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An Adjustable Quasi-Optical BandPass Filter—Part 11:

Practical Considerations

ADEL A. M. SALEH, MEMBER, IEEE

.4bsfnzcf-This paper investigates the effects of using realistic

grids on the performance of the adjustable quasi-optical bandpass

filter presented in Part I. The theory given here is in excellent

agreement with measurements performed on a three-grid filter in

the 50-75-GHz band.

I. INTRODUCTION

I N PART I of this paper [1], an adjustable quasi-optical

bandpass filter was described. The theory of operation

and the design formulas reported were developed under

the assumption that the wire-grid polarizers employed

were ideal. To be more specific, let the field reflection and

transmission coefficients for a plane wave at normal in-

cidence on a parallel-wire grid be denoted, respectively,

by rl I and tl I when the electric field is parallel to the wires,

and r~ and t~wheri it is perpendicular to the wires. In

Part I of this paper it was assumed that rl I = – 1, tl I = O,

rA = O, and t ~ = 1. This would require the wires of the

grids to have infinitesimal thickness and spacing. Thus
in practice, such values of the r’s and t’s can only be

achieved approximately. In this paper, the effects of using

realistic grids on the performance of the filter are investi-

gated.

11. WIRE-GRID POLARIZERS

In this section, the values of rl,, t,,, r~, and t~ are given

for two common types of grids. The grids will be assumed to

be lossless, i.e.,
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and to have a thick

i.e.,

rl,lz+ltlllz=l

?“L12+qtL[2=l (1)

Less small

t[l = 1+?”]1

From (1) and (2), and from

compared to a wavelength,

tL=l+?”L. (2)

the fact that the grids are

inductive for the parallel polarization and capacitive for

the perpendicular polarization, the r’s and t’s can be

written as functions of two positive real parameters *1 I

and #~ in the forms

rll = –cos#ll exp (–j/Jll) (3)

t,, =jsin~llexp (–j~ll) (4)

r~ = –j sin #A exp ( –j*A) (5)

t. = cos +. exp ( –~$~) (6)

The grids of interest for the filter are those which act

as reasonably good polarizers, i.e., I rl I I , I t~/R 1 and

I tll I , I r~ I <<1. Thus the quality of a grid will be de-

scribed by the two coefficients I tl I I and I r~ I . The smaller

these coefficients are, the better is the grid. Clearly, since

I tl, I = sin ~1, and I r~ I = sin *L, the magnitude and

phase of any of the coefficients given in (3) – (6) can be

calculated from I tl I I and I r~ 1. It is emphasized that this

is only true since the grids are assumed to be Iossless and

thin in comparison to the wavelength.
Two common types of grids are shown in Fig. 1. The

first grid, Fig. 1 (a), consists of thin metallic strips of
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Fig. 1. Twocommon types of grids.

width a, thickness b, and period p. Under the assumptions

that

b<< a, (p – a)

p<<A ..

where A is the operating wavelength, it can

at normal incidence [2], [3]

Irl[ ()7ra
= ~ log. sec — .

2p

(7)

(8)

be shown that

(9)

(lo)

No restriction is assumed on the value of a/p. It is noted

from (9) and (10) that

Itll(a) I = lr~(p–a) 1. (11)

This equation can also be deduced directly from Babinet’s

principle and is independent of condition (8). If a = p/2

then

(12)

In fact, if a = p/2, an exact expression for tIIor r~, in-

dependent of condition (8), is available in the literature

[4], [5]. However, this is not of great importance here

because condition (8) is required for the grid to act as a

good polarizer.

The second type of grid, Fig. 1 (b), consists of circular

metallic wires of diameter d and period p. Under the as-

sumptions that

d<<p (13)

p<<i (14)

it can be shown that at normal incidence [6], [7]

(15)

(16)

It is to be noted that

lrLl<<lt,\ (17)

which is a consequence of condition (13). Formulas are

available in the literature for tl I when condition (14) is

not satisfied [6]–[10]. Also when neither condition (13)

nor (14) is satisfied, tl I is given in [11] and both tl I and rL

are given in [12].
A dense grating of thin circular wires is practical to use

as an efficient polarizer at centimeter wavelengths. At

millimeter wavelengths an array of thin strips is more

easily manufactured, for example, by photoetching thin

metallized Mylar sheets. In the infrared region, polarizers

have been made by evaporation of metal on a plastic

echelette grating [13]–[15], by photoetching techniques

[16], by holographic techniques [17], and by ion-beam

micromachining [18]. For example, a polarizer is described

in [18] which has I rl I 12 > 99 percent and \ L Iz > 93

percent at a wavelength of 10.6 pm.

