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A Directional Coupler of a Vertically
Installed Planar Circuit Structure
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Abstract —A new type of directional conpler is fabricated installing a

second printed circuit board on a main board. Experimental results agree

well with a numericaf cafcnfatfon based on the boundary element method.

Compact and low-cost couplers can be created with a wide range of design

parameters.

I. INTRODUCTICIN

I N DESIGNING hybrid integrated circuits in UHF or

microwave frequencies, it is sometimes necessary to

fabricate 3-dB couplers in limited space. A conventional

narrow-side coupler which consists of two parallel micro-

strip lines can be used for such purpose. However, its

inherent weak coupling nature makes the gap between the

two strips so narrow that a precise control of the gap

spacing is required. An easier way of realizing a 3-dB

coupler on stripline circuit is to use a hybrid ring, which

requires much more space on the circuit board. Several

stripline configurations have been proposed to overcome

this difficulty [1]-[3].

In this paper, we propose a new design of involving a

simple, practical structure for realizing a 3-dB coupler on a

printed circuit board. A VIP (vertically installed planar)

circuit consists basically of broadside coupled lines verti-

cally installed on a main rnicrostrip line circuit [4]. A

typical directional coupler using a VIP circuit is shown in

Fig. 1. Through conventional narrow-side coupling, it is

not easy to have strong coupling between two adjacent

microstrip lines. On the other hand, in the VIP configura-

tion, the vertical substrate contributes to a strong coupling.

The newly added vertical substrate significantly in-

creases the freedom of design parameters. Coupling

parameters can be easily controlled by changing either the

dielectric constants or the thicknesses of the substrates.

This makes almost any coupling constant available along

with good isolation and a suitable input impedance. Be-

sides, the three-dimensional structure makes good use of

the space, resulting in a compact circuit structure. In fact,

the occupied area of a VIP 3-dB coupler is as small as a

Lange 3-dB coupler and more than five times smaller than

a hybrid ring. Employing a high-Q substrate only for the

vertical part of the VIP circuit, one can easily realize a
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Fig. 1. Structureof a VIP directional coupler.

low-loss 3-dB coupler. It does not increase the material

cost very much since one can still use inexpensive material

for the main substrate such as glass epoxy. This feature is

especially important when it is used in the mass produc-

tion of consumer items.

We will compute the characteristic impedances for even

and odd modes of VIP coupled lines making use of the

boundary element method (BEM) [5], and these values will

be substituted into the general formulas for the response of

symmetric coupled lines to give the VIP directional cou-

pler characteristics.

Comparison of the theoretical and experimental results

will show good agreement together with a relaxed toler-

ance in fabrication.

II. EFFECTIVE DIELECTRIC CONSTANTS AND

CHARACTERISTIC IMPEDANCES,FOR EVEN AND ODD

MODES IN VIP COUPLED LINES

It is postulated that the propagation is in quasi-TEM

mode, so that the capacitance between the signal line and

the ground plate is the essential quantity. The effective

dielectric constant and the characteristic impedance are

computed as

Ce= c/c~ (1)

—.‘0=&:(:. (2)

where c is the light velocity in free space, and C and Co

are the capacitances between the two conductors of unit

length along the transmission line with and without the

dielectric materials, respectively.
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Fig. 2. Cross-sectional view of a VIP coupler. 1 -first dielectric sub-

strate ( C,l ); 2 –second dielectric substrate ( C,2); 3 –coupled distribu-

tion line on second dielectric substrate; 4 –distributed line connected

to coupled distributed line; 5–ground plate; 6–symmetry plane; 7–
soldering.

Now we will proceed to obtain the capacitances C and

CO, adopting the BEM. We divide the boundaries into

small elements; that is, we use the Gauss–Green formula

governing the field and its derivative on the boundary:

I ads . a**
(3)

This formula is discretized into

This is a set of m simultaneous linear equations for m

unknowns, where

+ potential at the boundaries,

8+
normal derivative of potential at the boundaries,

an
r boundaries including the electric or magnetic walls

and the borders of two adjacent materials,
1

~. two-dimentional Green’s function: – > In r,
2 m

r distance between ith and jth elements,

i3 J serial numbers of the boundary elements.

On electrodes (electric walls) the +,’s are known while the

6’+, /d n‘s are unknown. On magnetic walls, however, the

i?+, /8 n‘s are known (zero) while the +,’s are unknown.

