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Abstruet-This paper presents an analysis of the fii iii. The spectmd-

domain technique is used to determine both wavelength and characteristic

irna~. Numer’i~ reatifi me compared with known data for ridged
waveguide sfab-loaded waveguidq and slotfine. Des@ eorves are pre-
sented for practicaf millimeter-wave fii fine structures.

I. INTRODUCTION

I N THE PAST several years, fin line has been increas-

ingly used as a medium for constructing millimeter

wave circuits [1 ]–[4]. Fig. 1 shows a cross-sectional view of

a fin line. The structure may be viewed as a slotline with a

shield, a ridged waveguide with dielectric or a slab loaded

waveguide with fins. A major attribute of the structure is

its comparability with rectangular waveguide and the ease

with which the fin pattern may be realized using printed

circuit techniques.

In practice, when fin lines are constructed, the dielectric

material is often allowed to pass through the broad wall of

the shield [1]. An additional dielectric spacer may be used

to provide complete dc isolation of one fin from the shield

to allow biasing of solid-state devices mounted between

the fins. In this case, the wall thickness is made equal to

one quarter of a wavelength thereby causing an RF short

circuit to appear between the fin and the inner wall of the

shield. Thus, a practical fin line will have electrical char-

acteristics similar to the idealized structure shown in Fig.

1.

Several recent papers [5]-[7] have described methods

for the determination of fin line wavelength and an ap-

proximate method for calculating characteristic imped-

ance is suggested in [1]. This paper presents an analysis of

fin line using the spectral domain technique. The analysis

covers both wavelength and characteristic impedance.

The paper first discusses the application of the spectral

domain technique to fin line. A new matrix approach to

the implementation of this method is described. Numeri-

cal results are then presented and compared with known

data for ridged waveguide, slab loaded waveguide, and

slotline. These comparisons establish the accuracy of the

numerical results and illustrate the applicability of the

method for the full range of structure parameters. It also

provides perspective on the substructures which result in
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the various limits. Finally, several families of design

curves are presented for a practical choice of fin-line

parameters.

II. FIN-LINE ANALYSIS

The analysis of various structures using the spectral-

domain technique has been discussed previously in several

papers by one of the authors as well as other researchers

[7]-[12]. Thus the application of the spectral-domain tech-

nique to the analysis of a fin line will be presented here in

an abbreviated fashion.

The fin line supports a hybrid field. All transverse field

components may be found from

E== k~~e(x,y)erz (la)

H== k~~~(x,y)erz (lb)

where the scalar potential functions @‘, @h satisfy the

Helmholtz equation, and we assume lossless propagation

so that y = kj~. Further

k~=kf–~2 (2)

with

k;= U2pici, i=l,2,3 (3)

for each of the three regions defined in Fig. 1. We will

assume here that c~= .s3= co and e2= toe,.

The second-order partial differential equations for the

unknown potentials ~‘, @h may be Fourier transformed

with respect to x to obtain ordinary differential equations.

When this is done and boundary conditions at the shield

walls are applied, we obtain the solutions

Q;(a.,y) =A ‘(a.)sinhyl(D + kl ‘Y) (4a)

@;(an,y) = Be(a.)sinhy2y + C’(an)coshyzy (4b)

@$(fX.,J~)= De(a.)sinhy3(h2+y) (4C)

@~(a.,y) =A ~(a.)coshyl(D + h, –Y) (4d)

@~(a.,y) = Bk(a.)sinhy2y + Ch(an)coshyzy (4e)

o~(a.,y) = D*(a.)coshys(hz+~) (4f)

where

Y,2= a; – k; (5)

and

[

n2~/b, @h even (6a)

an= (2n-1)~, r$h odd “ (6b)
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Fig. 1. Cross-sectional view of a fin line.

Through the application of boundary conditions at y = O

and y = D, the eight coefficients A e through D h may be

related to each other, to the fin surface current, j(x), and

to the slot field e(x). The resulting set of linear equations

(really a set of transformed boundary equations) may be

written in matrix form as follows:
. .

0

[II]A’ o

[m.] :’ = ; (7a)

Dh ~x
z

o

H:]A’ o

[’%1 :’ = : (7b)

$.
Dh

$.

where &i (a.) is the transform of the slot field and $-i(an) is

the transform of the current. The matrices [%6] and [~]

differ in only the last two rows. Each is a square 8X 8

matrix. Using (7a) and (7b), we may write

1111
0 0
0 0

[9R$][9L=’] : = : . (8)

&x %X

G= $=

From (8), using the four elements in the lower right-hand

corner of the matrix [W@?IR; 1], we obtain

(9)

where the 2 x 2 matrix [!2 ] is the transform of the dyadic

Green’s function for this structure.

