for the return loss of
better than 10 dB, a broad bandwidth of 2.05 to 9.96 GHz is

(f) [33]

Figure 2.7: Different CPW to Microstrip Transitions
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Literature Survey

CPW - CPW Transitions

Different techniques like vertical fed-through interconnects between finite ground

coplanar waveguides (FGCPWs) [34] , orthogonal transitions [35, 37], electro-

magnetically coupled transitions [36] and using bond wires [38] are shown in

Figure 2.8.

FIGURE 10.10 Vertical fed through interconnect between coplanar wave-
guides with finite width ground planes (FW-CPW): h � 0.286 mm, �

�
� 5.9,

S � 0.31 mm, W � 0.1 mm, g � 0.61 mm.

modes. Last to maintain CPW-like mode of propagation, the slot width to
substrate thickness ratio is kept small. In [13] the characteristics of an
experimental GCPW-to-microshield coplanar line transition are reported.
Typical dimensions of the transition are summarized in the caption of Figure
10.9. The measured effective dielectric constant of the microshield line is 1.15.
The measured return loss of two back-to-back transition over the frequency
range of 10.0 to 40.0 GHz is less than �18.0 dB.

The transition above is fabricated on a high-resistivity silicon wafer. It is
also possible to fabricate similar transition on a GaAs wafer. In [14] the
microwave performance of a coplanar waveguide (CPW) transition supported
on a Si

�
N



or a polyimide film (�

�
� 2.9) that extends across a cavity

micromachined from a semi-insulating GaAs substrate is demonstrated.

10.4.2 Vertical Fed-through Interconnect between Coplanar Waveguides
with Finite-Width Ground Planes

A schematic illustrating two back-to-back vertical interconnects [15] between
coplanar waveguides with finite-width ground planes (FW-CPW) on opposite
sides of a dielectric substrate is shown in Figure 10.10. In this circuit the width
of the CPW ground planes are twice the center strip conductor width. The
diameters of the metal-filled vias are about the same as the center strip
conductor width which is 0.254 mm. These features result in a very compact
circuit. The circuit is fabricated using a low-temperature co-firing ceramic
(LTCC) tape for the dielectric substrate and a screen-printing technique for the
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(a) [34]
FIGURE 10.11 Orthogonal transitions between coplanar waveguides: h �

0.0508 cm, �
�
� 2.22, R

�
� 0.043�

�
, R

�
� 0.063�

�
, D � 0.024 cm, L

�
� 0.2�

�
,

where �
�
is the guide wavelength in the CPW at f

�
� 18.0 GHz.

deposition of gold conductor pattern. In [15] the characteristics of an experi-
mental interconnect is reported. The interconnect is experimentally character-
ized by de-embedding the insertion loss and return loss using TRL standards
and a wafer probe. The de-embedded insertion loss and return loss are about
0.3 and 30.0 dB, respectively, at 20.0 GHz. This vertical interconnect has
potential applications in the construction of CPW patch array antennas [15].

10.4.3 Orthogonal Transition between Coplanar Waveguides

An orthogonal transition [16] between two coplanar waveguides (CPWs) is
shown in Figure 10.11. In this transition continuity between the two CPWs is
established by three metal pins. In the horizontal CPW three holes are
provided to receive the pins. In addition to facilitate solder connection a
circular island is provided in the center strip conductor. Further, for good
impedance matching, the CPW beyond the island is terminated in a short-
circuited stub. The length L

�
of the short-circuited stub, the diameter D of the

pin, and radius R
�
and R

�
of the island and the surrounding slot region,

respectively, are experimentally optimized to obtain the best insertion loss and
return loss characteristics. In [16] the characteristics of an experimental
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(b) [35]

FIGURE 10.12 Electromagnetically coupled transition between stacked co-
planar waveguides.

transition are reported. The dimensions L
�
, D, R

�
, and R

�
are given in the

caption of Figure 10.11.
The measured insertion loss and return loss of the transition is 1.7 and

�20.0 dB, respectively, at the center frequency f
�
of 18.0 GHz. The measured

insertion loss includes the losses occurring at the interconnection, the losses in
the 25.4 mm length of CPW on either side of the interconnect and the losses
in the two coaxial connectors used at the measurement ports. The bandwidth
over which the return loss is less than �10.0 dB is about 8 percent at f

�
� 18.0

GHz. This transition has potential applications in the construction of linearly
tapered slot antenna arrays [16].

10.4.4 Electromagnetically Coupled Transition between
Stacked Coplanar Waveguides

In this transition coplanar waveguides on two separate substrates are stacked
one on top of another and are proximity coupled [17]. In the arrangement
shown in Figure 10.12, the feed line is located on the bottom side of the feed
substrate and is terminated in a modified open circuit that also forms the
coupling region. The line to which power is to be coupled is located on the top
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(c) [36]

TABLE 10.3 Stacked and Electromagnetically
Coupled Coplanar Waveguides

Dimensions and Characteristics

Center frequency, GHz 5.0

Feed substrate

�
�

10.2
h (mm) 1.27
S
�

(mm) 2.4
W (mm) 3.9
S
�

(mm) 4.8
L (mm) 6.3

Coupled substrate

�
��

10.2
h
�

(mm) 0.635

Measured characteristics for two back-to-back transitions

Return loss (dB)� 	�20.0
Bandwidth (%)� 25
Insertion loss (dB) 0.6

�With 13.0 mm of coplanar waveguide in between.
�Over which the return loss is 	�20.0 dB.

FIGURE 10.13 Electromagnetically coupled transition between orthogonal
coplanar waveguides.
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TABLE I
MATERIAL PROPERTIES OF THE USED SUBSTRATES

lift-off procedures were used to form the patterns on the sil-
icon substrate. A normal PCB fabrication with the resolution
of 0.1 mm was performed for the patterning of the alumina sub-
strate. The thickness, width, and uniformity of copper conductor
lines were carefully monitored to avoid any uncertainty caused
by the process. The size of both Si and alumina substrate is 5 mm
(width) 3 mm (length) so that the total size of test modules is
5 6.5 mm after wire bonding. The diameter of the gold wire is
1.25 mil, and ball bonding with the ball diameter of 2.5 mil was
used. The height and length of the gold wire are about 100 m
and m, respectively.

Fig. 1 shows schematic diagrams of the fabricated wire-bond
transition structures. They are microstrip–CPW transition
[Fig. 1(a)], wider-ground CPW (WGCPW)–WGCPW transition
[Fig. 1(b)], and narrower-ground CPW (NGCPW)–NGCPW
transition [Fig. 1(c)]. All the CPWs have conducting planes
on the backside. In the case of the microstrip–CPW transi-
tion, one more CPW was added to enable two-port, on-wafer
ground–signal–ground (G–S–G) measurements. Six test mod-
ules with various dimensions and gold wire lengths were
fabricated and studied. Table II shows the detailed information.
The test module I is the microstrip–CPW transition of Fig. 1(a).
The test module II is the WGCPW–WGCPW transition of
Fig. 1(b). Four different splits (test modules III–VI) were made
in the NGCPW–NGCPW transition [Fig. 1(c)]. The purpose of
the split is to see the effects of impedance mismatch between
Si and alumina substrates and the length of the bond wire. The
symbols , , , , , and denote the signal line width,
the spacing between the signal and the ground, the CPW ground
width, the CPW ground length, the characteristic impedance,
and the gold wire length, respectively.

To obtain S-parameters of the test structures, on-wafer mea-
surements were performed using an Agilent 8722ES vector
network analyzer and a Cascade Microtech Summit 9000
microwave probe station with G–S–G air coplanar probes with
the pitch of 600 m. The calibration of the test environment
was done using a short-open-load-thru (SOLT) scheme [20].

Fig. 2(a) and (b) show the insertion loss and the return
loss measured from the test module I (microstrip–CPW
transition; solid line), II (WGCPW–WGCPW transition;
dashed line), and III (NGCPW–NGCPW transition; dotted
line). The insertion losses of the transitions between the CPWs
(test modules II and III) are generally much smaller than
that of the microstrip–CPW transition (test module I). The

Fig. 1. Schematic diagrams of the fabricated wire-bond transition structures.
(a) Microstrip–CPW transition. (b) WGCPW (wider-ground CPW)–WGCPW
transition. (c) NGCPW (narrower-ground CPW)–NGCPW transition.

difference in is approximately 0.3 dB when the frequency
GHz and more than 4 dB when GHz. Fur-

thermore, there are clear staircases in measured from the
microstrip–CPW transition in the range GHz
and in the range GHz. Much sharper resonance
structures are observed in the WGCPW–WGCPW transition
(test module II) at 5.5 and 17.5 GHz, and the data from the
NGCPW–NGCPW transition shows a much flatter response.
The return losses of the CPW–CPW transitions are similar ex-
cept that the WGCPW–WGCPW transition shows resonances.
The return loss of the microstrip–CPW transition is 5 dB smaller
than those of CPW transitions when GHz. However,
there are huge lossy structures, and the general performance at
higher frequency is much inferior to CPW transitions.

III. THREE-DIMENSIONAL FULL-WAVE

ELECTROMAGNETIC SIMULATION

Three-dimensional full-wave electromagnetic simulations
[21] were performed for all test modules shown in Table II. The
material parameters were used as listed in Table I, and tuning
of those parameters against measurement results was not done.
The spacing for the radiation boundary was quarter wavelength.
The numerical iteration at each frequency stopped when the
iteration error of the scattering matrix remains within 0.01%.

(e) [38]
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TABLE I
MATERIAL PROPERTIES OF THE USED SUBSTRATES

lift-off procedures were used to form the patterns on the sil-
icon substrate. A normal PCB fabrication with the resolution
of 0.1 mm was performed for the patterning of the alumina sub-
strate. The thickness, width, and uniformity of copper conductor
lines were carefully monitored to avoid any uncertainty caused
by the process. The size of both Si and alumina substrate is 5 mm
(width) 3 mm (length) so that the total size of test modules is
5 6.5 mm after wire bonding. The diameter of the gold wire is
1.25 mil, and ball bonding with the ball diameter of 2.5 mil was
used. The height and length of the gold wire are about 100 m
and m, respectively.

Fig. 1 shows schematic diagrams of the fabricated wire-bond
transition structures. They are microstrip–CPW transition
[Fig. 1(a)], wider-ground CPW (WGCPW)–WGCPW transition
[Fig. 1(b)], and narrower-ground CPW (NGCPW)–NGCPW
transition [Fig. 1(c)]. All the CPWs have conducting planes
on the backside. In the case of the microstrip–CPW transi-
tion, one more CPW was added to enable two-port, on-wafer
ground–signal–ground (G–S–G) measurements. Six test mod-
ules with various dimensions and gold wire lengths were
fabricated and studied. Table II shows the detailed information.
The test module I is the microstrip–CPW transition of Fig. 1(a).
The test module II is the WGCPW–WGCPW transition of
Fig. 1(b). Four different splits (test modules III–VI) were made
in the NGCPW–NGCPW transition [Fig. 1(c)]. The purpose of
the split is to see the effects of impedance mismatch between
Si and alumina substrates and the length of the bond wire. The
symbols , , , , , and denote the signal line width,
the spacing between the signal and the ground, the CPW ground
width, the CPW ground length, the characteristic impedance,
and the gold wire length, respectively.

To obtain S-parameters of the test structures, on-wafer mea-
surements were performed using an Agilent 8722ES vector
network analyzer and a Cascade Microtech Summit 9000
microwave probe station with G–S–G air coplanar probes with
the pitch of 600 m. The calibration of the test environment
was done using a short-open-load-thru (SOLT) scheme [20].

Fig. 2(a) and (b) show the insertion loss and the return
loss measured from the test module I (microstrip–CPW
transition; solid line), II (WGCPW–WGCPW transition;
dashed line), and III (NGCPW–NGCPW transition; dotted
line). The insertion losses of the transitions between the CPWs
(test modules II and III) are generally much smaller than
that of the microstrip–CPW transition (test module I). The

Fig. 1. Schematic diagrams of the fabricated wire-bond transition structures.
(a) Microstrip–CPW transition. (b) WGCPW (wider-ground CPW)–WGCPW
transition. (c) NGCPW (narrower-ground CPW)–NGCPW transition.

difference in is approximately 0.3 dB when the frequency
GHz and more than 4 dB when GHz. Fur-

thermore, there are clear staircases in measured from the
microstrip–CPW transition in the range GHz
and in the range GHz. Much sharper resonance
structures are observed in the WGCPW–WGCPW transition
(test module II) at 5.5 and 17.5 GHz, and the data from the
NGCPW–NGCPW transition shows a much flatter response.
The return losses of the CPW–CPW transitions are similar ex-
cept that the WGCPW–WGCPW transition shows resonances.
The return loss of the microstrip–CPW transition is 5 dB smaller
than those of CPW transitions when GHz. However,
there are huge lossy structures, and the general performance at
higher frequency is much inferior to CPW transitions.

III. THREE-DIMENSIONAL FULL-WAVE

ELECTROMAGNETIC SIMULATION

Three-dimensional full-wave electromagnetic simulations
[21] were performed for all test modules shown in Table II. The
material parameters were used as listed in Table I, and tuning
of those parameters against measurement results was not done.
The spacing for the radiation boundary was quarter wavelength.
The numerical iteration at each frequency stopped when the
iteration error of the scattering matrix remains within 0.01%.

(f) [38]

Figure 2.8: Different CPW to CPW Transitions
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CPW - Slotline Transitions

Transitions between unbalanced CPW and balanced slotline is presented in

this section. Transitions of these type are commonly referred as baluns. In

Figure 2.9, [13] proposes compensated Marchand transition, [39] is the transi-

tion with radial stub termination and DC isolation slot, [40] introduces circular

stub termination and [39] shows double-Y transition.

FIGURE 10.25 Coplanar waveguide-to-slotline compensated Marchand balun
or transition: (a) Circuit layout; (b) lumped element equivalent circuit model.

considered as a planar version of the coaxial balun reported by Marchand [31]
and Oltman [32]. According to [31], [32] the coaxial balun behaves as a
bandpass network. In this section we will show that the CPW-to-slotline
transition operates both as a balun and as an impedance transformer.

In Figure 10.25(a) the center strip conductor width, slot width, and
characteristic impedance of the input CPW are denoted as S, W, and Z

��	
��
,

respectively. The center strip conductor width, slot width, open end gap width,
length, and characteristic impedance of the open circuited CPW stub are
denoted as S

�
, W

�
, G

�
. L

	
�
, and Z

�
, respectively. The slot width and charac-

teristic impedance of the output slotline are denoted as W
�
and Z

�������
,

respectively. The slot width, length, and characteristic impedance of the short
circuited slotline stub are denoted as W



, L

����
, and Z



, respectively. To keep

the design simple, the stub end effects, air-bridge, or wire bond reactances and
the junction reactances are neglected. The design of the transition proceeds as
follows: If f

�
and f

�
are the frequencies corresponding to the lower and upper

band edges, the center frequency f
�
� ( f

�
� f

�
)/2 is first calculated. The second

step involves the determination of Z


. In [32] it is shown that the bandwidth
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(a) [13]

FIGURE 10.26 Coplanar waveguide-to-slotline transition: (a) Radial stub
termination and dc isolation slot; (b) circular stub termination.

those of the previous design in Table 10.6. It is observed that this design also
results in low insertion loss and wide bandwidth.

In [40] a transition with a straight stub inplace of a radial or circular stub
is investigated. The transition is designed for operation over the frequency
range of 0.24 to 60.0 GHz. The slotline stub length is chosen as �

�������
/4 at the

center frequency of 35.0 GHz. The characteristics of this transition are also
summarized in Table 10.6 for comparison.

10.6.3 Coplanar Waveguide-to-Slotline Double-Y Balun or Transition

The double-Y uniplanar balun [35] is based on a radial six-port junction
formed by placing alternatively three balanced and three unbalanced trans-
mission lines. These lines have equal characteristic impedances. Further the
length of adjacent pair of lines are made equal and terminated in a short circuit
and an open circuit, respectively.
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(b) [39]

FIGURE 10.26 Coplanar waveguide-to-slotline transition: (a) Radial stub
termination and dc isolation slot; (b) circular stub termination.

those of the previous design in Table 10.6. It is observed that this design also
results in low insertion loss and wide bandwidth.

In [40] a transition with a straight stub inplace of a radial or circular stub
is investigated. The transition is designed for operation over the frequency
range of 0.24 to 60.0 GHz. The slotline stub length is chosen as �

�������
/4 at the

center frequency of 35.0 GHz. The characteristics of this transition are also
summarized in Table 10.6 for comparison.

10.6.3 Coplanar Waveguide-to-Slotline Double-Y Balun or Transition

The double-Y uniplanar balun [35] is based on a radial six-port junction
formed by placing alternatively three balanced and three unbalanced trans-
mission lines. These lines have equal characteristic impedances. Further the
length of adjacent pair of lines are made equal and terminated in a short circuit
and an open circuit, respectively.
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(c) [40]

FIGURE 10.27 Coplanar waveguide-to-slotline double-Y balun or transition:
(a) Circuit layout; (b) lumped element equivalent circuit model.

To understand the operation of this balun consider the equivalent circuit
model shown in Figure 10.27(b). The circuit elements Z

�
to Z

�
refer to the

input impedance of the stubs and the transmission lines as seen from the
junction. As a simplification the parasitics associated with the junction are all
neglected in the equivalent circuit model. Assuming Z

�
� Z

�
and Z

�
� Z

�
and

that all impedances are normalized to Z


, that is,

Z
�

Z



� Z�
�
, n � 1, 2, . . . , 6, (10.47)

it can be shown that the normalized input impedance at port 1 of the junction
is [35]

Z�
��

�
1

1� Z�
�
� Z�

�
�Z�

�
Z�

�
�

(1� Z�
�
)(1� Z�

�
)(Z�

�
� Z�

�
)

(2� Z�
�
� Z�

�
) � . (10.48)

For perfect transmission between the input CPW and the output slotline ports,
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(d) [39]

FIGURE 10.29 Electromagnetically coupled grounded finite width coplanar
waveguide to slotline transition with extended center strip conductor. Top side
circuit pattern: S � S

�
� 0.1524 mm, W � 0.1067 mm, W

�
� 0.2515 mm,

G � 2.54 mm, L
�

� 4.6 mm, L
�
� 3.98 mm, L

�
� 5.08 mm. Bottom side circuit

pattern: L � 18.7 mm, L
�
� 6.83 mm, R � 4.35 mm, W

�
� 0.157 mm. Substrate

parameters: h � 0.381 mm, �
�
� 11.7, � � 5000—10,000� cm.

In [42] the return loss characteristics of an experimental transition fabri-
cated on a 0.508 mm thick RT/Duroid 5800 (�

�
� 2.2) substrate are reported.

The return loss is measured at the FW-CPW port with the slotline port
terminated in a wideband load, such as a tapered slot antenna. The transition
has a return loss of less than �10.0 dB over 14 percent bandwidth centered at
21.0 GHz.

10.6.5 Electromagnetically Coupled Finite-Width Coplanar
Waveguide-to-Slotline Transition with Extended Center Strip Conductor

An in-line transition [43] between a coplanar waveguide with finite-width
ground planes (FW-CPW) and a slotline that are on opposite sides of a
substrate is shown in Figure 10.29. The FW-CPW and the slot line are in line
and are electromagnetically coupled. The in-line construction greatly reduces
the overall circuit size.
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(e) [41]
FIGURE 10.30 Electromagnetically coupled transition with ground planes
connected together by metal filled vias. Top side circuit pattern: S � 0.762 mm,
W � 0.254 mm, G � 5.08 mm, L

�
� 2.951 mm. Bottom side circuit pattern:

L
�
� 3.43 mm, r

�
� 2.171 mm, r

�
� 2.425 mm. Substrate parameters: h �

0.0508 cm, �
�
� 2.2, t � 17 �m.

FIGURE 10.31 Air-bridge coupled coplanar waveguide-to-slotline transition.
Circuit pattern: S � S

�
� 0.1524 mm, W � 0.0838 mm, W

�
� 0.1524 mm,

L � 19.77 mm, L
�
� 6.83 mm, L

�
� 5.08 mm, R � 4.35 mm, W

�
� 0.157 mm.

Substrate parameters: h � 0.381 cms, �
�
� 11.7, �� 5000—10,000� cm.
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(f) [42]

Figure 2.9: Different CPW to Slotline Transitions
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[41, 42] are electromagnetically coupled transitions with latter using metal

filled vias for connecting ground planes as shown in Figures 2.9e and 2.9f,

and [41, 43] shows air-bridge coupled transitions as in Figures 2.10a and 2.10b.

[44] utilizes phase shifter and air bridge to achieve transition as shown in

FIgure 2.10c. Figures 2.10e, 2.10f and 2.11 are lumped element uniplanar

transitions [45–47], with the second one [46], bridgeless.

FIGURE 10.30 Electromagnetically coupled transition with ground planes
connected together by metal filled vias. Top side circuit pattern: S � 0.762 mm,
W � 0.254 mm, G � 5.08 mm, L

�
� 2.951 mm. Bottom side circuit pattern:

L
�
� 3.43 mm, r

�
� 2.171 mm, r

�
� 2.425 mm. Substrate parameters: h �

0.0508 cm, �
�
� 2.2, t � 17 �m.

FIGURE 10.31 Air-bridge coupled coplanar waveguide-to-slotline transition.
Circuit pattern: S � S

�
� 0.1524 mm, W � 0.0838 mm, W

�
� 0.1524 mm,

L � 19.77 mm, L
�
� 6.83 mm, L

�
� 5.08 mm, R � 4.35 mm, W

�
� 0.157 mm.

Substrate parameters: h � 0.381 cms, �
�
� 11.7, �� 5000—10,000� cm.
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(a) [41] FIGURE 10.32 Air-bridge coupled coplanar waveguide-to-slotline transition.

where �
�
is the guide wavelength at the center frequency f

�
. The thickness t of

the metalization is three times the skin depth at f
�
.

In [43] the characteristics of two back-to-back transitions fabricated on a
high resistivity silicon wafer for operation at f

�
� 6.0 GHz are reported. The

measured insertion loss and return loss per transition are 1.5 dB and less than
�10.0 dB, respectively, over 30 percent bandwidth centered at 6.0 GHz. The
above insertion loss includes, the insertion loss of a 5.08 mm long CPW,
slotline stub of length L

�
and half the length of the slotline in between which

is about 9.9 mm.
Figure 10.32 shows an alternate design [45] for constructing a transition of

the above type. In this design, the quarter wave short circuited stub of length
L
�
is eliminated and instead the slotline is terminated in abrupt open circuit.

Further the CPW and the slotline are orthogonal to each other. In [45] the
measured characteristics of an experimental transition are reported. The
measured insertion loss and return loss for two back-to-back transitions are
1.6 dB and less than �12.5 dB, respectively, over the frequency band of 21.5
to 26.5 GHz. These losses include the insertion loss of 650 �m long slotline in
between and two 1000 �m long CPWs at the input and output, respectively.

10.7 COPLANAR WAVEGUIDE-TO-COPLANAR STRIPLINE TRANSITION

In microwave circuits a transition or a balun is required to connect a balanced
transmission line, such as, a coplanar stripline (CPS) to an unbalanced line,
such as, a coplanar waveguide (CPW). In this section the design considerations
for three types of uniplanar baluns are presented.

10.7.1 Coplanar Stripline-to-Coplanar Waveguide Balun

Figure 10.33 shows a CPS to a CPW balun [46]. In this balun at the balanced
end currents of equal magnitude but opposite in direction flow along the two
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(b) [43]
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Fig. 1. The proposed CPW–slotline transition.

180 , and this decrement of the slotline-mode field is gradual
in comparison with the response found in other resonant type
structures.

