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the frequency. For 1= O, (4a) leads to the design equation

j,, . __!2—
4s~K – 1

(5)

where ~p, CO, s, and K are the frequency for plane wave operation,

free-space velocity of light, slab thickness, and relative permittivity,

respectively, of the dielectric loading slabs.

Thus over the finite region b by d inz and at the particular fre-

quency given by (5), a plane TEM wave traveling in free space can be

simulated. Of course, the field distribution over the entire cross section

“is not TEM since H has an additional axial component within the
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loading slabs. This component vanishes in the inner-slab vacuum

space. The condition for plane waves in region II is independent of

the dimensions of region II. Thusj in principle, region II can be made

arbitrarily large. As the transverse dimensions are increased, how-

ever, there is increasing possibility of the plane wave being distorted

by higher order modes. Detailed treatment of higher order modes has

been given by Gardiol [4]. ‘Some discrimination-against these modes Radiation Conductance of Open-Circuit lWicrostrip
can be achieved bv cutting longitudinal slots in the waveguide walls

above and below region II; wall currents in this region for the plane Abstract—The radiation conductance of an open-circuit micro-

wave mode are entirely longitudinal. strip stub is determined. The losses due to radiation from a stub are

The average power flowing in the fields of this “plane wave” mode shown to be a significant fraction of the totaf loss.

through a cross section of the structure is
Open-circuit microstrip stubs are frequently used in filters and

Pa, = gb(d+s). (6) matching networks. An ideal lossless stub with a true open-circuit

loading presents a pure susceptance at the junction of the stub and

The first and second terms of (6) correspond to the average power

flowing in the inner-slab space and within the loading slabs, respec-

tively. For s<<d, the power propagating through the dielectric slabs is

considerably less than that flowing through the inner space. For the

experimental model in Fig. 1, 86 percent and 14 percent of the total

power flowed in these two regions, respectively—an important con-

sideration in avoiding dielectric heating and breakdown if the struc-

ture must be used in high-power applications.

A dielectric constant of K = 10,07 for the alumina loading slabs

used in the experimental model was calculated using a method based

on the shift in the resonant frequency of an iris-coupled TEIOI

rectangular cavity [8]. The waveguide loading slabs were 4.5 in long

and were tapered at the ends at an angle of 6.5° over a length of 1 in.

The supporting structure consisted of 5 in of reduced height guide

tapered at 7° up to standard X-band height. The particular apparatus

for which this component was designed required this extended section

of reduced height waveguide.

Experimental results for the guide-wavelength measurements

versus frequency are presented in Fig. 2. The frequency for which 1~

equals AO was experimentally found to be 8.81 GHz. If K = 10.07 is

used in (5), jP =8.76 GHz results. Inversely, K =9.94 in (5) requires

~~ =8.81 GHz, the experimentally determined value of frequency for
plane wave propagation. As these two values of K are within 1 per-

cent, we conclude that (5) has been experimentally verified. Closest

agreement was found after the loading slabs were metallized on the

three sides that come into contact with the metal waveguide walls.

The magnitude of the electric field is not uniform in the z direction

unless the waveguide is propagating a forward traveling wave only.

This was achieved by the use of long taper sections from the un-

loaded waveguide to the loaded waveguide. It should be easier to

achieve this using an adjustable load impedance on the output side of

the loaded waveguide section.
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the main line.1 However, the actual boundary condition at the open

end of the line is not an open circuit, but a complex load that can be

represented by a conductance G resulting from radiation of the

principal mode and a susceptance B resulting fro)m energy stored in

the higher order modes. The susceptance B can usually be represented

by a hypothetical extension of the stub length of approximately 0.3 to

0.5 substrate thicknesses [1], [2], [3]. Because of the complex load

and distributed losses in the stub, the actual stub admittance pre-

sented at the junction of the stub and the main line is complex.

In this note, the radiation conductance G at the open end of the

stub is determined and used in a calculation of the total losses. The

radiation flux is assumed to flow from the open end of the microstrip

line directly into the substrate and then finally into the air space

above the substrate. Reflection at the dielectric-air boundary is

neglected. Under these conditions, G, and consequently the losses,

may be found by calculating the radiation from the open end of the

stub into the substrate. The calculation will not give information on

radiation patterns since the subsequent radiation into the air space is

not considered. Some effect of the initial leakage of flux into the air is

considered by using Wheeler’s [4] effective dielectric constant.

