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ABSTRACT A generalized design technique of ultra-wideband planar transitions using EM-based analytical
models is presented in this paper. Among various planar transmission lines, each transmission line has unique
advantages over other line types, and a microwave component in a system can be designed to perform much
better if it is implemented on a certain type of transmission line. Therefore, low-loss and high-performance
transitions between transmission lines, with easy integrability with the main circuit board, are needed. The
proposed transition design technique uses the Schwarz-Christoffel transformation, which is one of conformal
mapping methods, and can be applied to design any planar transition between a pair combination of planar
transmission lines based on TEM or quasi-TEM waves. To optimally match the characteristic line impedance
and smoothly transform the electromagnetic field distribution between the planar transmission lines, entire
cross-sections through the planar transition should be analyzed with proper models. In this paper, the cross-
sections of planar transitions are categorized into 4 cross-sectional models, where each cross-section is
divided into multiple regions for the analysis to obtain line capacitance. Therefore, for the 4 cross-sectional
models, 7 types of basis structures are identified to obtain their capacitances by applying conformal mapping.
By adding capacitances of a combination of the 7 analysis types, the total line capacitance, thus the
characteristic line impedance, of any cross-sectional model of the planar transition can be obtained. The
characteristic line impedance of each cross-sectional model calculated with the proposed analytical formulas
is compared with the 3D EM calculations, and it is found that the deviated values are mostly well under 6%.
This proposed technique enables to design various planar transitions efficiently and quickly for the maximum
performance without parameter tuning trials, by providing optimal impedance matching and smooth field
transformation up to mm-wave frequencies.

INDEX TERMS Conformal mapping, cross-sectional model, planar transition, planar transmission line,

Schwarz-Christoffel transformation.

I. INTRODUCTION

In order to support ever-increasing high-speed digital data
transmission for the 5 (and beyond 5™) generation mobile
communications, microwave and mm-wave components
with high performance and wide frequency bandwidth will
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become more important. Transceivers with microwave and
mm-wave components can transmit data at multi-Gb/s by
using wide bandwidth monolithic microwave integrated cir-
cuits (MMICs) and high-performance wide-band packag-
ing [1]-[10]. Digital data, consisting of rectangular data
shapes with sharp rise-/fall-edges, occupies huge frequency
bandwidth as the digital data speed increases. Therefore,
the signal transmission lines with their curves or bends,
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FIGURE 1. Planar transmission lines: (a) microstrip line (MSL),

(b) coplanar waveguide (CPW), (c) conductor-backed coplanar waveguide
(CBCPW), (d) coplanar strip (CPS), (e) parallel strip line (PSL), (f) strip line
(SL), (g) suspended strip line (SSL).

split/combining joints, and via connection to different layers
should provide very wide bandwidth in order to preserve the
signal integrity for the fast-speed digital data. Unless the sig-
nal lines in a multi-layered substrate are carefully designed,
as the operating frequency increases, multiple undesirable
phenomena such as spurious EM coupling, resonances, and
impedance mismatching may occur, causing serious distor-
tion of signal shapes as well as spurious EM interference by
the leaked signals.

Most of microwave and mm-wave components in a com-
munication system module are implemented using microstrip
lines, but various microwave components can perform bet-
ter if other planar transmission lines are utilized. The con-
figurations of planar transmission lines such as microstrip
line (MSL), coplanar waveguide (CPW), conductor-backed
coplanar waveguide (CBCPW), coplanar strip (CPS), par-
allel stripline (PSL), stripline (SL), and suspended stripline
(SSL), are shown in Fig. 1. Here, a transition is a structure
which connects between two transmission lines. Therefore,
if there exist high-performance transitions, some microwave/
mm-wave components can be designed to have much bet-
ter performance by taking advantages of a certain transmis-
sion line. For example, various transitions for transmission
lines were used for filters, couplers, dividers, and amplifiers
[11]-[20]. Also, a balun designed in a form of a transition was
used to feed the antenna system [21], [22].

Each planar transmission line has unique advantages and
short-comings as compared with other line types [23]-[30].
Also, the configuration of the physical structure including
the signal line and ground line(s) (or ground plane(s)) of
a certain planar transmission line is different from those of
other lines (Fig. 1). Most of the planar transmission lines
possess some parasitic modes due to discontinuity at the
substrate-air interface, thus exhibiting the quasi-transverse
electromagnetic (TEM) mode. The properties of various
TEM/quasi-TEM mode-based planar transmission lines in
terms of structure, polarity balance type, transmitting mode,
radiation, Q-factor, and characteristic line impedance, are
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listed in Table 1. CPW and CPS are one-sided structures, but
the other planar transmission lines are double-sided struc-
tures. A balanced line (CPS or PSL) can be used as an
input line for balanced circuits, e.g., a feed line for balanced
antennas. SL and SSL are used in circuit applications requir-
ing high Q-factor, e.g., filter designs with high selectivity.
Each planar transmission line has a different range of the
characteristic line impedance. In Table 1, the range of the
characteristic line impedance is calculated using a substrate
with dielectric constant of 2.2 and thickness of 10 mil by
considering the typical PCB fabrication limits. For example,
a CPS is a balanced line with impedance range of about 100 ~
200 €2, while an MSL is an unbalanced line with impedance
range of about 25 ~ 130 Q within typical fabrication limits.
Also, the electric field line shapes of one transmission line
are different from those of another.

A transition is a connecting structure between two trans-
mission lines. Sometimes, the target transmission lines may
have the same characteristic line impedance, and, in this case
for the maximum wideband performance, the line impedance
through the transition structure can be maintained at the same
line impedance value. In many cases, however, different char-
acteristic line impedances are required for the target trans-
mission lines. In those cases, to design a high-performing
wideband transition structure, an optimal impedance match-
ing between the transmission lines, e.g., in the form of an
impedance taper or a multi-section impedance transformer,
can be applied.