The proposed new transition utilizes the mode-conversion
feature to fulfill the transition function. As shown in Fig. 1, the
proposed transition consists of the following three sections:

1) CPW;
2) 180 phase shifter;
3) slotline.

The 180 phase shifter connected between the CPW section
and the slotline section converts CPW mode to slotline mode.
Since a slotline cannot support CPW mode, all the CPW-
mode fields are bounced back from the front edge of the
slotline section. The transmission efficiency is centered at one
frequency which corresponds to a 180electric length differ-
ence between the two slots, and the rolloff of the transmission
efficiency is slow. Moreover, when the reflected CPW-mode
field travels back to the front edge of the mode-conversion
section, a mixture of CPW- and slotline-mode fields is again
generated. An air-bridge can be placed at the front edge of the
mode-conversion section to reflect the slotline-mode field back
toward the slotline section. Using this “bouncing back-and-
forth” scheme, the transition efficiency is increased, thereby
broadens the transition bandwidth. It should be pointed out
that the success of bandwidth broadening is due to the presence
of the air-bridge, which is also a very unique feature of this
transition.

The above explanation is based on the assumption that an
ideal 180 phase shifter is used to realize the mode-conversion.
In reality, the phase-delay section not only provides a phase
shift, but also creates discontinuities to the fields. The actual
dimension of the phase shifter is also a very important factor
for maximizing the transition bandwidth. The design of the
phase shifter, however, is not straightforward because this
transition itself represents a very complicated boundary value
problem. A full-wave method is essential for analyzing this
structure in order to obtain a maximized transition bandwidth.
In this paper, the FDTD method is employed for full-wave
analysis of this transition.

III. A NALYSIS METHOD

The FDTD method has been intensively applied in a wide
variety of electromagnetic studies and the formulations can be
found from many references [14], [15]. In this paper, a three-
dimensional (3-D) FDTD code with the perfectly matched
layer (PML) absorbing boundary condition (ABC) [16] has
been written and verified. The excitation used in this study is
of the form

(1)

where is the time shift, controls the width of the pulse,
is the center of the slot, and is the half-width of the

slot. The pulse has a Gaussian variation in time and a singular
function in space to account for the edge condition. This field
variation is used to excite the fields of the two slots with a
180 phase difference for launching a CPW-mode field. Since
the PML ABC requires a large amount of memory and a long
run time, the choice of the parameters of the PML ABC is very
important. In this paper, the number of PML layers and the
artificial conductor loss are chosen according to the criterion
suggested by Wu and Fang [17]. An eight-layer PML ABC
and a reflection coefficient of 10 are used throughout this
paper for a compromise between memory requirement and
performance of the PML ABC.

Due to the multimodal field nature of the CPW, a post-
processing procedure, as proposed in [8], is used to separate
the CPW and slotline modes. Since the CPW is excited in a
complementary fashion, the incident wave is a mixture of CPW
modes (fundamental and higher order). Due to the different
electric lengths of the two slots, a mixed CPW and slotline
modal fields are generated as reflected and transmitted waves.
The CPW and slotline modes can then be separated by using
the simple manipulation

(2)

(3)

(4)

(5)

where subscripts and are the indexes for the two slots, and
and are for input and output ports.and indicate the

CPW and slotline modes, and , , and correspond to
incident, reflected, and transmitted waves, respectively. Since
this transition is a multiport and multimode structure, the

-parameters used in this paper are represented aswhere
, denote the indexes of the ports and, are the modes

at port and port , in which port is the excitation port. ,
can be either for CPW mode or for slotline mode. For

example, represents the -parameter for slotline mode at
port 3 with a CPW mode excitation at port 2.

(c) [44]
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In this study, a novel class of reduced-size lumped-element
uniplanar transitions is proposed and investigated, which pro-
vides an easy and effective way of interconnection between
unbalanced and balanced uniplanar lines. Specifically, planar
lumped-element circuits are employed to replace the con-
ventional transformer structures. Therefore, the transition
size may largely be reduced, and the transition passband fre-
quency and bandwidth can be predicted and adjusted. Based
on this concept, several lumped-element CPW-to-slotline and
finite-ground coplanar waveguide (FGCPW)-to-CPS transitions
are implemented and investigated. These transitions have the
merits of compact size, low loss, and moderate bandwidth and
thus may easily be incorporated into a uniplanar MMIC. The per-
formance of these lumped-element transitions is easily adjusted
by a selection of the and values and through the use of con-
ventional filter synthesis techniques. To provide effective design
tools, simple equivalent-circuit models are also established.

II. BASIC LUMPED-ELEMENT CPW-TO-SLOTLINE TRANSITION

STRUCTURES

Consider the basic lumped-element CPW-to-slotline transi-
tion structure [see Fig. 1(a)] proposed in [15]. To reduce the tran-
sition size, a planar parallel circuit composed of an interdig-
ital structure and a shorted slotline stub is utilized to replace the
conventional transformer structure. The interdigital struc-
ture can be viewed as a capacitor as long as its size is much
smaller than the wavelength. The capacitance is formed between
each interdigital gap and is proportional to the length of finger
and the ratio between finger width and gapwidth. The shorted
slotline stub is equivalent to an inductor when its length is much
smaller than the wavelength. This planar parallel circuit is
connected to one slot of the CPW line in a shunt configuration
and gives an effective open circuit at ), which
determines the center frequency of the transition passband. For
suppressing the odd CPW (or coupled slotline) mode excited at
the CPW–slotline junction, bondwires are included in the tran-
sition structure. One of the bondwires should be placed as close
to the CPW–slotline junction as possible, with the others along
the CPW line with a separation of about .

The capacitance of an interdigital capacitor is computed by
the closed-form expressions under quasi-static approximation
[16]. The capacitance per-unit length between each gap is
first calculated using the conformal mapping technique. These
per-unit length capacitances are multiplied by the finger length
and are then added together to give the total capacitance. The
available closed-form expressions enable a fast and simple
characterization of the interdigital capacitor and are feasible
for design purpose.

For the shorted slotline stub section, the detailed effect of the
shorted end must be taken into account to accurately model the
effective inductance value. Several full-wave analyses discov-
ered that the end reactance is inductive and increases with the
increase of slot width and the substrate-thickness-to-wavelength
ratio [1]. In addition, the surface-wave and space-wave losses
associated with the shorted end can be significant at high fre-
quencies. These loss effects may be represented by an equiva-
lent resistance. Since no closed-form formulas are available for

(a)

(b)

Fig. 1. Basic lumped-element CPW-to-slotline transition: (a) layout and
(b) equivalent-circuit model.

these elements, here we use the full-wave mixed-potential inte-
gral-equation analysis [4] to simulate the input impedance
of the shorted slotline end. In this full-wave simulation, the con-
ductor is assumed to be perfectly conducting and of zero thick-
ness, and the dielectric loss is not included in the calculations.
The shorted slotline section may then be modeled by a transmis-
sion line terminated by an impedance, which would supply
the desired effective inductance value.

Regarding the CPW-slotline T-junction, the three-port equiv-
alent-circuit model [17] is adopted. In this model, the CPW line
is represented by two transmission lines that separately support
the even CPW mode and the odd CPW mode so as to describe
the mode conversion effect at the junction. Specifically, bond-
wires are modeled as inductors and are connected to the odd
CPW mode transmission line at their corresponding positions.
The effect of imperfect suppression of the odd CPW mode can
then be suitably modeled.

By combining the above-mentioned models, one may ob-
tain the transmission-line equivalent-circuit model for the basic
lumped-element CPW-to-slotline transition [see Fig. 1(a)] as in
Fig. 1(b). This model is based on three assumptions. First, the
CPW and slotline sections are modeled as transmission lines de-
spite the non-TEM nature of slotline. Second, the detailed dis-
continuity effect of the CPW–slotline T-junction is neglected.
Third, the interactions between the lumped-elementcircuit
and the transmission lines are not taken into account.

A back-to-back lumped-element CPW-to-slotline transition
for Fig. 1(a) is fabricated on the FR4 substrate (dielectric con-

(d) [45]
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TABLE I
GEOMETRICAL PARAMETERS OF THEFGCPW-TO-CPS TRANSITIONS FOR

FIG. 10 (LENGTH UNITS IN MILLIMETERS)

Fig. 10. Measured results for the three back-to-back FGCPW-to-CPS transi-
tion structures shown in Fig. 9.

Fig. 11. Measured power losses of the lumped-element transition [see
Fig. 9(b)] and broad-band transition in the back-to-back configuration.

section, whose magnitude is proportional tonear the res-
onant frequency.

The measured power loss of the lumped-element FGCPW-to-
CPS transition structure in Fig. 9(b) is compared with that of
the broad-band CPW-to-CPS transition using a slotline open
structure [14] and fabricated on the FR4 substrate. As shown in
Fig. 11, the normalized power loss of the lumped-element tran-

(a)

(b)

Fig. 12. Lumped-element Marchand-balun-type CPW-to-slotline transition:
(a) layout and (b) equivalent-circuit model.

sition is smaller than that of broad-band one over the passband
frequency.

High power loss of a transition might cause unwanted
crosstalk to other components in a circuit and degrades the
circuit performance. The low-loss characteristic makes the
proposed basic lumped-element transitions in Sections II and
III feasible for a uniplanar MMIC with high circuit density.
These basic lumped-element transitions are also suitable for
use as the feeding structure of balanced antennas because of
the lower interaction with the antenna, thus a lower level of
cross-polarization wave can be expected.

IV. L UMPED-ELEMENT MARCHAND-BALUN TYPE

UNIPLANAR TRANSITIONS

Uniplanar transitions can also be implemented using the
Marchand-balun structures [8]–[10]. This kind of transition
usually has a sharper gain slope, and this characteristic may
be used in the design of a filter [8]. However, the conventional
Marchand-balun, being composed of open and short stubs,
would occupy a large circuit area.

Fig. 12(a) shows the layout of the proposed lumped-element
Marchand-balun-type CPW-to-slotline transition. Here, the se-
ries and parallel circuits, respectively, are used to replace
the opened and shorted stubs in the conventional designs
[8], [9] so as to minimize the transition size. The parallel
circuit is composed of an interdigital capacitor () and a slot-
line ring structure ( ) as described in Section II. The series

circuit is realized by the series connection of a shorter metal

(e) [45]

Uniplanar bridgeless CPW-to-slotline
transition and its application to CPW balun

A.A. Ibrahim, A.M.E. Safwat and H. El-Hennawy

A new coplanar waveguide (CPW)-to-slotline transition that is uni-
planar and bridgeless is presented. The transition consists of a CPW
cross and CPW stubs in which both the even and odd modes are uti-
lised. Based on this transition a uniplanar bridgeless CPW balun has
been designed and fabricated. The fabricated balun has 1 dB insertion
loss, 0.8 dB maximum amplitude imbalance, 48 maximum phase
imbalance and 56% fractional bandwidth. Measurements are in a
good agreement with simulations.

Introduction: Uniplanar transmission lines such as coplanar waveguide
(CPW), coplanar stripline (CPS) and slotline are the main building
blocks in modern monolithic microwave integrated circuits (MMICs).
The ability of skilfully combining different types of transmission lines
in one circuit can lead to novel and compact devices. This necessitates
the utilisation of transmission line adapters or transitions. Of special
importance is the CPW-to-slotline transition, which has received great
attention in the literature [1, 2]. Many designs have been proposed
such as the Marchand transition [1], the double Y-junction transition
[1], and others [2]. In most of these designs, air-bridges are utilised to
suppress the slotline (odd) mode in the CPW in order to provide
singlemode operation and reduce radiation [3]. This Letter shows that
the odd mode, if properly utilised, can lead to interesting devices such
as the CPW-to-slotline transition and uniplanar bridgeless CPW balun.
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Fig. 1 CPW cross layout, and voltages and currents at cross

a CPW cross layout
b Voltages and currents at cross
‘e’ indicates even mode and ‘o’ indicates odd mode

CPW cross transition: A CPW cross transition is shown in Fig. 1. It has
four physical ports and each port can support two modes (even and odd).
Thus, the cross transition has a total of eight electrical ports. Extending
the analysis presented in [4] to the general case of eight ports, the fol-
lowing S-parameter matrix is obtained for the normalised coplanar
waveguide even mode (CEM) and coplanar waveguide odd mode
(COM) incident and reflected waves at the transition ae1, ao1, ae2, ao2,
ae3, ao3, ae4, ao4 and be1, bo1, be2, bo2, be3, bo3, be4, bo4, respectively:

be1

bo1

be2

bo2

be3

bo3
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(1)

where ad¼ (Vd + ZoId) × (4Zo)21/2; bd¼ (Vd 2 ZoId) × (4Zo)21/2 (d¼
e1, o1, e2, o2, e3, o3, e4, o4); and Zo is the real arbitrary impedance to
which the normalised waves and the 8 × 8 S-parameter matrix are
referred.

The S-matrix in [3] can be obtained from (1) by imposing the open-
circuit condition on the CEM mode at ports 2 and 4. Also, the CPW
T-junction can be obtained from (1) by imposing the open-circuit

condition on the CEM mode and the short-circuit condition on the
COM mode, both at port 3.

CPW-to-slotline transition: The conditions to realise the CPW-to-slot-
line transition are: neither CEM nor COM mode is reflected from port
1, and all the incident power is transferred to the slotline mode at port
3, i.e. the CEM at port 3 is open-circuited. Mathematically, these are rep-
resented as follows:

ae1 = 1, ao1 = 0, ae3 = 0, ao3 = 0,

be1 = 0, bo1 = 0, be3 = 0, bo3 = e jX
(2)

where X is an arbitrary phase shift between the input CEM mode and the
output slotline mode. Under the condition of X ¼ 2908, the two
equations can be solved together and the required loads at ports 2 and
4 are given as follows:

ae2

be2
= 1/ − 126.878,

ao2

bo2
= 1/53.138,

ae4

be4
= 1/126.878,

ao4

bo4
= 1/ − 53.138

(3)

Since the phase shift between the CEM and COM loads on either port 2
or port 4 is exactly 1808, the CPW open-circuited stub can be used. This
is because the CEM ‘sees’ an open circuit while the COM mode ‘sees’ a
short circuit.

The problem with such implementation is the high radiation losses as
the structure resembles a l/2 asymmetrically fed coplanar folded slot
antenna [5]. To minimise the radiated power, the stub is modified as
shown in Fig. 2. First, the concept of the stepped impedance resonator
is implemented as shown in Fig. 2b to reduce the required length of
the lower stub. Secondly, the centre section of the lower stub is mean-
dered as shown in Fig. 2c. This modification has more impact on the
miniaturisation of the even mode rather than the odd mode. Finally, to
obtain the required electrical length of the odd mode, the stub is modi-
fied as shown in Fig. 2d. The final stub structure has four advantages:
1. Miniaturisation of the stub length. 2. The meandering of the stub
will lower the radiation level. 3. The lower stub is symmetric and
hence no even-to-odd mode conversion can occur or vice versa. 4. It
allows the control of the electrical length of the even and odd modes
independently.

a b c d

Fig. 2 Design flow of proposed CPW-to-slotline transition

Unfortunately, the design of the transition cannot be done using com-
mercial circuit simulators because they do not have models for CPW odd
mode components and, in addition, the final stub shape is not conven-
tional. Thus, we have to resort to EM simulators.

The proposed transition is different from other CPW-to-slotline tran-
sitions, which also rely on CPW and slotline stubs such as [1, 2]. In most
of these transitions, an air-bridge on the input CPW line is required to
suppress the reflected COM mode.

Additionally, both the Marchand and double Y-junction transitions
rely on the even mode of the CPW open stub in their operation and,
hence, an air-bridge is required to suppress the odd mode of the CPW
stub [1]. The design in [2] utilises the even and odd modes of the
CPW stub but it requires an air-bridge on the input CPW line to suppress
the reflected odd mode. In the proposed structure, the odd mode of the
CPW stubs does not need to be suppressed but, on the contrary, it is an
essential part of the transition. Also, by properly choosing the stub
lengths, the air-bridge on the input CPW line can be omitted.

CPW balun: To verify the previous theoretical results, a CPW balun has
been implemented. It consists of three stages, as shown in Fig. 3a:
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(f) [46]

Figure 2.10: Different CPW to Slotline Transitions
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CPW - Coplanar Stripline (CPS) Transitions

CPW and CPS are uniplanar transmission lines, and the transition between

them is also a balun. Figure 2.12a is a transition with three strip transmission

lines [48]. [49] and [50] utilizes radial slotline stub and double-Y structure for

achieving transition as in Figures 2.12b and 2.12c. Figures 2.12d, 2.12e and

2.12f shows lumped uniplanar transitions [45].

FIGURE 10.33 Coplanar stripline-to-coplanar waveguide transition with
three strip transmission lines.

strip conductors. At the unbalanced end currents of equal magnitude but
opposite in direction flow along the center strip conductor and the ground
planes on either side. A short circuit placed between conductors 1 and 2 at the
balanced end results in an open circuit quarter wavelength away at the
unbalanced end, forcing all the currents to flow between conductors 2 and 3.
Further conductors 1 and 3 are short circuited at the unbalanced end by a
bond wire. This short circuit appears as an open circuit quarter wavelength
away at the balanced end, and therefore conductor 1 is isolated from the
balanced end.

This transition in addition to serving as a balun also provides impedance
transformation. Since RF energy propagates between conductors 2 and 3, the
characteristic impedance between these conductors determine the impedance
transformation over the quarter wavelength section. In [47] the application of
this transition to a CPW feed network for a dipole antenna array is demon-
strated.

10.7.2 Coplanar Stripline-to-Coplanar Waveguide Balun with
Slotline Radial Stub

Figure 10.34 shows a coplanar stripline (CPS)-to-coplanar waveguide (CPW)
balun. In this balun one of the slots of the CPW is terminated in a broadband
slotline radial open stub, while the other slot extends further to meet the CPS.
In [37] the characteristics of an experimental balun are reported. The mea-
sured insertion loss and return loss of the balun are typically 1.0 dB and less
than �13.0 dB, respectively, over the frequency range of 1.6 to 7.0 GHz. The
balun has a bandwidth greater than two octaves.

332 COPLANAR WAVEGUIDE TRANSITIONS

(a) [48] FIGURE 10.34 Coplanar stripline-to-coplanar waveguide transition with
radial slotline stub.

FIGURE 10.35 Coplanar stripline-to-coplanar waveguide double-Y balun or
transition.

10.7.3 Coplanar Stripline-to-Coplanar Waveguide Double-Y Balun

The double-Y junction in this balun [48] is formed by placing alternatively
three coplanar striplines (CPS) and three coplanar waveguides with finite
width ground planes (FW-CPW) as shown in Figure 10.35. The advantage of
FW-CPW over CPW in this design is the greatly reduced parasitics. Because
of small parasitics the FW-CPW terminations behave almost like ideal open
and short circuits resulting in wider bandwidth. This balun is modeled as a six
port network as explained in Section 10.6.3 and Eqs. (10.48) and (10.50) are
also valid here. In [41] the characteristics of an experimental balun are
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(b) [49]

FIGURE 10.34 Coplanar stripline-to-coplanar waveguide transition with
radial slotline stub.

FIGURE 10.35 Coplanar stripline-to-coplanar waveguide double-Y balun or
transition.

10.7.3 Coplanar Stripline-to-Coplanar Waveguide Double-Y Balun

The double-Y junction in this balun [48] is formed by placing alternatively
three coplanar striplines (CPS) and three coplanar waveguides with finite
width ground planes (FW-CPW) as shown in Figure 10.35. The advantage of
FW-CPW over CPW in this design is the greatly reduced parasitics. Because
of small parasitics the FW-CPW terminations behave almost like ideal open
and short circuits resulting in wider bandwidth. This balun is modeled as a six
port network as explained in Section 10.6.3 and Eqs. (10.48) and (10.50) are
also valid here. In [41] the characteristics of an experimental balun are
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Fig. 13. Measured and simulated results for the back-to-back lumped-element
Marchand-balun-type CPW-to-slotline transition shown in Fig. 12(a). (ForL :
strip length= 5:5mm, strip width= 0:4mm; forC : finger length= 2:9 mm,
finger width= 0:4 mm, gapwidth= 0:2 mm; for L : ring inner radius=
2:1 mm, gapwidth= 1 mm; for C : finger length= 2:2 mm, finger width
= 0:5 mm, gapwidth= 0:3 mm.)

strip ( ) and an interdigital capacitor ( ). The parallel and se-
ries circuits are designed such that they are resonant at the
same frequency, which is the desired transition center frequency.
The equivalent-circuit model shown in Fig. 12(b) is used to
discuss the transition characteristics. Here, the CPW-slotline
cross-junction model [19] is included to discuss the mode con-
version effect at the junction. Again, all the elements in the
equivalent circuit can be described by closed-form expressions
[16]–[18]; thus, one may save a lot of computation time.

By discarding the cross-junction model, the equivalent-circuit
model in Fig. 12(b) may be identified with a second-order band-
pass filter. Therefore, the conventional filter synthesis technique
can easily be incorporated into the design of a lumped-element
Marchand-balun-type transition. Here, the characteristic imped-
ances of the CPW and slotline are equal, thus the second-order
maximally flat response is adopted. By giving the desired center
frequency , relative 3-dB bandwidth, and transmission-line
characteristic impedance, one may obtain the required design
values for , and by the filter transformation for-
mulas [20]. This may facilitate the design of a lumped-element
Marchand-balun-type transition according to a given specifica-
tion.

A back-to-back lumped-element Marchand-balun-type
CPW-to-slotline transition [see Fig. 12(a)] is built on the FR4
substrate, in which the CPW strip width0.45 mm, the CPW
slot width 0.6 mm, and the slotline slot width 0.7 mm.
The measured and simulated results are shown in Fig. 13.
This transition is designed with a center frequency at 3 GHz,
a relative 3-dB bandwidth of 200%, and a transmission-line
characteristic impedance of 100. The required structures

(a)

(b)

Fig. 14. Lumped-element Marchand-balun-type FGCPW-to-CPS transition:
(a) layout and (b) equivalent-circuit model.

have the values nH, pF, nH,
and pF, according to the filter design formulas.
The measured transition response (Fig. 13) shows a bandpass
behavior, as expected, with a center frequency at 3 GHz. The
measured insertion loss is less than 3 dB in the 1.124.38-GHz
frequency range. Compared to the transition responses in
Figs. 2 and 4, the Marchand-balun-type transition has a sharper
gain slope, as expected. Note that the transition response is
different from that of the ideal maximum flat response because
of its back-to-back configuration and the complex discontinuity
effects. The agreement between measured and simulated
results is good, and the design of the transition can easily
be accomplished by employing the filter synthesis formulas
together with the proposed equivalent-circuit model. The sizes
of parallel and series structures in this case are about

and , respectively, making the
transition much smaller than the conventional ones.

Based on the filter synthesis formulas, the transitions with dif-
ferent bandwidths can easily be realized. Fig. 14(a) shows the
layout of the lumped-element Marchand-balun-type FGCPW-
to-CPS transition. Its corresponding equivalent-circuit model is
shown in Fig. 14(b). Here, a shorter metal strip is used to realize
the inductor in the parallel circuit as in Section III. Three
transitions based on this layout are fabricated on the FR4 sub-
strate with the same FGCPW and CPS dimensions as in Fig. 6.
They are designed with the same center frequency of
GHz and line impedance of 100, but with different 3-dB
bandwidths of 100%, 200%, and 300%. Their corresponding

(d) [45]
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Fig. 4. Measured and simulated results for the back-to-back “ring-typeL”
lumped-element CPW-to-slotline transition shown in Fig. 3(a). (ForL: ring
inner radius= 2.5 mm, gapwidth= 0.5 mm; forC: finger length= 3.2 mm,
finger width= 0.5 mm, gapwidth= 0.2 mm.)

