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Abstract

A very powerful method to measure the parameters of a one-section Coupled Transmission Line (CTL) coupler is

presented.

Three transmission measurements at the frequency of maximum coupling is sufficient to give the even

and odd mode impedances (Zg, Zg) and the even and odd mode Tengths (@, G). Explicit equations are presented
g Lo o

for the necessary calculations.

A new method for wideband improvement of CTL-coupler directivity when ¢ # &, has been developed.

The theory is

presented with all necessary equations and it covers both g > @, {microstrip) and 8 < . The new method makes
use of short compensating sections in the coupler to achieve a directivity pole at an arbitrary frequency. The

wanted bandwidth determines the optimum location of the pole.

Introduction

It is well known that a Coupled Transmission Line
(CTL) coupler with unequal even and odd mode lengths
suffers from low directivity. A length difference be-
tween the even and odd mode can be caused by:

(a) Different dielectric layers (ex., microstrip)
(b) Inhomogeneous dielectric {ex., glassfibers in

tefion

(c) Rough Cu surface (ex., electro deposited Cu on
teflon)

(d) Corner effects where the two coupled lines are
launched

(e) Different "paths" of the even and odd mode.l:2
(f) Meander-folding of coupled lines in homogeneous

dielectric.2s3

Methods to improve the directivity of microstrip
couplers (i.e., the even mode is longer than the odd
mode) has been suggested by Podell“, Buntschuh5 and
others3. Little has been presented for the case when
the even mode is shorter than the odd mode. The Tatter
case is, however, very important since that is what we
measure for "homogeneous" dielectric (commercially
available glassfiber reinforced teflon) stripline
couplers. The work presented here is a part of a
research program at Anaren Microwave, Inc., with the
following goals:

{1) Develop a method to measure the even and odd mode
impedances (Ze, Zo) and the even and odd mode
lengths (e, @) of a single section CTL-coupler.

(2) Measure the length ratio of the two modes
(0e/6y) as a function of frequency and coupling.

(3) Determine the cause of the length difference.

(4) Develop a method to achieve high directivity
couplers.

The main purpose of this paper is to present the
results from Parts 1 and 4 above.
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Figure 1 - The coupled transmission 1ine coupler
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Several examples with design data are given.

A Measurement Method of CTL-Coupler Parameters

A CTL-coupler is characterized by the even and
odd mode impedances {Zg, Zy) and the even and odd mode

lengths (e, @) as is shown in Figure 1.

The presented measurement method has been used to
measure the parameters of numerous experimental couplers
and then optimizing the performance. The method re-
quires three measurements at a well specified frequency.
The procedure is as follows:

(1) Determine the frequency where the coupling is
maximum

(2) Measure at that frequency, with the coupled port
as reference:
(a) DIR = directivity = 20 log (|S5;1/1S,,1)
(b) ADIR = angle of directtvity = /S31 - /S21
{c) CREL = relative coupling =

20 log (lsu1|/|521T)

(3) DIR, ADIR, CREL are then input data in a computer
program that gives Zg, Zy, 6 and g,.

Ss1, S31 and S, are the scattering parameters of the

coupler.

Explicit formulas for the calculation of Z,, Zy,

& and @, have been found for the two special cases
Zo*Zy = 1, (ADIR = 0 or 180 degrees) resp. 9 = 6
(ADIR = 90 degrees). An approximate solution for the
general case is found by using the projection of the

directivity vector on the axis where ADIR = 0 resp. on
the axis where ADIR = 90 degrees. The equations are:

A¢ = cos (ADIR) . 10DIR/20 (M)
AZ = sin éADIR) . 10DIR/20 (2)
cR = 10CR L/20 (3)
CA = (CR+AZ)/(CR-AZ) (8)
CB = 2- (CA+1)/CR (5)
H = (14CB-CB/4-CA-CA)/{CA-CB) (6)
Zo = JH*H+1 -H (7)
Ze = CB/2 + CA*Za (8)
A0 = - tan-l [(Ze+1/Ze) + 2¢/(2-CR)] (9)
G = 90 + Ao (10)
6 = 90 - Ae (1)

The approximate method gives small errors when Ae
and/or (Z, * Z, - 1) are small. For other cases, a
computer Gptimizing program has been developed to
minimize the error of the calculated parameters.