A planar transition structure connecting two planar trans-
mission lines can consist of signal line(s), ground line(s),
dielectric substrate(s), and via(s). Depending on the shape
and location of these constituting elements (i.e., transition
design parameters), the characteristic line impedance of the
transition can be determined. Therefore, by adjusting the
transition design parameters, an optimal impedance matching
from a planar transmission line to the other line can be
achieved. To obtain the required line impedances for every
locations of the planar transition, the design parameters can
be adjusted using a parameter-tuning process with an EM
simulator, which can be quite time-consuming. However, if
the analytical formulas of the line impedance for any cross-
sectional area of the transition with various dielectric sub-
strates can be obtained, the transition design process can be
very fast and efficient. Another important design consider-
ation is that, for the optimized wideband transition perfor-
mance, the planar transition structure should provide smooth
transformation of the electric field line shape of one planar
transmission line onto that of the other transmission line.

Until now, various designs of the planar transitions have
been reported, and most of the planar transitions are designed
from an MSL to other planar transmission lines. In [31],
[32], CPS-to-MSL transitions with a radial stub and modified
ground plane were designed. Here, the radial stub was used
as a resonant stub at the end of the CPS ground line. In [31],
a long CPS-to-MSL transition was designed to have operat-
ing bandwidth from 1.3 GHz to 13.3 GHz in the presence
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TABLE 1. Properties of planar transmission lines.

Tranirl.rllqlesswn Structure Type Mode Radiation Q-factor Lglga{ricg:g:;fet
MSL Double-sided Unbalanced Quasi-TEM Low Low 24~128 Q
CPW One-sided Unbalanced Quasi-TEM Medium Low 59~132 Q

CBCPW Double-sided Unbalanced Quasi-TEM Low Low 23~110 Q
CPS One-sided Balanced Quasi-TEM High Low 110~203 Q
PSL Double-sided Balanced Quasi-TEM High Low 27~228 Q

SL Double-sided Unbalanced TEM Low High 16~94 Q
SSL Double-sided Unbalanced Quasi-TEM Low High 97~235 Q

"Dielectric constant of the substrate: 2.2, height of the substrate: 10 mil, height of the strip line: 20 mil, gap between two conductors: 5 mil, linewidth

range: 4~80 mil.

of a high impedance difference between the CPS (185 )
and MSL (50 2). In [32], a short CPS-to-MSL transition
was designed with the operating bandwidth of 5.1 GHz to
6.1 GHz.

In [33], [34], the MSL-to-CPW and PSL-to-CPW transi-
tions were reported with bandwidths of 2.8 GHz to 7.5 GHz
and 1.9 GHz to 9 GHz, respectively. The operating bandwidth
was limited due to a large signal linewidth change by the
radial stubs. A CPS-to-PSL transition was reported with a
frequency range from 2.4 GHz to 10.7 GHz [35]. In this
transition, the radial stubs were connected to a CPS ground
line. Also, due to the high impedance difference between the
CPS (148 €2) and PSL (50 €2), a long transition length was
used. A CBCPW-to-SL transition was reported to have a wide
frequency range from 6 GHz to 28.4 GHz, where the 50 €2 line
impedance was maintained throughout the transition [36].
Here, the signal lines of the CBCPW and SL were connected
by a via with a circular aperture under the substrate. In [37],
a PSL-to-MSL transition with a wideband performance from
1 GHz to 30 GHz was reported, maintaining at 50 €2 line
impedance through the transition. For the smooth electric
field transformation, the ground plane was reduced by form-
ing an arc line. Most of the reported planar transitions, how-
ever, were designed by the parameter variation trials without a
systematic design guideline. If the design conditions change,
the parameter tuning process should be performed again.

On the other hand, various designs of high-performing
planar transitions were proposed by the authors’ group using
the Schwarz-Christoffel transformation, which is one of con-
formal mapping methods, to obtain the characteristic line
impedance of each cross-sectional area of the transition in
analytical formulas [38]-[42]. A CPW-to-MSL transition was
designed with a frequency range from 7 GHz to 40 GHz,
maintaining the impedance at 50 2 [38]. A PSL-to-CPW tran-
sition was designed from 40 MHz to 27 GHz with maintaining
the impedance at 50 €2 [39]. An SSL-to-MSL transition was
designed from 40 MHz to 30 GHz [40]. In [41], an asym-
metric CPS-to-MSL transition was designed, where the line
impedance was tapered from a 147 €2 coplanar strip line to a
50 2 microstrip line. This transition showed ultra-wideband
performance from 6 GHz to 40 GHz. A CPS-to-PSL transi-
tion was designed with ultra-wideband performance (6.4 GHz
to 40 GHz), where the line impedance was tapered from a
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TABLE 2. Comparison of the reported planar transitions.

Characteristic Operaping Analytical
Ref. Structure Line Impedance =~ Bandwidth Model
[2] [GHz]
[31] CPS-MSL 185/50 1.3-13.3 X
[32] CPS-MSL 88/50 5.1-6.1 X
[33] MSL-CPW 50/50 2.8-7.5 X
[34] PSL-CPW 50/50 1.3-9 X
[35] CPS-PSL 148/50 2.4-10.7 X
[36] CBCPW-SL 50/50 6-28.4 X
[37] PSL-MSL 50/50 1.0-30.0 X
[38] CPW-MSL 100/50 7-40 O
[39] PSL-CPW 50/50 0-27 )
[40] MSL-SSL 50/50 0-30 )
[41] MSL-CPS 147/50 6-40 @)
[42] CPS-PSL 147/50 6.4-40 O

* X: transition design without an analytical model. O: transi-
tion design with an analytical model.