For the “ring-type ” transition, the size of the interdigital
capacitor is about and the radius of the slotline
ring is . The transition size is about 1/12 smaller
than the conventional slotline-radial-open transition [8]. This
again reveals the effective size reduction capability of lumped-
element transition.

III. B ASIC LUMPED-ELEMENT FGCPW-TO-CPS TRANSITION

STRUCTURES

By employing the same concept to the FGCPW structure,
a lumped-element FGCPW-to-CPS transition [see Fig. 5(a)]
can also be implemented. Here the inductor is realized by a
section of shorter metal strip whose length is much smaller
than the wavelength. The quasi-static closed-form formula
associated with the partial-element equivalent-circuit model
[18] is adopted for the inductance calculation. The inductance
value can be obtained when the strip length, width, thickness,
and the conductivity are specified. The equivalent-circuit model
of the transition in Fig. 5(a) is shown in Fig. 5(b). Here, the
FGCPW–CPS junction model modified from the CPW–slotline
one [17] is again included to discuss the mode conversion effect
between the even and odd CPW modes.

A back-to-back lumped-element FGCPW-to-CPS transition
for Fig. 5(a) is also fabricated on the FR4 substrate. The
FGCPW line has a strip width of 0.45 mm, a slot width of
0.6 mm, and a finite ground-plane width of 4 mm. The CPS
line has a strip width of 4 mm and a slot width of 0.6 mm. Both
FGCPW and CPS lines are designed to possess a characteristic
impedance of 100 according to the closed-form formulas
in [1]. The four-finger interdigital capacitor in this case has
a finger width of 0.5 mm, a finger length of 3.7 mm, and a

(a)

(b)

Fig. 5. Basic lumped-element FGCPW-to-CPS transition: (a) layout and
(b) equivalent-circuit model.

Fig. 6. Measured and simulated results for the back-to-back lumped-element
FGCPW-to-CPS transition shown in Fig. 5(a).

gapwidth of 0.3 mm. For the shorter metal strip, its length
and width are 12.05 and 0.5 mm, respectively. The total area
occupied by the parallel circuit is about .
The measured and simulated results are shown in Fig. 6, where
again a good match between them is observed. The 1.5-dB
passband is in the 1.173.41-GHz frequency range. The equiv-
alent capacitance of the interdigital capacitor is 0.597 pF, and
the equivalent inductance of the shorter metal strip is 10.35 nH.

(e) [45]
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(a)

(b)

Fig. 7. Lumped-element FGCPW-to-CPS transition designed with MIM
capacitor: (a) top view and (b) side view.

Fig. 8. Measured and simulated results for the back-to-back lumped-element
FGCPW-to-CPS transition (Fig. 7) designed with the MIM capacitor.

This corresponds to a center passband frequency of 2.02 GHz,
which agrees well with the measured result.

The capacitor in the lumped-element transition may also
be realized by a metal–insulator–metal (MIM) configuration.
The MIM capacitor structure may achieve a much larger
capacitance for a given area compared to its interdigital
counterpart. Fig. 7 shows the lumped-element FGCPW-to-CPS
transition employing the MIM structure as a capacitor instead
of the interdigital capacitor. Characterization of the MIM
capacitor may be accomplished by the parallel-plate capacitor
formula. A back-to-back lumped-element FGCPW-to-CPS
transition based on Fig. 7 is fabricated on the FR4 substrate
with the same FGCPW and CPS dimensions as in Fig. 6. Here,
the top and bottom metals (2.4 mm 3 mm) together with
the duroid dielectric ( , thickness

mm) are used to implement the MIM capacitor.
This gives a capacitance of 1 pF according to the parallel-plate
capacitor formula. The shorter metal strip has a length of 5 mm

(a)

(b)

(c)

Fig. 9. Layouts of three lumped-element FGCPW-to-CPS transitions designed
with same center frequency but with differentL andC values. (The relevant
geometrical parameters for (a), (b), and (c) are listed in Table I.)

and a width of 0.5 mm, corresponding to an inductance of
3.53 nH. Fig. 8 shows the measured and simulated responses,
and a good match between them is observed. The 1.5-dB
passband is in the 1.693.1-GHz frequency range. By using
the MIM capacitor, an even smaller transition structure can be
realized, which is very attractive in implementing the uniplanar
MMIC, especially for low-frequency applications.

The bandwidth of the lumped-element transition can be ad-
justed by suitably choosing the relative values ofand . Fig. 9
shows the layouts of three FGCPW-to-CPS transitions fabri-
cated on the FR4 substrate with differentand values. The
FGCPW and CPS dimensions are the same as those in Fig. 6.
For the metal strips, the width and total length are (a) 0.5 mm,
8.05 mm, (b) 0.3 mm, 9.05 mm, and (c) 0.3 mm, 18.85 mm,
respectively. The inductance values for these three cases are
6.27, 8.09, and 14.33 nH, respectively. Note that, for calcu-
lating the meander-line inductance in Fig. 9(c), the presence
of negative mutual inductances makes the total inductance less
than twice that of Fig. 9(b). The interdigital-capacitor structures
change accordingly such that the corresponding capacitances
are 0.6742, 0.5753, and 0.4374 pF, respectively. This gives the

products nearly the same for these three cases, thus the
three transitions would be centered at about the same frequency.
The relevant geometrical parameters for the three transitions are
listed in Table I. Shown in Fig. 10 are the measured results for
these three transitions (Fig. 9) in back-to-back configuration.
Their passbands are all nearly centered at the same frequency
of 2.3 GHz, as expected. However, the 1.5-dB relative band-
widths are 1.8 : 1, 2.25 : 1, and 3 : 1, respectively. As a rule of
thumb, the bandwidth of lumped-element transition increases
as the inductance value increases. This phenomenon can be pre-
dicted from the input impedance characteristics of the parallel

(f) [45]

Figure 2.12: Different CPW to CPS Transitions
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time-domain measurements, the effect of each discontinuity
can be clearly distinguished.

3 Measurement results and discussion

The transitions designed in the preceding Section are etched
on an Arlon 25N printed circuit board in back-to-back

configurations. Coaxial connectors are placed on both ports
of the transitions, and the effects of the coaxial-to-micro-
strip and coaxial-to-CPW transitions are eliminated using
an R&S ZVK vector network analyser with the TRL
calibration technique. The calibration standards are fabri-
cated for measurements roughly from 2GHz to 16GHz.
Two transitions, including CPW-to-microstrip and mi-

crostrip-to-CPS transitions, are first fabricated and mea-
sured. Comparisons between measurement and simulation
of the S-parameters are shown in Figs. 11 and 12,
respectively. Also, the worst cases in the X-band for the
measured insertion loss and return loss are listed in Table 1.
Generally, these two transitions perform as expected in the
X-band; in particular, the return loss is better than 20dB in
both transitions.

Figure 13 shows the simulated and measured
S-parameters of the back-to-back CPW-to-CPS transitions
composed of the two building blocks. Although it is still
acceptable, the return loss, which is 18.9dB at 10.9GHz, is
worse than the required 20dB. In the simulation of the
single transition shown in Fig. 10, the return loss is never
worse than 20dB, even from 7GHz to 13GHz. In the time-
domain measurement for the back-to-back transitions
shown in Fig. 14, all peaks are lower than �20dB, and
each one corresponds to a discontinuity in the transitions.
This indicates that the configurations of every building
block and discontinuities in the transitions are well
designed. Therefore, the higher return loss at 10.9GHz
should be caused by constructive interference of the
reflected waves inside the back-to-back transitions.
As mentioned previously, the distance between building

blocks has been intentionally lengthened for time-domain
observation. To eliminate the interference in the X-band,
the distance between building blocks can be adjusted. Also,
it is often preferable if the distance can be further decreased
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Fig. 8 Simulated S-parameters for microstrip-to-CPS transition
shown in Fig. 4
In the simulation, ports 1 and 2 are microstrip and CPS, respectively.
Characteristic impedance of microstrip is 50O in (a) and 70O in (b)

a b

c d e f

lslt

lmle

Fig. 9 Top view of CPW-to-CPS transition
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Fig. 10 Simulated S-parameters for CPW-to-CPS transition
shown in Fig. 9
In the simulation, ports 1 and 2 are CPW and CPS, respectively
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Fig. 11 Simulated and measured insertion loss and return loss of
back-to-back CPW-to-microstrip transitions shown in Fig. 2
a Insertion loss
b Return loss

408 IEE Proc.-Microw. Antennas Propag., Vol. 150, No. 6, December 2003

(a) [25]

24 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 1, JANUARY 2000

(a)

(b)

Fig. 1. CPW-to-CPS transition. (a) Physical configuration. (b)
Equivalent-circuit model.

this transition structure is decomposed into six parts, i.e.,
the symmetric coplanar waveguide (SCPW), the asymmetic
coplanar waveguide tapered linearly in the lower slot (TCPW),
the asymmetric coplanar waveguide tapered linearly in the
upper ground plane (ACPW), the unterminated slotline open
(TSLO), the asymmetric coplanar stripline tapered linearly in
the upper strip (TCPS), and the symmetric coplanar stripline
(SCPS). The lower slot width of TCPW is tapered from SCPW
to ACPW and then kept the same as the slot width of SCPS so
as to minimize the discontinuity effect between them. By nar-
rowing the lower slot width gradually and terminating the open
stub on the upper slot, the electromagnetic power on the upper
slot may efficiently couple to the lower one. The upper strip of
TCPS is also tapered gradually to attain the impedance match
between TCPW and SCPS. Typical geometrical dimensions of
the CPW-to-CPS transition in Fig. 1(a) are given in Table I.

A. Equivalent-Circuit Model

Fig. 1(b) shows the equivalent-circuit model for the
CPW-to-CPS transition in Fig. 1(a). The parts SCPW, ACPW,
and SCPS are described by uniform transmission lines for
which the characteristic impedance( ), effective dielectric
constant , and attenuation constant (dB/cm) are deter-
mined by the quasi-static formulas based on the conformal
mapping technique [20], [21]. Note that the widths of ground
planes of SCPW, TCPW, and ACPW are all assumed to be
infinite to apply the available formulas. The three tapered struc-
tures (TCPW, TCPS, and TSLO) are modeled by nonuniform
transmission lines. For theoretical analysis, each nonuniform
transmission line is divided into sections and, in each section,
the characteristic impedance is varied linearly and the propaga-

tion constant is assumed to be constant. Let the characteristic
impedance profile in theth section starts with and varies
linearly with slope along the length . The two-port ABCD
matrix elements of theth section can then be given by [22]

(1)

in which , , while and
( , ) denote the th-order Bessel functions of first

and second kinds, respectively. The matrices of the
nonuniform transmission lines can be evaluated by cascading
the matrices for all sections, i.e.,

(2)

Expression (2) is very efficient even for large, although only a
few sections (say, ) are enough to yield convergent results
in most practical cases.

By accounting for the conductor and dielectric losses, the
propagation constant should be regarded as a complex
number, i.e., . In the case of small loss ( ), the
Bessel functions in (1) can be evaluated approximately by [23]

or

(3)

The -parameters of TCPW and TCPS are computed by the
matrices in (2). Additional handling is required for

the part TSLO, which denotes the aperture radially fanned out
from the upper slot of ACPW to the open region with angle.
This part is basically a nonuniform slotline open whose length
( m) is assumed to be the width of the upper
ground plane of ACPW in cross section of Fig. 1(a). To
facilitate numerical analysis, the metallization planes of slotline
are assumed to be infinite to apply the available empirical
formulas in [20], [24] for the various transmission-line parame-
ters, including the characteristic impedance, effective dielectric
constant, and attenuation constant. After obtaining the
matrix of TSLO by (1) and (2), the input impedance seen from
the end of ACPW can be given by

(4)

in which denotes the load impedance at the far open end of
TSLO. In practice, can be substituted by an ideal open, i.e.,

. Consequently, (4) gives the input impedance of the
unterminated slotline open (TSLO) as

(5)

(b) [51]

CONCLUSIONS

A novel printed antenna consisting of a series-fed dipole array and a CBCPW-to-
CPS balun with the broadband and endfire characteristics has been proposed and
investigated. The transition has not only 100 % impedance bandwidth but also good mode
conversion. The radiation characteristics of this antenna have also been measured at the
selected frequencies, which represent the end-fire radiation pattem with a gain of about
4.5-9.1 dB. This proposed antenna with the advantages of broad bandwidth, low cost, and
easy fabrication is applicable to the ultra wideband wireless communication system.
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TABLE I
SUBSTRATE CROSS SECTION

m). In Fig. 3, all three shown CPW transmission lines can
have , and any of the three shown signal con-
ductor widths ( ) can be used with their appropriate slot
widths given by the left -axis. The CPS line curves are also
drawn for various slot dimensions ( ) and an approximate
match can be extracted in a visual manner.

In particular, for the design described in this study, not all
lines intersected at the same points and, thus, a perfect match
was not achieved. We have used a CPW
line characteristic impedance with m slot width,
which also defined the slot width of the CPS transmission line
( ). A CPS transmission line with this slot width and finite
metal width of m has characteristic impedance

, marked with “ ” at (55 , 20 m) on Fig. 3.
The quality of matching for different dimensions and im-

pedances can be “visually” extracted from the distance of the
curves ( versus ), between two different transmission
line curves. The closer the curves are, the better the match. For
specific impedance and slot width values, this is equivalent to
how close the two “ ” marks are in Fig. 3.

To improve matching, the CPS transmission line could be de-
signed with a lower if wider metal

m was used, as indicated from the right -axis of Fig. 3,
where the plotted curve is for the CPS transmission line used
here with m. For different widths, different
curves can be plotted to enable designs with other characteristic
impedances. The CPW line could also achieve a

with a gap of 28 m, but this would result in larger CPS
transmission line characteristic impedance ( ). Analytical
equations as functions of elliptic integrals [6] were used to ob-
tain starting points for the CPS and CPW transmission lines.
The lines were then simulated with a method of moments elec-
tromagnetic simulator.1 Fig. 3 can always be used as a starting
point, as it gives dimensions and values for the transition sec-
tions, neglecting any mutual coupling with other system com-
ponents. The final dimensions are described in Section III and
were chosen as a compromise between the desired impedance
matching, a good overall system performance, while taking into
account the limits of the fabrication equipment.

To minimize fabrication complexity and maximize co-process
compatibilitywiththeintegrationoftheRF-MEMS,thetransition
is fabricated on a high-resistive Si wafer, and made with the same
metallization and patterning steps as the antenna. Underneath the
metal (Au) layer, there are thin layers of SiO and Si N , as im-
posed by the design of the switches. The sequence of dielectric
and metallization layers is shown in Table I.

1IE3D is a registered trademark of the Zeland Corporation, Fremont, CA.

Fig. 4. Final CPW–CPS transition with dimensions and names of the different
transmission line sections as defined in Fig. 1. The total length of the back-to-
back configuration was 2 � 4300 = 8600 �m.

This transition design is improved when compared to existing
ones [3]–[5] in the sense that it uses a reduced number of dis-
continuities (and, thus, wire bonds), leading to better RF per-
formance with wider bandwidth, faster fabrication time, lower
loss, and lower cost.

III. BACK-TO-BACK TRANSITION DESIGN AND SIMULATIONS

Using the methodology described in Section II, the broadband
transition was designed and its structure is shown in Fig. 4. The
design procedure begins at section 5 (CPS), going towards sec-
tion 1 (CPW). A slot of m in section 5 is used and
maintained constant. Additionally, the dimensions of the bottom
strip are also kept constant during the entire transition. In sec-
tion 4, the upper strip of the CPS transmission line is linearly
narrowed to the center strip of the CPW line, and a tapered CPW
ground is added next beginning from the width of the top CPS
strip until the CPW line becomes symmetric. Both CPW slots
are maintained constant at m and the transition
ends in a symmetric CPW design.

The CPS line slot and its conductors’ width
were calculated first and a width m was used to
bring close to 50 . The guide wavelength was found
to be mm at 7.75 GHz, mm at 15 GHz, and

mm at 24.75 GHz. The calculated effective dielectric
constant was . The final design layout is shown in
Fig. 4, and detailed in Table II, along with the transition of Fig. 1.

The keen reader may notice some differences between the
theoretical “optimum” values that can be extracted from Fig. 3
and the values used here. These can be attributed to the use of
the method of moments software for the fine tuning of the tran-
sition integrated with the antenna in order to achieve not only
wide bandwidth, but also a good system performance. Also, the
method of moments software, while it takes into account any
discontinuity effects that analytical equations might disregard,
it neglected the finiteness of the dielectric substrates, extending

(d) [53]
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and thus lower the notch frequency. Variation of the transmission line length for odd CPW mode may be accomplished 
by changing the location of bondwire. The transition structure in Fig. 1(a) is fabricated with four bondwires b1 to b4 
along the CPW line each separated by about 3 mm. By removing the bondwires after transition fabrication, one may 
effectively increase the distance of the bondwire to the cross-junction. Fig. 3 shows the measured frequency responses 
after cutting the bondwires b1, b2, and b3 in turn. With each removal of a bondwire, the notch frequency is lowered by 
about 250 MHz. This tuning capability may allow more tolerance in the transition fabrication and provide more precise 
control over the transition frequency response. 

To further improve the stopband rejection of the transition, a 3rd-order elliptic lowpass filter prototype may be 
adopted. This is done by replacing the series inductors in the 3rd-order lowpass filter prototype by parallel LC circuits. 
The resulting transition structure is shown in Fig. 4(a) with its equivalent-circuit model in Fig. 4(b). In Fig. 4(a), an 
interdigital capacitor Cs2 is added in parallel with Ls2 to form one parallel LC circuit. The other is accomplished by the 
distributed effect of metal strip inductor Ls1 when its length reaches λ/4, for its input impedance will then be similar to 
that of a parallel LC circuit. The resonant frequencies of these parallel LC circuits are designed to create additional 
notches at stopband to improve the level of attenuation. 

A lowpass transition for Fig. 4(a) is built on an FR4 substrate with the test circuit built in the same way as in Fig. 2. 
The element values are: Ls1 = 7.5 nH, Cp1 = 0.55 pF, Ls2 = 4 nH, and Cs2 = 0.7 pF. Their corresponding geometrical 
parameters are listed in Table I. Measured and simulated results are shown in Fig. 5. The measured insertion loss is less 
than 1.5 dB below 2.06 GHz, and the return loss is better than 15 dB below 1.7 GHz. The out-of-band rejection is 
greater than 15 dB from 2.74 GHz up to 6 GHz. Compared to Fig. 2, the elliptic lowpass transition exhibits sharper 
roll-off at the passband edge, and better attenuation at higher frequencies. This is due to the additional notch created by 
the resonance of Ls2 with Cs2 at 3 GHz. The notch at 4.7 GHz is caused by the resonance of Cp1 with bondwires, while 
the one at 5.7 GHz is due to Ls1 when its length reaches λ/4. Therefore, by properly choosing the notch frequencies 

(a)     (b)
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Fig. 4.  3rd-order elliptic lowpass CPW-to-CPS transition, (a) layout and (b) equivalent-circuit model. 

Measurement
Equivalent-Circuit
HFSS

|S21|

|S11|

-30

-20

-10

0

-40

Frequency (GHz)
1 2 3 4 5 6

|S 21
|, |S

11| (d
B)

   
Fig. 2.  Measured and simulated results for the 3rd-order 
lowpass CPW-to-CPS transition shown in Fig. 1(a).  
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[7]. Compared to the back-to-back configuration in [6], one may better examine the frequency response of a single 
lowpass transition based on this test circuit. In this and subsequent designs, the CPW lines have a strip width of    
0.45 mm, a slot width of 0.6 mm, and a finite ground-plane width of 4 mm. The CPS lines have a strip width of 4 mm 
and a slot width of 0.6 mm. Both CPW and CPS lines are designed to possess a characteristic impedance of 100 Ω 
according to [1]. The designed element values are Ls1 = 8.2 nH, Cp1 = 0.92 pF, and Ls2 = 7.5 nH. Their corresponding 
geometrical parameters are listed in Table I.  

The transition is measured on an HP8753 network analyzer with TRL (Thru-Reflect-Line) calibration to the 
CPW-CPS junction. The measured and simulated results are shown in Fig. 2. Here the simulation results obtained from 
the equivalent-circuit model [Fig. 1(b)] and the full-wave simulator HFSS are both included. Note that the frequency 
response of the lowpass transition is much different from that of the ideal 3rd-order filter prototype. This is due to the 
two additional notches introduced in its insertion loss response. The first notch at 2.93 GHz is due to the series 
resonance of capacitor Cp1 with the bondwire inductances. The other notch at 4.6 GHz occurs when the length of metal 
strip inductor Ls1 reaches λ/4 such that it is equivalent to an open circuit. These two additional notches improve the 
stopband rejection and the roll-off rate at passband edge. The measured insertion loss of proposed transition is less than 
1.5 dB below 1.63 GHz, and the return loss is better than 15 dB below 1.55 GHz. The out-of-band rejection is greater 
than 20 dB from 2.66 GHz up to 5.04 GHz. The agreement between measured results and simulated ones from the 
equivalent-circuit model [Fig. 1(b)] is good at low frequencies. At higher frequencies, the metal strip inductor and 
interdigital capacitor can no longer be considered as lumped-elements, and the parasitic effects, which are not included 
in the equivalent-circuit model, start to dominate. Thus the discrepancy between measurement and equivalent-circuit 
model is larger. The simulated results from HFSS match well with the measured ones. However, the simulation time is 
several hours for HFSS while it takes only a few seconds for the equivalent-circuit model. Nevertheless, the 
equivalent-circuit model may serve as a better tool for transition prototype design because all the elements in the model 
are directly related to the geometrical parameters of transition. The full-wave simulation may then be employed for 
better accuracy. 

The lowpass transition also supports post-fabrication tuning of the notch frequency. As stated above, the first notch in 
the stopband is due to the series resonance of Cp1 with bondwire inductances. Since the bondwire inductance is 
connected to the cross-junction through the transmission line for odd CPW mode in the equivalent-circuit model, 
increasing the length of this odd CPW mode transmission line may increase the effective inductance connected to Cp1 

TABLE  I.  GEOMETRICAL PARAMETERS OF THE LOWPASS CPW-TO-CPS TRANSITIONS (UNITS IN mm)  

Interdigital Capacitor Inductor 
Fig. 

 Finger Number Finger Length Finger Width Gap Width  Strip Length Strip Width
Ls1 8.6 0.2 

Fig. 2 Cp1 5 4.1 0.6 0.2 
Ls2 8.5 0.3 

Cp1 5 2 0.5 0.2 Ls1 8.2 0.2 
Fig. 5 

Cs2 5 3.1 0.5 0.2 Ls2 4.9 0.2 

(a)

2.5 mm
3.0 mm
2.8 mm

b4

b3

b1
b2

    (b)

CPSCPSCp1

Ls1

short

Lbondwire

CPW-CPS
Cross Junction

CPWo

Lbondwire

CPWoCPWe

CPWe Ls2

 
Fig. 1.  3rd-order lowpass CPW-to-CPS transition, (a) layout and (b) equivalent-circuit model. (f) [54]

Figure 2.13: Different CPW to CPS Transitions

Figure 2.13 shows CPW to CPS transitions found in literature.
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2.3 Antipodal Vivaldi Antennas

The vivaldi antenna is a tapered slot antenna which is wideband in nature,

introduced by Gibson in 1979 [55]. As shown by Gazit in 1988 [56], the

bandwidth enhancement can be achieved for vivaldi by making it antipodal

in nature (antipodal vivaldi antennas (AVA)). The bandwidth constraints in

different vivaldi antennas are limited by the feeding transitions. The feeding

structure of AVA is the DSPSL structure. Therefore transitions to the DSPSL

structure is extremely important. AVAs have skewed electric field components

which result in the poor cross polarization and at higher frequencies this

skew results in serious beam tilt also. These problems can be avoided to

some extent by using thin substrates with limited range of application. The

balanced AVA (BAVA) introduced by Langley in 1993 [57], with three layered

structure, reduces this problem at the expense of increased manufacturing

cost and difficulty.
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2 

 
Fig. 1. The procedure of proposed AVA design. 

