














































































































































































































































































































































ANALYSIS OF SHIELDED LOSSY MULTI-LAYERED-SUBSTRATE MICROSTRIP STRUCTURES 

...L J00 ""' [ B (O) k (O) cos k (O)(a - x') sin( m,ry) 
2,r -00 L...m mp z b z b 

Since the Dirac delta is defined as 

the integration in 4.35 can be eliminated and equation 4.35 reduces to 

""' { [ B (O) k (0)( ~) + A (O)wt: k ] cos k (o)(a - x') L...m mp :r b m, o z :c 

, 

132 

( 4.35) 

( 4.36) 

Multiplying both sides of 4.37 by sin( m;v ) and utilizing the orthogonality property of 

sine functions, 

(b p7r m1f' { 0 
Jo sin( b )sin( b )dy = ! if pi= m 

if p =mi= 0 
( 4.38) 

yields 

[B (o)k (O)(~) + A <0 >we k ] cos k <0>(a - ;c') m, :r b mp o z :a: 

( 4.39) 

Similarly, utilizing the boundary condition for Hz of equation 4.29, and using an analogous 

procedure, one arrives at 

[B (o)J·k (o)k - A (O)J·we (~)]cos k <0>(a - x') mp :i: z mp o b :r 

where, 

, 
-eom (m1ry ) 3"lc z' = --cos -- e .i: 

b b 

if V = Q 

if V 1 

{ 4.40) 

( 4.41) 
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and where the orthogonality condition for the cosine functions, 

0 if p -:pm 

la
b p-rry m 1ry 

~ if p = m -:p 0 ( 4.42) 
0 

cos(-b-) cos(-b-)dy = 2 

b if p = m = 0 
' 

have been utilized. Similarly, from the continuity condition of Ey of equation 4.30, the 

following expression is derived: 

[B (o)wµ, k. - A (o)k <0 )(!!!!:)] sink (o)(a - x') mp o • mp z b z 

And from the continuity condition of E= of equation 4.31, one arrives at 

Multiplying equation 4.40 by/~:) and adding to equation 4.39 yields, 

A {O) cos k (O)(a - x') - A (o')eikc(O)z' = 
mp z mp 

Multiplying equation 4.43 by (~/cit") and adding to equation 4.44 yields, 
J & 

( ) ( ) 
I ( ') • (0) I 

A O sink O (a - X) - A O 1·eilcm % = 0 mp z mp • 

( 4.43) 

( 4.44) 

( 4.45) 

( 4.46) 

In equations 4.45 and 4.46, Bmp {O) and Bmp (o') have been eliminated. By eliminating 

Amp (o} and Am, (o') instead of Bm, (O) and Bmp (o') using an analogous procedure, one arrives 

at 

( 4.47) 
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and 

( 4.48) 

Solving the above four equations for Amp (O) ,Arn,, co') ,Brnp (o) and Bm,, co') using direct sub­

stitution yields: 

( 4.49) 

(4.51) 

and 

.,_ , ·1c (O) {0) ' { , , } 
0

, jeJ,r:.%:: e-J a: a sin k-z: (a - x ) m1ry . m1r . m1ry 
B () - --------- e k cos(--)-J2(-)s1n(--) 

mp - k/Olb[(";,11')2+k:2] om.: b b b • 
( 4.52) 

, , 
Here Amp {O) ,Am, (o) are the coefficients of the electric Hertz vectors Vlep 

O and VJep 
O which, 

for the case of H-z: = 0, correspond to the LSM modes. Bm,, (o) and Bm, (o') are the 
, 

coefficients of the magnetic Hertz vectors "Pep 
O and 'lf'ep 

O which, for the case of E-z: = 0, 

correspond to the LSE modes. The LSM and LSE modes are orthogonal to each others, 

and can exist independently. This property will be lltillzed to simplify the extraction of 

various coefficients in the analysis. 

The amplitude coefficients for the various primary Hertz vectors have been obtained. 

With these coefficients, expressions for the various fields due to the point source surface 

current could be obtained in a straightforward manner from the expressions 4.8-4.13. 

The Scattered Fields of An Inhomogeneously Filled Rectangular waveguide 

In what follows, the general eigenfunction expansions will be deduced for the Hertz vectors 

of the scattered fields. This is achieved by considering the electromagnetic boundary 
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conditions at the various dielectric interfaces in the dielectric-filled shorted parallel plate 

waveguides depicted in Fig. 4.6(c)-(d). 

The appropriate expansions for scattered Hertz potentials that are directed along the 

x-axis, i.e., 

II- l • ,,J. l 
c, = X'f"e, , ( 4.53) 

and 

II- l •,,1. l 
h, = X'f"h, , ( 4.54) 

are given by the following expressions for various regions l = O, 1, ... , N. 

For region 0: 

,.,, (O) == _!__ f 00 dk. """A (O) cos k (o)(a - x) sin( m1ry )e-ilc:i::. 
'f/c • 2 - L-J m, :z: b • 

71" -00 m 
( 4.55) 

( 4.56) 

For region I: 

( 4.57) 

( 4.58) 

For region 2: 

m1ry ·1c 
sin(-b-)e-J "= . ( 4.59) 

m1ry ·1c 
cos(-b-)e-3 "= . ( 4.60) 
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For region i: 

m1ry ·1c 
• ( ) -J ~= sm -b- e . ( 4.61) 

,./, (i) _ 1 Joo dk '°' B (N)[ D. • (k (i)( _ . . )) D. (k (i)( _ . . ))} 'f'h, - 211' _ 00 = L.,m m, .1.Li.r Slil :r X X 1 ,,+l + -'f.ric COS :r X X1 , 1 + l 

( 4.62) 

For region N-1: 

,/, (N-1) = ..L Joo dk ~ A (N) 
'f'e, 21r - 00 = L.,m m, 

[KN-1. sin(k:z: (N-l)(x - XN-1,N)) + KN-le cos(k:z:(N-I)(x - XN-1,N ))J sin( m;y )e-ik.= . 

( 4.63) 

.,/, (N-1) = ..L Joo dk. ~ B (N) 
'f'h, 2,r -00 - L..,m m, 

[RN-1,sin(k:z:(N-l)(x - XN-1,N)) + RN-1ccos(k:i:(N-t)(x- XN-1,N))]cos(m:y)e-ik~=. 

( 4.64) 

and finally, for region N: 

,.,. (N) = _!_ f 00 dk ~ A (N) cos k (N)(x) sin( m1ry )e-ik.z . 
'Pe, 2 z L..J m, :z: b 

7r -00 m 
( 4.65) 

'Ph, (N) = 
2
~ 1: dk, L, Bm, (N) sin k.(N)(;i:) cos( m:y )e-ik,z . 

m 
( 4.66) 

Note that the Hertz potentials "Pe, (i) and "Phy), i > 0 are all expressed in terms of 

Am, (N) and Bm, (N) respectively. The multiplying coefficients Kia,Kic,~" R;.c can be 

evaluated using the boundary conditions for the continuity of the tangential fields at all 

the boundaries Xi,i+I, in succession, starting by the interface XN-I,N• Regardless of the 

number of dielectric layers, there will always be a set of 2x2 equations with four unknowns 

Am, (O), Bm, (O), Am, (N) and Bm, (N). This important feature of the analysis greatly reduces 

the amount of mathematical manipulations compared to other methods. 
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The Boundary conditions for the Scattered Fields: 

In this section, evaluation of the coefficients Ki. ,Kie,~•, ~c included in the above expres­

sion are conducted. This is accomplished by enforcing the continuity boundary conditions 

for Ez, and Hy ( or alternatively Ey, and Hz ) at all the boundaries Xi,i+l, starting by the 

interface XN-I,N• Once KN-1,,KN-tc,RN-t. and RN-le are evaluated for region N - 1, 

those for region N - 2 can then be evaluated, and so on. 

Enforcing the Boundary Conditions at the Interface XN-i,N: 

Using equations 4.63- 4.66 with equation 4.12 yields the following boundary condition 

for the continuity of E:::. at the interface point XN-t,N• 

kzAm, N[kz (N-l)(KN-1, cos(kz (N-l\x - XN-1,N )) 

-KN-le sin(k~(N-t)(x - XN-1,N))) - k/N> sin(k/N>x)] 

• m,rB N[k (N-l)(R • (k (N-1)( )) +1wµoT ma z N-1, sm :c X - XN-1,N 

( 4.67) 

which yields, 

k A N[k (N-l)K k (N) • (k (N) )] 
z ma z N-1, - z Sln z XN-1,N 

( 4.68) 

and for this equation to hold, independent of Am., N and Bma N, the following conditions 

are deduced; 
k (N) 

K - z • (k (N) ) 
N-1, - kz(N-1) sm z XN-1,N ' ( 4.69) 

and 

(4.70) 

The independency of Am. N and Bma N is a direct consequence of them being the am­

plitude coefficients of the LSM and LSE modes respectively. The LSM and LSE mode 

are orthogonal modes of the structure that can exist independently. Similarly, using 
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equations 4.63- 4.66 with equation 4.10 yields the following bounclary condition for the 

continuity of Hy at the interface point XN-l,N· 

m1rB N[k (N-l)R k N (k (N)( ))] + b m, z N-1• - z COS z XN-1,N 

For this equation to hold, inclependent of Am, N and Bm• N, 

and 

f.N (k (N) ) KN-le= -- COS z XN-1,N • 
f.N-1 

Enforcing the Boundary Conditions at the Interfaces Xi-i,i: 

Enforcing the condition 

E i-t _ E i 
z - z 

yields 

kzAm., N kz (i) [Ki. cos(k:/i)di) - Kie sin(k:i: (i)di)J 

-wµo ";,11" Bm.,N[Ri. sin{kz(i)di) + ~ccos(k:z:(i)di)] 

where 

and 

do = a - Xo1 • 

0. ( 4. 71) 

{ 4.72) 

( 4. 73) 

(4.74) 

( 4.75) 

( 4. 76) 

( 4. 77) 

Since Am., N and Bm., N are independent, the following two conditions hold simultaneously: 

(i) 

K,_,, = k)-l) [K;, cos( k., (i)d;) - K,c sin(k., (i)d; )] , ( 4. 78) 

and 

( 4. 79) 
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Similarly, enforcing the boundary condition 

H i-1 _Hi 
y - y ( 4.80) 

yields 

( 4.81) 

which again leads to, 

( 4.82) 

and 

( 4.83) 

The expressions for Ki-1,, Ki-le, ~-1,, and ~-le are recursive. All these terms are 

implicitly functions of KN-1,, KN-le, RN-1,, and RN-le• 

Enforcing the Boundary Conditions of The Total Fields at the Interface 

Xo,1: 

The boundary conditions for all the three equivalent parallel plate guides have been 

satisfied. All the equivalent guides are combined to model the actual rectangular wave 

guide with its filling dielectrics. This requires that the boundary condition at x = x01 

be enforced. The scattered tangential fields in region 1 must match the corresponding 

fields ( which are the superposition of scattered and primary fields) in region o', at the 

interface. These boundary conditions are 

at x = Xo1 , 

at x = x 01 , 

at x == x01 , 

( 4.84) 

( 4.85) 

( 4.86) 
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and 

at x = xa1 . 

Deploying equation 4.84 yields, 

A (0
1

)ejk.,( 0 lzo,1J·k (O)(!!!.!!:) _ B {0
1

)eika:< 0 lzo,1(wµ k ) 
mp :r b mp o z 

-Am, (O) kz (O)( ~"") sin kz (O)( a - Xo,1) - Bm, (O) sin k1: (O)( a - Xo,1 )( wµ 0 kz) 

Am/N)k:1:(l)( '7;,1r )[ K1., cos k1: (O)( Xo,1 - X1,2) - Kie sin k:r {O)( Xo,1 - X1,2)] 
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( 4.87) 

( 4.88) 

and similarly for the three other equations. The above 4x4 system of equations decouples 

into a set of two 2x2 equations, one for the LSE coefficients, Bm,, and the other for the 

LSM coefficients, Am,. With some algebraic manipulations, the following equations are 

deduced: 

( 

k:i: (O) sin kz (O)( a - Xo,i) 

cos k1: (o>( a - xo,1) 

for the LSM coefficients and 

( 

- sin k1: (O)( a - xo,1) 

k:i: (O) cos k/0>( a - Xo,i) 

for the LSE coefficients. Solving for Am., (N) and Am., (O} in 4.89 yields 

Am, (N) = 1c.< 0 1e1•a:<
0
>•o,1 ~sinJc.< 0>(a-z01i)-jcoalc.,( 0>(a-:a:01t)] A (0

1
) 

Jc.(o) sinlc. 0>(a-zo,i)Jt-co111c.< 0>(a-i:o,i)9 m, 

( 4.89) 

(4.90) 

( 4.91) 
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and 

A (o) 
m, ( 4.92) 

where 

( 4.93) 

and 

( 4.94) 

Similarly, solving for Bm, (N) and Bm, (O) in 4.90 yields 

Bm. (N) = k11(0leJ•c(0) 110,l (j sin lec< 01(a-zo,1 )+coa le:11< 0l(a-z0,1 )) B (0
1

) 

sin lec<0>(a-zo,1 )N+k.< 01 cos 1e.CO>(a-zo,1 )p mp 

( 4.95) 

and 

B (o} 
m, 

-kz(O}eifc:ar(O)zo,1 [N - jkz(O)pJ B (o') 

sin k:z: (o)( a - Xo,1 )N + kz (O} cos k:r (o)( a - x 0 ,i) p mp 
( 4.96) 

where 

( 4.97) 

and 

( 4.98) 

The relations for ~, ~, N, p are all implicitly functions of KN-1,, KN-le, RN-1,, and 

RN-le• Since the metallization of the MIS microstrip circuit rests on top of the dielectric 

layers, i.e. at x = x01 , the point current source studied so far will be actually located 

at that plane, i.e., in the previous analysis x' = x01 . It follows that region o' no longer 

exists. The total EM fields in region O are the superposition of the primary and scattered 

fields. From equations 4.22, 4.23, 4.55 and 4.56, we notice that these fields have the 

same functional form but with different amplitude coefficients. Hence, the total LSM 

field in region 0, obtained by adding the primary and scattered fields, will have the same 

functional form with an amplitude coefficient, Am (O) that is the sum of Amp (o) and Am, (o), 

1.e. 

,t (0) = ,t (0} + A (0) 
.l"1.m ~P m, ' ( 4.99) 
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and similarly, 

B (o) = B (o) + B (o> m mp m, , 

and similarly, for consistency, 

142 

( 4.100) 

( 4.101) 

( 4.102) 

The electric Green's function in region O will be used in the next section to conduct a 

theoretical dispersion analysis for shielded MIS lines. Hence, evaluating the amplitude co­

efficient Am (O) and Bm (o) is of particular importance. After some algebraic manipulations 

of the expressions 4.99 and 4.100, Am (O) and Bm (O) can be cast in the following explicit 

form: 
I f I 

eJlt.ii & [ • m,r ( !!!1nL) 2k • (!!!.!IL)] 
b[( .!!!.!!.)2 k 2] le (Old -Jcom T cos b + z sm b 

W~o II + & COS • O 

1 

[ 1 - k ( 0 > tan k < 0 > do ~ ] z z a12 

and 

1 

where 

( 4.103) 

(4.104) 

( 4.105) 

( 4.106) 

( 4.107) 

(4.108) 

The multiplying factor eom is defined in 4.41. The terms R1., Ric, K1,, and Kie are 

related recursively to RN-1,, RN-le, KN-1,, and KN-le through equations 4.83, 4.79, 

4.78, and 4.82 respectively, with the values RN-1,, RN-le, KN-i., and KN-le given in 

4.72, 4.70, 4.69, and 4.73 respectively. 
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In the above analysis, the Hertz vectors excited by an infinitesimal electric surface 

current in an inhomogeneously loaded waveguide have been derived. The electric and 

magnetic fields in all the layers are related to the Hertz vectors as described in equa­

tions 4.8-4.13. The electric Green's function is related to the electric field as described in 

equations 4.3 and 4.34. From these, all fields become readily available. For example, in 

region N ( the bottom dielectric layer), the components of the electric and magnetic fields 

are given by 

E,(N) = 
2
~ 1_: dk: L (k2 - (k,(N)) 2]Am (N) cos k.,(N)., sin( m:y) e-jk,: , 

m 
( 4.109) 

H, (N) = 
2
~ 1_: dk: L [k2 - (k,(N))2]Bm (N) sin k.,(N)., cos( m:y) e-jk,, , 

m 
( 4.110) 

E (N} = J_ J00 dk. " [-k (N)( ~)A (N) - k wµ B (N)] 
Y 21r -00 - L..m z b m ;:; o m 

sink (N)x cos( m1ry) e-ilcaz 
z b ' (4.111) 

H (N) = j_ J00 dk " [-k (N)(~)B (N) - k Wf A (N)] !J 2,r -00 ;:; L..m z b m ;:; N m 

( 4.112) 

E (N} = ...L J00 dk " [;'k k (N)A (N) - 3'wµ (~)B (N)] 
;:; 2ir -00 z L..m z z m o b m 

sink (N)x sin(m1ry) e-ilcaz 
z b ' ( 4.113) 

H.(N) = J_ J00 dk." [3'k k (N) B (N) - J.WfN(~)A (N)] 
- 21r -00 - L..m z z m b m 

( 4.114) 

where Am (N) and Bm (N) have been derived in 4.91 and 4.95. The above electric field 

expressions are directly proportional to the electric Green's function as defined in 4.3 

and 4.34. Using this definition, the components of the Green's function can be easily 

extracted. For example, the components of the electric field in region N are given by 

( 4.115) 
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(4.116) 

and 

( 4.117) 

As noted earlier, the fields generated from the z-component of the point current source 
I 

are proportional to sin( m;u ), whereas the fields generated from the y-component of the 
, 

point current source are proportional to cos( "7' ). Hence GN zz, GN y:r., and GN :r.:r. are 
I I 

proportional to sin( T) whereas GN zy, GN yy, and GN :r.y are proportional to cos( mr ). 