147 Q2 CPS to a 50 2 PSL [42]. In Table 2, the characteristics
and performance of the reported transitions are compared.
In this paper, a generalized design procedure of ultra-
wideband planar transitions for any pair combination of pla-
nar transmission lines is proposed. This transition design
method is a traveling-wave type with optimal impedance
matching and smooth field transformation (TW-IMFT). The
cross-sectional area of the transition is analyzed to obtain
characteristic line impedance using the Schwarz-Christoffel
transformation. Among various planar transition configu-
rations between any pair of the planar transmission lines,
four cross-sectional models (Section II(A)) have been iden-
tified. Also, in order to systematically analyze the cross-
sectional models, seven analysis types (Section II(B)) have
been defined. Any cross-sectional model consists of a com-
bination of the seven analysis types, which have analytic
solutions (Section II(C)). The proposed design technique can
be applied to the wideband TW-IMFT-type transitions, but
may not be applied to the resonant-type transitions with rela-
tively narrow-bandwidth. The proposed analysis is assuming
the TEM/quasi-TEM mode propagation, and the conductor
thickness is assumed to be very thin. Fringe field effects
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FIGURE 2. Perspective image of a planar transition c ting two pl
transmission lines with transitional cross-sections (TL: transmission line).

are accounted in the analysis model. The obtained analytical
formulas for the characteristic line impedance are accurate
with good approximations, and the validity of the proposed
analysis models is discussed with comparison of full 3D EM
simulation results.

Il. ANALYTICAL DESIGN TECHNIQUE OF PLANAR
TRANSITIONS

A perspective image of a planar transition between two pla-
nar transmission lines with several transitional cross-sections
is depicted in Fig. 2. Each planar transmission line may
have a different range of characteristic line impedance as
shown in Table 1, and, therefore, the transition should provide
impedance matching between the two lines for the maximum
performance. Also, the shapes of electric field lines supported
by the two lines may be different, and the transition should
adequately conform the field lines.

A. CROSS-SECTIONAL MODELS OF PLANAR TRANSITIONS
In order to systematically analyze the characteristic line
impedance of the cross-sectional area of a planar tran-
sition connecting any pair of planar transmissions (listed
in Table 1), four cross-sectional models are identified as
illustrated in Figs. 3 (a) to (d). The cross-sectional models
consist of the signal line (yellow color), ground line/plane
(green color), ground wall (green color), and a dielectric
substrate (blue color). The widths of the signal line(s) and
ground line(s) (or ground plane(s)) can be adjusted to attain a
proper characteristic line impedance for impedance matching
and to smoothly transform electric fields to conform the field
shapes of the two lines.

In Fig. 3(a), an asymmetric CBCPW line with a ground
aperture (Model I) is illustrated. In Model I, the characteristic
line impedance as well as the electric field line shape can be
changed by varying the signal linewidth, the gaps of CBCPW,
and the ground aperture. Fig. 3(b) shows a CPS line with
an asymmetric ground plane (Model II). The top and the
bottom ground lines are connected by a ground wall (using
an array of vias). The desired characteristic line impedance
can be obtained by modifying the linewidths and gap width
of the CPS line with the bottom ground plane. Also, Fig. 3(c)
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FIGURE 3. Cross-sectional models of the planar transition: (a) Model I:
CBCPW with a ground aperture, (b) Model 11: CPS with an asymmetric
ground plane, (c) Model I1I: asymmetric PSL, (d) Model IV: CBCPW with a
ground aperture and shield plates.

illustrates an asymmetric PSL (Model III). The characteristic
line impedance can be adjusted by varying the linewidths
of the signal line and ground plane. Finally, Fig. 3(d) illus-
trates an asymmetric CBCPW line with a ground aperture
(Model I) enclosed by top and bottom shield plates (Model
IV). In Model 1V, the top shield aperture and the top and
bottom shield plates spacing can be additionally adjusted
to obtain the desired characteristic line impedance and field
shape.

The Model IV can be used for a planar transition from an
SSL to other transmission lines such as MSL, CPW, CPS,
PSL, etc. At the SSL side, a top shield plate with a closed
slot should be used. On the other hand, other planar trans-
mission lines may not need the top and bottom shield plates.
Since the top slot also affects the characteristic line
impedance, the transitional line impedance can be adjusted
by widening the top slot width together with other design
parameters to adequately match another transmission line at
the other end of the transition. The effect of the bottom shield
plate can be decreased by reducing the bottom aperture width.

A planar transition structure connecting any pair of planar
transmission lines can be constructed by a combination of
the four cross-sectional models. Four design examples of
ultra-wideband planar transitions developed by the authors’
group can be described by the proposed cross-sectional mod-
els (Model I-IV). Firstly, as shown in Fig. 4, an MSL-to-CPW
transition [43] can be formed just by using Model 1. The
section from BB’ to CC’, which is a symmetric case of
the Model I, is the MSL-to-CPW transition. In the design,
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FIGURE 7. MSL-to-SSL transition.

the characteristic line impedance of 50 2 was maintained
throughout this transition from the MSL to CPW to have
the maximum frequency bandwidth. As a second example,
Fig. 5 illustrates an MSL-to-CPS transition [41], and this
transition can be designed by using Model II. In this design,
the microstrip impedance was 50 €2, and the CPS impedance
was 147 €, thus requiring the optimal impedance tapering
through the transitional structure. The section from BB’ to
CC’ is the transitional structure (Model II), and the charac-
teristic line impedance value could be adjusted by changing
the width of the via-connected ground line.

As the third example, an MSL-to-PSL transition with phase
inversion [42] can be designed using the Model 1 (BB’ to
CC”) and Model III (CC’ to DD’) as shown in Fig. 6. In the
design, the phase inversion took place at CC’, and the char-
acteristic line impedance was maintained at 50 2. As the
last example, an MSL-to-SSL transition in Fig. 7 [40] can
be formed by using Model IV. The section from BB’ to CC’

VOLUME 9, 2021

 E— — —— — | —

Type 1 Type 2
:@A 7 / | |

Type 3 Type 4
L 7Z

Type 5 Type 6
| ——
Type 7

FIGURE 8. Seven types of analysis configurations.

is the transitional section. In this design, the characteristic
line impedance was also maintained at 50 €2 throughout the
transition.

