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IV. FABRICATION AND EXPERIMENTAL RESULTS [6] L.Young, “The quarter-wave transformer prototype circuiRE Trans.
) . . . . Microwave Theory Techvol. MTT-8, pp. 483—-489, Sept. 1960.
Fig. 7 shows the layer configuration of the fabricated chip-type [7] G. L. Matthaei, L. Young, and E. M. JohnMlicrowave Filters,
balun. The designed chip-type baluns were fabricated with a multilayer ~ Impedance-Matching Networks, and Coupling Structurdsorwood,
configuration using ceramic sheets, which has a dielectric constant of MA: Artech House, 1980, pp. 434-497.

. : [8] B. C. Wadell, Transmission Line Design HandbookNorwood, MA:
6.0 and a thickness of 60m, and Ag metal pattern. The thickness Artech House, 1991, pp. 416-442.

of the metal layer was kept at 3om. The physical overall size are 9] J. Sevick, Transmission Line TransformersNewington, CT: Amer.
32mmx 1.6 mmx 1.1 mm and 2.0 mmx 1.2 mmx 1.1 mm, Radio Relay League, 1987, pp. 9-1-9-36.

which are sizes 3216 and 2012, respectively. There must be parasitic
couplings between the fabricated inductor and capacitor. In order to
resolve this parasitic coupling effects, each inductor and capacitor are
separated using the ceramic isolation layers which aredB@hick.
Figs. 8 and 9 show the experimental results of the fabricated 3216
chip balun with 532 : 50¢2 unbalanced ports termination and the fabri-A Suitable Integral Equation for the Quasi-TEM Analysis

cated 2012 chip balun with 80 : 2002 unbalanced ports termination. of Hybrid Strip/Slot-Like Structures
The insertion and return losses are less thar8 and—10 dB over the
operating frequency band, respectively. The measured phase character- Jesus Martel and Francisco Medina

istics between balance ports of the 3216 chip balun show the difference

of 180" with +3% tolerance over the operating frequency range. ] ) ]
There must be some deviations of characteristics, such as the opgr?ﬁb.S”.""Ct_-rh'S paper reports on a suitable formulation of the spectral-
omain/integral-equation method for the quasi-TEM analysis of hybrid

tion frequency, in fabricated baluns due to the multilayer process tOlgfﬁp/slot-like planar lines. The free surface charge distribution is used as an
ance. In order to show the variation of the frequency characteristics f@known on the strip-like interface, whereas the electric field is used on the
the designed chip balun dependent on the lumped-element value, tisteglike region. This formulation allows us to reduce the number of basis
kinds of chip baluns, which have different capacitance, were desigﬁéﬂCtionS and makes possible a unified treatment of the problem. A single

. . . e of basis functions is used, leading to a quasi-analytical evaluation of
and fabricated. Table | and Fig. 10 show the experimental results ﬁ@ Galerkin matrix entries. The performance of the method is illustrated

the three kinds of chip baluns with different capacitance. Decreasigh a practical example structure useful for coupler design.

the capacitance increases the resonance frequency of the pa€allel Index T _ Galerki thod TEM lvsis. strib/slotlik
circuit and the impedance. Thus, it increases the operating frequeng%:'ctﬁ):es erms—salerkin method, quasi- analysis, stripisiot-iike

V. CONCLUSIONS
|. INTRODUCTION

The design method and equivalent circuit of the chip-type balun

have been prop.osed in this paper to provide a S'mp.le de5|gn. Proffeter-wave circuits. Although full-wave methods are available for the
dure, compact size, and excellent performance. Two kinds of chip-t

y%e . . o ; .
. . . alysis of this type of transmission structures, quasi-static approaches
balu_ns Were_desflgned based on the proposed equivalent model W'thaﬂee still useful for computer-aided design (CAD) purposes because
equivalent-circuit representation of the quarter-wavelength transfor

. . . . néﬁéy yield very fast codes still accurate enough for preliminary de-
and fabricated with a multilayer ceramic process. The proposed de-

sian method for chip-tvoe balun is entirely based on a lumped-elem S;'%ns' Most of these transmission systems can be classified either as
9 P-typ y P trip- or slot-like. The former can be described as a number of coupled

equivalent circuit. Thus, the derived equivalent circuit could provi g.onducting strips embedded in a layered medium, whereas the latter

t&;o?]ugftﬁgngli;?ﬂ a?rzurjéigej\:gg ,ﬁiu;t_:gg' ;urtohfi:]n;cilrﬁr'] tl;z \(/;llgrae' best described as a number of slots practiced in a grounded metal-
P gireq y W ihging ped- ﬁza}tion. The quasi-static analysis of structures of both categories has
ment value has been discussed in order to investigate the dewauorBé)en carried out by means of a variety of techniques. In particular, in-