Analogous expressions can be cast for the Green's function all other layers. 

In the next section, the derived Green's functions will be used to conduct a dispersion 

analysis for shielded lossy MIS transmission lines. Evaluating the Green's function for only 

region (0) is sufficient to achieve this task, as will be explained later. Furthermore, the 

Green's function will be used to establish the continuity of the electric fields tangential to 

the plane of metalization. Hence, the evaluation of Gzy (O) and Gz:r. (o) is unnecessary. The 

mathematical task reduces to obtaining the remaining four components of the Green's 

function dyad: Gw (o), Gy:r. (o), G:r.y (O), and G::.::. {O). These are readily available from the 

previous analysis, and are given explicitly as: 

and 

Gy,(O) 
2
~ 1_: dk, ~g(0 ly,_(:z:)cos (m:y) sin (m:y}-ih,(z-z'), 

G,y(o) = 
2
~ 1_: dk, ~ gC0> ,._ (z) sin (m:y) cos ( m;y}-ik,(z-z') , 

_!_ Joe dk " (o) ( ) • (m1ry) • (m1ry') -ilc11:(:r.-::.') 
21r -00 :r. L.., g ::..:m z sm b sm b e , 

m 

where 

(0) [ m1r 2 2 l g 1/!lm(z) = com ( ,;-) T1 - k::. TLsE(zot) C(z), 

9'0 ) 31::.Jz) = 2 (~'Tr) k::. [Ti + TLsE(xoi)]C(x), 

(4.118) 

( 4.119) 

( 4.120) 

( 4.121) 

( 4.122) 

(4.123) 



ANALYSIS OF SHIELDED LOSSY MULTI-LAYERED-SUBSTRATE MICROSTRIP STRUCTURES 145 

( 4.124) 

and 

(4.125) 

and where 

/ 2 [k/0lkz(I)TLsM(zoi)] , 
0 

(4.126) 

and 

( 4.127) 

with TLsM and TLsE given by 

-1 
k_ (1)(1 - ~ k (o} tank (O)d ) 

... a1:z z z 0 

(4.128) 

and 

(4.129) 

Case of Two Dielectric Layers 

Consider the case of two dielectric layers, i.e N = 2. By arranging the terms and 

re-writing equations 4.91 and 4.95 for N = 2, one arrives at 
I I 

-<,-1 kz(o)1c..,ll) t.anlc..,(0)(a-zo,1 )[-jcom ¥ cos !!!.JL+21c.c sin ~I 
w t 0 ~ ~(~"):l+{k=) 3 ~ [cosk..,(:Z)z1~ cos.Jt..,(ll(zo1-~1~)] 

and 

= -jk/1
> tan k:1?\a - Xo,1)[-€omkz cos~+ 2jT sin~] eilc.cz' 

b [('';,1'" )2 + (k.:)2] [cos k/2>x12 cos k:zY>(zo1 - x12)] disE • 

For A <0> and B (o) m m , 

Am (0) = Jc.(l) <,-1 .rc.(:z) tanJc.(:Z)z1:z + <,.:z .rc.< 1> tanlc.(1) ;co1-z12 

weab [(~"}2+(1cz)2] coslc. 0 (a-zoi) 

( 4.130) 

(4.131) 

(4.132) 
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and 

-j [kaP 1 tank2( 1l(zo1-zn) + ka:(l) tan1e.( 3lz12) 

b [( ";."' )l +(le~ )3 J cos ka:< 0>(a-zoi) 

where dLsM and dLsE are given by 

and 

146 

(4.133) 

( 4.134) 

( 4.135) 

For example, the z component of the electric field, after some algebra, could be cast as 

( 4.136) 

with dLsM and dLsE defined in 4.134 and 4.135 respectively. The above equation could 

be written as 

( 4.137) 

where 

( 4.138) 

and 
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(4.139) 

Similarly, all the field components in all the layers can be obtained in the same systematic 

approach. 

Case of Three Dielectric Layers 

In what follows, the recursive relations for Ki,, Kie, ~., and ~c are evaluated for 

the case of three layers of dielectrics. Substituting for N =3 in equations 4.69, 4.73, 4.72, 

4. 70, 4. 78, 4.82, 4.83 and 4. 79, one arrives at, 

k (3) 

K : • (k (3) ) 
2, = kz ( 2) sm z x 2 ,3 , 

€3 (3) 
K2c = - cos( k: X2,3), 

€2 

k (3) 

R : (k (3) ) 
2a = kz (2) COS z X2,3 , 

R2c = sin(k:(3
)x2,3), 

k,(l) [K (k (Z)d ) • (k (2)d )] Ki. = 1c.(l, 2 .. cos : 2 - K2c sin : 2 

R1, = [R2,sin(k:<2ld2) + R2ccos{k:<2 >d2)] 

= [ :: ::: cos( kz C3 )z2,a) sin( kz C2
> d2) + sin( k,, (3>,,,,3) cos( kz (2)d2 )] , 

and 

( 4.140) 

( 4.141) 

{ 4.142) 

( 4.143) 

( 4.144) 

( 4.145) 

( 4.146) 
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R 1c (:Zl [R (k (2 )d ) R • (k <2 )d )] -1 c = ~ 2., COS :r: 2 - 2c Sill :r: 2 -

(4.147) 

where 

( 4.148) 

Using these terms and substituting back into the recurrence relations for ~ , ~ , N , p, the 

amplitude coefficients Am (o), Am (N), Bm (O) and Bm (N) become readily available. These 

are then used to evaluate the six components of the EM fields in all the layers. 

4.4.4 Theoretical Study of Uniform Shielded Multi-layered Mi­

crostrip Structures 

Dispersion Analysis: 

--

r 
I • I 

I Ea I 

do -w-1 
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Figure 4.9: A schematic cross-section of a perfectly conducting stripline of negligible thickness 

and width W situated in a shielded rectangular guide of dimensions a and b, filled with N 

layers of dielectrics. 

Consider now a strip of metalization of width Wand negligible thickness situated on top 

of the N layers of dielectrics of the previous analysis. This transmission line is assumed to 
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be made of a perfect conducting material. This geometry is depicted in Figure 4.9. As a 

result of adding this conducting strip, the boundary conditions of the problem will change. 

Using the Green's functions obtained earlier for a rectangular waveguide and using the 

current distribution on the metalization, the electric field is recalculated from equation 

4.3 subject to a new boundary condition: the tangential component of the electric field 

must vanish on the metallic strip. 

The current distribution on the metalization is cast in the form 

(4.149) 

and 

(4.150) 

where JYi(y') and 1:i( z') are basis function expansions with /Yi and f:i being their respec­

tive amplitudes. K: is the complex propagation constant of the microstrip transmission 

line. A minimal number of terms in the above expansion is sufficient if the basis functions 

are carefully chosen. In particular, if the basis functions are chosen to satisfy the surface 

current edge conditions at the strip edges (at IYI= ~),then keeping only one term in the 

expansions 4.149 and 4.150 is sufficiently accurate. These edge conditions are JYi(y') = 0 

and Jz:i(z')-;. oo at the edge of the strip (lyl = ~)- Thus, J,)y',z') and Jz(y',z') are 

expressed as [189] 

(4.151) 

and 

J ( , ') I [ 2 1 l -jK z.' 
z; y,z = z. w ✓ , Ill 2 e J: 7 

1t' 1 - [2(11;,)1 

( 4.152) 

Substituting 4.151 and 4.152 in 4.3 results in expressions for the electric field due to the 

specified surface current density distribution. Enforcing the boundary condition Etan = 0 

on the metalization yields the only remaining unknown in these fields, namely Kz. Since 

only the tangential component of the electric field is of interest at this point, only this 
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component of the field will be evaluated in the forthcoming analysis. The components of 

the electric field tangential to the metalization are the E11 and Ez components, which can 

be expressed in the form of a set of two equations that can be written in the following 

short form: 

where 

E (o) 
yy 

E ·=(O) = • fi T G (O)J ( I ')d 'd I 1
00 I>+ w 

. - 1 w µo _
00 

h _ '!r.. u z; y , z y z , 
:I :I 

( 4.153) 

( 4.154) 

(4.155) 

(4.156) 

( 4.157) 

( 4.158) 

The superscript (0) denotes the air-filled region of width d0 above the microstrip line as 

shown in Figure 4.9. It should be noted that evaluating the Green's function for only 

region (0) or region ( 1) is sufficient to compute the propagation constant. Expressions 

l" G (O) G (O) G (O) d G (O) • • 4 118 4 121 J ( I ') d J ( I 
1) 1or w , yz. , :.y , an == are given 1n . - . . 11 y , z an = y , z are 

given in 4.151 and 4.152 respectively. This yields the following expressions for E1111 (O), 

E 11.:(
0

), E.:/0 >, and E:/0 >: 

E,,,,(o) = -{:µ• L: dk. ~ 1.g<"l ,,,,_(z) cos (m:y) cos ( m;y') Int1,(m)lnt,(K.)e-ik,,, 

( 4.159) 

Ey, (OJ = -{:µ• L: dk, ~ l,g<0) ••- ( z) cos ( m:y) sin ( m;y') Int 1, ( m )Int,( K, )e -;k,,, 

_ , ( 4.160) 

E.,,<0 l = -~;• L: dk, ~ i.g<0 l .,,Jz) sin (m:y) cos ( m;y ) [nt1,(m)Int,(K,)e-ik,,, 

( 4.161) 

E (o) -jwµo loo dk ~ co) ( ) • (m1ry) • (m1ry') -ilc = == = 27r J_
00 

= ~l=g zz- z sin -b- sm -b- lntr"(m)Int.:(K.:)e " , 

( 4.162) 
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where 

h}+~f . [ 1 . (21r(y
1 

- i))] (m1ry')d , .. (m1r) sin(~) 
Int 1,, ( m) = b w J W sm W cos -b- y = J sm - 2 ( ) 2 , 

1 - 1 7r mwW _ 7r2 
2b 

( 4.163) 

Intr,(m) = t!f'f [ ,r~ J1 _ 1~{ l sin (m:y')dy' = sin (~,r)Jo c;t), 
( 4.164) 

and 

( 4.165) 

where J0 ( m;t) is the cylindrical Bessel function of the first kind and zeroth order, 

and S(k: - K::) is the Dirac delta. g(0)YYm(x), g(0>yy,Jz), g(o)wJx), g<0>YYm(x) are given 

in 4.122-4.125. After some algebraic straightforward manipulations, the following expres­

sions for E1111 (o), Ey/0
), E:/0 >, and E:/0

) are deduced: 

E (O) _ -iK = °" (O) (m1ry) . (m7r) sin (m;t) 
YY - lywµ 0 e ' L-9 1111 (x) cos -b- sm -

2 2 , 
m m (m;t) _ 7r2 

( 4.166) 

E.,<0> = -l,wµ0 e-iK,: Lg<0>.,Jx)cos (m:y) sin (~,r)Jo (m;bW), 
m 

( 4.167) 

( 4.168) 

(4.169) 

The z and y components of the electric field due to the given surface current density dis­

tribution of 4.151 and 4.152 have been found. Enforcing the boundary condition E-:a,n = 0 

on the perfectly conducting metal strip yields the remaining unknown , K:. An equiv­

alent boundary condition is that the conduction current and the tangential electric field 

are complementary (mutually exclusive) quantities. Conduction current exists on a. per­

fectly conducting metalization where there is no tangential electric field. Awa.y from the 

metalization, it is vice versa. Hence, this condition is cast as 

( 4.170) 
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This is an implicit application of Galerkin's technique. A minimization of the inner 

product of the tangential component of the electric field and the surface current density 

is enforced [230] [231]. The two equations in 4.170 can be written in the following matrix 

form: 

( 
L!,odd Zyym { k:) L.~,odd Zy;:m ( k::) ) ( / y ) ( Q ) 

L~,odd Z::m(kz) L,~,odd Zzzm(kz) f: - 0 
(4.171) 

Here ly and I: are the amplitude coefficients of the current components Jy and J= respec-

tively. The summation over m is truncated at m = M < oo and only includes the odd 

ordered terms. Even-order terms are equal to zero because of the factor sin ~1r in equa­

tions 4.166-4.169. For an infinitely long transmission line, the quantities E!,odd Zwm (kz), 

L~,oddZy:m(kz), L~,oddZ:ym(k::), and E!,oddZZ:m(k:) are independent of z. Evaluating 

these elements at z = 0 yield 

( 4.172) 

(4.173) 

(4.174) 

and 

(4.175) 

where gC0
) 111/m., gC 0

) Y-=m, gC0
) zy.,.,.,, and gC0

\z.,.,., are given by 4.122-4.125 respectively. The 

unknowns in these equations are kz and k'3: which are interrelated through 4.26. The 

factor F assumes the following values: 

1 for a single stripline, 

F [ cos ( m1r<;:W))] 
2 

for the symmetric mode of a coupled stripline , 

(sin (mw<::w) )]2 for the anti-symmetric mode of a coupled stripline, 

( 4.176) 

where S is the separating distance between the coupled two parallel striplines as shown 

in Figure 4.10 
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Figure 4.10: A schematic cross-section of two parallel coupled striplines separated by a distance 

S and each is of width W situated in a shielded rectangular guide of dimensions a and b, 

inhomogeneously filled with N layers of dielectrics. 

Complex Root Searching Using Muller's Method: 

The system of linear equations 4.171 is a homogeneous one. A non-trivial solution 

of 4.171 requires that the determinant of the Z coefficients matrix be zero. The deter­

minant equation is a complex analytic function of the complex variable kz.. The roots 

of this equation are the complex propagation constants of the propagating modes of the 

microstrip transmission line. In general, a microstrip transmission line has an infinite 

number of modes propagating at a. given frequency, each with its own propagation con­

stant and characteristic impedance and each has its own cut-off frequency. The dominant 

propagating mode of a transmission line have a zero cut-off frequency. Other propagation 

constant for higher order microstrip modes in shielded structures are essentially the prop­

agating modes of the enclosing shielding rectangular waveguide [168]. The roots of the 

determinant equation are obtained using the well known Muller method with deflation 

(232]. A computationally efficient computer code that computes the complex propagation 

constant of single and coupled striplines in a shielded multi-layered lossy environment was 

developed and used the produce the results reported in this thesis. This code is written 
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in C-language and employs the theory developed and explained above. 

For example, Figure 4.11 show the normalized propagation constant (effective index) 

n~11 = t, versus frequency, /, for a transmission line of width W = 50 µm, having a three 

layer silica-silicon-silica substrate of thickness 40 µm, with d1 =1 µm, d2 == 5µm, d3 = 
34µrn, E1 =4, E2= 12, €3=4, with p2 = 0.12 n-m, and Pi =p2 = oo. Shielding structure 

dimensions are a = 0.6 mm and h= 0.65 mm ( see Fig. 4.9 ). Computation was conducted 

using M= 201. The dependence of the attenuation constant, a:: in [,:!], on frequency for 

the same transmission line is depicted in Figure 4.12. 

Figures 4.13 and 4.15 show the dependence of the normalized propagation constant 

( effective index) net I = -f; on frequency for a transmission line of width W = 500 µm, 

having a three layer silica-silicon-silica substrate of thickness 391.4 µm, with d1 = 1.4 µm 

and E1 =4, E2 =12, €3=4, with p2 = 0.12 fl-m and Pt =p2 = oo. A lossy layer d2 is varied 

in thickness such that d2 + d3 = 390 µm. Results show the effect of varying the width of 

the lossy layer, d2 • The shielding structure dimensions are a = 6 mm and h= 6.5 mm. 

Computation was conducted using M = 201. The dependence of the attenuation constant, 

a in [,!!], on frequency for the same transmission line is depicted in Figures 4.14 and 4.16. 

Notice that towards the higher end of the frequency range depicted in these figures, 

the effective index neff settles to a value ~ sqrtc1 . This is known as the quasi-TEM 

mode, as explained later. Towards the lower end of the frequency range, the effective 

index ne// reaches values that are even higher than the semiconductor refractive index 

Jei. This is known as the slow-wave mode of operation as will be explained later. In this 

mode of operation, nef f could reach as high as .sqrtcit- This is why when the width of 

the semiconductor region d2 is much bigger than d1 , as in Figure 4.13, nef J reaches very 

high values at lower frequencies. When d2 is of a magnitude comparable to d1 , neff does 

not go through these wide variations in magnitude as shown in Figure 4.15. 
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3.40 
Effective propagation constant neJf = f: versus frequency, J 
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Figure 4.11: The normalized propagation constant (effective index) neff = [, versus fre­

quency, / (GHz], for a transmission line of width W = 50 µm, having a three layer silica­

silicon-silica substrate of thickness 40 µm, with d1 ==l µm, d2 = 5µm, d3= 34µm, €1 =4, 

e2=12, €3=4, with p2 = 0.12 11-m. Shield dimensions: a = 0.6 mm and b= 0.65 mm. 