Previously, (9) has been obtained by extensive algebraic

manipulation of the boundary equations. In the approach

described here, the matrices (7) are defined directly from

the boundary equations and (9) is arrived at by numerical

computation. There is some sacrifice in numerical

efficiency, but the formulation of the problem is more

straightforward.

Equation (9) is exact, no approximations having been

made so far. A solution to (9) is obtained using the

Method of Moments as discussed elsewhere [7]–[ 12]. For

this problem, we have chosen to approximate the field

between the fins as

(1,
eX(x) =

IXI < w/2

o, elsewhere
(lOa)

e== O. (lOb)

This choice has been shown to give accurate results for

slotlines with W/D< 2 [11], and for dielectric-loaded

waveguide, W/h= 1, it is exact. The results to be pre-

sented shortly indicate that (1 O) is a good choice for the

fin line as well.

The dispersion problem is now reduced to the form

;g,,(~nyB)l&x(~n)12=o. (11)

A numerical search for the value of ~ which satisfies (11)

yields the propagation constant for the dominant fin-line

mode.

The characteristic impedance of the fin line is not

uniquely defined since the field is non-TEM. A useful

definition, however, is

v;
‘0= 2Pavg

(12)

where V. is the voltage between the fins and P,v~ k the

time-averaged power flow. Vo, the voltage across the inter-

face, is determined by (lOa) and

Pav~ = #Re JJ( EXH; –EYH:)dxdy. (13)
s

Parseval’s theorem is applied to (13) to obtain

– 6Y(%,Y)X;(%>Y)] 4. (14)

The integration with respect to y can be carried out

analytically in (14). This leaves an equation of the form

W3= * .Y_f(%toP (15)

which is evaluated numerically in each of the three re-

gions.

111. Nr-mmmcfi RESULTS

A computer program was developed to solve the equa-

tions presented in the previous section. To check the

accuracy of the numerical results, they were compared

with data available in the literature as described

below.

A. Ridged Waveguide

If q= 1, the fin line becomes a ridged waveguide with

zero-thickness ridges. The wavelength and impedance in

this case are given by
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Fig. 2. Wavelength ratio A’/A versus frequency for a ridged waveguide.
Ridges are centered and have zero thickness.
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101

(16b)
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c

The ridged waveguide ;as been t;eated by Hopfer [13]

and Lagerlof [14]. The cutoff wavelength AC was de-

termined from [13] for several values of W/b. Equation

(16a) was then used to calculate ?L’/A and these values

were compared with results obtained using the spectral-

domain method as shown in Fig. 2. It can be seen that the

two results agree to within 0.5 percent. A similar compari-

son of impedance [14] as determined by both methods

appears in Fig. 3. Again, the agreement is very good, with

the difference being only 2 percent.

B. Slab-Loaded Waveguide

If W/b= 1 and q> 1, the fin line becomes a slab-

loaded waveguide. The wavelength may easily be de-

termined analytically by the transverse resonance proce-

dure [15]. Fig. 4 shows the variation of A’/A with dielectric

thickness D for several values of e,. The edge of the slab is
placed at the midpoint of the broad wall of a WR(19)

guide operating at 40 GHz. The agreement between the

results obtained by the two methods is excellent.

The slab-loaded waveguide has also been studied by

Vartanian et al. [16]. They consider a guide with the slab

700 + .1s8” +
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100. .
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40 45 50 55 so

FREWENCY (G14Z)

Fig. 3. Voltage impedance versus frequency for a ridged waveguide.
Ridges are centered and have zero thickness.
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Fig. 4. Wavelength ratio X/k versus dielectic thickness D for a slab-
loaded WR(19) guide. Edge of 61abis centered.

centered and give an analytical expression for the (volt-

age) impedance ZPO (using notation of [16]) at the center

of the slab. The impedance at the edge of the slab (as it is
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Fig. 5. Voltage impedanee versus frequency for a slab-loaded WR(19)
waveguide. Slab is centered.

defined here) may easily be obtained from ZPOas

()
~;dse ~

Z.= Zp” —~:tr (17a)

where E~dge is the field at the edge of the slab and E~*r is

the field at the center of the slab. Thus

Z.= ZpoCOS*; (17b)

where the various quantities on the right-hand side of

(17b) are defined in [16]. The characteristic impedance of

a slab-loaded guide was computed using both the

spectral-domain method and Vartanian’s equations. The

results are compared in Fig. 5 where the discrete points

are calculated from (17a). It can be seen that the results

agree very closely.

