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Synthesis, Design, and Construction
of Ultra-Wide-Band Nonuniform
Quadrature Directional Couplers

in Inhomogeneous Media

SENER UYSAL, STUDENT MEMBER, IEEE, AND HAMID AGHVAM1, MEMBER, IEEE

Abstract — A computer-aided synthesis design procedure is given for

nonuniform quadrature dhectional couplers in inhomogeneous media. A

wiggly geometry is employed which effectively slows the odd-mode phase

velocity to match the even-mode phase velocity. The wiggly geometry

results in improved isolation and increased effective dielectric constant.

This technique provides a shorter coupler length due to increased effective

dielectric constant.

Cubic splines of strip width, strip spacing, and wiggle depth as functions

of coupling coefficient are computed using static capacitances of uniform

coupled lines. These functions are then used as synthesis functions to

evaluate the continuous physical parameters of nonuniform coupled lines

by using the continuously varying coupling coefficient. A nonuniform

interdigitated coupler is introduced to realize the tight coupling values.

Manufacturing tolerances on wiggle depth are derived. Geometrical

details are given for the construction of nonuniform wiggly lines. Computa-

tional and experimental data are also given for a 2-18 GHz, – 3 dB

tandem nonuniform dhectional coupler built on alumina substrate.

I. INTRODUCTION

T HE THEORY and design of TEM-mode symmetrical

nonuniform directional couplers using the nonuni-

form transmission line analogy is well established in the

literature [1]-[3]. Asymmetrical nonuniform microstrip

couplers have also been reported for wide-band operation

[4], [5]. A computer-aided synthesis design procedure for

symmetrical nonuniform microstrip couplers has been re-

ported by Uysal et al. [6].

In the case of wide-band symmetrical nonuniform direc-

tional couplers in inhomogeneous media, it is of primary

importance to determine the continuous w/h and s/11

(where w is line width, s is line spacing, and h is the

substrate thickness) as accurately as possible. At present a

direct synthesis of physical parameters is not available.

Instead, the uniform coupled lines data are assumed to be

valid at each elemental section of the nonuniform coupled

lines. However a synthesis technique to determine the

physic~ parameters of uniform microstrip couplers for the

entire range of coupling values (O < k <1) is not available

in the literature. Extensive work has been done by many
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authors [7]–[9] on the analysis of coupled lines and an

approximate synthesis method has also been reported by

Akhtarzad et al. [10] for moderate coupling values. In fact,

the practical difficulties in the realization of extremely

small strip spacing for tight coupling values made useless

the extension of design equations to cover the entire cou-

pling range. The invention of the interdigitated coupler by

Lange (thereafter called the Lange coupler) [11 ] as an

alternative for. the realization of tight coupling (such as

– 3 dB) in microstrip within reasonable practical limits led

to different forms and design approaches. Presser [12],

Paolino [13], Kajfez et al. [14], and Rizzoli et al. [15] have

reported interdigitated couplers for coupling values other

than – 3 dB. In this paper a simple computer-aided syn-

thesis method based on static capacitances and valid for

any even number of coupled lines is presented. Cubic

splines [16] are formed for the computed physical parame-

ters versus coupling coefficient to form the synthesis func-

tions. The physical geometry of the nonuniform coupled

lines is completely defined by evaluating these cubic splines

at all values of continuous coupling coefficient obtained

from the synthesis of nonuniform coupled lines for a

specified nominal coupling. The results for given line-

parameter ratios computed in this paper for double- and

quadruple-coupled lines on alumina substrate are in excel-

lent agreement with other published data in the literature.

Other factors which affect the coupler performance, such

as dispersion, can easily be included in the synthesis proce-

dure.

The inhomogeneity of the microstrip configuration will

result in different mode velocities, causing a degradation in

the circuit function by a significant loss of directivity.

