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Surface-to-Surface Transition via
Electromagnetic Coupling of Microstrip and
Coplanar Waveguide

JOHN J. BURKE, STUDENT MEMBER, IEEE, AND ROBERT W. JACKSON, SENIOR MEMBER, IEEE

Abstract —A structure is described which forms a transition from copla-
nar waveguide on one substrate to microstrip on another. Energy is
transferred via electromagnetic coupling rather than with wire bonds. A
full-wave formulation along with the theory of asymmetrically coupled lines
is used to analyze the transition. Two model transitions were built and
tested. Theory and measurement show good agreement when the coupler
length to width ratio is larger than 0.6.

I. INTRODUCTION

IRE BONDING is currently the method most often
used to connect one microwave module (GaAs chip,
hybrid printed antenna) to another. At millimeter-wave
frequencies, wire bonding can seriously degrade circuit
operation and is very labor intensive. In large phased array
antenna systems with tens of thousands of elements, elimi-
nation of critical wire bonds is likely to improve perfor-
mance and reduce cost [1].
~ This paper describes a method of coupling from a copla-
nar waveguide transmission line on one substrate surface
(possibly a motherboard) to a microstrip transmission line
on another (an MMIC or hybrid circuit). Coupling is
achieved electromagnetically and no wire bonds are neces-
sary. Fig. 1 shows the configuration in which a “chip”
substrate having microstrip circuitry is connected to a
coplanar waveguide feed line on a “motherboard” sub-
strate by merely placing one substrate on top of the other.
The ground plane of the “chip” is removed in the area
over the coupling region. Elsewhere, the chip and mother-
board ground planes coincide. A related structure has been
described previously in which a coplanar waveguide “chip”
was coupled to a coplanar waveguide motherboard [2].
Since microstrip is a widely used circuit medium, the
transition described in this work should be of interest to
workers in the MIC field.

In what follows, the transition is modeled as a set of
coupled lines with two of the four possible ports termi-
nated in open circuits. These lines are asymmetrically
coupled to each other and therefore require a more compli-
cated analysis than the symmetric coupler previously de-
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Fig. 1. Schematic drawing of CPW motherboard and electromagnet1—

cally coupled microstrip chip.

scribed in [2]. A coupled line full-wave analysis is very
briefly outlined in the following section, with special note
made of the various impedance definitions necessary. Sec-
tion III describes experimental models which were built
and tested. The effects of substrate characteristics and
discontinuities are described in Section IV.

II. ANALYSIS

The structure shown in Fig. 1 consists of a four-port
coupled line section with one port connected to an input
line on one surface, one port connected to an output line
on the other surface, and the remaining ports terminated
in open circuits. Fig. 2 shows a cross section of the
coupling region assuming no motherboard is present. Since
there is no up—down symmetry inherent in this problem,
asymmetric coupled line analysis [3] must be used. Also,
the cross-sectional size of the structure is a significant
fraction of a wavelength and therefore the propagation
constants and impedances should be determined using a
full-wave analysis. '

A. Asymmetric Coupled Line Analysis

Fig. 2 shows the current configurations for the two
asymmetric modes which are used in the analysis of this
coupler. It should be noted that for the 7 mode, the total
current on either side conductor is at least an order of
magnitude smaller than the total current on the center
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Fig. 2. Schematic of current configurations for each mode.

conductor. It is for this reason that no direction is indi-
cated for the = mode side conductor current. Using quasi-
static assumptions, Tripathi [3] has derived an impedance
matrix which can be applied to this problem (two of the
possible four ports are open-circuited):

[le Zl3:|
Z31 ZBB
- Zy cotf.L ~K_cscB.L
12K, /K. | — K, cscB.L  K2cotp.L
o Za cotf, L — K. cscB,L 1)
I1=K_/K,| - K.cscB.L  K?cotB,L
where
7, - (22)
= a
<J ch
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Zﬂj:z;, j=101‘2 (2b)
Icl
k=7 (3a)
Iﬂl
K, =— (3b)
1712
Z Z
_ZL;% = Z”r2 = KCKW' (4)
cl 7l

The ¢ and 7 subscripts refer to the two modes illustrated
in Fig. 2. The currents I, (1) and I, (I,) refer to the