Computation conducted using M = 201. 



ANALYSIS OF SHIELDED LOSSY MULTI-LAYERED-SUBSTRATE MICROSTRIP STRUCTURES 156 

Attenuation constant,a versus frequency,/. 
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Figure 4.12: The attenuation constant, a: [;!], versus frequency, f (GHz], for a transmission 

line of width W = 50 µ,m. All parameters are as noted in the previous figure. 
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Effective propagation constant ne/ I = f versus frequency, / 
14.00 ° 

P2 = O.12$:l - m, d3 = 0.0, This theory -
12.00 P2 = 0.12$:l - m, d3 = lOOµm, This theory 

P2 = 0.12$:l - m, d3 = 200µm, This theory •• • • 
10.00 

nelf 8.00 

6.00 

4.00 

2.00 ,..._ __ __._ ___________________ _, 

0.0 5.0 10.0 15.O 
frequency [GHz] 

2O.O 25.0 

157 

Figure 4.13: The normalized propagation constant (effective index) ne// = -!;,. versus fre­

quency, / [GHz), for a transmission line of width "V = 500 µ:m, having a three layer silica­

silicon-silica substrate of thickness 391.4 µm, with d1 =1.4 µ.m and e1=4. d2 + d3 = 390 

µm, e2 =12, e3 =4, with p2 = 0.12 0-m. Results show the effect of varying the width of the 

lossy layer, d2 • Shield dimensions: a= 6 mm and b= 6.5 mm. Computation was conducted 

using M = 201. 
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Figure 4.14: The attenuation constant, a [,!!], versus frequency, f (GHz), for a transmission 

line of width W = 500 µm. All parameters are as noted in the previous figure. 

Effective propagation constant n,1 J = f versus frequency, / 
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Figure 4.15: The normalized propagation constant ( effective index) n,Jf = -!; , versus fre­

quency, f [GHz], for a transmission line of width W = 500 µm. All parameters are as noted 

in the previous figure. 



ANALYSIS OF SHIELDED LOSSY MULTI-LAYERED-SUBSTRATE MICROSTRIP STRUCTURES 

Attenuation Contstant,a versus frequency,/. 
0.120 .-----....-,----,-,------.,--------,,,------, 

0.100 ,... 

a [~~-080 

0.060 ,... 

0.040 ,... 

0.020 '=-

P2 = 0.120 - m, d3 = 389µm 
p2 = 0.12n - m, d3 = 3~.5µ.m· .. l ~--

• • 0 ♦ • • 1 I 

-

-

-

-

0.000 ~---...._, ___ ...._, ___ ~, ___ _., ___ _., 

0.0 5.0 10.0 15.0 
frequency [GHz] 

20.0 25.0 

159 

Figure 4.16: The attenuation constant, a [~!], versus frequency, f [GHz), for a transmission 

line of width W = 500 µm. All parameters are as noted in the previous figure. 

Field Patterns and Characteristic Impedances: 

All the unknowns of the problem at hand have been evaluated. Using these quantities, the 

EM fields and the microstrip characteristic impedance, Z0 , can be derived. For structures 

with mixed boundaries, where a propagating mode has all the six components of the EM 

fields, several definitions of the characteristic impedance exist [189]. The most common 

definition for Z0 is the power-current relationship: 

J J E x .ii• .z dx dy 

[1/: if Jzdy'r 

( 4.177) 

where E and .ii are the EM fields excited by the stripline surface current whose longitu-

clinal component is 1::. Primed coordinates denote a. source point. Unprimed ones denote 

a. field point. In the previous analysis, the Green's functions, the surface current basis 

functions expansion, and the propagation constant have been evaluated. Using Maxwell's 

equation for time harmonic fields, 

v' XE == ( 4.178) 
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the magnetic fields can be derived as well. Substituting these expressions in equation 4.177 

yields Z0 • The current amplitude coefficients ly and f: are inter-related through the system 

of two homogeneous linear equations 4.171. This allows for the freedom to choose one of 

them. Choosing lz = 1 makes the denominator of the expression in 4.177 equal to one, 

smce 

This can be easily proven using the change of variable sm u 

simplification, the expression for Z0 reduces to 

Zo = ff EX fi• .z dx dy 
n=O 

( 4.179) 

[2(yw' -~)J. - Using this 

( 4.180) 

where pz(i) is the portion of the power propagating along z in the i-th region. 

The electric and magnetic fields are derived in a systematic format analogous to that 

used above. Subsequently, their cross-product is evaluated and expression 4.180 yields an 

expression for Z0 • This analysis was developed into a computer code using C-language. 

This code is capable of computing the characteristic impedance for a shielded microstrip 

line situated on top of N layers of lossy dielectrics. 

As an example, the characteristic impedance of a 500 µm-wide microstrip line is com­

puted using the codes. Results showing the dependence of the real part of the character­

istic impedance on frequency are shown in Figure 4.17. The dependence of the imaginary 

part of the characteristic impedance on frequency for the same line is shown in Figure 4.18. 

Substrate resistivity p = 1.2 and 0.12 n - m were assumed. Other parameters are as fol­

lows: substrate permittivity €,. = 12 and substrate height = 390 µm, with 1.4 µm of silica 

(€,.=4) on top. The shielding structure dimensions are a= 6mm and b= 6.5 mm. The 

total number of modes used in the computation, M = 500. This is slightly more than the 

minimum number of modes required for convergent results as explained later. 
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The Real Part of the Characteristic Impedance Zc ( w) versus frequency, f 
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Figure 4.17: The Real part of the characteristic impedance Zc:(O), versus frequency, f (GHz], 

for a transmission line of width W = 500 µm, and a silicon substrate ( e,.=12) of thickness 390 

µm, with 1.4 µm of silica ( e.,=4) on top of it. Substrate resistivity of p = 1.2 and 0.12 n - m 

is assumed. The shielding structure dimensions are a= 6mm and b= 6.5 mm. M=500. 
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Figure 4.18: The imaginary part of the characteristic impedance Zc(O), versus frequency, 

f iGHz], for a transmission line of width W= 500 µm, and a silicon substrate {fr=12) of 

thickness 390 µ.m, with 1.4 µm of silica ( Er=4) on top of it. Substrate resistivity of p = 1.2 

and 0.12 n - m is assumed. The shielding structure dimensions are a= 6mm and b= 6.5 mm. 

M=500. 
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Different Propagating Modes in Shielded MIS Structures: 

Hasegawa et al. [215] demonstrated that there are three different fundmental modes of 

wave propagation in metal-insulator-semiconductor (MIS) microstrip structures. The 

propagation characteristics of each mode and the condition for its excitation are described 

in references such as [60] [215] [233]. These three modes are the quasi-TEM mode, the 

skin-effect mode and the slow-wave mode. 

In a typical MIS structure, the substrate is comprised of two layers: a semiconductor 

layer of thickness d2 and resistivity p and on top of it a thin dielectric layer of thickness d1 

and infinite resistivity, where d2 > > d1 . When the frequency-resistivity product (f p) is 

large, i.e., when the conductivity of the semiconductor layer is small, the semiconductor 

substrate may be treated as a low-loss dielectric, and the transverse EM fields extend 

through the entire substrate leading to a quasi-TEM mode of operation [144]. 

When the frequency-resistivity product (f p) is small, i.e., when the conductivity of the 

semiconductor layer is large, the semiconductor may be treated as an imperfect ground 

plane. The transverse EM fields are primarily concentrated in the thin dielectric layer, 

leading to a skin-effect mode of operation. This occurs when the frequency of operation 

and the substrate resistivity assume values in such a way that the substrate width is about 

2 skin-depths thick or more, i.e d2 2:: 2/-rr!/. 

When the frequency-resistivity product (Jp) is such that the magnetic fields penetrate 

into the substrate, whereas the electric field doesn't, a slow-wave mode of operation 

exists. The electric and magnetic fields are spatially separated. The line capacitance is 

largely increased compared to the quasi-TEM mode, whereas the line inductance changes 

a little. Th.is leads to an extremely low phase velocity ( and conversely an extremely 

high effective index) whereas the propagation losses remain relatively low. This mode 

of operation occurs towards the lower end of the frequency range in which the MIS is 

typically operated. 

To illustrate this mode of operation, a parallel plate MIS transmission line and its 
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Parallel Plate MIS Line 

··- w 
Y( w) 

Figure 4.19: A transverse-section in a parallel-plate transmission line and its equivalent circuit 

representation. 

equivalent circuit representation is considered as shown in Figure 4.19. The input admit­

tance as per the equivalent circuit representation of the parallel plate MIS transmission 

line can be readily derived as [ 169]: 

( ) 
jwC1(iwC2 + G2) _ . C 

Y w = jw(C1 + C2) + G2 - JWf.eff 0 ( 4.181) 

where 
C - e,.1eoW 

i - d1 ' ( 4.182) 

C _ fr2EoW 
2 - d2 , (4.183) 

€0 W 
C2 = d1 + d2 ' 

( 4.184) 

and 

(4.185) 

These quantities are per unit length in the longitudinal direction. C0 in expression 4.181 

is the line capacitance of a line with equivalent paramenters but with an "air" substrate. 

fef I is the effective permittivity of a propagating mode whose propagation constant is K%, 

i.e K% = ~k0 • From the above basic circuit analysis, f.ef/ can be cast as, 

Ci (jwC2 + G2) 
€e// = Coiw(C1+C2)+G2 -

e,.1 ( 1 + jwf.,-2€0P )( di + d2) 

[ 1 + jwfoP ( Erl t + ~2)] • 
( 4.186) 
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At very high frequencies, and for d2 > > d1 , f.eJJ reduces to 

( 4.187) 

which means that €e/ 1 is frequency independent, and is equal to the relative dielectric 

permittivity of the thin dielectric layer. This result has been born-out by numerical 

testing of the code developed. At low frequencies, and for d2 > > d1, f.e/ / reduces to 

( 4.188) 

In essence, this means that the effective index of the transmission line can assume values 

that are even higher than the semiconductor refractive index. This is the "slow-wave" 

domain of operation. The line capacitance is very high, and subsequently, the phase 

velocity is decreased. These results can be seen in the numerical examples provided such 

as those depicted in Figs. 4.13 and 4.15. 

Hasegawa et al. [215] derive the upper limit of the frequency at which the slow-wave 

phenomena starts to occur. This is done by considering the relaxation of charge in the 

semiconductor layer at its interface with the dielectric region. The first order differential 

equation describing the relaxation of charge is derived as 

8 Pv ( t) + Pv ( t) = O , 
8t PfeJ Jf.u 

( 4.189) 

where Pv(t) is the volume charge density and €eJJ is the effective permittivity. The solution 

of this equation is straightforward: 

( 4.190) 

Hence, Pf.ef J€0 is the relaxation time constant. When the operating frequency is reduced 

to reach the inverse of the relaxation time constant (i.e. f = f. = 
2 

d di ), the 
1r 2t,.1foP 

polarization current begins to lag the applied signal. The electric field is concentrated 

in the thin dielectric layer, whereas the magnetic field is extending into the substrate. 

References [60] [215] provides explicit expressions for defining the three different modes 

of MIS operation that are tabulated in table 4.1. These expressions are derived for the 
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J Description f range Mode of Operation 

Low Frequency f ~ 0.3/0 Slow-Wave Mode 

Medium Frequency 1.5/e Sf s; /d quasi-TEM Mode 

High Frequency f ~ 4/d Skin-effect Mode 

Table 4.1: Frequency ranges for various modes of operation of MIS lines 

parallel plate MIS structure of figure 4.19 and are valid for wide microstrip lines, i.e. those 

satisfying the condition W > d1 + d2 • The general sense of these regions remain valid 

for thin lines. As apparent from this table, the boundaries of operation do not coincide. 

However, the transition from one mode of operation to the other is gradual. 

In table 4.1, / 0 is the slow wave characteristic frequency given by 

1 
la = 1.. + ...1.. 

!, 3/J. 

(4.191) 

where /d is the skin-effect characteristic frequency and /, is the relaxation frequency of 

the charge at the interface. Those are given by 

and 
di 

f, = ----, 
21rE0€,,.1pd2 

respectively. Finally, /e is the relaxation frequency of the semiconductor 

Convergence Considerations 

(4.192) 

(4.193) 

( 4.194) 

The analysis presented thus far is an exact analysis of shielded multi-layered lossy stripline 

structures. All computations are evaluated in terms of an infinite summation over the 

index m of modal expansions. Theoretically, the obtained formulae would be exact in 
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the limit should the infinite series be evaluated. In practice, this series is truncated at 

m = .M. The choice of M is such that the retained terms provide sufficiently accurate 

results. Extensive case studies conducted in [169], for the case of a two-layer substrate, 

resulted in the following convergence condition 

[ 
25b] M 2: / nteger 1r W (4.195) 

This condition ensures that the term x = ( m;:') is large enough to guarantee that the 

quantities J0 ( x) and ( -1:~i~;l) for m > M are of negligible magnitude. Hence, quantities 

like the propagation constant ( equation 4.171) and the characteristic impedance ( equa­

tion 4.177) are evaluated accurately. As it is obvious, the above criterion equally applies 

to the case of N-layered substrate. Testing of the developed codes confirms this. 

The following case study is presented to demonstrate the effect of changing the value 

of kl on the convergence of the results. Fig. 4.20 shows the normalized wave length, >.~, 

versus frequency for a transmission line of width W = 600 µm, and a lossy semiconductor 

silicon substrate of permittivity e,.=12 and height 250 µm, with 1 µm of silica ( f,.=4) 

on top of it. Results are obtained for different substrate conductivities. The shielding 

structure dimensions are a = 1.5 mm and h= 10 mm. Computation is conducted using 

.M =25000 and 1\1 = 121. Fig. 4.21 show the attenuation constant, a: (in (,:!]), for the 

same structure. 

This is the case of a wide transmission line, where convergence could be achieved 

for a relatively small value for M. Based on the convergence criterion 4.195, convergent 

results for this structure can be obtained for M ~ 133. As shown, there is a considerable 

difference in the values of {
0 

and a: for the non-convergent case (M = 121) compared to 

the convergent case (M = 25000). Studies comparing the cases for M=500 and M=25000 

show almost identical results. These are shown in Figs. 4.22 and 4.23. Once the condition 

given in 4.195 is satisfied, the computed values for the propagation constant stabilize 

rapidly and become almost independent of further increase in the value of M. This is 

borne out by the results shown in Figs 4.22 a.nd 4.23 which compare the cases of M =500 
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Figure 4.20: The normalized wave length, l> versus frequency, f [GHz], for a transmission 

line of width W = 600 µm, and a silicon ( f,.=12) substrate of thickness 250 µm, with 1 µm 

of silica ( f,.=4) on top of it. Results are obtained for different substrate conductivities. Shield 

dimensions: a = 1.5 mm and b= 10 mm. Computation conducted using M =25000 and 121. 
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Figure 4.21: The attenuation constant, a [,:!], versus frequency, f (GHz], for a transmission 

line of width W = 600 µm. All parameters are as noted in the previous figure. 
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Figure 4.22: The normalized wave length, {
0

, versus frequency, f (GHz], for a transmission 

line of width W = 600 µm, and a silicon substrate ( t,.=12) of thickness 250 µm, with 1 µm 

of silica (~=4) on top of it. Results are obtained for different substrate conductivities. Shield 

dimensions: a = 1.5 mm and b= 10 mm. Computation conducted using M =25000 and 500. 
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and NI =25000. Further studies using other values of M, and other structures confirmed 

this observation. 

Figure 4.24 show the rapid convergence of the effective index net f as M is increased. 

The figure shows the effective index, at a frequency of 2.9 GHz, for the even mode of a 

pair of coupled striplines as that of Figure 4.10. The width of the striplines W = 1 mm, 

and separation S= 1 mm on a gallium arsenide substrate with a dielectric constant of 12.9 

and thickness = 1 mm. The cover plate is at a height a= 1.5 mm above the ground plane, 

and the side wall spacing is b = 60 mm. These numerical values stipulate that convergent 

results can be obtained for M 2:: 478, as per equation 4.195. As shown in the figure, 

accurate results are yielded at about that value for M and higher. For higher values of 

M, no further changes in the value of the effective index is recorded. The obtained result 

converge rapidly once the minimum value of M stipulated by 4.195 is achieved. 

Verification of the Present Analysis 

In this section, a sample of the results that could be obtained using the developed codes is 

provided. These are compared to other methods and experimental results reported in the 

literature, with the intent of verifying the present analysis, and establishing its domain of 

accuracy. 

An example for the dispersion curves of shielded transmission line is given in Fig. 4.25 

([189], p. 425). The comparison curves were computed via the mode matching technique 

(MMT) [234] and the Method of Lines (MOL) [235]. In Fig. 4.25, the effective Index, 

€eff is plotted versus normalized substrate height, f
0

, for a transmission line of width 

to substrate height ratio ~ = 1.0 and 3.0. Substrate permittivity €,.=9. 7 and shielding 

structure dimensions are ~ = 16 and ~ =8. Computations based on this theory were 

conducted using kl= 500. As shown, an excellent agreement between the three methods 

is evident. 

