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Dissipation Loss Effects in Isolated and Coupled
Transmission Lines

BARRY E. SPIELMAN, MEMBER, IEEE

Abstract—This paper describes a computer-aided analysis of

dissipation losses in uniform isolated or coupled transmission lines
for microwave and millimeter-wave integratd-circuit applications.
The analysis employs a quasi-TEM model for isolated transmission
lines and for the even- and odd-mode transmission linex associated

with coupled-line structures. The conductor and dielectric losses are
then related to equivalent charge density distributions, which are

evaluated using a method-of-moments solution. The transmission
lines treated by this analysis may contain any number of Iossy

conductors and inhomogeneous dielectrics, consisting of any number
of different homogeneous dielectric regions, A development is
provided to explicitly relate the four-port terminai-electrical perfor-
mance of directional couplers to evaluated even- and odd-mode 10SS

coefficients.
Examples of evaluated losses are presented in graphical form for

isolated lines of inverted microstrip and trapped inverted microstrip

and edge-coupled microstrip with a dielectric overlay. The analysis
accuracy has been confirmed using microstrip and coplanar wavegu-

ide configurations. A comparison is made of the total loss character-

istics for microstrip, coplanar waveguide, inverted microstrip, and

trapped inverted microstrip. Calculations are compared with meas-

urements for the coupled-line structure. Accuracy of the solution and
suggested refinements are discussed. Five computer programs are
documented.

I. INTRODUCTION

T HERE is considerable interest in investigating and

exploiting new transmission lines for use in integrated

circuits operating at higher microwave and millimeter-wave

frequencies. This interest has been spurred by the success in

effecting reductions in circuit cost, size, and weight through

the application of microstrip at lower to intermediate

microwave frequencies. Unfortunately, microstrip is di-

scouragingly lossy and more difficult to fabricate at higher

microwave and millimeter-wave frequencies. These con-

siderations have prompted the search for transmission lines

that are amenable to integrated-circuit fabrication methods

(thin-film and photolithographic technology) and which
have improved loss characteristics compared with

microstrip.

To facilitate the investigation of transmission lines which

offer potential for improvements over microstrip at the
frequencies of interest, a flexible computer-aided analysis of

transmission-line losses has been implemented. This

analysis is suitable for application to a wide variety of

transmission lines. This paper describes the implementation

of that analysis as it applies to both isolated and coupled
transmission lines, where losses due to both conductor and

dielectric dissipation are taken into account. Various
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examples of loss evaluations using this formulation are

presented for both isolated and coupled transmission lines

of interest.

II. FORMULATION OF ANALYSIS FOR

EVALUATION OF LOSSES

The approach used here for the analysis of conductor and

dielectric loss characteristics of isolated or coupled uniform

transmission lines is consistent with the quasi-TEM models

described in [1] and [2]. For isolated transmission lines, the

direction of propagation is taken to be along the z direction.

Consistent with the quasi-TEM model and the

transmission-line wave approach described in [3], the z

dependence for voltage and current along the transmission

line conductor and dielectric loss coefficients a. and ad,

mis the attenuation constant due to conductor and dielectric

losses and ~ is the phase constant. Following the develop-

ment set forth in [3], the attenuation constant a is given by

& = ~d/(2~f) (1)

where ~d is the time-averaged power dissipated per unit

length and Pf is the time-averaged power flow along line.