The reported transitions in [38]-[42] showed ultra-
wideband performance, and their designs were verified
by comparing the measured results with 3D EM simu-
lations. However, those transition design methods were
not extended to propose a general and systematic design
approach. It should also be noted that there can be many
different configurations for a specific planar transition even
using this proposed design method. Therefore, in a similar
way to the above design examples, any planar transition
connecting a pair of planar transmission lines can be imple-
mented as a combination of the proposed four cross-sectional
models.

B. CALCULATION OF LINE CAPACITANCE

Each cross-sectional model of a planar transition is divided
into multiple analysis regions (typically 3~4 regions) so that
the conformal mapping (Schwarz-Christoffel transformation)
can be applied to determine characteristic line impedance.
These analysis regions out of the four cross-sectional models
are categorized into seven types of analysis configurations as
shown in Fig. 8. Each analysis type consists of the conductor
(yellow color), substrate (blue color), ground wall (red color),
and analysis region (striped green color). The copper line
or plane is laminated on the top and bottom layers of the
substrate with thin thickness. The ground wall inside the sub-
strate is implemented by an array of vias, and it is assumed to
be a simple rectangular wall for the analysis. Since the analy-
sis region becomes a polygon shape, the Schwarz-Christoffel
transformation of conformal mapping (based on the TEM
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FIGURE 9. Model I with analysis regions.

Type 5

FIGURE 10. Model Il with analysis regions.

wave analysis) can be applied to map a transition structure
into a parallel plate.

The characteristic line impedance of each cross-sectional
model can be evaluated by a sum of line capacitances of the
analysis types constituting the cross-sectional model. Model I
is an asymmetric CBCPW with a ground aperture as shown
in Fig. 9, where the analysis regions of the Model I consist of
Type 1, Type 4, and Type 6. Also, Model I is an asymmetric
CPS with a finite bottom ground plane as shown in Fig. 10,
where the analysis regions of the Model II are composed of
Type 2, Type 3, and Type 5.

On the other hand, Model III is an asymmetric PSL tran-
sition as shown in Fig. 11, where Region I and Region III
are the analysis regions located at the right-side and left-side
of the conductor line. Region Il is a parallel plate area, located
at the center of the conductor plane. Finally, Model IV is
similar to Model I with top and bottom conductor shield
plates and a top shield-plate aperture as shown in Fig. 12.
In this model, the Region I and Region II can be analyzed by
Type 4, and the Region III can be analyzed by Type 6.

Type 1: Type 1 is the analysis region for the upper
half-plane (in the air) of an asymmetric CPW as shown
in Fig. 13(a). In this analysis, due to the infinite ground
linewidth, the signal linewidth w with gaps g1 and g» are only
considered for calculating line capacitance in the z-plane. The
parameters in the z-plane with the mapping angles are listed
in Table 3.
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FIGURE 11. Maodel Il with analysis regions.

FIGURE 12. The Model IV with analysis regions.
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FIGURE 13. Schwarz-Christoffel transformation for the conventional
CPW (Type 1): (a) z-plane, (b) p -plane.

With the 90° mapping points at zp, z¢, z4, and z. in the
z-plane, the asymmetric CPW can be mapped into a paral-
lel plate in the p-plane as shown in Fig. 13(b), using the
Schwarz-Christoffel transformation [44]. By considering the
parallel plate region in the p-plane, the line capacitance Cy of
Type 1 is calculated in the form of the elliptical integral of the
first kind K as

Pe — Pb
Pe — Pd

Kk

C = =
1= €0 EOK(kj)

ey
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TABLE 3. Parameters of Type 1 in the z-plane.

Parameter z-plane Mapping
angle
Za —o0 n/a
Zp —g1—w/2 /2
Ze -w/2 /2
Zd w/2 /2
Ze atw/2 /2
zr e n/a
Im{z}
wi g W)
i Zp | ze  zg > Reiz}
(a)
Im{p}
Pa DPa
Po Pe > Refp}

(b)

FIGURE 14. Schwarz-Christoffel transformation for the conventional CPS
(Type 2): (a) z -plane, (b) p -plane.

where g is the dielectric constant of the air, and the modulus
ky and the complementary modulus k| are given as

. \/(Zd 2Lk Y PO S
(za — 2)(ze — 2c)

Type 2: Type 2 is the analysis region for the upper
half-plane (in the air) of an asymmetric CPS as shown
in Fig. 14(a). The CPS consists of parallel signal and ground
lines with linewidths of w; and wj, respectively, and gap
of g in the z-plane. The parameters in the z-plane with the
mapping angles are listed in Table 4. In a similar way to
Type 1, the z-plane with the 90° mapping points at z,, Zp, Z¢,
and z, is transformed into the p-plane in the form of a parallel
plate (shown in Fig. 14(b)) using the Schwarz-Christoffel

transformation [45]. With the parallel plate in the p-plane,
the line capacitance C, of Type 2 is obtained as

L K&)
~ K (k)

Pd — Pc
Pd — Pa

where the modulus & and the complementary modulus &} are

expressed as
k' =\/1-1k3 “4)

ky = (ze — 2b)(2d — Za)
(ze — 2a)@d — 2)

Type 3: Type 3 is the analysis region for the inner substrate

(with relative dielectric constant ¢,) of an asymmetric CPS

G =¢

3
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TABLE 4. Parameters of Type 2 in the z-plane.

Parameter z-plane M;fgll:g
Za —wy—g/2 /2
Zp —g/2 /2
Ze g/2 /2
Zd wytg/2 /2

Im{w}
A
'y PS & & »
W, Wy | W Wy > Re{w}

(b)

FIGURE 15. Asymmetric CPS with a finite ground plane (Type 3): (a) z
-plane, (b) w -plane.

TABLE 5. Parameters of Type 3 in the z-plane.

