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Ab.sfracf-A converter between linear and circular polarization

has been designed in circular waveguide by the use of periodic load-

ing with oblong dielectric discs. The disc loading increases the

single-mode (TE-11) bandwidth relative to that of homogeneously

filled circular waveguide. Moreover, periodic loading gives the

designer freedom to adjust the disc thickness and shape to meet cer-

tain requirements. With the abutting disc-loaded waveguide as a

reference, the dielectric loading is increased in one plane of polariza-

tion and decreased in the orthogonal plane. In a wide-band design,

this differential loading gives nearly constant (90° difference in time

phase between space-quadrature component wi~ves, the condition for

circular polarization.

Such a polarizer has been constructed with four oblong discs.

Across a frequency bandwidth of about 15 percent, the measured

phase dtierence is within 2° of the desired value and the SWR is

within 1.5 dB.

I. INTRODUCTION

I

T 1S WELL KNOWN that a ccmversion betlveen

linear and circular polarization can be accomplished

in circular waveguide by providing differential load-

ing for two crossed TE- 11 modes. Examples of this tech-

nique include flat dielectric slabs [1], [2], as well as a

dielectric rod with flattened sides [3]. Unfortunately,

these configurations lower the cutoff frequency of the

next higher mode.

Whenever it is possible, waveguides are used at fre-

quencies where only one mode, the dominant mode,

can propagate. This places all higher-order modes be-

yond cutoff, thereby avoiding spurious resonances and

other harmful effects. Thus, the spacing between the

cutoff frequencies of the dominant and the next higher

mode determines the useful bandwidth of a waveguide.

It has been shown that the useful bandwidth of circular

waveguide can be greatly increased by periodic loading

with dielectric discs [4]. This wider bandwidth is useful

in the design of many components, such as the polar-

ization converter to be described.

Differential loading can be achieved in disc-loaded

waveguide by oblong discs which present different

values of ‘(equivalent dielectric constant” in the two

orthogonal planes of polarization. Such a configuration

does not proportionately load the next higher mode.

fi’Ioreover, the loading may be increased in one plane

and decreased in the orthogonal plane, thus minimizing

the departure from the “normal” loading in the abutting

waveguide. Impedance matching can be obtained by

shaping the discs, to taper the element strength from

the center to the ends of the polarizer.
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After a brief review of the modes which propagate in

disc-loaded waveguide, formulas will be presented

which explain how wide-band polarizer operation is ob-

tained. hIethods of physically realizing the desired

differential loading will be discussed, and a program that

led to the design of a working model will be outlined. 1t

~l,ill be sho}vn that this model exhibited excellent con-

version of polarization across a wide band, a:s predicted

by theory.

I;. SYMBOLS

f= frequency

~.= cutoff frequency of dielectric loaded wave-

guide

jOC= cutoff frequency of unloaded (empty)

waveguide

A = free-space wavelength

Am= free-space wavelength at midband

~.= cutoff wavelength (1. 706 diameters, for

dominant mode in circular waveguide)

u = A/A. = f.,/j = dk,f.lf

k = dielectric constant

k~ = dielectric constant of loading disc

k.= equivalent dielectric constant

kl = k, in waveguide abutting polarizer

k~ = k, in high-k polarizer channel

k~ = k, in low-k polarizer channel

t = thickness of dielectric disc

d = spacing of discs on centers

(?= phase retardation per unit length

AZ, & = ~ in respective polarizer channels

+ = phase difference between polarizer chan-

nels

L = length of polarizer

ZLO,~~, 00 = quantities for zero slope of phase difference.

II 1. MODES IN DISC-LOADED WAVEGUIDE

Consider a circular waveguide, periodically loaded

with dielectric discs, as shown in Fig. 1. These discs

strongly load the dominant (TE-11) mode, but have

little effect on the (ThI-O 1) mode which normally limits

the single-mode bandwidth. Figure 2 compares the cut-

off frequencies of the first several modes for both uni-

form and periodic loading. Here the frequency~ has been

normalized with respect to the lowest cutoff frequency

f.. The most striking difference between the two cases

is the separation of the TE-11 and TLf-O !1 modes. For

our example, using alumina discs that fill one third the
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Fig. 1. Dielectric disc-loaded circular waveguide.
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Fig. 2. Relative cutoff frequencies of several modes. (a) Modes
propagating in uniformly loaded circular waveguide. (b) Modes
propagating in disc loaded circular waveguide.

volume of the waveguide, the TM-01 cutoff frequency

is so high that it no longer limits the useful bandwidth.

The TE-21 mode then becomes the principal limitation.

Note also in Fig. 2 that the passband for the TE-11

mode is finite for disc loading, and semi-infinite for uni-

form loading. Although the periodic structure does have

additional stopbands, these will be at frequencies far

above the useful band, provided the disc spacing is small

with respect to the wavelength. Thus, in the useful

band, we can treat the disc-loaded waveguide as a metal

pipe of the same diameter, completely filled with some

equivalent dielectric constant k., given by

k.=l+(kd– l); (1)

where kd is the dielectric constant of the disc, and tand

d are the disc thickness and spacing as shown in Fig. 1.