Across the boundaries of different materials, @, and

a+, /an should be continuous. The number of unknown
variables and equations should coincide, so that we can

solve the simultaneous equations numerically with the aid

of a computer.

The quantities 6’+/8ir on the electrode calculated above

are integrated to obtain the total charge on the electrode

and consequently the capacitances C and CO between the

electrode and the ground plate. One can find the character-

istic impedance and effective permittivity by substituting

these capacitances into (1) and (2).

The cross-sectional view of the VIP coupled lines is

shown in Fig. 2. Noting that it has a symmetric structure,

the electric field distribution for even and odd excitation is

I

n

I

(a) (b)

Fig. 3. Electric field distribution for (a) even and (b) odd modes.
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Fig 4. A set of parameters for numericaf calculation
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Fig, 5. Effective permittivities and characteristic impedances versus

permittiwty of main substrate (fl = 0.8 mm, C,2 = 2.15, t2 = 0.8 mm,

h = 3.5 mm, d= O).

roughly depicted in Fig. 3. In the BEM calculation, the

vertical line of symmetry is taken as magnetic and electric

walls for even and odd mode, respectively. When we create

a directional coupler it is important to have equal propa-

gation constants, i.e., equal effective dielectric constants,
E,e and C,O, for even and odd mode. Otherwise, we will

have a poor return loss and directivity in the passband. In

order to satisfy this condition, it is necessary to keep

C,l > (,2, because more electric flux passes through free

space in the even mode excitation (see Fig. 3).

We have shown in Fig. 4 a basic set of parameters with

typical numerical values. Calculation was carried out usirw-. .
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Fig. 6. Effective permittivities and characteristic impedances versus

perrnittivity of verticaf substrate (c,, = 4.5, t, = 0.8 mm, t~ = 0.8 mm,

h = 3.5 mm, d = O).
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Fig. 7. Effective permittivities and characteristic impedances versus
electrodeheight on verticaf substrate(C,I= 4.5, tl = 0.8 mm, C,z= 2.15,
Zz= 0.8 mm, d = O).

the values in Fig. 4 urtless otherwise specified in each

figure. Examination of the calculated results in Figs. 5 and

6 notifies us that the permittivity of the vertical substrate

determines ZOOwhile that of the main substrate gives 2.,.

This property is well understood referring to Fig. 3(a) and

(b): the electric flux is strongly confined in the vertical

substrate for the odd mode and in the main substrate for

the even mode.
Fig. 7 indicates the same tendency as Fig. 6; that is, the

variation of the electrode height on the vertical substrate

mainly affects the odd mode. The thickness of VIP sub-

strate, on the other hand, exerts influence on both modes

(Fig. 8). It is physically understood from Fig. 3 that the

odd-mode impedance decreases with thinner vertical sub-
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Fig. 8. Effective perrnittivities and characteristic impedances versus

thickness of vertical substrate (6,1= 4.5, tl = 0,8 mm, <,2= 2.15, h = 3.5
mm, d = O).
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Fig. 9. Effective permittivities and characteristic impedances versus

electrode height of verticat substrate in the case where d # O.

strate, while the even-mode impedance increases at the

same time.

If a supplemental electrode 5 is added on the main

substrate beside the vertical electrodes (i.e., d > O), not

only does the characteristic impedance of the even mode

decrease noticeably, but the effective permittivity of the

even mode increases destructively. In order to keep almost

the same value of the effective pmnittivity as that of the

odd mode, it will be necessary to use a thicker material or
a material of lower permittivity for the main substrate.

Taking commonly available materials into consideration,

we have calculated the dependence of the impedances on

the electrode height of the VIP substrate. The result (Fig.

9) shows that the permittivity of the main substrate is still

too large to obtain the required effective permittivity. But
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it will be relieved by selecting a VIP substrate of higher

permittivity.

In practice, the main substrate is often predetermined

not ohly by its electrical characteristics but also by such

other requirements as cost, availability, and size. Hence, it

is most probable that one has to tune ZOO by arranging the

parameters of the vertical substrate on the given main

substrate (given ZO,). Therefore, selection of the vertical

substrate will involve considerations of material thickness

and electrode height.

