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Synthesis of Symmetrical TEM-Mode

Directional Couplers

P. P. TOULIOS, MEMBER, 1EEE, AND A. C. TODD, SENIOR MEMBER, IEEE

Abstract—Exact synthesis procedures are derived for symmetri-
cal three-section and five-section TEM-mode directional couplers.
These synthesis procedures are based on the equivalence between
the theory of directional couplers and stepped quarter-wavelength
filters as previously described by Levy and Young. Explicit formulas
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for the parameters of three-section couplers are presented.

A realizable insertion-loss function is derived for the five-section
coupler resulting in an equal-ripple response. Although this function
has an equal-ripple characteristic, it is not expressible in terms of
Chebyshev polynomials. Results obtained for the five-section coupler
show considerable improvement in bandwidth over a three-section
coupler. For example, a five-section coupler of —3+0.5 dB has a
bandwidth of 9.6:1 as compared with 5.8:1 for a three-section
coupler of —3+0.5 dB.

A five-section coupler of —10+0.5 dB was designed on this
theoretical basis for the 555-4000 Mc¢ band, and the measured per-
formance shows good agreement with the theoretical coupling re-
sponse, yielding a minimum directivity of 18.0 dB at 3.7 Gec.
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INnTRODUCTION

HE TEM-mode directional coupler has been the
Tsubject of a number of current papers. Shimizu

and Jones [1] have obtained, by numerical sub-
stitution, the solution to the symmetrical three-section
coupler for a limited number of average couplings.

Levy [2] has recently derived an exact synthesis
procedure for asymmetrical multisection couplers.
However, Levy's synthesis procedure is not readily ap-
plicable to symmetrical couplers because their sym-
metry imposes additional restrictions on the insertion-
loss function of the primary line.

Young and Cristal [3] have independently compiled
tables of designs for three-, five-, seven-, and nine-sec-
tion symmetrical couplers utilizing a similar synthesis
approach. Our results on the three- and five-section
couplers are in full agreement with theirs.

The equivalence between the theory of directional
couplers, as established by Young [4] and Levy [2],
and that of stepped quarter-wavelength filters is shown
in Fig. 1. The coupling to arms 2 and 4 are, respectively,
the reflection and transmission coefficients of cascaded
transmission lines of electrical length # and even-mode
impedances Z,.1Zoes, * -+, Zoen terminated by lines of
unit impedance. The normalized even- and odd-mode
impedances are related by

ZoerZoot = LoesZoos = + + + = ZoenZoon =1 (1)

if the coupler is to retain the ideal VSWR and isolation
property [2]. On the basis of this equivalance, the
transfer matrix for the lossless #-section filter is given by

jZ,sin 0:|
cos 6

An §Ba ” cos 4§
R (P
jCn  Dn r1L7/Z,sinb

and the insertion loss to arm 4 is
L=1+41/4(4, — D,)* + 1/4(B, — C,)2 (3)

But for a symmetrical two-port network

2

A, = D, (4)
Ir|2
\ r— 8 _T__ 8 —efe— § ‘_] b— § —+| (ISOLATED)
i [ SR ’
| |

(a)
t—— § —wle— 8 8 — 8 —
T 1]
— T .
*ost % oE1 082 BOEB m o e — — — TN Zg.
(b)
Fig. 1. (a) n-section symmetrical coupler. (b) Equivalent

n-stepped quarter-wavelength filter.
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Then (3) becomes

L=1+1/2(B, — C,) (5)

It can readily be shown [5], by performing the matrix
multiplication in (2) and using (5), that
L =14 P,2(sin 6) (6)

where P,(sin ) is an odd polynomial in sin # of degree
7. Only an odd number of sections is considered here
since a symmetrical structure necessarily contains an
odd number of sections. Introducing Richard’s [6] fre-
quency transformation ¢{=j tan 6, the insertion-loss
function in (6) becomes

L@ =14 P2ji/v/1T— 1Y) (7
and the reflection coefficient is given by
-1 P.2(jt//1 = B2)

L
rr(-:,) = T XU R

®)

As stated by Seidel and Rosen [7], the necessary and
sufficient conditions for realizing a symmetrical stepped-
impedance filter of # equal-line-length sections are the
following:

1) The insertion-loss function must have the form of
(7), where P, is an odd polynomial for # odd only.
2) T'(¢) and I'(—¢) must have identical zeros.