C. Slotline

If W/D< 2 and D/A and q are sufficiently large, the

field is tightly bound to the slot. For this condition, the
presence of the shield will have little effect if the walls are

sufficiently far removed from the slot. In this case, the fin

line will behave like a slotline. This behavior is illustrated

in Fig. 6 where wavelength and characteristic impedance

of a fin line with W/D= 1, e,= 20 have been plotted. The

discrete points are the values of the same parameters for a

slotline with equal W/D as obtained from [17]. It can be

seen that the results agree closely for the two structures.

The agreement is within 1 percent for wavelength and 5

percent for impedance. The impedance of the ridged-

waveguide substructure has also been plotted for refer-

ence.
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Fig. 6. Wavelength ratio A’/A and characteristic impedance ZO versus
normalized frequency D/A for a fin line and a slotline. The fin fine
has a WR(19) shield and fins are centered.
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Fig. 7. Computed and measured values of wavelength ratio A’/A versus
frequency for a fin line with WR(28) shield. Fins are centered.

D. Measurement

Fin-line wavelength measurements have been reported

by Meier [1]. A computer run was made for a structure

with the physical parameters reported in [1], and the

results were compared with the measured values. This

comparison appears in Fig. 7, where the values are seen to

be in agreement to within about 1 percent.
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E. Approximations

It has been suggested [ 1] that for low-dielectric-constant

substrates the fin-line wavelength and impedance are ap-

proximated well by the relations

(18a)

z
Z.= Oce

m (18b)

k–~2
e

Ac

where ke is the effective dielectric constant and XC and

ZOQ are the cutoff wavelength and high-frequency limit

impedance of the ridged-waveguide substructure. ke is

assumed invariant with frequency through the waveguide

band and may be determined experimentally.

To check the accuracy of this approximation, k= was

determined for a fin line in WR(28) guide at j= 33 GHz.

This was accomplished using the numerical value of A’/X

from Fig. 8 and the value of AC from [13] in (18a). The

value of k. thus determined was then assumed constant

and (18) were used to calculate N/A and Z. at ~= 40 GHz.

These values were, in turn, compared with those in Fig. 8

for W/b =0.1, 0.5, and 1.0. Wavelength ratios agreed to

within 0.2 percent while the difference in impedance val-

ues was 7–9 percent. The approximate expressions are

thus useful for fin lines using low-dielectric-constant sub-

strates. It is clear from Figs. 5 and 6, however, that there

is no possibility that (18b) can be used to approximate the

impedance if c, is high.

IV. FIN-LINE DESIGN Cumms

In general, the publication of design curves for a struc-

ture like the fin line is problematic since there are several

independently variable parameters which describe the

structure. Practical considerations alleviate this difficulty

to some extent, however. First, fin lines are generally

enclosed with a shield that is compatible with the dimen-

sions of the standard rectangular waveguides for the

millimeter wavebands. Above 22 GHz (WR(34)), all these

guides have aspect ratios b/u =0.5. Further, the fins are

most often centered in the guide and printed using D =

0.005-in substrate with c,= 2.2. It thus seems that it would

be useful to provide design curves for structures with these

parameters. This has been done for the 26.5–40-GHz,

40-6(1-GHz, and 60–90-GHz waveguide bands. The re-

sults appear in Figs. 8– 10.

An inspection of Figs. 8– 10 reveals that even with

(centered), fin separations of a few roils, it is difficult to

achieve low values of characteristic impedance. The lower

limit for the parameters chosen here is in the range of

125– 150 Q. In some applications, it is desirable to have a

lower impedance which raises the question as to how this

might be achieved. One method is to increase the dielec-

tric constant. This is clear from a comparison of Figs. 9

and 6. For a W= 0.005-in slot, use W/D= 1 in Fig. 6 and

W/b =0.053 in Fig. 9 to find that the impedance is

decreased from about 165 to 100 Q when the dielectric

constant is increased from e,= 2.2 to c,= 20. This ap-

proach has a disadvantage since the wavelength is de-

creased by a factor of 3 making already small circuit

dimensions even smaller.