E; (k,,) o (=B.k,,) 04 (=B.k,,)
(k) || @55 (= Boky) Qi (= B.K,)
Er(k,) | @0 (=B.k,) 057 (=B.k,,)
i (k) | L@ (=B k) 05 (=B.k,,)
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Fig. 3. Configuration used in the analysis of the microstrip CPW
coupler.

total longitudinal currents of the ¢ and 7 modes on the
conductor labeled 1 (2) in Fig. 2. The voltages V,; (V,,)
and V, (V_,) refer to the potentials of the ¢ and # modes
on the conductor labeled 1 (2) referenced to the side
conductor potential. The constants K, and K, defined
here are equal to — R_ and — R, defined in [3]. For a
quasi-static case, the impedances Z,, Z,, Z,;, and Z_,
are uniquely defined by (2). In the full-wave case, these
impedances are not uniquely defined, and modifications
must be made in order to ensure power conservation.
These modifications will be discussed in the next section.

B. Full-Wave Analysis

Fig. 3 shows the geometry of the microstrip CPW cou-
pler in a perfectly conducting box. The sidewalls of the
box are set far enough away to have a negligible effect on
the modes of interest. Enclosing the structure introduces
one additional mode, but this mode has no effect on the
physical structure which is to be analyzed and is therefore
neglected.

Since the spectral-domain method is well known [4], [5]
and the derivation of the Green’s function is similar to [2],
it will be described only briefly. The discrete Fourier
transform of the current densities on the conductors and
the electric fields tangent to the surfaces at z =+ d, are
related by the discrete Fourier transform of the Green’s
function as follows:

o (=B, 05 (=Bky) || L (Ky)
0 (=Bk) Qo (=B k) | () |y
;Ler(_B’kyn) ;_v_(*lg’kyn) ;+(kyn)
Q;y+(_'8’kyn) Q;y_(*'B’ky") J;—(kyn)
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where the + signs refer to the surfaces z= +d,. The
discrete Fourier transform is defined by

F(k,) = [ F(p)e s ay (63)

—a/2
1 =

F(y)=; Y F(k,,)e’n (6b)
niw

ky,,=7. (6¢)

The longitudinal currents are assumed to be symmetric
around y =0 and the transverse currents are antisymmet-
ric. In order for the fields to have the proper behavior at
the sidewalls and due to the symmetries in the assumed
currents, n takes on only odd values. The derivation of the
Green’s function in (5) is outlined in Appendix L

The strip current densities are expanded in terms of
known basis functions f,;, and f,, such that

N,
‘i:J(kyn) = /¥1Alj1 :{(ky,,), i=xoryand j=+ or —
(7)

where A/, are unknown constants, the index i refers to
direction, the index j refers to surface, and the index /
refers to the order of the expansion function. Applying
Galerkin’s method along with Parseval’s theorem, we ob-
tain a set of algebraic equations for the unknown coeffi-
cients 4J,. A typical matrix element is described by

(Z)p= X Fi- k)0 (= Bk k).
(®)

The values of B which make the determinant of the
characteristic matrix equal to zero are the propagation
constants for the ¢ and 7 modes. The following functions
have been chosen for fj(y):

coslm(y' /S, +0.5)
(y) = = %)
P o= ()
sinlw(y’/S, +0.5)
[i(y)= = (10)
82 ()
Y=y=Y

where S, is the strip width and y, is the center of the kth
strip (k depends on j).

Once the propagation constant and expansion coeffi-
cients are determined for each mode, the ratios K, =1, /1,
and K_=1_,/1_, can be determined, where I, I, I,
and 7_, are the total Jongitudinal current on the appropri-
ate center conductor for the appropriate mode. In addi-
tion, the power flow for each mode can be calculated
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Fig. 4. Typical computed (a) impedance and (b) effective permittivity
for a single substrate transition with dimensions of W,,=1.15 mm,
$;=2.0 mm, §;+2W=60 mm, S$,=120 mm, d.=127 mm, and
F=4.5 GHz.

according to

1
PM=ERe[./f(EyH;*—EzHy*)c’Wdydz . (1)

These quantities are then used in the definition of the
full-wave ¢ and 7 impedances.