The second condition implies that the zeros of the
reflection coefficient have symmetry with respect to the
7 axis in the complex ¢ plane. Thus, based on the realiz-
ability conditions given, the synthesis of symmetrical
couplers consists mainly of two steps:

1) Find the optimum polynomial P,(sin 8) for an
equal-ripple approximation to the coupling re-
sponse.

2) Find the odd- and even-mode impedances of the =
lines of electrical length 8 (#=90° at the center
frequency) utilizing exact synthesis procedures.

Young [4] has indicated that the insertion-loss func-
tion of symmetrical couplers cannot be expressed in
terms of known Chebyshev polynomials, as is the case
of asymmetrical couplers. However, as shown in the fol-
lowing section, a third-degree Chebyshev polynomial
with a properly restricted argument can still be used
to obtain an optimum insertion-loss function for three-
section symmetrical couplers. It is also found that when
this technique is applied to higher-degree Chebyshev
polynomials, the resulting coupling response is not
optimum in the sense that it does not provide maximum
bandwidth, and thus new polynomials have to be found
for directional couplers having more than three sections.
Crystal and Young [3] have obtained such equal-ripple
polynomials by an iterative method. The purpose of this
paper is to present exaxt synthesis procedures for three-
and five-section symmetrical couplers. It should be
emphasized that the formulas derived here for the odd-
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and even-mode impedances of three-section couplers
are presented in close form and as such should prove
very helpful in computational work.

SYNTHESIS OF SYMMETRICAL THREE-SECTION COUPLERS

The synthesis of symmetrical three-section directional
couplers is accomplished by letting

Py(sin ) = hTy(sin 8/s) 9)
in (6), under the restriction

0 < (sin 8/s) < +/3/2 (10)
for 0 <6<, where +/3/2 is the positive real root of the
third-degree Chebyshev polynomials. The constant
parameters k& and s are defined later in this section.
In essence, the purpose of introducing restriction (10)
is to prevent the occurrence of the real roots of T
(sin 8/s) in the pass band of the coupler. Construction
details of the resulting insertion-loss function are
shown in Fig. 2. Having imposed (10), the insertion-loss

function to be realized takes the form
L =1+ hT%(sin 8/s) (11)

and the square of the reflection coefficient is given by

L—-1 h*T3%(sin 8/s
‘ T'(sin 6/s) ]2 = = il / ) - (12)
L 1 4 A2T3(sin 6/s)
T32(SIN 878
| |
| !
S
i : | i
| | o
[
] | o
i ! ! i | !
] 8, G=sIN"'ts/2) w/2 8, .8,

8 DEGREES
(c)

Diagrams showing construction of insertion-loss
function L for a three-section coupler.

Fig. 2.

The following synthesis procedure is similar to that
used by Levy [2] to synthesize asymmetrical couplers,
but it is presented here for completeness.
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The first step in the synthesis is to determine I'(¢) by

obtaining the roots of the numerator and the denomina-
tor in (12). The roots of the numerator in (12) are given

by
sin 6,
cosh [3 cosh“‘< >:| =0
s

sin 6, T
3 cosh™! <—-——> =j(2r — 1) -5 (r =1, 2,3).
s

or

Then
2r — 1\ 7
sin 8, = s [cos( 3 >ﬁ:l (r=1,2,3) (13)

2

and since t=7 tan 6, the complex roots are

2r — 1\ =«
5% cos? [( )—:l
3 2

b= P
$2 cos? [( )—] -1
3 2

Equation (14) gives the following three roots:

TR - (15)
3s? — 4
t? = 0. (16)
Similarly, the roots of the denominator in (12) are
s? cosh? I:i +J <21’ ~ 1) 1:\
L 3 3 /2
5? cosh? [—]- —|—j<zr — 1) 1] 1
3 3 2