Parameter z-plane M:[g)é)lleng
Za 0 /2
Zp wi n/a
Ze witg n/a
Z4 witg+w, n/a
Ze s—jh n/a
zr —jh /2

with a finite ground plane as shown in Fig. 15(a). The analysis
Type 3 consists of a signal line, a top ground line, and a
bottom ground line in the z-plane. The bottom ground line
is connected to the top ground line by means of a ground wall
(an array of vias). By changing the top linewidths w; and
w», bottom linewidth s, and gap g, the line capacitance can
be adjusted. The parameters in the z-plane with the mapping
angles are listed in Table 5. When the width of the bottom
ground line is small, the electric field line distribution of Type
3 is similar to that of the conventional CPS. Otherwise, it is
similar to that of an MSL. Due to the one ground wall, the 90°
mapping points (inside the substrate) are selected at the edge
points of the ground wall. The z-plane with the 90° mapping
points at z, and z is transformed into the w-plane in the
form of an asymmetric CPS, as shown in Fig. 15(b), using
the Schwarz-Christoffel transformation of (5) and (6). From
the analysis Type 2, the asymmetric CPS is transformed into
a parallel plate in the p-plane. Therefore, the line capacitance
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(e)

FIGURE 16. Internal region of a CBCPW with a ground aperture (Type 4): (a) configuration of Type 4 in the z -plane, (b) left-side
region in the z -plane, (c) right-side region in the z -plane, (d) left-side region in the w -plane, (e) right-side region in the w

-plane.

C3 of Type 3 can be expressed as (7).

h/n

e >

w = cosh(rz/h) (6)

C3 = g,¢9 K(ké) (7)
" K (ks)

where the modulus k3 and the complementary modulus & are

given as
k=\1-k ®

ks — \/ (We — wp)(Wa — we)
(We —we)(wag — wp) 7
Type 4: Type 4 is the analysis region for the inner substrate
region (with relative dielectric constant ¢,) of an asymmetric
CBCPW with a ground aperture as shown in Fig. 16(a). The
signal line with linewidth of w is surrounded by the top-side
ground planes with gaps g; and g, and there is a bottom
ground plane with an aperture s in the z-plane. The parameters
in the z-plane with the mapping angles are listed in Table 6.
As compared with Type 3, the line capacitance of Type 4 can
be additionally modified by changing the bottom aperture.
The line capacitance of Type 4 can be analyzed by dividing it
into the left-side (C;) and right-side (C,) regions as shown
in Figs. 16 (b) and (c), respectively. In Figs. 16 (b) and
(c), each half region is identical to Type 3. Each half-plane
region in the z-plane can be transformed into an asymmetric
CPW in the w-plane using the Schwarz-Christoffel transfor-
mation with the 90° mapping points at z, and z; as shown in
Figs. 16 (d) and (e). Then, by using the same process of
Type 1, the line capacitances of the two regions are expressed
in (9) with moduli &, kl/ , kr, and k], which are calculated
using (10) and (11). The total line capacitance C4 of Type
4 is obtained as (12).
K (k)

C = ErEOIm,
1

K(k,)
Kk}

€))

r = &réo
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TABLE 6. Parameters of Type 4 in the z-plane.

Parameter z-plane M:fgllélg

Zo 0 /2

Za, Zf, Zg, Zk o0 n/a

Zp gitw/2 n/a

Ze otw/2 n/a

Ze, Zd w/2 n/a

Zh, Zj s/2—jh n/a

Zj —jh /2
h:fm—mwrwq y= Sk a0

(Wo — wp)(wj — we)

_ (Wg — wo)(we — wy)

.= . k=1 —k2 (11
\/(Wd—Wh)(we—wo) (n

Cy=C+C; (12)

Type 5: Type 5 is the analysis region for the fringing field
lines existing mostly in the air as shown in Fig. 17(a). The
electric field of Type 5 is distributed in a similar way to Type
3 in the z-plane. The parameters in the z-plane with the map-
ping angles are listed in Table 7. If the bottom ground width
is larger than wy + g-h/m, only a portion of the top conductor
(from z;, to z,) is used for the fringing field calculation. Also,
due to the overlapped width between top and bottom conduc-
tors, the edge point z; on the bottom ground plane is located at
distance i/ from z.. On the other hand, if the bottom ground
width is smaller than wy + g-h/m, the entire top conductor
with linewidth wy is used for the fringing field calculation.
In this case, the edge point z; on the bottom ground plane
is located at distance wy + g-s from z. [46]. By using the
Schwarz-Christoffel transformation, the structure with 90°
and 270° mapping angles at z, and z., respectively, in the
z-plane is mapped into an asymmetric CPS line in the w-plane
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(a)
Im{w}
A
We el W W > Refw

(b)

FIGURE 17. Fringing fields outside the substrate (Type 5): (a) z -plane,
(b) w -plane.

TABLE 7. Parameters of Type 5 in the z-plane.

Parameter z-plane M:fglleng

Za jh /2
wi+ wytg—s—hin+ jh where s>wtg—h/n wa

Zb Wy where s<w,+g—hin

Ze 0 32

—h/n where s>w+g—h/m na
zd —wi—g+s where s<w,+g—h/m
Ze —S—Z4 n/a

as shown in Fig. 17(b).

Z=/ﬁlwdw (13)
\ (w—-1)

g [\/WZ "1+ In(w+ Vw2 — 1)] Yih (4

7=
_ Kk
= 0K ks) (15)
_ [ wa = wa)(wp — we) e
b= \/(Wa —we)wp —wg)’ ks' = ﬂ (16)

where ks and kg are the moduli. Using the inverse rela-
tion of (14), which is derived from (13), an asymmetric
CPS is transformed into a parallel plate. Therefore, the line
capacitance Cs of Type 5 is obtained as (15).