In the following portion of this paper, explicit expressions

are developed for use in evaluating isolated transmission-

line conductor and dielectric loss coefficients aC and L%&

respectively. The total coefficient a is obtained from these by

summing aCand ati

A. Isolated Transmission Lines

To obtain a useful expression for Pf in (1) a development,

the details of which are found in [4], is summarized as

follows. The complex flow Pf is represented in terms of a + z

traveling wave on a lossy transmission line. ReZO and 120 I

are approximated [4] by (ZO )~~, the characteristic im-

pedance of the same line without losses. By virtue of these

considerations Pf can be expressed as

Pj = I V. 12vCe-2uz (2)

where v is the phase velocity, C is the electrostatic capaci-

tance per unit length, and I VO12is the amplitude squared of

the wave voltage at z = O.
1) Conductor Losses: To obtain an expression which is

useful for evaluating PJ in (1) for losses due to imperfect

conductors, the approximation described in [5] is employed.
Fd can be expressed approximately by

J
P~,C= IHO 12R dl. (3)

Here, IHo 12is the amplitude squared of the magnetic field at

conducting surfaces for the Iossless case. R is the surface
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resistance of the metals in the system, Here, the additional

subscript “c” on P~,Cdenotes power losses due to imperfect

conductors. For good conductors, R is expressed [6] in terms

of frequency J free-space permeability PO, and dc conducti-

vity a. Using the quasi-TEM propagation assumption,

IHo 1’ is related to \ E. l’, where ~. is the electric field in the

lossless medium [4].

In the lossless TEM solution described in [1] tind [2], the

electric field in a medium with permittivity G,the electric field

at a point along the surface of a perfect conductor, is given by

E. = 2nq (4)

where q is a flux-source distribution residing at the conduc-

tor surface and 2mq can be thought of as the equivalent

charge-density distribution (sum of free and polarization

charge densities). In [1], the flux-source distribution residing

along the surface of the IVjth conductor, in a system having a

total of IVCconductor surfaces, is approximated by a pulse

expansion as

(Ns)j

qNJ= i~l q~PNj(i), Nj=l, ”””, N~. (5)

This representation arises by subdividing the contour

defined by the surface of the Njth conductor into (N~)j

segments. Along the ith segment the free charge-density

distribution is taken to be constant at the value q~. P(i) is a

pulse function defined by

{

1PNj(i) e ~’ on the ith section of Nj

on all other sections of N}
(6)

7

Then, rewriting F~,Cin (3) and using (l), (2), (4)-(6), the loss

coefficient due to conductor losses UCcan be written as

Nc (Ns)j

~ ~ ~ (qy)2AlY dB/unit length (7)
j=l i=l

where Alp is the length of the ith segment cm the Njth

conductor, &ois the permittivity of free space, and e.ff is given

by

c
Eeff = —.

co
(8)

Here, Co is the electrostatic capacitance of the transmission

line under consideration, but with all dielectric materials

fictitiously removed. It is the expression given in (7) which is

embodied in the computer programs described in [4]. This

expression has been used to provide the design information

for conductor losses found in Section III.

2) Dielectric Losses: To obtain an expression which is

USt?fUl fOr evaluating PJ in (1) for losses due to @XXfeCt

dielectrics, this quantity is initially written as

(9)

Here, the second subscript “d” on P~,d denotes that the

dissipation losses are due to imperfect dielectrics, ND is the

number of imperfect dielectric regions where the ith region

has a complex permittivity given by &i= SO(E;– je~). Ai

represents the area, in the transmission-line cross section,

spanned by the ith simply connected homogeneous lossy

dielectric region. Equation (9) can be rewritten as

P,,d = ~ ~ w tan C5iW=i dS
~=1 ~i

(lo)

where tan 6 i is the loss tangent of the material in the ith

region. The time-averaged energy stored in the electric field

in the ith dielectric region is given by

‘.i=+JA ‘o&iIE12‘s (11)

In [4] details of a development are presented which show

that the time average of the total energy stored in the electric

field per unit length of transmission line JV.is related to W ,i

by

(12)

While the development in [4] provides a general result for

transmission structures with many conductors and, dielec-

trics over the cross section, for isolated lines or coupled lines

treated by an even- and odd-mode two-port intq~pretation

We can be expressed as

We=+clvl’ (13)

where C is the electrostatic capacitance of the transmission

line in the two-port configuration (isolated and even- or

odd-mode line) and V is the voltage associated with a + z

traveling wave on the line.