(r=1,2,3 (@17
where

J = sinh=}(1/4%). (18)
Then

r()I(—1) = K A - a)? (19)
\Or(—=1 = (2 — /D — DA — 12

1
hz T32 <—-«>
s
2

R Tl (20)
1+ BTy (—>
S

As previously stated, I'(f) must have the same zeros as
T'(¢), and in addition its poles must lie in the left-half
plane if I'(¢) is to be analytical in the right-half plane.

where
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Selecting the poles and zeros in this manner leads to the
formula

1t — 1?)
¢+ )+ @ +u)e+ |y

where the real parts of ¢/, t;” are all positive. The ex-
pressions for the coefficients of the quadratic in ¢ ap-
pearing in the denominator of (21) are given by

') =K

21
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where A (¢) is even and B(#), C(¢) are odd polynomials
in ¢. The overall matrix in (26) can also be expressed by

__l__ I:EPg(t) OPg(z‘)] 28)

(1 = 2*2L0Qs(t)  EQs()

where E and O refer to the even and odd parts of the
polynomials P3(¢) and Qs(¢). Combining (26) and (28)

f Tk _ _ﬁ ‘4 72 12

T1=t1+h,—-$/2P-+<l Ah+B)‘h1} || (22)
e s2(sinh? J/3 + 3/4) %)

P /sH(sinh? J/3 + 3/4) — s*(sinh®7/3 + 3/2) + 1 (

where leads to
A:%%1+%mmlﬁﬂ [Eh@ Oﬂm]zli[l Lq' 9
0Qs(t)  EQs(1) =1 L/ Z. 1
$24/3

B = . sinh 2J/3.

Using (21), the input impedance Z(f) is derived from
the formula

1 T
20) = +1@®
1 — T
Pi(l
_ B0 (24)
0s()
where Ps(t) and Qs(t) are positive real polynomials of

third degree.

The next step in the synthesis procedure is to find
the values of the impedances of two lines (because of the
symmetry, the first and third lines have the same im-
pedance) of electrical length 6, terminated by lines of
unit impedance (Fig. 1) which give this value of Z(#).
The transfer matrix of a single line section of impedance

Z is
jZ sin @ 1 1 Zt
JZ sin ] _ :l: :\ 23)
cos 8 Vi—elt/Z 1

where t=3; tan §. Hence the overall transfer matrix for
three sections is

1 3 1 o
HfﬁﬂgLﬁrl]
1 [A ®

S Re()

[ cos 8
j1/Z sin 8

B(t)
D(t):| (20

where in this case A4 (¢£) = D{#) because of the symmetry
of the network. The input impedance is given by

A() + BQ)

— 27
A+ C@® 27)

Z() =

To obtain the wvalue of Z; the overall matrix (29) is
premultiplied by the inverse matrix

1 [ 1 aaq
1—el—yz, 1

and then the condition that all elements of the resulting
matrix must be divisible by (1—#) is applied. This
process is repeated in order to determine Z,. Following
this procedure, the input impedance Z(f) is obtained
from (21), that is,

Py()) o'+ ar4di+b

(30)

Z() = = (31)
Qs(t) e*+a+ft+0b
where
a=T/+1t (32a)
b=14 |t (32D)
c=1+K (32¢)
d= |t/ P+ 6'T — Kir? (32d)
e=1—K (32€)
f= |62+ 6T+ Kt (32f)
and where
EP; = EQs(t) = at* + b (33a)
OP; = ct* + di (33b)
0Q; = et® + fi. (33¢)
Then the overall transfer matrix becomes
1 [at2 +b o+ dt:l' (34)
A -2 e+ ft at>+ b

Premultiplying (34) by (30) gives the matrix



540

1 [ 1 —th} [aﬂ +b o3+ dt]
-8 —t/2; 1 et? + ft

al’ + b

—eZit+ (a — Zw)t2 + b

= —— b d
(1 — )51 <e—i>t3+<f———>t __6_34.‘_(0____)152_‘_6
VAN Zy Z1 Zy

1

Since all elements of (35) are divisible by (1—#), Z,
is given by

a+dbd cH+d
Zy = L3 = = (36)
e+f a-tb
Matrix (35) now reduces to
) [‘ —eZt—b  (c— aZt
e a c 37
a- ﬁ)WL <e — ——>z§ —— 2 —b
Z1 Z1
Repeating this process by premultiplying (37) by
) 1 —ZQt‘| .
¢
1 -2 —— 1
=l ]
shows that
eZ1+ b aZy — ¢
Zy = —2 . ) (39)
a ¢
— — — -+ b
YA 1
It can also be shown that
zp =25 5 (40)
ST

