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ABSTRACT

Coupied strip directional couplers in microstrip suffer from low
directivity due to the inequality of the even and odd mode wave velo-~
cities. The coupling bandwidth of single quarter-wave length couplers
is limited to about an octave within a 1 dB tolerance. The practical
maximum coupling limit for edge-coupled lines on microstrip is about

5 dB, using conventional photo etching technology.

“The purpose of this study was to examine techniques of velocity
compensation, broadtanding, and tight counling, and combine them to
produce high-directivity, broad band microstrip couplers from 3 to 20
dB. A further objective was to develop a design procedure, with
supporting tables and charts, to facilitate the rapid design of micro~

strip couplers and to verify the procedure experimentally.

We concluded that the most effective and simple velocity compen-
sation technique was by means of dielectric overlays over the coupling

gaps. The design procedure developed applies to this method.

The experimental broadband dielectric overlay couplers were 3-
section cascaded couplers. Most 3-dB couplers were tandem connec- i &y
tions of 3~section 8.34 dB units; we also examined the interdigitated ‘?“

coupler technique . |

Bandwidths (1dB) up to 120% were obtained with minimum directivi-
ties of 21, 18, and 13 dB in 3, 10 and 20 dB couplers. Also the experi-

mental results on multi-element overlay couplers corroborated the

design theory very closely for couplers down to about 25 dB.
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dicrostripn Couplers
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1. The purpose of this study was to examine tecinniques of
velocity compensation, broadbanding, and tight couplings
and combine them to produce nign-directivity, broadband
microstrip couplers from 3 to 20 db in the 1 to 10 GKz range.
Extensive material from a number of references has bteen
collected and is set forth as a tutorial review of coupled
line theory. Design curves for both uncompensated and com-
pensated coupiers are presented. The velocity compensation
is achieved by dielectric overlay. Various brcadbanding
techniques, the approacnes to velocity compensation, and
the means of achieving tight coupling, considered during
this investigation are discussed. Included is a computer
program, developed during the course of this work, that can
te used fer analysis of coupler circuitry.

2. A microstrip broadband coupler design can be expeditiousl:
executed with the aid of the curves and the computer program

in this report, thus eliminating the extensive mathematical
analysis necessary for arriving at a proper design.

P. A. ROMAHELLI
Project Engineer
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OCTAVE-BANDWIDTH, HIGH-DIRECTIVITY

MICROSTRIP COUPLERS

i. INTRODUCTION

The transmission line properties and the practical circuit appli-
cations of parallel-coupled-line couplers in balanced stripline have
been the subjects of active investigation since the middle Fifties.
Today, design techniques and data for coupled pairs in stripline and
other hcmogeneous dielectric transmission line media are well-established
and readily available for a wide variety of applications. The reprint
volumes, references 1 and 2, provide a valuable and convenient collec~
tion cf significant papers on coupled line theory and techniques
through 1970.

The situation with respect to microstrip coupled lines is not so
satisfactory. In microstrip, because of its mixed dielectric, the phase
velocities of the so-cailed even and odd mode waves on ccupled lines
are not equal, This property alters the coupling characteristics of the '
lines, in particular by decreasing their directivity. Also, the in- ™
homogeneous dielectric makes microstrip dispersive, so that the wave
phase velocities are {requency dependent. Moreover, the dispersion
characteristics of the even and odd modes on coupled lines are not the ;
same, thereby aggravating the directivity problem in very broad band

applications.

The parameters of microstrip in the low frequency limit have been
calculated by numercus authors by a variety of mathematical techhiques,

The most frequently cited treatment is perhaps that of Bryant and Weis‘sa.
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Similarly, the frequency dispersion chaiacteristics have also been treated
by seveial wofkers4 - 7. Thus the theory relating the electrical to the
physical parameters of the microstrip coupled pair is in good shape. On
the other hand, very little has been published concerning the effect of
unequal velocities on coupler performance, particularly in a form suitable
for practical design work. Several tcchniques for equalizing the velocities
or reducing their difference, and improving coupler directivities have been
reporl:ed,8 -1l but general design data and procedures emploving these
techniques have not been published.

The broad objective of the program reported here was to develop
‘'esign data and procedures for octave-band, high-directivity couplers in
microstrip, and to verify the procedures experimentally. In particular, we
wished to: ‘

1. Study theoretically the effects of unequal mode velocities on
the characteristics of practical microstrip couplers.

2. Explore several velocity compensation techniques and select one
for the detailed design analysis.

3. Develop a design procedure, with supporting tables and charts,
to facilitai: the rapid design of broadband ( >one octave), high directivity
(i 20 dB) couplers. It was desired that the method be applicable over
at least the 2-20 dB and 1-10 GHz ranyges.

In order to make this report a practical handbook for the design of
microstrip coupler networks, we have collected pertinent information from
several sources and woven it into a tutorial review of' coupled~line
coupler theory. Section II, which is fairly analytical, develops the
basic circuit properties of couplers. It starts with the simple homogeneous

symmetrical coupler; we then add asymmetry and finally consider unequal
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phase velocities. Insection 1II we present ti.e coupler design data.
First we cover the uncompenséated coupler based on the microstrip para-
meter data of Bryant and Weiss. Second, we discuss velocity compen-
sation by means of dielectric overiays and provide design curves for
compensated couplers. Finally, Getsinger's dispersion formuls is

discussed.

In the first part of saction 1V, we consider the various broadbanding
techniques, and provide some useful design charts for two- and three-
eiement couplers. In the second part we discuss the problem of achieving

tight coupling, i.e. greater than about S aB, in microstrip couplers.

Section V covers the experimental work, which, after some intro-
ductory materiai, breaks down into five topics. The first concerns the
results on loosely coupled couplers, 8 to 20 dB, and the verification
of the design theory. The ~econd and third treat tight coupling by means
of tandem connections of weakly coupled elements and by interdigitated
structures. The fourth briefly covers cur experiments on sawtooth couplers,

and the fifth presents the results on band pass {filters.

A significant portion of the analytical work included writing a
computer program, CASCADE, to anaiyse the circuit properties of cascaded
direclional couplers. The program coding and user manual are included

here as Appendix D.
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il. PARALLEL COUPLED LINE THEORY

A, The ideal Symmetrical Coupler

Consider first the covpled line transmission line diagrammed
in Fig. 1, consistiny of two identical, uniform parallel conducting strips
above a ground plane and immersed in an homogeneous dielectric. The
line is lossless and it is symmetrical about the central plane between
the strips. This three~conductor system supports the propagation of two
lineariy independent TEM waves, the even, or unbalanced, mode and the
odd, or balanced mode. In the even mode the voltages along the two
strips &re in phase while in odd mode they are 1800 out of phase, as
indicated by the electric field patterns sketched in Fig. 1 b, c¢. Any
TEM wave propasating on the structure can be uniquely decomposed into
its even and odd mocde components. Also it can propagate down to zero
frequency and it is non~dispersive. Of course, higher order, non-TEM
waves can also propagate above their cutoff frequencies, however, we

shail not consider these modes at all throughout our discussion.

When the strips are of finite length, the structure is a
mi crowave four-port network, with the terminals across each strip end
and the ground plane corresponding to a port. The network properties
of the coupler have been analyzed by Jones and Bolljahn 13 who derived

the impedance matrix of the coupled pair ( ¢ f. Fig, 2)
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c) ODD MODE ELECTRIC FIELD PATTERN {SCHEMATIC)

FIGURE 1 THE COUPLED STRIP TRANSMISSION LINE
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_.+ctn=_‘- Z ctn¢ Z cscs Z,cscé
Z ctn- Z ctns Z csce [
- 2 . ne A Z_csc_
Z2=-j Z_csc? Z+csc:-= Z+ctne Z ctns
Z+csc9 Z csc*e Z ctnd Z+ctne {2)

Where Z2 = +
+ (Zoe Zoo) /2

Z =(2 -2 )/2
- oe 00
and Zoe = the even mode impedance, i.e. the characteristic impedance
of one strip to ground with equal curreuts flowing in the same
direction on both strips;
zoo = the odd mode impedance, i.e. the characteristic impedance

of one strip to ground with equal currents flowing in opposite
directicns on both strip and
= = the electrical length of the coupled lines.
These three parameters completely specify the coupler, and, of course,
the impedance matrix completely describes its electrical properties.

However, the impedance matrix formation is not a very illuminating

description as far as the coupling properties are concemed. The scatter-

ing matrix formulation is far better suited to this purpose.
Jones and Bolljahn have also derived the scattering matrix

for the special case when

Zk =\./Zoe Zoo - Zo’ (3) E %‘1
where Zk is the characteristic impedance of the coupler. Under this i
conditon, the coupler is completely matched and has perfec: isolation :
at all frequencies; it is an ideal .our~port coupler with the scattering ’
matrix . -
0 812 0 814 i
_ 812 0 S14 0 5
S = 0 S14 0 Sy :
| 51 0 12 0 (4)
-7
A g*‘A




where S = Jk sin ¢
12 \/l-k ccs 8+ j sin A (5)

! z
V1-k

S =
14 \Jl-k cos 8+ j sin € (6)

Z -Z
oe 00

Zoe + Zoo (7)

The coupler characteristics ars g uite readily deduced from

and k =

Egs. (4-7). S1 5 and S1 4 re the complex voltage coupling and direct

transmissicn coefficients repsectively, The coupling coefficient has

the maximum magnitude of k at the center frequency, fo, when the

coupler is a quarter wavelength long (6= 900) , and at all odd multiples

of fo. The coupling drops to zero at dc and all even multiples of fo'

and the coupling characteristic repeats every 2fo as the frequency

increases. The frequency dependence of the coupling of the ideal coupler

is shown in Fig. 3 for several values of mid band coupling,kp = =20 log k
dB in which the deviation in coupling from the midband value--the

relative coupling is plotted against the normalized frequency f/fo. Note

that for a given deviation the bandwidth decreases as the coupling

becomes looser.

Frequently coupler requirements are specified in terms of a
mean coupling and maximum deviation over & given frequency band Fig.4
shows the bandwidth of an ideal coupler as a function of the midband
coupling for several values of band-edge deviation (recall that this is
one-sided deviation, one-half of the usual plus~or-minus tolerance),
from which one can readily ascertain whether a simple coupler will
suffice or whether one must resort to broadbanding techniques (cf. Chap1V.)

The ratio of coupled to direct wave amplitudes, as given by
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is pure imaginary for all values of k and 6. This means that the phase

of the two waves differ by 900 for all frequencies regardless of the coup-

ling value.

In Appendix A we have derived the coupler scattering matrix for

the general case, when Zy # Zo, that is for the mismatched coupler.

The exact expressions for the scattering coefficients, given by Egs.

A-12, 13, and 14, are quite complex and perhaps of little practicai utility

as they stand. It is, however, informative to consider the case of the
slightly mismatched coupler, Zk zZo, since variations of coupler impe-

dance from the line impedance of a few percent are quite common in

practice.
1f we substitute
Z
k
= —-— =1+ ¢
I =z o

where { <<1, into Eqs. A-13, 14, and expand to first order in { , we
find {irst that the coupling and direct transmission are unchanged.

Second, the reflection and isolation coefficient become

jk. sin 8(cos &+ jk. sin 8)
3 1 ]
11~ (k| cos 6+ sin 9) £ (10)
jk k1 sin 6
and S.. = ¢, (11,

13 (k1 cos 8+ j sin e)z

where k., = \/l-kz.

1
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The mismatch and isclation are worst at midband, and drop to zero

(to all orders) at dc and even multiples of fo. At mid band. we have

S,, =k, ¢ = (l—kz) $ (12;

2
11 1

and

2
- = s 3 = i -1 ‘-
513 jkk, ¢ jk V1-k . (13)
The mid band voltage coefficient of directivity is

S oy |

1 . . 2
X Jkli' jVi-k~™ ¢ ., (14)

w

From these expressions we see that for @ given coupler impedance error,
the mismatch and directivity will decrease as the coupling is increasea.
Thus for loosely coupled couplers, close control on the coupler imped-
ance is required to achieve high directivity; in fact when k << 1 the
directivity equals the return loss. As an aside, we might also note,
from Egs (12 and (13), that for a 3 dB coupler (k2 = 1/2), the isolation

is equal to the return loss.

e & 2
oA
.

As we have mentioned earlier, a coupler is completely specified
by three parameters, Zoe' zoo' and 8. While the even and odd mode
impedances have fundamental significance in terms of coupler theory
and analysis, we have seen in the r-eceding discussion that from the
circuit analysis standpoint it is much more convenient and meaningful ‘
to think in terms of the coupler impedance Zk and the coupling parameter :
k (or kp) . Since virtually all coupler design data in the literature

relate zoe and Z00 to the dimensions of the coupled lines, the designer

-12-
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must always determine the required even and odd mode irapedances
from the desired Zk and kp, by converting kp tok= 10"‘9/20, and
then using Eqs (3) and (7): This conversion is facilitated by the chart
in Fig. 5. In this report, wherever possible, we provide the design
data directly in terms of Zk and kp and relegate Zoe and zco to the

status of implicit variables, thereby saving a step in the design process.

The symmetrical coupled-strip coupler with homogenecus
dielectric and infinitely thin strips in Fig. 1la, is specified by five
parameters, the strip with w, their spacing s, their height above the
ground plane h, the coupler length 4, and the relative dielectric con-
stant of the medium € These five parameters must be related to the

three electrical parameters Z , Z_ , and 8or Zk' k , and 6.
oe’ “oo P

The impedances and coupling depend only on the ratios of the

cross~sectional dimensions and the dielectric constant, such that we

can write

!
1: . _ Ze,air (w/h, s/h) :
) oe - (15) ‘.
; € i
s :
: and |
i §

) g = Zoiair (w/h, s/h) %

00 !

' ,/ €. (16) |
' where the functions 2 and Z are the even and odd mode
} e,air o,air i

impedances of the strips in air, ¢ P 1, as functions of the width and

spacing relative to the height. Introducing Egs.(15) and(16) into Eqs.(3)

-13-
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and (7), we obtain

_ /ze,air Zo,air
%4 = €

>
&

and K = Ze,air'- Ao,air

+
Ze, air zo ,air

Thus we see that it is necessary to determine the impedance functions

for air dielectric only; then the impedances for any other dielectric

S |

are proportional to 1 1 € ¢ whil~ _he coupling is independent of the '

dielectric constant. This last, rather interesting, property does not

hold for microstrip, with its inhomogeneous dielectric, as we shall

1
see in Section C below. ’
)

The coupler length # is related to the desired center

frequency fo by

C
i L = !
{ 4fo‘/€r

where c= 3 x 1010 cm/sec is the velocity of ligh. ‘n vacuum.

— R .

The foregoing analysis of symmetrical couplers is quite gen~
eral and it applies to any coupler as long as it is immersed in a uniform

dielectric, the two conductors have the same size and shape, and there

~-14-
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is a plane of symmetry between the conductors. The only distinction
ameng all such couplers, such as those with round wire, rectanguiar
bars, thick or thin straps, edge or broadside coupling, or one or two
ground planes, is in the details of the geometric function Z and

Zo,air' Design equations and graphs for m6st common cou;le?ilf

line geometries located midway between two ground planes--strip or
slab line geometries—--are available in Ref. 1. Although considerable
design time and effort could be saved by condensing the essential
data into a few simple charts, we shall not pursue that course here

since it does not apply to microstrip.

B. The Nonsymmetrical Coupler

In the preceding section we required that both conductors
of a coupler be identical and symmetrically located about some plane
between them. The "non-symmetrical"-'E counler lacks this symmetry
such that the two conductors may have different cross—~sectional shapes
or sizes; in stripline and microstrip this would typically mean unequal
strip widths as sketched in Fig. 6.
The non-symmetrical coupler with homogeneous dielectric &
has been analyzed in some detail by Cristal who has shown that it has ¥

Lwo interesting properties not shared by the symmetrical coupler.

}
]

j

|
*
We have adopted the terminology proposed by Crista114, who suggests {
that "non-symmetrical" describe side-by-side asymmetry and 3
"asymmetrical” the end~to-end asymmetry of cascaded couplers,

-16-
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The first, which is fairly obvious, is that the impedance levels of the
coupled and direct waves are different, so that the coupler has
impedance transforming properties. The second is that the coupler

can, within limits, be mismatched and still have infinite directivity.

Although these special properties are quite useful and offer
the circuit designer an additional degree of freedom and flexibility, the
non-symmetrical coupler does not appear to have received much
attention as yet. An impedance transforming coupler could be handy as
a directional detector, as suggested by Cristal, to match into the
detector without a separate transformer, It could also be quite useful
in couplad-line filters. This was suggested by Ozaki and Ishii back
in 1958, but not much has come of it, princ.pally for the want of
filter synthesis procedures exploiting the impedance transformation
property. Infinite directivity of @ mismatched coupler can be used to
stretch the coupling bandwidth and impedance transformation ratio 3
beyond the limits of the matched coupler. The impedance transforming

property will apply to microstrip couplers as it does to homogeneous

dielectric couplers, and the infinite directivity of mismatched couplers

g,

&

will apply, at least in principle, to compensated microstrip couplers.

Because of the added design flexibility afforded by non-symm-
etrical couplers, we wish to promote and encourage the development
of synthesis and design techniques for couplers and filters employing
this element, particularly in stripline and microstrip. To this end,

in this Section we review the principle results of Cristal's analysis;

for the detailed analysis the reader is referred to Cristal's paper,Ref. 14.
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In Appendix B we discuss the relationships among the various impedance

and admittance parameters whkich sometimes tend to be confusing.

The notation for the non-symmetrical coupler is shown in
Fig. 7. Note that the lines are specified in terms of admittances. The
even and odd modes on 3 non-symmetrical pair are not exactly the
same on an admittance basis as they are on an impedance basis, and we
find the admittance formation conceptually simpler, since the modes are
then defined in terms of equal and opposite line voltages. ( cf.Appendix B).
Since we prefer to think quantitatively in terms of impedance and ohms,
we shall, for the most part, refer to impedances. However, since the
even and odd mode impedances do not equal the reciprocals of the even
and odd mode admittances, e.gé Zoea # 1/3[09a , when the lines are
unequal, we shall refer to l/Yoe_ , etc. as reciprocal admittances.

Although there are four characteristic admittances, Yoea Y a' Y b

' 00 oe
b
Y00 , only three are independent since,by reciprocity, the transfer

’

admittance Yt is the same when viewed from either line.

1 a a

The admittances ¥ = - (Y ~+Y ) 1
oa 2 ‘Toe (o]e} ‘

1 ., b b .

= = e

and Yob 2 (Yoe + Yoo ) ; k!
|
%

are the characteristic admittances of each line when the input to the other

is grounded.

End-to~end symmetry is maintained by terminating both ends 4

of the A and B lines in loads Za = l/Ya and Zb = l/Yb, respectively.
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The conditions for impedance matching are that

Zb YO&

2, Yob 17)
and
1 v v -vy?-Ly ?y by Py oy
= “oa ob t 2 oe 00 oe 00
Zazb

(18j
be satisfield simultaneously. When the lines are equal, Eq. (17)
reduces to an identity and Eq. (18) reduces to Eq. (3). The voltage
coupling at midband is given by

Yt
k = ==
V oa ob
y @ -y ?®
3 00 oe
- ! ,
/(Y Yy Y v Cey D)
oe o0 oe o0

which reduces to Eq. (7) for equal lines. The condition for infinite
directivity is Eq. (18) alone, so that it is possible to satisfy Eq. (18)

but not Eq. (17) and have a mismatched coupler with infinite directivity.