In order to ensure power conservation, Z,, Z., Z,,
and Z_, are constrained to satisfy

1 1
P' = __chllcllz + EZ(.2|IC2l2

¢

(ch + ZC2/JK(.’2) |IL’1|2

(12)

2

1
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P:
2

T

(13)

Two further constraints are necessary for a unique defini-
tion of the four impedances. In the low-frequency limit,
the impedances should revert to their quasi-static values.
To ensure that this happens, equations (4) are imposed as
constraints. Combining (4), (12), and (13) yields the fol-

1
= E(ZW1+ ZWZ/K;rz)llelz‘



522

lowing expressions:

= 2k 14
24T 2K, /K )P (14)

2P,
‘0= UZK. K, LP (15)

with Z_, and Z,, determined from (4).

Fig, 4 shows representative impedance and propagation
constants for a set of coupled lines which could form a
transition from one side of a substrate to the other (no
motherboard). Referring to Fig. 3, {¢,€5,¢,} are set to
one and {d,, d,} are made large. Fig. 4 shows the resulting
impedance values versus substrate thickness, 4. Note that
as substrate thickness increases the ¢ and # mode
impedances move toward each other, indicating lower cou-

pling.
IIL.

In this section experimental results are presented for two
couplers which have been designed using the previously
described analysis. At present, there is no definitive design
method. A particular set of substrate characteristics and
frequency is defined by the application. A trial size S} +2W
is then chosen and fixed while W and W,, are varied. Each
set of values results in a set comprising Z 4, Z.,, Z.1, Z,5,
B., and B,, which are then combined with equations (1) to
describe the two-port. A possible design is achieved when
a 50 Q impedance is seen at the input while the output is
terminated in 50 Q. If no design is achieved, S, +2W is
increased and W and W,, are again varied and so on. The
coupler length is initially set at a quarter of the average of
the mode wavelengths and later adjusted for best band-
width and match. The width of the CPW ground plane, S,,
is made large enough that the coupler response is indepen-
dent of it.

REsuLTS

A. Single-Substrate Transition

A single transition was constructed between CPW and
microstrip on opposite sides of a single substrate (Duroid
6010.2, 1.27 mm thick, ¢,=10.2). No motherboard was
involved in this case. The dimensions of the coupler (see
Fig. 3) are as follows: W, =1.15 mm, S;=2.0 mm, S, +
2W=6.0 mm, d,=1.27 mm; the length of the coupled
region, L, is 7.0 mm and the gap size, g, is 1.0 mm.
Measured return loss, shown in Fig. 5, is better than 20 dB
over a 35 percent bandwidth. This measurement is of the
coupler de-embedded from its two coax transitions using
the time-domain option on an HP-8510 network analyzer.
The measured insertion loss (including coax transitions) is
about 0.7 dB in the passband. Also shown in Fig. 5 is the
return loss predicted using a full-wave and quasi-static
analysis. The quasi-static analysis was performed for com-
parison and is described in Appendix II. Both methods
show good agreement with the measured results.

Two more single-substrate transitions were designed for
operation at 10 GHz. Both were built on Duroid 6010.2.
The first had dimensions of W, =1.3 mm, S;+2W =170
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Fig. 5. Measured |Sy,] for the single substrate transition (ses), full-wave
(—), and quasi-static (——-).

mm, §;=1.25 mm, d,=1.27 mm, and L= 3.0 mm. Poor
agreement between theory and measurement was observed.
This is likely to be due to the small ratio of length to width
in this design (see Section IV). The second design had
dimensions of W, =0.6 mm, S§;+2W=3.0 mm, $;=
0.4 mm, d,=0.635 mm, L=30 mm, and g=0.3 mm.
Measurements of this transition showed a return loss of
better than 20 dB over a 49 percent bandwidth and were in
good agreement with theory except for a center frequency
which was observed to be 8 percent lower than predicted.

It should be noted that there is a degree of freedom in
choosing the size of the gap which forms the open end of
the CPW part of the coupler. For the single-substrate
coupler, a gap size of roughly 10 percent of the total length
has been found to give the best results in terms of band-
width and match. It has also been determined (empirically)
that the microstrip part of the coupler should extend over
the entire length of the coupler including the gap.

