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1. Introduction

Non-uniform transmission lines have
considerable applications in microwave circuits such
as resonators, transformers, matching sections and
filters [1]. Normally the TEM mode of propagation in
the non-uniform transmission line is described by its
non-constant characteristic impedance which varies
along the direction of propagation of electromagnetic
waves. This property made the non-uniform
transmission lines responses more superior than those
of uniform ones.

Usually the exact network functions of general
non-uniform transmissions except for view cases such
as binomial transmission lines (including linear and
parabolic tapers) exponential, Triangular and radial
transmission lines [2].

Uniform & Non-uniform transmission lines
could be isolated or coupled. Coupled uniform
transmission lines are used in the realization of
various types of microwave circuits i.e. filters,
frequency discriminator, directional couplers, phase
shifters and impedance transformers. Coupled non-
uniform transmission line, by its nature of non-
uniformity, offers additional design parameters to
achieve the desired device performance, inherent

impedance transformation capabilities and the
possibility of the realization of a wide band
components.

Therefore  non-uniform  transmission line

directional couplers can provide both broad band
capability and superior transmission responses than
the uniform ones. These coupler may be served as a
building blocks for phase shifters, mixers,
multiplexers, balance and duplexers which are
essential and required in multi-octave bandwidth
antenna and broadband microwave systems.

2. Analysis of Lossy Exponential Transmission
Line (CETL)

The relevant parameters of the exponential lossy
coupled line which is shown in Fig. 1(a) can be easily
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analyzed in terms of the even and odd modes
concepts. When two signals of amplitude 1/2 and both
are in phase, applied to ports (1) and (2), the even
mode propagation is resulted. Similarly, if two signals
of amplitude 1/2 and are output of phase, and are
applied, the odd mode propagation is produced.
Superposition of these two fundamental modes
describes the behavior of the line. The even and odd
mode inductances, resistances, conductances and
capacitances are expressed as:

Leo(x) = Lyy (x) +L15(x) ey
Reo(x) = Ry (x) +R 1, (%) )
Coo(x) = C11(x) £C1,(x) (3)
Ge,o(x) = Gy3 (x) £G4, (x) 4

Where subscripts e and o defined before; and plus and
minus signs refer to the even and odd modes
respectively.

The parameters of the Lossy (CETL) are:

Le,o (x) = Le,oeae'ox e,0 (x) = Re,okae'ox

Ce,o (x) = Ce,oe_ae'ox e,o0 (x) = Ge,o@_ae'ox

Where @, ,is the even-odd exponential taper?
The voltage v(x,#) and the current i(x,#) along the line
are:

0V, (x,t) _ Le, (x)aie,o (x,t)
ax Jat
R, (x)aie,o (x,t) (5)
Qg o(x, t) _ Ceo (x)ave,o (x, 1)
ax

at
—Gep, (x)ave,o (x,t) (6)

Where L, ,(x), Ryo(x),Ccp(x) and ,Gx)
are defined previously. Equation (5) and (6) can be
written in phasor form as:
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dv, 2
ﬁ - _(j @oc,o +R oe'O)eae'ox * leo ) deIC/Z’O = _(j wlye o +R Oe,o)[ qe,oeae'ox * Lo
dl,,
dly, e deor —2 ©
W = _(] wCOe,o +GOe,o)eae'ox * Voo 3) dzleo .
Further differentiation of equations (7) and (8) dxz' = (J @Coe0 +Goe,0)[ Goe ™™ * U

w.r.t x yield the linear second order differential Lo
equations for the even and odd mode lines voltages —e e xW (10)

and currents as:

Fig.1 Exponential directional coupler layout

The solution of equations (9) and (10) can be where
i in the following form: =t qnt (Feo
written in the fo O\Zensg o'rm 8., =tan (2B ’ )
Voox) =V .e 2 e’ Be,ox By superposition of these two modes, the steady
+V oe%e jBe,ox 1 fsate solutions for the voltage and current waves on
’ lines T and II in Fig. 1(b) are obtained as:
Vl-; 0 —® g 0X . 44 ;1 (x) = Ve(x) i_Vo(x) (13)
I,(x) = Z—’e e JBeox 11,I1k) = 1,(x) +1,(x) (14)
e (%) Ve . The above equations shows that the total
__teo —2° el Peox (12) voltages and currents on the coupled line network are
Z¥g0(x linear combination of the even and odd modes waves,
Beois the even and odd phase constant. of each line.
Where
_ 2 Qepo., 3. Determination of the ABCD Matrix
Beo = Peooo +(T) Expression for the ABCD matrix from the
- - steady-state solution can be found as follows:
Beooo = \/(] Wloe,o +R Oe,o) (] WCoe,o +GOe,o) Vo = Zeoolieo  (15)
Vieo = ~Zeoolieo (16)
Lo = Zeon0€™"" ate = Qoo aeol
Vaeo = Vigoe 2 €7 Beol +Vieo ez elbedt 17)
Where =
" Qe,ol . aegol |
Zeo,00= J'wL b oce Vaeo = Vlt,o ez ePeol —11e0Zbe00 e 2 elbed (18)
! (JjaCoe,0+G 0e,0) V1+ —aeol | —aeol |
126,0 = €0 e 2 e_]ﬂe,ol _Il_e,oe 2 e]Be,ol (19)

— - 0e,00
J 01R oe, i
Zt o= | oeotRoeo_ g,

g (J#Coe,0*Goe,0)
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equations (18) and (19) can be arranged in matrix
form as:

VZe,o]
IZe,o
Ze,0l aeol
*
e 2 e —J Be,ol _Zoe,ooe 2 e]ﬁeo Vféo
= 1 —Q e ol . —eol | I—'
e 2 e_]ﬁe,ol e 2 e]ﬁe,ol 1e,0
Zoe,oo

from the matrix properties X = A/ Y where A4 is a square
matrix and 4Y is defined and

AT Xis defined-. Y = AT X.

where
Ze,0l aeol |
* 2 1
ez e JBeol _Zoe,ooe > e Beo
A= 1 —aeol —qeol
1 e,0 . eol .
e 2 e_fﬁerol e 2 e]ﬁe,ol
ZOE,OD
e aegpol .
A7l = 1 Zaeuae 2 e].Beol Zae,an;e,oae 2 e]‘Be'ol
T —aeol ool
Zoe,00 T2 de00 — 22 e JBeol Z oo 00€ ee e JBeol

VZe,o] @1

Vl-te,o — A1—1
11_3_0 IZe,o
The second part of this solution is to calculate [ Iie'o
le,0

and then add to equation (21). from equations (15), (16),

(17) and (18)
Qe,0l . Xeol
_ + 2 i Beol - 1
VZe,o _Zoe,oolle,oe z e 7Beo +Vle,oe 2 ejﬁe’o
(22)
“®e,0l . vt Xeol
IZeozlfeoe 2 e‘]ﬁe,ol_$e 2 e}ﬁe,ol
! ’ 0e,00
(23)
equations (22) and (23) can be arranged in matrix form as:
VZe,o]
IZe,o
eol
Zoe,ooe 2 e —J Beol e 2 e]ﬁeo
= — 0l 1 —aeol leo
e 2 e_jﬁe,ol T 2 e]ﬁeo Vleo
Zoe,oo
11 ,0 _A2_1 VZe,o]
Ve_o IZe,o
Where
AF*
Xeol Qeol .
_ 1 e 2 e].Be,ol Za*e,uae 2 e].Beol
- —aeol
Zae,oa +Zaeaa Z;eaae ze,o e—lﬁe,ol _Zaeanaeoae%e_]Beol

From matrix properties

] (20) Where
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[er,u]
Ife,a

1
Zae,ua +Z ;e,ua

—Aeol

Yeol .
Za*e,uae 2 e’]ﬁeol _e z e —jBeol
e 2

ol
e].Beol € z elﬁeol

ae 00

(26)

Vle,o = Y‘r—e,o +V1_e,o &Ile,o = I—e,o +11_e,o
Vle o] [
Lieo Ce, Deo
Where
1 .
A - e]ﬁe,ol
“0 Zoe,oo +Z:§e,oo (%e,oo
, ol
+Z;e,ooe_JBe'ol)e 2
1 L Reoll e
Be,o = (%e,oozoe,ooe 2 )(elFeo