The circuit parameters of interest for the matched coupler are

its length, 6, the midband coupling, kp = ~20 log k, and the impedance

il

o
L

leveis of the two sides, 7Z_ and Zb’ or the impedance level of one side

a
and the impedance ratio R, = z.’.b / Za.

e - e e T A R e
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The even and odd mode reciprocal admittances are related

to the circuit parameters as follows:

. z Vi-k2

Yoea 1%/ Ry (19)
7
- z_y1-k
Yooa 1+ k/\fl{; (20)
[ 7
173 _ Z,Vi-k
Yoe 1 - k\l'R_T" (21)
7
1z W1k
Yoob 1+g J'R—T’ (22)

By dividing and multiplying Eq. (20) by Eq. (19) and Eq. (22) by
Eq. (21 ) , we obtain

...w__v,,w
5 .
-

[ 1-x/ R
1 = 1 . T ng
a a 51 e
Yoo Yoe 8 1+k/ RT (23) :
B -
L 1-k '/RT"‘l
b b [
Yoo Yoe B 1+kvR T ] (24) .
t
-22~




2 - p
Z
1 _ a 1- kz
a a 2
* Yoo (I/Yoe) 1-k /RT ] (25)
’ _ -
1 & 1 -x2 . (26)
b ~ b 2
' Yoo (I/Yoe ) 1-k Ry ]

If we now define coupling parameters

& k/\/ET‘i

and
4, k\/f'z;',

Eqgs. (23) and (24) relate the A and B even and odd mode reciprocal

It

admittances in the same way they would for symmetrical couplers

of coupling ka ork Similarly, by defining impedance parameters

[

= Z
}a aJ l-kz/RT

z/l—kz
b 2
1~k RT

Egs. (25) and (26) relate the the A and B reciprocal admittances in the

bc

f 7

| same way as for symmetrical couplers of impedance 3a or 3b'

e - wea av

~

-23-

e ewe

[

——— — - g AL, A+ PNy S 3 e




JU

Thus, we may use Fig. 5 to read off the reciprocal admittances
for given kp, Za,Z b and RT = Zb / Za. ,First compute the coupling
and impedance parameters for each line, épa' 'ﬁpb' 3a' ;’b' or determine
them from Figs. 8 and 9, Then, on Fig. 5, simply interpret Z00 as
1/Y

00
similarly for line B.

a a
and i 2,
» 2y, 28 l/Yoe for coupling —;‘Zpa nd impedance }a and

a
Since 1/“1{0e and l/lfoeb must remain finite and positive,

Eqgs. (19) and (21) require that k/m and kq/ﬁ,;' both be less than one,
or that, k2 < RT or l/RT, whichever is less than one. This means
there is a theoretic”l limit to the amount of impedance transformation
and couplinyg that can be attained simultaneously., This limit is shown
in Figs. 8 and 10. Clearly it is impossible to reach this limit, since
it would require l/Yoea or l/Yoeb be infinite. The dotted line in Fig.
10 indicates the area of a practical limit for microstrip based on a

maximum l/Yoea of 200 Q in a 50 Q system.

Except for the impedance transforming properly, the matched
non-symmetrical coupler behaves in every respéct just like a matched
symmetrical coupler. In particular, the coupling curves and band-
width characteristics in Figs. 2 and 4 still apply. Also, the coupled
and direct waves are always in phase quadrature, and the coupling is

independent of the dielectric constant of the medium.,

The mismatched, infinite-directivity coupler will bave its
maximum YSWRy o, at its center frequency, and it will be matched at
f=0 and 2 fo' It is also a quadrature coupler at all frequencies. The

power split, i.e. the ratio of coupled to direct output powers, is

-24-
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independent of the mismatch. The coupling relative to the incident
power is, of course, reduced from its nominal value kp i.e. the

coupling when matched, by the reflection loss,

The putative advantages of the mismatched coupler are an
increase in the coupling-impedance transformation limit and an increase
in the coupling bandwidth. Fig. 10 shows the theoretical coupling-
transformation limit for several values of midband VSWR; the relation-
ship is simply RT = okz, when RT is taken as greater than one. Fig.11,
which is an extension of Fig. 4, shows the coupling bandwidths for
matched and 2:1 and 3:1 mismatched couplers. Note that the coupling
bandwidth increase is modest even for substantial mismatches, Just
how modest can perhaps be better appreciated from Fig. 12 in which the
coupling curves are plotted for matched and 2:1 mismatched 3 and 10 dB
couplers. Also-plotted are mismatched 2.50 and 9.49 dB couplers, which
have 3 and 10 dB coupling with respect to the incident power. It would
seem that a mismatched non~symmetrical coupler could be used to
advantage to increase the attainable coupling or impedance transfor-

mation, but it is of dubious valge‘in stretching the useable bandwidth.

The even and odd mode reciprocal admittances for the mis~
matched coupler may be obtained from Figs. 8 , 9 and 5 by replac~
ing 2_and Z,_by Za\/'c" and Zb/J&", or Za/ J&' and ZbV? and following
the procedure for a matched coupler. For instance, to design a coupler
for a 2:) mismatch and 50 Qlines at all ports, use the design for a

matched coupler transforming from 70.7 Q to 35.4 Q.

Cristal provides several references to design data, relating
line dimensions to the even and odd mode admittances for humogeneous

dielectric transmission line media. Unfortunately, similar data is not

-28=~
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yet available for non-symmetrical microstrip lines. We will, however,

in the next Section suggest an approximate method for deriving the

design data from the symmetrical coupler data.
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C. The Symmetrical Microstrip Coupler

Microstrip coupled lines, Fig. 13, with mixed dielectric
dces not support pure TEM modes of propagation. However, it is well
known that two modes do propagate down to dc, where they reduce to
t he TEM even and odd modes of the homogeneous dielectric line. These
modes are almost TEM and, aside from their frequency dispersion, they
are quite adequately approximated by the TEM modes in ar homogeneous

dielectric with an appropriately chosen effective dielectric constant.

The effective relative dielectric constant, € off’ of
a microstrip line depends on the wiath-to-height ratio of the strip
and the frequency. One definition of the effective dielectric constant
is the ratio of static capacitances per unit length of the line with and

without the dielectric in place. Anotheris e = c?‘/vp?‘, where ¢

eff

is the free space velocity of licht and v_ is the phase velocity of a

p
wave on the line, These twc definitions are equivalent at dc and low
frequencies, but the second is valid at all frequencies since it includes
the effect of dispersion, i.e. the variation of the effective dielectric

constant with frequency. Normally, € .. is calculated from the static

capacitances and the dispersion is har?éfed as a separate problem.
Dispersion, over the useful frequency range of a microstrip line--up to
the cutoff of the first higher order mode~-usually amounts to just a
slight correction to the static dielectric constant. An alternative form
of the phase velocity definition is: eeff = ( )‘o / )\g)z, where

X o is the free-space wavelength and ) g is the guide wavelength,

-32~
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Since 2 g is easily measured, this definition is commonly used in

empirical determinations of seff'

In general, the more the electrical energy is confined to
the dielectric substrate, the closer these effective dielectric con-
stants will be to the constant of the substrate material itself. It
can be readily appreciated from Fig. 13 that the even mode electric
fields on coupled lines will be more ccncentrated in the dielectric
than those of the odd mode. Thus, the even mode will have a higher
effective dielectric constant, lower phase velocity and shorter wave-
length than the cdd mode. In microstrip couplers on ceramic sub-
strates the even mode wave velocity will run up to 15%, typically

8 - 12%, below the odd mode velocity.

In this section we shall examine the effect of the
unequal velocities of the even and odd modes on the RF characteristics
of the symmetrical coupled pair. We shall consider the low frequency,
non~dispersive case here, and defer a discussion of dispersion until

after looking at the design relationships in the next section.

Zysman and ]ohnsonls have deduced the impedance

matrix for the microstrip coupler:

7, 2, %y %y,
2o P %y 2
“7 1 2, 21y %y %y
29 %3 %y %
} ) (27)
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where Z11 = - 'é- (Zoe ctn ee + Zoo ctn eo)
le = - JZ- (zoe ctn ee ~ Zoo ctn eo)
Z13 = - %— (Zoe csc ee -~ Zoo csc eo)
214 = = -12- (Zoe csc ee + Zoo csc eo) ,

and 2 o and eo are the electric length of the coupler for the even and
odd mode waves respectively. As in the case of the ideal coupler,
the impedance matrix completely specifies the coupler’'s electrical
properties, but not in a very transparent fashion. Again we need the
scattering matrix, However, the similarity of Eq. (27) with the matrix
for the ideal coupler, Eq. (2) should be noted. The coupler is still
described by just two impedance parameters, Zoe and Zoo’ but requires
two length parameters, ee and eo. (We will sometimes use (-34e and the
velocity ratio p = v_ / v, = ee/ eo.) Note aiso that in Eq. (27)

the trigonometric functions of 6_ and 6, multiply the corresponding
impedances and the even and odd mode terms add with the same signs as

in Eq. (2).

The scattering matrix for the microstrip coupler has been
_ . 1
in fact derived by Krage and Haddad, 6 using coupled~-mode analysis.
Their analysie, although very thorough and elegant, is based on coupling

of the modes oneach linerather than the even and odd modes. As a

- o




consequence, their final formulation of the scattering coefficients

{ Egqs. (36), Ref. 16) employs so many subsidiary variables as tc

make it intractable. The similarity of impedance matrices suggested

to us that a much simpler formulation of the scattering matrix using

just four parameters should be possible. The derivation and the general
scattering coefficients are given in Appendix C. We see that the
scattering matrix is the same as that of the ideal coupler, with the

addition of the appropriate subscripts to the electrical length.

Of particular importance is the fact that the coupler
impedance level Zk = Jzoe Z00 and voltage coupling coefficient
k = (2 -2 )/(Z +2 ) defined for the ideal coupler are still

oe 00 oe 00
useful parameters to describe the microstrip coupler, although the

former can no longer be interpreted as the 1natching impedance.

Consider the scattering matrix for the special case when
3 = Z /2 = 1. From Egs.(C-17) and (C-18), Appendix C, we
743 k O
obtain

. sin 0 sin §
S _ ik _ e _ 0
11 2 ,] 2 .. 7 ..
1-k" cos ee+J sin ee \/l-k cos eo + j sin eo_! (28)
‘ ) ik sin ee . sin eo
12 2 / - '2' ] 2’
1-k" cos 8 +jsin 8 l-k " cos & +jsin 8
L e e ° 9 (29)
~36-
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o e e —— o

g _ Vl-k2 1 _ 1
13~ 2 T L
1--k2 cos § +jsinsg Vll-k2 cos 8 +jsin @
e e o 0
(30)
- -
I B 1 . 1
14 2 1
‘/ 2 . / 2
1-k cos § +jsing Vi-k cos 8 +j sin 8
e e (o) o)
(31}

Compare these scattering coefficients with Eqs. (4) - (6) for the ideal
coupler. In particular note that when P’e # Po the coupler is not

matched and the isolation is finite.

Since ee and eo normally differ by only abcut 10% in micro-
strip, near midband where the coupler is approximately 900 long we can

make the following approximations:

sin @ a~sinf =~ 1
e o}

I

coseezz-ee——éee

cos 8 zﬂ-e = -568 .
o} 2 e e

Thus, near midband, the scattering coefficients are approximately:

gk k2
S = (6 8-89)

11 (32)
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S.. =k|1 —j‘—‘-""'”-k‘ (68 +65) (33)
12 : 2 o e
(1 kz)
= e -5 0
5.3 > (e _-58) (34)

S14

bz
-j \/1-k§ [1 -3 -%k— (6. +5 ee)] (35)

From Eq. (33) it is clear that k is still the voltage coupling coefficient
at midband, where midband occurs when the average of the even and
odd mode lengths of the coupler is one-quarter wavelengtl‘} . From

Eqs. (32) and (34), and the fact that66_-68_ = 8 (vj -1),

we see that the VSWR increases and the isolation decreases with in-
creasing frequency. Furthermore, the looser the coupling, i.e. the
smaller k becomes, the lower the isolation; consequently the directivity
problem becomes rapidly worse as the coupling is decreased. Finally,
the ratio of Eq. (35) to (33) shows that it is still a quadrature coupler
in the neighborhood of the band center. The exact coefficients,

Egs. (29) and (31) show that it will deviate slightly from phase

guadrature as sin ee = sin eo ceases to be a good approximation.,

To illustrate the basic behavior of the microstrip coupler,
the computed transmission characteristics of 3, 10, and 20 dB couplers
are shown in Figs. 14, 15 and 16. The velocity ratios are typical for

microstrip couplers with a substrate dielectric constant e P 10.0.
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In these Figures, we have chcosea the "center” irequency when the
coupler is 960 iong to the even mode, and the ideal coupling chara-
cteristic is shown by dashed lines. In this-way we see the effect of
"switching on" the velocity inequality of the odd mode. Note that
the coupling maximum shifts to a higher frequency, and the maximum
is just a little less than the nominal coupling. The frequencies at
which the departure from phase quadrature reaches 10 is indicated -
the couplers clearly maintain excellent quadrature properties over

any useful bandwidth.

All in all, except for its low directivity, the microstrip
coupler behaves very nearly like the ideal coupler. The coupling curves
differ by a fraction of a dB over the useful bandwidth, the mismatch is
not serious, and phase quadrature is well maintained. In many non-
critical applications, such as signal sampling, high directivity may
not be required, or the bandwidth may be narrow enough that the very
low directivity at the high frequency end is not of concern. In such
cases one need not velocity-compensate the coupler. To help decide
this question, Fig. 17 shows the directivity of microstrip couplers as
a function of the nominal coupling. The directivity is given at midband,
defined here as ee = 900 , and at 1,5 fo. The velocity ratio and the
coupling deviation at 1.5 f0 are also shown. The velocity ratio was
computed for a substrate dielectric constant €. = 10. and for coupler

impedances of 50 Q.
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III. MICROSTRIP COUFLER DESIGN DATA

A. The Parameters of Microstrip Coupled Lines

We have now completed the discussion of the transmission
line properties of coupled-line couplers in terms of the basic electrical
parametersZ , 2 , 8 and 8 , orzk, k., ,andv /v .

oe’ o0 e o p e o e
We new turn to the design problem of relating these electrical
parameters to the geometric parameters w/h and s/h and the substrate
dielectric constant. Several solutions to the microstrip coupled~line
problem have been published. Most frequently cited are the cal-

&)

culations of Bryant and Weiss" ° for symmetrical coupled strips of zero
thickness. Graphs of the even and odd mode impedances for several
dielectric constants for a size of strip widths and several strip
spacings are given in their papers, Ref. 3, and in the Microwave

Engineers Handbook, Vol I.(17) 3

In this section we shall present the Bryant and Weiss
impedance data in such a form to make interpolation and extrapolation

somewhat easier and more accurate than is possible from Refs. 3 and

<%
K384

17. We shall also provide the even and odd mode effective dielectric
constants which were not included in those references. And, finally,
we provide a design chart which relates the line widths and spacing
directly to the coupling and coupler impedance. All the curves are
for a substrate dielectric constant e.= 10.0; the data can be readily

adjusted for other dielectric constants in that vicinity, as will be

discussed later,
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Figure 18 gives the even and odd mode impedances as functions
of normalized line width w/h with the normalized spacing or gap width
s/h as a parameter. This graph is in the same form as those in Refs.
3 and and 17 with the important difference that the log and linear scales
are interchanged. By plotting Z versus the logarithm of w/h the curves
are more nearly straight, especially as w/h becomes small. As w/h
goes to zero we would expect the coupled pair to be reaswnably well
approximated by a pair of small diameter, widely spaced wires, for
whici the impedances are known to go as the logarithm of the wire
diameters, Consequently we expect that straight~line extrapolations
of Fig. 18 to smaller w/h will be quite accurate, while the Bryant and
Weiss computer program begins to lose accuracy as the strips become

very narrow.

As the gap width goes to zero the even mode impedance

approaches the limit

Zoe(w, s) s—0 ZZO(Zw)

where Zo is the impedance of a single strip. Thus the curve for

Zoe (s= 0) can be readily determined from the curve for s = », The

&

odd mode impedance goes to zero as s-= (. Consequently Fig. 18 is

not too useful for determining zoo for narrow gaps. Fig. 19 gives Zoo
versus s/h with w/h as the parameter. These curves were computed

from the Bryant and Weiss program for s/h down to .025 and then
extrapolated down to .01. The accuracy of the calculations begins to
suffer as the gap and/or line width decrease much below 0.1, however
no estimate of the magnitude of the error hzs been made, We expect that

the error at s = .01 would be no worse than the difference between the
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plotted values and the values obtained by a straight line extrapolation
from the s = 0.1 - 0.2 range, which runs 5 to 15%. )

In this regard, it should be borne in mind that the calculations
are all for zero thickness lines. This is normally an excellent approxi-
mation for microstrip lines, since the printad lines are indead quite thin
compared to the substrate thickness. For single strips one can correct
for the line thickness by making the lines narrower by about one thick-
ness, 18 which is typically of the order of 10_4 in. wide on lines 10-2
inches. In most practical instances this correction may be neglected
since it falls within the normal tolerances of etching the lines and main-
taining the dielectric constant of the material. Clearly, in the case of
narrow gaps between coupled lines, the line thickness will begin to be-
come important in the determination of the odd mode impedance when the
gap becomes smaller than the thickness. An evaluation of the thickness
correction to Zoo for narrow gaps has apparently never been published,
and it is certainly not a trivial problem. Thus Fig. 19, and its extra-
polation to still smaller gaps must be treated as an approximation suit-
able as an adequate starting point for the design of extremely narrow gap
devices.

Fig. 20 gives the impedances versus gap width with line width
as the parameter. Here we have made the scale linear in the parameter
e-s/h. This conveniently compresses the entire 0 to ®range of s into the
0 to 1 interval, and does so in such a way that Zoe and Zoo for large s/h
are quite well represented by straight lines. Although the impedances

s/h

are not precisely linear in e for large s/h, the extrapolation--or
interpolation as plotted here-~is accurate to better than 1 Q for s >~ 2;
the interpolations were done from s/h = 1 or 2 on each side through the
single strip Zo' so that the maximum errors will occur in the s/h = 3 to 4

range.
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The effective dielectric constants for each mode are plotted
in Fig. 21, using the exponential scale of Fig. 20 in order to cover the

entire range of gap widths. The odd mode ¢ plotted for small gaps

eff
are simple extrapolations from the wider gap (s/h >.025) data. The
curves are least accurate in the s/h = 2 to 4 range where the slopes
are changing rapidly. Nevertheless, the maximum error in that range

is about .05 units or<1% of e _..
eff

The log - log plot of Z00 versus s/h in Fig. 19 suggests a
small gap extrapolation formula--bearing in mind the reservations with
respect to accuracy pointed out earlier~-of the form

z =z _(wh) sm" M om g

(36)

Figure 22 gives the coefficient ZOs and the exponeat n , derived

from the small gap end of Fiy. 19, as functions of w/h.

Similariy, for large gaps, Fig. 20 suggest the approximations

- &
o = 2, (W (1+he s/h) W
~-s/h ! s/h == =
zoo = Zo(w)(l—Ae )
(37)
where Zo(w) is the single strip impedance from Fig. 18. The slope
parameter A is given in Fig. 23 as a function of w/h. :
|
%
f
|
E
-50-




K

>3 e
) e v e Ty e S .w
Cern e ot e e s s = . 2

80z i-Q

'0°04 = 2 HO4 LNV.LSNOD 214.L031310 3AILO3 443 ICOW QA0 ANV NIA3I dIHLSOHOIW 12 3HNOIA

©0

AN 0 yss

o_ Vv & v g 8 1 ¢ _evve ¢

51

] L HIE X E 11! [ : HEIRE
A ] i ,—%..W.—_ i . r_m. i 3 £ i i SHBIEH A E yys-®
N HEHES T 3 HIE HHRHE REL 3 LR HES : LR iRt
i N [ A
: i i | sy : i3s3 HEd
AL, ” h i £ =1G°G
TN B T B , . 2 Er e Errripeess *
TR B i . i il T Bl e
i - i b S
....... i i iy EHER [HAD 208 98! BT Mmu.{: =1 d ,
. S O A O 3 P2 55 I 2 g |
. , Artirudas - .ulmn . .” .mu i .wu ,u ) i) Hu. " ] - \A.\ . b
SHONTINE7 TS T AL —EE 09
aRAb T | L
[TSN PR N BRI 2 V.\ e VN -
~— g4 T ; .
A" AN L~
_\\

\

N
. '.‘\25&:‘4:\

H3

AN R TR

T
?:
!