 

microwave circuit. Two elliptically shaped strip conductors 

with long axis length R1, short axis length R2 and center 

position (x1, y1) is used as two arms to lower the operating 

frequency of proposed AVA.  According to theory in [2], the 

low cut off frequency fc of conventional AVA is expressed as: 

                                / 2c pf c W                                             (1) 

Where wp is the width of two arms about 82.7mm, and c is 

electromagnetic wave velocity in free space. So fc can be 

obtained as 1.81GHz. In [9], an empirically formed relation 

depending on the width wp of two arms and the dielectric 

constant εr is proposed to determine the lower cutoff frequency 

f0 of antenna I. The relation is written as follow: 

0
1.5 1p r

c
f

w 


  
                                                (2) 

With the wp=82.7mm and εr=2.65, f0 is computed as 1.27GHz. 

 In this letter, the antenna I can have a lowest frequency limit of 

1.35GHz as shown in Fig. 4, which has an error of 6.3% in 

comparison of computed the lower cutoff frequency f0. It 

means that the antenna I with elliptically shaped arm has a 

smaller size than conventional AVA when they operate in the 

same band. In the operating band higher than the cut off 

frequency limit of fc, the antenna I work as travelling-wave 

antenna while it works as a standing-wave antenna lower than fc. 

For simplicity, we define the frequency band higher than fc as 

TW band and the frequency band lower than fc as SW band. 

Similar to conventional AVA in [8, 9, 10], the antenna I has 

large beam width  and maximum radiation away from end-fire 

direction in low end of TW band, which would reduce the gain 

in end-fire direction in these operating frequencies. In order to 

overcome this problem, antenna II is designed. Two pairs of 

slot are loaded on the two elliptically shaped arms to enhance 

the gain in end-fire direction and reduce beam width. A 

modified ground plane is connected with the feed transition 

structure to reflect part of electromagnetic wave from the two  

Table I parameter values in Fig.1 (units: mm) 

parameter value parameter value 

R1 26.3 g 0.2 

R2 20.5 ls 2.7 

W 90 lf 5 

L 93.5 lg 9 

ld 14.8 wf 1.5 

wd 2.6 d1 1 

lt 13 d2 2.45 

wt 18 d3 3.1 

W1 39 (x1,y1) (-20.9,65.5) 

L1 25.5 (x2,y2) (-26,37.5) 

R0 9.5   

 
Fig. 2. The current distribution of antenna I and antenna II at 

2GHz 

 

 
Fig. 3. Radiation patterns at xoz and yoz plane at 2GHz 

 

arms of antenna II. The slot curves (a, a1, b, b1) can be obtained 

respectively as: 

241
lf+lg+ls+ld/2 21.32 1 ( ) ;

41

x
y


      1.5mm<x<38.9mm 

241
lf+lg+ls+ld/2 20.5 1 ( ) ;

41

x
y


         1.5mm<x<38.5mm 

241
lf+lg+ls+ld/2-2 21.32 1 ( ) ;

41

x
y


   1.5mm<x<37.9mm 

241
lf+lg+ls+ld/2-2 20.5 1 ( ) ;

41

x
y


      1.5mm<x<37.5mm 

 

The current distribution of antenna I and antenna II at 2GHz is 

depicted in Fig.2. The upper edge of two arms is defined as part 

A, while their lower edge is defined as part B. The part A and B  

(a) [58]
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Fig. 1 Design procedure and geometry of the structure. 

increase the bandwidth. However, the analysis showed that
there is trade-off between bandwidth and antenna gain.
Starting from Fig. 1(a) and increasing minor axis of ellipse 
(Re), impedance bandwidth improves while the gain decreases. 
Reemploying genetic algorithm, the optimum value for Re 

obtained as 3el , means 3 40 3 13e eR l mm   . This

value provides an improved bandwidth along with higher gain 
as illustrated in Fig. 2. Optimum values for antenna
parameters are described in Table I.
B. Lens design

Dielectric lenses are generally used to improve different
characteristics of the Vivaldi antennas. Substrate formation or 
use of different material in front of antenna aperture, with a 
different dielectric constant, used to increase gain of the
antenna. This dielectric is usually known as dielectric lens.
Clearly, the shape of the lens and its dielectric constant are the 
most important parameters in its design. 
Various shapes can be considered for the outer part of the lens; 
however, exponential design represents the best output in this
design. The exponential design follows same relations that
have been used to design the patches. Furthermore, by
defining the aperture of antenna as the outer edges of
conducting surfaces, it’s possible to replace the substrate in 
this part with another dielectric. This dielectric will act as a 
part of lens and helps to improve the antenna characteristics. 
This part of the structure follows the same exponential
structure to avoid any confliction. Employing a dielectric lens
on the antenna aperture doesn’t pose noteworthy effect on the
antenna return loss but the effects on the antenna gain is not 
negligible. Fig. 3 illustrates the effect of lens and its shape on 
the antenna gain. This comparison is among the conventional
antenna (Fig. 1(a)), elliptically loaded antenna, final proposed 
structure (Fig. 1(b)), and an implementation of triangle [10],
trapezoid-shaped [13], and elliptical [14] lenses on the base 
antenna as introduced in Fig. 1(a). Simulation results 
demonstrates that proposed structure shows 1dB improvement
in antenna gain in comparison with the previous works. 
Beside shape, dielectric constant of the lens plays an important 
role in the antennas characteristics. Higher dielectric constant
provides higher gain and more directed beam. Fig. 4 
represents E-field behavior at 7.5GHz inside the structure with 
and without lens. Employing a lens with proposed structure 
and different dielectric constant than the antenna substrate

provides a different propagation environment on the antenna
aperture.

Table I Optimum values of the antenna parameters 

RoutRin 
Lf

(mm)
Lg 

(mm)
Lp 

(mm)
wf

(mm)
W

(mm)
L

(mm)

0.140.083511.6640276110

(a)

(b)
Fig. 2 The effect of the elliptical form of the antenna. (a) Return-loss for 
various values of Re. (b) Gain for various values of Re.

(a)

(b)
Fig.  3 Effect of lens shape on the antenna gain at 7GHz.

(b) [59]
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Antipodal Vivaldi Antenna for Sum and Difference
Radiation Patterns with Reduced Grating Lobes

Seyed-Ali Malakooti, Mahdi Moosazadeh, Damith C. Ranasinghe, and Christophe Fumeaux, Senior Member, IEEE

Abstract—A new design of an E-plane double-element Vivaldi
antenna with sum and difference radiation patterns is presented
in this paper. The antenna operates in the frequency range of
2.3 GHz to 15 GHz (ratio of 6.5:1) with the highest grating lobe
level of −10 dB at 15 GHz and competitive gain performance
from 6.8 dBi at 2.3 GHz up to 14.7 dBi at 15 GHz. The grating
lobes are reduced effectively by decreasing the distance between
the two input ports to one wavelength at the highest operating
frequency. The active S-parameters of the antenna are improved
using modifications of the geometry, including a new method
consisting of an increased length of the internal flares, as well
as combinations of known methods such elliptical corrugations
on the outer edges, and optimal shaping of inner edges of the
antenna. The gain is also improved by the addition of a dielectric
lens, which also provides extra space for lengthening the inter-
nal flares. The proposed double-element antenna satisfactorily
provides the sum and difference radiation patterns when fed by
a wide-band rat-race coupler. To warrant a near ideal beam
symmetry, the antenna is designed so that the directive radiation
pattern occurs when the antenna elements are fed by out-of-
phase signals, i.e. when the difference (∆) port of the coupler is
excited.

Index Terms—Antipodal Vivaldi antenna, Double-element,
Grating lobes, Mutual coupling, Sum and difference excitation.

I. INTRODUCTION

THE VIVALDI antenna initially introduced by Gibson in
1979 [1] is a type of traveling wave antenna with a

directive end-fire radiation pattern. Owing to the exceptional
characteristics of this type of antenna, such as ultrawideband
performance, unidirectionality, and stable radiation patterns
over a wide frequency range, it has been used in many
different applications, such as microwave imaging [2], [3] or
satellite communications [4]. During the last decade several
studies have focused on improving radiation characteristics
while reducing the size and sidelobe levels of the antenna.
The most prominent methods are identified as introducing
corrugation to the outer antenna edges [5], [6] and adding
a dielectric lens to the structure [7], [8]. An alternative way
of enhancing the gain and directivity is combining several
Vivaldi antenna elements. Recently published designs based
on the combination of two elements of Vivaldi antennas
demonstrated that this approach can improve the directivity
within an ultrawide frequency band [9], [10], [11]. Another
design based on antipodal structure was presented in [12] with
the aim of extending the bandwidth to higher frequencies. All
the aforementioned structures have directive radiation patterns,
whereas in [13], a dual-port structure was shown to be capable
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Fig. 1. Design evolution of the proposed antipodal Vivaldi antenna with the
black part as the top metal layer, the dark gray part as the bottom metal layer,
and the light gray part as the substrate. (a) Conventional Vivaldi antenna
with dielectric lens. (b) Inner edge bending based on the method proposed in
[14]. (c) Double-element evolution of the design in (b) (d) Double-element
design based on the reduced space between the elements. (e) Double-element
design with increased length of internal flares. (f) Final design with outer
edge elliptical corrugation.

of operating between sum and difference radiation patterns, the
later having a deep null in the main direction of radiation. This
was achieved by using an in-phase and out-of-phase dual-port
feeding mechanism. It was also shown, that the grating lobes
can be reduced by decreasing the length of the internal flares,
with an example where up to 1.77 wavelength spacing between
the elements at 10.6 GHz did not result in the appearance of
strong grating lobes.

In this letter, a development of a double-element antipodal
Vivaldi antenna towards wider frequency bandwidth with the
ratio of 6.5:1 is presented through reduction of the grating
lobes at higher frequencies. Both the sum and difference
radiation patterns are demonstrated with high beam symmetry

(c) [60]
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opposite directions and symmetrically rotated around the 
antenna aperture axis.  

As mentioned in the introduction, the Vivaldi antenna 
operates as a resonant antenna at low frequencies and mainly 
as a non-resonant, traveling wave radiator at high frequencies. 
The low frequency end is determined by the width of the 
antenna (the maximum separation between the arms), which 
needs to be ~λ/2 at the low frequency band of interest. At 
higher frequencies, the radiation is produced from the 
traveling wave currents along the flare edges, as seen in Fig.2. 
As the aperture flare increases, the wave energy detaches and 
produces radiated space waves. In order for the radiated fields 
to be directed in the endfire direction, the phase difference 
between the waves traveling on both arms needs to be ~180 
degrees. This condition motivated the development of the 
antipodal structure, which provides a wideband feed transition 
[7]. 

 
Fig.2.  Illustration of the radiation mechanism of Vivaldi antennas. 

 
The Vivaldi antenna is often preferred for its wide operating 

bandwidth [1], however, as the frequency increases different 
issues occur that degrade the radiation properties. One of these 
issues is the unwanted radiation produced from the currents 
traveling along the flare termination sections. This radiation 
leads to gain reduction, side lobes, and pattern distortion but 
can be suppressed by corrugating the termination sections [2, 
8] and avoiding the sharp edges which cause wave diffraction 
[6].  

Another reason for the performance degradation at high 
frequencies is the sensitivity to the thickness of the substrate. 
As the electrical thickness increases, undesired modes are 
excited. These modes alter the phases of the waves traveling 
along the flare section, create pattern distortion and cause 
higher cross polarization levels. To avoid these problems it is 
preferred to use thin, low dielectric constant substrate 
materials. According to [9, 10] the substrate thickness should 
be less than 0.03 λo, where λo is the free space wavelength at 
the center of the desired frequency range. Other approaches to 
improve the radiation characteristics are to shift the position of 
the feed line from the center of the tapered ground [11], the 
addition of a third metallization layer to form the balanced 
antipodal structure [12], and the use of the substrate integrated 
waveguide (SIW) technology [13]. 

The long electrical length of the flare, which is the essence 
of the broadband nature of the antenna, also limits high 
frequency performance due to phase reversals along its length. 
As shown in Fig.3, the phase reversal creates off-axis radiation 
as well as endfire radiation from the end of the aperture that is 
out of phase with the fields from the throat of the antenna. The 
most effective approach to address this problem is to reduce 

the size of the flare opening and the flare rate. This approach 
enhances the coupling between the arms, and weakens the 
coupling that occurs between different sections on the same 
arm due to the phase reversal. Reducing the flare, however, 
will increase the lower operating frequency. Hence, there is a 
tradeoff between gain and bandwidth. 

 
Fig.3.  Illustration of the E-field distribution at high frequencies. 

 

III. PROPOSED VIVALDI ANTENNA STRUCTURE 

Fig.4 illustrates the geometry of the proposed antenna 
structure, which is similar to the design presented in [11] but 
includes the addition of a parasitic ellipse. The substrate is 
Rogers/RT Duroid 6002 with a nominal relative dielectric 
constant (εr) of 2.94, dielectric loss tangent (tan) of 0.0012, 
and a thickness of 60 mils (1.524 mm). Each arm is formed by 
a quarter ellipse with a major radius (a1) of 66 mm and minor 
radius (a2) of 33 mm. The outer taper profile is formed by a 
quarter ellipse with a major radius (b1) of 32 mm and minor 
radius (b2) of 26 mm. The ground taper follows also the 
outline of a quarter ellipse with a major radius (c1) of 40 mm 
and minor radius (c2) of 20 mm. The feed line consists of a 
microstrip line which has a width of 3 mm at the input side 
and transforms linearly into a parallel plate line with a width 
of 1 mm at the radiator side. The elliptical patch major radius 
(d1) is 30 mm and minor radius (d2) is 10 mm and it is located 
at a distance (de) of 36 mm from the flare throat center. 

 
Fig.4.  Illustration of the proposed antipodal Vivaldi antenna. 

 
To alleviate the performance degradation at high 

frequencies without compromising the bandwidth, the 
parasitic ellipse is introduced in the flare aperture. Instead of 
having the radiation at high frequencies only produced from 
the fields coupled between the arms, the fields couple to both 
sides of the ellipse thus limiting the off axis radiation that 
stems from the phase reversal issue and producing stronger 
radiation in the endfire direction. To demonstrate this effect, 
the magnitude of the electric field in volts per meter along the 
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Figure 2.14: Different Antipodal Vivaldi Antennas.
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The CPW fed AVA structures are very rare in literature [58] as in Figure

2.14a. Figures 2.14b, 2.14c and 2.14d show that inserting parasitic patches in

the slot apertures is effective in improving radiation parameters [59–61]. Dou-

ble slot, differentially fed AVA is introduced in [62] with improved performance

compared to the conventional one, which is shown in Figure 2.15a. Figures

2.15 and 2.16 show recently introduced AVAs with enhanced performance

through modifing the flared structures keeping the nonuniplanar symmetry.
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Communication
A Novel Symmetric Double-Slot Structure for Antipodal Vivaldi Antenna

to Lower Cross-Polarization Level
Ya-Wei Wang and Zhong-Wu Yu

Abstract— An antipodal Vivaldi antenna (AVA) with novel symmetric
two-layer double-slot structure is proposed. When excited with equiampli-
tude and opposite phase, the two slots will have the sum vector of their
E-field vectors parallel to the antenna’s plane, which is uniform to
the E-field vector in the slot of a balanced AVA with three-layer
structure. Compared with a typical AVA with the same size, the proposed
antenna has better impedance characteristics because of the amelioration
introduced by the coupling between the two slots, as well as the
more symmetric radiation patterns and the remarkably lowered cross-
polarization level at the endfire direction. For validating the analysis,
an UWB balun based on the double-sided parallel stripline is designed
for realizing the excitation, and a sample of the proposed antenna
is fabricated. The measured results reveal that the proposed has an
operating frequency range from 2.8 to 15 GHz, in which the cross-
polarization level is less than −24.8 dB. Besides, the group delay of
two face-to-face samples has a variation less than 0.62 ns, which exhibits
the ability of the novel structure for transferring pulse signal with high
fidelity. The simple two-layer structure, together with the improvement
both in impedance and radiation characteristics, makes the proposed
antenna much desirable for the UWB applications.

Index Terms— Antipodal Vivaldi antenna (AVA), double-slot structure,
low cross-polarization, UWB balun.

I. INTRODUCTION

Antipodal Vivaldi antenna (AVA) was first designed by Gazit [1]
for bandwidth enhancement on the basis of Vivaldi antenna which
was proposed by Gibson [2] and had been widely used for UWB
applications such as in radar-imaging, wireless monitoring, and
communication systems. One drawback involved in the original
Vivaldi antenna is the bandwidth limitation, that is, mainly imposed
by its feeding transitions, e.g., microstrip-to-slotline [3]. And the
AVA can achieve much wider bandwidth because of its natural
UWB feeding transitions, e.g., microstrip line (ML)-to-double-sided
parallel stripline (DSPSL), as well as the similar beamwidth, and
gain to the former. However, there is a problem with the cross-
polarization characteristics of the AVA. The structure of the AVA
is shown in Fig. 1(a), with the xy plane and yz plane referred to
the E- and H-planes, respectively, which is axisymmetric about the
x-axis. When the AVA is excited, the E-field components in the flared
slot are skewed with respect to the xoy plane [4]. This skew is small
at the low-frequency end of the band because the ratio of the slot
width to the dielectric thickness is large. However, as the frequency
increases, the angle of skew arises and ultimately tends to 90°.
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Fig. 1. Configurations of the AVAs. (a) Typical AVA. (b) BAVA. (c) Proposed
DSAVA.

Therefore, not only does the AVA have poor cross-polarization but
also there is severe beam tilt as the operating frequency goes up. For
resolving this problem, the balanced AVA (BAVA) was proposed by
Langley et al. [4], whose structure is symmetric about the xoy plane,
as shown in Fig. 1(b). Vector sum of the E-field components from the
middle-layer metal to the top-layer metal and the bottom-layer metal
is parallel to the xoy plane. As a result, symmetric beams with low
cross-polarization levels are implemented. However, the BAVA is of
three-layer structure, which is demanding and costly for fabrication.

Recently, many works have been reported about
improving characteristics for the AVA. Molaei et al. [5] and
Moosazadeh and Kharkovsky [6] used dielectric lens or directors
around the flared slot to focus energy. But the dielectric lens and
directors always make the AVAs bulky and less practical for some
applications. Chen et al. [7] and Sun et al. [8] utilized artificial
material to make E-field wavefront in the flared slot plane like so
as to improve the radiation characteristics, which is complicated
because of the need to optimize multiple parameters of the artificial
structures. Nassar and Weller [9] placed a parasitic elliptical patch
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Abstract—This paper presents a new approach to implement 
planar Antipodal Vivaldi Antenna (AVA) design. A nature fern 
inspired fractal leaf structure is implemented here. Impedance   
bandwidth (-10 dB) of the proposed antenna is around 19.7 GHz 
starting from 1.3 GHz to 20 GHz. The lower operating frequency 
of this antenna is reduced by 19% with the 2nd iteration as 
compared to the 1st iteration of fractal leaf structure. The 
prototype antenna is fabricated and tested in frequency as well as 
in time domains to obtain various transfer characteristics along 
with common antenna parameters. Experimental results show 
that good wide-band feature, stable radiation pattern and 
promising group delay of less than 1 ns signatures are obtained, 
which agree well with the simulated data. The miniaturized 
proposed antenna structure becomes an attractive choice in 
microwave imaging applications because of its ultra-wide 
fractional bandwidth at 175%, high directive gain of 10 dBi and 
finally appreciably large fidelity factor above (>90%). 
 

Index Terms—Antipodal Vivaldi antenna, Fern fractal, 
Microwave imaging, UWB antenna 

 

I. INTRODUCTION 

RECENTLY the use of radio frequency in microwave 
imaging has received remarkable impetus for diagnosing 
tumors and detection of malignant tissues in the human body 
[1]. Microwave imaging employs generating and receiving 
short pulses with the help of radio probes, which are actually 
wide band antenna systems [2]. An antenna with highly 
directional pattern and enhanced gain characteristics are 
essential for this particular application. Traditionally, Vivaldi 
antennas have served this purpose due to their inherent 
broadband nature along with their high directivity and gain. A 
light weight, low profile form factor of this antenna also makes 
it a preferred antenna system for microwave imaging 
paradigms. The Vivaldi antenna was developed by Gibson 
[3-4] in 1979 as a notch antenna with microstrip to slot line 
transition as the feeding element. With time, several 
modifications have been carried out on the basic structure, 
resulting in antipodal Vivaldi antenna (AVA). It has two 
radiating arms on either side of the substrate. For maximum 
radiation in the end fire direction, the phases of the travelling 
wave currents on each arm have to be 1800 apart. The 
complicated transition structure of the Vivaldi antenna has 
become simpler now. However, AVA possesses all the 
advantageous points of its earlier version. A plethora of 
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antipodal Vivaldi antenna structures have been reported [5-8]. 
Many techniques have been used to reduce the size of AVA and 
also improve its radiation characteristics [9-11]. 

In the present work, a fern leaf type fractal structure is 
introduced in the AVA design, which results in a fractional 
bandwidth (FBW) of 175.58%. The 2nd iteration in the fractal 
structure reduces the lowest operating frequency of the AVA 
from 2.42 GHz to 1.3 GHz, as compared to its conventional 
counterpart. The proposed antenna shows a peak gain of 10 dBi 
with a stable radiation pattern over the whole frequency range 
of operation. A high quality fidelity-factor above 90% is 
observed in both E-and H-planes at 00, 300 and 600 rotations. 

The paper is organized as follows. The design principles of 
the antenna are described in Section II. Experimental results of 
the fabricated prototype and its comparison with predicted 
values are presented in Section III. Finally, Section IV gives the 
main conclusion. 

II. ANTENNA DESIGN 

The geometry of proposed antenna is shown in Fig.1 (a) 
which is realized on 0.8 mm FR4 substrate (εr=4.4, tanδ = 0.02) 
with a dimension of 50.8 mm × 62 mm (Lsub × Wsub). An 
exponential tapered microstrip line is used for excitation of the 
antenna element. To realize the antipodal version of the 
antenna, on either side of the substrate, two tapered slots are 
incorporated by flaring two 1800 phase-shifted arms. The 
flaring is done using an exponential curve profile as explained 
in Fig 1(b). The top and bottom exponentially tapered slots [9] 
are defined as follows: 
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Fig. 1.Proposed Antenna (a) Fern inspired fractal AVA (b) Creation of 
Exponential tapering arm (c) Creation of fractal leaf 

(b) [63]

The combination of upper petal and lower petal AVAs improved
the bandwidth performance of the proposed modified AVA. This
modified AVA shown in Fig. 2 contains curved edges along with
the exponentially tapered profile. This increased the electrical
length thereby reducing the lower operating frequency. Therefore,
the bandwidth of the antenna can be controlled by the width of the
mouth opening of the flared edges W ′ and the curved edge along
the exponentially tapered profile of the AVA.