III. EFFECTS OF USING NONIDEAL POLARIZERS

The effects of using realistic grids with finite dimensions

on the response of the filter are investigated in this section.

It will be assumed that (1) –(6) hold. The results will be

given in terms of I tl I I and I r~ I . The method of analysis

employed is essentially the same as that used by Hill and

Cornbleet [19]. Thus only the results will be reported

here. Basically, the method involves representing each

grid and each spacing between grids as a 4-port network

with two input ports and two output ports. Each port

represents one component of polarization. A 4 X 4 matrix

which is a generalization of the 2-port transfer scattering

matrix [20], [21] is formed for each network. Such a

matrix relates the incident and reflected wave amplitudes

at the two input ports to those at the two output ports.

The overall 4 X 4 transfer scattering matrix which de-

scribes the performance of the filter is then calculated by

multiplying all the individual matrices together in the

proper order.

Using the aforementioned method with I tl, I = I T* I =

0.1, the frequency response of the 2-section filter of Fig.

4(b) of Part I is plotted in Fig. 2 for various values of 0.

In the figure, the frequency is normalized to jO which de-

notes the frequency at which the spacing between ad-

jacent grids is equal to a quarter of a wavelength. The

variation of I tl I I and I r~ I with frequency is neglected

because the frequency does not vary appreciably over the

f/f.

Fig. 2. Frequent response of a two-section filter with
rt,, I = I r.1 I = 0.1.
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range of responses shown int.hefigure. This approximation

isparticularly appropriate if the filter has a narrow band-

width and is operating at a higher order resonance.

Comparing Fig. 2 with Fig. 5 of Part I which was plotted

under the assumption that the grids are ideal polarizers,

one notes that realistic grids have the following effects on

the response of the filter.

1) The resonance frequency is shifted from that at

which the spacing between grids is h/4.

2) The amount of frequency shift varies slightly as the

angles between the wires of the different grids are changed.

3) The shape of the frequency response curve is not

symmetric; in fact it will be shown later that the shape of

the response of narrow-band multisection filters can be

somewhat distorted.

4) The peak transmission of the filter is less than 100

percent.

Approximate formulas will now be given for the shift

of the resonance frequency and the reduction in the peak

transmission for the 2-section filter. For a greater gen-

eralit y, let t 11and rl be the coefficients of the two end

grids and t11’and rL’ be those of the middle grid. The re-

sults are obtained by following the method of Hill and

Cornbleet [19] described briefly in the preceding, and by

using small-value approximations under the assumption

that

It,, l,\t,,’ l,lrLl, lTL’1 <<1. (18)

Let 6j be the shift in the resonance frequency and i$i$the

corresponding shift in the electrical length between the

grids. The frequency at the mth resonance is given by

fm = (2?’)’2– l)fo + a.f (19)

and the corresponding electrical length by

@m=(2r?z-l); +8@ (20)

Clearly,

c$f/fo = ~ 6+. (21)
T

For the 2-section filter of Fig. 4(b) of Part I with angles

81 = –& = O, one obtains

a@=–*/tll \+2cot’elr4/–csc’e IT1’] (22)

which is independent of I tl I‘ I to a first order. In fact, the

omitted terms in (22) are of cubic orders of the magni-

tudes of the t’s and r’s. For the 2-section filter of Fig. 4(a)

of Part I with angles 61 = & = O, the term COS2o I tl I‘ \

should be added to the right-hand side of (22).

The peak power transmission coefficient for either

realization of the 2-section filter is

lt~12E1–*tan201tl,l’ (23a)

=2.17 tan26 I tll 12dB (23b)

which is independent of I tll’ I , I r~ I , and I T*’ I . The lost

power is converted into cross-polarized waves propagat-

ing in the forward and reverse directions.

Equations (21)-(23), with I tll I = I tll’ I = I r~ I =

I r.’ I = 0.1, agree extremely well with the exact results

shown in Fig. 2. The only exception is the loss for 0 = 8.5°

because the term tan20 I tlI/2appearing in the right-hand

side of (23) is too large for the approximations to hold.

The slight variation of 6f as o is changed as indicated

in Fig. 2 and (22) is an undesirable effect. However, (22)

shows that this effect can be eliminated when the condition

is fulfilled. In this case, (22) gives

&$@–*ltlll–21r~l (25)

which is independent of 0. To demonstrate this point, the

frequency response of the 2-section filter of Fig. 4(b) of

Part I is plotted in Fig. 3 for various values of 0 and

with I tll I = 0.1, I tll’ I = 0.2, I r~ I = 0.1, and I r~’ I =

2 I r~ I = 0.2. The particular value chosen for I t I I‘ I is un-

important since it does not affect the frequency shift. The

figure shows that the center frequency of the filter is indeed

independent of O.Such independence is not possible for the

two-section filter realization shown in Fig. 4(a) of Part I

because of the term cos 0 I t 11’ I which, as mentioned pre-

viously, should be added to the right-hand side of (22).
This is a third advantage, added to the tmo mentioned in

Section III of Part I, for the 2-section filter with angles

01 = – Oz = 0 over that with angles 01 = % = 0. It is ap-

propriate, however, to notice that if only narrow band-

widths are involved, i.e., if o m 90°, then

&$=–+ltl[d–lr~’l, e = 90° (26)

for both cases.