Equations (36) and (39) give the normalized odd-mode
impedances of the three-section coupler as functions of
h and s which can be determined given the mean
coupling C (dB) and the coupling deviation R (dB). As
shown in Fig. 2, the bandwidth (in terms of the elec-
trical length of one coupling section) extends from 8,
to m—0,. 6, is determined as follows:

The coupling in dB to arm 2 (Fig. 1) is given by the
expression

n = 10 lOglo I P|2

- h2Ts2(sin 0/s)
= 10 logio - il €3))
_1 -+ #2T3%(sin 8/s)
from which
- e
Mmax = 10 logyo kg ]LJ (41a)
T hTs(sin 6
o = 10 logyy | — L 2-GI1 0/ ) ]
L1+ A2T5%(sin 6o/s)
BTs2(1
= 10 logzo ———3—&] (42b)
L1+ B2T2(1/s)
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(¢ — aZ)id + (d — Z:b)t '}
. (39
J

where
Nmax = maximum coupling in dB for 8 =sin"'(s/2)
=7 —sin"(s/2) (Fig. 2).
fmin = minimum coupling in dB for 0 =#/2, 6, and

(r—48y).

By definition, the mean coupling C (dB) and the cou-
pling deviation R (dB) are given by

C = 3(max + M) (43a)
R = 3(Nmex — Nmin) (43b)
or
fmex = C + R (44a)
Tmin = C — R. (44b)

Combining (42) and (43) gives the following important
formulas:

Y ( logi~t[C + R)/10] >1/2 (450)
1 — logi'[(C + R)/10]
s = sec{mw/3 — ¢) (45b)
sin 8, = s cos (r/3 + ¢) (45¢)
where
¢ = % cos™!

([Ing‘1 (C—R)/10][1—logy™ (C-i-R)/101>”2 (45d)
[logi (C+R)/10][1—logi* (C—R)/10]/

Then the bandwidth ratio (r—#6,)/8, can easily be cal-
culated using (45). This bandwidth ratio is shown in
Fig. 3 as a function of coupling deviation for the —3-dB

and —10-dB couplers. As an example, consider the fol-
lowing coupler design:

Coupling: ~3 dB + 0.5 dB.
From (45) it is found that

h=1.134, s=1480, (v — 6)/6 = 5.82:1.

Substituting these values into (21)—(39), one obtains
Zy = Z1 = 0.7692, Zy = 0.2614,

Z, and Z, are normalized odd-mode impedances and
are related to even-mode impedances by (1). Renor-
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Fig. 3. Coupling variation of various directional couplers.

malizing these impedances to 50 & gives the following
ohmic values for the three-section coupler:

Section 1 ‘ 2 ‘ 3
Zoe 65.00 191.28 65.00
Zo, 38.46 13.07 38.46

Furthermore, based on the foregoing equations, the
odd- and even-mode characteristic impedances and
coupling response of a symmetrical three-section —3-dB
coupler, having equal-ripple variations of +0.1, £0.2,
+0.3, +£0.4, +0.5 dB, were also calculated and found
to be in excellent agreement with previously published
results [1]. To avoid repetition, these results are not
included in this paper.

SYNTHESIS OF SYMMETRICAL FIVE-SECTION COUPLERS

If the techmique of restricting the argument of
Chebyschev polynomials is extended to the general
case of multisection symmetrical couplers, it can
readily be shown that very little improvement in band-
width is achieved. In particular, when a fifth-degree
Chebyshev polynomial is used to design a five-section
coupler of —3+0.5 dB, the resulting theoretical band-
width ratio is 6.20:1 as compared with 5.82:1 for a
three-section coupler having the same average coupling
and coupling deviation. The reason that this method
does not provide an optimum response for #>3 is that
it restricts the number of equal ripples to only one.