TCI facilitate the evaluation of a dielectric 10,sscoefficient

in terms of readily computable parameters, equations (l),

(2), (8), and (10)-(13) are combined to provide the following
expression:

In (14), c is the speed of light in free space. To evaluate the

partial derivative in (14) a “forward difference quotient is

employed, providing the computationally useful result

dB/unit length. (15)

In (15) .5.ff is the value of e.ff for the structure under

consideration when the value of the permittivity for the ith

homogeneous dielectric region is perturbed to a slightly
different (higher) value 3PIt is this expression which has been

incorporated into the computer programs which are docu-

mented in [4]. For these programs the index “i” takes the

value of “ 1“ since there is only one lossy homogeneous-

dielectric region in the overall inhomogeneous structures

treated by the computer programs.
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B. Coupled Transmission-Line Structures

For the purposes of this section the coupled transmission

lines will be treated by an even- and odd-mode interpreta-

tion [7]. Although two transmission lines coupled over a

given length truly represents a four-port structure, the even-

and odd-modes associated with this structure are each

two-port transmission lines which can be treated separately.

To properly assess the effects of losses in such structures the

problem is twofold. One problem is to determine the loss

coefficients aCand ad for each of the even and odd modes. The

second problem is to determine the effects of these

coefficients on the four-port terminal-electrical performance

of the entire structure. In the material to follow the former

problem will be discussed first and will be followed by a

treatment. of the latter problem explicitly for four-port

directional coupler loss effects.

1) Even- and Odd-Mode Loss Coef7cients: Since the even-

and odd-modes for a coupled line structure can each be

depicted as two-port transmission lines whose length is that

of the coupled-line region, the loss coefficients for conductor

and dielectric losses can be determined using (7) and (15),

respectively. The even- and odd-mode loss coefficients for

losses due to imperfect conductors can be written as

NC (Ns)j
. ~ ~ (q#)2Al~ dB/unit length (16)

j=l i=l

where k = e for the even mode and k = o for the odd mode.
The quantities vk, Ck, qtk, (&.ff)k, and Alik are evaluated as

described in [1]. The expression for even-and odd-mode loss

coefficients for losses due to imperfect dielectrics can be

expressed as
wbc ND

[

. @eff)k – (eeff)k 1dB/unit length (17)
$; —&; a

where k = e for the even mode and k = o for the odd mode.

In (17) (&.ff)k represents the effective relative permittivity for

the even- or odd-mode in the coupled-line configuration to

be analyzed. This value is determined using the method

described explicitly in [1]. (.$.ff)k is evaluated the same way

for the coupled-line structure where the relative permittivity

of the ith dielectric region sj is perturbed to the slightly
higher value ~. Equations (16) and (17) have been used to

evaluate the even- and odd-mode conductor and dielectric

loss coefficients for the coupled-line structures described in

Section 111 of this paper. The total loss coefficients a, and ctO
for the even- and odd-modes are obtained by adding the

respective values of ac~ and a~w

2) E#ects of Losses on Four-Port Terminal Performance:

An understanding of the effects of losses on the four-port

terminal performance of directional couplers is facilitated by

considering the following. The problem at hand is one of

determining the loss effects on measurable terminal voltages

bi (i = 1,2,3,4), leaving these ports, once the loss coefficients

(aC.,rx,=) and (ctC@a,O)have been determined for the modal

transmission lines, respectively. These loss coefficients are

assumed to be known for this development, having been

computed by the method described in the previous section.