W N

SRRasE

‘/'l

|

|

‘l\
N
S

.

-4 0°L

¥
g
]
i

i
!
i
t
§
!
!

o
ettt et oge

L] _ B (i
| L rs a -0, il
. i %.\\\ - R i
o i - 3} 340l dad st
g L~ , w :
tag ofex § 2 3] {4 ea]ven Jus sfeusnefeassmfra.e " row V\N -. - w - - Ml, » :» -

d_..v—r.m:— . o.w

P ]
J
4 :

, ST S,

gt A, A gy p et e

TN

—— e e e e -

————




0.20

0.16

7=10.22

10.18

—
Sww—t

o
o b3
i HHT S [HH R
it g T e
X O Kb LA0ad AL M1 L
'
. > e XY e
. _

Hemaetis
1T

a2 et Aegt
L P e I
:

90 7

wi/h

FIGURE 22 COEFFICIENT AND EXPONENT FOR ODD-MODE SMALL GAP APPROXIMATI
FOR ¢, = 10.0.

0-12084

52

T

PR .

L e L P

———




| gpw

L
- ﬂd
-

.....

N

-

Q
N
; .
: 13
v
¢ - —
A . ¢
JN S VO FORE SO - s\\ - s -
R, Al
e I A.u B
— . N I R B o B e o s P R .
A T a8 ! o
ol i b b -
B P~ el A i NHE &~ T RN
e . 1 u..q..
>4 v N L “f
. s -
- P L - FUTN PPN - o vy e fanew ~—
. B
. £
. . . 40.4..Q1.. W
\\ i i NN 1
_ =~ it
@
g1l
NN

oo - -

o s —-

SRR
*

.40

.35

.30

.25 0

w/h

FIGURE 23 LARGE GAP APPROXIMATION PARAMETER.

D-12085

e e —— et o A 5 S N, AT SR

(&

53

i = et e e e

- ey, 47 R alaad

g v R

T

—————




The data in Figs. 18 - 23, which all apply for er =10.0
may be readily and accurately adjusted for cther substrate dielectric
constants over a fairly wide range about 10. From the Bryant and Weiss
data on effective dielectric constants, we find that € off is proportionzal
to €. within a few percent for € up to at least 16, but the proportionality
constant depends on w, s and the mode. For substrate diclectric con-
stants near 10, we can relate the effective dielectric constant for either

mode and a given w and s, to the corresponding €off when e = 10 by

€
€ ¢t (er) = < (10) [‘ﬁ] o f (W.S,s') (28)
where { (w,s, er) is a second order' cormrenstion to adjust for the non~-

linearity of ¢ o with €. The correction factor f is plotted versus €.

in Fig. 24 for sfiveral values i w/h for the case of widely spaced
lines, s = For closeiy spaced lines, s/h ~ 0.1, f for the even mode
is a iraction of a percent higher, and for the odd mode lower, than the
s -+ curve for € >10, and conversely for €. < 10. This is generally

i a negligible correction.

Thus, when €. # 10, Eq. (38), with f from Fig. 24, may be

used to determine ¢ and ¢ from Fig. 21. 2 andZ are
e~eff o-eff oe 00

determined from Figs. 18, 19, and 20 by dividing ‘ller /10"
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The ncrmal design procedure jn designing a coupler of
specified coupling kp, impedance level Zk' and center frequency

fo is as follows: First determine the required Zoe and Zoo from

_kp
k = 10 20 ’
_ 1+k
Zoe = zk 1k ,
and _ 1-k
Zo0 = & T1ek . (39)

Second, from Figs. 18-20 determine those values of w/h and s/h which
simultaneously vield the desired zoe and zoo' Third, from the width
and gap just determined, find € o off and €o-eff from Fig. 21. And,
fourth, determine the coupler length from

1 = < ’

4 fo \/(rse-eff e etp) /2 (40)

where c = 3 x 1010 cm/sec.

The second step is a tedious process requiring cross-plots
and interpolations to find the solution. This tedium can be greatly
relieved by doing the job once and for all. In Fig. 25 we have plotted
lines of constant coupler impedance and constant coupling in the
w/h ~ s/h plane. for the case of 3 =16¢, It might be pointed out
that not only does this chart greatly simplify the design process, it
also provides a very quick and simgle evaluation of the coupling and

impedance variations with respect to changes in the line parameters.
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In particular we see that as the gap becomes very wide, the spacing
controls the coupling and the line width controls the impedance level,
as we mignt expect. However, for moderate to narrow gaps this is no
longer true, and a change in either parameter will have a significant

effect on both impedance and coupling.

Figs. 26 and 27 are plots of coupling versus w/h and s/h,

intended ¢o make interpolation on Fig. 25 easier and more accurate.

Figs. 25 - 27 may also be quickly adapted to other substrate

dielectric constants. To the extent that the even and odd mode effective

dielectric constants change by the same factor with a change in sub-
strate dielectric constant, the coupling of a line pair is independent of
the dislectric constant. We have pointed out that this is true to within
a percent for e:r from 7 to 16 at least. Consequently, we need only re-
label the impedances by Zk' = Zk m to make Figs 25 - 27

applicable to substrates of dielectric constant €.

Design data for non-~svmmetrical microstrip couplars have
not yet been calculated to our knowledge. In lieu thereof, we suggest
the following approximate design procedure for impedance transforming
microstrip couplers. First determine the reciprocal admittances for
each mode and each line from the desired coupling and input and
coupled line impedance levels as prescribed in Section IIB. Second,

average the even and odd mode admittances:

Yoe T2 (Yoe +Yoe) B 1/zoe
Yoo ) (Yoo +Yoo) =1 zoo ‘
-58-
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Third, determine the line width and gap for this "averaged" symmetrical
coupler from the charts in this Section. (The total currents for the
even and odd modes in this coupler will be the same as in the desired
non-symmetrical coupler, but they will not be properly divided.)
Fourth, keeping the gap fixed, use Fig. 18 to find the new widths for

each line from the A and B line even mode reciprocal admittances.
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B. Velocity-Compensated Microstrip Coupler Design

The most successful method we have found for equalizing
the even and odd mode velccities to improve coupler directivity, is by
means of a dielectric rod or block over the coupling gap which increases
the odd mode dielectric constant by more than the even. In this section
we cover the design priciples and present design curves for such

dielectric-overlay velocity-compensated couplers.

The basic design idea is simple and straightforward. A
dielectric block covering the coupling gap and a portion of the lines will

increase so relativity more than it will ee because of the odd

-eff -eff
mode's greater iringing fields above the dielectric. With the right
amount of dielectric, both affective dielectric constants will be almost

equal at a new value slightly higher than the original €. The overlay

will increase the coupling and decrease the coupler impe?lifnce, besides
(almost) equalizing the velocities. The task, then, is to estimate the
amount of coupling and impedance change caused by the overlay, and
determine the parameters of an uncompensated coupler of correspondingly

higher impedance and looser coupling.

We should point out that the dielectric constants
cannot be exactly equalized without completely covering the lines with
a thick overlay, of the same constant as the substrate. This is un-
desirable on several counts. One, it increases the effective dielectric
constant fo er, which is usually so high that the lines must be made
quite narrow for 50 (:systems and are consequently too lossy. Two, the

electric fields are no longer well-constrained under the strips, which

-62-
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can lead to radiation and higher-order mode problems. And, three, we
have found experimentally that better directivity could be obtained with

narrow blocks, i.e. no wider than 2(w +S).

It is probable that exact equalization could be achieved with
a narrow block of a higher dielectric constant or a thin layer of material

(19)

of the same constant entirely cover the coupler These are added
refinements which we have not considered. However, the general
procedure and design curves given here will still apply reasonably accur-

ately to these kinds of overlay.

The amount of coupling change caused by the overlay can be
determined quite accurately, as follows. Recall that the even and odd

mode impedances for a pair of lines at given width and spacing are

Zoe = Zoe,air /Vee-eff
Zoo Zoo,air / V €o-eff,

are the impedances of the same lines without the

where Z . & .
oe,air’ oo,air

substrate. Now, with the dielectric overlay in place, let eleff be the

effective dielectric constant of both modes. Then

2’ =2
oe oe,air

/ ©off = Zoe ‘/ee-eff/ €eff

Zoo \f €o-eff/ €eff

Z00 - Zoo,air/ V eeff

~63- $
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The voltage coupling without the overlay is

and with the overiay

k=zoe-zoo
Z +2
oe 00
se ™ Zoo

k'= g7 a1
oe + 00
2 -2 g

= “pe 00

+
Zoe zOOg

{1+k) - (1-k) g

(1+k) + (1-k) g

where g = Veo-eff/ee-eff

The new coupling depends only on the ratio of oedd and even mode

dielectric constants and the coupling of the uncompensated coupler.

It does not depend upon the final, equalized value of ee'ff nor on Zk

(41)

.

Also, since for most practical purposes the ratio of dielectric con-

stants is sensibly independent of the substrate dielectric constant,
the change in coupling with the overlay depends only on the initial

coupling.

The coupling change is plotted in Fig. 28, based on the

data in the previous section for couplers near 50 Q.
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The impedance of the overlay coupler will, of course,

’

depend on the final value of € off’

L

= 7 /':e-eff * So-eff
% T & , 2 (42}

e

“eif
Now, our design theory says nothing about how much Jielectric to use
other than "enough”~-presumably a minimum amount to achieve the
best directivity response. Determining the right amount is left as

an empirical task.

Nevertheless, we need a simple prescription to estimate the
likely value of ae: £ To this end, we make the following argument:
In the limit as the gap goes to zero, there are virtually no even mode
fields above the gap. Only a very small overlay will be required, and
it will change only S —eff" So, fors= 0, se’ g = Cooff’ As the gap
becomes very wide, the fields of the even and odd modes become more
and more alike. A very thick overiay will be reguired-~even though the
two dielectric constants are not very different--increasing both
effective dielectric constants substantially. A reasonable guess is

that they reach the average of se-eff and s (assuming that the overlay

ot
) )z' N
and substrate are both er). Thus,35 S weo, e ff > (se—eff + e:r) /2.
Finally, for arbitrary spacing, we have adopted the following simple
formula to derive the design curves,
€ -~ ¢
— r__e-eff . -s/h
Seff = e-eff T 2 (L7e ), (43)
-66-
’%’ R aamne W g,
N\ e




- ——

8.5

=1 8.0

— 4 1
' H ¢ .
-t : . -
'
. ! . ! .
- e el et o mmen —
H ' H
. H .
...-i. ' 3 e "y
l :‘. l 1 P
S —— w ———
T v

| i ..
= +- " et
f ot o
- - —T-.--— - :-- i.— — . —— K
R I R -
_ ER i
B R - o
R T T 0 AT e
. L ' !
i o H
: =t : :
” H :

.
=
. T,
.
.
PN (S J— | X
A ST ract SEerT! STy etrse oy peres cyeet o
. \ O LTS E T R B3 38
B ek IR PO Foett Hig
H : =

RSV RS S

- ot
.

oo
R

—o

'E:H';:;:

peetey

13es
pese

oay

"'L::f

~reatos |

13 B34y

v—stiyerfcic

67

4

T i e A A At oS o are S

40

35

e e e

COUPLING - dB
LINE WIDTH AND EFFECTIVE DIELECTRIC CONSTANT VS. COUPLING

.
.

FIGURE 29 OVERLAY COUPLER DESIGN CHART

FOR 50 2 COUPLER.

&

D-12091




Using Egs. (42) and (43) and the data in Section IIIA we have determined
the line width and spacing and eleff as functions of the coupling (with
overlay) for couplers of 50 Qwith overlay on €= 10.0 substrates as
shown in Figs. 29 and 30. For other impedances near 50 Q, proportion
w/h and s/h according to Fig. 25, along a line of constant coupling. For
other substrates near e, = 10, multiply e'eff for the desired coupling

by e, /10 to get ¢’’,. and determine the design for a coupler cf

eff
I L N
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LINE SPACING VS. COUPLING FOR 50 2 COUPLERS

FIGURE 30 OVERLAY COUPLER DESIGN CHART
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C. Dispersion ]
The frequency variation of the effective dielectric con-

stants of single and coupled microstrips has been studied by several
authors. Getsinger 4 has deduced especially simple analytical approxi-
mations which agree excellently with experiment and which have the
distinct advantage of being calculable by human beings , unaided by a

gigantic computer.

The reader interested in the model and derivation is re-
ferred to Getsinger's papers. Here we shall simply provide the formula

and some graphs for the coupled line case.
From Ref. 4, the dispersion formula is
o -

T X=0

2
1+ Gx(f/ fpx)

(44)

G, = 0.6+.0092
X X

= h,
fpx Zx/Zuo

where
x = e or o for the even and oud modes;

effective dielectric constant, f # 0;

™
I

X
ex0= effective dielectric constant, f = 0;
e = substrate dielectric constant;
Z =2 /2 or2Z forx=eoro.
X oe 00

= substrate thickness
by = 31.92 nH/in.
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As the effective dielectric constants vary with frequency, the

even and odd mode impedance will change as well as the electrical length,
relative to the dc-derived length. As usual, our interest is less in the
variations of Zoe and ZQ0 with frequency, but more in how the coupler's
circuit performance will be affected. In particular, we would like to

know how a coupler, designed with the dc design data, wili behave at
microwave frequencies. We have computed, from Eqgs. (44), the fre~

) quency variations of midband impedance, coupling, and directivity for
uncompensated 50 Q couplers on e = substrates: These results, as well

as a midband length correction, are plotted in Figs. 31 and 32.

In general, over the useful frequency range of a coupler, dis-
persion is a relatively small effect. Also, we would expect the effects
to be even smeller in the case of dielectric~overlay couplers. Figs. 31
and 32 may be used to estimate corrections to a dc~based design. One
mut bear in mind, though, that the impedances of the interconnecting
lines will also change by about the same amount, so that one should not
f correct for Zk The only practical corrections might be for the coupling

of loose couplers and the length needed for 900.
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1V. BROADBANDING AND TIGHT COUPLING TECHNIQUES

A, Broadband Couplers

In Section II we discussed at length the coupling bandwid:h
of ideal and microstrip couplers, consisting of a uniform, single
quarter wavelength coupled-line sections; see Figs. 3, 4, 14, 15 and
16. Broadly speaking, a single section coupler has about an octave
bandwidth for about 1/2 to 1 dB coupling variation, but, in microstrip,
the directivity in the upper range is low, especially for loose coupling.
The specific goal in this work was the design of octave bandwidth
couplers with less than 0.2 dB deviation and at least 20 dB of directivity.
This is just beyond the reach of single~section covnlers and a method
of increasing the bandwidth was required. In this Section we shall
briefly review the principle coupler broadbanding techniques which have
been proposed, and discuss in more detail the method adopted for our

experimental couplers.

There are basically two ways of broadbanding the coupling
*
characteristic--either by cascading a number of quarter wavelength
sections of appropriately chosen coupling, or by continuously varying

the coupling along the coupler length. In each of these methods, the

*
We use the term cascade to deonote direct end-to-end connection,

i.e. ports 3 and 4 to ports 2 and 1 of the following coupler; this connec~
tion has no crossover. Tandem connection will refer {o ports 2 and 4
connected to 3 and 1; this does require a crossover.

. ) -74- .
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*
Coupling variation alorg the coupler's length may be symmetrical , or

asymmetrical, as illustrated in Fig. 33. An asymmetrical coupler need
not have a monotonic coupling variation from one end to the other, but

this is the only case ever considered.

All of these broadbanding methods rely on the property that two
cascaded ) /4 couplers, of the same impedance but different coupling,
will have a net coupling intermediat2 between the two near midband and
tighter than both towards the band edges. As an example, Fig. 34
compares the coupling curve of a cascade connection of a 3.01 dB and a
10 dB coupler with the curves for each by itself. With a little reflection,
one can readily appreciate that, as the coupling of the 10 dB coupler is
increased to 3 dB the net covpling curve will devlop into the curve for a

single 3 dB coupler vf twice the original length.

By cascading two or more couplers, the couplings can be chosen
to control the mean coupling and ripple amplitude. In particular, the
ripple amplitude can be set equal to zero, @ maximally flat design, or
the ripples may all be made the same, an equal ripple design. As more
sections are added the maximally flat or equal ripple bandwidth becomes
wider, approaching the 0~ to -2 normalized frequency band as the

number of sections goes to infinity. The coupling will always go to F\.‘
zero at the ends of this band, however. %
}

*
Asymmetrical refers to end-to~end asymmetry, non-symmetrical

refers to side-by-side asymmetry. c f. footnote p. 16

z,
£
H
|

~75-




D-12096

2\ @ f,
—\——_-\-__/3
4
1
a) STEPPED ASYMMETRICAL COUPLER
90°
2 3

N\ @ f, /%
TN,

b) STEPPED SYMMETRICAL COUPLER

Ny

\t//s

d) TAPERED SYMMETRICAL COUPLER
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COUPLER TYPES.
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FIGURE 34 EFFECT ON COUPLING CHARACTERISTIC OF CASCADING TWO UNEGUAL -
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The tapered line couplers may be thought of as a cascade of
stepped quarterwave length couplers in the limit that the quarterwave
length frequency and the number of sections go to infinity. Theoretically
then the half-wavelength frequency is also infinite and there is no upper
limit to the flat or equal ripple band. The lower band edge will still
occur where the entire coupler is approximately a quarter wave length
long, just as in the stepped coupler cases. The broadbanding design
problem is then tc determine the couplings required for each section--or
the coupling as a function of distance for the continuously tapered
couplers-~in order to obtain a given overall mean coupling and ripple
amplitude. We also need to know what the bandwidth will be as a

functien of the number of sections and coupling tolerance (ripple).

Levy has treated the synthesis of stepped asymmetrical couplers,20
and has provided convenient tables for couplers of two to six sections
and 3 to 20 dB of coupling.21 As usual, these tables give the even mode
impedances of each section (the odd mode impedances are implicit since
the couplers all have unit impedance) rather than the couplings. For

two-section couplers, two quantities, the mean coupling and the ripple,

-

are related to just two others, the coupling of each section. Thus it is
quite simple to relate these quantities on a chart, Fig. 35. For three or
more sections turn to the tables in Ref. 21. For two-section coupler
combinations lying to the right of the maximally flat locus, the bandwidth
will still be greater and the mean coupling less than for the single
coupler #1, but the characteristic will peak at midband. "Mean coupling" i
must be interpreted as "Peak coupling” in this region, and it

asymptotically approaches coupling #1 as coupling #2 goes to infinity.
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The equal ripple bandwidths of 0.1, 0.25 and 0.5 dB
ripple 2~ and 3~ section couplers are compared with the bandwidths
of singlc sections in Fig. 36. In the Figure, the “ripple" of the
single section is sinply half the coupling deviation from the center
frequency. We see that adding »ne section roughly doubles the
bandwidth of the single section for these relatively small coupling

tolerances.

Asymmetrical multi-section couplers are no longer quadrature
couplers, although by adding a piece of line to the direct output they
can be made approximately so. Figs. 37 and 38 show the coupling
and phase difference characteristics of a 2~ and a 3-section 3 dB
coupler. The two section coupler with an extra 900 line will have a
90O + 10O phase difference, which may suffice for many quad coupler
applicctions. However,as we shall see, symmetrical ccuplers are
exactly quad couplers, so one may as well use a 3-section symmetrical
coupler as to use a compensated 2-section asymmetrical coupler,

The 3-section coupler needs a 1800 (@ fo) for compensation, but the

error from 90O reaches almost 300.