It is known that a symmetrical five-section coupler
can have an equal-ripple response with two ripples in
the pass band [8]. To obtain such a response, the fol-
lowing polynomial is introduced:

Py(sin 6) = sin® § — 2a2 sin® 0 + (a* + B%) sin 6  (46)

whose roots are

TOULIOS AND TODD: TEM-MODE DIRECTIONAL COUPLERS
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Fig. 4. Equal-ripple variation of function P; (sin 6).
sinf; = 0 (47a)
sin? 0, = a? + j8° (47D)
sin? 8; = a® — jB3? (47¢)

where « and § are real quantities. The purpose of in-

troducing polynomial (46) with complex roots is to

avoid any real zeros in the pass band of the coupler

since it is necessary that L>1 in the pass band.
Subsituting (46) into (6) gives

L =1+ i[sin® 0 — 202 sin® 0 + (a* + B9 sin 6]z (48)

Since an equal-ripple response is desired, P; (sin )
must vary, as in Fig. 4. The curve has three equal
maxima and two equal minima. By differentiating
P; (sin 8) with respect to 6, its maxima and minima can
be shown to occur at

3a2 — 2+v/a* — 58%/4

sin? 6y = (49a)
5
3t + 2/at = 3GVA
sin? 6, = z 5/ (49b)

and for equal maxima and minima it is necessary that
the following equations be satisfied simultaneously:

hPs(sin 81) = ks (50a)
hPs(1) = ks (50b)
hPy(sin 8y) = ks (50c)
where
ky = \/m (51a)
k2 = V1in/ (1 = fmia)- (51b)

Equations (50) constitute a system of nonlinear
equations, with &, @, and § as the unknown quantities.
Because of the complexity involved in solving this sys-
tem of equations, its solution was obtained with the aid
of an electronic computer. The results are given in
Table 1. The resulting polynomials have an equal-ripple
variation, but they cannot be expressed in terms of
known Chebyshev polynomaials.

Now, using (48), the reflection coefficient of the
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equivalent stepped impedance filter is given by the

formula

h? sin? §[sin® 6— 242 sin? 6+ (a4 ]2

| o

The roots of the numerator in (52) are given by (47), and
in the complex frequency plane ¢ they become

SoLuTIoN TO (50) FOR VARIOUS DEGREES OF COUPLING FOR THE SYMMETRICAL FIVE-SECTION COUPLERS

"1 sin? 9[sin® 6— 202 sin? 0+ (a*+8%)]? .

(52)

If12 =

tzz =

a’ = ji*

(e — 1) — j6°

@+ j6°

(o — 1) + 48

t32 = 0

SEPTEMBER

(53a)

(53Db)

(53¢)