Earlier calculations of G by Marcuvitz [5] and Lewin [6] are

applicable to lines with infinitely wide plates and lines with width w

much smaller than the guide wavelength 1, respectively. The analysis

of this paper covers both cases.

The geometry used in the analysis is shown in Fig. 1. The major

assumptions are: (h/k) is much less than unity; the field distortion

near the conductor edge is neglected; the strip conductor is assumed

to be infinitely thin; and the only significant contribution to the

radiation field is produced by the principal mode electric field at the

open circuit.

The electric field Ez in the x-direction is assumed to be a constant

EO in the space bound by: –(w/2) <Z< (w/2); – (h/2) <X< (k/2);

and zero outside of this region. The fringe field of the line is treated by

use of the effective dielectric constant described by Wheeler [4].

Higher order modes resulting in periodic variations in E=(z) are

neglected. Additional assumptions will be described as they are made.

The radiation field can be calculated by a standard method [7],

Maxwell’s equations are symmetrized in the aperture (plane of the

open circuit) by replacement of the existing electric field by a sheet of

virtual magnetic current M that, in turn, is used to calculate a
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1 The exact location of the junction will not coincide with the geometric j unc-

tion, but may be displaced by a distance of the order of the substrate thickness [3].
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Fig.1. Geometry for microstrip line.
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Fig. 2. Integral I as a function of (w 4~/ko).

magnetic radiation vector L. The only component of magnetic current

consistent with the above assumptions is M., which leads to a &

directed magnetic radiation vector Lo given by

XO is the free-space wavelength and +eff is Wheeler’s effective

dielectric constant. The total radiated power W, and hence G, is

given by

where

Thus the radiation conductance G is given by

‘=2W+3 (3)
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Fig. 3. Ratio of radiation loss to total loss for 50-0 line as a function
of stub length.
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0

Fig. 2 shows the integral 1 of (4) as a function of (zo/ho) tie=.

It is to be noted that the conductance varies as (w/hJ z for w/hO much

less than unity and as w/kO for w/AO much greater than unity, in

accord with the earlier work [5], [6].

The integral 1 can be easily evaluated for (r~eeff w/ho) much

less than unity. For this case, radiation conductance G is given by

G ~ (Q”2 ~ 2

180 () %“
(5)

The approximate form of G is quite accurate for (w/Xo) ti~,ef ~ less

than 0.5.

The driving point admittance of the stub can be calculated in

terms of radiation loading G, the susceptance B, and the distributed

line losses expressed in terms of Q,. The real part gl of the driving

point admittance, normalized to the stub characteristic admittance, is

approximated by

1 9sec20– tan@ +btan6+62(/3sec20 +tan/3)
gl=—

2Q, (1 – b tan fl)z

g secz 0

‘(l–btanf?)z=g’+g’ ‘6)

where g and b are the normalized values of G and B, respectively, and

o is the electrical length. The normalized conductance g~ results from

the distributed losses, and g, the radiation losses.

The ratio of the losses that result from radiation to the total stub

losses is given by

(7)

Fig. 3 shows the ratio (P,,,i/Pt.~al) at 8 GHz plotted for a 50-’il line

on a 0.025-in thick alumina substrate as a function of stub lencrth and

illustrates the importance of radiation losses. The value of b used is

taken from the results of Napoli and Hughes [2] where the line ex-

tension is approximately equal to 0.4 h.

The ratio of the radiation losses to the distributed losses of a

quarter wave resonator is given by

Pmd P,.d Q0zo(~ref)3’’(@o)’
—— . (8)

P*ot’,l — P,*J Pri,,t

(
45rr 1 + 1.6; @,:

)
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Ratio of radiation,lossto distributed for50.flline asa
function of substrate dielectric constant and frequency

Fig. 4shows P,aa/Pdi,i asa function of the substrate dielectric con-

stant e, and frequency, Theresults shown are for a SO-Q line, and are

in good agreement with the data presented by Denlinger [8] for

radiation losses in excess of 10 percent of the total loss.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

8]

H. SOBOL

RCA Corp.