The synthesis of equal ripple symmetrical couplers has
been given uy Cristal and Young,22 including design tables. Since
the three-cection symmetrical coupler has just two coupling values,
we can derive a design chart, similar to Fig. 35, relating the mean
coupling and riprle to the center and end coupler couplings, Fig. 39.
Interestingly, Fig. 39 is almost the same as Fig. 35 with 5.5 dB added

to the horizontal axis.
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The equal ripple bandwidths of 3-section symmetrical
couplers of .1, .25, and .5 dB ripple are shown in Fig. 36, for
comparison with single section and asymmetrical couplers. Note that
the 3-section symmetrical coupler has just a shade more bandwidth
than does the 2~section asymmetrical coupler. This circumstance can best
be apopreciated by comparing the coupling characteristics of the 3-section
symmetrical couplers in Fig. 40 with that of the asymmetrical coupler in
Fig. 38--the coupling curve ripples downward just once, as ina 2-section
coupler, and not twice. Thus the symmetrical coupler uses 3-sections
to get the same ripple as a 2-section coupler, with cnly a slight gain
in bandwidth. But the symmetrical coupler is a true quadrature coupler;
hence our earlier statement that it rarely pays to compensate a 2-section
coupler with an extra line in one output, when the 3-section symmetrica:
ccupler will have exactly 90o phase difference, take up the same area,

and provide some margin of bandwidth.

It is interesting to note that the 2-section couplers obtained
by deleting one end of the couplers in Fig. 40 would be 2.4 - 2.5 dB,
approximately maximally flat. It is the second end coupler which
oroduces the first ripple, rather thar generating another. In general,
asymmetrical couplers of n secticns have n-1 ripples (counting dips in
coupling) while symmetrical couplers have half as many. Symmetrical
couplers are not optimum in the sense of yielding the most bandwidth
for a given ripple and total length; however under the constraints of

symmetry and phase quadrature the equal ripple design is optimum,
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A practical problem in multi-element couplers is the treat-
ment of the transition zones where the ends of one coupler are joined
to the next. The junction discontinuities m::st be tuned out over the
coupling bandwidth to achieve low VSWR and high directivity performancz.
Also, the transitions inevitably take up space and contribute to the

length of the coupler.

In our early experimental couplers we included the lengths of
the transitions in the lengths of the end couplers. That is, the center
coupler was made 90o long at fo and the end couplers plus an estimate
for the transitions were also 90o long. The reasoning was that the
transition regions wer2 still coupling zones, with the coupling changing
rapidly from the center to the end value, and although the coupling was
not the correct value, it dropped very rapidly such that it could be con-
sidered a small periurbation on the weak end couplers. Our object was

to keep the entire coupler 2700 long at fo.

The coupling characteristics of those couplers always exhibited
a pronounced coupling roll off with increasing frequency. This effect
was attributed, with the help of computer modeling experiments, to the
foreshortening of the end couplers. Fig. 41 shows the results of the
computer experiments on a 3-section 10 dB coupler. All curves are for

equal mode velocities, and junction discontinuities are ignored in order

to demonstrate only the effect of the lengths of the couplers and transitions.

Curve #1 is the response of the ideal coupler-~without transitions--

which, with the rounded off coupling values, is @ 9.95 + .05 dB coupler.
Curve #3 illustrates what happens when we approximate the transitions

o
by 15 of 17 dB coupiing and shorten the ends by 15° to maintain a
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2700 overall length. The tilting of the characteristic corre~ponds to

the experimentally observed roll cfi. Curve #2, in which *he transition

is removed but the ends are kept short has the same general shape.

This indicates that the length of the 25.7 4B couplers and not the over-

all length which is important. This is confirmed by curve #4, where the
ends are 90D long and the 15o long transitions are inserted; the coupling
curve is quite flat, aithough the bandwidth is narrower and the center

frequency has shifted downward from the ideal coupler.

Finally, curve #5 illustrates that the coupling increases
with frequency if the ends are oo long, 2s we might riow expect. Curve
. O . .
#6 shows what happens if we have three 30 long couplers joined by

transitions 150 long but completely decoupled.

Two rules may be drawn from these experiments. First the
individual couplers must all be )00 long and the transition zones should
have an intermediate coupling value, to maintain coupling flatness.
Second, the transitions must be made as short as possible to avoid
excessive loss of bandwidth. We might also remark that as long as the
symmetry is maintained, the ideal directivity and phase quadrature are

not affected by the lengths or coupling of the transition zones.

Tapered line couplers theoretically have a high~pass coupling
characteristic and elimisate the problem of intercoupler transitions. In
practice, however, there are still junctions where the coupler meets the
decoupled feed lines, and these discontinuities will limit the high
frequency performance. Nevertheless extremely broad bandwidths are
attainable, 40-to-1 or more, in media with equal phase velocities.

We are not aware of very broadband tapered-line microstrip couplers

having been reported. Certainly the problem of velocity compensation
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and attaining high directivity over decade bandwidths in microstrip
couplers presents somethiag of a challenge~-which we have not under-

taken in this work.

We have also not prepared any design charts for tapered line
couplers. Amdt23 has synthesized asymmetrical tapered couplers with
Chebyshev characteristics and provides coupling tables for 3,6,8,34,
16 and 20 dB couplers with ripples up to .83 dB. The tables are in the
form of ¢oefficients of 6th order polynomials giving the coupling as a
furiction of length. The equal-ripple low frequency band edges are also
tabulated. These couplers are not quadrature couplers and, as Arndt

points out, are not easily phase compensated.

DuHamel and Armstron924 have given a synthesis prescription
for tapered line magic-T's, i.e. in-or out-of-rhase outputs, based on

a Klopfenstein taper. The design procedure appears to be quite tedicus.

The design of symmetrical tapered couplers has been treated
by Trc-:sselt,25 and by Kammlerzs. Tresselt determined that, in the
loose coupling approximation employed, the high pass characteristic
required that the coupling go to 0 dB at the center. He did not prove
that this was true in any higher order theory, but turned to the synthesis
of equal ripple couplers of finite bandwidth. Ir, the design procedure
developed, the coupling versus dsstance function is much like the
staircase of the stepped symmetrical cougler, but with rounded corners
and not-quite-flat steps. In fact the stepped coupler impedance values
are used as weighing functions in the tapered coupler design. The
coupling curves and bandwidths of the tapered coupler and stepped

prototype will be very much the same. The tapered coupler tums out to
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be a little longer and requires slightly tighter coupling at the ceanter.

' ; The great advantage of this technique is the elimination

of the transition regions by incorporating them into the overall coupler
design in a rigorous fashion. The design procedure is quite involved,
and we have not attempted to reduce it to practically manageable

tables or charts. This is, however, a job that definitely should be done.
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B. Tight-Counling Methods

The practical limit for narrcw gaps between coupled
microstrip lines fabricated by conventional photo etching techniques
is about .0008" to .001". Typical substrate thicknesses are .010" to
.050%, with .020" and .025" generally used for S- through Ku—bands.
Thus the minimum practical s/h is in the .02 to .04 range, depending
on the substrate thickness. Referring to the basic design chart, Pig.
25, we see that this limits the tightest coupling of 50 Qcouplers to
about 5 dB.

To meet the demand for 3 dB céuplers we need to explore
ways of incrzasing the coupling of microstrip couplers within the frame~
work of the gap width limitation. Recall also that broadband 3 dB
couplers can require coupling even greater than 1 dB; the center of a
9-section symmetrical 3 dB coupler with 1 dB of ripple. for instance,
is an 0.3 dB coupler! In this Section we shall discuss threz methods fo-
achieving tight coupling using fairly conventional microstrip techniques.
These are (1) transformation to high impedance couplers, (2) interdigitated

structures, and (3) tandem connections of more loosely coupled couplers.

From Fig. 25 we can see that at the narrow gap end the
coupling tightens as the impedance of a coupler is increased by narrow-
ing the lines, keeping the gap fixed. The practical limit here is perhaps
75 to 80 0, which will pick up about 1 dB in coupling, The transfor-
mation up to and down from the coupler impedance will need a bandwidih
at least as great as the coupler to avoid undue loss in directivity. The
very narrow coupler strips will also cause higher dissipative loss.
Clearly, the marginal gain in coupling by this method is not worth the

degradation in directivity and loss.
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Lange27' 28 has designed and constructed interdigitated
3 dB and 1.47 dB (center section of 3-section, 3 dB coupler) couplers.
In this design, diagrammed in Fig. 42, tight coupling with moderate
snacing is achieved by tripling the length of the coupling gap. it
requires everal jumpers to connect the ends of the fingers belonging
to the same conductor strip. The jumpers are normally several
.0005" to .001" gold wires, thermo~compression bonded to the

gold fingers; Fig. 43 shows the construction details.

The couplers in Figs. 42 and 43 have the direct and isolated
ports interchanged, which is handy for microwave mixer applications.
This crossing over of the lines is possible because of the jumpers,
which were needed anyway. One can also "reverse" the Lange coupler,
bringing the direct and isolated ports out on their usual sides, as
diagrammed in Fig. 44. This lavsut dispenses with the center cross-

over wires.

The directivity of 3-dB interdigitated couplers is excellent
(=20dB) sven without velocity compensation. Typical performance of
a single section C-band coupler used in octave bandwidth mixers is
shown in Fig. 45. The isolation curve here is quite close~~within
about 2 dB of the theoretical curve for a single gap 3-dB coupler,
Fig. 14. Thus we expect that the even-odd mode velocity ratio of the
interdigitatea coupler to be comparable to that of the corresponding

single gap structure.

Lange's 1,47 dB coupler required 0.6~mil gaps and 1.9-mil
lines on 42-mil alumina, which was pushing the limits of the photo etch-
ing technique, As it was, the coupling was low and the directivity

was as low as 15 dB.
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Thus, tne interdigitated coupler approach appears to be
excellent for couplers up tc about 2.5 dB on .020" - .025" substrates ,
and 2 dB on .050" substrates. Reaching 1.5 dB means extraordinary
control on tolerances. Consequently, this coupler is almost ruled out
of multisection 3-dB coupler applications. One could possibly tighten the
coupling stili more by using more, narrower, fingers, but they are pretty
narrow already and bonding the jumper wires without shorting %o adjacent

fingers is an exacting task.

Unfortunately, no general design data has been published

on the parameters of interdigitated couplers. However, since their

widest use will be as single-section, 3 dB couplers, the empirical values

t‘ s/h=.072, w/h = .11, €.~ 10.0 should suffice for most of the work.

It is well-known that two quadrature couplers connected in

o

tandem will have an overall coupling greater than either and will still

*
be a quad coupler. The tandem connection of two couplers exists when
the coupled and direct ports (ports 2 and 4) of one coupler feed diagonally

opposed ports (input, 1, and isolated, 3) of the second, Figure 46.

*
c f. footnote, p. 74
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Note that the isolated port is on the input port side and the coupled
po:st is diagonal tc the input. The compcsite coupler can be treated as

a single coupler and connected in tandem with yet another.

Denote the scattering coefiicients of the tandem coupler

by Tl 2 and Tl 4" and those of the individual couplers by Sl 9 Sl 4 and

‘JIZ"JM'

then,
Ty, =y S14tediy 5y,
Tyy =efiy 81541y 81y (45)
For two identical couplers, we have at midband, where S1 2 = k,
. 2
814 = =j 1=k,
2
FTol™ o a2 aad
2 2 ..2
= - {
I TMI (2k“-1) (46)

The net power coupling of two identical couplers is plotted in Fig. 47.
Note in particular that two 8.34 dB couplers gives 3 dB and that a pair
of 5 dB couplers—-the practical tight~coupling limit--yields an 0.63 dB
coupler. [f still tighter coupling were required a third tandem element
could be added, but this would be arare necessity. As the coupling of
the individual couplers beccmas weak, k2 <<1, the coupling of the
tandem pair approaches 6.02 dB greater than the single coupler. When
the individual couplers are tighter than 3 ¢, the net coupling goes down

again, the direct and coupled ports in a sense interchanging roles,

gt Sl A ¢ -ty P —
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The bandwidth of a tandem pair is less than that of a single
coupler of the same overall coupling. This is illustrated in rig. 48 for
a 3 dB coupler and a tandem pair of 8.34 dB couplers. the bandwic™ of

the pair is essentially that of an 8.34 dB coupler; cf Fig 3.

The tandem coupler has the advantages that very tight
coupling can be achieved with just two couplers, conventional design
procedure is applicable, and velocity compensation is easy. They do,
however. require cross-overs, but these are bonded to broad lin~s and
do not present any fabrication or serious matching problems. %The
couplers aiso require more than twice the area of a single coupler, and
there is no choice, without additional crossovers, on the ordering of

the ports.

In principle there are two ways of broadbanding the tandem
coupler. These are diagrammed in Fig. 49 for a 3-sectinn 3 dB coupler.
The first is a tandem connection of t'vo 3-section, cascaded, 8.34 dB
couplers; the second is a 3-section cascade with a 1.5 dB center secticn

composed of tandem 6.4 dB couplers. The latter eliminates two

couplers, but adds a cross-over in the interconnecting 50 Qline is

undesirable because crosg~coupling here is to he avoided. Conversely,

s because of the geometry, the inter-stage connecting lines, which
should be coupled to some exient, will tend to be two far apart and
decoupled. Clearly the tandem 3-section §.34 dB couplers represent
the cleaner, more straightforward design. Fig. 50 shows the computed
coupling response of the arrangement in Fig. 49@). The ripple of the
composite coupler is slightly less than the ripple of each 8.34 dB
coupler, i.e. ~0.2 dB versus 0.25 dB. The equal ripple bandwidth is

' 111% (3.5 to 1), which compares quite favorably with the 117% (3.8 to 1)
| of a single 3~-section 3 dB, 0.2 dB ripple coupler.
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V. EXPERIMENTAL COUPLERS

A. Introduction

A number of exp#rimental couplers were made with the
objectives of obtaining octave bandwidth coupling responses with small
coupling tolerance and high di: zctivity, as well as to compare with the
design data of the previous chapters. For the sake of uniformity and
ease of comparison, all couplers were 3-section symmeirical couplers.
Two-section asymmetrical couplers would have provided the bandwidth,
but the appeal of phase quadrature and symmetry led us to opt for the
symmetrical des.gns.

Dielectric overlay couplers of 8.34, 10, and 20 dB, centered
at 6 GHz are described in Section C;‘tandem 8.34 dB, 3~dB couplers at
6, 4.5 and 3 GHz are covered in Section D. We experimented with a
3-section 3 dB coupler with an interdigitated center section, Section E.
This was not pursued beyond one trial, but it does show promise within
the limitations discussed in the last chapter. In our early work, bafore
turning to the dielectric overlay, we experimented with the wiggly-line
coupler intoduced by F’odel.8 We were not successful in improving
directivity with this technique; however some results of this effort will
be covered in Section F. Finally, in Section G we discuss the resulits
on band pass filters made with and without a dielectric overlays. All
circuits were on .025" (+.0005") 99.5% alumina (Alsimag 772, American
Lava Corp.) except the interdigitals which were on .050" material. The
substrates were polished to 1.5 uin finish and coated with a standard
100 winCr - Au metalization. The dielectric constant qucted by the
manufacturer was 9.8; our measurements, described in Section B
indicated that €, was near 10.0. The same material was used for the

overlays.
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The circuits were soldered into gold-plated machined
aluminum housings, fitted with OSM-220 -8873A hermetic MIC
connectors. The launchers were modified te an air-line entry to the

microstrip. (The standard connector has a teflon-loaded line.)
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B. Dielectric Constant Mzasurements

To measure the dielectric constant, sr’ and the effective

microwave dielectric constant, ¢ ., of the subsirate material, a special

eff
test pattern was etched. It consisted of a series of four different-sized

circular dots and a capacitively-coupled transmission line resonator.

By plotting the square root of the low-frequency capacitances
of the dots, versus their radii, Fig. S1, we find that the effective radius,
which accounts for the effect of fringing is .010" greater than the geo-
metrical radius. (The l{e¢rgest dot was in rather close proximity to the
t ransmission line and was pzrhaps loaded by it slightly; hence this high
voint was not weighted in drawing the straight lines.) Prom this data,
e “.7 clearly represents ti:e best fit to the three lower points, although

€ = 10.0 appears to be within experimental error.

A time-domain reflectometer measurement of the line imped-
ance of \ 2 resonator section which had w/h = .985 was 48 + .3 Q, This
implies €= 10.6, based on Bryant and Weiss' calculations for zero
thickness lines. Allowing for the line thickness would bring e r down to
about 10.4.

The transmission resonant frequencies of the resonator from
S to X band were measured. The effective dielectric constants at each
resonant frequency were computed, assuming the line was .020" ionger

than its physical length, to a'low for end fringing. These data are plotted

in Fig. 52 with a dispersion curve calculatecd from Getsingers' formula,
Eq. 44; for € = 10.0 and ¢ 0o = 6.68. This value for the low frequency
effective dielectric constant is ¢ »nsistent with the resonator data and

with Bryant and Weiss' calculated value for er = 10.0,w/h = .985,
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Thug, this microwave-derived value of €= 10.0 was chosen
since it was-within a few percent of the low frequency values, and it
was cbviously easier to use. A more precise value was not deemad
necessary since coupling depends only weakly upon e:r and coupler
impedances with dielectric overlays are semi-empivically determined
anyway. For the same reasons we did not generally apply dispersion

corrections in ueriving the coupler designs.
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C. 8.34dB, 10 dB, and 20 dB Couplers

Our target designs for these three couplers were:

Coupler Ripple Center Coupler End Coupler
8.341 0.05 6.28 23.8 dB
10.0 0.20 7.44 23.5 dB
20.0 0.20 17.2 33.8 dB

where the individual coupler values were computed from Cristal and
Young's data for 3-section symmetrical couplers, cf. Fig. 39. The
theoretical responses of these couplers, with and without velocity

compensation are shown in Figs. 53, 54, and 55.

Photographs of 8.34, 10, and 20 dB ccuplers without the
dielectric overlays in place are shown in Figs. 56, 57 and 58. The
cross-over jumper is visible in the center of the 8.34 dB coupler. It is
a 10-mil wide gold strap welded to the lower left and upper right coupler

branches. 8.34 dB couplers were also made without the crossed over

- e e e

lines, for comparison. Figs. 59 and 60 show the 10 and 20 dB couplers
with the dielectric blocks in place, after being tuned for best performance.
They are glued down with Eastman 310 cement. The overlay for the

center of the 8.34 dB coupler with crossover is in two short pieces, one
each side of the jumper, In all of these couplers, the outermost sections
are decoupled ( ~ 50 dB) 50 Qfeed lines to the launchers, and are not part

of the coupled zones.

The coupling and isolation responses from 1 to 11 GHz of
four couplers designed according to Figures 29 and 30 are shown in
Figs. 61, 62 and 63. The VSWR data for these couplers are in Fig. 64.
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FIGURE 57 3-SECTION 10 £5 COUPLER WITHOU7 DIELECTRIC OVERLAY.
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The tuning procedure for these couplers entailed several
tasks. First dielectric blocks were selected by trial and error to yield
the flattest coupling response and highest average directivity possible.
This combination was then checked on a time domain reflectometar to
observe the general impedance levels of the couplers and to evaluate
the mismatches, particularly at the intercoupler transitions. The trans-
itions were then tuned 1up with indium foil for best TDR match. This
cycle was then repeated .antil the best coupling and directivity responses

were obtained, and then the blocks were glued in place.

We found that varying t'ie lengths of the blocks and then
positioning of the indium foil in the transitions could be used to control
the coupler lengths and thereby adjust the coupling flatness. The size
and position of the center coupler block seemed most critical with respect
to directivity, while the end coupler blocks appeared to have a larger
effect on flatness. Generally, the cement had to be kept out of the center
coupler gap, as it would degrade the directivity obtained with the blocks

simply resting in position.

In Figs. 61-63 note the substantial improvement in directivity
from that theoretically expected for.non-compensated couplers. It ranges
from 5 dB at the low end of the 8.34 dB to over 25 dB near midband on the
20 dB coupler, counting just the peaks. Much of the residual directivity
we attribute to small launcher and coupler mismatches and variations of
+ 1 Q in coupler impedance rather than velocity inequalities. Although
the minimum directivities were not 20 dB across the entire potential band-
widths of the couplers, they were better than 18, 21 and 16 dB for the
8.34, 10 and 20 dB couplers, respectively, over the 4 to 8 GHz band.

