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Abstract—The coplanar waveguide (CPW)-to-coplanar stripline  sign of uniplanar circuits such as mixers, antennas [4], and op-
(CPS) transition is analyzed theoretically and experimentally in  toelectronic devices [5]. It can also feature better immunity to
this paper. To characterize this transition in the lower frequency power supply noise and ground noise than the unbalanced trans-
band, a simple equivalent-circuit model that consists of uniform L
and nonuniform transmission lines is established. The elements of MSSION Ilnesuch as_C_PW (6] Consequently_, balanced C_PS {strgc-
this model can all be obtained by the closed-form formulas; hence, tures are attractive inimplementing the RF integrated circuits in
this model is suitable for computer-aided-design application. This portable radio transceivers. However, the research works con-
model is then applied to design and analyze the CPW-to-CPS cerning CPS circuit components are relatively limited and only
transitions with various structure parameters. In the higher  geyera| CPS discontinuities and components were recently exam-
frequency band, the partially prizm-gridded finite-difference . . .
time-domain (FDTD) method is employed to take into account ined [7]_—[;0]. To fully utilize the a_ldvantages of these uniplanar
the bond-wire effect as well as the surface-wave |eakage andtransm|ss|0n ||neS, |mp|ementat|0n Of W|de'band and IOW'IOSS
space-wave radiation associated with the transition. In this study, transitions between CPW and CPS is essential.
results based on equivalent-circuit model, FDTD simulation, Previous investigations on CPW-to-CPS transitions have
and measurement are compared. Good agreement among thesé,qey reported in the literature [11]-[17]. The transitions,

results supports the usefulness of the proposed equivalent-circuit . it .
model angrjellso validates the FDTD mgthgd. By u(ling the equiv- developed by Trifunovi¢11], with Marchand type and double

alent-circuit model to optimize the transition configuration, the ~ Y-junction type require large chip sizes for implementation at
CPW-to-CPS transition with broad bandwidth and low insertion  lower frequency and suffer from limited bandwidth due to the

loss may be achieved. use of quarter-wavelength CPW open stub and CPS short stub.
Index Terms—Coplanar stripline, coplanar waveguide, equiva- The transition proposed by Het al. [12], which consists of
lent-circuit model, FDTD method, transitions. a parallel slotline radial stub and a sudden change of slotline

into CPS, has small insertion loss, but its bandwidth is limited
by the imperfect open stub termination. Another transition
|. INTRODUCTION design is accomplished by connecting the CPW abruptly into
a slotline with an unterminated slotline open [13], [14]. The
slotline is then gradually transformed into the CPS by tapering
RANSITION structures are employed to transformhe slotline metallization planes. The unterminated slotline
electromagnetic energy between two different types @pen produces a decent broad-band performance, but also
transmission lines. To guarantee smooth transition, not only thénerates higher radiation loss [15]. One may also employ
impedance match, but also the field match should be sustaingé quarter-wavelength transformer in designing a transition
[1]. Sometimes a transition can attain the field match and/pre], [17], but the bandwidth would be quite limited and the
impedance match only in a narrow frequency band and wouwgbp discontinuities must be compensated to avoid higher order
exhibit high insertion loss elsewhere. This paper analyzgfode excitation [18].
the coplanar waveguide (CPW)-to-coplanar stripline (CPS)|n this paper, the CPW-to-CPS transition proposed by [2] and
transition proposed by [2], aiming at maximizing the bandwidtéhown in Fig. 1(a) is analyzed theoretically and experimentally.
and minimizing the insertion loss. By properly designing the structure to fulfill the field match
The CPW and CPS, as media for hybrid and monolithic ménd impedance match conditions, the transition performance
crowave integrated CirCUitS, both have the merits of small dlSpQﬁ'ay be improved in the sense of bandwidth and insertion loss.
sion, less sensitivity to substrate thickness, simple realizationgithough other researchers [16],[17] introduced similar struc-
short-circuited ends, easy integration of series and shunt aciyfes experimentally, their design and analysis procedures are
and passive components, and eliminating the need of via holegi| demanding. This paper intends to give an approach for de-
With the advent of uniplanar microwave integrated circuits [3£|gn|ng and ana|yzing this transition based on a Simp|e equiv_
the CPS with balanced Configuration offers ﬂEXIbI'Ity inthe dea|ent-circuit model and an extended finite-difference time-do-
main (FDTD) technique [19].
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tion constank is assumed to be constant. Let the characteristic
impedance profile in théth section starts witl¥; and varies
linearly with slopemn; along the lengthL;. The two-port ABCD
matrix elements of théth section can then be given by [22]