With uniform coupled lines several methods can be used

for phase velocity compensation [17], [18]. However, these

techniques cannot easily be applied to nonuniform lines

because the methods used are functions of coupling coeffi-

cient. An entirely planar compensation technique has been
reported by Podell [19]. In this paper a semiempirical

phase velocity compensation for nonuniform directional

couplers using Podell’s wiggly line technique is presented.

Design information for the nonuniform wiggly lines will

be given in detail.
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Fig. 1 The N-coupled-line static capacitance parameters. (a) Even
mode. (b) Odd mode.

II. SYNTHESIS PROCEDURE

A. Generation of Cubic Splines

The N-coupled- line static capacitance parameters are

shown in Fig. 1. Here N is the number of conductors and

we shall assume that this model is valid for an even

number of coupled microstrips. The even- and odd-mode

characteristic impedances can be related to the static ca-

pacitances as follows:

‘0’=‘I&
1

‘OO=
c{=

(1)

(2)

where c is the speed of light in vacuum, C, and CO are

given in Fig. 1, and C,u and COOare the corresponding

capacitances with dielectric replaced by air.

From (1) and (2), we have

Z0,ZOOC2JE – 1 = o (3)

or using Z; = Zo@ZOO,

G‘;’= cc cc –1=0. (4)

Equation (4) is valid for zero frequency only. The disper-

sion formulas given by Getsinger [20] can be used in (4).

Then

z$c~c=aco.~~ – 1 = 0. (5)

The even- and odd-mode capacitances of a coupled pair

of microstrip lines can be expressed as functions of the

shape ratios w/h and s/it and dielectric constant c, [21],

[22]. Therefore (5) becomes a function of Zo, ~,, h, w, s,

and f. From the designer’s point of view c,, h, Zo, and the

design center frequency are all known. For a given Zo,

there is only a single pair of shape ratios (w/h, s/h) which

satisfy Z. and the amount of coupling required simultane-

ously. Therefore, for a given value of s, (5) can be opti-

mized to yield the corresponding value of w. For a realiz-

able directional coupler we must have Zoe > ZOO. This

I I
a b

Fig. 2. Wiggly coupled line parameters.

condition can be used to determine the value of w for a

given s over the entire range of the coupling coefficient

(O< k < 1).This means that at a given design center fre-

quency the value of s will converge to a finite value SI for

k = O; i.e., the values of s higher than SI will give negative

coupling coefficients (ZOO > Zo,). The optimized shape

ratios can now be defined as functions of coupling coeffi-

cients W(k) and S(k) by the use of cubic splines [16].

B. Phase Velocity Compensation

The odd-mode phase velocity can be slowed down to be

equal to the even-mode phase velocity by wiggling the

inner edges of the conductors as shown in Fig. 2.

The odd-mode capacitance without wiggling is given by

where CPf = CP + Cf.

gle is given by

co= Cpf-t cf. (6)

The odd-mode capacitance with wig-

Cow= Cpf+ C;o. (7)

We have assumed that wiggling affects the capacitance

between the conductors only. To equalize even- and odd-

mode phase velocities we need c,, = ~,OW.To achieve this,

the odd-mode capacitance has to be increased by a factor
~,c/c,O. Multiplying (6) by this factor and equating it to

(7), we can solve for C;o:

C;.= Cpf()~–l +~cfo. (8)
c?0 c ro

This is the capacitance per unit length between the con-

ductors for the wiggly coupled lines.

will then be increased by the factor

the wiggle length can be deduced as

Iw = A& .
cf.

The odd-mode length

C~l/Cfo. From Fig. 2

(9)
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The wiggle depth d is then given by

J )
2

q.

d=; — –1.
cf.

(lo)

The derivation of (10) is based on the assumption that

only CfO is affected. However this is not true for loose
coupling values since both CfO and Cf, approach Cf and

have the same order of magnitude. Therefore, the even-

mode capacitance will also be increased. This can be

corrected by an additional reduction in the even-mode

length while keeping the same wiggle depth. The coupler

length is then given by

12C= lcw

/

Cpf + Cfe

Cpf+ C;e

where

Cpf= Cpi- Cf C;=c %

fe c
fo

and

Ae+Aow
lCW=

8

(11)

with A, the even-mode wavelength and A ~W,the odd-mode

wavelength with wiggly coupled lines.