The directivity was better than 20 dB over substantial bandwidths on all

couplers.
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No attempt was made to tune for low VSWR; we aimed rather
at high directivity. In generali the VSWR < 1.3 up t0 9 GHz. Mis-~
matches up to 1.45 on the 20 dB <oupler suggests that some improvement

in directivity is also possible here.

Note that the ccupling bandwidths of the three couplers are
somewhat narrower than the calculated curves. This is due to the finite
length of the transition zones. Cf. Fig. 41 and discussion thereon,
Section IV-A, Also, the coupling of the 10 dB coupler has a slight
downward slope, because the end couplers are still a shade too short

relative to the center.

The coupling and isolation responses are taken with respect
to the input ad output connectors and therefore include the connector
and feed-line losses. By adding up the transmitted and reflected powers
and subtracting from the incident power, we can estimate the dissipative
losses. On the average we estimated that the dissipative losses varied
from 0.5 dB to 0.9 dB from 3 to 9 GHz with 0.8 dB at 6 SHz., No attempt
was made to apportion this loss among the connectors, feed lines, and
couplers; the hermetic connectors tend to run from 0.1 to 0.5 dB per pair

over the same band.

If we add about 0.8 dB to the coupling of these couplers to
account for the loss, we see that they are indeed quite close to the design
values, except that the 20 dB coupler lacks any ripple; it is not quite
maximally falt, Before making a more detailed comparison of the resuits
with the design data, consider the characteristics of the three couplers
shown in Figs. 65, 66, and 67, These couplers were early models of
the 8.34, 10 and 20 dB couplers designed in accordance with an earlier

version of Figs. 29 and 30. All three ccuplers have very well-behaved
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coupling curves--in fact, the "8.34 dB" has exactly the curve we desired
for the 10 dB,discounting losses--and the directivities are over 20 dB
except for two small spots on the "8.34 dB" coupler. All three couplers,
however, are too weakly coupled and have too much ripple. This is be-
cause the gap widths, which control the coupling, were incorrect. Never-
theless, the actual gap widths used imply certain "design® values for the
coupiers per Fig. 30. (The line widths used imply coupler impedances,
estimated irom Figs. 29 and 26, withir a half-ohm of 50 ohm and can be
safely ignored.) These coupling values, in turn, imply certain mean
couplings and ripples, per Fig. 39, which may then be compared with
experiment. Table I lists the "design" values of all the couplers in the
seven 3~-section units with their normalized gap widths. Under measured
data it lists the dissipative losses at midband and the estimated mean
coupling, and ripple corrected for loss by subtracting all of the loss from
the mean coupling. Finally Fig. 39 was used to estimate the actual
couplings of each coupler. In Fig. 68, a copy of the gap width design
chart, these estimated coupling values are plotted against the actual
normalized gap widths. The agreement is quite good except for very

loosely coupled couplers, say less than 25 dB, whicn coine out inore

% .

lightly coupled than the curve predicts. Over the rest of the range, the :

el
=¥

couplings were within 6-~7 %, in dB, of the design values, which is within

the experimental accuracy.
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D. 3-dB Tandem Couplers

Figures 69 and 70 show a C-band tandem 8.34 dB quadrature
3 @B coupler with and without its dielectric overlays, Its transmission

characteristics are given in Fig. 71 over the 1 -11 GHz band.

The difference between 3-dB and the straight line through the
crossover points of the direct and coupled power curves rapresents the
dissipative loss of the coupler, since the isolation and reflection con-
tributions are negligible. (The VSWR ,<.,1. 1l upto 7.5 GHz, has a peak
of 1.4 at 8.8 GHz; between 9.5 and 11 GHz it climbs from 1.15 to 2).
The dissipative loss of the tandem pair is comparable to that of a single
section, in fact, within experimental error it is the same. The straight
through path iength on the tandem coupler is approximately 25% greater
than that of the 8.34 dB, with its longer feed lines, and thus we should

expect a proportionate increase in the loss. This suggests that the

coupler losses are indesd modest compared to the connector losses.

From the transmission data in Figure 71, we estimate that
the coupler is approximately 3.1 dB with 0.2 dB of ripple. Again this is
within a few percent of the design target~-with six couplers covered with

dielectric!

The isolation is 25 dB up to 8.5 GHz, where it degrades

W Do

slightly along with the increasing VSWR. f

The phase quadrature property of the coupler is demonstrated
in Fig. 72. The phase difference between the direct and coupled arms
oscillates by less than 2o about a line of constant slope, representing a

differential line lengthof .026", in air, from 1 to 11 GHz.
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Finally Figs. 73 and 74 give the transmission characteristics

of couplers centered at 4.5 and 3.0 GHz. These couplers are exactly

the same design as circuit: $18 except the lengths of the coupled regions

are 1.33 and 2.0 times as long, respectively. The dissipative iosses of

the couplers are greater for the lower frequency couplers, which we sho.ld
expect since transmission line loss per wavelength increasing as the

square root of wavelength. The directivity performance of these couplers

is not quite as good as on the C-band unit. However the same amount of

care was not taken to optimize the performance, and this represents

what can be expected with relatively little tuning effort.

.
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E. Interdigitated Couplers

A 3-section 3-dB, .05 dB ripple cougler requires 1.75 dB
center and 17.2 dB end sections. It appeared that it should be possibie
to make an interdigitated 1.75 dB coupler on a .050" substrate. Since
little design data is available, we had to guess at the line dimensions
based on our experience with 3~dB couplets and on Lange's figures for a

1.47 dB coupler.

We made a single center section and a 3-section coupler in
which ends were designed to be 17.2 4B without an overlay. The "reversed”
Lange geometry, Fig. 44(a) was used. The lines were .003" wide
(w/h = .06) and the gaps .0014" (s/h = .028).

The single section came out 2.2 dB at 57Q, with 0.5 dB
of loss at mid band. The lines would have to be wider, the gaps narrower
to bring it in, but it looks reasonable. However, the isolation of the single
section was only 16 dB at mid band~-a less than could be attributed to

the 57 Qimpedance. The approach did not appear too promising.

The 3-section coupler, however, had better than 20 dB
of isolation up to 8 GHz. The overall coupling was approximately 3.5 dB

with little or no ripple. Since the center was low in coupling anc high in

s

impedance, and since dielectric overlays were working so well on con-
ventional couplers, it was logical to try this technique on the interdigital

structure,

< A———-

The transmission characteristics of the overlay--interdigital

coupler are shown in Fig. 75. It is a nominal 3.2 dB coupler, centered at

e e o -

6.5 GHz; it is almost flat, with a slight positive coupling slope. The
directivity is >23 dB un tc 7,5 GHz and about 16 dB above that. There was

no dielectric on the end couplers.
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We did not pursue the interdigitated coupler, but it is obvious
that it could be made to perform as well as the tandem 8.34 dB units. Its
disadvantages are that it needs a thicker substrate than we normally

like to use above L-band, and the design, right now, is strictly empirical.
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F. Sawtooth Couplers
In the early part of the program we experimented with saw-

tooth, or wiggly-line, couplers as propcsed by Podella, as a con-

venient means of velocity compensation. The technique is very appeal-

ing since coupler fabrication is simple and they should not require tuning
adjustments once the design is fixed.

We made 3-section 10 and 20 dB, couplers, in C-band,

using various prescriptions to fix the angles, depths, and numbers of

teeth in the gaps. Our results can be summarized by reference to the data

for 10 -dB couplers with varying sawtooth angles shown in Figure 76. The
tooth angles in the center, 7.4 dB, coupler were 300, 350, and 400,
corresponding to corrections for velocity ratios of 1.16, 1.22 and 1.30.
These corrections are considerably larger than the expected ratio of 1.11,
but smaller angles did net work,and we were attempting to allow for the

possibility that the odd mode wave does not follow the center of the gap,

but “cuts the corners” somewhat. The angles in the end couplers was
o
30" in all cases. Here the gaps are so wide that the teeth do not reach

the centerline, so the effective length of the gap is impossible to estimate.

The coupling responses of all the couplers has a very
pronounced high-frequency roll-off. These couplers were designed before
we recognized the effects of the relative coupler lengths and the trans- .
itions on the coupling characteristics, and the transition lengths were
included as part of the end couplers.

Comparing the isolation responses with the computed, un-
compensated, curve from Fig. 54, we see that the sawteeth have effected
little, if any, improvement. Similarly, the measured isolation for the

20 dB couplers fall right on the calculated curve.
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We concluded, reluctantly, that the sawtooth velocity
compensation technique does not work at C-band, and turned our

attention to the dielectric overlay mesthod.
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(. Band Pass Fiiters

In order to exercise the design procedure on a different
configuration, we applied it to the design of a half-octave, band pass

filter, such as might be used in a multiplexer application.

The design was for @ 4~coupler, coupled-line filter
with half-wave, open circuited resonators; using a 3~-section low-pass
prototype* for an 0.2 dB Chebyshev ripple. The coupler impedances
and coupling were determined from the equations given by Matthaei, Young,

and Jones (Table 10.02-1,p 590)?9

The couplers were not 50 Q, so the coupler parameters
without the overlays were estimated and the line parameters taken from
the charts for uncompensated couplers, Table II. The open circuited
resonators were shortened by .010"” on each end to allow for fringing.
Two filters were made, one centered at 3 GHz, one at 6 GHz, the only
difference was in the coupler lengths. The S-band urit is shown, without

dielectrics, in Fig. 77.

The transmission responses for thrée cases were computed
and are plotted in Fig. 78. The dotted line shows the attenuation of
the ideal filter; the solid line shows the case when the velocities are
unequal (ratios of 1.12 and 1.14 in the ends and center, repectively),
but the couplings and impedances have their design values. The dashed
curve corresponds to the filter designed for overlays but with the die-

lectrics removed. The effect of the incorrect couplers is simply to

A 3-section prototype has three \ /2 resonators, but four couplers.
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narrow the bandwidth by a few percent. The effect of the velocity in-
equality, however, is to degrade the band rejection on the high frequency
side to about 25 dB. The pass band ripple is almost the same in all
three cases. (The ugward velocity shift of the unequal velocity curves
is due to the choice of ee = 900, rather than (Oe + eo) /2 = 90° in the

calculations.)

Figures 79 and 80 show the measured transmission character-
istics of the C~ and S-band filters. The bandpass insertion losses are
approximately 1.3 and 0.8 dB; these are primarily dissipative losses
since the peak VSWRs are less approximately 1.5 within the bands,
except for the high endof the S-band filter, where it is 2.1. The peak
rejection on the high side of the uncompensated coupler is ~ 24 dB, which
is close to the calculated 26 dB. The addition of the dielectrics improved
the rejection by about 5 dB; however, here again, we did not take pains-
taking care to optimize the performance. More work is clearly called

for in the area of velocity compensating coupled-line filters.
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Vi. CONCLUSIONS AND RECOMMENDATIONS

Our principal conclusion drawn from this work is that the die~
lectric overlay technique described is an excellent method for making
high~directivity directional couplers in conventional micrestrip. As a
corrollary, the design curves derived permit the semi-empirical design
of compensated single-section couplers from S to 25 dB, generally within

5% in coupling.

We have also concluded that the sawtooth scheme of velocity

compensation does not work at frequencies as high as C~band.

Finally, although we obtained only a modest improvement in
coupled-line {ilter performance with dielectric overlays, we believe
that significant improvement is possible with a8 commensurate improve-

ment in tuning technique.

There are many areas in which we would recommend further study

and experimentation. We shall just highlight a few here.

Foremost is the matter of loss. Our entire design treatment here
has been for the lossless coupler. But the experimental couplers were
indeed lossy--the high cornector losses not withstanding~~and it would
be nice to be able to predict the dissipative losses reliably. A number
of theoretical works are extant, but nothing of a simple-to~use, practicai

nature has appeared,

Another area is that of coupled line filters. When are they
practical? For instance, we found that a half~-octave, 4-coupler band-
pass filter was, but a half-octave band stop and a full-octave band pass

filters required impractically close coupling. Also, design procedures
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exploiting unequal line widths should be developed. This may extend

the practical range appreciably.

Third, Bryant and Weiss' program should be expanded and coupler

parameters generated for the unegual strip and the interdigitated coupler
cases.

Finally, the empirical part of our design procedure set forth
here should be removed, and set on sounder theoretical footing. The
size and placement of the overlay, and its quantitative effect on the

effective dielectric constant and coupler impedance should be determined
analytically.
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APPENDIX A
DERIVATION OF THE SYMMETRICAL COUPLER SCATTERING MATRIX

The response of a coupled-line coupler terminated in
resistive loads Z0 and excited at one port, as diagrammed in Fig. A-1 (a),
may be obtained from the superposition of the responses to even and

odd mode excitations shown in Fig. A-1(b) and (c¢)

Under even mode excitation, no current crosses the plane

of symmetry, so that the following relations hold

V?.e = vle IZe = Ile

v =V I =1
3e 4e 3e 4e, (A-1)

and the even mode response may be determined from two-port equivalent

circuit in Fig. A-2(a). Similarly,under odd mode excitation, the voltage

on the plane of symmetry is zero, so that we have

V20 ='vlo I20 =-‘Ilo

v30 =-V4o I30 =“.140 , (A-2)
and the response is determined by the two-port equivalent circuit in
Fig. A-2 (b).

The input impedance, normalized to Zo,of each of these

circuits is -
7 1+ j}x tan © l

- X _
Aix Z, = Ix 3 titan o J’ (A-3)
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where x is e or o for the even and odd modes respectively. In terms of

3/1}(, the voltages at the input and output are given by

le - A1x . le Zo - 1

E 1 +21x E 1 +31x (a-4)
V4x - 31x . 1 < I4x Zo

E 1+32,  COSB+j z sin8 E (A-5)

Superposing, we have at port 1
vV
v, =g he;V N 13? +“3"12""“"‘1"b
e L+ Fo 1 @a-e)

i =Il zo= Iled*'Ilo= 1 + 1 —a -b

1 E E 1+21e %316 1 1 @a-p

where a 1 and bl are the normalized amplitudes of the incident and

emerging waves. Solving fora_  and b,, we find a, = 1 and

1 1’ 1
b, = 8§ =1 319 _ + }10 ik
1 11 2 3‘1e + 1 310 +11. (A-8}

Similarly, superposing the even and odd modes at each port and solving

for the wave amplitudes a;,b; we find a, =a, =a, =20, and

2~ 937°%
Coas oL |fe”t  Zo !
2 12 2 §1e + 1 2,10 + 1 (A9
-159-
-v*  s— * ‘s "wa——-——'ﬂ‘—~’~
- ] s

b

=



31e

13° (1+31e) (cos e+j3,e sin €)

S

3’10
( 1+}10) (cos 8+j}6 sin 8)

%19

S =
14 (1+3le) (cos e+j3'e sin 8)

3’10

(1+210) (cos e+j}° sin @)

4

(A-10)

{a-11)

Sinice the coupler is reciprocal and symmetrical, there are only four

distinct scattering coefficients. The remainder are given by

S11 = S22 = S33 = Sy
12 7 S35 = 834 = 845
S13 = 831 % Sy = Sy
14 = 841 T Sp3 = S5y ¢

If we next substitute Eq. (A-~3) into Eqs.(A-8) thru (A-11) and

eliminate }e and 36 in favor of 3k' k and kl' defined by

}k = é:e 3,0 = coupler impedance,
Ze " éjo
= " = coupling coefficient (voltage),
¥t %
2
kl =J1-k"
-160~
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the scattering coefficients may be reduced to the following explicit

forms:

2 2
_ jsing G D k4D

im 2

S
. . 2, ., 2
23!( kl cos 6+ j sin @ [(3,3< +1) +k (3‘k _.1)]

2 .. .2
i‘_ (}IK - 1) -k(]k .1)

Z}k kl cos 8+jsin 8 [(}k2+ 1) -k (}kz- 1)]

(A-13)

where m = 1, 2 and the plus sign applies to S, ., the minus sign to S

11 12’
1
) = Z, k
in k'l [ 2 2_ ]
Z}k kl cos 6+ jsinB (}'k +1) + k (}’k 1)
1
x 2 2
Zg,k k1 cos 6+ j sin 6 [(}k +1) -k (}k -1)]
(A-14)
where n = 3,4 and the minus.sign applies to Sl3' the plus sign to 814.
§
In the special case when }k = 1, the coefficients reduce to: ¥
Sy =0
S - jk sin 8
12 k1 cos 8+ jein @ ;
813 = 0
514 F )
k, cos 8+ 1 sin @ ! (A-15)
~161-
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which are the elements of the scattering matrix »Z an ideal directional

coupler, i.e. perfectly matched and infinite directivity.

! ~-162-
S— -
\‘f . g By, A Py n et 5 s
- e X \
N i o o
- et




APPENDIX B

EVEN AND ODD MODES ON THE NON-SYMMETRICAL COUPLED-LINE COUPLER

In analogy to the symmetric coupled pair, we could define

the even and odd mcde waves on the non-symmetric pair as the modes

present with equal currents flowing in the same and opposite directions

on the A and B lines. (Refer to Figs. 6 and 7 of the text.) In this case

the voltages of the two lines with respect to the ground plane will not

be equal and we can define even and odd mode impedances with respect

a a b b
to each line; Z A . 2 , & .
oe 00 oe 00

Alternatively, we can define the even and odd modes as those

modes existing with equal and opposite voltages on each line, with

respect to ground. Then the currents on the two lines will not be equal,

and we can define even and odd mode admittances with respect to each

line: ¥ 2, v 2 v Py P
oe 00 oe 00

These admittances are not, in general, equal to the reciprocals
at the corresponding impedances. Furthermore, since there are just two
independent waves on a 3~-conductor line, there can be just two independent
characteristic admittances or impedances, regardless of how the independent
modes are chosen, and not féur. The relationships among the admittance
and impedances can best be understood by considering a non-symmetrical

coupled pair extending to infinity from the terminals at ports 1 and 2 in

lines A and B, respectively, Fig. 6. Then no reflected waves occur
beyond the terminais and we have a simple two~port which may be de-

scribed oy an impedance matrix:

V1 Zoa Zt I1

Val 1% Zob|| %2}, (B-1)
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or an admittance matrix:

-
Il-l Yoa Yt V1
IZJ Yo Y| | V2i. (B-2)
It is clear from Egs. (B-1) that zoa and zob are the characteristic
impedances of the modes on each line when the input to the other line
is open circuited, so that I, and I., in turn, equal zero. Similarly

2 1

Yoa and Yob are the characteristic admittances of the modes on each

line when the input to the other line i{s grounded, so that V2 and V1 '

in turn, equal zero. Zt and Yt are the transfer impedanc: and admittance,
respectively, and describe the coupling between the lines under open
and short circuit conditions. They are not the characteristic impedance
and admittance of any mcde of propagation. Thus, the two-mode struc-
ture is described by three immittances, two characteristic wave
immittances and a transfer immittance. Note that for this selection

of modes, which we might call the open or short circuit modes, the
admittances are not the reciprocals of the corresponding impedances.
However the admittance matrix is the reciprocal of the impedance

matrix, so we have

7
- ob ) (B-3)
oa A _
oa ob t
-Zt
Y = (B"'4)
t g g -2
oa ob t
Zoa
Y = .
ob 2 -
oa Zob " % (B-5)
~164~
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Now, we can define the even and odd modes in two ways.

First

we have the modes withequal and opposite currents;this is a super-

position of the open circuit modes.

1 -
currents by Ie =3 (Il+12) and Io =

written as
V1 (Zoa+zt)
V2 (Zob+zt)
- a
_ oe
2 b
| oe
In Eq. (B-6)
a _ v1
oe I I =0
e o}

is clearly the characteristic impedance of line A in the

even mode, i.e. winen I1 = IZ'

By defining the even and odd mode
(II—IZ), Eq. (B-1) can be

(Zoa-ztﬂ I
(z .-Z) 1
ob ¢t B L o |
22 111
00 e
b 1
o0 O_
(B-6)
Y
I I. =1
1 1 2 (8-7)

"equal current”

Similar definitions hold for the remain-

ing 7's. Second, we have the modes with equal and opposite voltages;
this is a superposition of the short circuit medes. Letting Ve =3 (V1+V2)
T -
and Vo =3 (V1 VZ), Eq. (B-2) becomes $'€
Ii'.
I [y +Y) v o)1 T v |
1 oa * oa t e
I (Y +Y) Y ,-Y) \)
i 2 | " ob t ob t- L °.
. v [ v
oe (o13) e
b b :
\Y 8 ‘
|_oe 00 1L o (B-8) i
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In Eq. (B-7)
a 1

1
Yoe—'v vV =0
e[o

i{B-9)

is the characteristic admittance of line A in the "equal voltage" even

=V,.

mode, i.e. when Vl 2

other ¥'s.