Type 6: Type 6 is the analysis region outside of a CBCPW
with a ground aperture as shown in Fig. 18(a). The bot-
tom aperture s allows to generate fringing fields outside the
substrate (in the z-plane) in a similar way to Type 5. The
parameters in the z-plane with the mapping angles are listed
in Table 8. By considering only vertical electric field lines
within the substrate, the analysis region of Type 6 (Fig. 18(a))
can be divided into two analysis regions (gray color) by
introducing an image plate with a linewidth w’ as shown in
Fig. 18(b). When the bottom ground aperture width is smaller
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, , * r'y rY & >
z' Zb} Re{z}
Re{z}

(c) (d
FIGURE 18. External region of the CBCPW with a ground aperture (Type

6): (a) configuration of Type 6, (b) z -plane, (c) parallel plate region in the
z -plane, (d) conventional CPW region in the z -plane.

TABLE 8. Parameters of Type 6 in z plane.

Parameter z-plane Mapping
angle
Za ~w/2+jh n/a
Zp w/2+jh n/a
0 where s<2h/m
Z; —s/2+hin where s<w+2h/m /2
-w/2 where s>w+2h/n
zp -z, 2
Ze 0 n/a
Zq s/2 /2
Ze —s/2 /2
zZf —® n/a

than 2h/m, introduction of an image plate is not needed since
the electric field lines are mostly contained inside the sub-
strate. However, if the aperture width s is greater than 2A/m
and less than w+2h/m, an image plate with w' = s—2h/7
is used. Also, if the aperture width is larger than w + 2h/7,
an image plate with w' = w (linewidth of the signal line) is
introduced. From Fig. 18(c), the line capacitance C, between
the signal line and image plate is obtained as (17). In addition,
since the analysis region under the substrate (Fig. 18(d)) is
that of a conventional CPW (Type 1), the line capacitance
C. is expressed as (18) with the moduli k7 and k§ in (19).
Therefore, the total line capacitance Cg of Type 6 is obtained
as a series connection of two capacitances [40].

/

Cpy = 80% where w' =z, — 2, (17)
K (ko)

C. = 18

¢ SOK(ké) (18)

52627



IEEE Access

G. H. Lee et al.: Generalized Design Technique of Ultra-Wideband Transitions

Im{z}
A
7

l‘il

Za 2 Re{z}

y

s
Zd
(a)
Im{w}
A

Y P 'S FY >
Wa Wp | We Wy Re{w}

(b)
FIGURE 19. Fringing fields of a PSL (Type 7): (a) z -plane, (b) w -plane.

TABLE 9. Parameters of Type 7 in the z-plane.

Parameter z-plane Mapping
angle
Za —w—hit n/a
Zp —hit n/a
Ze 0 3/2x
Z4 —jh 32x
Ze —w+s—hin—jh n/a
zr —w—hin—jh n/a
(2, = Z)(2a — ze)
b=\ ey W=k a9
3p 2e)(Zad — 73)
C,C.
Co = —— (20)
Cp + Ce

Type 7: Type 7 is the analysis region for the fringing field
shown in Fig. 19(a). Since most of the analysis region resides
outside the substrate, this analysis region can be approxi-
mated as an air-only region, neglecting the field lines inside
the thin dielectric substrate. The linewidths (in the z-plane)
of the top signal conductor and the bottom ground conductor
are w and s, respectively. The parameters in the z-plane with
the mapping angles are listed in Table 9. In this analysis type,
the two 270° mapping angles at z. and z4 are used to trans-
form an asymmetric parallel plate in the z-plane into an asym-
metric CPS line in the w-plane as shown in Fig 19(b). Using a
relation between the z-plane and w-plane in (21), the param-
eters in the w-plane can be obtained as the inverse relation
of (22). The line capacitance C7 of Type 7 is calculated by
(23) with the modulus k7 and the complementary modulus &
in (24).

z=[+(w—Dw+ Ddw 21)
2= g [w\/w2 T~ In(w+ Vw2 = 1)] —ih (22
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_ K&
Cr =eop (23)
_ (We — wp)(Wr — wg) r_ 12
h_/w—wmwww Geyizl eh

C. CHARACTERISTIC LINE IMPEDANCE

The characteristic line impedance of each cross-sectional
model (Model I — IV) can be calculated by combining the
line capacitance of each analysis region. If a cross-sectional
model consists of three analysis regions, C1, Cy, or Ciyp
represents the line capacitance of Regions 1-3, respectively.
Then, the characteristic line impedance can be obtained by
using (25), and the effective permittivity &, can be expressed
as (26), where C{, Cy;, and Cyj; are the capacitances with air
filling.

7 — 1207 25)
\/gefﬁ'(cl/ + Cjy + Cipp)/0
_ G+ Cn+Cm

Eeff = =—————
G+ Cn+ Cyy

(26)

For the optimal impedance matching, the characteristic line
impedance values along the transition length can be specified.
Then, the design parameters to attain the specific character-
istic line impedance at a certain location of the transition can
be obtained by an inverse relation of (25).

In Table 10, for each cross-sectional model of the transi-
tion, the corresponding analysis types are summarized with
the analytical expressions of the characteristic line impedance
and effective dielectric constant.

Model I (Fig. 9): Model 1 consists of three analysis
regions, and can be analyzed by the corresponding analysis
types (Type 1, Type 4, and Type 6); i.e., the character-
istic line impedance of the Model I can be obtained by
summing up the line capacitances of these analysis types.
Region I (in the air) is Type 1, and Region II is Type 4
(inner region of the dielectric medium). Region III con-
sists of the substrate and the air area outside the sub-
strate, and can be analyzed by using the analysis Type 6
in air.

Model II (Fig. 10): Model II consists of four analysis
regions. Each analysis region of the Model II is distributed
either in the air or inside the substrate. Region I is the
half-plane (in the air) of a conventional CPS, and can be
analyzed by Type 2. Region II indicates the analysis region
of electric field lines inside the substrate, and the line capac-
itance can be obtained by the analysis Type 3. The fringing
fields of Region III are distributed in both the substrate and
air, and the line capacitance can be approximately obtained
using the analysis Type 5 in air. When the bottom ground
width is larger than 2w + g, however, the additional fringing
fields (of Type 7 in the air), which originate from the top
conductor, pass through the dielectric, and hoop back to the
bottom ground plane, can occur at the side region as shown
in Fig. 20.
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TABLE 10. Characteristic impedances and effective dielectric constants of the cross-sectional Models I-IV.

