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Multiway Uniform Combline Directional
Couplers for Microwave Frequencies

SAIFUL ISLAM

Abstract — An improved optimization technique for muitiway uniform
forward directional couplers is presented using a previously published
matrix theory of coupled transmission lines. With the help of this computer
optimization method, microwave mode-interference combline directional
couplers having an arbitrary number of lines can be designed for arbitrary
power distribution. Theoretical designs ranging from two-way to nine-way
couplers have been tested with success. The observed behavior of some of
these couplers is briefly discussed. Typically these couplers exhibited
octave bandwidth. A five-way design example of an equal power splitting
combline coupler has been fabricated using an open microstripline config-
uration for operation within 1.6-3.2 GHz. The measured characteristics
show good agreement with the computed values.

I. INTRODUCTION

N A MICROWAVE forward directional coupler power

in both the coupled and the excited line flow in the
same direction, in contrast to the well-known backward or
reverse couplers [1]-[6], where power in the coupled line
flows in opposite direction. It is known that coupled
planar microstrip comblines [7], [8], [10] produce forward
coupling [7], [8]. This fact has been supported by the
results of the experimental combline directional couplers
shown in [7], [8], and [10]-[12]. A directional coupler using
comblines having unaltered line parameters and interline
coupling along the coupled length is referred to here as a
uniform combline directional coupler, or UCDC.

This paper is concerned with the design and fabrication
of multiway UCDC’s (having N coupled lines) rather than
two-way UCDC’s only. Fig. 1 shows a fabricated five-way
UCDC. From [10] and [11] it may be observed that the
individual lines of a UCDC have different phase velocities
and uncoupled impedances. Coupling between any two
adjacent lines in such a coupler depends on (i) the dif-
ference in phase velocities and (ii) the interline coupling
capacitance. The interpretation in terms of normal modes
[12] is that coupling occurs due to interference of the
normal modes. As a result these couplers may be termed
mode-interference couplers. This paper deals with the de-
sign of this type of coupler by computer optimization.

In a previous work [11] computer optimization of 2N
variables with a steepest descent algorithm was used for
designing N-way UCDC’s. This work [11] presented a
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Fig. 1. Photograph of an equal power splitting five-way UCDC.

successful design of a five-way UCDC along with good
experimental results. While following this method for a
five-way UCDC, a number of difficulties were encountered
by the author. These are: (i) the different values of opti-
mized error function for different starting sets of variables;
(i) the time-consuming task of the random search tech-
nique [11] for obtaining a starting set of variables; and (iii)
the requirement of several inspection and manual interrup-
tions for changing a parameter p [11] at different stages of
the optimization. The main cause of the observed uncer-
tainty seemed to be the fact that out of 2N variables the
upper and lower bounds could not be fixed for the first N
variables. Also, for the remaining N variables, the limits
could not be narrowed properly in order to direct the
optimization towards the desired direction. As a result
sometimes it was difficult to avoid or get out of a local
minimum. ,

From this observation it was understood that an im-
proved optimization method is necessary in order to re-
duce and, if possible, eliminate the uncertainty. It was
thought to be worthwhile to look for (i) a different set of
variables which do not require random search and (ii) a
different optimization algorithm having better search tech-
niques in order to achieve the desired improvements.

A search was therefore made for that approach to the
design. In this paper, an improved optimization method is
presented using a different set of variables which always
ensures practical realizability. This new set of variables has
one element less than the set used in the previous work [11]
and does not require any normalization of the variables.
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The optimization with the new set of variables has been
found to be not critically dependent on the starting values.
By using the available library optimization subroutines of
a mainframe computer, the overall design work has been
made efficient and easy to use. The method has been
found to work without failure for two-line up to nine-line
couplers.

II. PoweR AND PHASE CHARACTERISTICS OF AN
N-LiNne UCDC

Consider the transmission line model for the N coupled
lines of an N-way UCDC. Assuming that only forward
waves are propagating and scattering in the z direction, it
is possible to write [12]

%a(z)=——j]a(z), (1)

In this equation, the N-row forward wave amplitude vector
a(z)is

a(z)=(1/2)(R; V% + RV?).