Zoe,oo +de,oo
—e jﬁe,ol)
1

ae,ol
= Z* V(20 si I
Zoeoo +Z 300 (%e,00Z0e00€ 2 )(2jsing,l)

1 —eol i
Ce’o = W (%e,ogzgg’()oe )(e]ﬁe,ol
0e,00 0€,00
—e _jBe,ol)
1 Z* eot eol 2 P l
= 17 2
ZOE,oo -|-de’00 (%6,00 oe,ooe )( J St nﬁo )
1

De,o = (%e,ooe_jﬁe'ol

*
Zoe,oo +Zoe,oo
. ) . Qe ol
+Zoe,ooe]ﬁe'o )e 2

4. The Scattering Matrix Parameters

First of all the even and odd mode
Ao, Be o) Copr Do omatrices for the lossy non-uniform
coupled lines must be derived. These are then used to
calculate the reflection and transmission coefficients,
in terms of which the scattering parameter matrix can
then be written. The even and odd mode reflection and
tf@®9mission  coefficients for the non-uniform
directional couplers are obtained as:-

Pe,o

_ ZLe,er,o +Be,o _ZLEIOZSE,O Ce,o _ZSe,oDe,o

= (27)
ZLe,er,o +Be,o +ZL8,0ZSE,O Ce,o +ZSe,oDe,o
Teo
2./Z, Z
Le,o Se,o (28)

ZLe,er,o +Be,o +ZL8,0ZSE,O Ce,o +ZSe,oDe,o
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The scattering parameters for CBTL when the
input signal either introduced at port (1)or port (2) (
fig. 1) may be expressed as:

1 1
S22 =S11 =5 Pe +gpo
S12 =81 = ETe +§To

1 1
Saz = S31 —E.De _E’Do

1 1
S32 =S4 =§Te_§‘[o

The same procedure can be applied in calculating
the scattering parameters when the input signals are
applied at either port (3) or (4).

Usually in designing procedure of the
exponential microstrip coupled lines, the parameters,
which are characterizing these structures, must be
determined gsiese parameters include the even and

gz - . .
odd mod apacitances, impedances, effective
dielectric £ stants and phase velocities of
propagatio{'l.

5-1 Cal §ion of the Even and Odd Mode
Capacitance

Ram d Bahi derive expressions for the even
and odd mode capacitances respectively as: [11]. see
fig. 2.

Co=Cp+Cp+C;'
CO = Cp +Cf +Cga +ng

s . . . Where
5. Determination of Exponential Microstrip e e W
i ocr
Coupled Line Parameters Cp, = h
CfCp i ! CfCpcf
! 1
I 1

|
1
|
I

0 B

1
1

Fig.2a show the capacitances representation of the even mode field distribution for zero conductor thickness

Cf Cp
p

{8ls Tl ]
] gl

{

——
I ] 1 |

{ 1 T I

Fig.2b show the capacitances representation of the odd mode field distribution for zero conductor thickness
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Where £, =2.25X10°Z2¢, = the dielectric

constant of the material under investigations. While
Cr,CriCyq and fg were calculated and defined in
reference [12].

Fig. 2 illustrates the capacitances representation of
the even and odd mode electrical field distribution W
and h are the width of the single conductor and the
thickness of the substrate respectively. Saeed Al-

Bodare improved equation (34) [2] by adding the
fringing capacitance Cy to the odd mode equation.

Fig. 3 show the capacitances representation of the
improved odd mode electrical field distribution with
Cr s included.

Co=Cp+Cr+C'+ Ga+Cyq
Where C;'is the fringing capacitances, which was
derived and defined in reference [13], [15].

Cf Cp Cf”
g

[ ’C_ﬁl Ct

I A

! ‘\
I
| i I

1

Fig. 3.The odd mode capacitance representation of the electric field distribution for zero conductor thickness.

Further improvement to equations (1) and (2) have
been made by Dalby A.B. [14] by including the extra
fringing capacitance which was caused by non-zero
conductor thickness, See fig.4.