3 Results and discussion

The antenna is fabricated using commercially available flame
retardant-4 (FR-4) substrate having relative permittivity of 4.3 and
loss tangent 0.025. The radiating elements are etched on the top and
bottom sides of the FR4 laminate. The front and rear views of the

Fig. 3 Fabricated prototype with front and rear views

Fig. 6 Simulated and measured cross-polarisation levels of the proposed
modified AVA along the XOY-plane and the YOZ-plane

Fig. 1 AVA structures with

a Upper petal
b Lower petal

Fig. 2 Proposed AVA with modifications. The dimensions are L = 60 mm,
W= 60 mm, h = 0.8 mm, r = 10 mm, s = 19 mm and W ′ = 41 mm. P1(x1, y1)
and P2(x2, y2) are the start and end points of the tapered curve

Fig. 4 Reflection coefficient characteristics (S11) comparison of the lower,
upper petal structures and the proposed modified AVA

Fig. 5 Simulated cross-polarisation level of upper petals and lower petals
of the proposed AVA

Fig. 7 Realised gain and group delay performance of the modified AVA
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(c) [64]

the linear slots and has the resonance at 1.8 GHz. Frequency
selection of the antenna in narrowband can be done with the
placement of the rectangular slot.

The performance of the proposed dual mode AVA is compared
with the reference antipodal antenna of same configuration. The
proposed antenna configuration deploys parallel twin line
transition for wideband matching compared with the tapered slot
transition, which is used in conventional TSAs.

3 Results and discussion

Fig. 5 shows the simulated realised gain comparison of the
proposed dual mode antenna with the reference antenna.
Implementation of rectangular slots improved the lower end
radiation characteristics [10] and contributes the gain
enhancement. Considerable amount of gain improvement is noted
from 4.5 to 10 GHz. When switches (S1, S2) are OFF, the
antenna operates in narrowband mode and the gain is 2.4 dB at
1.8 GHz and 5.5 dB at 5.2 GHz. Wide rejection is noted at higher
operating frequencies which makes it suitable for narrowband
operation. When switches are ON, the antenna operates in
wideband mode and exhibits more than 6 dB from 4 to 10 GHz.
From these results, it is evident that the modification done in the
tapering profile of the antenna does not affect the impedance and
radiation performance of the antenna.

Reflection coefficient characteristics of the antenna is measured
and shown along with simulated results in Fig. 6. When switches
are ON, current flow is along the entire taper section of the
antenna and operates in wideband mode. The antenna is resonating
from 2.3 GHz to beyond 12 GHz providing a relative bandwidth of
135%. When switches are OFF, the tapered slot section is
disconnected and the current flow is along the linear slots and
operates in narrowband mode. The lower resonance is at 1.8 GHz
which is due to the current flow along the entire section of L2
and L1, resonance at 5.2 GHz is due to the current flow along
the L2 section. The implemented rectangular slots provide a
wideband rejection and resonance at 1.8 and 5.2 GHz covering
GSM 1800 MHz (1.62–1.9 GHz) and wireless LAN (4.7–5.5 GHz)
operating band.

Parametric study of the antenna is performed for proper selection
of the dimension of rectangular slot. Fig. 5 shows the parametric
sweep for varying the position of the rectangular slots (length L2).
When L2 is decreased by keeping L1 as constant, the resonance is
almost same at its narrowband operating frequency. When L2 is
increased it creates additional resonance at higher frequencies and
optimum position of L2 is chosen as 40 mm for fabrication. Width
of the slot (W1 = 6 mm) controls the bandwidth of the antenna at
its narrowband mode.

Fig. 1 Design evolution of the proposed dual mode AVA from reference antenna

a Reference antenna
b Proposed antenna

Fig. 2 Simulated reflection coefficient of the proposed antenna against
reference antenna

Fig. 3 Surface current distribution of the antenna at narrowband mode
operation

a 1.8 GHz
b 5.2 GHz
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Fig. 1.  Design and antenna parameters in xz-plane: (a) reference AVA. (b) 
proposed ESE-AVA. 
 

The antenna is formed by a microstrip transition line 
(MTL), a main exponential slot radiator (MESR), and ESEs. 
The MTL has a length of 23.02 mm and a width of 1 mm on a 
Rogers RO3206 substrate with dielectric constant of 6.15 and 
tangential loss of 0.0027, in order match with 50 Ω of SMA 
connector. The MESR is designed, according to Ref. [18], by 
the exponential curve f (z), given by equations (1), (2) and (3), 
defined by the opening rate (R=0.105) and the points P1(z1,x1) 
and P2(z2,x2), shown in Fig. 1.  

���� = ���
	
 + ��                             (1) 

where                     

  �� =
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���������
                                (2) 
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���
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                           (3) 

Fig. 2 shows the palm tree antenna, the picture on the left 
shows a top view, while the one on the right shows a bottom 
view. 

 

 
Fig. 2.  Fabricated ESE-AVA photograph, top view on the left and bottom 
view on the right.  

Table I presents the antenna dimensional parameters. The 
ESEs, that have the same exponential opening of the MESR, 

are added on the side of the antenna and are rotated slightly 
(δ=25º) with respect to the perpendicular antenna propagation 
direction, in order to promote the surface currents control at 
edges, simultaneously decreasing the lower limit of the 
bandwidth and increasing the gain of the ML. 

 

 

TABLE I - PARAMETERS OF THE AVA  AND ESE-AVA ARCHITECTURES. 
Dimension parameters Angles 

a 4.03 e 59.81 i 6.87 α 55º 
b 11.17 f 5.91 r 13.12 β 20º 
c 18.15 g 9.97 w1 36.30 γ 100º 
d 23.02 h 21.59 w2 21.35 δ 25º 

The parameters a, b, c, d, e, g, r, w1, and w2 are identical for AVA, RSE-
AVA, TSE-AVA and ESE-AVA architectures shown in this letter. 
Dimensions are given in mm. 

III.  3D NUMERICAL AND EXPERIMENTAL RESULTS 

The design of the ESE-AVA was performed in two steps 
[19]. The first one is an optimization of the antenna 
characteristics by 3D numerical simulations, while the second 
one is associated to experimental measurements on a 
prototype antenna with optimized parameters.  

Numerical analysis was performed using the software CST 
Microwave Studio. The AVA and its volumetric surroundings 
are represented by a 3D mesh matrix of 212 x 53 x 335 cells 
respectively in x, y, and z directions, which represent more 
than 3.7 million of cells. Additional open space of 20 mm was 
considered on each side of the antenna (x direction), as well as 
15 and 40 mm respectively in its front and back (z direction).  

The simulations were performed with the CST Transient 
Solver, and some parameters were adjusted for the modeling 
of the matrix, such as a density of 15 cells per wavelength at 8 
GHz with a bandwidth between 0 to 16 GHz. The parameter 
PEC/lossy metal edges factor was adjusted to 6. The other 
parameters were left as default. 

In order to mimic a real system, the SMA connector, 
shown in Fig. 3(a), was modeled and integrated in the AVAs 
models, based on a Multicomp SMA connector, specific for 
the 0.64 mm substrate thickness, used in the manufactured 
antenna, shown in Fig. 3(b). 

 
 

(a) (b) 
Fig. 3.  SMA connector: (a) in numerical model and (b) at ESE-AVA. 

 

The experimental measurements were performed in two 
steps. The S parameters were measured, outside the chamber, 
using a HP 8722D Network Analyzer, while the measurements 
of the radiation pattern, inside the chamber, were performed 
using the following setup: the transmitter system (fixed) is 
formed by an HP 8350B Sweep Oscillator and an HP 8359A 
RF Plug-in 2 to 8.4 GHz. The receiver system is formed by the 
antenna under test and the HP436A Power Meter, equipped 
with HP8470D Power Sensor – the system turns around 
mechanically. 

Fig. 4 presents the measured and simulated reflection 
coefficient (S11) of the AVA and ESE-AVA. As reported by 

(e) [66]
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 

Abstract— A compact antipodal Vivaldi antenna (AVA) with 

the dimension of 42×36×1.6 mm3 is proposed in this letter. 

Structural modifications in the radiating fins have increased the 

electrical length thereby reducing the lower operating frequency 

from 5.2GHz to 3.7 GHz. Proposed antenna maintains -20dB co 

polarization to cross polarization ratio throughout the operating 

bandwidth. The prototype is fabricated and the measurement 

results are presented to validate the performance of the proposed 

AVA. 

Index Terms— balanced antipodal Vivaldi antenna, tapered 

slot antenna, radar cross section, impedance bandwidth.  

 

I. INTRODUCTION 

ECENT advancement in communication systems 

necessitates the antenna to be multifunctional and 

compact. Vivaldi is the kind of UWB antenna in the category 

of tapered slot antennas (TSA). It has been widely used for 

radar imaging, remote sensing, ground penetrating radar 

(GPR) and radar cross section reduction (RCS) in stealth 

technology. Original version of this antenna was developed by 

Gibson in 1979 as a notch antenna with micro strip to slot line 

transition as the feeding element. Several modifications have 

been carried out on the basic structure, resulting in antipodal 

Vivaldi antenna with two radiating fins on either side of the 

substrate and balanced antipodal Vivaldi antenna (BAVA) 

with three layers of metallization. Variety of antipodal 

structures are available in the literature [2]-[4] and many 

techniques have been used to alter the radiation characteristics 

of the antenna. Tapered slot edge defined by exponential curve 

[2] is used to improve the low end radiation characteristics, 

rectangular slot edges (RSE) with loaded lens and planar 

choke slot edges  [3] are used to make radiation pattern stable 

and improve the higher frequency characteristics. Circular 

shape  and slot loaded structures enabled the antenna to radiate 

below the cutoff frequency  thereby  compactness is achieved 

[4]. Double slot Vivaldi antenna (DSVA) and dual 

exponentially tapered slot antennas (DETSA) are used to 

enhance the directivity of the antenna[5], [6]. To achieve high 

front to back ratio, elongation of substrate beyond the 

radiating structure [7] is utilized. Analysis techniques on 

radiating structures are discussed in [8], [9] and polarization 

improvement is achieved by modified double layer TSA [10].  

Vivaldi antenna for  UWB spectrum is reported in [1], [11]-

[13]. From the literature it is evident that the antenna allows 

the degree of freedom for the designer to modify the radiating 

structure to get the intended performance. 

 

 
  

 In this letter a compact antipodal Vivaldi antenna has been 

designed for operating from 3.7 GHz to over 18 GHz. 

Structural modifications are deployed to improve the lower 

operating frequency. Section II describes the evolution of the 

proposed antenna and Section III outlines the simulated  

results and tunability aspects of the proposed  AVA. In section 

IV  the measurement setup along with the obtained results 

have been explicated. 

II. PROPOSED ANTENNA DESIGN 

 Radiation characteristics of the Vivaldi antenna is decided 

by set of exponential curves (r1, r2) along with the micro strip 

to tapered transition feed structure. To achieve compactness in 

tapered slot antennas, structural modifications along the edges 

of radiating fins are preferred [2]-[3] in space limited 

applications. So the antenna dimensions are fixed as 

42×36×1.6 mm
3
 and fabricated on FR 4 substrate. To achieve 

compactness an L-shaped slot is made at the edges of the 

radiating fins to increase the electrical length thereby reducing 

the lower operating frequency while maintaining the same 

dimensions. Modifications in the radiating fins led to radiation 

from the outer edges. The dimensions of L-shaped slot is 

chosen  such that the resonance of the antenna remains 

undisturbed.   

  Fig.1 shows the proposed antenna and the dimensions are 

given as, W1 (antenna width) = 36 mm, W2 = 16 mm, 

L1(length of the antenna) = 42 mm, L2 (tapering length) = 36 

mm, w(strip width) = 2.2mm, r1 (taper rate of inner 

exponential profile) = 0.13, r2 (taper rate of outer exponential 

profile) = 0.30, h(substrate height) = 1.6mm, w1 (width of the 

slot) = 4 mm. Lowest operating frequency is governed by the 
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Fig. 1.  Proposed antipodal Vivaldi antenna with modifications in the fin.  

(f) [67]

Figure 2.15: Different Antipodal Vivaldi Antennas.
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Compact antipodal Vivaldi antenna for UWB
applications

G.K. Pandey, H. Verma and M.K. Meshram✉

A novel compact end-fire antipodal Vivaldi antenna is proposed for
ultra-wideband (UWB) applications such as in radars, microwave
imaging and in high data rate wireless systems. To make the antenna
compact, a bending feed line structure and sinusoidal modulated
Gaussian tapered slot is used. The proposed antenna has a reflection
coefficient of less than −10 dB from 2 GHz to more than 12 GHz
(more than 166% fractional bandwidth). The radiation characteristics
show an end-fire radiation pattern in the operating frequency band
with peak realised gain values in the range of 1.5−5.2 dBi. Time
domain analysis shows that the antenna has good pulse handling capa-
bility with a high system fidelity factor.

Introduction: Ultra-wideband (UWB) antennas with a compact struc-
ture, high efficiency and directional radiation patterns are desired for
many applications such as in radars, microwave imaging, remote
sensing and in communication systems. The end-fire Vivaldi antenna
with compact size proposed by Gibson in 1979 [1] is a good candidate
for such UWB applications as it provides wide impedance bandwidth,
stable radiation patterns and high gain characteristics. However, the
bandwidth of the Vivaldi antenna is limited due to use of the complex
feed structure. Therefore, to improve bandwidth performance, the anti-
podal Vivaldi antenna (AVA) was first proposed by Gazit in 1988 [2],
which theoretically provides infinite bandwidth but it is practically
limited by some inevitable losses.

For compact wireless systems, it is essential to have a compact
antenna geometry along with improved radiation characteristics, and
some approaches have been proposed in [3–9]. Since the AVA
employed two main parts, the antenna and the feed line section, to
design a compact antenna both sections need to be compact. To
design a compact AVA, the loading of the exponential linear tapered
section with conventional corrugation or an additional metallic structure
has been reported in [3–6]. In [7, 9], to reduce the size of the antenna, the
feed line is modified. In [9], to feed the tapered section microstrip line
the feed is constructed over the tapered section, which results in degra-
dation of the radiation pattern of the antenna.

wm
lm

w

l

sw

SM-GTS

exponential
profile

le

Fig. 1 Geometry and fabricated prototype of proposed antenna

Table 1: Shape parameters of proposed AVA

Parameter Value (mm) Parameter Value (mm)

wm 1.5 lm 16

sw 30 w 50

l 40 le 21

In this Letter, a novel compact UWB AVA is proposed with the
bending microstrip line feed and sinusoidal modulated Gaussian
tapered slot (SM-GTS). To reduce the overall size of the antenna, the
conventional microstrip line feed is replaced by a bending microstrip
line. Further, to improve the electrical length of the slot to achieve a
compact antenna, the conventional exponential slot is replaced by the
SM-GTS. All the simulations were carried out using the finite inte-
gration technique based Computer Simulation Technology Microwave
Studio (CST MWS) [10].

Antenna design and configurations: The geometry and fabricated proto-
type of the proposed AVA is shown in Fig. 1. The antenna is designed
on 0.8 mm-thick FR4 substrate (εr = 4.4, tan δ = 0.018) of size 56 ×
50 mm. The structural parameters of the proposed antenna are given
in Table 1.

The tapered section of the AVA consists of a double curvature tapered
slot with the SM-GTS and an exponential curve at the outer of the flare.
The SM-GTS and outer section can be described by equations as
follows:

xinner = wm − wm

2
exp (a1y

2)+ A0y sin (fry)
{ }

(0 ≤ y ≤ l) (1)

xouter = − wm

2
exp (a2y)

{ }
(0 ≤ y ≤ le) (2)

where wm is the width of the microstrip line, α1 = 0.0018, α2 = 0.16 and
A0 = 0.03.

The AVA is fed by a compact tapered bending microstrip line feed to
provide wide impedance matching, as shown in Fig. 1. The feed line
consists of two metallic bending lines on both sides of the substrate.
The bending line can be described by an equation as follows:

y =
������������������������������
4× px × 0.8

√√
−

����������������������������
4× px × X

√√
(0 ≤ X ≤ w/2) (3)

where px is a constant parameter with x = 1, 2, 3 and 4. The values of p1
and p2 correspond to the microstrip line section while p3 and p4 cor-
respond to the microstrip line ground section from the right to left direc-
tion, respectively. Initially, by taking constant values of p1, p2, p3 and p4,
all the four curved lines are drawn and later a shift of 1.6 mm is applied
in the negative x-direction onto the lines drawn by the constants p2 and
p4 to achieve the desired shape of the feed line. The values of p1, p2, p3
and p4 determine the overall length (lm) of the feed section. The opti-
mised value of lm = 16 mm is observed for wide impedance matching
and a lower edge operating frequency, which corresponds to p1 =
2000, p2 = 3000, p3 = 850 and p4 = 5000.

The design of the AVA starts with an exponential tapered slot (ETS)
profile for both the inner and outer flaring curvatures and the bending
feed line. Further, to achieve a lower cutoff frequency and coverage
of the whole UWB defined by the Federal Communication
Commission (FCC ), the inner exponential tapered slot is replaced by
the SM-GTS. From Fig. 2, it is clear that with the use of SM-GTS the
electrical length of the inner tapering increases, which results in a
reduction of the lower cutoff frequency of operation along with a
compact AVA structure.
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Fig. 2 Reflection coefficient variation with frequency for different cases
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Fig. 3 Reflection coefficient variation of proposed antenna with frequency

Results and discussion: The proposed antenna was a fabricated using
T-Tech QC5000 milling machine. The reflection coefficient of the
antenna was measured using an Agilent E8364B vector network analy-
ser; the measured reflection coefficient plot is shown in Fig. 3. The
antenna has a reflection coefficient of less than −10 dB from 2 GHz
to more than 12 GHz (≈ 166% fractional bandwidth), which covers
the FCC’s defined UWB.

ELECTRONICS LETTERS 19th February 2015 Vol. 51 No. 4 pp. 308–310

(a) [68]

1052 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 59, NO. 4, APRIL 2011

Fig. 1. (a) Conventional Vivaldi antenna. (b) Circular-shape-loaded Vivaldi an-
tenna. (c) Slot-loaded Vivaldi antenna. Red (in online version) is the bottom
layer, yellow (in online version) is the top layer, and blue (in online version) is
the substrate.

2.3. In the design of an antipodal Vivaldi antenna, two arms met-
allized on either side of the substrate are flared in the opposite
direction to form a tapered slot. To improve the impedance char-
acteristics, the exponentially tapered slot is typically defined as

top layer
bottom layer

(1)

where is the width of the feeding microstrip, and is the rate
of exponential transition, which can be determined by

(2)

where is the effective radiation length and is the aperture
size. The antipodal configuration allows for a natural transition
from microstrip feeding, thereby providing an UWB character-
istics, as well as lower radiation loss at high frequency than
the microstrip-to-slotline transition used in coplanar Vivaldi an-
tennas. A circular taper with radium of is used to microstrip
ground to achieve the transition from microstrip to parallel strip
line. An optimal radius of mm is used. For a given
tapered slot length of mm and aperture of mm,

needs to be optimized for an ideal bandwidth. The antenna
cutoff wavelength can be defined [15] by

(3)

As a result, the lower cutoff frequency is about 7 GHz here. In
other words, the current aperture and length of this conventional

Fig. 2. (a) Simulated return loss of circular-shape-loaded Vivaldi antenna with
� � ��� and varies � of 0, 10, 20, and 25 mm. (b) Simulated return loss with
� � �� mm and varies � of 0.05, 0.08, 0.1, 0.13.

TABLE I
GEOMETRIC PARAMETERS FOR THE ANTENNA

TABLE II
RESONANT FREQUENCY INCURRED BY THE SLOT-LOAD

Vivaldi antenna has to be approximately enlarged three times to
reach the lower cutoff frequency of 2 GHz.

To further improve the bandwidth while making the antenna
compact, the circular-shape-loaded Vivaldi antenna, as shown in
Fig. 1(b), is proposed. This antenna is attained by adding a cir-
cular-shape-load on each arm of the conventional one. The outer

(b) [69]
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Fig. 1. Evolution of the proposed configuration. (a) Original AVA. (b) Modified
AVA with regular slot edge. (c) Modified AVA with tapered slot edge.

TABLE I
FINAL OPTIMAL DIMENSION VALUES (UNIT: MILLIMETERS)

use of the patch area for its uncoordinated regular shape with
the antenna slot profile. The TSE modification is therefore pro-
posed, expecting to further improve the performance of the an-
tenna. As shown in Fig. 1(c), due to its coordinate profile with
the radiation fins, the TSE is a more efficient structure in length-
ening the overall effective electrical length of the antenna in the
limited patch area, which will be discussed later.

III. RESULTS AND DISCUSSION

The dimensions of the configurations proposed in Section II
are simulated and optimized by CST Microwave Studio. By
fine-tuning and optimization, the final optimal dimension values
are obtained and listed in Table I.

As a practical example, a prototype of the TSE AVA is fab-
ricated for the purpose of supporting the dwelled design. Fig. 2
shows the fabricated prototype. A 50- SMA connector is used
to feed the antenna.

Fig. 3 illustrates the variation of original AVA, RSE
AVA, and TSE AVA, respectively. As shown in the figure, the

Fig. 2. Photograph of the fabricated prototype.

Fig. 3. � performance of the proposed antennas.

lower-end 10-dB limitation of the original AVA is
3.3 GHz, while the RSE AVA extends it to 2.8 GHz. The TSE
AVA further extends the limitation to 2.4 GHz. Additional
resonant points can be observed around the lower limitation of
working band in both RSE and TSE cases. It is observable from
the figure that the TSE is able to miniaturize the size of the an-
tenna by means of lowering the minimum working frequency.
Furthermore, the measured variation with frequency is also
plotted in this figure. The measured result agrees well with the
simulated one except for the slight degradation in the middle
band, which is possibly due to the introduction of the SMA
connector, the irregularity of soldering, or the inaccuracy in
fabrication.

Despite that, the two curves both show that the proposed de-
sign has ultrawideband performance extending from 2.4 to more
than 14 GHz.

In order to further understand the behavior of the TSE struc-
ture especially in the lower frequencies, current distribution of
both original and TSE AVA at 3.5 GHz is given in Fig. 4. Com-
paring Fig. 4(a) and (b), it is easy to find that the proposed
modification is able to eliminate the unwanted surface currents
that radiate vertically with endfire direction in region A. On the

(c) [70]
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A Small Antipodal Vivaldi Antenna for
Ultrawide-Band Applications

Aaron Zachary Hood, Student Member, IEEE, Tutku Karacolak, Student Member, IEEE, and
Erdem Topsakal, Senior Member, IEEE

Abstract—A compact antipodal Vivaldi antenna for ultra-
wide-band (UWB) applications is proposed. The antenna operates
across the entire UWB spectrum from 3.1 to 10.6 GHz, and
also has low cross-polarization levels and reasonable gain values
over the same frequency band. Two different substrates, Rogers
RO3006 and FR4, are considered, and results regarding return
loss, far field pattern, phase response, group delay, and gain are
presented.

Index Terms—Antipodal vivaldi antenna, tapered slot antenna,
ultrawide band (UWB).

I. INTRODUCTION

I N recent years, there has been a great demand for com-
mercial and military mobile wireless systems. Mobility re-

quirements dictate the need for small devices, which, in turn,
demand the design of small, efficient antennas that are multi-
functional in nature. Since the Federal Communications Com-
mission (FCC) opened the 3.1–10.6 GHz band for commercial
use in 2002, ultrawide band (UWB) technology has been inves-
tigated in earnest as a means to achieve the desired multifunc-
tionality. UWB antennas require relatively flat gain through the
entire band as well as low delays.

Vivaldi antennas are widely used in wireless and radar ap-
plications due to their broad bandwidth, low cross polarization,
and highly directive patterns [1]–[3], modified the traditional
Vivaldi antenna by exponentially tapering both the inner and
outer edges, thus, introducing the dual exponentially tapered
slot antenna (DETSA). DETSAs have wider bandwidth and im-
proved pattern characteristics compared to ETSAs [4]–[6]. Ref-
erence [3] demonstrates the capability of the DETSA to satisfy
UWB requirements, but it also indicates a major disadvantage
of the DETSA for mobile electronics. Typical DETSA dimen-
sions, which are generally greater than 10 cm, dwarf those of
other compact UWB antennas [7], [8].