The approach used here starts with a procedure similar to

that described in [7]. The voltage bi (i = 1,2,3,4) is written in

terms of a sum or difference of rO, and 1700or TO, and TOO
where (rO,,TJ and (rOO,~O) are pairs of reflection and

transmission coefficients for the even- and odd-mode two

ports, respectively. The reflection coefficients for the even or

odd mode can be expressed in terms of the even- or

odd-mode ABCD two-port network parameters [7]. The

ABCD parameters for the lossy even- or odd-mode two-port

are given by

Ai = Di = cosh yil (18)

Bi = Zoi sin ~il (19)

()
Ci= ~ sin yil (20)

where i = e for the even mode and i = o for the odd mode. In

(18)-(20) 1 represents the physical length of the coupled-line

region; Zoe and ZOOare the characteristic impedances of the

even- and odd-mode transmission lines, respectively. y. and
yOare the even-and odd-mode propagation constants, taken

for this development to be given by

Ye= Me+ jfl. (21)

Y. = a. + jPo (22)

where a, and MOare the total (known) even- and odd-mode

loss coefficients. ~. and /?Oare the even-and odd-mode phase

constants (known), respectively, which are determined by

the Iossless analysis described in detail in [1]. It is to be noted

that the generality of this development permits /3. and DOto

be determined to allow for even and odd modes having

different phase velocities.

Employing (18)-(20) the measurable terminal voltages of

the four-port coupler under consideration can be expressed

as follows:

b2 = bC= F,-
[

tanh y, 1 tanh yO1

2+FI tanh yel+ 2 + F, tanh yOl1
(23)

b4=b, =
sech y, 1 sech yO1

2 + FI tanh yel+ 2 + FI tanh yOl
(24)

b3=bi=
sech y, 1 sech yO1

2+FI tanh yel– 2 + FI tanh yOl
(25)

bl=b. =F2
[

tanh y. 1 tanh yO1

2 + FI tanh y.l– 2 +Fl tanh yOl1
(26)

where the subscripts c, t, i, and r denote coupled, trans-

mitted, isolated, and reflected signals, respectively. In (23}

(26) F1 and F, are quantities given by

‘42)’’2+(%)1’2
‘*=Mal’2-(a”21

(27)

(28)
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For the special case where fl.l=flO1= n/2, equations

(21}(26) simplify to become the following:

[
bC=Fz ~ 1

1

4+F1+2aol+F1 1
b,= –j

[

1 1

2(x,1 + FI + 2ctOl +Fl 1 (30)

bi = –j
[

1 1

2c4el+F1-2aol+F1 1
(31)

[
b,=F, 1

1 12ctel+F1-2aol+F1 “
(32)

(29)

It is to be noted that in (29)-(32) the even- and odd-mode

loss coefficients appear explicitly. Also, it is easily seen from

these relationships that, even for perfectly matched couplers,

for a, different from aOthe isolated and reflected signals are

not zero. This effect is described quantitatively in Section IV.

For couplers with other sources of impedance lmatch and

isolation degradation (e.g., different even- and odd-mode

phase velocities) the additional degradation of isolation and

reflected signal due to different modal loss characteristics

will be superimposed on the other effects. The relationships

developed in this section have been tested on experimental

coupler models. The results are described in Section III.

III. EXAMPLES OF Loss EVALUATIONS ANTD

DESIGN INFORMATION

In this section results are presented for specific isolated

and coupled transmission-line structures. The accuracy of

the analysis described in this paper has been confirmed [4]

by comparing results calculated for microstrip and coplanar

waveguide with well-accepted reference values. The results

presented in the following sections for inverted microstrip

and trapped inverted microstrip serve to provide useful

currently unavailable design information for more com-

plicated structures which offer potential for circuit applica-
, tions. Following these results is a comparison of the loss

characteristics for the four preceding transmission n lines. The

results for the edge-coupled microstrip structure with a

dielectric overlay serve to confirm the utility of the coupled-

line loss analysis described in Section II and to provide

currently unavailable design information for this structure.

This structure is presently the most viable approach for
providing high-performance broad-band couplers, filters,

and Schiffman phase-shift sections in a microstrip-

compatible format [8].

A. Isolated Transmission Lines

1) Inverted Microstrip: The generic cross section of in-

verted microstrip is depicted in Fig. 1. Analyzecl results for

conductor and dielectric loss coefficients are shown in Fig. 2.