C. Nonuniform Coupler Synthesis

To determine the continuous parameters w(x) and s(x)

for the nonuniform directional coupler, we need to find

k(x)—the variation of coupling coefficient along the cou-

pler length. The inhomogeneous media require the applica-

tion of the even and odd modes separately to the funda-

mental nonuniform coupled-line synthesis functions [2],

[3]. The required performance can then be obtained by the

superposition of the two modes. The continuous coupling

coefficient is then given by

‘Oe(x)–zOo(x)
k(x) =

ZOe(x)+ zoo(x) “
(12)

Once k(x) is determined, w(x) and s(x) can be formed

by evaluating w(k) and s(k) cubic splines, respectively, at

all values of k(x).

IIL COMPUTATIONS OF CUBIC SPLINES FOR DOUBLE-

AND QUADRUPLE-COUPLED LINES

ON ALUMINA SUBSTRATE

The even- and odd-mode static capacitance parameters

for N-coupled microstrip lines are defined in Fig. 1.

Closed-form expressions for the individual capacitances in

terms of strip width, strip spacing, dielectric constant, and
substrate thickness have been reported by Smith [21] and

Garg et al. [22]. Computer subroutines are written to

compute the individual capacitances given by [21] and [22].

Equation (5) with f = O is then used to optimize the shape

ratios of N-coupled microstrip lines. The optimization

routine requires Zn, c., h, N, and a set of values of s as

input. The computations are carried out with 20= 50’0,

c, = 9.9, h = 635 pm, and N = 2 (N= 4) and for a given

set of values of s. It is found that some of these capaci-

tances converge or diverge fast. The arithmetical averages

of these capacitances are formed and the corresponding

shape ratios are then computed and compared with other

available data for N = 2 [8], [9] and N = 4 [12]–[1 5]. The

shape ratios computed with the arithmetical averages of

the capacitances given in [21] and [22] are found to be in

excellent agreement with other available data. The next

step is the construction of cubic splines w(k), s(k), and

d(k). About 30 values of s ranging from 1800 pm to

30 pm would be sufficient to construct the cubic splines of

the form shown in [6, figs. 2–4].

IV. 2–18 GHz, FIVE-SECTION, – 3 dB TANDEM

COUPLER ON ALUMINA

A. Determination of k(x)

With phase vellocity compensation the even- and odd-

mode velocities are equal. However, wiggling cannot be

applied directly to the interdigitated coupler. The midband

coupling length for double coupled lines can be deter-

mined by using (11). The midband coupling length for the

interdigitated coupler is given by

‘4, + ’40
14C =

8fC
(13)

where Ude and U40 are the even- and odd-mode phase

velocities of the interdigitated coupler and fC is the mid-

band frequency. For the five-section design, the nonuni-

form coupler length [2] is taken as

1 = 512’+ 14C (14)

where 12, is given by (11).

To evaluate k(x), the coupler center will be taken at

x = O. The reflection coefficient distribution function given

in [3] is then modified as follows:

I 1 1
-j +<-:

Pe, o(x) =

- +&’,o(@sin~d.+ ’15)

I 14C 1
—— <.X<*

2 2

where the subscripts e and o denote the even and odd

modes, respectively, UC is the design center frequency, and

C(u) is the desired coupling.

For a nominal – 8.34 dB coupling, a second-order cou-

pling value of IC( co) I = 0.4144 is needed. The coupler

length is divided into equal elemental sections of Ax = 0.05

mm. The coupling is divided into elemental values of

A~ = 0.1. The coefficient k(x) is computed with Vze= U20
— u = 97.3 X 109 mm/s, ode=111 X 109 mm/s, and V40=

1~1 X 109 mm/s.
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Fig. 3. The continuous physical parameters W(.X ), s(x), and d(x) for a

five-section, – 8.34 dB coupler.