)

The vectors v and i are formed with the voltages and
currents, respectively, on the lines, and R, is the diagonal
termination impedance matrix [11], with R, as the diago-
nal elements. The J matrix in (1) is the wave propagation
matrix [12] of the coupler and is related to the inductance
and capacitance matrices [11] of the coupler as shown in
Appendix 1. For lossless lines the J matrix is real and
symmetric and for planar structure (with nearest neighbor
interaction) this is a tridiagonal matrix.

The eigenvalues of the wave propagation matrix J are
the mode propagation constants 8, (i=1,2,---, N) on the
lines so that

QJQ'=8. (3)

The matrix B [11], [12] is the diagonal matrix containing
the mode propagation constants 8,’s as the diagonal ele-
ments, and the @ matrix [10}-[12] is the orthogonal modal
matrix containing the eigenvectors of the symmetric matrix
J. For lossless lines, the elements of the orthogonal modal
matrix Q are real. We denote the orthonormal row vectors
of Q as g, (i=1,2,---,N) and the orthonormal column
vectors of the same matrix as p, (j=1,2,---, N). Here,
the vectors ¢, are the eigenvectors of the J matrix.

The input output relationship of a UCDC may be
written [9], [10] as

bO = Solal (4)
where b, = (b,,, b,,," -+, b,5)" is the vector containing the
complex wave amplitudes at the output ports, a,=
(a,.a,,- -+, a,y)" is the vector containing the input wave
amplitudes, and S, is the forward scattering matrix of the
coupler.

The equation for the forward scattering matrix of a
single-section UCDC was shown in [9]-[12]. A convenient

form of this equation is

S, =QE1Q=0exp(i(f/1,)L,B)} Q0 (5)

where L, is the coupled length of the coupler and f, is the
normalizing frequency. This equation enables one to ob-
tain the forward scattering matrix of a UCDC at any
frequency f.

Taking unit excitation at the input port of the kth line
and using (4) and (5), we can write the output wave
amplitude of the ith line as

boz=p;cE_1pz=me+jb

(6)
Here the subscript R is used for the real part and I for the
imaginary part.

The power at the output of the ith line is then

o1l

P, =b,bx=p,E 'p,p,Ep,

ot~ ol

(7)

since (E~1)* = E. Here due to conservation of power,

N
ZP01=P",=1.
1=1

(3)

The amplitude b,, at the output port of the ith line may
now be obtained at any frequency f by using (6). The
power in dB {10log(P,, /P,,)} against frequency character-
istics may then be obtained using (7).

The absolute phase of the ith line is

¢01 = tan71 { bozI/me } N (9)

The relative phase of the ith line with respect to the kth

line is

-1 (bollbokR - botRbokI)
(Doirborr * bortbokr)

It may be mentioned here that increasing the coupled
length brings down the frequency at which coupling reach-
es the required value (i.e., the characteristics are shifted
towards left) and conversely when the length is decreased.
The same result (i.e., the characteristics) can be obtained
by scalar multiplication of the matrix J by a factor
instead of changing the length.

" q)ot - (I)ok = tan

. (10)

III. THE TECHNIQUE OF DESIGNING A
“SINGLE-SECTION” UCDC

It may be observed from the last section that by know-
ing the elements of the tridiagonal (for nearest neighbor
interaction) wave propagation matrix J and the coupled
length of a coupler, one can obtain the scattering matrix
(which means the characteristics) of a UCDC. Besides this,
one can obtain the line parameters of a UCDC from the J
matrix, as shown in Appendix I. The wave propagation
matrix is thus the key to the analysis and realization of the
couplers using this technique. For convenience, a 2N-
dimensional vector e is now formed with the diagonal
elements of the J matrix as the first N elements. with the
off-diagonal elements of the same matrix as the next N —1
elements and the coupled length as the last element. The
above discussion makes it clear that a coupler with nearest
neighbor interaction is uniquely specified by specifying
this e vector.
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Usually the design specifications of a coupler are the
wave amplitudes (or the power levels) and the relative
phase (sometimes phase may not be important) of the
output ports, for unit excitation. Unfortunately no success
has yet been achieved in establishing an analytical method
to determine the wave propagation matrix from this infor-
mation only. The forward scattering matrix relation of (5)
indicates that without knowing the total scattering matrix,
the task of obtaining the wave propagation matrix is not
easy. As a result the required wave propagation matrix is
obtained through the process of numerical optimization of
a set of variables by a computer.