Introduced in [9], the antipodal Vivaldi antenna separates the
patches with the substrate and centers them (Fig. 1). The an-
tenna is fed by a standard microstrip transmission line. Subse-
quent research has improved upon the antipodal Vivaldi, but the
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Fig. 1. Geometry of the proposed antenna.

Fig. 2. Top and bottom views of the fabricated antennas on (a) FR4 and (b)
RO3006.

demonstrated antennas maintain the large size of the Vivaldi [5],
[10].

In this letter, we consider two small antipodal Vivaldi an-
tennas printed on substrates, RO3006 and FR4. Both antennas
are simulated with Ansoft HFSS, and then fabricated (Fig. 2) to
perform s-parameter measurements for validation.

II. ANTIPODAL VIVALDI GEOMETRY

The geometry of the antipodal Vivaldi is shown in Fig. 1, with
the xy-plane and yz-plane referred to as the - and -plane,
respectively. Two symmetric exponentially tapered patches lie
on opposite sides of the substrate. The first antenna is printed on

1536-1225/$25.00 © 2008 IEEE

(d) [71]

Figure 2.16: Different Antipodal Vivaldi Antennas.

2.4 Chapter Summary

This chapter reviews the transitions of CPW and DSPSL with other popular

transmission lines, such as microstrip, coplanar stripline(CPS), slotline etc. in

the first two sections. In the final part, all major recent developments in the

area of antipodal vivaldi antennas are given. The geometry of the transitions

and antennas are provided briefly in this chapter.
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This chapter explains various aspects of planar waveguide transition de-
sign. It further explains the simulation, measurement and fabrication
techniques of the transitions and its applications. CST Microwave Stu-
dio is used for all the simulations in the thesis. The measurement of
scattering parameters, group delay of the transitions, measurement of
gain and farfield radiation patterns of the antenna are also exlained in
this chapter.

3.1 Guidelines for the Transition Design

The transition design flow is given in Figure 3.1 [1, 2].

The transition design flow can be summarized as, first choosing a configu-

ration (which ensures smooth electromagnetic (EM) field transition), method

(EM coupling/via) and dielectric (substrate) according to the requirements.

In the second stage line lengths and port impedances are calculated using
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approximate transition center frequency ensuring impedance matching and

physical realizability.In final step a model for simulation taking all parasitic

effects into account is created and parametrically optimized to meet the re-

quired specifications.

3.2 Simulation

EM simulator gives us an approximate solution to Maxwell’s equations for a

particular set of boundary conditions and intial conditions. Experimenting

with virtual prototypes at the earliest stages of the design process, comparing

the performances of different configurations and substrates, and optimization,

all can be done using a three dimensional EM simulator.

The steps involved in the EM simulation is given below.

1. Physical Model (Layout Geometry): The layout geometry of the

structure is drawn in this part. All materials are assigned properties

from the standard library of material manufacturer’s or from the custom

made set.

2. Simulation Environment: Background and boundary conditions, port

assignments, frequency range and solver preference is given in this stage.

In solver settings, meshing accuracy, port impedances, parametric vari-

ations and sensitivity analysis can be controlled.

3. Performing Simulation: Meshing of the structure layout is done ac-

cording to the settings in this section. The cells formed from mesh-

ing, are analyzed for field/current using different basis functions, whose

weights are adjusted to meet the given boundary conditions.

4. Post Processing: The scattering parameters (magnitude and phase),

group delay, return/insertion loss and radiation parameters like farfield

radiation patterns, gain etc. are calculated in this part. Visualization

and exporting of different parametrically varied results can also be done

here.
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CST Studio Suite®

CST Microwave Studio® (MWS) is a three dimensional EM analysis software

package in CST Studio Suite®. It offers three most popular EM simulation

simulation solvers: method-of-moments (MoM) in the multilayer solver, fi-

nite element method (FEM) in frequency domain solver and finite difference

time domain (FDTD) in time domain solver. The time domain solver could

be best for wideband or planar antennas, the frequency domain solver may

be more suitable for electrically small and narrowband antennas, while the

multilayer solver can efficiently simulate 3D planar structures (stacked struc-

tures) with vertical geometry features like vias. Almost all parameters of the

antenna including 3D and 2D radiation pattern, antenna gain, efficiency, scat-

tering parameters and surface currents can be simulated using CST Microwave

Studio®. CST MWS comprises of six different, high frequency solvers and for

our studies, a multilayer (for transitions) and time-domain (antennas) solvers

are used.

3.3 Prototyping

Photolithographic techniques were used to fabricate the transitions and an-

tenna configurations on the selected substrate. Iniatially the substrates are

chemically cleaned and a very thin film of photoresist is applied. Photore-

sists are of two types, positive and negative. For positive ones, exposure to

the UV light changes the chemical structure of the resist so that it becomes

more soluble in the developer solution, leaving windows of the bare underly-

ing metallic region. But, the negative resist does the opposite, so that masks

used for negative photo resist, must contain the inverse of the pattern to be

metallized. After developing, the unwanted metallic portions are cleared using

Ferric Chloride solution.
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3.4 Measurements

In this thesis two kind of device measurements are done, transitions and an-

tenna. Transitions are characterized by reflection and transmission parame-

ters obtained from the scattering parameters. For antenna farfield radiation

pattern and gain are measured.

Scattering Parameters

Scattering parameters as shown in Figure 3.2 and 3.3, are vector represen-

tation that show reflection and transmission characteristics (both amplitude

and phase) in frequency domain.

Transmission

Gain/loss

S-parameters
S21, S12

Group 
delay

Transmission 
coefficient T, t

Insertion 
phase  

Reflection

SWR

S-parameters
S11, S22 Reflection 

coefficient 
G, r

Impedance, 
admittance 
R+jX, G+jB 

Return loss
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=

Figure 3.2: Reflection/Transmission parameters used for for high-frequency device

characterization using lightwave analogy [3].

Reflection/lnput = Reflection coefficient → S11, S22

Transmission/lnput = Transmission coefficient → S21, S12
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Reflection parameters are

Reflection coefficient = Γ =
Vreflected

Vincident

= r∠Φ =
ZL − Z0

ZL + Z0

Return loss(dB) = −20 log(|Γ|).

Transmission parameters are

Transmission coefficient = T =
VTransmitted

VIncident

= τ∠φ

Insertion loss(dB) = −20 log

∣∣∣∣VTrans

VInc

∣∣∣∣ = −20 log τ.

S 11 = Reflected
Incident =

b1
a 1

a 2 = 0

S 21 =
Transmitted
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a 1
a 2 = 0
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Figure 3.3: Measurement of scattering parameters [3].

Group Delay

Group delay is a measure of phase distortion, which can be calculated by

differentiating the device’s phase response versus frequency. Phase delay is not

be sufficient to describe the phase characteristics of such devices. An example
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of group delay (transit time of a signal through a device versus frequency)

calculation is shown in Figure 3.4.

Shift from constant group delay value indicates phase distortion and aver-

age group delay gives the transit time as shown in Figure 3.4.

Group delay (tg) = −dφ

dω
= − 1

360◦
∗ dφ

df
.

where

φ in radians, ω in radians/sec, φ in degrees and f in Hz(ω = 2πf).
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Measuring Group Delay

Another useful measure of phase distortion is group delay (Figure 14). This parameter is 
a measure of the transit time of a signal through a DUT versus frequency. Group delay 
can be calculated by differentiating the DUT’s phase response versus frequency. It 
reduces the linear portion of the phase response to a constant value, and transforms the 
deviations from linear phase into deviations from constant group delay, (which causes 
phase distortion in communications systems). The average delay represents the average 
signal transit time through a DUT. 

Figure 14. What is group delay?

Depending on the device, both deviation from linear phase and group delay may be 
measured, since both can be important. Specifying a maximum peak-to-peak phase 
ripple in a device may not be sufficient to completely characterize it, since the slope 
of the phase ripple depends on the number of ripples that occur per unit of frequency. 
Group delay takes this into account because it is the differentiated phase response. 
Group delay is often a more easily interpreted indication of phase distortion (Figure 15).
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Figure 3.4: Group delay calculation [3].

The CST Microwave Studio® calculates group delay by performing a finite

difference of the measured phase values of S21 to obtain −dφ/dω to calculate

the group delay. The average value of the measured group delays at all fre-

quency points is the transit time of the device otherwise known as average

delay as shown in Figure 3.4.

Vector Network Analyzer (VNA)

A VNA can be used to measure magnitude and phase of all reflection and

transmission parameters of a device under test, whose simplified block diagram

is given in Figure 3.4. It can be employed for the measurement of antenna

parameters including return loss characteristics, radiation pattern and gain.

Two VNAs are used for measurement in this thesis, Keysight Fieldfox N9927A

handheld network analyzer (30 kHz to 20 GHz) and Agilent Technologies

E8362B network analyzer (10 MHz to 20 GHz).
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REFLECTED
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Figure 3.5: VNA block diagram [4].

Figure 3.6: Agilent Technologies E8362B VNA (10 MHz to 20 GHz)
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Figure 3.7: Keysight Fieldfox N9927A handheld VNA (30 kHz to 20 GHz)
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Anechoic Chamber and Turn Table Assembly

In an anechoic chamber all the side walls, roof and the floor are covered with

RF absorbers. These are having a reflection coefficient of around -40 dB in

the MHz frequency region, whose performance will be much better at higher

frequencies. A actual photograph of the anechoic chamber and turn table

assembly is shown in Figure 3.8. The absorbering materials are of tapered

to achieve good impedance matching. In order to prevent electromagnetic

interferences from outside world, the chamber is built into a screened room

with continuous covering of highly conductive material.

Figure 3.8: Anechoic chamber and turn table assembly.
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Radiation pattern measurements are done with the antenna under test is

paced on a turn table rotated by a stepper motor, whose rotation is controlled

using software. A standard wideband horn is used to receive signals from the

antenna under test.

Antenna Parameters: Return Loss and Bandwidth

After connecting the sufficiently long cable for VNA measurement, the cal-

iberation for the required frequency range has to be done. The S parameter

corresponding to reflection characteristics (S11) is measured. Bandwidth is

defined as the range for which, return loss better than 10 dB. At resonances

the S11 will be minimum.

Antenna Parameters: Radiation Pattern

An anechoic chamber is used for the farfield radiation pattern measurement.

The antenna which is to be tested is mounted on a turn table controlled by

computer software. At receiving end, a standard wide range horn is used.

After calibration, the turn table is rotated and the measurement is taken

using the VNA, which is stored and processed in a computer.

Antenna Parameters: Gain

Gain measurement is done using a gain transfer method [5, 6], in which the

gain of the antenna under test is measured relative to another antenna whose

gain is already available from the manufacturer. The antennas have to be

tripod mounted with a minimum distance ensuring farfield seperation. The

reference antenna, whose gain is accurately known is aligned in the direction

of maximum intensity with the other. In the caliberated VNA frequency range

is selected and the normalization is done. Normalization will ensure S21 = 0

dB for the required frequency range. The next step is to replace the reference

antenna with antenna to be tested. The value S21 represents the gain of the

antenna relative to reference antenna. The total gain of the antenna under
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test is obtained by adding recorded value of S21 of the antenna with the gain

of the reference antenna at every frequency point.

3.5 Chapter Summary

This chapter explains the procedure for the planar waveguide transition de-

sign. It explains the tools and methodologies used for the simulation, mea-

surement and fabrication of the transitions and antenna used in the thesis.

CST Microwave Studio is used for all the simulations in the thesis. The mea-

surement of scattering parameters and group delay of the transitions and mea-

surement of gain and farfield radiation patterns of the antenna are explained

in this chapter.
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In this chapter, Two types (A and B) of broadband coplanar waveguide
(CPW) to double-sided parallel-strip line (DSPSL) vertical transitions
with a single via are presented in the first section. The transitions are
composed of CPW open end with connected grounds forming the two
strips of the DSPSL with single via connection. In the second section, a
via-less CPW to DSPSL transition using electromagnetic (EM) coupling
between the radial stub and delta stub is given. Simplified equivalent
circuits for all transitions are also introduced.
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4.1 CPW to DSPSL Vertical Transitions

with Via

Vertical transitions are crucial components in double-layer microwave circuits

to avoid the use of crossovers. DSPSL, also known as broadside coupled

stripline (BCS) is a balanced transmission line, with wide range of character-

ictic impedances, differential signalling and simpler transition structures [1–5].

However, vertical transitions between DSPSL and CPW have been reported

very little in literature. Back to back vertical transitions of DSPSL in direct

and inverted forms are capable of achieving signal/phase inversion, resulting

in microwave applications such as mixers, ring couplers, etc. Traditionally,

vertical transitions will either use low-pass natured via connection or band-

pass natured slot/cavity coupling.

Due to the wide popularity of CPW probe pads, various wideband tran-

sitions between CPW and DSPSL are proposed in recent years [6–16]. Fur-

thermore, majority of them are built on high dielectric-constant substrates

for attaining low characteristic impedances thereby easy matching to 50 Ω

lines. But they are suitable for circuit design instead, using such transitions

to feed antennas, will degrade the antenna performance [4]. The optimization

of planar transitions using different techniques are already reported [5, 10].

In this work, a vertical broadband 50 Ω DSPSL to 50 Ω CPW transition

is proposed for the first time. A simplified equivalent circuit revealing the

basic low pass nature is introduced. The back-to-back transitions in 1.524

mm thickness Rogers RO4003C substrate, yield return and isolation losses

better than 14.5 dB and 2.5 dB respectively, from DC to 11.5 GHz and for

1.6 mm thickness FR4 substrate, the return and insertion losses better than

15.0 dB and 4.0 dB respectively, from DC to 11.0 GHz. It has an optimized

structure with a single via, which can be easily fabricated.

4.1.1 Transition Geometry and its Design

The DSPSL is two identical metal strips separated by a dielectric slab. It pos-

sesses a wide range of characteristic impedance, which validates the feasibility
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in constructing new high performance microwave circuits and integrating with

other microwave circuits/components without any impedance transformer. As

per image theory, the middle plane of the dielectric slab is a virtual ground

plane to form identical microstrip lines with half the substrate thickness (h/2)

as shown in Figure 4.1. The relationship of the characteristic impedances be-

tween them is

(Z0)dspsl = 2 ∗ (Z0)microstrip

0
Substrate

(a) (b)

h/2

h/2

Figure 4.1: Double-sided parallel-strip line, (a) three dimensional view, (b) cross

sectional view

For the unbalanced transmission lines such as microstrip line and CPW,

much high impedance is not available due to the fabrication limitation. On

the other hand, for the CPS and slot line, much low impedance is not available

due to the small capacitance between their two strips. Like the microstrip line,

the strip width is the key factor in controlling the characteristic impedance

of the DSPSL also. However, offsetted top and bottom lines of the DSPSL,

results in higher impedances. According to [3–5, 15–17], it finds applications

in filters, rat-race hybrid couplers, power dividers and antenna feeds etc. for

the frequencies ranging upto 30 GHz.

The geometrical layouts of the transitions between 50 Ω CPW to 50 Ω

DSPSL are shown in Figure 4.2 and 4.4. To design a good transition be-

tween transmission lines gradual change in electromagnetic(EM) fields and

impedance matching are required. Since realization of different characteris-

tic impedance values of DSPSL is comparatively easier, in these designs only

smooth transition of EM field from CPW mode to DSPSL mode is considered

to avoid any abrupt discontinuities. However, to obtain field matching, par-

allel electric field of CPW is to be rotated 90◦ to become the vertical electric

field of DSPSL. The equal magnitude currents flowing in the DSPSL conduc-

tors show 180◦ out of phase nature. On the other hand, due to the presence
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of two ground lines in CPW, the center strip carries double the value of their

individual current magnitude.

The currents of top strip line of DSPSL and ground lines of CPW have

identical directions in the proposed vertical transition structure. The top strip

of DSPSL is formed from the connected grounds of CPW which takes a ’Y’-

shape in Type A and semi ring shape in Type B transitions respectively. The

center conductor of CPW has to be connected to the bottom strip of DSPSL,

and two methods can be used for this, one is using EM coupling between them,

and the other is a single via connecting them directly. We choose the latter

for our design because of the enhanced bandwidth (zero frequency onwards),

simpler structure and compact size, since EM coupling requires comparatively

large structures and low bandwidth.

Multilayer solver (Frequency domain) of CST Microwave Studio (3D pla-

nar electromagnetic solver based on MoM) is used for the parametric stud-

ies and optimization. The transitions are printed on two similar substrates,

Roger’s RO4003C (εr=3.55 and h=1.524 mm) and FR4 (εr=4.3 and h=1.6

mm). The dimensions of 50 Ω CPW is determined by CST Microwave Stu-

dio utility with the center strip width as W1=4.0 mm, and the gap width as

G1=0.35 mm for both cases. Using image theory, the strip width of the 50 Ω

DSPSL can be calculated as W2=4.4 mm.

4.1.1.1 Type A

CPW grounds are connected together to form a y junction with the top metal

of DSPSL as one arm, just like a power combiner circuit as shown in Figure

4.2(b). The thickness of the junction is 4 mm.The transition length is designed

as approximately λ/4 at the center frequency (L3=7.4 mm). The CPW center

strip and the DSPSL bottom metal are circularly terminated to form the via

pads with radius equal to half their width (R2=2 mm). In Figure 4.2(c) after

via connection (R1=0.75 mm) the width of the bottom metal strip is gradually

increased for a length (L3=7.4 mm), to match the width of DSPSL (W3=4.4

mm). Schematic layout, top view and bottom view of the proposed Type A

transition is given in Figure 4.2.
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Bottom Layer Top Layer Via Hole
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W1

W2

W1

W3

A B C D E

A' B' C' D' E'

(a)

(b)

(c)

L2

R1 R2

G1

R2

L1

L3

Figure 4.2: Configuration of the proposed Type A transition: (a) schematic layout,

(b) top view, (c) bottom view. (W1=5 mm, W2=4 mm, W3=4.4 mm, G1=0.35

mm, L1=1 mm, L2=2.4 mm, L3=7.4 mm, R1=0.75 mm, R2=2 mm)

The electric fields of both DSPSL and CPW have different characteristics.

One is an unbalanced transmission line (CPW) and the other one is a balanced

transmission line (DSPSL). The proposed transition rotates their electric field

by 90◦. The CPW has electric fields between the center strip and grounds

in both sides. On the other hand DSPSL has vertical fields between the

conductors.

Cross sectional electric field at AA’ shows the CPW mode, which is having

horizontal field distribution, and the vertical field distribution at EE’ shows

the DSPSL mode in Figure 4.3. At BB’ the field is distributed vertically and

horizontally between the radial stubs and the delta stubs. CC’ is having the

same field pattern with slight change in the size of the center strip and stubs.

At DD’ the horizontal to vertical transformation is almost complete, but still

the bottom conductor is Y-shaped. The cross section at EE’ completes the

electric field tranformation to DSPSL mode.
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A-A'

B-B'

C-C'

D-D'

E-E'

Figure 4.3: Cross-sectional views of proposed transition (Type A) and electric field

distributions: (a) AA’- CPW mode, (b) EE’ - DSPSL mode, (c) BB’,CC’,DD’ -

Transition modes.

4.1.1.2 Type B

As shown in Figure 4.4(b), ground conductors are circularly tapered with

inner radius (R3=2.35 mm) and outer radius (R4=7.35 mm) to form the top

metal of DSPSL.The rest of the design is exactly same as the Type A. Total

transition length is (L4=7.35 mm). Schematic layout, top view and bottom

view of the proposed Type B transition is given in Figure 4.4.

CPW is an unbalanced transmission line and the DSPSL is a balanced

transmission line. The proposed transition rotates their electric field by 90◦.

The CPW has electric fields between the center strip and grounds in both

sides. On the other hand DSPSL has vertical fields between the conductors.

Cross sectional electric field at AA’ shows the CPW mode, which is having

horizontal field distribution, and the vertical field distribution at EE’ shows

the DSPSL mode in Figure 4.5. At BB’ the field is distributed vertically and

horizontally between the radial stubs and the delta stubs. CC’ is having the

same field pattern with slight change in the size of the center strip and stubs.

At DD’ the horizontal to vertical transformation is almost complete, but still

the bottom conductor is Y-shaped. The cross section at EE’ completes the

electric field tranformation to DSPSL mode.
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Bottom Layer Top Layer Via Hole
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Figure 4.4: Configuration of the proposed Type B transition: (a) schematic layout,

(b) top view, (c) bottom view. (W1=5 mm, W2=4 mm, W3=4.4 mm, G2=0.35

mm, L4=7.35 mm, R1=0.75 mm, R2=2 mm, R3=2.35 mm, R4=7.35 mm)

A-A'

B-B'

C-C'

D-D'

E-E'

Figure 4.5: Cross-sectional views of proposed transition (Type B) and electric field

distributions: (a) AA’- CPW mode, (b) EE’ - DSPSL mode, (c) BB’,CC’,DD’ -

Transition modes.
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4.1.1.3 CPW Open End with Connected Grounds

Figure 4.6: Coplanar waveguide open circuit with connected grounds. [18]

The CPW open circuit with connected grounds is shown in Figure 4.6. The

electric field between the terminated center conductor and connected grounds

results in reactance with capacitive nature. This reactance is the parallel

combination of capacitance due to fringing fields in both the termination gap

(g1) and CPW slot (W). CPW slot capacitance is constant and other one is

inversely proportional to the gap width.

The per unit length capacitance (ideal, lossless case) as per [18], is approx-

imately

C =
β

ωZ0

(4.1)

where the phase constant (β) and other variables are given by

β =
2πf

c

√
εeff
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ω = 2πf

εeff = CPW effective dielectric constant

f = frequency in Hz

c = velocity of light in free space in meters/second

Z0 = CPW characteristic impedance

4.1.1.4 Via

In vertical transitions whenever signal has to change layers via can be used.

Vias are made using either wires or by drilling and plating by an eyelet (plated

through hole). There are three different cases commonly encountered for the

plated-through hole or via. First, the via is used in series with the signal line

when changing layers. Second, the via can be used to connect surface mount

components to a ground plane on another layer and finally, vias are used to

tie together ground planes on different layers. When the via is in series with

the signal path, it is better to have the same characteristic impedance as the

transmission lines, it is interconnecting. When it is used for grounding, it has

to be as low an impedance as possible.

The simplest model for vias is simply a round wire or cylindrical wire in-

ductor. As frequency increases, the model may need to include resistance and

inductance caused by current restriction at the transition from the planar line

to the via, radiation losses, and stray capacitances to nearby ground planes

and across the via. As might be suspected, the via is found to radiate more

than an equivalent length microstrip trace. The via model is made up of a

series inductor shunted by a capacitance. Some of the capacitance is due to

the open ends on the outer layers. Inner layer ground planes create a ca-

pacitance to ground along the inductor. It may be possible to minimize any

discontinuity (over some bandwidth) by equating these to the distributed in-

ductance and capacitance of a transmission line with the desired characteristic

impedance.
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4.1.2 Simulation Studies

Simulation studies of Type A (Y-shaped connected grounds) and Type B

(round connected grounds) CPW to DSPSL transition is done on a back to

back configurations. This configuration has planar signal feeds at both ends

(CPWs) as shown in Figures 4.7 and 4.12. The CPW center strip width and

the gap is adjusted so that the 50 W characteristic impedance is assured. The

metalization widths and gaps are chosen such that the etching can be done

easily. The 50 W terminations ensure proper matching with 50 W testing ports

of the simulator and the vector network analyzer. The transitions are printed

on two similar substrates, Roger’s RO4003C (εr=3.55 and h=1.524 mm) and

FR4 (εr=4.3 and h=1.6 mm).