The substrate dielectric constant chosen for this study

corresponds to that of fused silica, which is deemed to be a

suitable material for this transmission line at hi,gher micro-
wave and millimeter-wave frequencies. The characteristic

impedance and phase velocities for the range of

configurations treated in Fig. 2 are shown in Fig. 3 [4].
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Fig. 1. Generic cr~ss section of inverted microstrip.

2.8

2.7

2.6

2.5

2.4

2.3

2.2

2.1

I I I I I I

I I 1 I I I -..1

2 3 4 5 6 7 8

W/ H

Fig. 2. Loss constants versus aspect ratio for inverted microstrip:
T = 20.0 roils (0.508 mm), 8’1= 3.78, 6’1= 3.88, tan 61 = 2.0 x 10-4,
Tm = 0.250 mil (6.35 pm), a = 4.10 x 107 mho/m.
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Fig. 3. ZO and UPversus W/H for inverted microstrip.



652 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, AUGUST 1977

13(

f 25

F

I 20

1.15

1.10

— COMPUTEO

●
● MEASURED [2]

●

●

●

●

105 I I I I I I I I I -1--
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

WI H
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Fig. 6. Loss constants versus aspect ratio for trapped inverted micro-
strip: ,S= 77.5 mds (1.968 mm), T = 20.0 roils (0.508 mm), 8: = 10.0,
?1 = 10.1, tan 61 =6.0 X 10-4, T~ = 0.250 mil (6.35 pm),
u = 4.10 x 107 mho/m.

To demonstrate the correlation of the computed phase

velocity compared to experimental data for an inverted

microstrip, Fig. 4 shows computed values of ~ versus

aspect ratio W/H as a solid curve. The measured points

shown in this figure were obtained via time-domain

reflectometer measurements [9]. The errors between

measured and computed values are within 3 percent over

this range of aspect ratios.

2) Trapped Inverted Microstrip: This section provides

design information for trapped inverted microstrip, charac-

terized by the generic cross-section configuration shown in

140
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Fig. 7. ZO and v, versus W/H for trapped inverted microstrip.
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Fig. 8. Comparison of total dissipative losses for four 50-Q transmission
lines.

Fig. 5. Calculated values of the conductor and dielectric loss

coefficients are plotted in Fig. 6. The somewhat irregular

appearance of these characteristics can be attributed to the

effects of channel side-wall interaction with the conducting
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Fig. 9. Generic cross section of edge-coupled microstrip with a dielectric overlay

strip, which is not explicitly accounted for by the “aspect

ratio” definition as W/H. A similar situation is apparent in

Fig. 7, where the characteristic impedance ZO and phase

velocity VPare shown [4].

The total dissipation loss characteristic for a nominally

50-!2 configuration of trapped inverted microstrip is plotted

in Fig. 8 for comparison with those of microstrip, coplanar

waveguide, and inverted microstrip.
3) Comparison of Loss Characteristics: This section pre-

sents a comparison of the loss characteristics for nominally

50 Q, specific configurations of microstrip, coplanar wave-

guide, inverted microstrip, and trapped invertedl microstrip

transmission lines. The total loss coefficients (sum of the

conductor and dielectric loss coefficients) for these lines are

shown in Fig. 8 plotted versus frequency for the frequency

range from Oto 60 GHz. Effects due to higher order moding

have been neglected, as well as those due to radiation losses.

The curves in this figure for microstrip and coplanar wave-

guide correspond to configurations which are completely

described in [4]. The cross-sectional configuration of

microstrip chosen here represents a standard configuration

of this transmission line as it has been used in many

applications at frequencies up through about 12 GHz. The

same is true for the selected coplanar waveguide

configuration. The configuration for inverted microstrip

was chosen to represent aversion fabricated on alfused silica

substrate, with gold being the predominant carrier of RF

current in the metallization system. The trapped inverted

microstrip configuration represents a model fab ricated on a

standard alumina substrate, metallized with a predom-

inantly gold system. A discussion of the loss and fabrica-

tion aspects of this comparison is provided in Section IV.