Therefore equations (33) and (36) can been

Where C;  was defined and derived in reference
[17]. Also further improvement has been made to
equation (32) by including the extra odd mode air
capacitance, which was also attributed to the non-zero
conductor thickness [6]. Therefore equation (32)

written [16] as: becomes as:
Ce=Cp+Cp+C;'+Cy" B7X, =Co+Cr+C'+Cf '+Co+ Gy
Co=Cp+Cp+C; +Cf '+ G +Cga
+Cga (38)
i Cf Cp Ci cf cf?

i 1

|
L

| ] 1

1 |

0
Fig. 4.Improved capacitor representation of the odd mode electric field distribution.
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Fig.5. The extra improvement in the odd mode electric field distribution.

Fig. 4 shows the accurate decomposition of the
odd mode capacitances. Where C, is the increase in
odd mode air capacitance, which can be written for the

uniform, coupled line as:
& TL

=

Where T is the finite thickness of the conductor,
L is the length of the conductor and S is the separation
between the coupled lines. Equation (35) can be
modified for non-uniform coupled lines as:

& TL
Ct  nonu nifor 22:600[50 +n(24S,)]

Where the positive sign of +2AS,, indicates the
incremental increase in the spacing between the
coupled line obtained at the tight coupling end while
the negative sign of —2AS,, indicates the incremental
decrease in the spacing as one move from the loose
coupling side to the tight coupling end.

Fig 5 shows how the computation of the spacing
between the non-uniform coupled line has been done.
5.3 The Even and the Odd Mode Characteristic
Impedances

The characteristic impedances for the two modes
can be obtained from the capacitance value, using the
following relations [14].

Zyp = ———
* vJc,ceg

1

Zoo v/C,C8
Where V is the velocity of the waves in air,
while € and C& denotes the even and odd
capacitances with air as dielectric.
5.4 The Even and Odd Mode Effective Dielectric
Constants
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The effective dielectric constants of the even and
odd mode can be expressed as: [18]

cre = &
o (40)

0 _ CO

ore _C_g

The hybrid effective dielectric constant may be
written as: [19]

N N
(41‘3€ff = (W)Z +0. 082

Once the material substrate is defined and the
even and odd mode capacitances are computed, the
cross sectional area dimension of the non-uniform
couplers can be easily calculated at the central
frequency as:

Ao

4 eeff

Where A, is the free space wave length.

6. General design procedure

In microstrip, the nonuniform coupled lines, are
faced with the problem of different phase velocities or
the even and odd modes of propagation. In
microstripoupled lines, uniform or nonuniform, the
inequalit{4a)the phase velocities of the even and odd
mode usually raised several problems i.e. low
directivj d return loss. Therefore a perfect coupler
with perfect matching and infinite directivity is not
achievable in practice. Thus the amount of parameter
tolerance need to be specified in the initial stage of
directional coupler design.

The initial specifications
directional coupler are:

for the required

(45)
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1) Coupling factor, say, C =-10 £ 0.45 dB

2) Single microstripfeedline characteristic impedances
Z,=50Q

3) Substrate permittivity &,, and thickness of the
substrate h

4) % Ratio of the conductor thickness to substrate

thickness.
5) Dielectric constant Teflon: &, = 2. 3or Alumina:
& =9.7
6) The operating frequency f, = 12 GHz
7) Lowest acceptable isolation I=-30 dB
8) Mismatch acceptable = -30 dB
9) Transmission 7 =0 dB

The approximate condition for minimum input
mismatch and maximum isolation is as follows [18]:

Zg = Zoe (x) * Zoo (x)
7. Design procedure for
directional coupler

In the design of an exponential directional
coupler one can assume that the equation (42)is
satisfied, if the even and odd modes rate of taper are
chosen to be

.é‘e =- (2)

or vice — versa.