In this optimization process, using a suitable set of
variables, an error function is formed by comparing the
computed characteristics with the required references
within the operating band of frequencies. The error func-
tion is then minimized using computer methods by varying
the set of variables.

A. Set of Variables for Optimization

For an optimization-based design, the choice of the set
of variables may influence the optimization significantly. It
is preferable that the set of variables uniquely specify a
coupler. Here, the e vector is chosen as the set of variables
since this uniquely specifies a coupler. For an N-line
coupler the e vector is e'=(cy, ¢, Cp, d1.dy,

+,dxn_q, L,); where c; are the diagonal elements and d,
are the off-diagonal terms of the tridiagonal matrix J.

In this set of variables the coupled length L, is not an
essential element but it helps to expedite the optimization
process. It may be observed that the e vector has 2N
variables compared to the 2N +1 variables of the previous
work [11].

It is necessary to specify the upper and lower limits for
each of the elements of the set of variables in order to (i)
save computation time, (ii) avoid undesirable local minima,
and (iil) avoid unrealizable parameters. The limits are set
such that the first N elements of e are always + ve, the
next N —1 elements are always — ve, and the last element
is always + ve.

B. Reference Power Level

Consider the example of an N-line equal power splitting
coupler with unit excitation at the input port (other distri-
butions may be chosen). Assuming no loss within the
coupler, the power at each of its output ports is 1/N
within the frequency band of operation. The assumed ideal
characteristics for reference purposes is then a straight line
at 1 /N within the operating frequency range f; to f,. We
denote this as the reference power characteristics for the
individual lines (P,,).

C. Error Function for Optimization

At first the area between the reference level (P,,) and
the computed characteristics (P,(f)) within the specified
band of frequencies is computed for each line. The area for
all the lines in a coupler is then summed up to form the
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Specify (i) the upper and lower bounds for the variables,
(ii) no. of maximum calls of error-function subroutine,
(iii) frequency of calling monitoring subroutine, and
other necessary input data.

R
Assign e prescribed value for IFAIL
2
Call EO4HBF ( calls EFES, and other fortlib.
subroutines ) --- preparation of input data for
the optimization subroutine.
Print-out the exit value of IFAIL
2
Lfssign a prescribed value for IFAIL before entry

Call EO4JBF ( calls EFES, EO4HBF
and other fortlib. subroutines ) --—-
Optimization of the error-function.

RA

Print-out the exit value of IFAIL and
the optimized set of variables

1)

Call plotter subroutine

Fig. 2. Flowchart showing the sequences of the main program for the
optimization work with the mainframe computer using NAG Fortran
library subroutines. Here, EFES is the error function evaluating sub-
routine as indicated in Fig. 3 and IFAIL is the error indicator [13]

error function E, which is a function of e. This means

E(e)= % uE, (11)

=1

where u, is the + ve weighting factor and E, is the error
area of the power characteristics for the i/th line within the
frequency range f; to f,. Thus E, is

E(e) = ["|P(7)= P, |af (12)

h

Here, the error function has been shown for power optimi-
zation only. However, if the phase optimization is simulta-
neously required, then the phase error function is to be
added with the power error function in order to obtain the
total error function. An appropriate positive weight factor

multiplier with each quantity is then required before ad-
dition.

1V. THE OPTIMIZATION TECHNIQUE

The computation work has been divided into two parts,
Le., (i) optimization of the error function and (ii) evalua-
tion of the error function. For the computer a subroutine
program was prepared for the second part and a main
program was prepared for the first part. Programs were
prepared in Fortran 77 for running in the mainframe
computer (IBM 3081) at Cambridge. The NAG (Numeri-
cal Algorithms Group, Oxford, 1J.K.) library subroutines
available in this computer were of great help in performing
this complicated and large-dimensional computation.
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I Evaluate the error-function
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Fig. 3. Flowchart showing the various stages of computations in the
error function evaluating subroutine program (EFES) using the e
vector as the set of variables. f is frequency, f; is the lower band-edge
frequency, and f, is the upper band-edge frequency.