In Fig. 4.26, some typical computed results for the effective dielectric constant €eJ I for 

a coupled microstrip line on a gallium arsenide, GaAs, substrate with a dielectric constant 
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Figure 4.23: The attenuation constant, a [,:!], versus frequency, f [GHz], for a transmission 

line of width W = 600 µ,m. All parameters are as noted in the previous figure. 
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Figure 4.24: The effective index nelf, versus the summation limit M, for the even and odd 

modes of a coupled transmission line of width W = 1 mm and separation S = 1 mm situated 

over a GaAs substrate of thickness H= 1 mm and a permittivity e,.=12.9. Shield dimensions: 

a = 8 mm and b= 60 mm. Computation conducted for a frequency / = 2.9 GHz. 
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of 12.9. These results were obtained by Morich [236] and were reported in ([237], p. 322). 

The curves supplied by Morich were obtained by a perturbation-iteration approach. As 

shown, they are almost identical to those obtained via this theory. Specific parameters are 

as follows: side wall separation b = 60 mm, cover plate height a above the ground plane 

is varied as shown in the figure, substrate thickness Xo1 = 1mm, strip width W = 1mm, 

strips separation S = 1 mm (see Fig.4.10). The results shown can be scaled to apply to 

a different frequency range. A notable feature of the transmission line in this example is 

that the effective dielectric constant for the even mode excitation is significantly larger 

than that for the odd mode at high frequencies. It can also be seen that the top shield has 

relatively little effect on the magnitude of the effective index if placed a distance equal 

to four or more times the substrate thickness above the ground plane. This observation 

confirms the earlier stipulations that the developed analysis can equally be applied to 

open structures by making the dimensions of the shielding structure wide enough. 

4.4.5 Effect of the Depletion Region on the Propagation Char­

acteristics of MIS Structures 

Previous analyses of MIS structures such as (169] ignore considering the effect of the 

depletion region that exist in these MIS lines. During the course of this research, it 

was observed that this depletion layer may have a considerable effect on the propagation 

characteristics of these transmission lines. This issue is addressed in this section. 

At the interface between the insulator layer and the semiconductor layer of an MIS 

geometry, a depletion layer forms and extends into the semiconductor layer. This depletion 

region can be modeled as an insulating layer whose permittivity is the semiconductor 

permittivity, but with infinite resistivity since this region is depleted of carriers. The 

depth of this depletion region, h, is given by [24): 

h= ( 4.196) 
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Figure 4.25: The effective Index, fe/ J, versus normalized substrate height, f
0

, for a transmis­

sion line of width to substrate height ratio ~ = 1.0 and 3.0. Substrate permittivity c,.=9.7. 

Results obtained by this theory are compared to those obtained by the Method of Lines (MOL) 

and the mode matching technique (MMT) for metalization thickness of zero and 0.1 W. Shield 

dimensions: J = 16 and ~ =8. Computations based on this theory are conducted using .M = 
500. 
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where Ea is the semiconductor permittivity, Vi, is the break-in potential, V is the 

applied voltage and ND is the donners carrier density for n-type semiconductors, and q is 

the electron charge. Alternatively, ND is replaced by NA for p-type semiconductors. The 

electron and hole carrier density, ND and NA respectively, are related to conductivity, er 

through 

( 4.197) 

where ni is the intrinsic carrier concentration, µ" and µP a.re the electron and hole mo­

bilities respectively. For Silicon, µ" = 1450 vc:m2 and µp = 505 vcm.2 • For a typical MIS .ace .,ec 

geometry, and using the above expression, the width of this depletion region is about 10 

µm for an applied microwave voltage = 1 V, and a substrate resistivity p :::: 10 0-cm. 

The MIS analysis reported in [169] ignores the effect of this depletion region because the 

analysis can only model the case of two layers of substrate materials, one is the dielectric 

and the other is the semiconductor. It is shown here that ignoring the depletion region 

may lead to inaccurate and sometimes erroneous results. The present analysis takes this 

depletion region into account, given its general nature. 

For example, consider a typical MIS structure where the transmission line width is 

W= 500 µm with a silicon substrate (E,.=12) of thickness 390 µm and resistivity p = 0.12 

0-m, with 1.4 µm of silica ( E,.=4) on top of it. The shielding structure dimensions a.re 

a = 6 mm and h= 6.5 mm. These parameters were obtained from [169]. Figure 4.27 

depict the normalized propagation constant ne/ I = -!; for the case of different depletion 

region widths. Those a.re also compared with the case where -!; is computed ignoring the 

depletion region. Figure 4.28 show the attenuation constant for the same structure. The 

effect of the depletion region is more pronounced in the case of the slow-wave mode of 

operation, which occur at a lower frequency range. Figs 4.29 and 4.30 show the dependence 

of the normalized propagation constant and the attenuation constant on the depletion 

region width for tha.t frequency range. All computations were conducted using M = 2000. 

Using 4.197 and 4.196, the depletion region width is calculated to be 10. 7 µm for an 

applied voltage of 1 V, for this particular structure. Similarly, an applied voltage of 2 V 
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Figure 4.26: The effective index fe/ I, versus frequency, f (GHz], for a coupled strip line of width 

W = 1 mm and separation S = 1 mm. The substrate is a single GaAs layer of permittivity 

€,. =12. Shield dimensions are b=60 mm, and a is varied. M=1001. The results obtained 

using this theory is compared to those obtained by Morich (226] using a perturbation iteration 

technique. Morich's results are shown here by dots. 
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Figure 4.27: The normalized propagation constant (effective index) nelf = -!;, versus fre­

quency, f [GHz), for a transmission line of width W = 500 µm, and a silicon ( ~=12) substrate 

of thickness 390 µm, with 1.4 µm of silica ( e,.=4) on top of it. Results show the effect of 

considering the depletion region in the analysis. Shield dimensions: a = 6 mm and b= 6.5 

mm. Computation conducted using Jl;/ = 2000. 
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leads to a depletion region of width 22.3 µm, with 3 V and 4 V leading to widths of 29.0 

µm and 35.0 µm respectively. 

From these figures, it can be concluded that the depletion region has little effect on 

the magnitude of the propagation constant at higher frequencies, where the mode of 

propagation is considered a quasi-TEM mode. This is evident from Figure 4.27. Further, 

the propagation constant settles to the same value for h.igher frequencies regardless of the 

width of the depletion layer. Difference in computed {3 among all cases is less than 0.1 % 

for the higher frequencies. The percentage difference in the magnitude of /3 for the case of 

a depletion region of depth 35.0 µm and that with no depletion region is less than 0.01 % 

at 25 GHz. At high frequencies, the skin depth is small, and the EM fields are more 

confined to the dielectric region, and they are less affected by both the depletion region 

and the semiconductor region. 

The depletion region does, however, greatly affect the propagation characteristics at 

lower frequencies where the mode of operation of the transmission line is a slow-wave 

mode. This is evident from Figure 4.29. The differences in the values of f are in the 

excess of 85% between the case of no depletion region and the case of a depletion region 

of width 10. 7 µm at very low frequencies. At 1 GHz, the percentage difference is 2%, and 

it goes to 20% if the case of a depletion region of height 35.0 µm is compared to the no­

depletion layer case. It can be concluded that the presence of the depletion region helps to 

suppress the slow-wave effect. This is expected, as the existence of the depletion layer acts 

as a buffer between the insulator layer and the semiconductor layer. The slow-wave mode, 

as discussed earlier, occurs when the electric field is shielded from the semiconductor lossy 

layer, whereas the magnetic field extends deep into that region. That spatial separation of 

the fields leads to a larger line capacitance and smaller line inductance. With the existence 

of the depletion region, both the magnetic and electric fields will coexist in the insulator 

region and the depletion region, with much less portion of the magnetic field extending 

alone into the semiconductor region. This becomes more evident by re-examining the 

heuristic representation of figure 4.19 in the presence of a depletion region. 
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Figure 4.28: The attenuation constant, a [,'!!], versus frequency, f [Gtiz], for a transmission 

line of width W = 500 µ,m. All parameters are as noted in the previous figure. 
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As for the attenuation constant, a:, it is affected by the depletion region at both higher 

and lower frequencies. This is evident since the microwave signal is made to propagate 

in less.lossy media in the presence of the depletion region. The percentage error is more 

pronounced in the lower frequency range, with a 27% difference between the computation 

conducted with no depletion region considered and with a 10. 7 µm depletion region at 2 

GHz. The percentage error is less, but remains considerable, at higher frequencies since 

at these frequencies, the skin depth is smaller, and the EM fields are confined to a smaller 

depth near the metalization. At 25 GHz, the percentage difference in the magnitude of 

a: for the cases h= 0 and h= 10.7 µm is 8.5%, and it goes to 20% if the case of h = 35.0 

µm is considered. 

Figure 4.31 depicts the characteristic impedance Zin(w), versus frequency, f [GHz], 

for the same transmission line. The effect of a depletion region of width 10 µ is considered 

and is compared to the results obtained by neglecting its existence. As shown, an error 

of about 10% in estimating the real part of the characteristic impedance is encountered 

when the depletion region effect is ignored. The effect of the depletion region on the 

imaginary component of the characteristic impedance is even more prominent, leading to 

errors of almost 100%. 

The effect of the depletion region on the imaginary components of the propagation 

constant and the characteristic impedance is quite substantial as it is directly related to 

the attenuation of the signal. The existence of the depletion region effectively displaces 

the lossy segment of the substrate away from the microstrip line by a distance equal 

to the depletion region width. Hence, a major portion of the microwave signal spatial 

distribution is propagated in an effectively lossless substrate. 
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Figure 4.29: The normalized propagation constant (effective index) nelf = -f;, versus fre­

quency f [GHz] in the frequency range of the slow-wave mode, for a transmission line of width 

W = 500 µm, and a silicon ( e,.==12) substrate of thickness 390 µm, with 1.4 µm of silica 

(e,.=4) on top of it. Results show the effect of considering the depletion region in the analysis. 

Shield dimensions: a = 6 mm and b= 6.5 mm. Computation conducted using M = 2000. 
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Figure 4.30: The attenuation constant, a [~]. versus frequency / [GHz] in the frequency 

range of the slow-wave mode, for a transmission line of width W = 500 µ,m. All parameters 

are as noted in the previous figure. 
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4.4.6 The Green's Functions for A Rectangular Cavity Partially 

Filled With Multiple Layers of Lossy Dielectrics 

In a procedure analogous to that conducted in the case of a rectangular waveguide, the 

Green's functions for a rectangular cavity partially filled with multiple layers of lossy 

dielectrics is obtained. Figure 4.32 illustrates the geometry of the cavity. The structure 

is loaded with N dielectric layers and contains a point current source, J:( r' ), located at 

( x01 , y', z'). In response to this current source, an electric field is generated. This electric 

field directly yields the electric Green's function for the cavity, Ge(i, r'), given by 

➔ I - ...J ,. ,. i - .J ,. ,. i ( .. .J "'" i - .J) Ge (r,r) = xyGc zy(r,r) + xzGc z: r,r) + yyGc w(r,r 

( 4.198) 

where the term Gc~y( i, r') is the component of the electric Green's function associated 

with the x component of the electric field in region i due to the y-directed component 

of the infinitesimal electric surface current source located at ( x' = x0 1, y', z '). The other 

terms are defined similarly. The point current source J:( r'), located at ( x = xo1 , y', z' ), is 

defined as, 

- I 

J.(r ) ( 4.199) 

The procedure for deriving the Green's function for the cavity problem is identical to 

that of the rectangular waveguide. A point current source is assumed, a.nd the electric 

field due to this source defines the desired Green's function. The primary Hertz vectors 

are derived first, followed by the Hertz vectors of the scattered fields. Both are combined 

to satisfy the boundary conditions 4.84- 4.85, yielding the amplitude coefficients. The 

Green's function are constructed from the total Hertz vectors. The analysis is almost 

identical, and for the sake of brevity will not be reproduced here. The Green's functions 

obtained are used to compute the fields around a discontinuity of a transmission line 

and to characterize the discontinuity. For this goal, only the Green's function in the 
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Figure4.31: The characteristicimpedanceZc:(w), versus frequency, f (GHz], for a transmission 

line of width W = 500 µm, and a silicon ( E,.=12) substrate of thickness 390 µm, with 1.4 µm 

of silica ( t,.=4) on top of it. A depletion region of width 10 µ is taken into account. Result 

obtained for a substrate resistivity of 0.12 n - m. The shielding structure dimensions are a= 

6mm and b= 6.5 mm. 
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region (0) above the metalization or the Green's function in the region (1) just below the 

metalization is required. The Green's function will be used to derive the electric fields 

tangential to the plane of the discontinuity, which is the plane of the metalization. Hence, 

the evaluation of Gc~y (O) and Gcz:: (O) is unnecessary. The mathematical task reduced to 

obtaining the remaining four components of the Green's function dyad: G!ll,(0
), G11 /

0
), 

G:./0
), and G.)0

). These are given as: 

( ') ( ') G (o) =L 0 m1ry m1ry . n1r z n1r z 
~gC )YYm.(x)cos (-b-) cos -b- sm (-c-) sin -c- (4.200) yy 

m 

( ') ( ') G (0) m1ry . m1ry . n1rz n1rz 
yz =L ~g(O)Y•m.(x)cos (-b-) sm -b- sm (-c-) cos -c- ( 4.201) 

m 

( ') ( ') G:y co) 
. m1ry m1ry n1r z . n1r z 

=I: ~g(
0
l,.m.(x)sm (-b-) cos -b- cos (-c-) sm -c- ( 4.202) 

m 

( ') ( ') G::.(O) =E 0 . m1ry . m1ry n1r z n1r z 
~g( )ZZmn(x)sm (-b-) sm -b- cos (-c-) cos -c- ( 4.203) 

m 

where 
o [ m1r 2 n1r 2 ] 

g( )wmJx) = eom ( b) T1 - ( ~) TLsE(Xo1) C(x) , ( 4.204) 

(0) (:z:) m1r n1r 
g YZmn = 2 (-b-) ( ~) [T1 + TLsE(Zo1)] C(x) , ( 4.205) 

g(o) (x) = g(o) (x) 
ZYmn YZm ' 

( 4.206) 

and 

( 4.207) 

where e0 v is defined in 4.41, T1 is given in 4.126, C(x) is given in 4.127 and TLsM and 

TLsE are given in 4.128 and 4.129 respectively. 

4.4.7 Theoretical Study of Microstrip Discontinuities in Multi­

layered Shielded Structures 

Formulation 
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Figure 4.32: A schematic of an inhomogeneously partially filled rectangular cavity. 
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In the previous section, the electric Green's function for a rectangular cavity partially 

filled with N layers of lossy dielectrics and semiconductors has been derived. Consider 

now a certain metalization layout of random shape and of negligible thickness situated 

on top of the N layers of dielectrics of the previous analysis. This metalization layout is 

assumed to be made of a perfect conducting material. Such a geometry is characterized 

as a microwave discontinuity, an example of which is the series gap discontinuity depicted 

in Figure 4.32. Again, As a result of adding this conducting geometry, the boundary con­

ditions of the original cavity problem have changed. Using the cavity Green's functions 

obtained earlier and using the current distribution on the metalization, the electric field is 

recalculated from equation 4.3 subject to a new boundary condition; the tangential com­

ponent of the electric field must vanish on the metallic strip. As opposed to the problem 

of the uniform stripline, the surface current distribution for the discontinuity is unknown 

and is expressed in terms of a series of known basis functions with unknown amplitude 

coefficients. The electric field in the plane of the metalization is expressed in terms of 

these basis functions. Enforcing the boundary condition that E = 0 on the metalization 

yields a system of linear equations whose unknowns are the unknown amplitude coeffi­

cients of the basis function of the surface current density. Solution of this matrix yields 

the unknown coefficients. Hence, the current distribution is specified everywhere. Fitting 

the current distribution on the uniform line feeding the discontinuity to a transmission 

line model, the incident and reflected portions of the current are identified. Using this 

information, the discontinuity is characterized using a scattering matrix representation or 

an impedance matrix representation. 

It is possible to use the rectangular waveguide Green's function to analyze disconti­

nuities in the line instead of using the rectangular cavity Green's function. It is easier 

however to use the cavity Green's function. The eigenvalues of the cavity problem are 

easily determined directly from the separation of variables solution: kz = '::'tr and ky = ~"'. 

For the waveguide problem, ky = ~"' but k:: is determined by solving a complicated tran­

scendental equation. It is impractical to evaluate the hundreds of k:: 's required for the 

fields expansions using this method, especially when dealing with lossy substrates where 
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kz is a complex number. 
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Figure 4.33: Discretization of a discontinuity plane. 