III. SCATTERING MATRIX OF COUPLED LINES WITH

STRUCTURAL SYMMETRY

The eigenvectors of a coupled line with twofold symme-

try shown in Fig. 1 are known to be

rll r 11

The corresponding eigenvalues are derived in the following

way. Let the relation between voltages and currents at four

ports be set as

Suppose now that the current vector i equals the eigen-

vector al, or unit currents flow into all ports. In other

words, two lines are excited symmetrically. The current at

the center of the coupled line is zero in this even-mode

excitation, the line being virtually open-circuited there. For

this mode, the following relation holds:

VI u’ v, 0zl=T=T= -=:=–jzoecot J (7)
11 1’ 13 1, 2

where ZOe and 8, are the characteristic impedance and

phase angle for the even mode, respectively. The quantity

ZI is the eigenvalue for the eigenvector UI.

In the same manner, we can find the remaining relations

as

e,
22 = J“ZO=tan —

2

e.
Z3 = — J“zooCOt —

2

80
z, = J“ZOOtan —

2
(7’)

where ZOO and 90 are the characteristic impedance and

phase angle for the odd mode, respectively.

From the general relation between the impedance matrix

[Z] and the scattering matrix [S],

[s]= {[z] -[ I]}/{ [z]+[I]}
the eigenvalue of the [S] matrix is written as

Z1—l
~z=——...—

Zi+l”
(8)

We can find the S matrix of the symmetrical coupler as

[S]=: [al 4 443 ti,]. diag[sl S2 s, s,]

“[~, 4’ 4, a,]-’

I 11

1 1 1 ~1 o-
l;l–l–l s’

.—
–1 1 –1 s~

1 –1 –1 1 0 s,

il I111 1 -1

.11–1–1
1 –1 1 –1 “

1 –1 –1 1

(9)

The above equation yields the characteristics of the cou-

pler:

[s] =

where

)a=(sl–.s2+.s3-s4/

(lo)

p=(~,+s’-~,-S4)/4
y=(s1+s2+,s3 +.s4)/4

8=(s1–,s2-,s3 +s4)/4. (11)

It will be convenient to prepare a chart for coupling,

directivity, and input return loss versus ZO, and ZOO. It is

possible to design a directional coupler with the desired

characteristics using this chart, because ZOe and ZOO can

be controlled almost independently in a VIP coupler, as is

explained in the next section.

The coupling is defined to be the ratio lj3/al, the direc-

tivity is iii/al and the input return loss is 1/ Iyl.

Approximate values of a, ~, y, and 8 are estimated

using (7), (8), (10), and (11) with the assumption 19e= 190=
??/2:, —.

(Z,e + %.)(l+ %?%.)

a=J (l+z:e)(l+z;o)

Z:ez;o

y= (1+ .&)(lilz;o)

~ = ~(zoe– Zoo)(zo,%o -l)
(l+z;e)(l+z;o)

(12)
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Fig. 10. Chart of coupling andreturn loss versus normalized even- and

odd-mode impedances.

where Zoe and ZOO are even- and odd-mode impedances

normalized to the characteristic impedance of the input or

output line to be connected. The effective dielectric con-

stants of both modes are assumed to be equal and the

signal frequency is taken at the center of the band in (12).
Fig. 10 shows the values of coupling and return loss of

the VIP circuit with respect to even- and odd-mode imped-

ances. It shows that a directional coupler of satisfactory

characteristics can be realized for wide range of Zoe and
ZOO values. For example, a 3-dB coupler (coupling= O dB)

has a return loss of more than 20 dB when ZOOis in the

range of O.M < ZOO< 0.5 and Zoe is adjusted according to

Fig. 10.

In above calculation, we assumed 8.= 6., although the

discrepancy can be as much as 10 percent, as shown in

Figs. 5–8, depending on the parameters of the VIP cou-

plers. This discrepancy usually degrades the input return

loss and isolation, and shifts the center frequency of

optimum operation of the directional coupler- These ef-

fects wiIl be examined in the next section.

IV. CHARACTERISTICS OF VIP COUPLERS

The frequency characteristics of the VIP coupler which

is shown in Fig. 4 have been calculated and are shown in

Fig. 11. Experimental results are also shown with broken

curves. A test sample was made using a glass-epoxy sub-

strate as the main board and a Teflon substrate as a

vertical piece. The theoretical and the experimental curve

of the coupling {.s21I and the insertion loss in the through

line ]S311agree well, although there is some dissipation loss

and a small shift of the center frequency. The discrepancy

between the theoretical and the experimental values in the
return 10SS l.sill and the direetivity Islll is mainly caused by

the residual return loss in the measurement system, which

is above 25 dB.