A. Optimization of the Error Function Using
Quasi-Newton-Algorithm-Based NAG Subroutines

For the optimization of the error function, the program-
ming sequences are presented in Fig. 2. The actual optimi-
zation work is done by the NAG subroutine E04JBF [13],
which is based on quasi-Newton algorithm [15]. This sub-
routine is generally used for finding an unconstrained
minimum of a function of several variables subject to the
fixed upper and lower boundaries on the variables [13].

The error function evaluating subroutine (EFES) may be
called several thousand times by the subroutine FO4JBF.
The number of calls depends on the number of variables K
and on the starting point. The maximum number of calls is
limited by the program up to 40K(K +35) times [13].
Clearly a considerable amount of the computation time is
spent in evaluating the error function. It is therefore
necessary to prepare the subroutine EFES efficiently so
that it takes minimum possible computation time.

At the beginning of the optimization work the program
is run for a short time (say 50 sec for a five-way ucDO)
and the power plots of the output ports of the coupler are
obtained using the new e. This enables one to understand
whether the optimization program is functioning properly
or not.

B. Evaluation of the Error Function

The different steps of computations for evaluating the
error function are shown in the flowchart of Fig. 3. For
computing the eigenvalues and eigenvectors of the J ma-
trix, the available NAG subrouting FO2ABF [14] was used.
The error function evaluating subroutine EFES calls the
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NAG subroutine FO2ABF (for obtaining the eigenvalues
and the eigenvectors of J) once every time the subroutine
EFES itself is called by the “optimization subroutine pro-
gram” or the main program.

V. OBTAINING A STARTING SET OF VARIABLES -
FOR OPTIMIZATION

At first an e is formed by (a) assuming equal values of c,
(the diagonal elements of J), (b) assuming the negative
off-diagonal elements d, in the ratio of desired powers at
the output ports, and (c) assuming a coupled length L,
equal to a wavelength at the center frequency. Next, the
computed power plots of the output ports are obtained.
The characteristics of the coupler are then adjusted such
that the required lower band-edge frequency roughly cor-
responds to the frequency at which significant coupling
appears for the first time. This adjustment is done by
choosing an appropriate scalar multiplication factor for
the J matrix, as discussed in Section II.

After this operation if it is found that the power plots
are not approximately continuous (unbroken) within the
band of interest, then better characteristics are obtained
after running the optimization program for a short time
(say 15 sec for a five-way coupler). The e obtained in this
way is accepted as a good starting set of variables. It is
necessary to make sure that the optimization is done at the
initial frequency region of significant coupling and not in a
later frequency region of coupling. A starting set of vari-
ables thus obtained reduces the computation time in the
final optimization significantly.

VI. SOME OPTIMIZED COUPLERS AND
THEIR CHARACTERISTICS

A number of couplers (starting from two-way up to
nine-way) have been optimized successfully using the
method presented here. The approximate CPU time re-
quired to perform the optimization and to produce the
power and phase plots are (i) 30 sec for a two-way, (ii) 50
sec for a three-way, (iii) 80 sec for a four-way, and (iv) 110
sec for a five-way UCDC.

The characteristics for an optimized five-way equal
power splitting coupler are presented in Fig. 4. Here in
Fig. 4 one can observe the maximum deviation of 1.75 dB
only within the octave bandwidth, in contrast to the 4 dB
maximum deviation in the characteristics of [11].