The unknown surface current density distribution on the metalization is cast in the 

form: 

(4.208) 

and 

Jz(y',z') = LLI.:p'q' 9p'(Y
1

)fq,(z
1

), (4.209) 
I I 

p q 

where /P1 (y') 9q•(z') and where /q 1 (z') gP,(y') are basis function expansions for Jy(y
1

,z
1

) 

and Jz(y', z') respectively with IYp'q' and l::p'q' being the unknown amplitude coefficients 

of J 11(y', z') and Jz:,(y', z') respectively. p' and q' are the summation integral indices. The 

plane of the discontinuity is partitioned into small sections as shown in Figure 4.33. The 

cavity dimensions band care partitioned into Pma: and Qmaz segments each oflength ly or 

lz respectively. The basis functions define the shape of the CUl'rent within each subsection 
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of the plane of the discontinuity. JP,(y') and gq,(z') are defined as 

(4.210) 

0 elsewhere , 

and 

( 
') { 1 if Yp' - ~ ::; Y

1 

:S Yp' + ~ 
9p' y = 

0 elsewhere 
( 4.211) 

(~. and Ly are the subsection lengths in the z- direction and they- direction respectively, 

as shown in Figure 4.33. hz and h11 are the basis function wave numbers. The above 

expansions and shaping functions have been previously applied to the problem of modeling 

microstrip discontinuities with excellent results obtained (238] (169]. The shape functions 

account for the edge effect on the current distribution. Note that these shape functions 

exchange coordinates when considering Jz(y
1

, z') rather than Jy(y', z
1
). The coordinates 

Yp' and zq, assume the following discrete coordinate values (194]: 

{ p'ly in J 11(y', z') 
Yp' 

(p' + ½)l1,1 in J:(y', z') , 
( 4.212) 

{ (q' + ½)l= in Jy(y', z') 
z, = q 

q'ly in lz(y', z') , 
( 4.213) 

Substituting 4.208 and 4.209 in 4. 198 results in expressions for the electric field due to 

that surface current density distribution. Enforcing E-:an = 0 on the metalization yields 

the unknown amplitude coefficients. Since only the tangential component of the electric 

field is of interest at this point, only this component of the field will be evaluated in the 

forthcoming analysis. The components of the electric field tangential to the metalization 

are the Ey and E= components, which can be expressed in the form of a set of two coupled 

integral equations that can be written in the following short form: 

E co) _ E (o) + E co) 
Z. - yz %Z ' 

(4.214) 

(4.215) 
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where 

Ew (0) · JI (0) , , , , - JWµ 0 Gcyy Jy(y , Z )dy dz , ( 4.216) 

E (0) 
yr. 

. JI (0} , , , , 
- JWµo Gcyz J:.(Y , Z )dy dz , ( 4.217) 

E::/o> . JI (0) 
1 

' ' ' -JWµo Gc::y Jy(y, Z )dy dz , (4.218) 

E:::: 
(0) . JI (0) ' ' ' 

1 

- JWµo Gc::z Jz(Y , Z )dy dz , (4.219) 

The superscript ( 0) denotes the air-filled region of width d0 above the cavity as shown in 

Figure 4.32. Evaluating the Green's function for region (0) or region (1) only is sufficient to 

yields the unknown amplitudes. Expressions for Gcv}0
), Gcy/0>, Gc:/0 >, and Gcu (o) were 

derived in 4.204- 4.207. Jy(y', z
1

) and Jz.(y', z') are given in 4.208 and 4.209 respectively. 

This yields the following expressions for Eyy(0
), E11z< 0 >, Ez11 <0 >, and E::::(0

): 

Eyy (O) = -jwµo ff Lm I:n g(O) YYmn ( X) cos ( mzy) cos ( mr') 

. n1rz . n1f'z , , , , ( ') sm (-c-) sm -c- Jy(y , z )dy dz , ( 4.220) 

. n1rz n1f'z , , , , ( ') sm (-c-) cos -c- Jr.(Y, z )dy dz , ( 4.221) 

E (O} - • ff" ""' (0) ( ) • (~) (~) :y - -JWµ0 L..,m L..,n g ZYmn X SIU b COS b 

n1r z . n1rz , , , , ( ') cos (-c-) sm -c- J,,Ay , z )dy dz , (4.222) 

E (0) - • ff" " (O} ( ) • (!!!1!11.) • (!!!!]L) zz - -JWµo L..,m Lm g :z.mn X Sill b Sill b 

n1rz n1rz , , , , ( ') cos (-c-) cos -c- Jz(Y , z )dy dz . (4.223) 

Substituting with the expressions for Jy(y', z') and Jr.(y', z') in the above four equations 

yields: 
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E (o) = -1·wµ, "' '°' g( 0 ) (x) cos (!!!2!1£) sin(!!.!.:.)'°' , '°' , I , , yy o .l..,m L..m YYmn b c L.,p L.,q Yp q 

1Yp'+ 1 f ( ') (m1ry') d , 1zq1+!.; ( ') • (n1rz') d , p' y cos -b- y 
1 

9q' z sm -- z 
y, = ,_!.I. C 

p -1 9 l 

( 4.224) 

l yP,+'t ( ') • (m1ry') d , i=,,1

+1 f. ( ') (n1rz') d , 
1 9p' y sm -- y q' z cos -- z 

y,-~ b z., C 
p 2 9 -1 

( 4.225) 

E. (O) = -1·wµ, "' '°' g(o) (x) sin (m'll"y) cos(!!.!.:.)'°' , '°' , / , , 
•Y O L..m L.,n Z.Ymn b c L.,p L.,q 'lip q 

1Yp'+1 f ( ') (m1ry') d , 1z,i1+~ ( ') • (n1rz') d , 
p' y cos -b- y 

1 
9q' z sm -- z 

!/, = ,-!.1. C 
p -1 'I l 

( 4.226) 

E (o) _ • "' '°' (o) ( ) • (!!!.!1£) (!!!.!) '°' '°' / == - - JWµ, 0 L.,m L.,n g zzmn X Sill b COS c L.,p' L.,q' :p' q' 

111,,,+!f ( '). (m1ry') d 'Jz,,,+1/. ( ') (n1rz') 
1 9p' y sm -- y q' z cos --

31 I-~ b = I C 
p 2 'I -I 

dz'. ( 4.227) 

Carrying-out the above integrals, and simplifying; 

E.,,(o) = -jwµ. "I; "I; I,p'q' ~ ~gC0 l .,,mn(:z:) cos (m:y) sin (n:z) lnt9(q')Int,(p') , 
p q 

( 4.228) 

E11}
0

) = -jwµo LL l=p'q' LL 9'0 ) yzmn(x) cos (mb1ry) sin (n1rz) Intg(p
1

)lntt(q
1

) , 

, , m n , C 
p q 

( 4.229) 

E::/0
) = -jwµo L, L, lyp'q' L, L,9(0\Ymn(x) sin (m:y) cos (n1rz)Intg(q

1

)lnt1(p
1

) , 

, , m n C 
p q 

( 4.230) 

Eu(o) = -jwµoL,L,lzp'q' L,L,9(0)=zmn(x)sin (m:y) cos (n1rz)Intg(q
1

)lnt1(p
1

), 

' , m n C p q 

( 4.231) 

where 

, Yp' + 2 , m1ry , m1rl m1ry , 
!.r. ( ') [ l Int.(p ) = J.., -'} 9p•(Y ) sin - 6- dy = lysine 

2
b 11 sin ( b P ) , ( 4.232) 

( 4.233) 
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( 4.234) 

and 

lnt,(q') == l~'+t f ,(z1

) cos (n-rr:r.') dz' = 
tf -l q C 

lz [ n1r '=] [ mr l=] (n1rzq,) -,inc(hzl:,) sine ( ~ + h:) 2 sine ( ~ - hz) 2 cos -c- • ( 4.235) 

Hence, the final expressions for the tangential electric field are given by 

[ 
m1r l ] (m1ry , ) (n1rz , ) (m1ry) (n1rz) sine ( b ~ h11 ); cos T sin 7 cos -b- sin -c- , ( 4.236) 

[ 
n1r l-] (m1ry , ) (n1rz , ) (m1ry) (n1rz) sine (-; - h::) 2 sin T cos 7 cos -b- sin -c- , (4.237) 

[ 
m1r l] (m1ry ') (n1rz ') (m1ry) (n1rz) sine ( b - hy); cos T sin 7 sin -b- cos -c- , ( 4.238) 

[ 
n1r lz] (m1ry ') (n1rz,) (m1ry) (n1rz) sine (-; - h::)2 sin T cos 7 sin -b- cos -c- . ( 4.239) 

Method of Moments 

The z and y components of the electric field, E,/0> and E/0> due to the given surface 

current density distribution of 4.208 and 4.209 have been found. Enforcing the boundary 
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condition E:an = 0 on the perfectly conducting metalization yields the unknown amplitude 

coefficients. An equivalent boundary condition is that the conduction surface current and 

the tangential electric field are complementary quantities in the x = x01 plane. Hence, 

this condition is cast as 

0 . 

In a more explicit form, 

and 

j l, E11 (O) Jydydz = ff~. [ Eyy (a) + Eyz <
0>] J11dydz = 

fl, Ew (O) /p( y )gq( z )dydz + j l, E11/
0
> fp(Y )gq( z )dydz = 0 , 

/ l, E/
0
)J:.dydz = fl.. [Ez/0> + E:./0>] 1::dydz = 

fl, E:./0 >gp(y)fq(z)dydz +fl. E 11/
0>gp(y)fq(z)dydz = 0, 

(4.240) 

( 4.241) 

( 4.242) 

where As is a segment of the plane x = x01 with dimensions l11 and lz in the y and z 

directions respectively. Conducting the above integrals yield: 

[sine(< ':1r + h9);) sine (( ':1r - h.);) r 
cos c:Yp') sin c:Zq') cos (m:y) sin c:z) , ( 4.243) 
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(
m1ry,) (n,rz,) (m1ry) (n1rz) sin T cos 7 cos -b- cos -c- , ( 4.244) 

(
m-rry,) (n,rz,) (m1ry) (n1rz) cos T sin 7 sin -b- cos -c- , ( 4.245) 

and 

cos c:Yp') sin cir:q•) sin (m:y) cos c;z) . ( 4.246) 

These equations can be written in the following short form: 

( 4.247) 

( 4.248) 
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and 

/1 (0) ~~ I I 
Ez: gp(y )fq( z )dydz = L- L- l:p' q' Zz: (p, q, p , q ) , 

aa t I 
p q 

which can be written in the following matrix form: 

196 

( 4.249) 

(4.250) 

( 4.251) 

Here I y(p', q') and l:(P', q') are the amplitude coefficients of the surface conduction cur­

rent components JY and J= respectively. It follows that the elements of the LHS matrix 

of the above system need not be evaluated of all segments Lls of the plane x = x01 . 

The coefficients matrix can be evaluated only for the metalized segments of that plane, 

since the conduction current is, by definition zero everywhere else. The coefficients 

Zw(p,q,p
1

,q
1

), Zy:(p,q,p
1

,q
1

), Z:11 (p,q,p
1

,q
1

) and Z:z(p,q,p
1

,q
1

) are given by 

m=M n=N [sine ( ~) ] 
2 

I t _ (0) 2C 

Zyy(p,q,p,q)- E L9 3/Ymn • (hl) 
m=l n=l StnC y y 

(
m-rry,) (n1rz,) (m1ry) (n1rz) cos b P sin 7 cos -b- sin 7 , (4.252) 

m=Mn=N [sine(~)] [sine(~)] , , _ (0) 2c 2b 
Zyz (p, q' P ' q ) - L L g Y=mn • ( h l ) · ( h l ) 

m=l n=l sine y y sine z z 

(
m1ry , ) (n1rz , ) (m1ry) (n1rz) sin b P cos 7 cos -b- cos -c- , ( 4.253) 
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m;:;:Mn;:::.N [sine(~)] [sine(~)] , , _ (0) 2c 2b 

Z;:y(p, q, P 'q) - L L g zt1mn sine(h l ) sinc(h l ) 
m;;:l n;;:1 y y z z 

(
m1ry , ) (n1rz , ) (m1ry) (n1rz) cos T sin 7 sin -b- cos -c- , ( 4.254) 

and 

M N 

[ 

• ( m,rl ) ] 2 m= n= sine ::.:.:.!Z. 
, 1 _ (0) 2b 

Z:z(p,q,p ,q) - L L 9 =zmn · (h l ) 
m=l n=l sine z : 

cos (m~/p') sin (n,rczq,) sin (m:y) cos (n:z) . ( 4.255) 

The summation over m and n is truncated at m = M < oo and n = N < oo respectively. 

The truncation at M and N is chosen such that the retained terms provide sufficiently 

accurate results. A criteria for choosing M and N are presented later in this section. 

Input Field Excitation and Various Models 

The matrix of 4.251 is a system of linear equations obtained from the boundary condition 

that the electric field at a certain point on the metalization is zero or else the surface 

conduction current density at this point is zero. Hence the product of these two quantities 

is zero everywhere on the metalization. It follows that the RHS of the system 4.251 is 

a vector of zeroes, leading to a homogeneous system of linear equations, whose solution 

is the trivial solution. However, that boundary condition is violated at one or more 

points to provide an excitation to the system. Hence, Vy(p, q) and Vz(p, q) a.re termed 

the excitation vectors. For a given excitation vector, a certain current distribution is 
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maintained on the metalization. That distribution is given by the amplitude coefficients 

I y(p', q') and ly(p
1

, q
1 

). The point at which Vy(p, q) :fa O or Vy(P, q) ;/ 0 is called the gap 

generator. Hence, Vy(p, q) and Vy{p, q) are defined as [167]: 

Vy(p,q) 
1 if YP = Y9ap 

0 elsewhere on the metalization , 

{ 

1 if Zq == Zgap 
Vz(p, q) = 

0 elsewhere on the metalization . 

( 4.256) 

( 4.257) 

The gap generator excitation method [239] [167] is a non-physical mathematical tool 

to excite the circuit. Another technique to excite the circuit is the cavity resonance 

technique [240] [241], which again is a pure-mathematical tool. A coaxial excitation 

method is developed in (221], which has its physical foundation in modeling the feed 

current of a coaxial line leading to the microstrip. The final results, however, compared 

to the gap generator method, are unaffected by the method of excitation [168]. 

Matrix Computation and Inversion 

All the elements of the matrix 4.251 are evaluated from equations 4.252, 4.253, 4.254 

and 4.2.5-5 for each segment of the metalization. It is important to note the following 

symmetries in the impedance matrix: 

( 4.258) 

(4.259) 

and 

( 4.260) 

These symmetries are utilized to cut down on the computational effort to calculate the 

matrix elements of 4.251 by 50%. Based on computational experiences, computing the 

matrix elements consumes more than 99% of the computation time with the remaining 
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l % goes to the matrix solution problem. These symmetries also reduce the size of the 

storage array in half. 

A computer code for computing these matrix elements was developed. For the case 

of a narrow strip of metalization, and where the discontinuity does not lead to a large 

y-directed current, a sub-set of this matrix can be used. For example, when characterizing 

a series gap discontinuity in a thin transmission line, the I y component of current was 

found to be of negligible magnitude compared to the /z component of the current. For 

this type of situation it is sufficient to only consider the problem 

{4.261) 

where lz(p
1

, q
1

) are the amplitude coefficients of the current J= respectively. The coeffi­

cients Zzz(P, q, p
1

, q') are given by 4.255. This step reduces the computational effort and 

time to one fourth of that required to solve the full matrix. It should be noted, that for 

the purpose of obtaining the scattering matrix representation, only the knowledge of Jz is 

required, which eliminates the need to compute J,r A computer code for evaluating the 

subset system was also developed. 

Once all the elements of 4.251 or 4.261 are computed, a matrix inversion routine is 

invoked and the unknown surface current amplitude coefficients l 11(p
1

, q') and lz(p', q
1

) 

are evaluated. For this purpose, an LU-Decomposition routine for matrices with complex 

elements is utilized. This routine was written in C language. A complete complex algebra 

library in C was written and is utilized by this routine and all others used in this PhD re­

search. The output generated by the developed LU-Decomposition routine was compared 

to that of Matlab and yielded the same results. 

Curve Fitting and Extraction of the Elements of the Scattering Matrix 

It is assumed that a uniform transmission line feeds a discontinuity from all ports. For 

a two port problem, the longitudinal currents lz1 and lz2 on ports 1 and 2 are evaluated 

using lz(p', q') by a transverse integration. On an input port, on a uniform transmission 



ANALYSIS OF SHIELDED LOSSY MULTI-LAYERED-SUBSTRATE MICROSTRIP STRUCTURES 200 

line, an ideal transmission line current exists as long as the operating frequency is below 

the cut-off frequency of the shielding cavity. Thus the current distribution obtained 

can be fitted to a transmission line current model to obtain the scattering parameters. 

The current distribution obtained behaves like a transmission line model away from the 

excitation point and the discontinuity itself, (say by a distance of d, = ~ from each) as 

shown in Figure 4.34 [169]. 

'z• 
- d,------------------- L __________ _..,; __ dr-.:. 

lz Idell Tr,nsmlnlon line Current 

___ fxcltltfon Point Discontinuity Point 

__J 

Figure 4.34: Axial current distribution along the transmission line of the input port feeding a 

discontinuity. 

An ideal transmission line current is given by 

(4.262) 

where I::+ is the incident current, lz - is the reflected current and K: is the complex 

propagation constant. This expression is used as a fitting model to fit the data obtained 

from the solution of 4.251. The optimization routine used for this purpose is L-BFGS-B 

[224]. The error function supplied to the routine for minimization is 

( 4.263) 

Minimizing this error function yields the unknown para.meters in 4.262, namely I::+, 

lz - and Kz. A FORTRAN driver for L-BFGS-8 was written. The driver supplies the 

L-BFGS-B routine with the error function and its gradients with respect to all the six 
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unknown parameters: lz +, f~ - and K::., both real and imaginary parts. Notice that K::. is 

treated here as an unknown that can be found from the optimization routine. K: can be 

also computed from the uniform transmission line analysis presented earlier. Comparison 

of the two approaches were conducted and they show an excellent agreement. A strength 

of this theory is that it doesn't require the knowledge of K::. on the feed transmission lines 

to solve the discontinuity problem. From the information obtained by the L-BFGS-B 

routine, the voltage reflection coefficient for the input port, Cn, is computed as: 

( 4.264) 

where d.,.ef is the reference plane distance. 