Some Results From Stripline CTL-Coupler Measurements DIR ADIR CREL| @ Q@ /G| CPL* IMP*
Figure 2 shows the measured performance of a 3 dB Curve| (dB) (Degr) (dB)|(Degr) (Degr) (%) (d8) (ohm)
and a 25 dB coupler compared to the theoretical per- 1 |-23.2-38.2 -0.68] 85.0 94.9 89.6] -2.66 0.939
formance with the measured Zas Zys @ and 6, as input _ _20:0 -38:0 2.5 | 85.6 94:1 91.0] -4.40 0.926
data. Table 1 gives the parameters used. As is seen - {-21.0 -18.0 6.0 | 87.1 92.5 94,1} -6.96 0.970
in the figure, the agreement is very good between - |-19.0 -4.5713.8 | 88.6 91.2 97.1}-13.97 0.99]
measured performance and calculated performance using 2 1-14.8 -12.0 24.5 | 89.0 90.2 98.7{-24.48 0.962
the measured Z,, Z,, 6 and .
0 *CPL = 20 log[(Ze-Zo)/(Ze+Zo0)] **IMP = [fZe- 20
Table 1. Parameters of measured stripline couplers
i For a 20 dB coupler, the Cu roughness is not as
§§ e important as for a 3 dB coupler. Due to the separa-
3 40 \ pm—— ————— tion of the coupled lines, a major part of the odd
3 CALCULATED mode field is parallel to the ground planes and to the
= 5 glassfibers. The high dielectric constant of glass
) I ———- —== e = = = aamy Makes the dielectric constant for parallel field about
o "X CALCULATED ! 15% higher than for perpendicular field. This results
@ 20
= in a lengthening of the odd mode compared to the even
mode.
A theoretical analysis of single section CTL-
ob— 1 1 | L1 L1 T T couplers has been made to calculate the minimum
1.0 125 15 .75 20 directivity over)a 2.3:1 bandwidth (octave bandwidth
with some margin). The results of this analysis is
FREQzSyCY(GHZ) shown in Figure 3. The conventional coupler has the
impedance level =/Zg + Z5 = 1 which will give a lower
60 directivity at the high end of the band (solid curves).
There exists an impedance, however, that will optimize
- the directivity over the band (dashed curves). The
- directivity improvement is about 2 dB when the optimum
2 40 impedance level is used. See also Table 2 and
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Figure 2 - Measured and calculated curves of CTL- 0 |
couplers. 4070 %0 9% %W @5 99
The parameters are found in Table 1 9
a. Isolation b. Return Loss LENGTH RATIO B¢ /@, OR 8,/ @ (%)

A1l the parameters in Table 1 represent measure-
ments of stripline couplers. The dielectric boards
are glassfiber reinforced teflon with a ground plane
spacing of 65 mils, a center board thickness of 5 mils
and a dielectric constant of 2.6. The coupled 1ines
are connected to 50 ohm lines by standard 45° mitered
right angle bends.

It is shown in the table that the even and odd
mode length difference is large for tight coupling.
By using two coupled resonant loops, with the
same cross section as the 3 dB coupler in Table 1, it
is possible to measure the effective dielectric con-
stant of the even and the odd mode for that coupler.
Our measurements show that the rough Cu surface
(electro deposited Cu) causes an increase in the
measured odd mode dielectric constant of =15%. No
change with frequency was observed in the measured
range 1-18 GHz. The even mode dielectric constant is
merely unaffected by Cu roughness. (Another unwanted
effect caused by the Cu roughness is an increase of
the odd mode loss to several times the loss of the
even mode).

Figure 3 - Calculated minimum directivity over 2.3:1
bandwidth for single section CTL-couplers with
unequal even and odd mode lengths.

Conventional design Zg + Z5 = 1

Optimum directivity design

Improving the Directivity of CTL-Couplers

The circuit used to improve the directivity of a
coupler when % # ©, is shown in Figure 4. The circuit

consists of a non-commensurate, symmetrical three-

section coupler with a total length L = xo/4.

We now suppose that:

and then we desi

at one (optiona]?
quency of the device.
isolation at the frequency fr (fr =
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%1

(12)

n the circuit for infinite isolation
frequency close to the center fre-
The conditions for infinite
12 L = x/4) are:
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Figure 4 - The new coupler with compensating sections
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where: Re = Ze]/zez (]5)
Ro = Z01/Zp (16)
tle = tan (fr - 64) (17)
t2e = tan (fr + @2/2) (18)
t10 = tan (fr « gq) (19)
to = tan (fr « gy2/2) (20)
B =90 + 20 = 26,7 + G (21)
G =90 - 40 = 2¢] + Gy (22)
2 %2 G2 (23)
L Oa %)
By a straightforward calculation, we can eliminate
Res Ros Zg1s Zyys Zgp and Zy, in equations 13 and 14
and use:
CPLT = 20 log [(Zg1-201)/(Za1*Z01)] (24)
CPL2 = 20 log [(282'202)/(282+202)] (25)
IMPY = /Ty~ Iy (26)
IMP2 = Igp + Zop (27)
We observe._that we have found independent param-
eters: L2/L, fr, CPL1 and CPL2 is a good choice.