The three dimensional electromagnetic solver used in CST Microwave

Studio for analyzing and modeling planar devices is the Multilayer solver.

This Method of Moments (MoM) based solver have automatic system for de-

embedding of ports, generation of layer stacks from the three dimensional

model and edge mesh refinement. Design of planar filters, antennas and feed-

ing networks are typical applications of this solver.

4.1.2.1 Type A

The simulation studies on various sensitive parameters of Type A transition

on the substrate Roger’s RO4003C (εr=3.55 and h=1.524 mm), is done to

optimize the geometric configuration. For this transition, the Y-connected

ground junction thickness (L3), the CPW length offset distances (L1), the via

radius (R1) and the CPW ground width (W1) are the parametrically analyzed.

Table 4.1: Geometrical parameters of the proposed transition (Type A) (in mm).

Parameter W1 W2 W3 G1 R1 R2 R3 R4

Value 5 4 4.4 0.35 0.75 2 2.35 7.35

Parameter L1 L2 L3 L4 L5 L6 L7 L8 L9

Value 1 2.4 4 8.6 6.24 7.6 6.24 7.4 7.4
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Bottom Layer Top Layer Via Hole
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Figure 4.7: Configuration of the back-to-back transitions (Type A): (a) schematic

layout, (b) top view and (c) bottom view.

Geometrical parameters of the proposed transition (Type A) is given in

Table 4.1. Simulation studies of the Y-connected ground junction thickness

(L3), the CPW length offset distances (L1), the via radius (R1) and the CPW

ground width (W1) are shown in Figures 4.8, 4.9, 4.10 and 4.11.
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Figure 4.8: Simulated scattering parameters of the back-to-back transitions (Type

A) against frequency with different Y-junction thicknesses (L3).
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Figure 4.9: Simulated scattering parameters of the back-to-back transitions (Type

A) against frequency with different CPW length offset distances (L1).
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Figure 4.10: Simulated scattering parameters of the back-to-back transitions (Type

A) against frequency with different layer interconnecting via radii (R1).
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Figure 4.11: Simulated scattering parameters of the back-to-back transitions (Type

A) against frequency with different CPW ground widths (W1).
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4.1.2.2 Type B

Bottom Layer Top Layer Via Hole

(a)

(b)

(c)

R1 R2

G1

R3

R4

R2 L9

W1

W2

W1

CPW DSPSLTransition

L6

L7

W3

Figure 4.12: Configuration of the back-to-back transitions (Type B): (a) schematic

layout, (b) top view and (c) bottom view.

Geometrical parameters of the proposed transition (Type B) is given in Table

4.2.
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Figure 4.13: Simulated scattering parameters of the back-to-back transitions (Type

B) against frequency with different CPW ground widths (W1).
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Figure 4.14: Simulated scattering parameters of the back-to-back transitions (Type

B) against frequency with different layer interconnecting via radii (R1).
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Table 4.2: Geometrical parameters of the proposed transition (Type B) (in mm).

Parameter W1 W2 W3 G1 R1 R2 R3 R4

Value 5 4 4.4 0.35 0.75 2 2.35 7.35

Parameter L1 L2 L3 L4 L5 L6 L7 L8 L9

Value 1 2.4 4 8.6 6.24 7.6 6.24 7.4 7.4

For the Type B transition on the substrate Roger’s RO4003C (εr=3.55

and h=1.524 mm), the via radius (R1) and the CPW ground width (W1) are

the sensitive parameters used for the simulation studies and optimization as

shown in Figures 4.13 and 4.14.

4.1.3 Equivalent Circuit

4.1.3.1 CPW Open End with Connected Grounds

(Type A)

(Type B) C
P
W

Figure 4.15: Simplified equivalent cicuit of CPW with connected grounds.

The CPW open circuit with connected grounds is shown in Figure 4.15, [18].

The electric field between the terminated center conductor and connected

grounds results in reactance with capacitive nature. This reactance is the
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parallel combination of capacitance due to fringing fields in both the termi-

nation gap and CPW slot.

4.1.3.2 Via

A via is used in series with the signal line whenever we wish a signal to change

layers in a two sided or multilayer circuit. Simplified equivalent circuit of

via will approximately characterize its electrical response. It will be practical

enough for developmental and understanding purposes, but accurate responses

will have limited bandwidth. The via structure basically involves an upper

pad, via cylinder and lower pad [19]. The lower frequency response of the via,

tend to look capacitive (low impedance). At higher frequencies, the upper and

lower pads of the via remain capacitive, but the cylindrical part will become

more inductive in nature (high impedance). An approximate equivalent circuit

which excludes coupling effects, for determining the response of the transition

is given in the Figure 4.16.

(Type A)

(Type B)

CVia

LVia

CVia

Figure 4.16: Simplified equivalent circuit of via (Lumped).

4.1.3.3 Simplified Equivalent Circuit

The equivalent circuit behaves like a Π network LC low pass filter which has

capacitive components to ground and inductive series components as shown

in Figures 4.17 and 4.18. Transitions involving multiple vias will have the

cascading effect of several low pass filter sections which will provide greater

roll off.
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4.1.4 Measured Results

4.1.4.1 Type A

The scattering parameters of the back-to-back transitions were simulated and

measured using multilayer solver (Frequency domain) of CST Microwave Stu-

dio and Keysight Fieldfox N9927A handheld network analyzer respectively,

are illustrated in Figures 4.19 and 4.21, which show good match. The actual

photographs of top and bottom views of all transitions are also shown in Fig-

ures 4.20 and 4.22. Table 4.3 shows the measured insertion and return losses

of the transitions for different substrates.

From the measured group delays shown in Figure 4.25, average delay devi-

ation for 30 kHz to 14 GHz is only about 0.021 ns (Type A - Rogers RO4003C)

and 0.016 ns (Type A - FR4) which are relatively very small. Phase of the

scattering parameter S21 is shown in Figures 4.23 and 4.24, indicating the

good transmission phase linearity of the transitions.

The insertion loss associated with a single transition, ILTransition, can be

calculated as;

ILTransition = (ILTotal − LCPW − LDSPSL − LSMA)/2

where, ILTotal is the total measured insertion loss, LCPW and LDSPSL are

the insertion losses of the CPW and DSPSL lines respectively, and LSMA

is the insertion loss of SMA connectors. According to [6, 7, 9, 11–13], the

transmission loss of DSPSL and CPW sections are about 0.03 dB/mm and 0.04

dB/mm, respectively and insertion loss of a single SMA connector is around

0.09 dB . Therefore maximum in band insertion loss for a single transition is

approximately 0.76 dB and 1.51 dB for the substrates Rogers RO4003C and

FR4 respectively.

Table 4.3: Measured losses of the back-to-back transitions (Type A).

Substrate Bandwidth (GHz) Insertion loss (dB) Return loss (dB)

Rogers RO4003C 0.0 - 12.1 ≤ 2.5 ≥ 9.0

FR4 0.0 - 11.0 ≤ 4.0 ≥ 15.0
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Figure 4.19: Simulated and measured scattering parameters of the back-to-back

transitions- Type A (Rogers RO4003C)

(a) Top view

(b) Bottom view

Figure 4.20: Actual photograph of the back-to-back transitions - Type A (Rogers

RO4003C)
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Figure 4.21: Simulated and measured scattering parameters of the back-to-back tran-

sitions - Type A (FR4)

(a) Top view

(b) Bottom view

Figure 4.22: Actual photograph of the back-to-back transitions - Type A (FR4)
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Figure 4.23: Measured scattering parameter S21 phase (in degrees) of the back-to-

back transitions - Type A (Rogers RO4003C).
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Figure 4.24: Measured scattering parameter S21 phase (in degrees) of the back-to-

back transitions - Type A (FR4).
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Figure 4.25: Measured group delays of the back-to-back transitions - Type A

4.1.4.2 Type B

The scattering parameters of the back-to-back transitions were simulated and

measured using multilayer solver (Frequency domain) of CST Microwave Stu-

dio and Keysight Fieldfox N9927A handheld network analyzer respectively,

are illustrated in Figures 4.26 and 4.29, which show good match. The actual

photographs of top and bottom views of all transitions are also shown in Fig-

ures 4.28 and 4.30. Table 4.4 shows the measured insertion and return losses

of the transitions for different substrates.

From the measured group delays as shown in Figure 4.32, average delay

deviation for 30 kHz to 14 GHz is only about 0.014 ns (Type B - Rogers

RO4003C) and 0.020 ns (Type B - FR4) which are relatively very small. Phase

of the scattering parameter S21 is shown in Figures 4.27 and 4.31, indicating

the good transmission phase linearity of the transitions.

The insertion loss associated with a single transition, ILTransition, can be

calculated as;

ILTransition = (ILTotal − LCPW − LDSPSL − LSMA)/2

where, ILTotal is the total measured insertion loss, LCPW and LDSPSL are

the insertion losses of the CPW and DSPSL lines respectively, and LSMA

is the insertion loss of SMA connectors. According to [6, 7, 9, 11–13], the

transmission loss of DSPSL and CPW sections are about 0.03 dB/mm and 0.04
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dB/mm, respectively and insertion loss of a single SMA connector is around

0.09 dB . Therefore maximum in band insertion loss for a single transition is

approximately 0.76 dB and 1.51 dB for the substrates Rogers RO4003C and

FR4 respectively.

Table 4.4: Measured losses of the back-to-back transitions (Type B).

Substrate Bandwidth (GHz) Insertion loss (dB) Return loss (dB)

Rogers RO4003C 0.0 - 11.5 ≤ 2.5 ≥ 14.5

FR4 0.0 - 10.7 ≤ 4.0 ≥ 13.4
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Figure 4.26: Simulated and measured scattering parameters of the back-to-back tran-

sitions - Type B (Rogers RO4003C)
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Figure 4.27: Measured scattering parameter S21 phase (in degrees) of the back-to-

back transitions - Type B (Rogers RO4003C).

(a) Top view

(b) Bottom view

Figure 4.28: Actual photograph of the back-to-back transitions - Type B (Rogers

RO4003C)
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Figure 4.29: Simulated and measured scattering parameters of the back-to-back tran-

sitions - Type B (FR4)

(a) Top view

(b) Bottom view

Figure 4.30: Actual photograph of the back-to-back transitions - Type B (FR4).
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Figure 4.31: Measured scattering parameter S21 phase (in degrees) of the back-to-

back transitions - Type B (FR4).
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Figure 4.32: Measured group delays of the back-to-back transitions (a). Type A;

(b). Type B.
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4.2 CPW to DSPSL Transition without Via

4.2.1 Transition Geometry and its Design

FGCPW Transition DSPSL

Bottom Top

W1

W2

W3

W4

L1 L2 L3

W1

W3

G1

W1

W5

W4

W4

θ0

A

A'

B

B'

C

C'

D

D'

E

E'

R

(a)

(b)

(c)

Figure 4.33: Configuration of the via-less transition: (a) schematic layout, (b) top

view, (c) bottom view. (W1=5 mm, W2=3.5 mm, W3=5 mm, W4=4 mm, W5=6

mm, G1=0.2 mm, θ◦=70◦, L1=8 mm, L2=20 mm, L3=6 mm)
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In this transition, the terminated CPW grounds are modified into radial stubs

for vertical coupling between layers. The DSPSL in the bottom layer is split

into two delta stubs for easy coupling from the CPW grounds. This via-less

design reduces structural complexity, performance imbalances and fabrication

difficulties. The tapered structure used for connecting the CPW center line to

the top DSPSL line, gives rise to better bandwidth and low insertion losses.

The proposed transition is between 50 W CPW and 50 W DSPSL in a

Roger’s RT/Duroid 5870 with thickness 0.5 mm and a dielectric constant of

2.31 as shown in Figure 4.33. The DSPSL is fabricated on both sides with

opposing but equal magnitude currents in lines. The CPW is fabricated on

the top of the substrate. Both ground lines together and the center strip of

CPW carry equal current with π radians phase difference. The signal lines,

which carry equal magnitude current and which are in phase are connected

together in top side of the substrate. The currents which are half in magnitude,

available in the CPW grounds are coupled to the next layer using the radial

stub - delta stub combination. Both of the Y-shaped delta stubs contributes

to the total currents in the DSPSL bottom line.

DSPSL top signal strip is linearly tapered to match the width of CPW

center strip. The linear tapering mentioned above combined with the electro-

magnetic (EM) coupling of the radial stub and the delta stub ensures the field

and impedance matching. The overlaping area of the stubs are optimized to

ensure maximum EM coupling. The radial stub length is approximately λ/4

at the center frequency of the bandwidth. The radial stub angle is optimized

to 70◦. Both the stubs converts the horizontally aligned electric field of the

CPW to the vertically aligned field of DSPSL. The length of the transition is

20mm.

Multilayer solver (Frequency domain) of CST Microwave Studio (3D pla-

nar electromagnetic solver based on MoM) is used for the parametric studies

and optimization. The transitions are printed on Roger’s RT/Duroid 5870

with thickness 0.5 mm and a dielectric constant of 2.31. The dimensions of

50 Ω CPW is determined by CST Microwave Studio utility with the center

strip width as W1=3.5 mm, and the gap width as G1=0.2 mm for both cases.

Using image theory, the strip width of the 50 Ω DSPSL can be calculated as

W2=3.5 mm.
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C-C'

D-D'

E-E'

Figure 4.34: Cross-sectional views of proposed transition (Type B) and electric field

distributions: (a) AA’- CPW mode, (b) EE’ - DSPSL mode, (c) BB’,CC’,DD’ -

Transition modes.

The electric fields of both DSPSL and CPW have different characteristics.

One is an unbalanced transmission line (CPW) and the other one is a balanced

transmission line (DSPSL). The proposed transition rotates their electric field

by 90◦. The CPW has electric fields between the center strip and grounds

in both sides. On the other hand DSPSL has vertical fields between the

conductors.

Cross sectional electric field at AA’ shows the CPW mode, which is having

horizontal field distribution, and the vertical field distribution at EE’ shows

the DSPSL mode as in Figure 4.34. At BB’ the field is distributed vertically

and horizontally between the radial stubs and the delta stubs. CC’ is having

the same field pattern with slight change in the size of the center strip and

stubs. At DD’ the horizontal to vertical transformation is almost complete,

but still the bottom conductor is Y-shaped. The cross section at EE’ completes

the electric field tranformation to DSPSL mode.

4.2.2 Simulation Studies

Simulation studies of the via-less CPW to DSPSL transition, printed on

Roger’s RT Duroid 5870 (εr=2.31 and h=0.5 mm), is done on a back to back
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configuration with CPW signal feeds at both ends as in Figure 4.35.

Multilayer solver (Frequency domain) of CST Microwave Studio (3D pla-

nar electromagnetic solver based on MoM) is used for the parametric studies

and optimization. The dimensions of 50 Ω CPW is determined by CST Mi-

crowave Studio utility with the center strip width as W1=3.5 mm, and the

gap width as G1=0.2 mm. Using image theory, the strip width of the 50 Ω

DSPSL can be calculated as W2=4.0 mm as in Table 4.5. For this transition,

the transition length (L2), radial stub length (W5), radial stub angle (θ◦) and

CPW ground width (W1) are the sensitive parameters used for the simulation

studies and optimization as shown in Figures 4.36, 4.37, 4.38 and 4.39.

Table 4.5: Geometrical parameters of the proposed transition (in mm).

Parameter W1 W2 W3 W4 W5 R θ◦ L1 L2 L3 G1

Value 5 3.5 5 4 6 6 70◦ 8 20 6 0.2

2 4 6 8 1 0 1 2 1 4
- 4 0

- 3 5

- 3 0

- 2 5

- 2 0

- 1 5

- 1 0

- 5

0

Sca
tter

ing 
Par

ame
ters

 (dB
)

F r e q u e n c y  ( G H z )

 S 1 1 ( L 2 = 1 0  m m )
 S 1 1 ( L 2 = 2 0  m m )
 S 1 1 ( L 2 = 3 0  m m )
 S 2 1 ( L 2 = 1 0  m m )
 S 2 1 ( L 2 = 2 0  m m )
 S 2 1 ( L 2 = 3 0  m m )

Figure 4.36: Simulated scattering parameters of the back-to-back via-less transitions

against frequency with different transition lengths (L2).

Cochin University of Science and Technology 87



CPW to DSPSL Transitions

FG
C
PW

Tr
an
si
ti
on

D
S
PS
L

Tr
an
si
ti
on

FG
C
PW

B
ot
to
m

To
p

W
1

W
2

W
3

L 1
L 2

L 3
Tr
an
si
ti
on

FG
C
PW

W
1

W
3

G
1 W
5

W
4

W
4

θ
0

R

(a
)

(b
)

(c
)

Tran
sition

FG
C
PW

Tran
sition

FG
C
PW

F
ig

u
re

4
.3

5
:

C
o
n

fi
gu

ra
ti

o
n

o
f

th
e

ba
ck

to
ba

ck
vi

a
-l

es
s

tr
a
n

si
ti

o
n

s:
(a

)
sc

h
em

a
ti

c
la

yo
u

t,
(b

)
to

p
vi

ew
,

(c
)

bo
tt

o
m

vi
ew

.

(W
1
=

5
m

m
,

W
2
=

3
.5

m
m

,
W

3
=

5
m

m
,

W
4
=

4
m

m
,

W
5
=

6
m

m
,

G
1
=

0
.2

m
m

,
θ◦

=
7
0
◦ ,

L
1
=

8
m

m
,

L
2
=

2
0

m
m

,
L

3
=

6
m

m
)

Cochin University of Science and Technology 88



CPW to DSPSL Transitions

2 4 6 8 1 0 1 2 1 4
- 4 0

- 3 5

- 3 0

- 2 5

- 2 0

- 1 5

- 1 0

- 5

0

Sca
tter

ing 
Par

ame
ters

 (dB
)

F r e q u e n c y  ( G H z )

 S 1 1 ( W 5 = 4  m m )
 S 1 1 ( W 5 = 6  m m )
 S 1 1 ( W 5 = 8  m m )
 S 2 1 ( W 5 = 4  m m )
 S 2 1 ( W 5 = 6  m m )
 S 2 1 ( W 5 = 8  m m )

Figure 4.37: Simulated scattering parameters of the back-to-back via-less transitions

against frequency with different radial stub lengths (W5).
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Figure 4.38: Simulated scattering parameters of the back-to-back via-less transitions

against frequency with different radial stub angles (θ◦).
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Figure 4.39: Simulated scattering parameters of the back-to-back via-less transitions

against frequency with different CPW ground widths (W1).

4.2.3 Equivalent Circuit
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Figure 4.40: Simplified equivalent circuit of a single via-less transition.
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The centre conductor of the CPW is integrated with the top plane of the

DSPSL. The bottom end of the DSPSL is connected to two open delta stubs.

The end of the delta stubs are aligned with the radial stub arms of the CPW

on opposite sides of the substrate. The lengths of both stubs are designed

to allow wider bandwidth. The natural gap between the two transmission

line structures, blocks DC which is a requirement in some microwave circuit

designs.

The present transition design is capable of inducing strong coupling be-

tween the electromagnetic fields of the stubs at top and bottom layers. As a

result, the high frequency signal can be effectively transfered between DSPSL

and CPW through resonant coupling. The equivalent circuit model is equiv-

alent to the parallel combination of two delta to radial stub via-less coupling,

as shown in Figures 4.40 and 4.41. In the equivalent circuit, Xrs and Xds

represent the reactances of the open radial and delta stubs respectively. The

transformer turns ratio n describes the magnitude of the coupling between the

stubs. The bandwidth of operation is limited due to the frequency dependence

of the reactance of the stubs (Xrs and Xds) used in the transition design. To

ensure a broadband transition, mutual cancellation of reactances Xrs and Xds

is needed, eventhough one of them will be scaled by the magnitude of coupling

(transformer turns ratio n) upon transfering to primary of the transformer.

This can be achieved by properly designing and optimizing the size and shape

of the stubs.

jXrs jXds

jXrs jXds

n:1

n:1

C
PW

D
S
PS
L

jXrsjXds

jXrsjXds

n:1

n:1

C
PW

Figure 4.41: Simplified equivalent circuit of the back to back configuration of the

via-less transitions.
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4.2.4 Measured Results

The scattering parameters of the back-to-back via-less transition was simu-

lated and measured using multilayer solver (Frequency domain) of CST Mi-

crowave Studio and Keysight Fieldfox N9927A handheld network analyzer re-

spectively, are illustrated in Figure 4.42, which show good match. The actual

photographs of top and bottom views of the transition is shown in Figure 4.43.

Table 4.6 shows the measured insertion and return losses of the transitions for

the substrate Rogers RT Duroid 5870.

From the measured group delay shown in Figure 4.45, average delay de-

viation for 1.0 GHz to 11 GHz is only about 0.028 ns which is relatively

very small. Phase of the scattering parameter S21 is shown in Figure 4.44,

indicating the good transmission phase linearity of the transition.

The insertion loss associated with a single transition, ILTransition, can be

calculated as;

ILTransition = (ILTotal − LCPW − LDSPSL − LSMA)/2

where, ILTotal is the total measured insertion loss, LCPW and LDSPSL are

the insertion losses of the CPW and DSPSL lines respectively, and LSMA

is the insertion loss of SMA connectors. According to [6, 7, 9, 11–13],, the

transmission loss of DSPSL and CPW sections are about 0.03 dB/mm and 0.04

dB/mm, respectively and insertion loss of a single SMA connector is around

0.09 dB . Therefore maximum in band insertion loss for a single transition is

approximately 0.41 dB for the substrate Rogers RT Duroid 5870.

Table 4.6: Measured losses of the back-to-back via-less transitions.

Substrate Bandwidth (GHz) Insertion loss (dB) Return loss (dB)

Rogers RT Duroid 5870 1.76 - 10.10 ≤ 2.0 ≥ 10.0
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Figure 4.42: Simulated and measured scattering parameters of the back-to-back via-

less transitions.

(a) Top View

(b) Bottom View

Figure 4.43: Actual photograph of the back-to-back via-less transitions.
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Figure 4.44: Measured scattering parameter S21 phase (in degrees) of the back-to-

back via-less transitions.

1 2 3 4 5 6 7 8 9 1 0 1 1
0 . 1

0 . 2

0 . 3

0 . 4

0 . 5

0 . 6

0 . 7

De
lay

 (n
s)

F r e q u e n c y  ( G H z )

Figure 4.45: Measured group delays of the back-to-back via-less transitions.
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4.3 Chapter Summary

The vertical broadband transitions between DSPSL and CPW has been de-

signed, optimized and measured for the first time. The proposed transitions

(Types A and B) are based on a single via connection and connected CPW

grounds. An approximate equivalent circuit, which is a Π network, LC low

pass filter is discussed. Transitions are fabricated on Rogers RO4003C and

FR4 substrates, using the standard photolithography process. A via-less tran-

sition is designed, prototyped in Rogers RT Duroid 5870, and measured, in

the second part of the chapter and its equivalent circuit is discussed. These

transitions are useful in many applications like antenna feeds and passive and

active microwave components. Besides the vertical transitions of DSPSL in

flipped back-to-back form are capable of achieving phase inversion, useful es-

pecially in applications like ring couplers, mixers, doublers, etc.
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In this chapter, a new method for designing a pair of structurally similar
CPW to CPW transitions with phase inversion is proposed for the first
time. A simplified equivalent circuit clearly showing the second order
low pass nature and phase inversion is introduced. A CPW fed Ultra-
WideBand (UWB) Antipodal Vivaldi Antenna (AVA) is also developed
as an application of the transition.
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5.1 CPW to CPW Phase Inverted Vertical

Transitions

In multilayer microwave circuits phase inverting vertical transitions are ex-

tremely useful in generating differential signals for mixers, doublers and diffren-

tial amplifiers etc. However, inverted phase vertical transitions between CPWs

have not reported yet. Majority of the vertical transitions between CPWs are

in phase and electromagnetically coupled between stacked CPWs [1, 2]. CPWs

with finite-width ground planes are known as CPW or FWCPW(finite - width

coplanar waveguide) [3]. Via connection (low-pass) between layers or Cavity

coupling (band-pass) are usually used for achieving vertical transitions. A

lot of new transitions between the balanced line DSPSL (otherwise broadside

coupled stripline (BCS)) and the unbalanced line coplanar waveguide (CPW)

are proposed in recent years [4–10]. Majority of them are made on high

permitivity substrates, so that low characteristic impedance realizations are

practically difficult. The optimized transitions in planar form using different

methods are already reported [11–14].