Therefore the condition for best performance of
the proposed coupler becomes

72 =17,,e%% x 7, edo*

Exponential taper

8. The Performance of The Coupled Exponential
Directional Couplers

The CETL directional couplers were designed on
three identical substrates of dielectric constant &, =10
and thickness h = 0.635 mm with coupling
specification of 10.25 £ 0.45 dB. These couplers were
designed to operate at 3.5 GHz with acceptable
bandwidth of 10%. The typical frequency responses of
the computed and measured scattering matrix-
parameters of S;q, So1, S31, S41 and Siu, S24,534, Sass
when the input signals were introduced at ports (1)
and (4) respectively. Because of the symmetry, the
remaining scattering matrix parameters of S;,,

S22, Sz, S4p and Si3, Suz, S33, S34 where the
input signal were applied at ports (2) and (3)
respectively are not required. Fig. 5 show very good
agreement of the optimized values were obtained. The
optimized theoretical frequency responses of the
scattering matrix parameters S;q, Sp1, S31, 5S4 and
Si4> Sy4,S34 and Sy, of the exponential directional
coupler were compared with the published work in
reference [1] and they were found to be in good
agreement only with the scattering matrix parameters
resulted from excitation of the CETL coupler at either
ports (1) or (2), while the scattering matrix parameters
resulted from the excitation signal at either port (3) or
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(4) were found to be different from that of reference
[2] and this was due to the incorrect substitution of the
values of the even and odd mode characteristic
impedance CETL parameters in[2]. At high
frequencies, the isolations of the proposed non-
uniformed directional couplers deteriorate due to the
difference in the even and odd mode velocities.

S-Parameter Magnitude in dB

0 bk bk il L T T T T Tk e
--s
______________________ o wees
-10 ”-' ke X - - o541
4 T T
Gl o e
e
30y.
-40
-50
-60
0 2 4 6 8 10 12 13

Frequency / GHz
Fig. 6.The scattering parameters S; 1, So1, S31, S41 of a
CETL directional coupler in an inhomogeneous
medium.

S-Parameter Magnitude in dB
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Frequency / GHz
Fig. 7.The scattering parametersS; 4, Sa4, S34, S44 Of @
CETL directional coupler in an inhomogeneous
medium.

9. Development of Neural Network

Neural network as the name sounds is
interconnection of nerve cells. The artificial neural
network technology is built up with an inspiration of
functioning of human nervous system. Many of
human intelligent behavior which is the direct
functioning of human nervous system are
implemented artificially in artificial neural network. It
is inspired by the way biological nervous systems
works. It is composed of a large number of highly
interconnected processing elements called neurons
working in union to solve specific problems. Like
human, artificial neural network also learn by
example. It is configured for specific application, such
as pattern recognition or data classification through
learning process. Learning involves adjustments to the
synaptic connection known as weights that exist
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between the neuron. In artificial neural network, the
information processing elements are known as nodes.
The first layer of nodes is known as input layer.
Whereas the last layer is known as output layer. The
layers in between which may or may not exist is
known as hidden layer(s).The information is
transmitted by means of connecting links. The links
possess an associated weight, which is multiplied with
the incoming signal for any typical neural network.
The output is obtained by applying activations to the
net. Artificial neural network is wused to train
computers to do various operations which need human
intelligence. There are various categories of artificial
neural networks used for training computers for
specific category of work. Among the single layered
networks there are Perceptron Model, Associative
Network, Adaline Network Madaline Network,
Hoffield Network whereas in multilayered network we
have Back Propagation model, radial basis network,
self organizing map, learning vector quantization
etc[20].

9.1 Estimation of Exponential Directional Coupler
TL

output 1

Input Hidden output
layer layer layer
‘gaussian’

Fig. 8. RBFNN algorithm (2) recursive

Radial Basis Function Neural Networks
(RBFNN) algorithm (2) recursive is used to estimate
exponential directional coupler transmission line. The
construction of RBF network, in its most basic form,
involves three layers with entirely different roles. The
input layer is made up of source nodes (sensory units)
that connect the network to its environment. The
second layer, the only hidden layer in the network
applies a nonlinear transformation from the input
space to the hidden space. In most applications the
hidden space is of high dimensionality. The output
layer is linear, supplying the response of the network
to the activation pattern applied to the input layer. A
RBF net architecture is given in figure 8. Radial Basis
function networks are substantially faster than the
methods used to train multi-layer perceptron
networks. This follows from the interpretations which
can be given to the internal representation formed by
the hidden units, and leads to a two stage training
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procedure. In the first stage, the parameters governing
the basis functions (corresponding to hidden units) are
determined using relatively fast, unsupervised
methods, in which it uses only input data and not the
target data. The second stage of training then involves
the determination of the final-layer weights, which
requires the solution of a linear problem, and which is
therefore also fast. The trained neural network
provides a special approximation where the exact
results of the numerical analysis, which are hidden in
the training patterns, are used for neural computation
and give us directly all the required designing
parameter of an antenna for a desired frequency. That
way, a computationally modest neural network model
can replace a numerical analysis for parameters
differing from training patterns.