Corresponding Analysis Types o . . .
Model - - Characteristic Line Impedance Z, Effective Dielectric Constant ¢,
Region Type Analysis Area i
I ! Air 120m C+C,+Cs
I 11 4 Substrate \/Z/f (C,+Ci+Co)/20 C+CHC,
I 6 Air
1 2 Air
I 11 3 Substrate 120z G+G+G+ G
11 5 Air Ve (Cr+ C5' + Cs + Cr)/eg G+C'+Cs+C,
v 7 Air
I (Left) 5 Air
I (Right 5 Air
- ( I;‘; ) Sub 120m g0g,w/h + Cs;+CoptCy+Cyy
- DS | Jeeg o/t Csyt Crpt CortCr)fey | egw/ it Coyt Cpyt Gt Cry
0T (Left) 7 Air
T (Right) 7 Air
1 4 Ai
. 1 1207 Caqy + Caqpy + Co
v I 4 Substrate 7 T
off (C4(I) +Cym + Cé)/go Cyqy + Caany + Cs
11 6 Air

£o: air permittivity, &,: relative permittivity, w: signal linewidth in Model III, h: substrate height, C,(yy: capacitance of Type 4 in Region I of Model 1V,

Cyqny: capacitance of Type 4 in Region II of Model IV, Cy,.: capacitance of Type 5 in the right Region II of Model I1I, Cy;: capacitance of Type 5 in the left
Region II of Model 111, C,.: capacitance of Type 7 in the right Region II of Model III, C,;: capacitance of Type 7 in the left Region II of Model III.

N

FIGURE 20. Side fringing field of Model II.

~_/

\//

Model III (Fig. 11): Unlike other cross-sectional models,
the analysis regions of the Model I1I are divided horizontally
into the left, center, and right areas. Region II is a parallel
plate area within a substrate. Region I and Region III rep-
resent analysis regions with left and right fringing fields,
respectively. The fringing fields in Region I and Region III
are composed of Type 5 and Type 7 in the air. When the bot-
tom ground linewidth is larger than the top signal linewidth,
the amount of the Type 5 electric fields increases. When
the bottom ground linewidth is smaller than the top signal
linewidth, the amount of the Type 7 electric fields increases
as the amount of the Type 5 electric fields simultaneously
decreases. In each side region, two types of fringing fields
coexist.

Model IV (Fig. 12): In Model 1V, the conductor walls are
placed at the boundaries of the Model I for electric shielding,
where the top and bottom areas are filled with the air. Region
I (identical to Type 4) is an air-filled region, and Region II
is equal to Region I with a dielectric-filled medium. Region
IIT is identical to Type 6. Note that there exists an overlapped
analysis region between the Type 4 and Type 6. With a thin
substrate, the electric field lines of Region III are assumed to
be mostly distributed in the air, and thus the line capacitance

VOLUME 9, 2021

of Region III is estimated mainly by field lines distributed in
the air.

Accuracy Verification of Analytical Formulas: The esti-
mated characteristic line impedances using the analytical
formulas (solid line) and using 3D EM simulations (CST
Microwave Studio: dotted line) are compared for the pro-
posed four cross-sectional models. The calculated and sim-
ulated characteristic line impedances of four cross-sectional
models with varying the ground aperture a or ground
linewidth s are shown in Figs. 21 - 24. Here, the substrates
with different dielectric constants (2.2, 4.3, and 10.2) are
considered. When a high permittivity substrate is used, the
characteristic line impedance becomes reduced since the
electric field lines are more concentrated within the substrate.

In Fig. 21(a), the characteristic line impedance of Model I
for a symmetric structure with gap width (g; and g;) of 5
mil is shown. The average error/deviation between the cal-
culated and simulated results is within 5.8% (3.4 Q2) in the
case of the lowest dielectric constant of 2.2, while lesser
error/deviation values are obtained with higher permittivity
substrates. In Fig. 21(b), the characteristic line impedance
of Model I for an asymmetric gap case (g7 = 5 mil,
g2 = 30 mil) is shown. The results show a similar trend to
the symmetric case. The average error/deviation at the lowest
dielectric constant of 2.2 is within 3.0% (1.4 Q2).

The characteristic line impedance of Model II for a sym-
metric case with linewidth (w; and wy) of 15 mil is shown
in Fig. 22(a). The deviation between the calculated and sim-
ulated values slightly decreases by using high permittivity
substrates due to more concentrated field lines within the
substrate. The average error/deviation is within 3.3% (3.4 Q2)
with dielectric constant of 2.2. However, with a narrow (bot-
tom) ground plane (i.e., s < 10 mil), the error/deviation
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FIGURE 21. Calculated and EM-simulated characteristic line impedances
of Model I with varying the ground aperture a: (a) symmetric structure (w
= 30 mil,g; = g, =5 mil), (b) asymmetric structure (w = 30 mil, g; =

5 mil, g5 = 30 mil).

increases to 11.4% (15.1 2) due to formation of the conven-
tional CPS mode as shown in Fig. 23. An asymmetric case of
Model IT is shown in Fig. 22(b). The linewidths w; and w» are
15 mil and 30 mil, respectively. The average error/deviation
is within 2.5% (2.2 2) with dielectric constant of 2.2.

The characteristic line impedance of Model III is calcu-
lated as changing the signal linewidth w (15 mil and 45 mil)
as shown in Figs. 24 (a) and (b). As the linewidth w becomes
increased, the effect of side fringing fields tends to be reduced
since the electric field lines tend to be mostly contained
within the substrate. Figs. 24 (a) and (b) show that the average
error/deviation between the calculated and simulated results
are within 2.7% (2.4 2) and 0.9% (0.4 €2), respectively, with
dielectric constant of 2.2.