5.1.1 Transition Geometry and its Design

The transition design flow can be summarized as, first choosing a configura-

tion (which ensures smooth electromagnetic (EM) field transition), method

(EM coupling/via) and dielectric(substrate) according to the requirements.

In the second stage line lengths and impedances are calculated using approx-

imate transition center frequency ensuring impedance matching and physical

realizability.In final step a model for simulation taking all parasitic effects into

account is created and optimized to meet the specifications.

The schematic layout of the transitions are shown in Figures 5.1 and 5.2.

It utilizes the CPW - DSPSL transition reported earlier in which horizontal

EM fields are rotated orthogonally (90◦) from CPW mode to DSPSL mode,

which is vertical in nature [9].

Due to the balanced nature of the transmission line DSPSL strips carry

equal magnitude but phase inversed currents. On the other hand CPW’s
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finite width grounds carry half the currents of it center conductor due to

the unbalanced nature. Almost all the transitions are made using either EM

proximity coupling or single/multiple via configurations. Here a low pass

natured, two via configuration, which can be easily manufactured is selected.

Parametric studies of the structures are done using the planar EM solver

(multilayer solver) in the CST Microwave Studio. Prototyping are done using

two almost identical substrates; Rogers RO4003C with permittivity 3.55 and

height 1.524 mm and FR4 with permittivity value 4.3 and height 1.6 mm. The

conductor width of 4.4 mm of DSPSL and a gap width of 0.35mm with center

conductor width of 4 mm and finite ground width of 5 mm, ensures 50 Ω

characteristic impedances for both. Geometrical parameters of the proposed

transitions (in mm) are given in Tables 5.1 and 5.2.

Both types are identical in nature apart from the structure of connected

grounds in CPWs, which form a single strip for the via connection between lay-

ers. The Type A employs a ’y’ junction and Type B utilizes circular tapering

for the connected grounds. The length of a single transition between FGPCW

and DSPSL is made quarter wavelength (λ/4=7.4 mm) at the approximate

transition center frequency (7 GHz).

Cross-sectional views of both transitions (Type A and B) and electric

field distributions are given in Figure 5.3. The electric fields of both DSPSL

and CPW have different characteristics. One is an unbalanced transmission

line (CPW) and the other one is a balanced transmission line (DSPSL). The

proposed transition rotates their electric field by 90◦. The CPW has electric

fields between the center strip and grounds in both sides. On the other hand

DSPSL has vertical fields between the conductors.

Cross sectional electric fields at AA’ and II’ show the CPW mode, which

are having horizontal field distribution, and the vertical field distribution at

EE’ shows the DSPSL mode as in Figure 5.3. At BB’ and HH’ the field is

distributed vertically and horizontally between the vias, via pads and CPW

grounds. At CC’ and GG’ the horizontal to vertical transformation is almost

complete, but still the ground conductor yet to be merged. At DD’ and FF’

the field pattern is almost like an inverted microstrip. The cross section at

EE’ completes the electric field tranformation to DSPSL mode.
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Figure 5.1: Configuration of the CPW to CPW transitions (Type A): (a) schematic

layout, (b) top view and (c) bottom view.

Table 5.1: Geometrical parameters of the proposed transition (Type A) (in mm).

Parameter W1 W2 W3 G1 R1 R2 L1 L2 L3 L4 L5 L8

Value 5 4 4.4 0.35 0.75 2 1 2.4 4 8.6 6.24 7.4
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Figure 5.2: Configuration of the CPW to CPW transitions (Type B): (a) schematic

layout, (b) top view and (c) bottom view.

Table 5.2: Geometrical parameters of the proposed transition (Type B) (in mm).

Parameter W1 W2 W3 G1 R1 R2 R3 R4 L6 L7 L9

Value 5 4 4.4 0.35 0.75 2 2.35 7.35 7.6 6.24 7.4
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Figure 5.3: Cross-sectional views of both transitions (Type A and B) and electric

field distributions: (a) AA’, II’- CPW modes, (b) EE’ - DSPSL mode, (c) BB’,

CC’, DD’,FF’, GG’, HH’ - Transition modes.
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5.1.2 Equivalent Circuit

A second order low pass, lumped LC Π network shown in Figure 5.4, ap-

proximates the nature of the transitions. Open ended CPW with connected

grounds results in capacitive nature (COpen) at both ends. The simplified

lumped equivalent of a single via between layers is a Π network with capac-

itive nature at low frequencies and inductive at high frequencies. The vias

are present whenever the signal switches layers and they are in series with

the signal lines. Phase inverting nature of the transition is well established

in the equivalent circuit where the connected grounds of CPW in one side is

connected to the center conductor of the other side.

5.1.3 Measured Results

5.1.3.1 Type A

The scattering parameters of the back-to-back transitions were simulated and

measured using multilayer solver (Frequency domain) of CST Microwave Stu-

dio and Keysight Fieldfox N9927A handheld network analyzer respectively,

are illustrated in Figures 5.5 and 5.8, which show good agreement. The ac-

tual photographs of top and bottom views of all transitions are also shown in

Figures 5.6 and 5.9. Table 5.3 shows the measured insertion and return losses

of the transitions for different substrates.

From the measured group delays as shown in Figure 5.11, average delay

deviation for 30 kHz to 14 GHz is only about 0.0548 ns (Type A - Rogers

RO4003C) and 0.0644 ns (Type A - FR4) which are relatively very small.

Phase of the scattering parameter S21 is shown in Figures 5.7 and 5.10, indi-

cating the good transmission phase linearity of the transitions.

The insertion loss associated with a single transition, ILTransition, can be

calculated as;

ILTransition = (ILTotal − LCPW − LSMA)

where, ILTotal is the total measured insertion loss, LCPW is the insertion losses

of the CPW line, and LSMA is the insertion loss of SMA connectors.

According to [5, 15], the insertion losses of CPW lines are about 0.04

dB/mm and that of a SMA connector is around 0.09 dB . The maximum
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Table 5.3: Measured losses of the transitions (Type A).

Type Substrate Bandwidth (GHz) Insertion loss (dB) Return loss (dB)

A

Rogers RO4003C
0.0 - 12.5 ≤ 3 ≥ 7.5

0.0 - 8.5, 10 - 12 ≤ 3 ≥ 10

FR4
0.0 - 11.0 ≤ 3 ≥ 7.5

0.0 - 7.4, 8.9 - 11 ≤ 3 ≥ 10

insertion loss for the transition is approximately 1.7 dB and 2.2 dB for the

substrates Rogers RO4003C and FR4 respectively in the bandwidth.
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Figure 5.5: Simulated and measured scattering parameters of the CPW to CPW

transition - Type A (Rogers RO4003C)

Cochin University of Science and Technology 106



Applications of CPW to DSPSL Transitions

(a) Top view

(b) Bottom view

Figure 5.6: Actual photograph of the CPW to CPW transition transitions - Type A

(Rogers RO4003C).
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Figure 5.7: Measured scattering parameter S21 phase (in degrees) of the CPW to

CPW transition - Type A (Rogers RO4003C).
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Figure 5.8: Simulated and measured scattering parameters of the CPW to CPW

transition - Type A (FR4).

(a) Top view

(b) Bottom view

Figure 5.9: Actual photograph of the CPW to CPW transition transitions - Type A

(FR4).
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Figure 5.10: Measured scattering parameter S21 phase (in degrees) of the CPW to

CPW transitions - Type A (FR4).
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Figure 5.11: Measured group delays of the CPW to CPW transitions - Type A
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5.1.3.2 Type B

The scattering parameters of the back-to-back transitions were simulated and

measured using multilayer solver (Frequency domain) of CST Microwave Stu-

dio and Keysight Fieldfox N9927A handheld network analyzer respectively.

They are illustrated in Figures 5.12 and 5.14, which show good agreement.

The actual photographs of top and bottom views of all transitions are also

shown in Figures 5.13 and 5.15. Table 5.4 shows the measured insertion and

return losses of the transitions for different substrates.

From the measured group delays as shown in Figure 5.18, average delay

deviation for 30 kHz to 14 GHz is only about 0.0528 ns (Type B - Rogers

RO4003C) and 0.0670 ns (Type B - FR4) which are relatively very small.

Phase of the scattering parameter S21 is shown in Figures 5.16 and 5.17,

indicating the good transmission phase linearity of the transitions.

The insertion loss associated with a single transition, ILTransition, can be

calculated as;

ILTransition = (ILTotal − LCPW − LSMA)

where, ILTotal is the total measured insertion loss, LCPW is the insertion losses

of the CPW line, and LSMA is the insertion loss of SMA connectors.

According to [5, 15], the insertion losses of CPW lines are about 0.04

dB/mm and that of a SMA connector is around 0.09 dB . The maximum

insertion loss for the transition is approximately 1.5 dB and 2.2 dB for the

substrates Rogers RO4003C and FR4 respectively in the bandwidth.

Table 5.4: Measured losses of the transitions (Type B).

Type Substrate Bandwidth (GHz) Insertion loss (dB) Return loss (dB)

B

Rogers RO4003C 0.0 - 11.2 ≤ 2 ≥ 14

FR4
0.0 - 11 ≤ 3.5 ≥ 7.5

0.0 - 7.6, 8.9 - 11 ≤ 3.5 ≥ 10
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Figure 5.12: Simulated and measured scattering parameters of the CPW to CPW

transition - Type B (Rogers RO4003C).

(a) Top view

(b) Bottom view

Figure 5.13: Actual photograph of the CPW to CPW transition transitions - Type

B (Rogers RO4003C).
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Figure 5.14: Simulated and measured scattering parameters of the CPW to CPW

transition - Type B (FR4).

(a) Top view

(b) Bottom view

Figure 5.15: Actual photograph of the CPW to CPW transition transitions - Type

B (FR4).
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Figure 5.16: Measured scattering parameter S21 phase (in degrees) of the CPW to

CPW transitions - Type B (Rogers RO4003C).
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Figure 5.17: Measured scattering parameter S21 phase (in degrees) of the CPW to

CPW transitions - Type B (FR4).
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Figure 5.18: Measured group delays of the CPW to CPW transitions - Type B

5.2 CPW Fed UWB Antipodal Vivaldi

Antenna

The vivaldi antenna is a tapered slot antenna which is wideband in nature,

introduced by Gibson in 1979 [16]. As shown by Gazit in 1988 [17], the

bandwidth enhancement can be achieved for vivaldi by making it antipodal

in nature. The UWB applications like imaging and wireless communication

systems extensively use antipodal vivaldi antennas (AVAs). The bandwidth

constraints in different vivaldi antennas are limited by the feeding transitions.

The feeding structure of AVA is the DSPSL structure, therefore transitions to

the DSPSL structure is extremely important. AVAs have skewed electric field

components result in the poor cross polarization and at higher frequencies

this skew results in serious beam tilt also. These problems can be avoided

to a limit by using thin substrates with limited range of application. The

balanced AVA (BAVA) introduced by Langley in 1993 [18], with three layered
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structure, reduces this problem, though it is having high cost and slightly

difficult manufacturing procedure.

5.2.1 Antenna Geometry and its Design

(a) (b)

(c) (d)

Figure 5.19: Configuration of the Antipodal Vivaldi Antenna: (a) top view, (b)

bottom view. ; Configuration of the proposed Type B transition: (c) top view, (d)

bottom view.

The proposed CPW fed UWB antipodal vivaldi antenna is made from the

conventional differentially fed antipodal vivaldi antenna and the type B, single

via vertical transition from CPW to DSPSL described in Section 4.1. The feed

transition structure from CPW to DSPSL makes the antenna well suited for

many microwave integrated circuits utilizing CPW pads [19]. The detailed

simulation and experimentals studies of the transition is given in the Chapter

4. CPW is an unbalanced transmission line and the DSPSL is a balanced
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transmission line. The transition rotates their electric field by 90◦. The CPW

has electric fields between the center strip and grounds in both sides. On the

other hand DSPSL has vertical fields between the conductors.

(a) (b)

Figure 5.20: Schematic layout of the proposed Antenna: (a) top view, (b) bottom

view.

CPW ground conductors are circularly tapered with inner radius (R4=2.35

mm) and outer radius (R5=7.35 mm) to form the top metal of DSPSL. The

transition length is designed as approximately λ/4 at the center frequency

(L2=7.4 mm). The CPW center strip and the DSPSL bottom metal are

circularly terminated to form the via pads with radius equal to half their

width (R2=2 mm). In Figure 5.21 after via connection (R1=0.75 mm) the

width of the bottom metal strip is gradually decreased for a length (L8=7.4

mm), to match the width of DSPSL (W5=3 mm).

The antenna design objective is to make it small while maintaining CPW

feeding structure in the UWB range (3.1 - 10.6 GHz) of operation. Intersec-

tion of 1/4 portion of two ellipses forms the main radiating structure. The

primary radii and secondary radii of the ellipses are (W4+W5,W4) and (L5,

L3) respectively. The length L4 controls the length of radiating structure,

eventhough L5 is the primary radius of the bigger ellipse. Corresponding to
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the parameter, L4, the W6 decides the width of the top side of the flared

structure. The total size of the antenna is 35 mm × 35 mm.

W1 W2 W3

W4 W5

W6

W7

R1R2

R3R4

R5

G L1

L2

L3

L4
L5

X

Y

Z

Figure 5.21: Configuration of the proposed Antenna.
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Table 5.5: Geometrical parameters of the proposed Antenna (in mm).

Parameter W1 W2 W3 W4 W5 W6 W7 G L1

Value 5 4 5 16 3 12.8 35 0.35 7.6

Parameter L2 L3 L4 L5 R1 R2 R3 R4 R5

Value 7.35 6.05 14 27 0.75 2 2 2.35 7.35

The antenna is printed on the substrate FR4 (εr=4.3 and h=1.6 mm).

The dimensions of 50 Ω CPW is determined by CST Microwave Studio utility

with the center strip width as W2=4.0 mm, and the gap width as G=0.35

mm. Using image theory, the strip width of the DSPSL can be calculated

as (Z0)dspsl = 2 ∗ (Z0)microstrip. The geometrical parameters of the antenna is

given in the Table 5.5.

5.2.2 Simulation Studies

Multilayer solver (Frequency domain) of CST Microwave Studio (3D planar

electromagnetic solver based on MoM) is used for the parametric studies and

optimization. The CPW center strip width and the gap is adjusted so that the

50 W characteristic impedance is assured. The metalization widths and gaps

are chosen such that the etching can be done easily. The 50 W termination

ensure proper matching with 50 W testing ports of the simulator and the vector

network analyzer.

The parametric analysis and optimization of the feeding transition is done

in the section 4.1. The sensitive parameters of the antenna radiating structure

(L3 and L4) are parametrically analyzed in Figures 5.22 and 5.23. The antenna

lies in the X-Y plane. The three dimensional radiation patterns (absolute

value of the power flow (dB) in farfield) of the antenna at frequencies 4 GHz,

6 GHz and 9 GHz are shown in Figures 5.24, 5.25 and 5.26 respectively. Red

colour indicates maximum magnitude of the radiation and from red to violet

the magnitude decreases.
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Figure 5.22: Simulated return losses of the proposed Antenna against frequency with

different values of L3.
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Figure 5.23: Simulated return losses of the proposed Antenna against frequency with

different values of L4.
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Figure 5.24: Simulated radiation pattern

of the proposed Antenna at 4 GHz.

Figure 5.25: Simulated radiation pattern

of the proposed Antenna at 6 GHz.

Figure 5.26: Simulated radiation pattern

of the proposed Antenna at 9 GHz.
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5.2.3 Measured Results

The return loss of the antenna was simulated and measured using time do-

main solver CST Microwave Studio and Agilent Technologies E8362B vector

network analyzer (10 MHz to 20 GHz) respectively, are illustrated in Figure

5.27, which show good agreement. The antenna shows measured return losses

better than 10 dB for the frequency range, 2.97 - 10.93 GHz. Major resonances

are observed at frequencies 3.75 GHz, 5.75 GHz and 10.25 GHz.
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Figure 5.27: Simulated and Measured return loss (dB) of the proposed Antenna

against frequency.

Radiation patterns (2D polar plot) of the antenna at frequencies 4 GHz,

6 GHz and 9 GHz are shown for different cross-sectional planes (X-Y, Y-Z

and X-Z) in Figures 5.28, 5.29 and 5.30 for co and cross polarizations. Each

pattern is normalized with respect to the peak value of the corresponding

plane. The actual photographs of top and bottom views of the antenna are

also shown in Figure 5.31. Measured gain of the antenna is shown in Figure

5.32, which has an avarage value of 3.84 dBi, for the 3.1 - 10.6 GHz band.

Cochin University of Science and Technology 121



Applications of CPW to DSPSL Transitions

- 1 8 0
- 1 5 0

- 1 2 0

- 9 0

- 6 0

- 3 0
0

3 0

6 0

9 0

1 2 0

1 5 0

- 4 0
- 3 5
- 3 0
- 2 5
- 2 0
- 1 5
- 1 0

- 5
0

- 4 0
- 3 5
- 3 0
- 2 5
- 2 0
- 1 5
- 1 0

- 5
0

 C o - p o l a r i z a t i o n
 C r o s s - p o l a r i z a t i o n

(a) Y-Z Plane

- 1 8 0
- 1 5 0

- 1 2 0

- 9 0

- 6 0

- 3 0
0

3 0

6 0

9 0

1 2 0

1 5 0

- 4 0
- 3 5
- 3 0
- 2 5
- 2 0
- 1 5
- 1 0

- 5
0

- 4 0
- 3 5
- 3 0
- 2 5
- 2 0
- 1 5
- 1 0

- 5
0

 C o - p o l a r i z a t i o n
 C r o s s - p o l a r i z a t i o n

(b) X-Z Plane

- 1 8 0
- 1 5 0

- 1 2 0

- 9 0

- 6 0

- 3 0
0

3 0

6 0

9 0

1 2 0

1 5 0

- 4 0
- 3 5
- 3 0
- 2 5
- 2 0
- 1 5
- 1 0

- 5
0

- 4 0
- 3 5
- 3 0
- 2 5
- 2 0
- 1 5
- 1 0

- 5
0

 C o - p o l a r i z a t i o n
 C r o s s - p o l a r i z a t i o n

(c) X-Y Plane

Figure 5.28: Measured radiation pattern of the proposed Antenna at 4 GHz.
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Figure 5.29: Measured radiation pattern of the proposed Antenna at 6 GHz.
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Figure 5.30: Measured radiation pattern of the proposed Antenna at 9 GHz.

Cochin University of Science and Technology 124



Applications of CPW to DSPSL Transitions

(a) Top view (b) Bottom view

Figure 5.31: Actual photograph of the proposed Antenna.
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Figure 5.32: Measured peak gain of the proposed Antenna against frequency.
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5.3 Chapter Summary

Ultra-wideband CPW to CPW, vertical transitions with phase inverting na-

ture have been designed, optimized and prototyped for the first time. The

proposed transitions utilize two types of CPW to DSPSL transitions. A

summarized design procedure for the transitions is discussed. The simpli-

fied equivalent circuit of the transition is a Π shaped, low pass LC network.

Using standard photolithography process, transitions are prototyped on both

FR4 and RO4003C substrates. Moreover, out of phase, vertical transitions

are useful in the microwave applications like differential amplifiers, mixers,

doublers etc.

A compact CPW Fed UWB Antipodal Vivaldi Antenna has been designed,

optimized and prototyped on the cost effective substrate (FR4). The CPW

fed AVA structures are very rare in literature [19]. The gain and radiation

pattern of the antenna are measured. The proposed antenna utilizes the CPW

to DSPSL transition as feeding structure and elliptically tapered flares as

radiators.
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Chapter 6

Conclusion and Future Prospects
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This chapter highlights the conclusions drawn from the research work
on Coplanar Waveguide to Double-Sided Parallel-Strip Line Transitions
and the major contributions of the thesis. This is followed by a few
recommendations for future work.

6.1 Conclusions

The objective of the thesis was to design and develop new transitions be-

tween the planar waveguides CPW and DSPSL and their applications. An

introduction to the background theory of the planar waveguides, transitions

and their applications were shortly discussed. The methodologies used in this

thesis are explained in brief. The evolution, design, simulation, fabrication

and measurement of two single via vertical transitions (Type A & B) and a

via-less transition are proposed in this thesis. Simplified equivalent circuit for

each transitions were developed for better understanding. Applications to the

transitions, like CPW to CPW inverted phase vertical transitions and CPW

fed UWB AVA are developed and measured.
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6.2 Major Contributions

The vertical broadband transitions between DSPSL and CPW has been de-

signed, optimized and measured for the first time. The proposed transitions

(Types A and B) are based on a single via connection and connected CPW

grounds. An approximate equivalent circuit, which is a Π network, LC low

pass filter is discussed. Transitions are fabricated on Rogers RO4003C and

FR4 substrates, using the standard photolithography process. A via-less tran-

sition also is designed, prototyped in Rogers RT Duroid 5870, and measured.

Its equivalent circuit is presented. These transitions are useful in many ap-

plications like antenna feeds and passive and active microwave components.

Besides the vertical transitions of DSPSL in flipped back-to-back form are

capable of achieving phase inversion, useful especially in applications like ring

couplers, mixers, doublers, etc.

Ultra-wideband CPW to CPW, vertical transitions with phase inverting

nature have been designed, optimized and prototyped for the first time. The

proposed transitions utilize two types of CPW to DSPSL transitions. A

summarized design procedure for the transitions is discussed. The simpli-

fied equivalent circuit of the transition is a Π shaped, low pass LC network.

Using standard photolithography process, transitions are prototyped on both

FR4 and RO4003C substrates. Moreover, out of phase, vertical transitions

are useful in the microwave applications like differential amplifiers, mixers,

doublers etc.

A compact CPW Fed UWB Antipodal Vivaldi Antenna has been designed,

optimized and prototyped on the cost effective substrate (FR4). The CPW fed

AVA structures are very rare in literature. The gain and radiation pattern of

the antenna are measured. The proposed antenna utilizes the CPW to DSPSL

transition as feeding structure and elliptically tapered flares as radiators.

Cochin University of Science and Technology 130



Conclusion and Future Prospects

6.3 Suggestions for Future Work

CPW probe pads for device under tests (DUTs) always keep the demand for

transitions from CPW in a high demand. The balanced (differential) nature

of the DSPSL and its implementations, guarantee good common-mode noise

immunity. The offsetted versions of the DSPSL is also ver popular now. In this

scenario, new optimized and multi-functional transition structures between

CPW and DSPSL can be explored.

The DSPSL crossover can be implemented using the back to back configu-

ration of the CPW to DSPSL transitions. The CPW to CPW phase inverting

vertical transitions together with DSPSL signal swap can be used in creating

a lot of useful applications like filters, crossovers and ring couplers etc. Intro-

duction of resonant structures in these transitions, easily result in frequency

selective devices like CPW fed filters. A pair of inverting/non-inverting tran-

sitions can implement the ring coupler structures also. Finally the radiation

characteristics of the proposed CPW fed UWB AVA can be improved by

modifying the flared structures of the antenna or by the ground planes of the

feeding CPW.
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