B. Coupled Transmission Lines—Edge-Coupled Microstrip

with a Dielectric Overlay

This section serves a twofold purpose. The first is to

provide an illustrative example demonstrating the applicab-

ility of the coupled-line loss analysis developed in Sections

II-B-1 and II-B-2. The second purpose is to provide a

quantitative assessment of the losses encountered in
quarter-wavelength long (at midband) sections of edge-

coupled microstrip line with a dielectric overlay for various

coupling levels.
The generic cross section of the edge-couplecl microstrip

with dielectric-overlay configuration is portrayed in Fig. 9.

Four configurations, differing in geometric parameters were

analyzed and are described in Table I. The sections
numbered 1 and 2 in this table were fabricated into a

two-section asymmetric coupler of the type shown in the

photograph in Fig. 10. The overlays were made of alumina

pieces on each section and were attached to the substrate

using St yeast Hi K epoxy (K = 10.). The two-section

coupler, over the frequency band from 2 to 8.5 GHz, had a

nominal coupling value of 6.7 dB. Using (29)–(32) and the

computed values of loss coefficient shown in Table I, the

calculated dissipation loss for the two coupled-line sections

was found to be 0.2 dB, obtained for the coupler midband

frequency of 5.4 GHz. Adding in measured losses due to

connectors and theoretical lead-in line loss values, the total

dissipation loss determined was 0.42 dB. This agreed well

with the total measured coupler dissipation of 0.4 dB.

The sections numbered 3 and 4 in Table I were combined
in the fabrication of a two-section asymmetric coupler. The

fabrication details of this experimental model were the same

as those described for the coupler in the previous paragraph.

The experimental model had a nominal coupling character-

istic of 20 dB over the 2–8.5-GHz frequency band. Using an
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TABLE I
PARAMETERS FOR EDGE-COUPLED MICROSTRIP WITH DIELECTRIC OVERLAY SECTIONS

(~) (~)
Clc/+ a=o/w ade/f adolf

SECTION ~ roils s roils

NO. ZO (ohms) Zoe(ohms) Zoo (ohms) (dB/n) X 10-5 (dB/m) X10-5 (dBjm)x 10-10 (dB/m)x 10-10

8.80 1.2

1 0.223 0.0305 50.0 115. 21.7 5.60 76.9. 1.20 1.59

2
19.0 21.3

0.4s3 0.541 50.7 64.1 40.2 6.69 10.3 1.36 1.38

3
19.0 36.5

0.483 0,927 50.7 58.6 43.9 7.59 9.31 1.60 1.38

4
18.4 91.0

0.467 2.311 49.4 51!7 47.2 9.77 10.2 1.90 1.13

H = 25.0 roils (0.635 mm), Section Length = 0.200 in. (0.508 cm), Tm = 0.25 mil (6.35pm) ,

61 = 10.0, e{ = 10.1

tan ~1 = 6.0 x 10-4, G = 4.10 x 107 mho/m[lO].
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Fig. 1L Loss coefficients for sections of a 6.7-dB two-section coupler.

(a) Tight section. (b) Loose section.

evaluation scheme similar to the one described in the

previous paragraph the dissipation loss for the coupled line

sections was determined to be 0.08 dB. After adding contrib-

utions for connector and lead-in line lengths the total

dissipation loss was computed to be 0.38 dB. This agreed

well with the measured midband (5.4 GHz) dissipation loss

of 0.4 dB.

Another portrayal of the loss characteristics computed for

these four coupled-line sections is shown in Figs. 11 and 12.

Fig. 11 shows plots of UCOand UJOversus the frequency for

25 ) ! I 1 , , 1

o

(a)

Qco

—.104

o 10 20 30 40 50 60
FREQuENCY (GHz )

(b)

Fig. 12. Loss coefficients for sections of a 20-dB two-section coupler.