the frequency characteristic in a fabricated chip-type balun. The Pig

sented equivalent-circuit model and desian method of the multila ggral-equation formulations (both in the spectral and spatial domain)
q Y y|%aking use of suitable basis functions and quasi-analytical techniques

chip balun can offer smaller efforts in designing multilayer chip balunﬁj evaluate numerical series or integrals have proven to be both fast
and versatile in the analysis of strip-like [1]-[3] and slot-like [4], [5]
ACKNOWLEDGMENT structures. For strip-like structures, the integral equation should be for-
. . . mulated for the free surface charge distribution on the strips, while for
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port and donation of simulation software. tric field. The per unit length (p.u.l.) capacitance mafiiX or its in-
verse[P’] are directly obtained from the solution of the above-men-
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g optional upper ground plane i .
- ’ prional upper ground o éle,Hy) = / Moy (2, ar/)El.(;r/, Hy)da'
hP T‘/r SOSP< y=H s
A : : i by oy /»l /;I /»I
h, ) e awﬂgl)gw( + /y s Mo (2, 2')o(x', Hy) da )]
L WSS WeEEn .
B gl WSS W Mol . < with Q(z € 3S1,j+1,y = Hu) — Q(z € 851,,,y = Huv) =
oty : Q1 (j =1, ---, k, kis the number of conducting stripsiat= H /)
by, | \ - o, EoBwnl . ando(x € OWs j, y = Hy) = Vo5 (j =1, ..., 1,1 is the number
" f\ IS WS W WaSere 808M< N of strips aty = Hw). Q1; is the charge supported by tlith strip at
: T n, | y = Hjs andVs; is the voltage imposed on thj¢h strip aty = Hy .
. : 85( | Equations (1) and (2) can be written in the spectral domain where
' I/‘ Ty b X the kerneld;; (=, ') is known in closed form as follows:
£, optional bottom ground plane

Q(a, Hyr) = Mii(a)E, (o, Hy) 4+ Mia(a)d (o, Hy)  (3)
Fig. 1. Hybrid strip/slot-like structure in a P-layers iso/anisotropic dielectric -~ - N ~ R
mediam, o Y P Sla, H) = Mor () Eula, Hut) 4+ Mo (0)d (a, Hy)  (4)

where () stands for Fourier transform amdis the spectral variable.

volving slotted ground planes, floating conductors, etc. have been proJ e elementsiZ;;(a) (i, j = 1, 2) in (3) and (4) can be easily
posed to improve the performance of circuit components such as c§@MPuted in terms of the elements of the well-known spectral Green’s
plers, T-junctions, and baluns [6]-[8]. These structures can be condigfction for the electrostatic potentiél;; («) (i, j = 1, 2). By using,
ered neither strip-like, nor slot-like, but rather hybrid configurationd0r instance, the method and notation in [9]

They are particular cases of the structure shown in Fig. 1. A slot-like ~ 1
. . . . 17\’.'[11(04) - = (5)

geometry atthe plane= H s can be seen, whereas a strip-like config- a2G1i(a)
uration is found ay = H . The quasi-TEM analysis of the structure in o ‘
Fig. 1 can be carried out in terms of the free surface charge or the elec- Miz(o) =2 Cfu(a’) ©)
tric-field integral equations, but numerical efficiency degrades when a Gri(a)
a surface charge integral equation is formulated for the slotted region G
or an electric-field integral equation is used for the strips region. This Mo () = Jﬁ& 7)
paper shows how to formulate the problem in such a way that the un- a Gu()
known quantities for the integral equations are defined on the bounded 5 A ,

. . Lo Lo " A G2 Gai (o)
domains (strips for the strip-like interface and slots for the slot-like in- Moz (o) = Gz (o) — —= (8)

terface). Proceeding in this way, the strip- and slot-like interfaces are Gii(a)
treated in a unified manner. In particular, the basis functions for the stfius, @, ; (o) are first calculated using [9] and then (5)—(8) are applied
electric field and the strip surface charge density are the same, anddb@s to gebl,; () (i, j = 1, 2). Since the formulation in [9] includes
methods employed so as to accelerate spectral integral computatigfiSotropic dielectric materials, the method here accounts for such pos-
are common (we use techniques close to the ones reported in [4] apsility.