Optimization of the above-mentioned couplers was per-
formed for equal power distribution, although there should
be no difficulty in optimizing for other distributions (con-
sistent with the physics of a coupler). For seven-way and
nine-way couplers, the characteristics of the outer lines
exhibit less than an octave bandwidth. Besides, for these
two cases the parameter values were found to be difficult
to realize within reasonable length; at the same time the
finger lengths exceed the resonance limits. As a result for a
seven-way coupler a distribution with less power for the
outer lines is taken. The computed characteristics of a
seven-way coupler optimized for producing a half “sine”
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Fig. 4. Computed characteristics of a five-way UCDC with unit excita-
tion at the input of line 3. (a) Power against frequency plots of output
ports of the lines. (b) Relative phase against frequency plots of the
output ports w.r.t. the output port of line 3. Band limits are shown for
+1.75 dB points. L,, L,,-- -, Ls are used to represent the characteris-
tics of line 1, line 2,- - -, line 5, respectively.
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Fig. 5. Computed characteristics of an optimized seven-way UCDC
with unit excitation at the input of line 4. (a) Power against frequency
plots of the output ports of the lines. (b) Relative phase against
frequency plots of the output ports w.r.t. the output port of line 4.
Reference power levels for the output ports of lines 1 to 7 are
(sin 30°)/s, (sin 50°)/s, (sin70°)/s, (sin90°)/s, (sin110°)/s,
(sin130°) /s, (sin150°)/s respectively, where s = (sin30°+sin50°+
sin70° + - +sin150°). Band limits are shown for +2.0 dB points. L,,
L,, -+, L, are used to represent the characteristics of line 1, line 2, -,
line 7, respectively.

distribution of power are presented in Fig. 5. For a nine-
way coupler the optimization has been done for a half sine
pattern of power distribution. The achieved bandwidth in
this case was less than an octave.

From the relative phase plots of the optimized couplers
it may be observed that the phase characteristics of the
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lines adjacent to the direct line start from 90° at zero
frequency and gradually change (almost linearly) with the
increase in frequency. For the next adjacent lines this
starts from 180°, and so on. Without altering the power
characteristics, the phase characteristics of these couplers
may be modified to produce a constant phase relationship
within the operating band. The possible modifications are
(i) 90° phase relationship for the coupled line output in a
two-way coupler, (ii) +90° and —90° phase relationship
of the coupled outputs (with respect to the direct line) in a
three-way coupler, and (iii) +180°, —180°, +90°, and
—90° phase relationship for lines 1, 5, 2, and 4, respec-
tively, in a five-way coupler. These can be achieved by
adding extra lengths of line at the end of the couplers.

From this investigation it appears that it is better to
have the optimization, at first, done for power only. Next,
after observing the phase characteristics of the coupler,
one should perform the phase optimization or phase ad-
justments. The reason for this is that putting arbitrary
restriction on phase condition at the beginning often causes
difficulty in achieving a decent power optimization besides
the delay in getting an optimized result.

VIIL

The five-way UCDC whose characteristics are presented
in Fig. 4 was chosen for fabrication. The optimized e
vector for this equal power splitting UCDC is e'=
(0.0650, 0.0556, 0.0603, 0.0650, 0.0556, —0.0052, —0.0032,
—0.0032, —0.0052,163.20). This rneans that the first five
elements of this e are the diagonal elements and the next
four elements are the off-diagonal elements of the tridiago-
nal J matrix. The coupled length is 163.2 mm.

A PrACTICAL DESIGN EXAMPLE

A. Obtaining Parameter Values and Dimensions
from the Optimized e

The J matrix described above is, in fact, the matrix
obtained after necessary adjustment of the center frequency
of operation done by the scalar multiplication technique
discussed in Section II. Also, necessary scaling was done
by using

J= QI(B[I] + BDI)Q = Jm + :Bol' (13)

The subscript [1] is used to denote the matrices before
scaling. This operation is done so that the scaled J pro-
duces physically realizable parameters. For this design it is
desired to have 50 € coupled lines and 50 Q terminations,
so that m;, = Z¢, /R,, =1 is taken (Appendix I). The values
of the coupled and uncoupled line parameters, including
the interline coupling capacitances, are computed using the
equations presented in Appendix 1. With these line param-
eters, the physical dimensions of each line are then de-
termined using the equations derived from the ABCD
matrices of a unit cell of a combline model. The combline
model has a main line periodically loaded with susceptance
X. The susceptance X arises at the junction because of the
fingers. A finger line and main line junction is treated as a
microstrip T junction [21].
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GHz

GHz

Fig. 6. Measured output power against frequency characteristics of the
experimental five-way UCDC with unit excitation at the input of line
3. Band limits are shown for 1 1.75 dB points. Back ports are terminated
in 50 . ---- measured; computed.