[ s T A D o
: i TCPW ACPW | TSLOTCPS |  SCPS

k
Ay = g [T Yo(u) = Jo(u2) Y ()]
7k
Bi=—j 27r Zi(1 +m; L) [Jl(UQ)Yl(“l) - Jl(ul)Yl(“?)}
z i
. wk
@ Ci =] g |Joloua)Yo () — Jo(ua)Yo(u)|
! S T D © 7wk
TSLO , ‘ Dz = _2m‘ (1 + mZLz) [Jo(ul)Yi(UQ) — Jl(U,Q)Yo(U,l):| (1)
L o in whichw, = k/m, us = (1 +m;L;)uy, while J,(z) and
'sopw | | Topw ces | SCPS’§ Y,(z) (p = 0, 1) denote thepth-order Bessel functions of first
—— — and second kinds, respectively. THEBC D matrices of the

nonuniform transmission lines can be evaluated by cascading
the ABC D matrices for all sections, i.e.,

(b) At Bt T [A B
Fig. 1. CPW-to-CPS transition. (a) Physical configuration. (b) v v
Equivalent-circuit model.

1=

Expression (2) is very efficient even for larggealthough only a
few sections (say; = 3) are enough to yield convergent results
in most practical cases.
this transition structure is decomposed into six parts, i.e.,gy accounting for the conductor and dielectric losses, the
the symmetric coplanar waveguide (SCPW), the asymmefgynagation constant should be regarded as a complex
coplanar waveguide tapered linearly in the lower slot (TCPW3ymper, i.e.k = 3 — ja. In the case of small loss(< ), the

the asymmetric coplanar waveguide tapered linearly in thgssel functions in (1) can be evaluated approximately by [23]
upper ground plane (ACPW), the unterminated slotline open

(TSLO), the asymmetric coplanar stripline tapered linearly iBo(k) = Bo(/3)+jaB1(3)

the upper strip (TCPS), and the symmetric coplanar stripline N ) B1(B)

(SCPS). The lower slot width of TCPW is tapered from SCPWAL(E) = B1(f) —ja {Bo(ﬁ)_T} v Bp=JyorY;

to ACPW and then kept the same as the slot width of SCPS so p=0,1. A3)

as to minimize the discontinuity effect between them. By nar-

rowing the lower slot width gradually and terminating the open The S-parameters of TCPW and TCPS are computed by the

stub on the upper slot, the electromagnetic power on the uppeBC D matrices in (2). Additional handling is required for

slot may efficiently couple to the lower one. The upper strip dhe part TSLO, which denotes the aperture radially fanned out

TCPS is also tapered gradually to attain the impedance mafadbm the upper slot of ACPW to the open region with angjle

between TCPW and SCPS. Typical geometrical dimensionsTiis part is basically a nonuniform slotline open whose length

the CPW-to-CPS transition in Fig. 1(a) are given in Table |. (LtsLo = 212 um) is assumed to be the width of the upper
ground plane of ACPW in cross sectioh of Fig. 1(a). To
facilitate numerical analysis, the metallization planes of slotline

A. Equivalent-Circuit Model are assumed to be infinite to apply the available empirical
formulas in [20], [24] for the various transmission-line parame-

Fig. 1(b) shows the equivalent-circuit model for th(_Eers, including the characteristic impedance, effective dielectric

CPW-to-CPS transition in Fig. 1(a). The parts SCPW, Acpwonstant, and attenuation constant. After obtaining4&” D

and SCPS are described by uniform transmission lines traratnx of TSLO by (1) and (2), the input impedance seen from

which the characteristic impedanége(?), effective dielectric the end of ACPW can be given by

constante., and attenuation constant (dB/cm) are deter- AtZ; + Bt

mined by the quasi-static formulas based on the conformal Zin = CtZ, + Dt )
mapping technique [20], [21]. Note that the widths of ground . .