[5]). The extraction of the capacitance coefficients from the solution Integral equations (1) and (2) have to be solved for a sé¥.ofn-

of the proposed integral equation is a simple task. The final produciggpendent excitations\. is the number of conducting strips) so as

a very fast and accurate computer code for the quasi-static analysig®otompute all the elements ¢f]. This task has been carried out
the structure in Fig. 1, which is suitable for CAD applications. Somgy using the Galerkin method with a proper set of basis functions to

interesting examples are included in Section IIl. approximate the slots electric field at = Hy; and the strips free
charge density ay = Hyx. These functions are Chebyshev poly-
1l. STATEMENT OF THE PROBLEM nomials weighed by the Maxwell edge condition. The application of

. . . . ~ this method yields a system of linear equations whose coefficients are
The goal of this paper is to obtain the p.u.l. capacitance metfix 4 analytically computed by using techniques similar to the ones

of the planar transmission system in Fig. 1. This implies to solve for §0 41 4 [5]. These techniques exploit the behavior of the functions
electrostatic two-dimensional (2-D) problem in the cross-sectional dgy

. . . . . . i; () in (5)—(8) and the properties of the basis functions. The inde-
main depicted in that figure. This is a Laplace’s mixed boundary condjagent terms of the equations system depend on the particular excita-
tions problem. From previous experience with strip- and slot-like pro

X X on. Note that, in the case of strip-like systems, the computed charge
lems, it seems to be clear that our mixed problem would be more conye: strips directly provides a row {f] if one of the strips is set

niently posed (from a numerical/analytical point-of-view) in terms of, \gtage unity, while the rest of the strips are grounded. The ele-
an integral equation involving as unknown functions the slots elec”riﬁents of the matrigP] = [C]~" are directly obtained for a slot-like
field aty = Har, B (/fr’ Hur), and the free surface charge d'smbu'system as the strip voltages provided one of the strips is charged to
tionony = Hy,o(a', Hy). DefiningQ(x, Hur) as the amount of iy the remaining being uncharged. However, in our hybrid situation,
charge allocated in the intervill, «] aty = Hu ando(x, Hy) @S e have to combine both charge and voltage canonical excitations de-
the electrostatic potential along the plane- Hv (see Fig. 1), @ pair enging on the location of the excited strip (i.e., we distinguish strips
of coupled integral equations fdf. («*, Has) ando (2, Hx) canbe |5cateq at the slot-like interface from those located at the strip-like in-

written as follows: terface). In order to obtaifC’] from the solution of (1) and (2) under
- these canonical excitations, let us define the following column vectors:
Q(z, Hunr) = / My (z, 2")E,(2', Hyr) da’ Vi=(Vii Vio .-+ Vi) isacolumn vector whose elements are
y="a the voltages of thé strips located at the slots interface £ Hi);

the elements o, = (Va; Vae --- Vi) are the voltages of

‘ o— 2! . oy
+ /y:HN Miz(w, w)o (@, Hy) de @ the strips aty = Hx (note thatV, = [ + k). Analogously, we
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can define the charge vectofy, = (Qu11 @iz --- Qi) and TABLE |

Q =(Qa1 Qa2 - Qu ). The matrix[C] can be split into four CONVERGENCE OF THEELEMENTS OF [C'] /€9 WITH THE NUMBER OF BASIS
stjb-matrice$ ‘] =1 2) in such a wav that FUNCTIONS FOR ACPW DRECTIONAL COUPLER WITH A FLOATING
Clig & J =4 y CONDUCTOR GEOMETRY DATA: h = 0.61 mm,s = 0.2 mm,s,. = 1.0 mm,

—l i Tl 7, w=1.62mm,w; = 2w+ s = 3.44 mm,e,.=10
O ) o o
Q, [clar  [c]22 Va ‘

In the context of our method, what we directly compute from the solu-
tion of the Galerkin system of equations for thie canonical excita-
tions is a hybrid matriX7’] relating charges and voltages as follows:

<V1> <61> ([f]n [t]12> <§1> Ne [ Ny, [ Nu, [ Cufeo | Cizfea | Cis/en | Cas/eo
_ =M1 _ = N (10) 1 1 1 ] 28.037 | 2.7200 [ -28.462 | 64.265
o Va [tlr [t]22 ) \ V2 2 | 1 | 1 | 27.985 | 2.6683 | -28.353 | 64.035
. . . . 3 1 1 27.985 | 2.6683 | -28.353 | 64.035
S_lmple algebraic !‘nanlpulatlons of (9) and (10) allow us to get the ma- 3 5 T 57395 | 2.0000 | -27.066 | 61.205
trix [C'] from matrix[T'] as follows: 33 | 1 | 27.354 | 2.0052 | -26.962 | 60.900
1 3 4 1 27.353 | 2.0541 | -26.959 | 60.903

(el =[]0 (11) 3175 | 1 | 27.353 | 2.0541 | -26.059 | 60.903

-1 3 5 2 33.888 | -4.4806 | -26.959 | 60.903

[ehe =t e (12) 315 | 3 | 35351 | -3.0181 | -29.989 | 64.612

[lar = [Haa[t] ) (13) 35 | 4 [37.516 | -5.1828 | -29.289 | 64.612

3 5 5 37.526 | -5.1724 | -29.296 | 64.617

[]o2 = [t2a[t] 1) [t]12 + [t]22- (14) 315 6 | 37.665 | -5.3113 | -29.206 | 64.617

3 5 7 | 37.665 | -5.3113 | -29.296 | 64.617

In this way, a numerically efficient and accurate code is obtained for method in [10] | 37.662 [ -5.3137 | -29.291 | 64.605

the quasi-TEM analysis of the structure in Fig. 1.