(a) Tight section. (b) Loose section.

the tight (section number 1) and loose (section number 2)

coupling sections used in the 6.7-dB coupler. Also shown are

the ratios aCO/aC.and a~O/a~GIt is interesting to note the large

disparity between the even- and odd-mode conductor losses

for the tight section. Fig. 12 shows similar data for the tight

(section number 3) and loose (section number 4) coupling

sections used to make up the 20-dB coupler.



SPIELMAN : DISSIPATION LOSS EFFECTS

IV. DISCUSSION

This paper details and illustrates analyses, amenable to

computer programming, which can be used to evaluate

dissipation losses in isolated or coupled microwave and

millimeter-wave transmission lines. These lines can be

composed of both imperfect conductors and piecewise-

homogeneous dielectric materials. The analyses described

here have been implemented in the form of digital computer

programs [4] for treating: microstrip, coplanar waveguide,

inverted microstrip, trapped inverted microstrip, and edge-

coupled microstrip with dielectric overlay.

The programs for microstrip and coplanar waveguide

were used to analyze a variety of configurations for these

transmission lines. The computed values of conductor loss

for microstrip on alumina have been compared [4] with the

well-accepted values of Schneider [9] and were found to

agree within better than 1.6 dB/m for frequencies up through

18 GHz. The computed values for dielectric losses in

microstrip agree with Simpson et al. [11] and Schneider [12]

and agreed to within 3 percent or better at frequencies up to

18 GHz. Computed total loss constants for microstrip have

been compared with the results of Pucel et al. [13] and

Gopinath et al. [14] and agree to within 0.01 dB/cm over the

frequency ranges cited in these references. The sum of

conductor and dielectric losses computed for coplanar

waveguide agreed with the experimental values of McDade’

and Stockman [15] to within 0.1 dB/wavelength. The exper-

imental determinations were made by two independent

techniques.

Conductor and dielectric loss coefficients were also eval-

uated and presented here for inverted microstrip and

trapped inverted microstrip. This information was pre-

sented in the form of useful design curves, providing loss

values as functions of the aspect ratios for these linles. It was

encouraging to note the agreement (better than 2 percent) of

the computed phase velocities ~ for inverted microstrip

when compared to measured data [9]. These calculations are

made using the same equivalent charge densities that are

used in the loss calculations.

A comparison of computed total loss coefficients for the

four types of lines just discussed is shown in Fig. 8. It is

interesting to note that the losses incurred in inverted and

trapped inverted microstrip at frequencies as high as 60 GHz

are comparable to those incurred in microstrip for frequen-

cies in the 5–10-GHz frequency range. It is also seen that

coplanar waveguide appears to be considerably more 10SSY

than microstrip. The structures compared in this figure were

selected to have characteristic impedance levels of no-

minally 50 Q. Consistent with this characteristic, the con-

ducting strip widths required for microstrip and coplanar

waveguide were approximately two and one half to three

times narrower than those required for inverted and trapped
inverted microstrip. This feature enhances the attmctiveness

of the inverted and trapped inverted microstrip lines by

virtue of the mitigation of fabrication difficulties. By concen-

trating more of the field energies in air (with corre-

spondingly lower .s.ff), wider strips are possible for a
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prescribed impedance level (compared to the other two

lines). These advantages .$hould be realized even if the

dimensions must be contracted to suppress higher order

moding at higher frequencies. This should be investigated

more extensively. Also, it should be noted that the transmis-

sion lines shown in Figs. 1,5, and 9 may have to be shielded

for some practical circuit applications.

The analyses for computing conductor and dielectric loss

coefficients and for relating these parameters to terminal-

electrical characteristics were applied to edge-coupled

microstrip with a dielectric overlay. Computed results were

compared to measured characteristics for two experimental

models of two-section couplers, having nominal coupling

values of 6.7 and 20 dB, respectively. The total dissipation

values computed for these couplers agreed with experimen-

tal evaluations within 0.07 dB.