For multisection filters, it will be assumed that the two

end grids are identical and, in general, different from the

intermediate grids which, in turn, are assumed to be iden-

tical. Let tIIand r. be the coefficients of the two end grids

and tII‘are rL’ be those of the intermediate grids. It is not

easy to obtain analytic results for multisection filters

similar to those preceding, given for 2-section filters. How-

ever, from numerical results based on the method of Hill

f/f.

Fig. 3. Frequency response of a two~ection filter with
lt~l=lr~l =O.land \tn’l=lr~’ 1=0.2.
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Fig. 4. Frequency responses of a 4-section filter under four different
conditions. (a) Angles = (@@, –o,, –8,) and I tll \ = I tll’ I =
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737

and Cornbleet [19] described at the beginning of this sec- It,,’ l=+lt,, l, ]?”l’I=21?”*I. (27)
tion, one can reach the following conclusions.

1) For multisection filters with narrow bandwidths, As an example, three responses of a 4-section filter under
(26) of the 2-section filter can still be used to calculate the four different conditions are given in Fig. 4. The three

approximate shift in the resonance frequency. responses are of the maximally flat type with l-dB relative
z) To make the frequency shift independent of the bandwidths w = 0.1 (0, = 65.00°, % = 82.40°), w = 0.05

values of the 6’s, then one must have (01 = 72.18°, 6, = 86.11°), and w = 0.02 (oI = 78.67°,
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& = 88.42°) .Thevalues of61and0z (see Fig. 6of Part I)

which are necessary to plot the responses were calculated

from (18) of Part I assuming perfect grids. Both Figs.

4(a) and 4(b) have the angles of the four sections in the

order 01, 62, – 62, – 64. Thk arrangement makes the input

and output polarizations parallel to each other. The same

effect is obtained by having the angles in the order 01, —%,
02, – o,. Thk case is represented in Fig. 4(c) and 4(d).

In Fig. 4(a) and 4(c) all the grids are identical with

It,, I = ltlI’1 = lr~l = lr~’1 = 0.05. In Fig. 4(b) and

4(d), ]til I = 0.1, 1~11’1 = ~lqi I = 0.05, lr~[ = 0.05,
and \ r~’ I = 2 I rL \ = 0.1, i.e., (27) is satisfied. It is evi-

dent from a comparison of Fig. 4(a) and 4(b) that ful-

fillment of (27) not only eliminates the shift in the reso-

nance frequency for different w’s, but also reduces the dis-

tortion of the response curves. It is interesting that this

remains true even though all the grids used for Fig. 4(b)

are slightly worse polarizers, i.e., have larger \ tl I I‘s and

I r~ l’s, than those used for Fig. 4(a).

IV. EXPERIMENT

In this section, an experiment on a 2-section filter in the

50–75-GHz band is described. The three grids employed

in the filter were of the thin strip type shown in Fig. 1 (a).

The strips, which were made of copper, had a width

a = 0.076 mm (0.003 in), a thickness b = 0.018 mm

(0.0007 in), and were spaced at a period p = 0.203 mm

(0.008 in). They were photoetched on a metallized 0.004-

mm (0.00015-in) -thick Mylar sheet. The grids were

stretched over three aluminum rings having an opening

of approximately 15 cm (6 in). The rings holding the two

end grids were fixed together so that their wires are parallel

while the ring holding the middle grid was allowed to

rotate with the help of two ball bearings fixing it to the

end rings. Thus the filter was of the type shown in Fig.
4(b) of Part I. The spacing of the grids was .s = 1.016 cm

(0.400 in).

A schematic diagram of the experiment is shown in

Fig. 5. Two standard conical horns with approximately

2-cm diameters and two polystyrene lenses with 30-cm

diameters and 30-cm focal lengths were used. The lenses

were slightly misaligned to prevent multireflections. The

beam was about 15 cm in diameter at the 20-dB points.

The waveguide-to-waveguide insertion loss of the horn–

lens combination without the filter was about 3 dB. The

dynamic range of the measuring system exceeded 20 dB
and the accuracy was approximately *O. 1 dB.