Although (1) is derived from the static-field equivalent

circuits of [4], it is accurate within several percent for

the dimensions and frequencies under consideration

here. With circular discs, k. is the same in all planes of

polarization. The shape of the disc, however, can be

modified to obtain different values of k. in orthogonal

planes, thus enabling the formation of a polarizer,

IV. THEORY OF POLARIZER OPERATION

An exact theoretical analysis of a circular waveguide,

periodically loaded with discs of arbitrary shape, is a

formidable task. To reveal the mechanism by which

wide-band performance is obtained, we shall make some

simplifying assumptions. Using the concept of ‘fequiva-

Ient dielectric constant, ” we may write an expression for

the phase lag per unit length as

/j’=~~k,-@,

where h is the free-space wavelength and u

ratio of free space over cutoff wavelength.

(2)

is h/&, the

Figure 3 is a plot of the phase shift through a given

length L for three different values of k,. Let kl designate

the value of ke in the waveguide abutting the polarizer,

kz the k. k the linear polarization of greatest loading,

and ks the k, in the linear polarization of least loading.

Each curve rises sharply, levels off, and asymptotically

approaches a straight line whose slope is proportional

to the square root of k,. A wide band exists, over which

the curves are approximately parallel. If a wave is

launched with equal components in each of the principal

planes (or channels) of the polarizer, a nearly constant

90° difference in time phase can be achieved in propaga-

tion through the polarizer. This can be shown quantita-

tively by writing the equation for the phase difference

between components

4 = L(L72 – f93) - (3)

where & and (& are the phase constants in the high-k and

low-k channels, respectively. In terms of the equivalent

dielectric constants,

or

27rL
+= ~ [ti”k~ – fo.’ – tif% – f..’] (4)

where c is the velocity of light in free space, and f.. is

the cutoff frequency with no dielectric loading.

Taking the derivative of the above equation with re-

spect to frequency, we find

Setting (5) equal to zero, we may solve for uO, the in-

verse frequency ratio at which there is zero slope of

phase difference:

Thus, the frequency at which d~]df = O is

(6)
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Fig. 3. Phase vs. frequency for differential loading.

(7)

The phase difference at j,, is found by substituting in

(4)

The slope of the phase difference at h igh frequencies is

determined by taking the limit of (5) as u approaches

zero:

dlj 27rL —
lim — =
.+0 df

y(~kr<~)==- !–k’–. (9)
c ~k, + ~k,

Figure 4 summarizes these relations, and shows other

critical points, in a plot of the phase difference between

channels vs. frequency. Note that the three critical fre-

quencies labeled in Fig. 4 are related by

To minimize the departure from the “normal” loading

in the waveguide which abuts the polarizer, we will set

f.,/w% midway between fJv’& and fJv& This re-

quires

(11)

It should be remembered that f. has been defined

simply as the frequency at which the phase slope is zero.

No practical restrictions have yet been placed upon f..
~Tolv if ~ve set f. equal to our midband operating fre-

quency, we require that

in the waveguide which abuts the polarizer. Returning

to Fig. 2, we see that this is not advisable for uniformly

filled circular waveguide, since a spurious mode could

then propagate. Disc-loaded waveguide, however, is well

I 1 LIMITING SLOPE ‘1

Fig. 4. Frequency variation of phase difference between channels.

qualified to fill our needs: a 30 percent band centered at

fJf. = <z is available. “rhis band clears the lowest cut-

off by 20 percent and avoids spurious modes.

Now that we have specified the frequency ratio at

midband, we may set (6) equal to (11) and show that

(12)

NTOW we may fix the midband phase shift at 90° by

setting (8) equal to m/2:

By solving (12) and (13) simultaneously, we find

Thus, for any polarizer length we may select, (14) may

be solved to find kz and k~. Just how these values of

equivalent k may be physically realized will be our next

topic.

V. PHYSICAL REALIZATION

The desired differential loading can be achieved by

any of a variety of disc shapes. Figure 5 shows some of

the shapes that were studied during the course of the

program. Several factors were considered in choosing

the shape for a test model. These factors included ease

of fabrication, ability to obtain sufficient differences be-

tween k% and ka, peak power capacity, andl spuricJus-

mode suppression. For machining ease, the shapes of

Fig. 5(a) and (b) were preferred. Experiments showed

that all shapes except Fig. 5(b) exhibited sufficient

differences between kz and kt. As for power capacity,

Fig. 5(d) was preferred for the right angle where the di-

electric edge leaves the metal wall. For single-mode

operation, a shape must be selected that does not

strongly load the TE-21 mode. The shape clf Fig. !5(a)

appears best in this respect.

After weighing these factors, the oblong shape shown
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Fig. 5. Alternate configurations for shaped discs.

in Fig. 5(a) was selected. This simple shape could be

easily described and modified for experiments. When

the electric field is parallel to the flat edge of such a disc,

the equivalent k is high because the thickness is greater

than normal, and series air gaps are avoided. For the

orthogonal polarization, series air gaps more than com-

pensate for the thickness increase, and the net result is a

low equivalent k.