The coupled transmission line model (see inset to Fig. 5)
agrees best with measured results if the model coupling
length is defined to be the length of the CPW center
conductor plus the size of the gap. The coupler described
in the next section requires a more complicated model.

B. Chip to Motherboard Transition

Fig. 6 shows the dimensions for a two-transition mi-
crostrip to CPW coupler (again, using Duroid 6010.2 sub-
strates). The first transition is from a CPW motherboard
(d,,=d;=0.635 mm) to a microstrip chip (d,=2d,=
0.635 mm) and the second returns the signal to the CPW
motherboard. The measured return loss of the two transi-
tions combined is shown in Fig. 7 and is better than 15 dB
over a 47 percent bandwidth. Again, the transitions were
de-embedded from the coax connectors. The insertion loss
of the entire structure (including coax to CPW transitions)
is about 1.7 dB. Fig. 7 compares the measured return loss
to the predicted return loss using the full-wave analysis.
Good agreement with the measured return loss is apparent
over most of the band. A quasi-static analysis of this
structure (not shown) agrees with the full-wave results at
low frequencies, but above 7 GHz they disagree signifi-
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Fig. 6. Test configuration: (a) top view of chip, (b) cross section, and
(¢) top view of motherboard with dimensions of W,,=2.0 mm, $; =
0.75 mm, S, +2W =50 mm, L=4.5 mm, L, =35 mm, g=1.0 mm,
d,,=d, =0.635 mm, W, =0.56 mm, and L, =17.0 mm.
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Fig. 7. Measured (eee) and predicted (——) |S};] for the test configura-
tion in Fig. 6.

cantly. This can be attributed to the presence of the high
permittivity (10.2) motherboard, which causes greater dis-
persion than might be encountered in a single-substrate
coupler.

As in the single-substrate coupler, the best choice of gap
width was determined empirically. In this case, it amounted
to about 20 petrcent of the total transition length.

Modeling this structure is slightly more complicated
than modeling the single-substrate transition. The best
agreement between theory and measurement is obtained if
the physical transition is modeled by an ideal coupler of
length L, followed by a short piece of transmission line of
length g (see inset to Fig. 7) which models the effect of the
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discontinuity over the gab. The impedance and electrical
length of this last piece of line are obtained by analyzing
Fig. 3 with the center CPW strip (width S;) removed.

IV. DISCUSSION

In modeling these transitions using a coupled transition
line analysis, it is assumed that the discontinuity effects do
not dominate the structures’ electromagnetic behavior. This
suggests that the length (L) to width (S;+2W) ratio
should be large for proper agreement between theory and
experiment. The transitions described in Section III have
length to width ratios of 1.2, 0.45, 1.0, and 0.9, respec-
tively. Only the second ore showed a poor agreement with
theory. We have also fabricated a transition with a length
to width ratio of 0.6 and obtained good agreement with
theory except at the high end of the band.

In order to determine the suitability of this transition for
millimeter integrated circuit applications, several paper
designs have been completed. A 35 GHz transition from a
0.127 mm alumina motherboard to a 0.1 mm GaAs chip is
computed to have the following dimensions (see Fig. 3):
S, =150 pm, S; +2W=1000 pm, W, =400 pm, and L=
880 pm. A 0.254 mm quartz motherboard was also consid-
ered. This transition is computed to have the following
dimensions: S$;=100 pm, S$;+2W =700 pm, W, =
240 pm, and L =990 pm. The size of the new transition is
too large for use in current MMIC circuits (1 mm X2 mm)
but may have applications in larger IC’s which will be used
in the future [1].

V. CONCLUSIONS

A transition has been developed for coupling a mi-
crostrip line on one surface to coplanar waveguide on
another. Asymmetric coupled line theory and a full-wave
analysis were used to predict the behavior of this transi-
tion. Measured results show reasonably good agreement
with theory as long as the transition length is sufficiently
long in comparison to its width.

This transition is likely to have applications in large
integrated or hybrid circuits where wire bonds are undesir-
able.