Scattering and Impedance Matrices 

For a one port discontinuity, the scattering parameter, S11 is given by the reflection 

coefficient of equation 4.264. For a symmetric two-port geometry, two excitations are 

required: an even excitation and an odd excitation. For an even excitation, the gap 

generators of 4.257 are equal to one on both ends, and zero everywhere else on the met­

alization. For an even excitation, the gap generator of 4.257 is equal to 1 at one end and 

to -1 at the other end, and zero everywhere else on the metalization. Using these two 

different excitations, two different reflection coefficients are computed: r in even and rin odd. 

The matrL"'<: elements, and the LU-Decomposed matrix are computed only once. Only the 

excitation vector is changed and then multiplied with the same inverse matrix. Using 

fin wen and rin odd, the normalized input impedance for the even and odd excitation are 

derived from: 
even 1 + rin even ( ) 

Zin = 1 - fin even 4.265 

odd 1 + rin odd 
Zin = odd ( 4.266) 

1-rin 

From microwave circuit theory, and considering a. two-port network symmetric impedance 

matrix representation, the following relationship between the impedance matrix elements, 

Zu and Z12, and Zin wen and Zin odd. are obtained: 

Z even+~ odd Z _ in "'in 
11 - 2 (4.267) 
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Z . even _ z· odd 

Z 
in in 

12 = 
2 

( 4.268) 

The scattering matrix, [ S], is related to the impedance matrix,[ Z] through 

( 4.269) 

where [U] is the unitary matrix. In an explicit form, the above equation can be written 

as 

( 4.270) 

which leads to the following relations between the Impedance matrix elements and the 

scattering matrix elements. 

Zu 2 
- Z12 2 

- 1 
S11 = S22 = --2---2----­

Z11 - Z12 + 2Z11 + 1 

2Z12 
S12 = S21 = 2 2 • 

Z11 - Z12 + 2Z11 + 1 

( 4.271) 

( 4.272) 

Both these representations are utilized in the forthcoming study. The impedance matrix 

representation is used to obtain more accurate parameters for the ,r equivalent circuit of 

Figure 2. 7. This equivalent circuit models the optically excited series gap discontinuity. 

The effect of the optical excitation on the transmission coefficient of the gap being illu­

minated is studied by examining S12 and the return loss of the switch is examined by 

considering S11. 

Convergence Considerations 

Detailed convergence and verification studies were conducted in [169} for the same theory 

but for the special case of a two layered substrate. These were also conducted in (168) for 

a closely related analysis. As argued earlier, the same convergence considerations remain 

valid for the case of N layers of dielectrics. These criteria were tested a.nd verified for the 

N layers case during the course of this research on numerous cases. 
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The convergence criterion for a uniform line is simple and depends only on the line 

width and the shielding guide dimensions. This criterion is given in 4.195. For disconti­

nuity analysis, the convergence criteria depend on the modal summation limits M and N, 

the subsection highest indices P and Q, the cavity dimensions a, b and c, the subsection 

lengths l:. and Ly, and the subsection wavenumbers hy and h:::. 

These convergence criteria can be summarized as follows: 

1. The dimensions of the enclosing cavity must be such that its lowest cut-off frequency 

is higher than the highest frequency with which the discontinuity is excited. Oth­

erwise, if the cavity were to resonate to a certain frequency, coupling could occur 

between the microstrip circuit and the resonant cavity. 

2. choosing the subsection wavenumbers hy and h::: to be approximately equal to the 

phase constant of the microstrip feed lines yield the best results. This is based on 

extensive numerical testing carried out in [168]. 

3. To guarantee convergent accurate results, and due to the nature of the overlapping 

sinusoidal basis functions, the maximum value for the subsection lengths l::: and Ly 

is governed by 

( 4.273) 

4. Based on computing experience, the relationship between the modal summation 

limits M and N, and the subsection highest indices P and Q should be such that 

M ~ 1.25P and N ~ l.25Q . ( 4.274) 

This minimum summation criterion was also observed with other studies of shielded 

microstrip such as [174] and [221]. 

5. For accurate results, the values of ly and lz should satisfy the following upper and 

lower bounds: 

Ag < l l < ,\s 
175 - 11 ' z - 25 ' (4.275) 
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where A9 is the guided wavelength. If ly and lz are greater than ~' inaccurate results 

for the current distribution are obtained since there aren't enough sampling points 

per wavelength. If ly , l::. are smaller than #s, inaccurate results for the current 

distribution are again obtained. Thls time, the source of error is that the adjacent 

matrix elements of 4.251 have very close values, leading to a reduced numerical 

accuracy when computing the matrix inverse. This criterion is not absolute, but 

recommended. 

These criteria were tested and followed closely for all the studies conducted in this research. 

A Series Gap Discontinuity Analysis 

In this section, a sample test case is presented to demonstrate the theory developed 

for the discontinuity analysis. As an example of a discontinuity, a series gap is considered. 

Such series gap is the proposed topology of optically controlled microstrip switch to be 

studied in chapter six. 

Figure 4.35 depicts the frequency dependence of the normalized propagation constant 

-!; for a transmission line of width W = 0.5 mm and a silicon substrate of thickness 0.4 mm 

and relative permittivity Er= 12. It is assumed that this is the topology of a microstrip line 

to be used for an optically controlled switch. An optical excitation power level that leads 

to an effective resistivity p = 1.2 n - m for a thickness of 0.2 mm in the upper half of the 

substrate is assumed. The shielding rectangular waveguide dimensions are a= 6 mm and 

b= 1.5 mm. The cut-off frequency for the shielding guide is ~ 25 GHz. Computations 

were conducted using two values for M: M =2200 modes and M = 5000 modes. The 

two results fully overlap. These curves are obtained using the dispersion analysis for a 

continuous transmission line developed in this thesis. The attenuation constant a versus 

frequency f for this transmission line is shown in Figure 4.36. 

The discontinuity analysis developed in this thesis is utilized to study a series gap of 

length 0.1 mm in this transmission line. The matrix elements of equation 4.251 are evalu­

ated using the method of moments (MOM). The MOM Computation is conducted using 
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4.8 
Normalized Propagation Contstant -f; versus frequency J. 

p = 1.2 n-m, M = 2200 -
p = 1.2 n-m, M = 5000 
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Figure 4.35: The normalized propagation constant !; versus frequency f [GHz] for a trans­

mission line of width W = 0.5 mm, and a silicon substrate ( e,.=12) of thickness 0.4 mm. It is 

assumed that optical excitation leads to an effective resistivity, p = 1.2 n - m for a thickness 

of 0.2 mm in the upper half of the substrate. Shield dimensions: a = 6 mm, and b= 1.5 

mm. Computation conducted using M =2200 and 5000 modes. 
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Attenuation Contstant Q'. versus frequency /. 
30.0 -------.--------,------.----..---------,.-----, 

15.0 

10.0 

p = 1.2 il-m, M=2200 -
p = 1.2 11-m, M=5000 

5.0 _____ ___._ ___ _._ ___ ....__ ___ ....._ __ ___., ___ _, 
0.0 10.0 20.0 30.0 40.0 50.0 60.0 

frequency [GHz] 

206 

Figure 4.36: The attenuation constant, a, versus frequency, f [GHz], for the transmission 

line with parameters as per Fig. 4.35 
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Comparison of /3 obtained via MOM and Dispersion Analysis 
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Figure 4.37: Comparison of propagation constant /3 obtained via the Method of Moments 

(MOM) to that obtained via direct dispersion analysis computation, versus frequency / 

[GHz], for the transmission line described in Fig 4.35. MOM Computation conducted us­

ing MxN =300x300 modes. Parameter extraction obtained using curve fitting to 85 sampling 

points. 
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Comparison of a: obtained via MOM and Direct Computation. 
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Figure 4.38: Comparison of the attenuation constant a obtained via the Method of Moments 

(MOM) and that obtained via direct dispersion analysis computation versus frequency, f (GHz]. 

All parameters are as per Fig 4.35. 
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Re l::(z) and Im l::(z) versus frequencyJ. 
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Figure 4.39: Axial current, 1::(z), versus z at f= 9 GHz for an even excitation of a series gap 

of length 0.1 mm. All parameters as per Fig. 4.35 
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kl= 300 and N =300 for a cavity of length c =20 mm, with subsection discretization of P 

= 3 and Q ==200. These dimensions and parameters lead to Ly = lz =0.1 mm. hy and hz 

were chosen to approximately match the propagation constant computed in Figure 4.35. 

Hence, all convergence criteria were met. Using even and odd excitation, as described 

earlier, two distinct current distributions are obtained. Those current distributions are 

curve-fitted to a transmission line model, where incident and reflected currents are ex­

tracted, along with a value for {3 and a. These parameters derived from the transmission 

line model are used, as explained earlier, to characterize the gap in the form of a scattering 

matrix or an impedance matrix. Parameter extraction was obtained using curve fitting 

to 85 sampling points utilizing the L-BFGS-B optimization routine. 

The propagation constant /3 obtained via the method of moments (MOM) from the 

discontinuity analysis is compared to that obtained using the dispersion analysis devel­

oped in this thesis with excellent agreement at lower frequencies and good agreement at 

higher frequencies ( within 7%) The comparison for the attenuation constant a is shown 

in Figure 4.38. Discrepencies are due to difference in model between an infinite uniform 

transmission line and a short segment of that line enclosed in a cavity. 

A typical axial current distribution /z( z) along the propagation direction z at f = 
9 GHz for the given transmission line with a series gap of length 0.1 mm is shown in 

Figure 4.39 for the case of even excitation. The real component of the current is the one 

associated with the loss in the transmission line. For a lossless transmission line, the axial 

current is 90° out of phase with the excitation. 

The magnitude of the scattering matrix elements, S11 and S12 , versus frequency is 

shown in Figure 4.40 for the given series gap. The phase of S11 and S12 versus frequency 

is depicted in Figure 4.41. This structure is symmetric. Alternatively, the impedance 

matrix elements z11 and z12 versus frequency for this structure are depicted in Figures 4.42 

and 4.43. The real components of the impedance matrix are associated with the loss in 

the transmission line. For a lossless transmission line, the impedance matrix elements are 

imaginary. For these results, the reference planes on both sides of the discontinuity are 
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placed at a distance of a quarter wavelength from the center of the discontinuity. 

4.5 Conclusion 

In this chapter, a rigorous theory for analyzing shielded transmission line structures and 

their discontinuities was developed. The present analysis can model multi-layered lossy 

substrates and multi-conductor structures. 

The formulation utilizes the concepts of the Green's function in the space domain and 

the principle of scattering superposition to obtain the propagation characteristics. For 

a uniform microstrip line, the general shape of the current distribution is known, and is 

deployed in the EFIE to obtain the dispersion equation. In doing so, the computationally 

expensive step of using the Method of Moments (MOM) is avoided. The dispersion rela­

tion is a complex equation of complex roots. Complex root searching is conducted using 

Muller method and the roots of the dispersion equation are obtained. These are the com­

plex propagation constants for the microstrip propagating modes. Once the propagation 

constant is known, the fields of the transmission line propagating mode are obtained, and 

are used to compute the line characteristic impedance through a power/ current relation­

ship. Samples of the results obtained using this method were presented. 

To analyze a discontinuity, the unknown surface current maintained on the microstrip 

discontinuity is expanded in terms of basis functions. The electric field components in the 

plane of the discontinuity region are then written in terms of the current. Imposing the 

condition that the component of the electric fields tangential to the metalization is zero, 

(Etan=O), yields an integral equation known as the Electric field integral equation (EFIE). 

The moment method is applied to the EFIE to obtain a system of linear equations. An 

LU-Decomposition routine is deployed in order to obtain the matrix inverse. The elements 

of this matrix are complex in general. For a. given voltage excitation of the discontinuity, 

a current distribution profile can be obtained. To obtain the discontinuity characteristics, 

this current distribution profile is fitted to transmission line current model. This curve 
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Figure 4.40: The scattering matrix elements S11 and S12 versus frequency, f [GHz]. All 

parameters are as per Fig 4.35. 
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Phase of S11 and S12 versus frequency /. 
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Figure 4.41: The phase of S11 and S12 versus frequency / [GHz]. All parameters are as per 

Fig 4.35. 
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Re Z11 and Im Z11 versus frequency /. 
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Figure 4.42: The impedance matrix element zu versus frequency f (GHz). All parameters are 

as per Fig 4.35. 
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Rez12 and / m Z12 versus frequency /. 
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Figure 4.43: The impedance matrix element z12 versus frequency f [GHz]. All parameters are 

as per Fig 4.35. 
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fitting is used for the extraction of the incident and reflected current amplitudes at the 

discontinuity, as well as the complex propagation constant. The computer optimization 

code L-BFGS-B was used for the curve-fitting task. Using a 2-port network representation, 

the incident and reflected currents are used to compute the scattering matrix and the 

impedance matrix representing the discontinuity. 

The obtained semi-analytical expressions were developed into computer codes, and 

were used to conduct accurate modeling of a variety of structures. The validity and 

accuracy of this method was established through comparison with other published data 

for a wide range of structures. Convergence consideration and criteria were outlined and 

verified. 

In Chapter Five, the above analyses are used to conduct accurate modeling of a series 

gap discontinuity in the microstrip line. This series gap is a model of the microwave 

switch. The gap transmission behavior is studied for varied substrate conductivity, gap 

separations, and frequency ranges. The substrate conductivity represents the effect of 

photo-excitation generated by the optical control element. The current approach of mod­

eling optically controlled microwave switches using equivalent circuit models based on 

quasi-TEM assumptions is assessed and compared to the more accurate Green's function 

formulation. The domain of validity of these simplified models is defined. 



Chapter 5 

Overall Device Performance 

Characteristics 

5.1 Introduction 

In this chapter, a detailed design of an integrated optically switched microstrip gap is 

conducted. The design procedure goes through all the necessary steps to design the 

optical and microwave sections of the device. 

In the previous chapters, a systematic knowledge base for the technology of optical 

guided wave control of microwave devices was developed. As shown, a theory for the 

accurate modeling of the microstrip switch was developed. The switch is a series gap in 

a microstrip line on top of several layers of lossy substrate materials. The entire device 

is enclosed in a shielding cavity. This theory was presented in Chapter 4, along with its 

verification and convergence studies. This tool is used here to model the microstrip circuit 

behavior under optical excitation. 

Modeling the optical power propagation in the structure was presented in Chapter 

3. The algorithm presented in Chapter 3 is used in this chapter to compute the modal 

fields that can propagate in such a highly lossy optical structure. Simulation tools such as 

217 
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the Vector Finite Difference Time Domain (VFDTD) and the Vector Beam Propagation 

Method (VBPM) were applied to the optical propagation problem. The modeling issues 

related to the optical guiding system and optical absorption were discussed in chapter 3. 

The application of the theories and tools of chapters 3 and 4 makes it possible to accu­

rately model the proposed integrated device, subject to the design issues and requirements 

discussed in chapter 3. 

In what follows, an optical guided-wave controlled microwave switch will be character­

ized quantitatively and accurately. The first step in this process is to design the microwave 

structure in terms of various substrate layers and parameters with due consideration to 

the optical guiding system buried in the substrate. The propagation characteristics of the 

transmission line under different substrate conductivities will be computed. These lead 

to the choice of a microstrip mode of operation that helps minimize the optical power 

requfred to achieve the desired switching. The choice of the mode of operation of the 

transmission line ensures a spatially limited microwave signal that can be switched with 

a much reduced optical power requirement. 

Next, a gap in the microstrip metalization will be considered. The optically generated 

carriers in the substrate leads to a change in the substrate conductivity and to a certain 

switching behavior for the microwave gap. The effect of various parameters such as the gap 

length, the operating frequency, and substrate conductivity on the switching performance 

of this device is studied. 

Earlier studies in this area were conducted using approximate models and utilized only 

bulk illumination techniques. The present work is pioneering in two aspects: in terms of 

considering the integrated device, and in terms of conducting an accurate and in-depth 

modeling approach. The present work also addresses some practical aspects of th,~ device 

fabrication technology and incorporates that into the electromagnetic model. 

Using the developed accurate model, the conventional approach of modeling optically 

controlled microwave switches using quasi-TEM assumptions is assessed and compared to 

the more accurate Green's function formulation. The domain of validity of these simpli-
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fied models is defined. It is established that the quasi-static models are only valid at low 

frequencies, and for very high optical injection levels. These two conditions ensure that an 

optically illuminated gap will have a resistivity which is much smaller than the accompa­

nying shunt capacitances. For practical optical excitation levels at higher frequencies, ef­

fects of these capacitances become significant, and the more accurate frequency-dependent 

modeling approach of this thesis becomes necessary. 