The finger overlap for a particular coupling capacitance
is obtained using a plot of coupling capacitance against
finger overlap. This plot was initially obtained by extend-
ing Garg and Bahl’s [22] equations but was later modified
based on the experimental observations.

After the computation one may find that, for a pair of
lines, the available finger length is not sufficient compared
to the required finger overlap. The finger lengths may then
be altered by changing the J matrix using (13). For chang-
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Fig. 7. Measured relative phase against frequency characteristics of the
experimental five-way UCDC. Output of line 3 is taken as reference. ----
measured; —— computed.

ing the finger overlap the interline coupling capacitances
are changed by multiplying the coupled length and at the
same time dividing the J matrix by the same factor. These
operations do not change the characteristics.

The line parameters and some of the dimensions of the
1.6-3.2 GHz five-way UCDC obtained after computation
as described above are presented in Appendix I1I.

B. Fabrication of the Five-Way UCDC

The coupler was fabricated by usual photolithographic
and etching techniques. A mask on rubylith film, prepared
by a computer-operated scribing machine, is used for
starting the work. Cu-clad 250 type GX-0600-55-11 copper
laminate boards (made by 3M) having 1.5-mm-thick glass
woven Teflon substrate (¢, =2.55) were used for making
the couplers in open microstip configuration. It may be
mentioned here that the same length of connecting lines is
required at the ports of the coupler. Otherwise the mea-
sured phase characteristics of the constructed coupler will
differ from the computed characteristics. A photograph of
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Fig. 8. Measured power against frequency plots of the back ports of the
experimental five-way UCDC with unit excitation at the input of
line 3.

the complete coupler fabricated using the design parame-
ters of Appendix II is shown in Fig. 1.

C. Results of the Experimental Five-Way UCDC

For obtaining the power and phase characteristics of the
constructed coupler, an “in-house” time-domain network
analyzer of the type described by Rigg and Carroll [16]
was used. Frequency-domain measurement using modern
network analyzers would have been advantageous for this
measurement of couplers having several ports. However,
the above-mentioned time-domain network analyzer [16]
mainly comprises of a Tektronics fast rise time (25 ps) step
generator (S-52 pulse generator head), a Tektronics 7504
sampling oscilloscope (with a loop through S-6 sampling
head), an HP 9825A desktop calculator, and an interface
unit between the calculator and the oscilloscope.

The measured power (dB) characteristics of the experi-
mental five-way UCDC are presented in Fig. 6 and the
measured phase characteristics are presented in Fig. 7. For
the relative phase measurement, the output port of line 3
(middle line) was taken as reference. It may be observed
from Figs. 6 and 7 that the measured results agreed well
with the expected characteristics except for a small amount
of imbalance in the power characteristics.

A number of couplers were made to identify the causes
of deviations (imbalance in power splitting) and to im-
prove the characteristics. From the measured characteris-
tics of each of the modified couplers it has been observed
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Fig. 9. Measured return loss of the lines of the experimental five-way
UCDC.

that the deviations in the measured results were mainly
due to the inaccurate phase velocities of the practical
coupled lines. Such inaccuracy in the phase velocities of
the coupled lines changes not only the coupled power
levels but also the shape of the characteristics. This devia-
tion in the realized phase velocities of the coupled lines
causes significant deviation in the characteristics of a
coupler having more than three lines. For multiway cou-
plers, an improved and more accurate model analysis of
the coupled comblines appears essential for obtaining im-
proved characteristics.

The measured power characteristics of the back ports of
the five-line UCDC are presented in Fig. 8. The maximum
power within the operating band at the back port of lines
1,2,4, and 5 are —25 dB, —25 dB, —-24 dB, and —26 dB,
respectively. The return losses of the lines, measured using
the same time-domain measurement technique, are pre-
sented in Fig. 9. From these plots it may be observed that
within the operating band of frequencies the maximum
VSWR’s on lines 1 to 5 are 1.20, 1.15, 1.14, 1.20, and 1.29,
respectively. However, the characteristic impedance mea-
surement with the step generator in the time domain
showed agreement within +£1.5 €.
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VIIL.