The optimized coupling coefficient k(x) is given in

[6, fig. 5]. Cubic splines w(k), s(k), and d(k) are then

evaluated at all values of k(x) to form W(x), S(X), and

d(x), respectively. The continuous physical parameters are

given in Fig. 3.

B. Correction for Wiggle Depth

Very small conductor spacings and line widths cannot

be achieved by ordinary manufacturing techniques. We

shall define the limits on conductor spacing and line width

as stol and wtO1, respectively. Since the wiggle depth is
continuously varying along the coupler length, each resul-

tant wiggle will have different tolerances. To illustrate this

the axial length Al of each wiggle section is subdivided

into m sections as shown in Fig. 4(c). The elemental

subsections which correspond to wtO1are m/2 and m/2+

1, and the corresponding subsections of stOl are the first

and the m th subsections. By using Fig. 4(c) we can derive

the manufacturing tolerances on the wiggle depth d due to

the practical limitations on line width and spacing as

follows:

(
d ~/2 + dm,2+l

2 1
Wtol

d tol w, = Ax
(16a)

and

dl + d.

()

1
— Stol

d
2

tol s, = Ax ‘
j=l, z,..., ~ (16b)

where dtO1~ and dtO1, are the corrections on wiggle depth
due to manufacturing limitations on line width and spac-
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Fig 4. (a) Nonuniform coupler coordinate system. (b) Elemental sec-
tion of nonuniform coupler. (c) Wiggly nonuniform coupler.
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ing, respectively. The total correction factor is

dtol = dtolw + dtol$ .
J J J

The new wiggle depth d is given by

1Cw

d tol,

d~=d,+~,
2~=l,. ... —

Ax “
(17)

—
2

With Ax = 0.05 and Al= 0.4, we have m =8. For the

computations wtOl= 30 pm, stOl= 30 pm are taken.

C. Nonuniform Coupler Geometry

The coordinate system of the nonuniform coupler is

shown in Fig. 4(a). To define the entire geometry of the

nonuniform coupler, we need to derive equations for the

inner and outer edges of the coupled lines. The coupler has

even symmetry at both x = 1/2 and y = yC1.Therefore we

shall consider only the upper half section of the coupler.

The equations defining the geometry will first be derived

without wiggling, and then wiggling will be introduced into

the equation defining’ the inner edge of the conductor.

Referring to Fig. 4(a) and (b), equations for yl,, and yz,, in

terms of s, and w, can be expressed as

Y1,J = (Xcr – %,)%, + Y., + ; (18)

Y2,J=(XC, –%)92, +YC, +W1+; . (19)

Here ql, is the slope of the inner edge of the coupled line:

DY1, ,si-,st+~

‘1’=== 2 Ax

qz, is the slow of the outer edge of the coupled line:

~+wl–(
S,+l

DY2,
—+ W,+l

_= 2 2 )

‘2’ = Ax Ax

XO,, is the increment of XC,:

xoi, =xC, + ~ (j–l)Ax, + ~ (i–l)Ax,
1=1 ,=1

Ax, is the step size (increment); and XC, is the initial x,.
coordinate of the elemental (’Ax) section:

1Cw

r )

2
x ~,= Xcl, xcl+ xoiJ, xc1+2xotJ,. . .,xcl+ —–2 XO,l.

Ax

The subscript i refers to elemental sections Ax and the

subscript j refers to subsections of Ax:

1

[)

T _l

()

Ax
i=l,2,. ... _

Ax
j=l, z,..., —

Ax, “

The equations for the second conductor can be written in
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terms of yl,, and y2,,:

Ypl,, = 2yc, – J+, (20)

yp2,, = 2 ycl – y2,, . (21)

Wiggling can now be introduced into (18) and (19). The

wiggly section is shown in Fig. 4(c). The initial value of the

wiggle depth is computed first:

1 ?n/2

A~O=2 ~ d:.
l—l

The wiggling slope is given by

d:

‘w” = G “

With wiggle, (18)1 becomes

(
yll, + A~, + (xqZ – XO,J) (& ,

(22)

i=[l:l[(m+I)(m+;)I

‘=[(f+l)”””ml
[(m+ f+l),,(2m)],

(23)

where

I

A do*
i=l,...,~

o.5[xqi – .qm/2)11 qw, !

i=(:+l):””(m+;)

‘1
o.5[xq, – xo(m+m/2)1 (zW,,

Ad =

i=(m+;~’)”””(zm+f)

o.5[xqt – q2m+m/2)11 qw, ~

‘=(2m+:+1)”””(3m+3

{

Xoll > icl,. .-, m

~o(m + 1)1 ~ i=(m+l),. ..,2m
Xq, =

q2wl + 1)1 ! i=(2m+l),. ..,3m
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Fig, 5. Mask and photograph of the nonuniform directional coupler

and

I
q m /2)1 7
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qm + m/2)1 7
Xrni= ‘=(m+3”””(2m+;-1)

‘0(2m+ m/2)1 ~
‘=(2m+3”””(3m+:-1)

The quantity y28, is not affected by wiggling, i.e., yW2,,=

y2 . The same formulation is also valid for the second

co~ductor. To generate the mask of the directional cou-

pler, a step size of Ax, = 2.5 Urn is taken.

D. Experimental Results

The designed coupler was built on 1 x 1 x 0.025 in.3

alumina substrate. The mask and photograph of the cou-

pler are given in Fig. 5. The coupler was measured with an

HP841O semiautomatic network analyzer and the perfor-

mance is shown in Fig. 6. The measured coupled ports

were found to be in balance within 1.7 dB in the 2–17

GHz band. The 0.025-mm-diameter gold bond wires used

for crossovers and to connect the alternative fingers have

~ lo-
0

wl2’-
W
5

30

40-

(a) so f
2 3.2 GHz/Div 18

01

(c) 40J I

-1

2 3.2 GHz/Cfiv 18

Fig. 6. Measured performance. (a) Coupled ports and return loss. (b)
Isolation. (c) Measured isolated port with open-circuited coupled ports.

undesirable effects on the overall coupler performance. A

maximum number of three short lengths of bond wires

were used.

The 3.5 mm OSM type launchers used for the transitions

were not included in the calibration. These contribute to

the coupler loss, especially above X-band frequencies.

V. DISCUSSIONS

At present, a direct synthesis technique for the design of

nonuniform directional couplers in inhomogeneous media

is not available. The continuous physical parameters of

nonuniform coupled lines have been synthesized by the use

of cubic splines which are derived for IV(k), S(k), and

d(k) from the static capacitances of uniform coupled lines.

This method is found to provide satisfactory results. How-

ever, Getsinger’s dispersion functions [20] for uniform

coupled lines are not exact. There is an overestimation in

the odd-mode dispersion function. In this paper no at-

tempt has been made to modify his equations.

The main probable source of error arises when selecting

the initial uncoupled separation, SI. Theoretically, the un-

coupled separation of two lines occurs at SI = cc with

f =0. Therefore, we should expect a drastic decrease in SI
when a design center frequency of several gigahertz (in this

paper 10 GHz) is selected. The computations confirmed
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this fact and SI is selected as 1760 pm. Generally, the

coupling value at the selected SI should be added on k(x)

by defining k( – 1/2) = k$,( – 1/2) instead of the zero cou-

pling value which would be specified in the synthesis of

k(x).

The selection of step size for the determination of k(x)

is a critical point. If a large value of Ax (Ax >0.1 mm) is

selected, then the synthesized k(x) would give smaller

coupling values, which will cause larger errors at the cen-

ter. This value of Ax should also match the value selected

for the determination of wiggle depth. In this paper the

value of Ax selected for the determination of d(k) is

0.1 mm with the definition given in Fig. 2. For the synthe-

sis of k(x) this value is 0.05 mm with the proposed

construction technique given in Fig. 4(c). Therefore these

values provide effectively the same increase in the odd-

mode length.