And again, similar definitions hold for tne

it is evident from Eqs. (B~7) and (B-9) that Zoea # l/Yoea.

This is to be expected since Zoea and Yoea refer vo fundamentally

differently defined even modes.

In the text, we have chosen to work with the admittance for-

mulation, or the "equal voltage" even and odd modes,

This was done

because it seems the more'na*ural" definition of even and odd modes.

First it is conceptually easier to visualize the modes defined that way,

and second, any calculation of the line parameters is bournd to be

based on line voltages rather than currents.

Finally, the admittance matrix for the lossless four-port coupler

of electrical length Qis given by:

Y ctn 6 Y ctn
oa t
_ Yt ctn 6 Yob ctn 8 -Y0
Y=-11 v zsc 8 -Y csco Y
t ob o)
- CS -
Yoa cH Yt csc 8
~166~

N O b,

8 -Yt csc 6

Yt ctn @

-Y <csc 8
oa

-Yt csc 8

Yt ctn 8

Y
oa

ctn 8

(B-19)

e

S




The scattering matrix for the matched coupler is the same as that for the
symmetrical coupler, Eq. (A-15); recall, however that the wave amplitudes
must be normalized to the matching resistances Za and Zb' instead of

Zo. The scattering matrix for the general case is quite complicated, and

has not yet appeared in print.
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be identical. The variables are not normalized.

APPENDIX C

SCATTERING MATRIX OF THE MICROSTRIP COUPLER

The scattering matrix of the ccupled~line coupler with unequal
even and odd mode lengths, can be derived by superposing the even and
odd modes at the coupler terminals, exactly as in Appendix A. Simply
add the even and odd mode subscripts to 6 in Eq. (A-3) and carry this
throughout the derivation. This method is simple and straightforward,
however some additional insight can be gained from the coupling-of-

modes derivation, following the pattern of Krage and Haddad. 16

The transmission line equations of the coupled lines for waves
+jwt

with time dependence e are:

aEl

—— <+ = -

Y. + ij1 I1 ijm IZ 0 (C-1)

aEz

Py + ijz 12 + ijm Il =0 (C-2)

all .

é‘; + chl El-jwbm Bz =0 (C-3) N
&
{

612 '

57 * JwG,E, -juC_ E, =0 (C-4)

where the variables are defined in Fig. C-1, and the two lines need not
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Define Si = w /L C

Zi = l/Yi = /Li / Ci' fori -1, 2, m, and introduce the even
and odd mode voltages and currents:

E =% g+E).E = & (5.-E)

e 2 1 72" " 7o 2 1 72

1 =L g4y 1 =3 @-L). (C-5)

e 2 Y172 "o 2 1 2

The transmission line equations for the even and odd modes then become:

E
e 1 P . -

32 + J(slzl+8222+282)1+ j (B Z eZ)I =0
(C-6)

aEe

S—;— +-' j (8 Z+SZZZ-28 A ) I +"'j (81Zl BZZZ) I =0
(C-7

aIe

37 +“'J(81Y1+82Y2 zsy )E +—j(8Y BY) E =0
(C-8)

aI0

— _. 4 _. - =

Py + j(8Y+E32Y2 28Y)E+ j(BY 82 .Z)E ((r)*..g)

At this point we introduce the symmetry of the coupler, letting 8B,= 8 9
andZ, = 2,6 = l/Yo. Eqs. (C-6) - (C-9) then reduce to:

1 2

3E

— = 3 2 1

dz e oe'e (C~10)
Zo . gz

dz 0 0 o (C-11)

:
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3z "e “oe “e (C-12)
ol
—2 _ 8 Y E
dz o 00 O, (C-13)
where 3 Zoe = Bl 4,1 + Bm Zm
SOZOO = 8121-8 Zm
SeYoe=31Y1-B Y
% Y0 = 31 ¥ 8nin (C-14)

are the even and odd mode impedances and admittance in terms of the
basic line parameters, i.e. the inductances and capacitances. Note
that for the symmetric line the even and odd modes, as defined by Eq.

(C-5), are completely decoupled, regardless of the z-dependence,

thus, regardless of the propagation constants or velocities of propagation.

It is also possible to define the even and odd modes for a non-
symmetrical coupled line such that the modes are completely decoupled
if Bl = 82, or L 1 C1 = L2 Cz. This condition will always hold for a
homogeneous dielectric medium; it need rot, and generally will not,
hold for non-symmetric mic'rostrip coupled pairs. When the condition $‘
holds, the decoupled even and odd modes are defined by Ee,o =
E) ok, Ie,o= I £, / «, where ozz = Z1 /Z2 ==',IL1 02 /L2 Cl.

These are not the same even and odd modes defined i1n Appendix B on

either the impedance or admittance basis.

-
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From Egs. (C-10) - (C-13), it is clear that the propagation con-
stants of the even and odd modes are Be and 80, respectively. In
microstrip (Be # 30 , each being determined by the dielectric con-

stant or phase velocity of the mode:

W 1)

3 = —-— = —

€
e v o c e-eff

—w w1
8o v c e:o-eff .

Egs. (C-5) and the symmetry require that

and

= 1/Y

oe oe
and

00 l/Yoo .
Applying these conditions to Egs. (C-14), with a little algebra we find

2 1

that

2 2 1 (Lm/Ll)

Zk-_—zoezoo=zl 2 !
1-(C _/C)
m 1

which relates the coupler impedance to the basic coupler parameters.
It is interesting to note that Zl = ’/Ll /C1 , the impedance of one line

when the other is removed, i.e. Lm’ Cm-'-ln- 0, is not equal to Zo,

the impedance which matches the ideal coupler,
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Return now to the decoupled transmission line Eqs. (C-10) -

(C-13). The solutions for the even and odd mode voltage and currents

are
-j8 2z 8 z
e = ae € +bee
e e e
-j8 z jB =z
e
i = ae - be
e e e
-J'Boz B 2z
e = ae + b e
o o 0
-jB_‘z j8 z
i =ae ¥ ~be
o) o) o}

(C-15)
where the e's and i's are the normalized voltages and currents and the
a's and b's are the normalized forward and reverse wave amplitudes:

e, = Ee /dvzoe, i, = Ie\lzoe, etc.
Next, un-normalize Eqs. (C-15), add and subtract cach pair to
1 I ’ E i I

17717 727 "2
impedance--and split into forward and reverse waves on each line a

get E , re-normalize to Zo - an arbitrary terminating

1
(2), bl’ (2), a2 (2), b2 (z). Turning the crank on this prccess yields
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-i8,2 js 2

a(z = (\/9;‘ ‘/3_8') + b (‘/;;' -\/Z)e ©
—18 z j8 2

+a \[370 ) + b (‘/’g‘) -ﬁg)e °

—1‘3 z R 2

b,(2) = y) +be(\/;£+ﬁ)—e)ee

-18 zZ

+ @ (F \/_‘0) t b, (\[2—0' ¥ yo)ejsoz,
(C-16)

where i = 1, 2 and the upper sign applies when i = 1, the lower when
i=2. Eq. (C-19%) is an explicit expression of Eq. (16} of Ref. 16,

in our notation.

The constants ae, be' ao, bo are determined by the boundary
conditions. Assume a wave of unit amplitude incident at port one only,
and all ports terminated in Zo, the normalizing impedance. Ports 1 and
2areat z=0, 3 and 4 are at z={ and let ee=BeL, eo=801. . The

boundary conditions are:

3, (0 = b, (1) =b, (1) =0,

2
which, with four of Eqs. (C-16), evaluated at z = 0 and 4 ,determine the
constants. The remaining four may be solved for the scattering matrix,

yielding:
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j (382—1) sin Se

1m

2
g i) sin 8
4}e cos A + 2j (}e +1) sin o

j (302-1) sin 90

|+

2
4}0 cos 90 + 2j (}o +]) sin Bo

S = 3’e

in

. 2 ,
Z}e cos ee + 2j (}e +1) sin ee

Zo

. 2 \
4}0 cos eo + 2j (}0 +1) sin eo

|+

(C-17)

(C-18)

wherem=1, 2and n=3, 4. The upper signs apply form =1, n= 3,

The remaining coefficients are determined from Eqs. (A-12)

Finally, substituting

31( - \f%ego
kK = }e-}o

Fe 2o

1-k

=
n

[
-

=175~
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The scattering coeificients become

2 2
i (?k -1) + k (354 +1) sin ee
S =
1m 2

. 2 2 .0
Z}Kkl cos ee +j [(}k +1) + k (}k -l)J sin ee

+ (3k2—1) -k (3kZ+1) sin eo I
. 2 .
Z}k k1 cos eo +j [(}kzﬂ) +k (}k ~1)] sin ee ‘ ’
(C-17)
S. =12k .
in 3k 1 Z}K kl cos ee + j [(3k2+1) +k (;kz-l)] Sinfe
+

1
Z}k k1 cos eo +j [(}k2+1) +k (}kz—l)] sin eo s
(C-18)

Againm=1, 2, n= 3, 4 and the upper signs applytom=1andn= 3,
Note that Egs. (C-17) and (C-18) are exactly the same as Eqs. (A-13)
and (A-14) for the ideal coupler except for the subscripting of the angles.
We should also point out.that these scattering coefficients are more general
than those given by Egs. (32) - (35) in Ref. 16, as the latter are for so-
called "matched terminations", which apparently means for the special
case when Zo = Z1 =2,. Our Egs. (C-17) and (C-18) are valid for an

2
arbitrary Zo termination.
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APPENDIX D

CASCADE - A COMPUTER PROGRAM TO CALCULATE THE RESPONSE
OF CASCADED FCUR-PORT DIRECTIONAL COUPLERS

A. General

CASCADE computes the reflection and transmission response of
cascaded four-port directional couplers. Up to 15 couplers may be cas-
caded. The couplers are parallel-coupled-line couplers of a very
general type; that is the matching impedances of each line need not be
equal (i.e. unequal line widths in microstrip or stripline), and the phase
velocities of the even and odd mode waves may differ. The inter-
connection of ports in the cascade is quite arbitrary as long as the inter-
connection is a true cascade, i.e. each coupler is connected only to
its immediate neighbors. Lengths of transmission line may be inserted
between couplers, The free ports may be terminated by resistors or

open-circuited or short-circuited stubs.

As a design aid, CASCADE is useful in studying the responses of
several broad classes of coupled-line coupler networks, such as the
stepped quarter wave couplers described by Cristal and Younglz, and
by Levyzo, and all of the filter types described by Jones andBolljahnlS. | “3
Continuously tapered couplers can be approximated by cascading
numerous short, untapered couplers. By making use of the various '
program features, such as unequal line impedances, unequal mode
velocities, interconnecting lines, and different terminations, the per-
formance of practical couplers can he modeled, so that the program is
also very useful in analyzing and understanding the measured performance

of actual coupler networks.
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The program is written in Fortran IV for use in the time«~sharing
mode on a teletype terminal. It runs on a Digital Equipment Corporation

PDP-10; minor alterations may be required to run it on other machines.

B. Coupler and Network Specifications

The sketch below represents a coupled-line directional coupler,
terminated at each of its four ports in a matched load. If port 1 is con-

sidered the input port, ports 2, 3 and 4 are the coupled, isolated, and
direct ports respectively.

2 Line B 3
ZB (k ZB
o) Line A p
- 4 -
2]
: A 'u-
i
In CASCADE each coupler is specified by seven parameters as foilows: ‘

ZA = jimpedance in ohms which matches poirts 1 and 4, the ends ofline A,

RER N P R
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Z_ = impedance which matches ports 2 and 3, the ends of line B.
= power cocupling ratio, in dB, between ports 1 and 2 or 3 and 4.
electricai length, in degrees, of the coupler for the even mode wave.

vo/ ve = ratio of odd to even mode wave velocities.

= loss, in dB per wavelength, of the even mode wave.

o
e
o = loss, in dB per wavelength of the cdd mode wave.

If ZA # ZB' ports 1 and 4 must be on line A, 2 and 3 on line B. If

ZA = ZB any port may be labelled #1. In either case ports 2, 3 and 4 must
be the coupled, isolated, and direct ports, respectively, with respect

to the seiected vort #1.

The couplers may be joined and terminated in a variety of ways.
Several examples will be illustrate the basic configurations which can

be treated.

Coupler # 3 2

2 . 3 2 3{'2 3 z
Z3 2

Z)




The preceding sketch shows a simple 3-section cascaded coupler
with all free ports resistively terminated. Note that the couplers are se-
quentially numbered from output to input. There must always be one free
input port and at least one resistive termination. The insertion loss,
or more precisely, the transducer loss {ratio of power dissipated in load

to power incident at input) is calculated for each resistive termination.

The sketch below illustrates a typical bandpass filter interconnec-

tion, with simple open circuits on the free ports.

Coupler # 4 3 2 1
Input 2 3 °
N 2 3 o
1 4 2 3
o1 v o \ .
7 Z° °

Some filter designs of this type require unequal line widths, ZA # ZB'
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The >andstop filter structure below illustrates the use of an

interconnecting line of impedance % and iength 6_and, in section 2,

I
an open stub of admittance Ys and length BS = 900, to simulate a

shorted port.

Coupler # 2 1
Z. .0
Input 2 3 °rU1 2 3
PO ——C <
o A
9 z 173 2 % 1
¥ , @ =90° - —
s -—
é

Finally, this all-pass structure:

Input Coupler #
2
Zy 8 1

shows the case where two ports of a single coupler are connected

together by a line of impedance Zk of length ek.
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The network sketched below shows the two interconnections which

cannot be handled by CASCADE: namely coupier #3 can only be connected

oy 1 RS | T o1 o -
Input .
Coupler # 3 2 1 —

to coupler #2 or #1, but not both, and port #1 of coupler #2 can have

only one connection- in this case to port #4, coupler #3. Note, also
that we cannot disconnect port #4, ccupler #3 from port #1, coupler #2
and leave the other connections in place, as this is no longer a cascade,

but rather a tree network.

C. Data Input and Qutput

The use of CASCADE, and the entry of the data at thc time-sharing
terminal is best explained by gving through a typical run. The next
two pages show the t-ypescript for a 3~section 20 dB coupler design.
The underlined entries are made by the user. Carriage returns are

indicated by the arrows.

The program begins by typing the date and asking for a title,
It proceeds by asking for four frequencies, FO, FL, FU, FDEL, the
center frequency, lower and upper limits and increment all in the same
units, e.g. GHz. It will next request NS, ZO, the number of couplers
in the cascade and the generator impedance in ohms. (If an input

error is made up to this point, it is best to abort and start over.)
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9-APR-73 TITLEs 3 SECTION 20 DB COUSPLER .2 DB RIPPLE UNECUAL VEL )

F3, FL, FU, FDEL=
61 11 .25
<

NS»ZO0=
3.50 5

SEC #,ZIN-A,ZIN-B.KP(D3)» THETA» VODDsALPHA=E» ALPHA~G= ) . .
1 %0 SO 23.8 90 I-Ol;) .

# t1/Y2E 1/Y00 1/Y0E 1/Y03 Z-A Z-B KC(D33) LOSS~-E,O(N/WL)
1 St <0 4940 Ste0 49.0 5000 S0.0 33«80 1+0E~-06 1.0E-06

PCRT # 1 TYPE,Z,»TH=F 3{9
PORT # 2 TYPE,Z>TH=F_4
PORT # 3 TYPE»Z»TH=Z 509
PORT # 4 TYPE,Z,TH=Z Sq)
GK?J

SEC 4,ZIN~A»ZIN-BsKP(DBY» THETAsYDDDsALPHA-E»ALPHA-0O=
2 S0 50 172 90 .11

# 1/Y0E 1/Y62 1/YJE 1/Y60 Z-A Z=B  K(DB) LBSS-E,B8(N/WL)
2 5745 43.5 57.5 43e5 S0.0 500 17:20 1.0E-06 1.0E-06

PIRT # 1 TYPE,LZ,»TH=F 33

FORT # 2 TYPE»Z»TH=F d;

FORT 7 3 TYPE,Z,TH=T 1 -
PORT # & TYPE,Zs»TH=T 2~ -

b

3EC #,ZIN-R»ZIN-BsKP(DB)»s THETAs VBDDsALPHA=E»ALPHA-03
3 S0 SO 33.8 90 !.01

# 1/YCE 1/Y88 1/YOBE /Y00 Z*A. Z=B K{(DB) LOSS-E»QIN/NWL)
3 51.0 49.0 51.0 49.0 500 S0.0 33.80 {.0E-06 1.0E~06

PORT # 1| TYPE,Z»TH3F_3 )
PORT £ 2 TYPE,Z»TH=Z_50)
PORT # 3 TYPE,Z,TH=T 1,
PORT # 4 TYPEsZ,TH=T 2,

ﬁK?é
REFL BUTPUT # | 2 3
FREO VSHR ANG Lass ANG LOSS ANG LO8SS ANG
GHZ DEG DB DEG D8 DEG bB DEG

1000 1.00 2442 36+11 =~134.5 001 ~44.2 27.24 4547
1230 1.00 T¢9 " 34619 ~145¢6 0¢01 ~=55.3 25,51 34,7
1570 101 ~8e2 32e62 ~15647 0¢02 <~66¢3 24417 23+6
1.750 101 ~24.2 31429 1677 0.02 =77.4 23.12 12e¢
2.000 {e0] =40.0 30415 ~178.8 0403 <~B8e4 22.29 1¢6
2.250 1401 =5546 2914 1702 Ces0n =994 21463 “%e5
2.500 1.01 =70.9 2024 1592 0«04 ~1i0.4 21612 <~20.S
247590 101 ~-86+1 27442 148.2 004 ~121.4 20472 =315
30690 f.01 -101.0 26667 1372 0.05 =13245 20043 =42'45
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34750
4000
44250
4.500
44750
5.000
5.250
5.500
5750
64000
6¢250
64500
€750
7.000
7250
7500
7759
8000
8250
84500
8+750
9.000
9.250
9500
9750
104000
10.259
10500
10750
11000

1 +C1
1.01
101
1.0}
1.01
102
102
1.02
1.02
1.02
102
102
1.02
102
102
1.02
1.03
103
1.03
1.03
103
1-G3
103
103
1«04
104
104
1.04
1.04
104

CHANGE ALL?Y

clased
“5803
~171 9
174.7
16246
14Be7
1260
1234
111.0
98e7
864
740
616
49.0
362
23.2
10.0
-3eS
~17.2
=31.2
~4S5Se4
-59.8
“7405
=894
*104.5
-119.9
-135.4
~15% 1
-167-0
1769

24075
24.20
23667
23417
22.71
82.26
21.84
2143
21.05
2C+63
20033
1999
19466
1935
19.05

104.3
93.3
82.3
713
603
493
38.3
273
163

€e3

‘S:?

~16.7

«277

~38.7

-49.8

18076 607

1848
1820
1794
17+68
17.43
17.18
1694
1670
16446
1623
16401

1578
1557
1535

=717
-82.7
~93.7
~104.7
*115+6
~126.6
'237.6
~14Be6
-159.5
-170«5S
1785
1674
1564
1453

-184-~

006
Ge0&
0.06
0.06
0.07
007
007
0«07
0.08
008
N.08
0.09
009
010
010
010
O.11
Ceit
Gel2
0.12
0.13-
0.13
0«14
O.14
Oel4
Q.14
0.14
Oel14
Q.15
015

'165«5
=1765S
1725
1615
1505
1394
1264
1174
106.4
953
B4¢3
733
623
51.2
40.2
2%9.2
. 182
T2
-39
=14.9
~25.9
=369
=477
=589
=699
«80+9
=919
=103.0
«114.0
-125.0

20.C2
20.00
20401

a0.0%
2010
20.16
2022
2026
29%.28
20.28

20.25
20620
20413
2004
19.94
1983

1974
1966
1Se61

19460
19«64
19.73
1939
20613
20.47
2091

219247
2218
2307
24.18

=154
-86+6
©97¢6
~108+6
-119+6
-130-6
~141 6
-1527
*«1637
{747
174.3
1633
1523
1413
130.3
1193

1083 .