6 I 1 1 _3
Il. RESULTS 4 S WIS W S, e ¢‘

The numerical code developed on the basis of the theory in this paper
has been exhaustively checked by means of convergence tests. Table |
summarizes the results of one such test for a practical hybrid struc-
ture useful in directional-coupler design [8]. The cross section of the
structure is shown on the top of the table: a coplanar-waveguide-cou-
pled section with a floating conductor intended for increasing coupling.
This is a good example of the type of structures considered in this paper. 02 04 0.6 0.8 10
The four distinct elements of the computed p.u.l. capacitance matrix are s, (mm)
shown as a function of the number of basis functions on the wide slot o o )
(.., the narrow slot ) and the floating strip.,,). The number £ @ 315 M8 €0 1008 S o O . ana
of functions is increased systematically until five figure€6f remain  yhe corresponding coupling factof’} versus the lateral slot widths{). The
unchanged. The table shows a very fast convergence pattern. Numeggbstrate and strips separatic) 4re as in Table I.
errors and unstabilities are avoided thanks to the use of special asymp-
totic techniques to compute the Galerkin matrix entries. In this way,
if the number of basis functions is increased, the numerical results re-
ported in Table | do not change at all. This gives us high confidence in
the numerical code. As was expected, the number of functions required
to approximate the charge density or the electric field is larger for larger
domains. In case a surface charge integral equation were used for both
metallized interfaces, a large number of functions would have to be em-
ployed on the ground plane. In fact, the results appearing in the last row
in Table | have been computed using that formulation such as imple-
mented in [10]. Note that the agreement with the results in this paper is
very good. However, much more CPU time was required by the code
based on [10], which was designed for strip-like structures. Of course,
a large number of functions would have been required to approximate
the electric field along the floating conductor plane. Therefore, our hy-
brid integral equation is responsible for an important enhancementeyf 3. same curves as in Fig. 2, but for a structure with a cover substrate (see
the numerical efficiency when compared with strip-like or slot-like oritop figure). Dimensionsk; = 0.61 mm, h; = 0.135 mm,s = 0.2 mm,
ented codes. Since CPU time involved in the analysis of this structure = 0 (solid lines) orw,; = 2w + s (dashed lines). Dielectric constants:
is very small, our computer program could be used for the CAD of thig = 10, €2 = 2.53.
device.

It can be seen in Table I that, if the number of basis functions tke asymmetric distribution of the charge on this conductor when one
too low, nonphysical results are obtained: the compatedparameter of the coplanar strips is excited and the other are grounded.
is positive until at least two basis functions are used on the floatinglt was stated that the addition of the floating conductor to the cou-
conductor. This is because a single basis function does not accounidied CPW structure increases coupling factor. This fact is illustrated




IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 49, NO. 1, JANUARY 2001 227

in Fig. 2. This figure compares the results obtained for a CPW direformance of the method has been demonstrated using, as an example, a
tional coupler section with and without the floating strip. The separaeplanar-waveguide coupled section with a floating strip intended for
tion distance between the signal strips has been set to a physically reareasing coupling and reducing size.

izable value for hybrid microwave integrated circuit (MIC) technology
(s = 0.2 mm). For practical design purposes, we have calculated and
plotted the values o# yielding Z, = vZ.Z, = 50 Q (Z. and Z,

are, respectively, the even- and odd-mode characteristic impedances ¢f] D. W. Kammler, “Calculation of characteristic admittances and cou-
the coupled system). The coupling fact@iis also plotted: solid lines pling coefficients for strip transmission linedBEE Trans. Microwave
stand for the case in which no floating conductor exists and dashec{z] ghgoa’oue;%"g'j'\g;lﬁ' Pp. 925937, Nov. 1968.

. . . ] . .E. ,J.d. g, and Y. L. Chow, “A multipipe model of general
lines stand for the case in which the width of the floating conductor ™~ gt transmission lines for rapid convergence of integral equation sin-
is set tow; = 2w + s (larger values ofv s do not lead to significant gularities,”|EEE Trans. Microwave Theory Techol. 40, pp. 628—636,
increasing ofC' [8]). It is clearly seen from Fig. 2 that the use of the Apr. 1992.

floating conductor presents two advantages: first, as expected, the cod3] E-Drake, F. Medina, and M. Horno, “Improved quasi-TEM spectral do-
main analysis of boxed coplanar multiconductor microstrip lind=2E
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