Equations 13 and 14 then give IMP1 and IMP2. As shown
in Figure 5, there are two different realizations

depending on whether the outer sections are tighter or
looser coupled than the center section of the coupler.
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Figure 5 - Different Realizations of the Compensated
Coupler

A useful relationship between the two cases @.>g, and
G <@ has been found. It has been shown that the same
performance {except /S11 and /S31)is achieved if:

-gi(ee > ) = éE{C@ < %) (28)
CPLT (@ > ©) = CPLT (& < &) (29)
CPL2 (@ > 6y) = CPL2 (6o < &) (30)
IMPT (6 > ) = 1/IMP1 (g < &) (31)
IMP2 (0 > @) = 1/IMP2 (6z< @) (32)

To get an idea of the usefulness of the compensa-
ting method a number of calculations has been made.
Some theoretical curves for 3 dB resp. 20 dB couplers
are shown in Figure 6 resp. Figure 7 and the corre-
sponding parameters are given in Table 2. The Table
shows the case @, < @, as well as the case g >g, since

the same curves apply to both cases. The ratio L2/L
gives the length of the center section of the coupler
compared to its total length. L/(0.25x0) shows the to-
tal length of the coupler at the frequency of maximum
coupling. 0.25)x0 corresponds to the frequency where the
mean value of the total even and odd mode lengths equals
90 degrees. The minimum return loss and directivity has
been calculated for a 2.3:1 bandwidth (octave band-
width with margin). A11 the couplers in Table 2 except
the single-section couplers with IMP2 = 1 have been
optimized so the directivity is the same at the two
edges of the band. For the compensated couplers this
was done by varying the location of the directivity

pole (parameter fr).

When we compare the coupling of a compensated
coupler to that of a perfect coupler over an octave, we
see that the difference is generally less than a few
hundredths of a dB. The coupling maximum of a compen-
sated coupler is moved in frequency for circuit I to a
higher frequency (lengthening effect) and for circuit II
to a lower freguency (shortening effect).

Center | S%/% Min.  Min.

Type Freq. or %< % % >6 Ret. Direc-
of Coupling /% | IMPT IMP2 IMP1 IMP2 CPLT (CPL2 L2 L Loss tivity

Curve | Circuit (dB) (%) (ohm) (ohm) } (ohm) (ohm) (dB) (dB) L 0.25x0 | (dB) (dB)
A -2.73 90 --- 1,000 --- 1.000 --- - 2,70]71.00 0.99 -23.1 -18.6

B -2.70 90 --- 0.939 --- 1.065 --—- - 2.,66]1.00 1.00 -24.5 -20.9

o I -2.70 90 0.593 0.955 | 1.686 1.047 { -30.00 - 2.66 |0.90 1.10 -25.5 -22.7

D Il -2.70 90 1.118 0.705 | 0.894 1.418 -1.88 -20.00§0.10 0.86 -34.6 -31.9

E -19.38 98 --- 1.000 --- 1.000 --- -19.,3811.00 1.00 -52.5 -11.9

F -19.38 98 --- 0.885 --- 1,130 --- -19.25}1.00 0.99 -18.4 -13.8

G I -19.38 98 0.390 0.929 | 2.564 1.076 | -40.00 -19.21]0.90 1.09 -18.5 -16.7

H 11 -19.38 98 1.239 0.994 | 0.807 1.006 -6.02 -21.0010.90 0.77 -40.5 -39.5

Table 2. Design data for compensated and uncompensated couplers with unequal even and odd mode lengths.

Directivity and return loss are calculated for a 2.3:1 bandwidth.
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Figure 6 - Theoretical curves of couplers with a center frequency coupling of 2.70 dB.
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Figure 7 - Theoretical curves of couplers with a center frequency coupling of 19.38 dB.

in Table 2. a. Directivity

We find that the widest bandwidth for circuit I is
obtained when the outer sections are as short as pos-
sible and have low coupling. The limiting factor is
that IMP1 goes very low (% < ) or high (% >C). For
stripline couplers (% < ©), the outer sections take
the form of tabs and has been used for years at Anaren
Microwave, Inc., {and some other industries), but no
quantitative theory has been presented. A comparison
between the new theory and experimental circuits shows
good agreement.

The widest bandwidth for circuit II is achieved
when the outer sections are short and the center
section has low coupling. The Timiting factor is the
coupling in the outer sections. The directivity im-
provement over a 2.3:1 bandwidth is generally better
than for circuit I. Circuit II is particularly ef-
fective when the overall coupling is 10 dB or less.

Conclusion

A new method to measure the parameters of CTL-
couplers has been presented including explicit formulas
for the necessary calculations. The method has been
very useful in practice for the correction of couplers
with Z, # 1/Zo and/or € # €. A new circuit has been
developed for improvement of the directivity of CTL-
couplers with different even and odd mode lengths.
Explicit formulas were given for the design of couplers
with a directivity pole at an arbitrary frequency. The
presented curves show that a Targe improvement can be
achieved over a wide bandwidth.
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