VI. DESIGN OF THE DEVELOPMENTAL MODEL

The relationships given in Section IV were used to

predict the performance of polarizers of various lengths.

At first, the spacing between the centers of polarizer

discs was taken as 0.1510, the same spacing as in the

waveguide which abuts the polarizer. Sintered alumina

of high density and purity, with a dielectric constant

of 9.6, was chosen as the disc material. Calculations

showed that three or four polarizer discs would be ade-

quate for a 15 percent frequency band, which was ap-

proximately the design objective.

Since an exact theoretical solution would be difficult,

an experimental program was launched to find the opti-

mum dimensions for the developmental model. A model

containing four identical polarizing discs was con-

structed, and its equivalent circuit was determined for

each of two orthogonal linear polarizations. For test

purposes, the linear polarizations were aligned with the

high-k and low-k planes. Thus, there was no coupling to

the crossed mode, and the network could be analyzed as

a separate two-port for each polarization. Figure 6

shows the test setup and the equivalent circuit thereby

evaluated. When the polarizer is match-terminated,

slotted line measurements reveal the circuit parameters

1, and n. Next, a short circuit is placed at the end of the

polarizer, and h is determined. Polarizer dimensions are

then varied to obtain experimentally the two ideal con-

ditions: no reflection (n= 1), and the path length

(l, +Q having a difference of 90° for orthogonal polar-

ization over the bandwidth.

The dimensions of each of the four shaped discs were

then varied by like amounts to empirically determine

the performance capability. Although four identical ele-

ments showed nearly constant phase difference, the

standing-wave ratio (SWR) could not be held lower

than 4 dB. The next step was to “taper” the element

strength, that is, to increase the polarizing strength of

the two center elements while decreasing the strength

of the two outer elements. Final corrections were ob-

tained by a slight variation of the interelement spacings.

Dimensions of the developmental polarizer are given in

Fig. 7; Fig. 8 is a photograph of this model.

Fig. 6. Definition and measurement of polarizer characteristics.
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Fig. 7. Dimensions of developmental polarizer.

Fig. 8. Photograph of polarizer.

VI 1. PERFORNMNCE OF THE DEVELOPMENTAL MODEL

Next we shall discuss the reflection, phase character-

istics, axial ratio, mode purity, and power capacity of

the developmental model. The reflection, measured in

each of the polarizer’s principal planes, is plotted in

Fig. 9. Note that the SWR is within 1.5 dB across a

bandwidth of about 15 percent. Figure 10 shows the

phase difference between channels over the same band-
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by several factors. First, no attempt was made to bond

the edge of the discs to the metal waveguide walls. Thus

high gradients appeared in the air gaps between the

high-k discs and the wall. Also, the simple oblong shapes

encouraged arcing at the sharp edges and corners of the

disc. ltrith these handicaps, the power capacity of the

model is only about 3 percent that of the largest single-

mode air-filled (44 ohm) coaxial cable that could be

/’” used for the same band. With medium-k discs shaped
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Fig. 9. Measured reflection over 15 percent baud.
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Fig. 10. Measured phase difference between channels.

m-idth; the variation is within + 1° from the average,

and within 2° of the design objective ( 90°). From these

properties, the axial ratio is computed to be within

0.3 dB across the 15 percent frequency band.

As we saw earlier, theTE-21 cutoff frequency imposes

the upper limit on the useful bandwidth of disc-loaded

waveguide. One might wonder if the thicker discs in

the polarizer region would load the TE-21 mode enough

to allow it to resonate in, or too near, the band. A cavity

test was performed to resolve this question. The polar-

izer was short-circuited at both input and output ports,

and crossed electric probes were inserted into the re-

sultant cavity to excite the TE-21 mode strongly. The

TE-21 cutoff, calculated from the lowest cavity reso-

nance, occurred above the operating band. This demon-

strated that the dielectric material removed from the

periphery of the oblong discs more than compensated

for the increased TE-21 loading provided by the

thickened discs.

Experiments were conducted to determine the capac-

ity of the developmental model to transmit high peak

power. The power capacity of the test model was limited

as in Fig. 5(d), and with air gaps eliminated, it is esti-

mated that the power capacity would be ;!0 percent

that of the same coaxial cable.

VIII. CONCLUSIONS

A circular waveguide, loaded with oblong dielectric

discs, has been analyzed in terms of a uniform line, with

different values of “equivalent dielectric constant” for

orthogonal polarizations. This analysis shows that ex-

cellent conversion between linear and circular polariza-

tion can be obtained across a wide frequency band. This

theory has been confirmed by constructing a four-disc

polarizer, which exhibited a O.3-dB axial ratio across a

15 percent band. It is estimated that a 30 percent band

can be accommodated, thus realizing the full bandwidth

of disc-loaded waveguide. The power capacity of the

developmental model is modest, but useful for sc)me

transmitter applications. Higher power capacity may be

achieved by lower-k discs of improved shape, bonded to

the waveguide walls.
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