Nonuniform lines have a continuously varying slope.

This will result in a slightly longer coupler length, thereby

resulting in a shift of the design center frequency. This can

be corrected by computing the slopes ql, and qz, and then

computing the approximate inclined elemental length

shown in Fig. 4(b). An average increase of 3 percent in the

axial length is computed. To include this correction the

step size for the construction should be made variable.

Instead of this a compromise has been reached and the

length of the center section is reduced by 0.3 mm and the

outer sections each by 0.08 mm, resulting in an overall

coupler length of 14.6 mm.

A coupler was built on alumina substrate and was

repeatedly measured by bonding additional short lengths

of gold bond wires. With two or less bond wires, higher

ripples were measured in the coupler performance. How-

ever, with two bond wires the return loss measured was

lower than – 16 dB over the entire bandwidth of 2-18

GHz. The final measurements were made with a maximum

number of three bond wires at the crossovers but the

coupler center connection was left with two bond wires.

For better performance the number of bond wires should

be optimized for each different crossover by taking ex-

treme care in locating the bond wires to minimize the

discontinuity effects.

VI. CONCLUSIONS

A computer-aided design procedure is developed for

nonuniform quadrature directional couplers in inhomoge-

neous media. Cubic splines of strip width, strip spacing,

and wiggled depth as functions of coupling coefficient are

computed using static capacitances of uniform coupled

lines. These functions are then used as synthesis functions

to evaluate the continuous physical parameters of nonuni-
form coupled lines by using the optimized k(x).

A nonuniform interdigitated coupler is introduced to

realize the tight coupling values. Manufacturing tolerances

on wiggle depth are derived. These are found to be quite

large and they must be included in the design.
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A reduction in the overall coupler length of approxi-

mately 15 percent is achieved by wiggling. The improve-

ment in isolation is excellent for the lower frequencies and

about 10 dB for the higher frequencies when compared

with a coupler without wiggling. The measured perfor-

mance is satisfactory for many multioctave MIC applica-

tions. This coupler will be used in the design of a 2–18

GHz reflection-type analog phase shifter.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

REFERENCES

C. B. Sharpe, “An eqmvalence principle for nonuniform transmis-
sion-hne directional couplers,” IEEE Trans. Microwaue Theo~
Tech., vol. MTT15, pp. 398-405, July 1967.

C. P. Tresselt, “The design and construction of broadband, high
directivity, 90-degree couplers using nonuniform line techniques,”
IEEE Trans. Microwave Theory Tech., vol. MTT-14, pp. 647-656,
Dec. 1966.
D. W, Kammler, “The design of discrete N-section and continu-

ously tapered symmetrical microwave TEM directional couplers,”

IEEE Trans. Mlcrowaue Theo~ Tech., vol. MTT-17, pp. 577-590,

Aug. 1969.

M. 1, Sobhy ancl E. A. Hosny, “The design of directional couplers

using exponenti af lines in inhomogeneous media,” IEEE Truns.
Microwave Theory Tech., vol. MTT-30, pp. 71-76 Jan. 1982.
M. H. Arain and N. W. Spencer, “Tapered asymmetric microstnp
magic tee;’ IEEE Trans. Microwaue Theory Tech., vol. M’lT-23,
pp. 1064-1067, Dec 1975.

S. Uysal, and A.. H. Aghvami, “Synthesis and design of wldeband
symmetrical nonuniform directional couplers for MIC
applications,” “m 1988 IEEE MTT-S Int, Microwave Symp. Dig.,

vol. 2, May 1988, pp. 587–590. ~
L. S. Napoli and J. J. Hughes, “ Charactemtics of coupled ml-
crostrip lines; RCA Rev., pp. 479-498, Sept. 1970.

G. T. Bryant and J. A. Weiss, “Parameters of microstrip transmis-

sion lines and of coupled pairs of microstrip lines,” IEEE Trans.
Microwaue Theory Tech., vol. MTT-16, pp. 1021-1027, Dec. 1968,

R. H. Jansen, ‘<High-speed computation of single and coupled
microstrip parameters including dispersion, high-order modes, loss

and finite strip thickness,” IEEE Trans. Microwave Theoiy Tech.,
vol. MTT-26, pp 75–82, Feb. 1978.