973
8€e 4
754
6445
53.6
4247
o} %)
21.0
1G.2
=G5
~11.2
-21.8

=32.2




The program will now step through each coupler, from output to
input asking for each coupler's specifications and interconnections. It
first requests the 7 coupler parameters, ZA’ ZB in ohms, kp in dB, ee
in degrees at FO, vo/‘sife as a ratio, and @, and & in dB per wavelength.
The even and odd mode impedances for lines A and B are coinputed and
typed out; ZA' ZB' kp are repeated to help insure that they were correctly
received, and @, and o are converted to nepers per wavelength and
typed. If zero losses are entered, they are set to @ minimum, negligible,

value of 10-6 nepers per wavelength.

1f the two lines are of unequai width, such that ZA # Z_, the even

B
and odd mode impedances of each line do not equal the reciprocals of
the even and odd mode admittances, CASCADE computes the admittances

and prints the reciprocals, hence the 1, 40E,. 1/YOO labeling of the columns.

Naxt the interconnection specifications are requested for each port.
This is the tricky part, and can be confusing at first. Up to 3 entries are
required for each port, a type code letter and one or two numbers whose
meaning depends on the code. The allowable type codes and.the mean-
ings of the numbers are given inTable D~1.If port assignments are made

that cannot be interpreted, a diagnostic will be typed and the program

&

will ask for a new assignment.
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At the end of the data entry for each coupler, the computar will
ask "OK?". Typing an N (for NO) at this point will return to the
beginning of the entries for that particular coupler. Any other response

allows the program tc preceed.

Although the tabular data of the network response is straightforward
and relatively self-explanatory, several comments are in order. First,
the reflection angle is meaningless if the VEWR equals unity. Second,
although the transducer loss is computed and printed for each resistive
load, they do not necessarily appear in the order they were entered.

The order of the outputs does proceed from section 1 through section

NS, but the ordering of the loads on any coupler depends on the assign-
ment of the ports. Which loss goes with which load can readily be
determined by inspection. Third, insertion loss values over approximately
100 dB are unreliable due to round-~off error and machine precision

limits. Fourth, since the admittance matrix of a coupler with equal

mode velocities is singular at 2 fo, i.e. when it is 180o long, the cal-
culated responses at and very close to this frequency are also not

reliable.

After the resonse data table is completed, the computer will ask

o N

"Change All?" A positive response (anything except "N") starts the

program from the top. An "N" response elicits "Change Cplrs?" After
a positive response the program will ask for everything following the
generator impedance., An "N" elicits "Change Ports?" A positive
response to this allows the user to change the port assignments, loads,
etc. of all the couplers, leaving the rest of the data intact. An "N"

brings up "Stop or Go", to which any reply but an"8" (for Stop) will

return to the beginning of the program. An "S" terminates the program

operation. i
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D. Program Listing and Summary of Logic

The complete Fortran listing of CASCADE appears on the follow-

ing pages. Very briefly, the program works as follows:

The input coupler specification data for each ccupler is transformed
to even and odd mode parameters and stored. Subroutine ASSIGN takes
the port assignment for each coupler and classifies the coupler according
to its interconnections, constructs a natrix to reassign the ports to
standard positions, and sets up matrices describing the terminations and

interccnnections.

Arter all the couplers have been read in and the assignments made,
the frequency scan starts. At each frequency the admittance matriy» of the
first coupler is calculated in a standzard form in ADMIT. Then the rows
and columns are interchanged e¢~=nrding to the assignments made by
ASSIGN, The resulting admittan-z matrix is then transformed to a four-
port ABCD matrix in INTCHG. This ABCD matrix is then manipulated in
various ways, depending or: the interconnections. When possible it is
reduced to a two-port ABCD matrix, which is stored; when not, the four-

port matrix is stored.

Next the second coupler is taken through the same route. When its
two or four-port ABCD is found, it is cascaded with that for the first
coupler and reduced to a two-~port if possible. This process repeats until

all couplers have been cascaded.

Reduction to a two~-pori occurs whenever there is one input port and
one output port. If there are loads, a separate 2~port matrix is determined
between the input and each load in turn. Thus, at the end, there will be
a two-port ABCD matrix stored for each resistive termination. These
ABCD matrices are then used to compute the reflection and transmission
response at that frequency; the frequency is incremented and the process

repeated.
-188~
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CASCADE ~ PRJIGRAM TY CUMPUIE [THE TRANSMISSIoN
AND REFLECTION PRIPERTIES DF CASCADLED
FOUR~PERT DIRECTIBNAL COUPLERS

INTEGER STAR»TAG, CHGPT

REAL KP,KVU2,%XV1,L05,L385D3(33)-MINUS(2,2)»JUGL (25 4)

DIMENSION THETAC!S),VvaDDC(15),YOEAC15),Y3BAC15),Y0EB(15),
1Y03RC15)»CIDECAILRESISTCA),REACT(AQ),SGN(2,2),FLIP( &, A)»RIWC16),
2KLASC1S)»RW(4,43,PSI(39),DTEC2),ALPEC13),ALP3(15),NRIA(1S)

COMPLEX ZLCA»1S),RL(2,2)5Y¥C452)5Y11(2:2)5Y12C2,2),Y21(2:23,5Y¥22(2.2
1),A204,4)5A11(2,2),A12(2,2),A21(2523,A22(2,2)58(4,4),B11(2>22,B12(2
2,2),821(2,2),B22€2,2)s%(4,4)5 X1 (2,23, X2(2,2),U(2,2)5U1€2,25 30),24
3C4,4),A1C4,4,30),R(30)sR4,YL»G1»G2506AMs TRAN,Z2PT(2,2),0NE(2:2)»
AULC252:,23,UL1€2,2),UL2(2,2)5X3C2,2),X11(2,2),X120252),%21¢252%, K22
5¢2,2)

COMMAN /CGUP/YOEA,YG3A, YSEB,YABB, THETA,VODD, ALPE,»ALPO/PBRT/CODE» RE
1SISTLREACT,ZL/ZUNI T/3NE,MINUS> SGN» JUGL,FLIP

DATA CS/'S*/sCN/'N'/»CNEP/SA«5T75052/>,ALPMIN/1 «E-6/5FACT3R/ 9994/

EQUIVALENCE (RWC1,1),ROWCIINS(ULCLIL,151),ULI1C1513)5CULCLS152)>
tuL2d¢t,13)

CALL DATE (DTE)

WRITE (5,981) DTE

WRITE (5,920

READ (S»990,ERR=1)?

WRITE (€5,922)

READ (55,992:ERR=2) F0»FLsFU,FDEL

WRITE (5,924
READ €5,992,ERR=3) (NS,»ZO
NS=CNS
NF=C(FU~FL)/FDEL+1
L IN=0

D3 1000 1S=1sN5

IF (CHGPT.EQ.D) GO TO 6

WRITE (S5,927) 1S

G9 T4 17

WRITE (S5,926) 1S
READ (5,992,ERR=6) ZA»ZBsKP, THETA(IS)»VYODD(ISIsALPECIS?,ALPO(1S)
KV2210e%€(~KP/104) *

KV1I=SQRT(1 .-KV2 7y
YA=1./(ZA%KV1)

YB=1./¢Z8%KV1)

YD=SART(YA*YB*KV2) .

YBEALISI=(YA~YDS

YOOACIS)=(YA+YD) EX

!

YQEB(ISI=(YB-YD) 4
YOOBCIS)I=C(YB+YL)Y

ZOEA=1./YBEAL]S)

Z034=1./Y00AC1IS)

ZOEB=1./YBEB(IS)

Z2028=1./Y088(1I S
ALPECIS)=ALPE(CLIS)/CNEP+ALPMIN
ALPO(ISI=ALPOCIS) /CNEP+ALPMIN
WRITE (¢5,910)

WRITE (5,994) 1S+ZOEA»ZBJA»Z0EB>Z008B»LA,IBsKP»ALPE(IS),ALPO(IS)

WRITE (S5,99R)

DO 1100 IP=t,4
WRITE (5,928) IP
READ (5,993,ERR=7) CODECIPY»RESISTC(IPY,REACTC(IP)

IF (CODECIP)IER0)GD2 TG 7

1100 CONTINUE
C ASSIGN PORTS TG STANDARD PASITIONS & CLASSIFY CKT

LOWIN=LIN
CALL ASSIGNC(IS,NRW,LINsLTO»KLAS)
IF (KLASCIS)«NE«10) GO TC 8
WRITE (5,940
G9 T3 7
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1000

10

2110

2115

2120

13

14

15

IF (L TOONELLINIVYY KLASCIS)I==-KLASCIS)
URITE (5,33

READ (5,980} SiP

IF (STP.EQ.CN? GC T8 6
NROWCIS)=NRW

CONTINUE

CHGPT=0

HRITE (5,915

DO 2000 1F=1sNF

NERR=0

STAR=0

F=FL+(1F-1)+FDEL

GS TOo 12

F=FeFACTOR

STAR=STAR+}

IF (STAR.GT.10Y GO TG 2000
FFR=¥F/F0

NL=0

N2=0

N4=0

DO 2100 IS=1,NS

DO 2110 1=1,2

DB 2110 J=1,2

RLCISII=Z(Qe506)

CALL ADMIT:IS,FFG.Y)
NRY=NROWCI %)

1=32768

DB 2115 K=16sts-1

J=NRW/1

ROWCKI=FLOAT(J)

NRH=NRW-J*]

=172

CALL MATMCRCY»RW>AA» A)

DO 2120 I=1.4

pag 212¢ J=1,4

YCI»J)=C0es04)

DO 2120 KX=1,4

YCIaJd=YCY, JI+RWCK,s 1)RARIK, 1)
CAONTINUE

1X=0

1Y:0

CALL SUBMAT(YsY11,Y12,Y21:Y22) .
CALL INTCHGC(Y11,Y12,Y21,Y22,A112,A12,A21,A22:1,NERR)
IF (NERR.EQ.13 G8 70 13

GO TO 14

CALL MATMCR(Y,»JUGL»X» Q)

CALL MATMRC(JUGL»X»Y» 4)

CALL SUSMATI(Y,Y11,Y12,Y21,Y22)
CALL INTCHGC(YI1,Y12,Y21,Y22:A11,A12,A215,7A2251,NERR)
IF (HERR+.E3.{) GO T8 10

I1X=]

CALL SPRMATCAI1,A12,421,A225A)
CALL MATMCP (A, JUGLs X» 4)

CALL. MATMRCC(JUGL,» XsA» &)
KLASS=IABS{KLAS(IS))

D9 2130 I=1,4

IF (1.EQ.3) G8 7o 2130
RH=REAL(Zi.C1,1S)!}
TH=AImAGCIL (I, IS)Y=2FFQ

IF C1cEQ+e2.ANDKLASS.LT.4) GO TO 17
IF €1.EQeca3 GO TG 16
ULCI51,1)=CMPLXCCGSCTHYS 0.
ULC152,1)=CMPLXCO 20 RHXSINC(THY)
ULC2r1,1)=CHPLXCQer SINCTH)/CRH* 1 +E=5))
UL€2,2,1)=Ul.(1: 1,12

GO Te 2130
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~

37

18
2130

22

24

2140

30

3t

[é

34

341

I1¥ (KLASS.EQ.5) GO T8 22

I1F (KLASS<.EQ.5) GO T3 60

J=172

IF (TH.EQ+.0.) GO TS 15

IF (RHeGE+0-) TH=SINCTHY/(CISCTHI*1.E-9)
IF (RHeLT«0¢) TE=COSC(TRI/(SINCTHY*1.E=9)
RLC3, J)=CMPLX(D 5> RHETH)

Gd T 2130

RLCJI, JI=CMPLXC(FMs0.)

CONT INUE

G3 TO (30,20, 20,50) KLASS

CALL MATMCRC(UL2,SGN, X142}

IF (1X.E3.0) G8 TO 23

CALL, REDUTE(A»X'>Z2PT,»1Y,NERRD

CALL MATUCR(Z2Pr»SGON»U»2)

GO T9 24

CALL MATMRC(SGN,X1,UL2,2)

CALL SU3BMAT(A,A11:A12,A21,4822)

CALL ATADDC(ULZ:=1+,A220%1,23

CALL MATINVIX1,X2,NERR)

CALL MATMCC(X2,A21,%X1,2%

CALL MATMCC(A12,X15X2,2)

CALL MATADDCALILs1.5K2,U,2)

CALL MATMCC(UL1,U,X1,2)

IF CIS.GT.1) GO T3 26

RC1I=ZL (35 1)

CALL ADSBCX(X1,Ul»1,2)

NL=1

N2=1

G8 Td 2100

D@ 2140 IL=1,NL

CALL DPSRBRCXLUI, X2,1L,2)

CALL MATMCC(X1sX2,Us2)

CALL ADS8CX(U,UlI,»IL»2)

CUNTINUE

GU TO6 2100

CALL SUBMAT(A,A11,A12,A21,022)

iF C(I1S.Gi-1) G TO0 N

[ ]

CALL ADSBCX(ONE,UIs1,2)

RC1I=2L (3,12

NN=NL+2

DO 2150 1L=1,NN

ly=0

i CILNN+1) 36534,32
CECREALCRLCIS1))EQD) GO T2 2150

IF (IX«EQ«1) CALL INTCHGIBI1.B12,B21,B22,A125;X1,A22,X2,0sNERR)
CaLl SPRMATC(A12,X15>A22,%X2,8)
RCILIY=RL(1, 1)

RLC1,1)=RCIL-1)

NL=IL

GG TS 39

I1F (REALCRL(2,2)).EQ«0+) 70 TO 215)

IF (IX+ED0.15 GO TA 34t

CALL INTCHG{A12,X1,A22,X2,B11,B12,B21,822,0,NERR)
IF (NERR.EQ.0) G2 ¥ 35

CALL INTCHG(X1,A12sX2,A22,%X11,X12s%X2132 X225 0»NERR)
IF CHERR.EQ.1) GY¥ T¢ 10

CALL INTCHG(X12,%11,X22,X21,812,811,B822,B21,0,NERR)
15 (NERR.EQ.1) GO T© 10

G3 vC 35

CALL INTCHG(A12,A115X25X15612,811,822,821,0,NERR)

IF (NERR.EJ.0) GO I¢ 35
CALL INTCHGCAS1,AL%TrX1eX20 X125 X115 X225 X215 0s NERR)

IF (NERR.EQ.1) G T2 1D
CALL INTCMGIX] R, X112 X?2,X215311,812,H21,B2250, VERRY
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b 1

36

37

38
3%

2150
2151

20

a1

42

43

A4

I’ (NERR.EQ.1)Y GEC TG 10
RCILI=RL(2:2)

RL(2,23=RCIL-1)

NL=1L

GY TG 38

CALL DPSBCX(UI,U, IL»2)
IF(1X.E0.0) GO TO 37

CALL MATINV(U, X1 »NERR)

1F C(NERR.EC.1) G TGO 10

CALL MATMCR(X1,SGNs X2,2)

CcALL MATMRC(SGN»X2,U,2)

CALL MATMCC(U»A21,X152)

CALL MATMCC(U,A225X2,2)

CALL SPRMAT(A11,A125X1,X2,8)

GO T2 39

CALL MATMCC(A11,UsX1,2)

CALL MATMCC(A21,U,»X2,2)

CALL INTCHG(XI;AI?.xeoaaa.BI!,812:8215822:0;NEPR)
IF (NERR.EQ.0) G2 70 38

CALL SPRMAT(X1,A12,X25A225AA)
CALL MATMCR(AA, JUGL > X» Q)

CALL MATMRC(JUGL,» X»AAs 4)

CALL SUBMAT?AA,X11,X12,X%X21,X22)
CALL INTCHG(X1}1,X125X21,X22,811,812,B21,822,0,NERR)
IF (NERR.EQ.1) GO T6 10

1Y=1

CALL SPRMAT(BP11,312,821,822,B)
CALL MATMCRIE ., JJUGL» X, 32

CALL MATMRCCJIUGL, X»B» 4)

CALL REDUCE(B~RL»Z2PT» 1YsNERR)
IF (NERR.EQ.t? GO TA 10

CALL ZUCONCZ2FT, 1)

CALL MATMCCCUL1,U-X3,2)

CALL ADS8CX(X3,Ul,1IL,23
CONTINUE

NZ=2

G99 To 2100

IF (IX.EQ+0) GO T3 4t

CALL INTCHGCA1}3,A12,A21,A22,811,812,821,822,0sNERR)
IF (NERR.SQ.i3 GG TC 20

CALL SPRMAT(311,B12,B21,822,A)
IF (KLAS(IS).GT.0) 63 T@ 42
CALL MATMCRCALFLIP», X, 4)

CALL MATEQ(X»A» 4

IF{TAG.EQ.0) RL(2,2)=R4

IF (TAG+EQ+1) RL(2,2)=R(NL)
NN=14+1+TAG

DO 2160 IL=1sNN

IF (iL.LE.N4) GO TO 44

IF (TAG.EQ.0) GO TO 43

CALL MATMCRCAA,FLIPsX» 4)

CALL MATEQUX,AA, )
RLC2+2)=RC(NL=~1)

TAG=0

GO T2 46

IF (REAL(RL(1,1)3).EQ¢0.) GO TG 2160
CALL MATEQ(AA»B»4A)
RCNL+1)=RL(1,1)

RLCt» 1)=R(NL)

NL=HNL+}

GO Te 48

CALL DPSBCXCA1,X»IL, &)

CALL MATMCCCA»XsAAs A)

CALL SUBMATCAASA11.A12,8215A22:
CALL INTCHGCA11,A12,A21,A22:81: 5 t,B22,0,NERR)
IF (NERR.EQ.1) GO TO 0
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43

2160

59

St

52

S3

 §

2170

54

0

62
63

2180
2100

CALL SPRMAT(Bi1,512,B82:.,822,8)
cALL MATMCR{8,.JUGLs X, Q)

CALL MATMRC{JUGL,»X,B, <2

CALL RECUCE(BsRL»Z2PT»1Y7.8ERR)
IF (NERR.E2.1) GC T€ 10

CALL ZUCON(CZ2PT»U}

CALL MATMCC(UL1,U,X1,25

CALL ADSBCX(X1,Ul»iL,2)
CONTINUE

N4=0

N2=NL

GO TO 2100

IF (1S.GT-.1> GB8 T8 51

NL=]

RC1I=ZL(3»1)

CALL ADSBCX(GNE»UI»1,2)

1F CIX.E9.0) GO TO S2

CALL INTCHGCA11 »A12,A21,A22,811,B125821,B22,0-NERR)
IF C(NERR.EQ.1) GO TO 90

G3 Td S3

CALL SUBMAT(A-B11,B12,B21,B22)
CALL MATMCC(UL1,811,A11,2)
caLL MATMCC(ULL,B12,A12,2)
CALL MATMCC(UL2,B21,A21,2)
CALL MATMCC(1%.2,B22,A22,2)

D3 2170 IL=1,NL

CALL DPSBCX(UI,U,1IL,2)

CALL MATMCT(Al1,U>X1,2)

CALL MATMCC(A21,5U»X2,2)

CALL SPRMAT(X1,A12,X2,A22,A)
CALL ADSBCX(A»Al»1IL, 43

NA=NL

N2=0

TAG=0

1F (REALCRL(252))EQ.0+) GO T@ 5S4
TAG=1

NL=NL+1

R(NLI=RL(2,2?