The magnitude of scattering matrix elements Islll, I.szll,

Issll, and Is.ll at the center frequency of the useful band
were calculated and are shown in Figs. 12 through 15. It is

seen in Figs. 12 and 13 that the coupling Isall and the
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Fig. 11. Frequency characteristics of scattering matrix elements, theo-
retical and experimental (c,l = 4.5, q = 0.8 mm, t., = 2.15, tz = 0.8,..
mm, h = 4.0 mm, d = 0).
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Fig. 12, Scattering matrix elements versus permittivity of main sub-

strate (tl = 0.8 mm, C,2 = 2.15, Z2= 08 mm, h = 3.5mm, d = 0).

insertion loss in the through line [,s311do not change

appreciably if the permittivity of the main or vertical

substrate changes.

Fig. 14 shows the dependence of the matrix elements on

the height of the vertical crmductor. Both outputs I,s211and

IS311exchange their magnitudes according to the height h.
Experimental results are also shown with broken curves in

the figure. They agree well with theoretical curves.

In practice, as a vertical substrate, one can use a simple

rectangular piece cut from a raw substrate material with

conductors on both surfaces. This simplifies the produc-

tion process of the VIP circuit because the etching process

is omitted in the manufacture of the vertical piece. It also

simplifies the adjustment of the height of the vertical

conductors. We actually used this structure for the experi-

ment in Fig. 14.
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Fig. 14, Scattering matrix elements versus electrode height on vertical

substrate, theoretical and experimental results ( C,l = 4.5, fl = 0.8 mm,

EPz= 2.15, t2 = 0.88 mm, d = 0).

The thickness of the VIP substrate has a strong in-

fluence on the coupling, as is shown in Fig. 15. Since

various substrate thicknesses are available commercially,

the coupling ratio can be easily adjusted.

Even if effective perrnittivities for the even and odd

modes are somewhat different from each other, serious

degradation in the isolation or input return loss is not

observed in Figs. 12–15.

Finally, in order to give a design idea of the VIP

directional coupler, the previous results are summarized

and shown in Fig. 16. Since a 3-dB coupler is our main

concern, only the area of interest of Fig. 10 is shown in the

figure. The source and load impedances are taken as 50 !2.

Several lines are drawn in the figure, which show the even-

and odd-mode impedances for given values of parameters.
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Fig. 15. Scattering matrix elements versus thickness of vertical sub-

strate (c,l = 4.5, rl = 0.8 mm, C,z = 2.15, k = 3.5 mm, d = O).
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Fig. 16. Simplified chart of coupling and return loss versus even- and

odd-mode impedances of VIP couplers (curves labeled C,l, C,z, h, and

t2 correspond to Figs. 5, 6, 7, and 8, respectively; h and [2 are in unit
of mm).

For example, the height of the electrodes on the vertical

substrate is varied from 3.0 to 5.0 mm along the curve

marked h, keeping the other parameters the same as in

Fig. 4. In this way, from Fig. 16, one can find coupling and

return loss for given value of h, which are very close to the

accurate values computed in Fig. 14. This is true for other

curves; therefore, Fig. 16 is useful for the practical design

of the VIP directional couplers.

From Fig. 16, it is also noticed that alteration of the

permittivity Crz of the vertical substrate changes the odd-

mode impedance while the even-mode impedance remains

almost unchanged. On the other hand, alteration of the

permittivity c,1 of the main substrate has a contrary effect.

The tilted line with the thickness t2 of the VIP substrate is

roughly perpendicular to the constant coupling curves.

This means that changing the thickness of the VIP sub-
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strate is most effective when adjusting the coupling ratio of

the VIP circuit.

V. CONCLUSIONS

A directional coupler of VIP structure has been analyzed

making use of the boundary element method. Effective

permittivities and characteristic impedances for both even

and odd modes were obtained numerically and they were

substituted into the scattering matrix formula to obtain the

parameters for a symmetrical directional coupler. The

agreement of theoretical and experimental results was

satisfactory.

Furthermore, a simplified design chart has been drawn,

which is useful because ZO, and ZOO are controllable

almost independently by varying the main and VIP sub-

strates, respectively.

A VIP 3-dB coupler is especially suited for L- or S-band

applications because of its small size and low cost.
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