planes of SCPW, TCPW, and ACPW are all assumed to Bpwhich Zr, dePOteS the load |mpe_dance at the_ far open e‘?d of
infinite to apply the available formulas. The three tapered strufSLO- In practiceZ., can be substituted by an ideal open, i.e.,
tures (TCPW, TCPS, and TSLO) are modeled by nonuniforf: = °°- Consequently, (4) gives the input impedance of the
transmission lines. For theoretical analysis, each nonunifolffiterminated slotline open (TSLO) as

transmission line is divided inte sections and, in each section, At

the characteristic impedance is varied linearly and the propaga- Zin = ot ®)
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TABLE |
DIMENSIONS (ALL IN MICROMETERY OF CPW-TO-CPS TRANSITION [FIG. 1(a)] FOR Figs. 2—4 (SIBSTRATE THICKNESSh = 635 um, ¢, = 9.8,
tan & = 0.0001; METALLIZATION : THICKNESSt = 3 um,o = 4.1 x 107 S/m)

25

length L | strip width W slot width S gf:i‘(‘i‘:g %lvage
SCPW 508 106.68 48.26 363.22
TePw 308 106.68 low‘gl:leg;g 2 20.48 lov:lcgp;é;gg?im
e | e | e | madn oz
s | m [ TES ] ew | —
SCPS 787.4 331 30.48 —
TABLE Il TABLE Il

CHARACTERISTIC PARAMETERS OF EQUIVALENT-CIRCUIT MODEL
[Fi1G. 1(b)] FORFiGs. 2-4

DIMENSIONS (ALL IN MICROMETERY OF CPW-TO-CPS TRANSITION FOR
FIG. 7. (SUBSTRATE THICKNESSh = 635 um, e, = 9.8, tan 6 = 0.0001;
metallization: thicknesspum, ¢ = 4.1 x 107 S/m; Z,.,, = 65.8Q

AND 83.62)
characteristic effective dielectric attenuation
impedance Z () constant  e.ff constant a (dB/cm) . -
length strip width W slot width S
SCPW 50.5 537 1.02 L 658 Q 836 Q 658 Q 836 Q
ACPW 472 5.38 1.21 SCPW 508 142 355 66 172
upper 66 upper 172
SCPS 58.6 4.73 0.73 TCPW 508 142 355 lower 66 - 48 | lower 172 - 155
upper 66 upper 172
- ACPW 1016 142 355 Tower 48 lower 1535
input-port output-port L.
. . taper length | taper subdivision
impedance impedance b upper 142 - 363 | upper 355 - 630 ¢ s
L m number 1 TCPS 158 - B 4 155
Z(0) () ZL) () (Hm) Jower 363 Jower 630
TCPW 50.5 472 508 1 Scps | 787.4 363 630 43 155
TCPS 69.1 58.6 558 1
TSLO 575 oo 212 1 is divided into prizm cells and solved by the finite-element

method. Roughly speaking, the whole simulation region is
divided into 80x 55 x 260 cells with eight perfectly matched
The cascade of all uniform and tapered transmission-lifyers (PML's) [25] located on the outer boundaries. The
parts yields the complete equivalent circuit of the CPW-to-CF&@ircase approximation is used to model the bond wires. In
transition, as shown in Fig. 1(b). Notably, the elements #fis FDTD simulation, both conductor and dielectric losses are
equivalent circuit may all be obtained from the closed-formieglected, and the conductor thickness is considered to be zero
approximation formulas [20], [21], [24] and, hence, théor simplicity.
model can easily be implemented into computer-aided design'© obtain the desired frequency responses, a Gaussian pulse
(CAD) packages. The characteristic parameters of the equiVith énough frequency components is used as the incident wave
alent-circuit model [Fig. 1(b)], corresponding to Table I, art? the transition. By using the fast Fourier transformation, the
summarized in Table 1. obtained time-domain data are converted into the frequency-do-
main ones from which thé&-parameters of the transition may

B. FDTD Method be computed.

For a more detailed full-wave analysis, an extended FDTD
method [19] is applied to analyze the transition. In this
simulation, most of the simulation region is handled by a con- The CPW-to-CPS transition [Fig. 1(a)] with dimensions sum-
ventional FDTD algorithm with spatial and time increments aharized in Table | is analyzed theoretically and experimentally.
A = 15.24 pm andA; = 0.0254 ps, respectively. An extendedAll the circuits in this paper are fabricated on a §3%-thick
scheme is employed to deal with the tapered region, whialumina substratec{ = 9.8 andtan 6 = 0.0001) and have