The roots of the denominator in (52) are not so easily

calculable because of the need to solve a fifth-degree

equation. For this reason they were obtained with the

TABLE 1

C=—-3dB C=—-6dB
R(dB) h « 8 h a B
+0.1 1.61480 1.00372 0.89280 0.79128 1.02888 0.92753
+0.2 2.23229 0.96175 0.82584 1.05918 0.98639 0.86633
+0.3 2,77443 0.93750 0.78178 1.18822 0.96184 0.82599
+0.4 3.28400 0.92078 0.74808 1.49850 0.94460 0.79518
+0.5 3.77813 0.90821 0.72040 1.69769 0.93147 0.76997
+0.6 4.26639 0.89827 0.69669 1.88969 0.92096 0.74848
+0.7 4.,75525 0.89012 0.67576 2.07687 0.91229 0.72964
+0.8 5.24980 0.88328 0.65691 2.26078 0.90494 0.71280
+0.9 5.75448 0.87741 0.63965 2.44255 0.89861 0.69754
+1.0 6.27354 0.87231 0.62364 2.62304 0.89308 0.68353
C=—10dB C=-20dB
R(dB) h o 8 /2 @ 8
+0.1 0.42504 1.03858 0.94222 0.12382 1.04405 0.94959
+0.2 0.56125 0.99753 0.88351 0.16238 1.0037 0.89214
+0.3 0.67654 0.97297 0.84474 0.19486 0.97875 0.85417
+0.4 0.78156 0.95561 0.81513 0.22434 0.96135 0.82516
+0.5 0.88032 0.94230 0.79090 0.25197 0.94797 0.80141
+0.6 0.97485 0.93160 0.77025 0.27834 0.93719 0.78118
+0.7 1.06637 0.92272 0.75217 0.30379 0.92822 0.76347
+0.8 1.15564 0.91518 0.73604 0.32855 0.92058 0.74767
+0.9 1.24320 0.90866 0.72143 0.35276 0.91397 0.73337
+1.0 1.21947 0.90294 0.70805 0.37654 0.90816 0.72028
TABLE 11
NorMALIZED EVEN-MODE IMPEDANCES FOR FivE-SECTION COUPLERS OF VARIOUS DEGREES OF COUPLING
=-—3dB =—~6dB
R(dB) Z1=Z.r, Zz=Z4 Z3 Zl Zz 23
+0.1 1.078699 1.373506 3.986466 1.045012 1.219723 2.381814
+0.2 1.109498 1.441344 4.221770 1.060520 1.253022 2.460101
+0.3 1.136973 1.496760 4.413494 1.073916 1.279190 2.520679
+0.4 1.163141 1.546841 4.588548 1.086326 1.302028 2.573317
+0.5 1.188797 1.594271 4.757218 1.098178 1.322937 2.621589
+0.6 1.214383 1.640454 4.925031 1.109689 1.342617 2.667275
+0.7 1.240192 1.686272 5.095649 1.120989 1.361476 2.711417
+0.8 1.266456 1.732366 5.271895 1.132166 1.379781 2.754697
+0.9 1.293375 1.770253 5.456244 1.143280 1.397715 2.797598
+1.0 1.321138 1.827391 5.651062 1.154380 1.415418 2.840483
C=-10dB C=-20dB
R(dB) Z Zs Zs Z Zs Zs
+0.1 1.025804 1.125813 1.677964 1.007738 1.037071 1.172210
+0.2 1.034177 1.143162 1.709224 1.010159 1.041832 1.178726
+0.3 1.041309 1.156560 1.732889 1.012202 1.045462 1.183583
+0.4 1.047843 1.618082 1.753050 1.014060 1.048550 1.187666
+0.5 1.054018 1.178486 1.771193 1.015805 1.051313 1.191295
+0.6 1.059959 1.188152 1.788048 1.017473 1.053857 1.194628
+0.7 1.065735 1.197297 1.804038 1.019085 1.056244 1.197755
+0.8 1.071395 1.206060 1.819432 1.020655 1.058513 1.200733
+0.9 1.076971 1.214539 1.834415 1.022193 1.060691 1.203599
+1.0 1.082485 1.222802 1.849121 1.023706 1.062798 1.206383

Note: Z1, Z,, Zs, Zs, Zs are the normalized even-mode impedances.
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aid of a computer. Assuming that the denominator
roots are known, the expression for |T'(f)|? takes the
form

| @) |
t2 t?_t 2)2 t?_f *2)2
. (=192 = 1) -
(tz__tlm) (t2—t212) (tz—lzhm) (tz_tsl*z) (t2*t3’2)
where K2=Fk,?/(1+k.?).
Consideration of previously stated realization condi-
tions leads to

12— 12 — 1*)
T{#) =K (55)
¢+ )+ N0+ ™0+ 6)0+ ™)

where the real parts of ¢,” are all positive. Note that the
numerator polynomial is odd in ¢, which is necessary if
the resulting network is to be symetrical [9]. After
the denominator roots of I'(#) are determined, the
synthesis procedure is similar to that used for the three-
section coupler. This procedure was programmed on a
computer and carried out for a mean coupling of —3,
—6, —10, and —20 dB. The results are presented in
Table II. Figure 3 shows the bandwidth of operation vs.
coupling deviation. It is interesting to note that our
Table I1 and Tables A-6, 7, 8, which were independently
compiled by Cristal and Young [3], contain identical re-
sults. Furthermore, the coupling response of sym-
metrical five-section —3-dB, +1, £2, +3, +4, +5-dB
couplers was computed and found to be identical to
their graph of Fig. 2.