The characteristic line impedance of Model IV for a sym-
metric structure with the ground aperture width (g; and g»)
of 5 mil is plotted in Fig. 25 (a). In a similar way to the
Model I, the line impedance result shows the maximum
error/deviation within 4.7% (2.4 2) when using a substrate
of the lowest dielectric constant of 2.2 as shown in Fig. 25(a).
Also, the characteristic line impedance curves become flat-
tened when s > 80 mil. In Fig. 25(b), the characteristic
line impedance of the Model IV for an asymmetric case
with ground aperture width (g; and g2) of 5 mil and 40 mil
is shown. The result again shows a similar trend with the
symmetric case. The maximum error/deviation is within 3.8%
(2.3 ) with dielectric constant of 2.2.

It is important to note that there may be some overlapped
regions for the analysis Types such as the analysis Type
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FIGURE 22. Calculated and EM-simulated characteristic line impedances
of Model Il with varying the ground linewidth s: (a) symmetric structure (
W; = W, = 15 mil andg = 5 mil), (b) asymmetric structure (w; = w, =
30 mil andg = 5 mil).

FIGURE 23. Conventional CPS mode of Model Il with a narrow bottom
ground plane.

4 and Type 6 in Model 1. The overlapped electric field lines
inside the dielectric substrates cause to increase the total
sum of the line capacitance, thus resulting in decrease of
the calculated characteristic line impedance. Depending on
the substrate permittivity and design parameters, the amount
of error/deviation due to these overlapped regions in the
calculated line impedance values using the analytic formulas
can be as high as 5.8 %. In most practical cases, however,
the planar transition designs based on the proposed ana-
lytical formulas result in ultra-wideband performance with
low-insertion loss, obviating parameter tuning efforts.

D. TRANSITION DESIGN

A practical and efficient design method for ultra-wideband
planar transitions is proposed to connect any pair combi-
nation of TEM/quasi-TEM-type planar transmission lines.
Each transmission line has a different range of characteristic
line impedance. If the target transmission lines have different
line impedance values, then the transition should function as
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FIGURE 24. Calculated and EM-simulated characteristic line impedances
of Model 11l with varying the ground linewidth s: (a) w = 15 mil, (b)w =
45 mil.

an impedance transformer. In order to match the characteristic
impedance between the two transmission lines, an impedance
taper is required to minimize return loss. In order to maximize
the operating frequency bandwidth, an optimal impedance
taper such as the Klopfenstein taper can be used [41]. On the
other hand, when the line impedances of the two transmission
lines happen to be the same, a transition is designed to main-
tain at a constant line impedance throughout the transition
for the maximum transition performance. The performances
(operating bandwidth, return loss, and insertion loss) of vari-
ous impedance tapering types are well analyzed in the litera-
ture [41], [42]. Here, the transition length determines the start
operating frequency; i.e., a longer transition length is required
to attain a lower operating frequency.

Once the target line impedance values along the transition
are specified, the design parameters of the cross-sectional
models (Model I to IV), such as the widths of the signal
line(s) and ground line(s) (or ground plane(s)), gap width
between the signal and ground line(s), and aperture width of
the ground plane, can be efficiently determined using the ana-
lytical formulas based on the conformal mapping. If multiple
parameters can be adjusted to attain the same line impedance,
one parameter is chosen to form a simple shape, and the
other parameters can be adjusted to attain the required line
impedance. For example, if the signal linewidth and ground
linewidth are design parameters, the width of signal line on
the top side can be shaped linearly, and the ground linewidth
is calculated to attain the required line impedance value using
the analytical formulas.
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FIGURE 25. Calculated and EM-simulated characteristic line impedances
of Model IV with varying the ground aperture a: (a) symmetric structure
(w = 50 mil, g; = g, =5 mil, sy = 50 mil), (b) asymmetric structure (w =
50 mil, g; = 5 mil, g; = 40 mil, s; = 50 mil).

Also, each transmission line has unique field line config-
urations. In addition to the impedance matching, the transi-
tion should smoothly transform electric field lines from one
transmission line to another without abrupt shape changes.

The design technique proposed in this paper has been
extensively verified to provide ultra-wideband performance
with excellent characteristics as reported in [38]-[42]. The
planar transitions implemented with the proposed design
method have proven to work for several 10’s of GHz band-
width. When the characteristic line impedance difference
between the two transmission lines is not very large, the
transition can be designed to operate from near DC [39], [40].

IlIl. CONCLUSION

In this paper, a generalized technique to design a pla-
nar transition for any pair of planar transmission lines
supporting TEM or quasi-TEM modes is proposed. The
proposed design technique is based on the conformal map-
ping method, and analytical design formulas for the cross-
sectional areas throughout the transition are used to form
high-performing planar transitions. For the systematic anal-
ysis, cross-sectional structures among various planar transi-
tions are categorized into four cross-sectional models. Also,
to efficiently calculate the characteristic line impedance of
a cross-sectional model, seven analysis types are identified.
The line capacitances corresponding to the seven analysis
types are derived in analytic formulas, and therefore the
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characteristic line impedance of each cross-sectional model
can be obtained as a sum of capacitances corresponding to
analysis types with appropriate design parameters.

Characteristic line impedances of the four cross-sectional
models with various design parameters can be calculated
accurately, mostly well within 6% error. Due to some lim-
itations of the proposed models, especially related to the
actual line modes and overlapped region, the line impedance
error can be as high as 10%. In most practical cases, how-
ever, the proposed planar transition designs based on the
analytical formulas result in ultra-wideband performance
with low-insertion loss. At least, the proposed transition
design can produce a good initial design prototype for further
optimization.

Therefore, the proposed planar transition design tech-
nique can be applied for various multi-layered packaging
and MMICs, which can handle multi-GHz digital and ana-
log data for the 5™ (and beyond 5") generation mobile
communications.
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