I1l. RESULTS AND DISCUSSION
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0 10 20 30 40
Frequency (GHz) Fig. 3. S-parameters of CPW-to-CPS transitioh & 60°) based on the
equivalent-circuit model and FDTD method.
Fig. 2. S-parameters of back-to-back CPW-to-CPS transition configuration
(¢ = 60°) based on equivalent-circuit model, FDTD method, and measurement. . .
(For Figs. 2—4, the dimensions and characteristic parameters are given in Tab@epicted from the comparison, the applicable frequency range

and Il.) of the proposed equivalent-circuit model is found up to 20
GHz. With the merits of less numerical processing time and
strips of metallization thickness = 3 um and conductivity easy implementation into CAD software, this model is useful
o = 4.1 x 107 S/m. The bond wires with length 252.8n and in characterizing the proposed transition configuration. The
diameter 17.7um are properly soldered at discontinuities to sug=DTD analysis, although costing comparatively much more
press the non-CPW mode. Theoretically, simulated results amemory and CPU time, becomes necessary and provides
computed based on the equivalent-circuit model [Fig. 1(b)] amdeful information for transition design when electromagnetic
the extended FDTD method [19]. The measurements are pexdiation and coupling effects must be considered.
formed on the back-to-back configuration, using the HP 8510B The CPW-to-CPS transition is useful as a balun in a prac-
network analyzer together with the thru-reflection line (TRL)ical uniplanar circuit, however it should be measured in the
calibration technique. The measurement technique also utilizesck-to-back configuration. By the equivalent-circuit model and
on-wafer standards along with a pair of ground-signal—groutite extended FDTD analysis, it is not difficult to characterize
RF probes [15]. the single transition shown in Fig. 1(a). The simulatega-

To examine the applicable frequency range of the equikameters by these two methods are shown in Fig. 3 and reason-
alent-circuit model, Fig. 2 shows th&-parameters of the able agreement up to 40 GHz between them can be found. It
back-to-back transition configuration from the cascaded worthy mentioning that the conductor and dielectric losses
equivalent-circuit model [Fig. 1(b)], FDTD method, andare accounted for, but the high frequency surface-wave leakage
measurement. Agreement among these results supports ahé space-wave radiation are neglected in the equivalent-cir-
usefulness of the proposed equivalent-circuit model and FDTDit model, and vice versa in the extended FDTD method. As
method. The measured results show that resonances happessult, the equivalent-circuit model predicts smgltgg | than
near 20 and 30 GHz, which are related to the length of (TCE®TD does in the lower frequency range, but larggy | as fre-

+ SCPS) and the largest distance between bond wires, resgrency is above 35 GHz.

tively. Without taking the bond-wire effect into account, the The energy-transfer mechanism of the CPW-to-CPS transi-
equivalent-circuit model only presents the first resonance ng@mn may be qualitatively discussed by observing thgirected

20 GHz. This model exhibits better agreement with measuggewer densities along the upper slét,j and lower slot %), as
ment than FDTD does in the lower frequency band since it halsown in Fig. 4. The total electric and magnetic fields are cal-
included the conductor and dielectric losses in the simulatiozulated from the FDTD method and the Poynting vectors are
The extended FDTD method is not so reliable in the lowéntegrated along the width of the slots to get the power den-
frequency band since it is difficult to span enough simulaticsities P, and P, at the positions of, S, T', A, D, andO in
region due to memory constraints here. Nonetheless, the Eig. 1(a). The input Gaussian power distributions are fed to the
tended FDTD method may take into account the surface-waweper and lower slots of SCPW at the input port | and kept the
leakage and space-wave radiation and, hence, its resultsséitne until the plan&. By narrowing the width of the lower
the measured ones better in the higher frequency band. st gradually, the electric field concentrates toward the lower
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Fig.5. Simulated-parameters (by equivalent-circuit model) of CPW-to-CPS

Fig. 4. Gaussian power distributions along the upper and lower slots t{ﬁnsition'with inclined angl@ as parameters. (The other dimensions are the
CPW-t0-CPS transitior(= 60°). same as in Table .)

slot region, givingP,, < F; at the planél’. At the exit planeA, -10
the remaining power on the upper slot is partially coupled to the
lower one and patrtially transmitted to the TSLO around which
the space-wave radiation loss most likely takes place. Most of
the power in the lower slot is transmitted to the balanced SCPS
at the output por through TCPS as shown at planesaandO.