Improved optimization of the characteristics of a multi-
way UCDC is now possible by using the new e variables
and the computer optimization technique presented in this
paper. The use of the e vector as the set of variables makes
it possible to examine the realizability of the coupler from
the elements of the vector (ie., the J matrix and the
coupled length). The restriction on the J matrix automati-
cally directs the optimization to a realizable structure and
avoids search towards unrealizable area. In this method
there is no need to normalize the vector containing the
variables, in contrast to the previously used variables [11].
Altogether, this computer optimization with the e vector
as variables is a powerful, easy-to-use, and useful tech-
nique for designing multiway UCDC’s with an arbitrary
number of lines.

From the observed behavior of UCDC’s with up to five
coupled lines, it may be concluded that an octave band-
width can be obtained on an average, although certain
lines (e.g., lines adjacent to the excited lines) exhibit wider
bandwidth. The behavior of UCDC’s having seven and
more than seven coupled lines indicates that the outer lines
exhibit less bandwidth than the lines closer to the excited
line. From the results it is understood that the maximum
attainable bandwidth can not readily be increased beyond
an octave without incorporating some additional tech-
nique.

Besides using an open microstrip configuration for
fabrication it is possible to use the triplate or shielded
microstripline configuration. It is envisaged that the design
technique presented here could possibly be extended to the
design of couplers using dielectric waveguide gratings
[18]-[20].

CONCLUSIONS

APPENDIX [
EQUATIONS FOR OBTAINING LINE PARAMETERS
FROM J MATRIX

It has been shown in [11] that for a UCDC
J=(B,+X,)/2
where

B,=w,R/’CR/* X,=w R VLR (14)

Here, w,=2#f, and R, may be taken as a diagonal
termination matrix with R,, as the diagonal element corre-
sponding to the :th line. L is the inductance matrix and is
diagonal since the interline inductive coupling is negligible
[8] for combline couplers. C is the tridiagonal (because of
the nearest neighbor interaction) capacitance matrix. The
diagonal elements of C are the self-capacitance C,, of the
lines under coupled condition. The uncoupled self-capaci-
tance C, may be computed from

C1=C11_C1~1.1_C1,1+1' (15)

The uncoupled and coupled characteristic impedances of
the ith line are

thzv(Lli/Ct) and Z(‘)‘Z=V(LII/CII) ’

respectively.
The uncoupled and coupled phase velocities of the ith
line are

U;I :1/V(L11C1) and U;I =1/\/(L11C11) N

Using (14), (15), (16). and (17), it may be shown that

(16)

(17)

C,=(2J,)/{wR, (1+m?)}

L,=(2J,R,m?)/{e(1+ m?)}

(18)
(19)

and

C1,1+1=2‘]n+1//(w1Rn)' (20)
Here, m,=Z:,/R,,, J,= the ith diagonal element of the
J matrix, and J, ., =the off-diagonal term of the J
matrix corresponding to the ith line.

APPENDIX 11
LINE PARAMETERS AND DIMENSIONS OF THE DESIGNED
1.6-3.2 GHz Frve-Way UCDC

Coupled length L,=163.2 mm; dielectric constant €, =
2.55; thickness of the substrate =1.5 mm. Finger periodic-
ity of the comblines = 2.4 mm; finger width =1 mm; finger
line impedance =107 €.

Uncoupled Coupled Main
Uncoupled Coupled velocity velocity line Finger Coupling

Line impedance impedance x10" X 101 impedance length capacitance
no. Q Q mm/s mm/s Q mm pF/m

1 54.50 50 1.054 0.967 100.88 5.20 Cy, =325

2 59.73 50 1.345 1.130 86.78 3.65 G,y =20.24

3 56.29 50 1.173 1.042 93.95 4.24 C,,=2024

4 57.98 50 1.122 0.967 100.88 4.76 C,s=32775

5 55.39 50 1.252 1.130 86.78 3.75

Finger overlaps (FO): FO,, = FO,s=1.7 mm, FO,, = FO,, = 0.75 mm.
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