The fourth (.s = 7k/4) and fifth (s = 9k/4) resonances

of the filter occurred in the 50-75-GHz band. Assuming

perfect grids, and withs = 1.016 cm, the resonances occur,

respectively, at 51.67 and 66.44 GHz. From the dimen-

sions of the preceding grids given and from (9) and (10),

one obtains ] tll I = 0.041 = –28 dB and [ r~ [ = 0.013 =

–38 dB at the first frequency, and I tl I \ = 0.053 = – 26

dB and I r. [ = 0.017 = – 36 dB at the second frequency.
From these numbers and from (21) and (22) with I r.’ \ =

I r. I , the frequency shifts for o = 60° and 75° are, re-

spectively, —0.14 and —0.15 GHz at the first frequency

and —0.18 and —0.20 GHz at the second frequency. The

gcw.mr 2-SECTION 1.016CM (0.400”) OETfCTOR
FILTER SPACINGS

CONICAL HORN BEAM DIAM. 15CM (6”) POLYSTYRENE LENS
AT 20dB POINTS D= f =30CM (12”)

Fig. 5. Experimental schematic.
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the fifth resonance of the twosection filter.

theory at

amount of loss predicted by (23) is less than 0.1 dB for

any of the preceding cases mentioned.

The experimental results for the two aforementioned

resonances are plotted in Figs. 6 and 7 for 0 = 60° (squares)

and 0 = 75° (circles). In each figure, the solid lines repre-

sent the responses calculated by the method mentioned

in Section III. The transmission and reflection coefficients

of the grids were calculated from the preceding grid dimen-

sions given with the help of Section II. The variation of

these coefllcients with frequency was taken into account.
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The figures show that the solid curves are in excellent

agreement with the measurements. However, the losses

of 0.5 dB and 0.7 dB occurring at resonance for 6’ = 75°

in Figs. 6 and 7, respectively, are larger than those pre-

dicted by the theory (less than 0.1 dB). The difference is

attributed to ohmic losses in the grids which were neg-

lected in the theory.
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Short Papers

Reduction of the Attenuation Constant of Microstrip

I. J. ALBREY AND M. W. GUNN

Absfracf—Modifications to a normal microstrip transmission line

are proposed, with the aim of reducing the attenuation constant of

the line. The results of a computer analysis of a structure containing

multilayers of dielectric show that significant reductions in attenua-

tion appear possible.

INTRODUCTION

The advent of solid-state microwave devices has given great

impetus to the development of microwave integrated circuits, which

are based on a microstrip structure consisting of conducting strips
separated from a ground plane by a substrate material with a high
dielectric constant. Methods for the calculation of characteristic

impedance, capacitance, and wavelength of such structures were

established in the 1950’s [1], but the first accurate calculations did
not appear until the 1960’s [2]. This two-conductor structure can
be effectively shielded by enclosure in an appropriately large metal
container, but as pointed out by Brenner [3], such transmission
lines are beset with problems of inhomogeneity of the eubstrate,

Manuscript received November 27, 1973: revised January 24, 1974.
This work was supported in Part by the Australian Research Grants
Committee.

The authors are with the Department of Electrical Engineering,
University of Queensland, St. Lucia, Queensland, Brisbane, Australia.

narrow strip widths for typical characteristic impedance levels (up
to say 150 Q), and high attenuation. The suspended substrate trans-

mission line, which largely overcomes such dMiculties, has thus be-
come popular.

This short paper reports some results of an investigation into
possible methods of reducing the attenuation of microstrip. It is

proposed that the attenuation constant of a normal suspended

substrate transmission line can be reduced by removing the sub-
strate from the immediate vicinity of the conducting strip. The
investigation was prompted by work on the use of Ioadlng in the
form of a “shell” of dielectric to reduce the attenuation of a coaxial
cable [4].

Such a modified structure would have the general form shown in
Fig. 1 where dielectric e~* is to be regarded as the substrate material

that was originally in contact with the center conducting strip, but

has now been removed a finite distance from the strip. The other
regions consist of low-loss low dielectric constant material (=1* and

c4* are air), and ~s* supports the center strip.

METHOD OF ANALYSIS

Thk multilayered structure has been analyzed on the assumption
that a TEM field pattern exists. For thk to be valid, the wavelength
must be much greater than the transverse dimensions of the line,
and so a frequency of 1 GHz (XO equals wavelength in air-filled
line = 30 cm) is chosen. Several methods of analysis are available,
the variational approach [5] being chosen because of its dkect
nature and its accuracy, particularly in the calculation of attenua-
tion. The method is based on a variational technique using Green’s
functions and coneiders the center conductor to be infinitely thin.