By carefully examining the energy-transfer mechanism along
the transition, the unterminated slotline open and tapered CPW
and CPS structures can be chosen properly so that the transition
with small insertion loss may be achieved.

The circuit performance is degraded by the discontinuity mis-
match in transition configurations. To reduce this mismatch ef-
fect, the inclined anglé [Fig. 1(a)] associated with the tapered
structures TCPS and TSLO is varied to optimize the transi-
tion response. Fig. 5 shows the simulategarameters of the

CPW-to-CPS transition for various inclined angles from the |§]231|‘0‘5 .
equivalent-circuit model. Quite opposite to our expectation, the (dB) - = Lycpw= 203 mm T

case of 60inclination shows highe}S;; | and lower|S»; | and 075 Lacpw= 1.01 mm

is thus less suitable than the°3fase. This demonstrates that the — Lycpw=0.25 mm

effect of inclined angle is important in determining the transi- 10 . . .

tion response. By using the efficient equivalent-circuit model in ) 5 10 15 20

the design process, the optimum inclined angle for better tran- Frequency (GHz)

sition response can easily be achieved in seconds compared to

hours in FDTD simulation. Fig.6. Simulateds-parameters (by equivalent-circuit model) of CPW-to-CPS

Fig. 6 shows the simulate§-parameters, from the equiva-transition ¢ = 30°, Lycps = 158 um) with length of ACPW Lacrw) as
lent-circuit model, of the transition with the length of ACPWParameters. (The other dimensions are the same as in Table 1.
(Lacrw) as a parameter. It can be found that the reflection co-
efficient |S1:1 | decreases and the transmission coefficj&ht | Atransition between two media of differentimpedance levels
increases as the length, ¢pw is shortened. Hence, the lengthis sometimes required in practical circuit design. Fig. 7 shows
L scpw can be reduced for saving the wafer area if the couplinige effect of the impedance of SCP&s(ps) on theS-param-
between TCPW and TCPS is not significant. eters, which are computed by the equivalent-circuit model with
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the CPW-to-CPS transition configuration may be optimized to
achieve broad bandwidth and low insertion loss.

(1]
(2]

(3]

[4]

(5]

(6]

(71

(8]

[9]

parameters. (For the caggcps = 58.6 €2, the other dimensions are the same

as in Table I; and for the caség;cps = 63.8 and 83.6&2, the dimensions are

shown in Table Ill.)

Zscrw = 50.5€Q in Fig. 1(b). The larger th&scps is, the

(10]

(11]

more the influence of impedance mismatch effect, which results

in the larger the value dfS;; |. However, the transmission co- [12

efficient |So; | is varied in a more complicated way: it first de-
creases and then increasesZgps increases. The transition [13]

structure withZscps = 83.6 2 has larger physical dimensions

and, hence, smaller conductor loss of transmission line, making

its |S21 | value larger than those of the cases Withvps = 65.8
and58.6 2.

IV. CONCLUSION

(18]

[16]

In this paper, the CPW-to-CPS transitions for maximizing the[17]
bandwidth and minimizing the insertion loss have been analyzed
theoretically and experimentally. The transition response haldsl
been evaluated numerically using an equivalent-circuit model
and extended FDTD method. By considering the leakage ando]
radiation effects in the FDTD method, good agreement between
FDTD results and measured ones is observed in the higher frfm]
guency band. A simple equivalent-circuit model including con-
ductor and dielectric losses has been established to character[28
this transition, and good agreement between these simulated re-
sults and measured ones supports the usefulness of the equiz]
alent-circuit model in the lower frequency band. This model,
which possesses the merits of less numerical processing ting;)
and easy implementation into CAD packages, has been used to
examine the transition response by varying the inclined ahgle [24]

the lengthL 5»cpw, and the impedancBscps in the lower fre-

[25]

guency band. Based on the proposed equivalent-circuit model,
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