From Fig. 3 it is seen that the —3-dB five-section
coupler has an extremely wide bandwidth of operation.
For example, a bandwidth of 9.6:1 can be obtained
for a maximum coupling deviation of +0.5 dB as com-
pared with 5.8:1 for a three-section coupler. Realiza-
tion of the theoretical bandwidth of 9.6:1 for a five-
section coupler, in practice, will depend upon the es-
tablishment of constructional techniques which will
alleviate the severe discontinuity effects; the re-entrant
coupled cross section introduced by Cohn [8] should
prove advantageous in this case.

EXPERIMENTAL Frve-SectioN DirectioNaAL COUPLER

A photograph of an experimental —10-dB strip-line
directional coupler appears in Fig. 5. This directional
coupler was designed to operate over a 7.21:1 frequency
band centered at 2.278 Gc with a +0.5-dB coupling
deviation around —10 dB. The input impedance of this
coupler was chosen to be Z,=50 ohms, and the even-
and odd-mode characteristic impedances were obtained
from Table I1. By means of published formulas [10],
the essential dimensions were computed in terms of the
given Z,.; and Z,,; values. In the coupled region, the
plate spacing is 0.500 inch and the strip thickness is
0.200 inch. The 50-ohm coaxial input lines have an
ID of 0.170 inch and an OD of 0.391-inch conductors
supported by undercut teflon beads.

Preliminary measurements revealed good agreement
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with the theoretical coupling response, but poor direc-
tivity, having a minimum of 13 dB at 4.0 kMc. This
may be attributed to discontinuity effects at the junc-
tions between the sections. Internal reflections resulting
from the steps between the coupler sections were
partially canceled by the placement of ridges on the
ground planes near these points. These matching struc-
tures are visible in Fig. 5. The coupling response in Fig.
6 shows very good agreement between theory and ex-
periment. The directivity is greater than 18 dB over
the 7.2:1 band from 0.555 to 4.0 Ge. A higher direc-
tivity response could certainly be obtained by further
work on the various discontinuities. Figure 7 shows the

Fig. 5. Photograph of a five-section coupler for a 555-4000-Mc
band. (Dimensions: 9.575 by 2.700 by 0.500 inches.)
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measured VSWR of both primary and secondary lines
over the frequency band.

CONCLUSIONS

General synthesis procedures have been established
for three-section and five-section symmetrical TEM-
mode directional couplers. The synthesis leads to ex-
plicit formulas for the essential parameters, i.e., the
normalized even-and odd-mode impedances, of three-
section couplers. Although explicit formulas for the
five-section couplers are not so readily obtainable, a
sufficient amount of design information (in table form)
is given for most practical coupler designs. An experi-
mental model of a five-section coupler was built and
tested, giving excellent agreement with theory.
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Theory and Tables of Optimum Symmetrical TEM-
Mode Coupled-Transmission-Line
Directional Couplers

E. G. CRISTAL, MEMBER, IEEE, AND L. YOUNG, SENTOR MEMBER, IEEE

Abstract—New equal-ripple polynomials were determined and
applied to the synthesis of symmetrical TEM-mode coupled-trans-
mission-line directional couplers (using exact methods). Tables of
designs for symmetrical couplers of three, five, seven, and nine sec-
tions having mean couplings of —3.01, —6, —8.34, —10, and —20
dB, and having several equal-ripple tolerances in the coupling band
are presented. Symmetrical maximally-flat directional-coupler de-
signs having three, five, seven, and nine sections are also presented
to complete ‘he tables.
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I. INTRODUCTION
A. General Properties of the Couplers
ﬁ- SYMMETRICAL TEM-mode coupled-trans-

mission-line directional coupler is shown sche-
matically in Fig. 1. Note that the symmetrical
directional coupler has symmetry with respect to two
planes: Ports 1 and 2 have end-to-end svmmetry with
respect to Ports 3 and 4; Ports 2 and 3 have side-to-side
symmetry with respect to Ports 1 and 4.
A TEM-mode coupled-transmission-line directional
coupler, whether symmetrical or not, has the following

properties, when a signal generator is connected to
Port 1:

1) There is transfer of power from Port 1 to Port 2.
2) There is transfer of power from Port 1 to Port 4.
3) There is no transfer of power from Port 1 to Port 3.
4) There is no reflected wave out of Port 1.