APPENDIX I

The fields in each layer of Fig. 3 can be obtained from
the z-directed magnetic and electric potentials in each of
the four layers by

Y =Cplcosk,(d,+d,—z)
gs=Ctsink,(d, +d,—z)

Y =Cpcosk,z + Dysinkyz

¥4 =Cfcosk,z + DSsink,z

Y7 =Cy"cosky(d, + z)+ DJ"sin ky(d, + z)
Y =Cscosky(d,+ z)+ Dfsinky(d, + z)
Y7 = CJrcos ky(dy+dy+d,+2z)

Yo =Cgsink,(dy+dy+d,+z). (A1)
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Here k,= (¢,k§—k}~k})'/?, the subscripts i=1, 2, 3, 4 TE, = k,sin k,d,TE;s+ k,cos k,d,TE,

refer to the different layers, and

cpr =g+

j(kl/el)(kxj;d + ky‘];l) ) TM,sin kd,
k}+k; DM

m
Cll -

. j(k3/€3)(kx]:c2 + kyfyz) ) TM,TM;
2 k2+k2 DM
G =0+
T’OkO(ka:cl_ka;l) TE,sin kyd,

Y NS DE
ce — noko(kyfzcz_ kxj;2) ) TE,TE;
2 k2+k? DE
TM, ™,

D= (_ v, A TMZ%)
Dez(zgce_ﬂce)
> \TE, * TE, *

ek, "o m .
cr= (= Crsink,d, + Dy cosk,d,) /sin k,d,

C¢ = (Cfcosk,d, + Disink,d,) /sin k,d,

C{ =Cjcosk,d,— Disink,d,
€3k, .
D= (Crsinkyd, + Dy cosk,d,)
€,k
. TEs o TMst
Di= g G PoTM
Cf = (Cicoskydy— Dfsink,d,)/sink,d,
" €4k s - .
Cr=-— (Cysinkydy + Dy*coskydy ) /sink,d,
3Ky
ks , kil
TM,=|— |cosk;d;sink,d,+|— |sink,d, cosk,d,
€2 €
k2 kl P .
TM,=|—|coskd,cosk,d,—| — |sink,d, sink,d,
2 €
ky ks
TMy=|— {sink,d,TMs;+| — |cosk,d,TM;
€ €
Kk ks
TM,=|—|cosk,d,TMy;—| — |sin k,d,TM;
€ €3
ks . kq .
TM;=|—jsinkqd,coskd,+| — |cosk,d;sink,d,
€, €4
k3 k4 . .
TMg=|— |coskyd;cosk,d, — < |sin kydysink,d,
€3 4

TE, =k, cosk,d,cosk,d, —~ k,sink,d, sink,d,
TE, =k cosk.d, sink,d, + k,sink,d, cosk,d,
TE,=kycosk,d,TEs— k,sink,d,TE,

TE;=k,coskyd,cosk,d, — kysink,d,sink,d,
TE;=k,sinkydscosk,d,+ kycosk,d,sink,d,
DM =TM,TM, + TM,TM,

DE=TE\TE,+ TE,TE,. (A2)
The Fourier series amplitudes are then obtained from

> 5 . 1 = = .

E =—V X{%+ - XV X Y7mE

JOWEE,
A 1 % =
H =V XY7i+ - XV XY
J@o

where

APPENDIX II
QUASI-STATIC ANALYSIS

The discrete Fourier transform of the charge densities
on the conductors in Fig. 2 and the potential at the
surfaces z = + d, are related to the Fourier transform of
the quasi-static Green’s function [6] as follows:

‘g(kyn’dz) Gll(kyn) GlZ(kyn) 51(kyn)
$(kys~dy) | | Gulkyn)  Gulk,,) || Balk,)
(A3)

where p, is the charge density on the microstrip line, and
p, is the charge density on the CPW. The charge density is
expanded into a series of the form

N,
ﬁz(kyn)z ZBII tl(kyn)7 i=lor2 (A4)
=1

where f,(kyn) are the Fourier transform of known func-
tions (eq. (9)), B,, are unknown coefficients, and the index
i=1 or 2 refers to the surfaces at z=d, and —d,,
respectively.

The standard Galerkin procedure is then applied in
order to obtain the unknown B, in terms of given poten-
tials on each of the lines. A capacitance matrix results
which is then used to determine 8., B,, Z4, Z.,, Z,;, and
Z., in a manner similar to that in [3].

7l
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