S. Akhtarzad, T. R. Rowbotham, and P. B. Johns, “The design of
coupled microstrip lines,” IEEE Trans. Microwave Theo~v Tech.,
vol MTT-23, pp. 486–492, June 1975.
J. Lange, ‘<Interdigitated stripline quadrature hybrid,” IEEE Trans.

Mtcrowaue Theo~v Tech., vol. M’fT17, pp. 1150-1151, Dec. 1969.

A. Presser, “ Interdigitated microstrip coupler design,” IEEE Trans.

Mtcrowaoe Theory Tech., vol. MTT-26, pp. 801-805, Oct. 1978.

D. D. Paolino, “Design more accurate interdigitated couplers,”

Microwaves, vol. 15, no. 5, pp. 34-38, May 1976.

D. KaJfez, Z Paunovic, and S. Pavlin, “Simplified design of Lange

coupler,” IEEE Trans. Microwave Theory Tech., vol. MTT-26, pp.

806-808, Ott 1978.
V. Rizzoli and A. Lipparmi, “The design of interdigitated couplers
for MIC applications; IEEE Trans. Mwow,ave Theoty Tech., vol.
MTT-26, pp. 7--15, Jan. 1978.
R. F. Churchhouse, Ed., Numerical Methods, vol. 3 of Handbook of
Applicable Matlrematzcs. New York: Wiley, 1981, pp. 234-241.
B. Sheleg and B. E. Spielman, “Broad-band directional couplers

using microstnp with dielectric overlays,” IEEE Tram. Micr~waue
Theo~ Tech., vol. MTT-22, pp. 1216-1220, Dec. 1974.

S. L. March, “Phase velocity compensation in parallel-coupled

microstrip,” in IEEE MTT-S Dig., 1982, pp. 410–412.

A. Podell, “A high directivity microstnp coupler technique,” in
1970 MTT-S Dig., May 1970, pp. 33-36.
W. J. Getsinger, “Dispersion of parallel coupled microstrip,” IEEE

Trans. Microwave Theory Tech., vol. MTT-21, pp. 145-146, 1973.
J. I. Smith, “The even. and odd-mode capacitance parameters for

coupled lines in suspended substrate,” IEEE Tram. Microwave
Theo~ Tech., vol. MTT-19, pp. 424–431, May 1971.
R. Garg and L J. Bahl, ” Characteristics of coupled microstriphnes.”
IEEE Trans. Microwave Theory Tech., vol. MTT-27, pp. 700-705,

July 1979



976 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 37, NO. 6, JUNE 1989

Sener Uysal (S’88) was born in Yigitler, Cyprus,
. ,,

Hamid Aghvami (M’87) obtained the M. SC. and
on August 25, 1959. He received the B.Eng.

degree in electrical engineering from Eastern
Ph.D. degrees from King’s College, University of

Mediterranean University, Farnagusta, Cyprus,
London, London, England, in 1978 and 1981,

respectively.
in 1984 and the M. Sc. degree in digital electron- ic April 1981 he joined the Department of
ics from King’s College, University of London,
London, England, in 1985. Since January 1986

Electrical and Electronic Engineering of King’s

he has been a research student at King’s College
College as a postdoctoral research assistant
working on SERC-sponsored projects in digitaf

studying towards the Ph.D. degree in the field of communications and microwave techniques.
microwaves. His current research interests are in Since 1984, he has been on the academic staff at
wide-band microwave amplifiers, tunable phase Kirm’s. His research interests have been in the

shifters, and periodic filters. areas of microwave integrated circuits and digital communications sys-
Mr. Uysal is an Associate of the Institution of Electrical Engineers terns. He is currently the leader of the Communications Research Group

(U.K.). at King’s.

Dr. Aghvami is a member of IEE.