It is interesting to note that the difference between the

even- and odd-mode loss coefficients for this structure gives

rise to a finite isolation for an otherwise perfect coupled-line

section. For the 6.7-dB coupler considered here, the tight

and loose sections are limited to maximum isolation levels of

42 and 59 dB, respectively, due to this phenomenon. The

tight and loose sections of the 20-dB coupler are similarly

limited to 70- and 92-dB isolation levels, respectively.

There are several factors which can contribute to error in

the analyses described here. One is the discrete representa-

tion of charge-density distributions employed in the quasi-

TEM model employed. In one sense, this discretization can

be viewed as a “surface roughness” which could lead to a

high estimate of losses. Mathematical smoothing of the

charge-density distributions might lead to improvement. An

approach which could improve the accuracy is to solve the
magnetostatic problem to evaluate the magnetic field at

conductor surfaces for these transmission media. Certainly

the difference q,uotient approximation used to arrive at (15)

introduces error in the dielectric loss evaluations. Also,

judicious choices must be made for the dc conductivity of the

metal system and the loss tangents for dielectrics.
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Analysis of Distributed-Lumped Strip
Transmission Lines

TADAHIKO SUGIURA

Abstract—A calculation method for obtaining characteristic im-

pedances and phase velocities of striplines, which are regarded as
consisting of distribnted-hsmped elements such as so-called wiggly

lines, is presented with nnmerical results. The numerical calculations
have been carried out for a) single stripline with slots at the outer

edges, b) coupled stripline with rectangular wiggling, and c) coupled
stripline with slots at the outer edges. Experimental work has also
been accomplished to verify the present method. Results show good
agreement with calculations.

I. INTRODUCTION

RECENTLY, stripline circuits have become widely used

at microwave frequencies, in accordance with micro-

wave integrated circuit developments. Parallel coupled

striplines are especially useful for realizing filters, directional

couplers, and other microwave circuits.

In an ordinary coupled line, shown in Fig. l(a), the phase

velocities of the even and odd modes differ because of the

inhomogeneity of the ambient medium. The difference in the

two velocities usually causes undesired degradation of

the circuits. Podell has solved this problem by introducing

the wiggling technique [1]; that is, wiggling the coupled

edges as shown in Fig. 1(b). Due to the different distributions

of the even and odd mode currents, it is possible to raise

the odd mode inductance more than the even mode induc-

tance by the wiggling technique. Generalizing this idea,

deRonde has shown that a tightly coupled line can be
realized by slotting the outer edges of the wiggly line, as

shown in Fig. 1(c) [2]. These lines can be regarded as

consisting of distributed-lumped elements. The inductance

or the capacitance of a stripline may be widely varied by

applying the above-mentioned distributed-lumped

technique.

For practical applications, however, tedious cut-and-try

experiments are needed to obtain the desired value, because
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Fig. 1. Strip configuration for various coupled lines: (a) ordinary line,
(b) and (c) distributed-lumped lines.

available experimental data are very scarce and no quantita-

tive analysis has been reported for these lines. This paper

presents a calculation method to obtain the characteristic
impedance and the phase velocity of the distributed-lumped

striplines. Numerical results obtained with the aid of a

digital computer are compared with experimental data.

II. THEORY

A. General Considerations

The distributed-lumped stripline has a periodic structure,

as shown in Fig. 2. On the assumption that one unit section
of the periodic structure is much shorter than the
wavelength, static theory can be applied for determining the

inductance and the capacitance per unit section, because

the voltage and the current are regarded as constant over

the unit section. If the inductance and the capacitance are

obtained, the characteristic impedance and the phase velo-

city are readily calculated, according to ordinary transmis-

sion line theory. Accordingly, the problem is reduced to

calculations of the inductance and the capacitance per unit

section,

Although various types of line structure can be considered
in distributed-lumped lines, the calculation model chosen is