5.2 The Device Structure 
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Figure 5.1: A schematic cross-section of an optical guided wave controlled microwave switch 

showing all the substrate layers. 
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Figure 5.1 show a schematic cross-section of proposed device structure: a microstrip 

transmission line comprised of a ground plane and a top metal strip situated above a 

multi-layered substrate. Normally, gold is used for these metallic strips. Just below the 

metalization, a thin oxide layer is grown. This layer is denoted by layer 1 in Figure 

5.1. Normally, a semiconductor surface will be oxidized during the fabrication process to 

prevent the self oxidation of the surface, known as the native oxide. The native oxide 

grows in a non-uniform manner whose characteristics are unreliable. Also, the adhesion 

between the native oxide and the layer above it can be very weak. To avoid the growth of 

a native oxide, a uniform oxide layer is grown on top of the semiconductor as a part of any 

standard fabrication technology. The depth is this layer is usually chosen in the 1-20 µm 

range. Thinner oxide thicknesses are also possible, as long as they prevent the irregular 

self-oxidation of the semiconductor surface. It is advantageous for the proposed devices 

to make this layer as thin as possible. This maximizes the interaction of the optically­

generated carriers in the semiconductor region with the microwave fields, as it brings the 

semiconductor region closer to the metalization. In the forthcoming analysis, the width 

of this oxide layer is set to 1 µm. Previous studies of free-space optical illumination of 

microstrip gaps such as [13] [89] [22] ignore this layer alltogether. The modeling of the 

switch in these studies assumes the metallic strip to be right above the semiconductor 

substrate. Hence, the mathematical model obtained projects a photo-generated conduc­

tance whose magnitude is more than an order of magnitude higher than the measured 

one. This is attributed to a variety of reasons that were discussed in chapters 2 and 3, 

along with the fact that it is impossible to realize this metal-semiconductor arrangement 

without the intermediate oxide layer. 

In Figure 5.1, region 3 is the semiconductor layer, where optical energy is absorbed. 

Region 2 is the depletion region that forms at an insulator-semiconductor interface. The 

effect of this layer on the transmission characteristics of MIS structures have been dis­

cussed in chapter 4. Again, earlier studies ignored such an effect, despite its prominent 

effect on the propagation characteristics. For the study presented in this chapter, the 

width of this layer was calculated to be around lµm or less as explained in the following 
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I Material 11,\= 1.ss µm I ,\= 0.83 µm j f = 20 GHz 

Silicon (Si) 3.4 764 -j l.07x10-9 3.6810 -j 0.006 3.3701 -j l.40x10-3 

Si02 ( Glass) 1.4440 -j 0 1.4529 -j 0 1.5500 -j 7.96x10-3 

Si02 (Type a,Crystal) 1.5277 -jO 1.5377 - j 0 2.1063 -j 7.96xl0-4 

Gallium Arsenide GaA.s 3.3737- j 0 3.6660 -j 0.0789 3.587- j 1.0lxl0-3 

Gold (Au) 0.5590 -j 11.5 0.188 -j 5.39 a-=4.098x107U /m 

Table 5.1: Complex refractive index of silicon, silica, GaAs and gold at the optical and 

microwave frequencies of interest. 

section. 

The layers denoted by 4, 5 and 6 in Figure 5.1 are designed in such a way that the 

refractive index of each layer is slightly different to realize an optical waveguide whose 

core is layer 5. Optical energy is propagated in the lower guide where it couples into the 

absorbing layer (region 3) just below the gap. The width oflayer 4 dictates the strength of 

the coupling between the two guides, which in turn dictates the photo-generated carrier 

profile in the gap region. These issues were discussed in Chapter 3. The rest of the 

substrate (layer 7) is a low loss dielectric. The study presented here assumes a silica­

silicon system. Alternate designs can use Ga.4s-based structures which have an inherent 

high switching speed. GaAs has a much smaller minority carrier life time than crystalline 

silicon, and hence it has faster recombination and faster switching performance. Means 

to enhance the speed of response in silicon a.nd other materials were discussed in detail 

in chapter 2. 

Table 5.1 lists the complex refractive index of silicon (Si) ,silica (Si02), gallium ar­

senide ( GaA.s) a.nd gold at the optical and microwave frequencies of interest. These data 

were obtained from [242]. The band gap of silicon is 1.124 eV at 300°K. The wavelength 

of a 1.124 eV quantum is 1.1 µm. The band gap of GaAs is 1.424 eV at 300°K. The wave­

length of a 1.424 eV quantum is 0.87 µ,m [24]. Incident optical energy with a wavelength 
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Layer Material Width (µm) n at..\= 0.83 µm n at f = 20 GHz 

1 SiO2 1.0 1.4529 -j 0 1.5500 -j 7 .96x1Q-3 

2 Si-Dep.Reg. 0.1-1.0 3.6810 -j 0 3.3701 -j 0 

3 Si 1.0 3.6810 -j 0.006 3.3701 -j n,. 
II 

4 Si [low-loss] 0.1-1.0 3.6700 -j 0 3.3600 -j 7.96x10-4 

5 Si [low-loss] 1.0 3.6810 -j 0 3.3701 -j 7.96x10-4 

6 Si [low-loss] 5.0 3.6700 -j 0 3.3600 -j 7.96x10-4 

7 SiO2 300.0 1.4529 -j 0 1.5500 -j 7.96x10-3 

Table 5.2: The Width and Complex Refractive Index of All The Layers Comprising The 

Substrate of The Proposed Structure. 

shorter than 1.1 JLm is absorbed in silicon, and those with a wavelength shorter than 0.87 

µm are absorbed in GaAs. Here, an incident optical energy of a wavelength A= 0.83 µm 

is assumed throughout. Vital data about these materials are listed in table 5.1. 

5.3 Optimized Transmission Line Design 

The widths of all the layers comprising the substrate of the structure depicted in Figure 5.1 

along with their refractive indices at the optical and microwave frequencies of interest are 

shown in table 5.2. The imaginary part of the refractive index of layer 3 in the microwave 

frequency range n,." is variable depending on the level of optical excitation. The imaginary 

component of the the refractive indices of the other layers at the microwave frequeii.cies 

amounts to a microwave signal attenuation ofless than 0.005 dB/mm and hence is ignored. 

Further, gold microstrip conductor losses for a line of width 500 µmis 0.01 dB/mm at 1 

GHz and reduces at higher frequencies [225]. Hence, the microstrip line is assumed to be 

made of a. perfect conductor. 

The choice of these dimensions were deduced based on several design considerations. 
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The width of the oxide layer (layer 1) is assumed here to be 1 µm. The width of the oxide 

layer was minimized in order to maximize the interaction between the optically-generated 

carriers in the semiconductor region and the microwave signal. This is achieved by placing 

the semiconductor region in a close proximity to the metallic strip. Oxide layers of less 

than 1 µm are also possible. 

The depletion region (region 2) width was computed using the expressions presented in 

Chapter 4 assuming microwave signal levels around lV. For silicon, using equation 4.196, 

the depletion region thickness is ~ 2
~ 1, where <Tis the photo-generated conductivity in 

region 3. A width of 1 µm is the worst case value given the conductivity level requirement 

of these switches. The values of these conductivity levels are discussed later in this section. 

The width of the optical guide of region 3 was chosen based on the following justifica­

tion. The design objective is to minimize the optical power required to obtain the desired 

switching feature. By limiting the spatial extent of the microwave fields to a small depth, 

only a moderate optical power level is required to provide a high photo-generated carrier 

density within this depth. For a thin layer 3 with a high photo-generated carrier density, 

and hence high optically-induced conductivity, the mode of propagation of the microwave 

signal in the proposed switch is designed to be the skin-effect mode. This can be deduced 

from the figures of merit presented in chapter 4 ( section 4.4.4 ). 

For this mode of operation, and as explained in chapter 4, the microwave fields will be 

essentially localized in regions 1 and 2 only and shielded from the rest of the substrate, as 

the highly conductive region of layer 3 acts as a conducting ground plane. For comparison, 

the Quasi-TEM mode of operation, where the microwave fields extends throughout the 

substrate, would require a much higher optical energy levels to achieve a photo-generated 

carrier density capable of realizing the proposed switching. For the skin-effect mode, how­

ever, a photo-absorbing layer of width 1 µm is sufficient to achieve the desired switching. 

Table 5.3 shows the effect of varying the conductivity <T of layer 3 on the mode of operation 

of the transmission line. 

As shown in this table, for conductivities higher than 1000 U/m, and for the above 
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I u [U/m] II 1.0 10.0 100.0 1000.0 16700.0 

le [GHz] 1.327 13.266 132.66 1326.6 8887.9 

/. [GHz] 0.028 0.281 2.806 28.06 188.0 

/d [GHz] 2748.0 274.8 27.48 2.7 0.41 

lo [GHz] 0.028 0.281 2.627 3.539 0.613 

Slow Wave Mode J ::;0.01 f :50.10 f :50.8 f :51.0 f :50.2 

Quasi-TEM Mode f 22.0 f 220.0 4s; f :527 1~ / ~ 2.7 0.2 ::; / ::;o.6 

Skin Effect Mode - - /2 100 f 2 10 f 2 1.6 

Table 5.3: The Effect of varying the conductivity u of layer 3 on the mode of operation of 

the transmission line. 

noted dimensions, the device is operated in the skin effect mode of operation, for all 

frequencies of interest, i.e. those in excess of 10 GHz. This conductivity level is quite 

reasonable given the limited width of region 3. The ability to limit optical field extent is 

one of the major strengths of the proposed optical guided-wave device. 

Having decided on the conductivity level required for the optimum operation of the 

device, we proceed to compute the optical energy requirement. The conductivity u of 

layer 3 in Figure 5.1 is proportional to the number of photo-generated carriers n and is 

given by 

u = neµ, (5.1) 

where µ is the carrier mobility, and e is the electron charge. In turn, the number of 

photo-generated carriers is related to the absorbed optical power Pab, given by 

he 
Pab, = n V h v = ( n * V)-;-- , 

Aopt 
(5.2) 

where his Planck's constant, v is the optical frequency, V is the volume of the gap region, 

c is the speed of light, and Aopt is the optical wavelength. Hence, the conductivity u is 
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related to the optical power absorbed by 

(5.3) 

Hence, the imaginary part of the refractive index of layer 3 is given by 

(5.4) 

where Wmic is the microwave radian frequency. For silicon, the hole mobility µ = 505 

cm2 /V-s at 300 K. At an incident optical wavelength of 0.83 µm, each lµwatt of absorbed 

optical power in the volume of the gap yields a change of conductivity of 6.7558xl03 U/m 

(p= l.48x10-4 ). Typical gap dimensions are a length of 100-1000 µm in a 500 µm-wide 

transmission line whereas the depth of the optical field is I µm. Hence the gap volume 

is ~ 5xl0-14 

- 5x10-13m 3

. The overall change in the resistance of the gap, due to a 

lµ W of absorbed optical power reduces this resistance to 0.3 n for a 100 µm long gap, 

and 3.0 n for a 1000 µm long gap. The characteristic impedance of a line of width 500 

µm on top of the substrate characterized above is about 30 n in the frequency ranges 

of interest, as discussed later. This makes the gap almost a short circuit under optical 

excitation conditions as those described above. For comparison, convertional devices have 

an interaction depth¼= 125 µm, which increases the amount of optical power requirement 

by two orders of magnitude [89]. 

5.4 Optical System Design 

Design of the optical component of the device was conducted using VBPM and 

VFDTD. VBPM is less computationally demanding than VFDTD and was used to sim­

ulate longer sections of the device. VFDTD was used to confirm the obtained results for 

shorter simulation lengths. The input field profile and effective index were computed us­

ing the algorithm presented in Chapter 3 and then supplied to these numerical simulators. 

The simulator used is a two-dimensional (2D) one. As discussed earlier, the width of the 
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Figure 5.2: The optical field distribution along the transverse direction for the optical system 

whose parameters are depicted in table 5.2. Here a silicon absorbing layer of width 1 µm and 

an index 3.6810 -j 6x10-3 is assumed. The separation between the guides is 0.5 µm. Optical 

energy is launched into the lossless (lower) guide. 

optical wave-guide in the direction normal to the axial-transverse ( z - :i:) plane is several 

hundreds of optical wavelengths, and hence a 2D optical simulation is quite adequate. 

This is dictated by the width of the microstrip line itself, here chosen to be 500 µm wide. 

The input field profile and effective index were computed using the algorithm presented 

in Chapter 3 and then supplied to these numerical simulators. As discussed earlier, the 

boundary conditions at the edges of the simulation window assimilates that of a metallic 

conductor. This is actually useful for this study since the optical waveguide system is 

the substrate of the microstrip line. Hence, the top metalization and the bottom ground 

plane are conveniently modeled by these boundary conditions. Normally, the simulation 

window has to be chosen wide enough to minimize the effect of the boundary conditions 

of the simulation window. Being unconstrained by this condition, the moderate size of the 

simulation window allows for running simulations that are less computationally expensive. 

The simulations assume an incident TE mode, which is less prone to attenuation due 
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Figure ,5.3: The optical field distribution along the transverse direction for the optical system 

whose parameters are depicted in table 5.2. Here a silicon absorbing layer of width 1 µm and 

an index 3.6810 -j 6x10-3 is assumed. The separation between the guides is 0.3 µm. Optical 

energy is launched into the lossless (lower) guide. 
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Figure 5.4: The variation of the field amplitudes along the axial direction in the launching 

guide for the optical system whose parameters are depicted in table 5.2, for different guide 

separations t. 

to proximity with metallic surface [121]. Guides comprising the directional coupler are 

single mode guides at the optical wavelength of interest. 

The optical field distribution along the transverse direction for the case where sepa­

ration between the guides is 0.5 µm is shown in figure .5.2. All design parameters are 

shown in table 5.2. Here the optical energy is launched into the lower lossless guide, 

and is coupled and absorbed gradually in the upper semiconductor guide. The optical 

field distribution along the transverse direction for the case where separation between the 

guides is 0.3 µm is shown in figure 5.3. 

The objective of the design of the coupling system is to obtain the kind of approxi­

mately uniform distribution of photo-generated carriers within the gap as that described 

in Chapter 3. As explained, the carrier distribution profile is the same as that of the opti­

cal energy absorbed. The amount of optical energy coupled into the lossy guide is used to 

adjust this profile. The width of layer 4 dictates the strength of the coupling between the 

two guides, which in turn dictates the photo-generated carrier profile in the gap region. 
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Figure 5.5: The axial variation of the absorbed optical power ( relative magnitude) for the 

optical system whose parameters are depicted in table 5.2, for different guide separations t. 

Depending on the gap width, the separation between the guides is adjusted accordingly 

in order to achieve a coupling length within which the carriers are evenly distributed. A 

longer gap require a weaker coupling. Simulations for different guide separations t are 

shown in Figure 5.4. The figure depicts the a.xial attenuation of the E11 field amplitude 

in the lossless guide as it propagates along the structure. The amount of optical energy 

absorbed in shown in Fig.5.5. For a strong coupling, the incident optical energy is mostly 

absorbed in a relatively short distance. As discussed in chapter 3, this may lead to a high 

local resistivity at the other end of the gap. 

The conductance D..G of a length D..z along the gap for a variety of gap separations tis 

shown in Figure 5.6 for the given structure. AG is computed using the formulae supplied 

in Chapter 3. The modeling approach of this thesis does not require the development of 

an equivalent circuit model with G being the effective gap conductance. AG is used here 

merely as a guideline to design the optimum separation t. The separation t is assumed 

optimum when the magnitude of AG does not drop to less than one half its original 
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Figure 5.6: The variation of the optically induced conductance aG (normalized magnitude) 

of a length Az along the axial direction for the optical system whose parameters are depicted 

in table 5.2, for different guide separations t. 
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I Gap length j Guide separation t I 
0.10 mm 0.30 µm 

0.20 mm 0.4Oµm 

0.40 mm 0.50 µm 

0.50 mm 0.60 µm 

Table 5.4: The optimum guide separation t for a given gap length for the proposed structure 

whose parameters are depicted in table 5.2. 

magnitude along the gap length, hence avoiding the situation of a "cold" area at the end 

of the gap, where the resistivity is high. From the results of Figure 5.6, table 5.4 is drawn 

up where an optimum separation t is suggested for various gap lengths. The specific gap 

length is designed depending on the frequency of operation of the switch, as discussed in 

the following section. 

5.5 Microwave Modeling and Switch Characteriza­

tion 

In this section, the frequency response of the device in the microwave frequency range 

is characterized, and based on this frequency response, a suitable gap length is chosen. 

The gap length is the only remaining parameter to be defined. 

First, the propagation characteristics of the microstrip line is analyzed. The complex 

propagation constant and the characteristic impedance of the microstrip feed lines are 

computed using the theory presented in Chapter 4. Figure 5. 7 depicts the effective index 

nef/ = -!; versus resistivity p(!l-m) at different frequencies for a transmission line of 

width 500 µm with the multi-layered substrate described in section 5.3. The figure shows 

the transmission line operating in the slow wave mode at f=0.1 GHz for all conductivity 
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Figure 5. 7: The effective index -f; versus resistivity p(O-m) at different frequencies for a 

transmission line of width 500 µm with the substrate described in section 5.3. 
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Figure 5.8: The attenuation a[,:!] versus p for a transmission line of width 500 µm with the 

substrate described in section 5.3. 
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Figure 5.9: The effective index t versus frequency / for a transmission line of width 500 µm 

with the substrate described in section 5.3. 
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Figure 5.10: Attenuation a,:! versus frequency / for a transmission line of width 500 µm 

with the substrate described in section 5.3. 
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Figure 5.11: The real component of the characteristic Impedance Re Zc {Oj versus frequency 

f for a transmission line of width 500 µm with the substrate described in section 5.3. 

levels. The slow wave mode is characterized by its high effective index. On the other 

hand, at p = 0.001 n-m (i.e. u = 1000 U/m), the device operates in the slow-wave 

mode at 0.1 GHz, in the Quasi-TEM mode at 2.6 GHz, and in the skin-effect mode at 

10 GHz as shown. This is in agreement with the calculations tabulated in table 5.3. The 

corresponding attenuation curves in dB/mm for the same transmission line are depicted 

in Figure 5.8. 