Output for Testing

20t i
25
a0}

a5l

-40

Fig. 9. The scattering parameters of [1] and
Estimation.

9.2 RBFNN algorithm (2) recursive Architecture

In fig 8 first layer is called as input layer where
external information is received and is consisted of 1
input frequency f in GHz. The middle layer consist of
49 neurals with Gaussian activation function. The last
layer is called as output layer where the network
produces the model estimation and is consisted of 4
outputs and S;4, S51, S3;andS,; . Fig. 8 shows the result
of estimation graph. The accuracy of the RBFNN
technique was evaluated by comparing the predicted
solutions from our neural network to those from a
published paper [1]. Fig. 8 show an excellent
agreement between the results provided by Koboyashi
K., Nemoto Y [1] and the RBFNN.

9.3 Finding  physical  dimensions
Optimization and Neural Network

In this paper, two types of neural network have
been used to find the physical dimensions of the
exponential directional coupler (w/h and s/h). First
type is Radial.

Basis Function Neural Networks (RBFNN)
algorithm (3). Architecture structure is shown in fig,
12. Second type is Back Propagation neural network
(BPNN). For designing this type of neural network we
use nntool in matlab software. Architecture structure

using
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is shown in fig, 13. RBFNN algorithm (3) in fig. 10 is
consists of 3 layers. First layer is called as input layer
where Z,, and Z,, are received. The middle layer
consist of 101 neurals with Gaussian activation
function. The output layer is consisted of 2 neurals
w/h and s/h. BPNN in fig. 13 is consist of 3 layers.
The input layer has 2 neuralsZ,,and Z,,. The middle
layer is made of three hidden layers and 10 neurals in
each hidden layer with tensing activation function.
The output layer is consisted of 2 neurals w/h and s/h.

The both neural networks are trained with data set of
various values of Z,,, Z,,, w/h and s/h including in
table 1. Once you have trained the network,
choose Z,, , Z,, to simulate, for which design
parameters are to find, It can calculatr the design
constraints close to optimum value of w/h and s/h.
Simulated results are shown below(see fig.14).

The dimensions of EDCTL calculated by
RBFNN and BPNN are very close to each other.

0 — )

Zpo ——|

T —

%I Optimization
Veo ——

Voo —

o

RBF algorithm 3
BP - 3 hidden layers

b— W/h —

NN

> S/h

Dimensions

Fig. 11. Finding physical dimension using Optimization and Neural Network

input -

output 1

output 2

Input Hidden output
layer layer layer
‘gaussian’

Fig. 12. RBFNN algorithm (3)
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output 1
input
output 2
Input First Second Third  output
layer hidden hidden hidden layer
layer layer layer
‘tansig’ ‘tansig’ “tansig’
Fig. 13. BPNN
5 Qutput I'o: Training i} 5
; . ]
4 I\I 4r JJ
as / 35 f E
! {
3 ‘.I 3 -“ 1
25¢ .," 25 ’,w"
2 2 ""
15 1.5 -4
1 I — 1 R S ~— p
usf~ ’ 05 T Py
lJEI_ E;J — 4;; Eb BID 16D 120 UU . :'[l_ _-'lU =] H;.l 100 120
w/h = 1.5965 s/h=0.1031 L=2.5mm For BPNN w/h =1.5919 s’/h=10.1023 L=25mm
Fig. 14 The output of training of RBFNN and BPNN for RBFNN
Conclusion output of the synthesis network by inputting Z,, and
The solution derived for the characterization of Zpo-
CETL in inhomogeneous media gives good design
parameters for microwave couplers. Microstrip References
couplers using EDCTL have a much flatter frequency 1. Koboyashi K., Nemoto Y. and Sato R."

response than those using uniform lines. The use of
neural network for transmission line analysis opens
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