60 T3 2100

R4=RL €2,2)

GO T9 2100

IF C(1X.EQ.0) GO TG 61

CALL SUBMATC(A»A115A12,5A21,A22)
CALL INTCHG(A11,A12,A21,A22,B11,B12,B21,822,0,NERR)
IF (NERR.EQ.1) G¢ TO 9C

CALL SPRMAT(B11,B12,621,822,A)
IF (KLASC(1S).GT.0) GO TB 62
CALL MATMCRCA,FL1IP, X, 4)

CALL SUBMAT(X»Bt1,812,821,B22)
GA TG 63

CALL SUBMAT(N,B11,B12,821,B22)
CALL MATMCCC(UL:,»B11,A11,2)
CALL MATMCC(UL1,B12,5A12,2)
CALL MATMCC(UL2,B21,A21,2)
CALL MATMCC(UL2,B22,A22,2)
CALL SPRMATCAI1,A12,A21,A22,A)
D@ 2180 I=1,N4

CALL DPSBCX(CAl,X»1, 435

CALL MATMCC(A,»XsAA, 4)

CALL ADSBCXCAA»Al,1,4}
CONTINUE

DO 2200 IL=1,NL

YL=Z0/RCIL)
Gl=U1C1s1,IL)+UI(1,2,ILI%YL/ZO
G2=UIC(2,1,1L)%Z0+Ul1(2,20 IL) YL
IF C(IL.EQ.]1) GAM=(Gl1~GZ)/(G1+G2)

c COMPUTE TRAMSDUCER LOSS=PWR TG LOAD/INCIDENT PWR

GI2=REAL ((GI +G2I+*CONJG(GI+G2))
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LOS=A.*REALCYLI/GE 2
LASDBCILIZ-10.¢ALOGIOLDS)
TN 2YL2/7(C1 2 22D
2336 PS1CILISATANZCAIMAG(TRAN) »REALLTRANY /1 .7453293E-2
G13CABS (GAMD)
IF{GMeGT+0.929539) GM20.999999
YSWR=(] «+GMI/ (] «=-GY)
PrI=ATANZ2(AIMAG(GAM), REAL (GAM)I ) /1 « TAS53293E~-2
NMIN=]
80 NMAX=MMING2
NM2NMAX
IFCNL L TeMAX) NM=HL
IF (NMIN.EQ.1) WRITE(S5:993) FrVUSY¥RaPHIs (LOSDEB(I),PSIC1),Ix1,N%)
IF (NYMINEE.1) WRITE (5:996) (LBSDB(I),PSIC1),I=NMIN,M)
NIz NMA XS]
IF (NL.GT.NMAX) G3 70 80
IF (STARNE+0) WRITE (S5,936) ¢»STAR
IF (STAR.LE.D)Y G3 T@ 2000
F=F/FACTOR*«(STAR«2)
5TAR=~STAR
G2 T9 12
90 WRITE (5,942)> IS
2000 COBNTINUE
WRITE €5,999)
WRITE (5,932)
READ (5,980} CHG
IF (CHG.NE.CN) GO TO 1
WRITE €5,933)
READ (5,980) CHG
IF (CHG.NE.CN) GO T@ S
WRITE (5,934
READ (S5,»980) CHG
IF (CHG+Z3+.CN) GO T9 :00
CHGPT=1
63 TO S
100 WRITE (5,930)
READ (5,980) CHG
IF (CHG.NE.CSY GO T3 t
caLL EXIT
90S FORMAT (' CENTER FREQUENCY ='sFB+2,»° GHZ'»/° GEN IMPEDANCE =4 F
1825 ' OHMMS ', /' NUMBBR SECTIBNS =',18,7)
910 FORMAT (* # 1/YGE 1/Y80 1/Y8E 1/Y03 Z-A Z-B K¢DBY L S
1S-E, O (N/WL) %) .
911 FERMAT (T10,®' PORT INTERCONNECTIONS + TERMINATIONS®»/,7X: *1 % 14X
1°2%,24X%5, °3%',14%5%4°,7)

915 FORMAT ( T20, ‘REFL GUTPUT # 1°510Xs°2%,15Xs *3%545 FREQ v
1SWR ANG LOSS ANG L@SS ANG LOSS ANG*» /s’ GH
2z DEG DB DEG DS DEG D2 DEG*» /)

920 7FORMAT (*+T1TLES ' 8)

922 FGRMAT €° FO,FlLoFUsFDEL='»/)

924 FORMAT (' NS»20="'»7)

926 FORMAT (' SEC #.ZIN-A,ZIN-B,X°P(DBY» THETA» VEDDs»ALPHA~E>ALFHA=O= "'/
1,15,3%X, S)

927 FERMAT (' SEC #' [ 4&)

928 FCRMAT ('+PCRT #'512,° TYPEsZ5TH=",3%)

930 FORMAT (* STQP ©R GO?', %)

932 FURMAT (' CHANGE ALL?‘,$S)

933 FORMAT (' CHANGE CPLRS?:S)

934 FZRMAT (' CHANGE PORTS?', %)

936 FORMAT (° % & % FREQ CHGD TO *,F10.6,*' TO AVOID DIV BY ZERO’»3Xs14
1, * % «°*)

938 FORMAT (' 0K?',» S)

940 FIRMAT (' PORTS INCORRECILY ASSIGNED®, /)

942 FORMAT (' = % & WILL NIT UOMPUTE -~ « « TRY ALTERNATE P2RT
1 ARRANGEMENT IN SEC #°,14,/7)

G980 FLRMAT (AY)




33y FORMAT (1X,2A5,2X,8)
990 FIRMAT CIH¢»SOH s
991 FonHAT (60)
992 FORMAT (8F)
993 FIRMAT (A1.,2P)
994 FIRMAT (1352F715FBe152F7e15F6+151XsF6.2,1P2E81s/)
99S FOIRMAT (FB8e3s1XoFT7e2sFT7e153CFB8e2,FT71))
966 FORUAT (23Xs3(FB.25F7.1))
997 FIRAMAT (1H+)
998 FORMAT (1HO)
999 FERMAT (1H1)
END
BLBCK DATA .
CAaMMON /PBRT/CUDE,RESISTIREACT,ZL/UNI TZ/ONES>HINUS, SGNs JUR»FLIP
DIMENSIBN CCDEC),>RESIST(4QI>REACT(AR)
REAL MINUS(2,27,S0N(2523,JUGLC(4s Q)»FLIP( 45 Q)
DATA HMINUS/=1e2280¢5=14/556R/1es2%0es-1/5JUGL/1.25S
180v51¢52%00215S40es1 /s FLIP/2%0051¢5 45005288 09 245G er102280e/
COMPLEX ZL(C4,:15),8NE(2,2)
DATA ZL/ 60%€0e20)/,08NE/C525500352%8C0+500)5C%e50)/
END
SUBROUTINE ASSIGNCISsNRWLIN,LTO,KLAS)
DIMNINSION CODE(4)>RESIST(AI>REACTCAI>HKLASCES)Y
CSMPLEX ZL.14,15)
CeHMBN FPORT/CODESRESIST,REACT,ZL
DATE CF/'F'/,CT/°T°/75CR/*K*/sCZ/ 2 7eCY/°Y*/sCS/*S*/5C0/'0 /5CL 7 L.
| 4
ROV £,J)=22a(Y-1+a&()-1))
JI=C
Jo=0
JX=0
JK=0
JL=0
JT=0
NRW=0
KLAS(155=2
b2 1000 1I=1,4
t000 ZLK1,1S)=(0e¢s0.)
C ASSICY INPUT AND BUTPUT PBRTS
DO 2000 IP=1,4
1F (CODECIPI.NE.CLY €8 T8 210
JI=Jl+t
TH=REACTC(IP)*[ « T453293E-2
ZL(J1,IS?=CMPLXCRESISTCIPY, TH)
G8 TQ 220
210 IF (CODECIP)NECF) GS8 T9 230 oy
JI=JI+1 '$}
220 NRW=NRW+ROWCIP,J1) ¥
IF (JI+EQe1) LIN=IP
IF ¢J1.EQ2.2) KLAS(IS)=4
GO Te 2000
230 IF (CODECIPYNECT) GB T@ 2000
JO=Jo+1
NRW=NRW+ROWCIP, J3+2)
IF (JB.EQ«1) LTB=RESISTC(IPY+REACT(IP)+0.1}
IF (JB.ER.2) KLAS(1S)=3
2000 CONTINUE
JT=JI+J0O
iF (UT<EQ+4) KLAS(1S)=S
IF ¢JT+8Q.4) RETURN
C ASSIGN JOINED PORTS
DO 4000 IP=1,4

e ed—

IF (CODECIP)NE.CK) GO TO 4000
JK=JK+1

JT=dT+1

IF (UK.EQ+2) GO TO |2
TH=REACT.1P)Y%*| «T453293E-2
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ZL(25 1S)=CMPLXIRESIST(1P)» oH)
KLAS(1IS)=6 .
12 NRW=NRW*ROWCIPs 20 JK)
AQ000 CONTINUE
iF (UT.EQ.4) RETURN
C ASSIGN TERMINATED SQRTS
DS 5000 IP=1,4
1F C(CODECIP).NE.CZ) GJ TO S10
1F CABSC(RESISTC(IP))>.LT.1<E~-9) GO T2 S50
G3 TO S15
S10 1F (CODECIP).NE.CY) GB T3 520
IF CABSCRESIST(1P))I+LT1.E-9) GB8 TG 540
RESIST(1IP)I=1./RESISTCIPS
515 JL=JL+}
IF (NRW.LE«4095) JP=4
IF (NRW.GT 4095} JP=2
IF (21S«EQel+4ND.JL+EQe1) JP=23
ZLEJP» 1S)=CMPLX(RESIST(IP)»0.)
G8 T3 SéD
520 1F (CODECIP).NE.CS) GO T8 S30
G8 T3 550
530 1F ¢C8DE(1P).NE.CS) GB TS S000
S40 RESISTC(IP)a=1+/(RESISTCIP)+]«E-9)
550 JX=JX+1
JP=28JXsJ1
TH=REACT(1P)=1 . TAS3293E~2+] +E~-10
ZLCIP» IS)=CMPLXC(RESISTSIPY»TH)
560 NRH=NRW+RIWLIP»JP)
S000 CONTINUE
JTsJdT+JIX+JL
If CUXeEQ«2) KLASCIS)I=!
IF <(JT-NEe«4a} KLASCIS)=10
RETURN
END
SUBROUTINE ADMITCIS,FFO,.Y)
DOUBLE PRECISION THE,»THO>RAD:s THETAD»VODDD» FFOD
CBMPLEX Y(4,4),SINHE, SINHB>, COTHE, COTH®» CSCHE, CSCHO
CoMMON /CCUF/YOEAC1S)»YC3AC15)>YCEB(1S)s YOBB(1S5)> THETAL15)Y, VODD(LS
1),ALPEf1IS).ALPC(1S)
RAf=+1745329251994330D~1
YEA=YQEA(1S)
YOA=Y@BOA(IS)
YEB=YOEB(IS)
YOB=YQ0B(1S)
THETAD=DBLECTHETA(IS))
VeDDD=DBLECVODD(IS))
FFOD=DNBLECFFO0)
’ THE=THETAD*FFOD4RAD
THB=THE/VADDD
SINE=SNGA (DSINCTHE)
SINC=SNGL(DSINC(TH®))
COSE=SNR ¢DCAS(THE))
CBSO=SNG (DCOS(THD))
ALE=ALPEC(IS)*THE
ALOB=ALPO(1S)*THD
IF CALE.LT+1.E-4) GO TO 1
TNE=TANHC(ALE)
CHE=COSH(ALE)
GO TO 2
1 TNE=ALE
CHE=1.
2 IF (ALQ+LTe1.E-4) G2 T9 3
TNO=TANH(ALD)
CHO=COSH(AL®)
G9 TG 4
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3 TNO=ALC

CHe=1.

& SINHE=CMPLX(SINE, -TNE«CISE)

SINHOI=CVPLXCSING, - TNReCOS2)
COTHE=CMPLX(THE«SINE, -COSE)/SINHE
COTHO=C#PLX(Tis3¢«SIND, -CISOI/SINHI
CSCHE=CFLX (0 -1 « /ZCHE) /SINHE
CSCHA=CVPLXC(G .5 -1 « /CHEI /5INUD
YC1.1)=¢ YCAtCATIEYOARCELTH2)Y /2.
Y(1.2)3C YEACCOTHE-72A«CETHE) /2.
Y(Z2,1)=( YEG2COTHE-YB3sCATHE)Y /72
¥(2,2)=( YEB¢CBTHZ+YIB«CCTHO) /2.
YC1,3)=C-YEA*CSCHE» YUA«CSCHY) /2.
YC(1,a)2(~-YESECSCHE- YOARCSCHE) /2.
Y(2,3)=(-YES=CSCHE~YOB®CSLHDI /2.
v(2,A)=(-YEB*CSCHE+YO54CSCH3Y /2.
D3 1000 i=3,4

DO 1006 J=1,4

1200 Y(1,J2=Y(5-1,5~J)

c

RETURN

END

SLBRUGTINE INTCHGCA11,A12,A21,A22,811.812,821,B22, INDEX»NERR)

REAL MINUS(2,23,1UGLC4, 2)

COMPLEX A11(2,2)2412(2,2),421(2,2),A22{2,2)5B11(2,2),B12(2,2),B21(
12,2),822(2,2),DM1(2,2),DM2(2,2)50NE(2,2)

CaMMON /UN1T/ONE»MINUS,SGN(25,2) 5, JUGL,FLIP(4,4)

IF INDEX=1 CANVERTS Y TO As IF INDEX=0 CONVERTS A' T9 B'

CALL MATINV(A21,B21,NERR)

IF (NSRR.EQ.31762 TO 1S

CALL MATMCC(B21,A22,DM1,2)

CALL MATMRC (MINUS,DM1,B11,2)

IF (INDEX.EQ.0) CALL MATMRC (SGN»B11,B22,2)
CALL MATMCC(A11,B21,DM1,2)

1¥ {INDEX.EQ.1) CALL MATMRC(MINUS.DM1,822,2)
1F (INDEX.2Q.03) CALL MATMCR(NM1,SGN,B11,2)
CALL MATMCC(DM1,A22,DM2,2)

CA!.L. MATADD(ALI2,-1.,D72,B12,2)

¥ CINDCX-ED.1) GO T¢ 19

CALL MATMLR(B21,SGN,DMI1,2)

CALL MATMRC (SGN:; DM1,821,2)

RETURN

10 CALL MATMRC(MINUS.B21,DM1,2)

CALL MATEQ(B12,B821,2)
CALL MATEQ(DM1,B12,2)

15 RETURN

END
SUBROUTINE REDUCE(B»RLsZ» 1Y, NERR)

REAL MINUSC2,2)5JUGL (4 4)

COMPLEX EBf4s4Y,B11(2,23,812(2,2),821(2,2),822(2,2),RL(2:,2),2(2,2)
1,ENEC2,2)

COMMBN ZUNI T/3NE, MINUS, SGM(2,2):.JUGL,FLIP( 45 4)

CALl. SUBMAT(B,6511,B12,821,822)

IF (IY.EQ»1) G TC 10

CALL MATMCC(B21.,RL,Z,2)

CALL MATADD(Z»1+,B22,821,2)

CALL ¢MATINV(82],B22,NERR)

IF (NERR.EQ«13 RETURN

CALL MATMCC(B11sRL,»Z,2)

CALL MATADD(Z,1.,B12,811,2)

CALL MATMCC(B11,822,2,2)

RETURN ’

10 CALL MATMRC(SEN.222,2:2)

CALL MATADD(Zs»~1.2RL»B22,2)
CALL MATINV(B22,Z,NERR)

1F (NERR.EQ«1) RETURN

CALL MAaTMCC(B12,2,822,2)
CALL MATMCR(B22,3GN,B812,2)
CALL MATHCC(B1Z:B21.B22,2)

=-197-~

b = < i 5

PO

ot e e et v e v -

=24

TR S iy, B - A P g S e



1330

1060

1000

1000

1000

CALL MATADD(B11,~1.,B22,0812,2?
CALL MATMCR(B12,SGN»Z52)
RETURN

END

SUBRGUTINE ZUCON(Z,U)
COMPLEX Z2(25,2),U(2,2)5221
CX=2.E-13

Z212Z2(2-,1)

Z11=CABS(Z(151))

1F (CABS(Z21)«LT<2.E-10) Z21=CMPLXCD«»Z)12TX)
UC1,13=2C€1,123/7221)
UC1,222CZC1513%2(2,2)-2(1,2)%2(2,1)37221
Ut2s13=17221
U2,21=2€2,2327221

RETURN

END

SUBREUTINE MATEQ(A,B,t)
CEeMPLSEX A(NSN)»B(N,N)

DO 100D I=1,N

08 1000 J=1,N8

BCI,JI)=ACILD)

RETURN

END

SUBROUTINE MATADDCA,SUBsB»CaN)
CAMPLEX ACNNI»BINLNI,C(NN)
03 1000 I=i,N

DD 100G J=1.N
C(lsJ)=AC1,.1)+SUB*B(I,J]
RETURN

END

SUBRAUTINE MATMCCC(A»B»CrN)
COMPLEX ACNsNI)>RIN,NI»CCNsN)
D8 1000 I=!»,N

DG 1000 J=1,N

CCI»J)=C0+504)

DB 1000 K=1,N
CCI»J)=CCI,J)+A(1,KI*B(K,J)
RETURN

END

SUBROUTINE MATMRC(A,B»CsN)
DIMENSION A(NsN)

COMPLEX B(NsN3»C(N,N)

DB 1000 I=1,N

DO 1000 J=1,N

CC15J3=(Des00)

DO 10G0 K=1,N
CCI,JI)=CCI,JI+A(I,KI®B(K, D)
RETURN

END

SUBROUTINE MATMCR (A»B.C,N)
DIMENSIGN B(Ns»N)

COMPLEX ACNLSNIsC(NsND

DG 1000 I=1,N

00 1000 J=1sN

CllsJ)=C0es00)

D3 1000 K=l»N
CCIsd)=CCIsJP+ACI,KISBIKI)
RETURN

END

SUBROUTINE MATINV(A,R»NERR)
COMPLEX AC2,2)58(2,2)»DET»R»5,SU¥
NERR=0

R=AC11)£A(2,2)
$=AC1,2)%A(2,1)

o~



DET=R~-S
SUM=R+S
ADET=CABS(DET)
ASUM=CABS(SM)
IF (ADET.EQ.C.) GO T2 20
IF (ASUM.EQ.0.) GO 2 10
ASUM=ADET/ASUME] .E?
IF (ASUM.LT.S50.) G{. TS 20
10 B(1,1)=R(2,2)/DET
B(1,2)=~AC1,2)/DE;
B(2,1)=-AC2,1)/DET
B(2s2Y= AC1,1)/DET
RETURN
20 NERR=1

RETURN
END
SUBROUTINE ADSBCX(A»8,1S,N)
COMPLEX ACNLN)»B(N,N>100)
D2 1000 1=1,N
D3 1000 J=1,N

1000 B(1,J,15)=A(1,J>
RETURN
END
SUBRSUTINE DPSBCX(A»B»1IS»N)
COMPLEX AINLN,1CGY» BN,
D3 1000 I=1,N
D3 1000 J=1,N

1000 B(I,J3)=AC1,J,15)
RETURN
END .
SUBROGUTINE SUBMAT(A»Al11,A125A21,A22)
COMPLEX A(454),0411(2,2),A12(2522,A21(252),A22(2,2)
P8 1000 1=%1,2
D8 1000 J=1,2
Al1C1,0)=AC1, D)
A12C1,J)=ACI,»J+2)
A21C1,J)=AC1+2,0)

1000 A22(1,J)=AC1+2,J+2)
RETURN
END
SUBRQUTINE SPRMATC(A11,A12,A21,A22,A)
COMPLEX Ai1(252),A12(252),A21(2,2)5,A22(2,2),5A(4, Q)
D2 100Q I=1,2
DO 1000 J=1,2
ACI>J ) =A11(C.0)

4 A(1,J+2) =A12(1,J)
ACI+2,J) =A21C1,J)

1000 a(1+2:J+2)=A22(¢1+J)
RETURN
END
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