David Sarnoff Res. Ctr.

Princeton, N. J. 08540

REFERENCES

B. R. Hanford, ‘iLow-noise microstrip mixer on a plastic substrate, ” in 1970
rowaw Symp. Dig., pp. 20&211.
apoli and J. J. Hughes, “Open-end fringe effect of microstrip lines on
“ to republished.

~helfer, ‘End effect formicrowstrip line, “ in Micimuave Engineers Tech-
Buwm$Gz&ic. Horizon Hnl, se Microwave inc.. 1969.0.72.

Int. MiG
L. S. FI
ahlmina
H. Stinel
nica16= E...... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..
H. A. Wheeler, “Transmission-line properties of parallel strips separated by a
dielectric sheet, ” IEEE Trans. Mia’owage Thco?y Tech., vol. MTT-13, Mar.
106< ““ 177–3%<
1
~,ew yo~k: MCG

L. Lewin, “Radi
vol. 107, pt. C,F
~o.gm~ and J. R

E. J. ‘De]
wave Theory Tech. (Corresp.), vol. MTT-17, Apr. 1969, PP. 235–236.

.. ”., ~H. .,- . . . .

N. Marcuvitz, Wawg!~ide Handbook (Radiation Laboratory Series, VOI 10).
;raw-Hill, 1951, p, 179.
.ation from discontinuities in stripline, ” Proc. Inst. Elec. Exg.,
?eb. 1960, pp. 163-170.
<. Whinnery, Fields and Waves ;PZ Modenz Radio,2nded. New

Iiley, 1953, PP. 526-535.
,nlin.ger, “Radiation from microstrip resonators, ” IEEE Tvam. MicYo-

Broad-Band Properties of a Class of

TEM-Mode Hybrids

Absfracf-The analysis of a class of N-port TEM-mode hybrids,

operating as equal or unequal power dividers or summers, has been

extended to include the use of tapered transmission lines. The

analysis indicates design limitations on the VSWR and isolation

characteristics, and can be applied f or arbitrary frequency bandwidth

and/or power dNision ratios. Also included are design graphs and

tables that cover some common ranges of power division/sutnmation

ratios.

Manuscript received February 19, 1971; revised May 24, 1971. This work was
supported in part by the National Research Council of Canada under Grant NRC
A-3725.
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Fig. 1. Circuit forthegeneral case of athree-port hybrid
with multiple transformer sections.
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Fig. 2. Even and odd mode equivalent circuits. (a) and (b) Port 1 to port 2 in
the even mode and in the odd mode, respectively. (c) alld (d) Port 1 to port 3
in the even mode and in the odd mode, respectively.

INTRODUCTION

The hybrids to be discussed can be designed for arbitrary power

division ratios while maintaining equal phase in the divided parts of

the circuit. By the reciprocal properties of this hybrid, signals of equal

phase, having given power ratios can also be summed without loss.

The summation ports are well isolated from each other within the

design frequency band. The work reported here extends that reported

previously [1 ]– [5 ] to include the use of tapered transmission lines and

of distributed resistances to provide the needed impedance matching

and isolation. Goodman [6] has given experimental evidence which

indicates that it is possible and desirable to use tapered transmission

lines in these hybrids. The work discussed here confirms his findings

and indicates as well practical values of the distributed resistances to

be used.

GENERAL ANALYSIS

For analysis purposes, the N-port hybrid can be reduced to a

four-port equivalent circuit similar to that used for treating the three-

port hybrid, as shown in the Appendix. This permits the properties of

the hybrid to be readily obtained using the concept of even and odd

modes [5].

The general circuit for the three-port hybrid discussed is shown in

Figs. 1 and 2 [2], [3]. The basic circuit consists of M sections with an

equal number of shunt resistors. The characteristic impedances of the

matching sections in each arm serve as impedance transformers to

match the summation ports (2 and 3) to the divider port (1). Let the

electrical length (o) be very small, and assume that the characteristic

impedance of each increment of length is a stepwise approximation of

the tapered transmission line. The shunt resistances can be thought of

as the internal termination of the series port, of a conventional four-