The frequency dependence of the normalized phase constant ( effective index) and at­

tenuation are depicted in Figures 5.9 and 5.10 for varied conductivities of the photo-excited 

regions. The anticipated operating frequency of these devices is at 20 GHz and beyond. 

At these frequencies, based on the criteria discussed earlier, the device is operating in the 

skin effect mode for a substrate conductivity u = 100 U/m, and higher. Within the por­

tion of the transmission line interacting with the photo-generated carriers, the microwave 

signal will suffer a loss of about 0.2 dB/mm at 20 GHz, as shown in Figure 5.8. 

Figures 5.11 and 5.12 depict the frequency dependence of the real and imaginary com-
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Figure 5.12: The imaginary component of the characteristic Impedance Im Zc [fl] versus 

frequency f for a transmission line of width 500 µm with the substrate described in section 

5.3. 
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ponents of the characteristic impedance Zc [!l]. The imaginary part of the characteristic 

impedance corresponds to the loss in the transmission line, and hence drops for higher 

frequencies. 

Figure 5.13 depicts variation of the magnitude of S11 with frequency J at different gap 

lengths varying from 0.0 to 0.5 mm when no optical excitation is applied. IS12I is shown in 

Figure 5. 14. The reference planes are located at a distance of 1 mm from each side of the 

gap. The gap length should be optimized for a given operating frequency of the switch. 

At this frequency, the gap is wide enough to yield an almost open circuit condition in the 

absence of optical excitation. On the other hand, this gap should not be wide enough to 

require excessive optical excitation for switching. 

Consider a switch operating at 20 GHz. At this frequency, the magnitude of S12 in 

the absence of optical excitation is 0.0154 which is sufficiently low to consider the switch 

practically OFF. At these conditions, almost all the incident microwave signal is reflected. 

The variation of the scattering matrix parameters with the gap width at / = 20 GHz for 

different conductivity levels were computed, and depicted in Figures 5.15 and 5.16. For 

the case where p = 0.01 f2-m, S12 is equal to 0.6366 for a gap length of 0.5 mm. In 

comparative terms, the extinction ratio ( the difference in power levels at the output side 

of the gap between the ON and OFF states) is 32.3 dB. The output power is 3.9 dBs 

below the input power. Under these conditions, S11 is equal to 0.6729. Hence, the return 

loss is about 3.4 dBs. 

Based on these numbers, a typical switch operating at 20 GHz with a series gap of 

0.5 mm width will have the above noted performance characteristics for a photo-induced 

conductivity of 100 U / m. 

5.6 Assessment of Quasi-TEM modeling Approxima­

tions 



OVERALL DEVICE PERFORMANCE CHARACTERISTICS 

I Su I Versus f In Absence of Optical Excitation For Different Gap Lengths 
I I 

1.200 -

0.800 .. 

!Sul 
0.600 ... 

0.400 ... 

0.200 .. 

I I 

!Sn , p = oo, d=0.5 mm -
-Su , p = oo, d=0.4 mm _ 

!Sq , p == oo, d=0.2 mm • • • • 
IS1}l,P = oo, d=0.1 mm -

iSul,P = oo, d=0.05 mm • • • 

. -

-

-

-

0.000 ____ .,._1 ___ __,1 _____ 1 ___ -1 ___ __ 

o.o 5.0 10.0 15.0 20.0 25.0 
frequency [GHz] 

237 

Figure 5.13: The magnitude of the scattering matrix element S11 versus frequency / of the 

proposed device for different gap widths, d. 
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Figure 5.14: The magnitude of the scattering matrix element S12 versus frequency / of the 

proposed device for different gap widths, d. 
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Figure 5.15: The magnitude of the scattering matrix element S11 versus gap length, G, 

[mm]. All parameters are as per table 5.2. 
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Figure 5.16: The magnitude of the scattering matrix element S12 versus gap length, G, 

[mm]. All parameters are as per table 5.2. 
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Figure 5.17: The magnitude of the scattering matrix elements, S11 and S12 of a gap of length 

0.1 mm, versus frequency, /, [GHz]. Optical excitation leads to an effective resistivity of 1.2 

U/m for a depth of 200 µm. Computation is obtained using the quasi-static approach of 

[104] and the theory developed in Chapter 4. The Green's function numerical computation 

is conducted using M = 300 and N =300 for a cavity of length c =20 mm, with subsection 

discretization of Pma.z = 300 and Qma.z =300. 
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Quasi-static modeling approximations have been traditionally used in studying free­

space optical control of microwaves (23](16] [17] [18] [15] (19] [20] (21]. This approach 

is valid essentially for low frequency operation of the device. In general, all quasi-TEM 

approaches are intended for low frequency analysis. Analytical and experimental results 

such as [23] for example assume a microwave operating frequency of 0.47 GHz. For this 

reason, a full-wave analysis such as the one developed in Chapter 4 is essential for the 

accurate modeling of these switches at higher frequencies. The multiple layer substrate 

feature of this analysis is of particular interest in the analysis of the device proposed in 

this thesis. Moreover, the operation of the proposed switch in the skin effect mode cannot 

be studied using a quasi-static model. 

Quasi-TEM analysis was used in the former studies coupled with the use of a lumped 

equivalent circuit representation of the gap whose elements are derived from the quasi­

TEM analysis. Chapter 2 described the conditions under which the lumped equivalent 

circuit model is valid (see section 2.5). The photoexcited region of the series gap in a 

microstrip line can be modeled by equivalent lumped circuit elements provided that these 

conditions are met: 

1. The operating microwave frequency is such that the microwave skin depth in the 

semiconductor 8 = ~ is much bigger tha.n !. where a is the radiation absorption 
y'..JµD Cl 

coefficient of the semiconductor. The quantity ¼ represents the depth of the active 

photoexcited region. In the device proposed herein, this condition is violated as the 

switch is operated in the skin-effect mode. This condition is valid in the Quasi-TEM 

mode of operation only, and is therefore tied to the validity of the TEM analysis. 

2. The operating microwave signal's wavelength, .\9, when propagating along the mi­

crostrip line must be much bigger than the length and width of the light spot size. 

This condition is violated for frequencies of operation in excess of~ 30 GHz, given 

the gap size of length 1mm. 

It follows that equivalent circuit modeling is not an accurate approach for the type of 
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devices proposed in this thesis nor for the high frequency operation of optically switched 

microstrip devices in general. In this thesis, a scattering matrix representation of the 

device performance was utilized. Moreover, the equivalent circuit model is good for mod­

eling the device in the OFF and the very high optical injection ON states only. Moderate 

excitation levels render the equivalent circuit model inaccurate, as it models the gap with 

a simple resistance whose magnitude is directly related to incident optical energy. 

Quasi-static models and equivalent circuit modeling are only accurate at low frequen­

cies, and for very high optical injection levels. These two conditions ensure that an 

optically illuminated gap will have a resistance which is much smaller than the shunt 

capacitive reactance as well as the line characteristic impedance. For moderate optical 

excitation levels at higher frequencies, effects of these capacitances become significant, 

and the more accurate frequency-dependent modeling becomes necessary. 

The following study was conducted to establish the domain of validity of the quasi­

static approximations. Consider a transmission line of width W = 0.5 mm and a silicon 

substrate of thickness 0.5 mm, with a series gap of width 0.1 mm. These values are typical 

to those stated in [95] and (23]. Using bulk optical illumination, the gap region is exposed 

to optical excitation, and light is absorbed in the substrate to an effective depth of ~ = 
200 µm, where a is the absorption coefficient of silicon of an incident light with A ~ 1 

µm. To model this substrate, it is assumed that the substrate is comprised of two layers, 

one with a relative permittivity e,.=12, resistivity p = 1.2 n - m and a thickness of 0.2 

mm, and beneath that, an insulating layer of a relative permittivity e,.=12. 

The discontinuity analysis developed in Chapter 4 is compared to the quasi-static 

approach for modeling the gap reported in [104]. The analysis developed in [104] is 

utilized to model the gap switching behavior in [95] and [23]. The numerical computation 

is conducted using M = 300 and N =300 for a cavity of length c =20 mm, with subsection 

discretization indices Pma:z: = 300 and Qm.a:z: =300. These dimensions and parameters lead 

to 111 = l% =0.1 mm. Ky and K, were chosen to approximately match the propagation 

constant for the structure [computed in Figure 4.35]. Hence, all convergence criteria were 
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met. These results are depicted in Figure 5.17. For these plots, the reference planes on 

both sides of the discontinuity were placed at a distance 1.05 mm from the center of the 

discontinuity. This is done to obtain the gap-only scattering matrix from the scattering 

matrix representing the entire transmission line. 

The quasi-TEM analysis shows a good agreement with the current Full-wave analysis 

up to about 10 GHz. At higher frequencies, quasi-TEM analysis becomes less accurate. 

It is concluded that for the range of frequencies in which the future generation of opti­

cally controlled microwave devices is expected to operate, quasi-TEM analysis is not an 

adequate modeling tool. 

5.7 Summary 

In this chapter, a detailed design of an integrated optically controlled rnicrostrip switch 

was conducted. Both the optical and microwave components of the device were considered. 

The tools presented in chapter 3 were utilized in analyzing the optical guiding system, 

and the theory developed in chapter 4 was utilized in analyzing the microwave device. 

The device was designed in terms of defining the various substrate layers' thicknesses 

and their refractive indices. The optical guiding system buried in this substrate was 

designed and analyzed. The microwave transmission line was characterized in terms of 

its frequency response and the propagation characteristics of the transmission line were 

computed. 

This transmission line analysis was utilized in determining the choice of dimensions 

of the microwave system to allow for operating the device in the skin-effect mode. This 

mode helps minimize the optical power requirement to achieve the desired switching. 

The discontinuity analysis of the device was used to compute the scattering matrix of 

the series gap constituting the microwave switch. The size of this gap is designed for a. 

given operating frequency of the switch. 
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Finally, an assessment of the conventional quasi-TEM modeling technique used in 

modeling optically controlled microwave switching was conducted and its limitations were 

pointed out. 



Chapter 6 

Conclusions and Suggestions for 

Future Work 

6.1 Contribution of This Thesis 

This thesis proposed and studied a future generation of optically controlled microwave 

devices. This future generation uses guided optical wave excitation in an integrated 

optical-microwave environment. 

The building block of these devices is an optically-controlled microwave switch utilizing 

a microstrip transmission line with a series gap. The optical signal is brought into the 

gap region using an optical waveguiding system buried in the semiconductor substrate of 

the microwave transmission line. Photo-generated carriers in the gap region produce a 

change in the transmission characteristics of the microstrip line. 

The bulk of this thesis was dedicated to developing an accurate model of the microwave 

component of the switch. To model the propagation characteristics and the microwave dis­

continuity, an analysis that utilizes spatial Green's functions formulations was developed. 

This analysis is capable of modeling continuous and discontinuous shielded microstrip 

multi-conductor transmission lines with lossy multi-layer substrates. The formulation 

246 
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utilized the concepts of the Green's function in the space domain and the principle of 

scattering superposition to obtain the propagation characteristics. The analysis was kept 

broad to allow for multi-layered substrates in which one or more of the layers are lossy. 

The Green's functions of the enclosing shielding structure along with the boundary 

condition imposed by the transmission line metalization yield a complex function repre­

senting the dispersion equation for the transmission line. This equation was solved using 

Muller Method to yield the unknown complex propagation constant, the characteristic 

impedance and the EM field patterns for the microwave signals propagated on the con­

tinuous microstrip transmission line. Samples of the results obtained using this method 

were presented. 

Using the method of moments (MOM) coupled with the electric field integral equation 

(EFIE), another formulation was developed to analyze the discontinuities in the transmis­

sion line. The MOM along with the EFIE, yield the current distribution on a transmission 

line with a certain discontinuity for a given excitation of the system. Using a curve fitting 

and optimization routine, the essential design and performance parameters are extracted 

from the current distribution and are used to compute the scattering ( [S]) matrix and 

Impedance ([Z]) matrix of the structure. 

The above analyses were developed into computer codes, and were used to conduct 

accurate modeling of a series gap discontinuity in the microstrip line. This series gap is 

a model of the microwave switch. The gap transmission behavior was studied for varied 

substrate conductivity, gap separations, and frequency ranges. The substrate conductivity 

represents the effect of photo-excitation generated by the optical control element. 

The optical component of the proposed devices was also studied. The optical power 

distribution within the microstrip gap region was accurately modeled using a Vector Beam 

Propagation Method (VBPM) and a Vector Finite Difference Time Domain (VFDTD) 

numerical simulators. Means to most effectively use the available optical power were stud­

ied. The optical guiding system proposed is an optical directional coupler. An iterative 

exact solution for the fields and effective index of the propagating optical power within 
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the structure was presented and utilized in computing the input optical excitation field 

profile for the noted numerical simulators. 

Further, using the developed accurate model, the current approach of modeling opti­

cally controlled microwave switches using equivalent circuit models based on quasi-TEM 

assumptions was assessed and compared to the more accurate Green's function formula­

tion. The domain of validity of these simplified models was defined. 

An important contribution of this thesis is that it considered all the design aspects of 

this device ranging from the optical and microwave aspects of it and spanning semiconduc­

tor properties and practical considerations of the fabrication technology to be employed 

in its fabrication. 

6.2 Conclusions 

The introduction of guided optical waves as a replacement of bulk optics creates an 

integrated version of optically controlled microwave devices. This integration advantage 

has the potential of enhancing the fabrication yield. This also leads to the improvement 

in the overall performance of the device. Unless an integrated version of these devices is 

available, the commercialization of these devices is not an easy task. This thesis proposed 

and studied an integrated optically controlled microwave device. 

More complex devices and systems and complicated control mechanisms could be 

implemented using guided wave optics. Examples of the proposed complex devices were 

presented. The availability of the optical energy in a guided format enables the design of 

these complex systems. Bulk optical control is not an adequate approach for controlling 

a multi-junction device. 

Most of the current work in the area utilize microwave devices that are not specifically 

designed or packaged for optical control. In these devices, the injection efficiency of an 

optical beam into that part of the device which is most sensitive to light and actually 

performs the control function is low a.nd usually unspecified. Several reasons could be 
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given for the low efficiency. First, the air-semiconductor interface constitutes a high 

refractive index discontinuity, which reflects a sizable portion of the incident light. Second, 

not all of the coupled energy is utilized effectively, because of metalization overshadowing 

and uneven distribution of the photo-generated carriers. These issues were addressed in 

this thesis. The proposed optical directional coupler provides for efficient optical energy 

coupling and utilization. Uniform optical illumination of the gap is possible through 

designing the optical directional coupler feeding the microstrip gap with light. 

The thesis also presents a model for the guided optical energy conversion into electronic 

plasma. The plasma distribution in space and its relation to the optical field distribution 

leads to suggesting specific guiding characteristics and optimized optical field distribution 

patterns that can be more effective in achieving the control function with less optical power 

and hence enhancing the device performance. Through guiding of optical energy, profiling 

of both the optical beam and the resulting plasma distribution is possible, which reduces 

optical losses, and reduces the optical energy requirement, among other advantages. 

This thesis also provided a more accurate and systematic analysis of these devices 

than the traditional approach. The traditional analysis approach of using quasi-static 

models are only valid at low frequencies, and for very high optical injection levels. These 

two conditions require that an optically illuminated gap will have a resistivity which is 

much smaller than the accompanying shunt capacitances. For moderate optical excitation 

levels and/or for higher frequencies, effects of these capacitances become significant, and 

the more accurate frequency-dependent modeling of this thesis becomes necessary. 

Further, previous models ignored several important effects such as the depletion layer 

at the semiconductor interface, and the surface oxide layer. This were included in the 

current analysis which makes it a more accurate model even for conventional bulk optics 

devices. 

The Quasi-TEM mode of operation by itseH is not the optimum mode of operation of 

these devices. Opera.ting these devices in the skin effect mode leads to a spatially limited 

microwave signal that can be effectively switched with much less optical power. This 
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mode of operation was utilized in the design of the simple optically controlled switch of 

chapter 5. 

6.3 Suggestions for Future Work 

Within the course of this thesis, an array of complex optical guided-wave controlled sys­

tems were presented. These systems, such as the optically controlled logic elements, are 

based on the m.icrostrip switch studied in this thesis. It is suggested that an accurate 

analysis of these devices be carried out. The present analysis serves as a complete study 

of the module used in building these complex devices. 

Further, exploring other topologies and layouts of the proposed integrated version of 

the switch may lead to other enhancements of the device performance. These include 

comparing different orientations of the optical waveguide with respect to the microstrip 

line as means of reducing optical losses, and as means of timing the time delay between 

successive optical excitations at different locations of an optically controlled system. These 

issues were discussed in chapter 3. 

MIS transmission lines can exhibit large changes in the phase constant when sub­

jected to optical excitation. Utilizing this optically induced phase change in an integrated 

environment may lead to numerous advantages. Transmission characteristics of uniform 

transmission lines can be efficiently controlled in that manner without resorting to discon­

tinuities in the line. The present study presents an ideal tool for exploring this approach 

as an alternative to optical guided wave control of microwave signals in discontinuities. 
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