Another possibility for achieving a lower ZO might be to

relocate the fins toward the sidewall of the guide. Fig. 11

illustrates the characteristics of a fin line with the fins

located midway between the sidewall and the center of a

WR(19) guide. Comparing Fig. 11 with Fig. 9, it can be

seen that the relocation of the fins causes a small increase

in the wavelength and pronounced changes in the imped-

ance. The change in wavelength, for example, is 4 percent

at 40 GHz and 2 percent at 60 GHz for W/b= 1. The

change is less for smaller values of W/b. With regard to

characteristic impedance, it can be seen that the values

are relatively unchanged for small values of W/b. For

this situation, the line behaves like a slotline and there is

little effect produced by the presence of the shield. For

W/b =1, however, the impedance decreases significantly,

from about 500 Q for the centered configuration to about

275 Q for the off-center configuration. In this case, the

guide is also loaded, and since the low dielectric constant

causes little change in the empty guide fields, the result

agrees with expectations based on the voltage-impedance

definition for an empty guide. The interesting feature of

the results here is that the impedance for W/b= 1 falls

below that for W/b =0.5. Thus for the off-center config-

urations, the impedance first increases with W/b, then

reaches a maximum, and decreases until W/b= 1. Over-

all, it seems clear that relocation of the fins toward the

side of the guide does not result in lower structure imped-

ance when W/b is small. It should also be noted that the

ridged waveguide data necessary for the evaluation of the

approximate expressions given by (18) are not readily

available in the literature.

Probably the best way to realize a lower structure

impedance is to use a single-fin structure. If a single fin

were separated from the bottom wall of the shield by a

distance W/2, then for small values of W/b the imped-

ance would be approximately one half that for a normal

fin line with fin spacing W. For example, Fig. 8 shows

that the impedance of a WR(28) fin line with W/b= 0.05

(W= 0.007 in) is approximately ZO= 160 Q. Thus a single

fin in the same shield would result in a stnicture imped-

ance of approximately ZO = 80 Q if located a distance

W= 0.0035 in from the bottom wall of the shield. This

configuration has the additional advantage that the

bottom wall of the shield may be used as a heat sink.

V. CONCLUSIONS

A transform method of obtaining the wavelength and

characteristic impedance for the dominant mode of the fin

line has been presented. It has been shown that a matrix

formulation of the problem permits the elements of the
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dyadic Green’s function to be calculated, and circumvents

the extensive algebraic manipulation associated with for-

mulations described previously. Numerical results

obtained using this method have been presented and

compared to other existing data. Good agreement was

obtained in all cases thus establishing the accuracy and

applicability of the method for the full range of structure

parameters. Design curves have been included here for

millimeter-wave fin lines of practical interest. Both center

and off-center fin locations have been discussed, and the

off-center location was shown to result in no significant

change in impedance for small values of W/b. Lower

impedance may be realized, however, by using a single-fin

configuration.

It is clear from the results presented here that the fin

line may exhibit the characteristics of a ridged waveguide,

slotline, or dielectric slab-loaded waveguide, depending

upon the values of the various fin-line parameters. All of

these structures are fin-line substructures.
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The Accuracy of TLM Analysis of Finned
Rectangular Waveguides

YI-CHI SHIH, STUDENT MEMBER, IEEE, AND WOLFGANG J. R. HOEFE~ SENIOR MEMBER, IEEE

AWnzet-This paper fnvestigatea three sources of error affect@ the

Transmkion Lii Matrix (TLM) analysis of fhmed rectangular wave-

gufdea. It is shown how truncation and velocity errors can be mfnhnk@

and a diagram for maxfmmn coarseness error affecting the TLM analysfs

is presented. After error cmrectio~ cutoff frequencies obtained with the

TLM method are in exceflent agreement with results obtafned with the

‘fhmsvene Resonance Method.
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I. INTRODUCTION

T HE TWO-DIMENSIONAL Transmission Line

Matrix (TLM) method was developed by Johns and

Beurle [1] and has been successfully applied to waveguide

bifurcation scattering problems [1] and to the ridged

waveguide problem [2].

It is a powerful tool for solving the homogeneous wave

equation in complex structures and, therefore, can be used

to verify the accuracy of approximate solutions, provided

that the errors affecting the TLM solution are known and

can be corrected. The aforementioned authors have
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