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A report of the design, development ana periom~ance characteristics of a Q-band (8 nim) confoal. 
mned, aielectric lens beam waveguide is presented. 
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The pioneering work of Goubau, followed by several other investigatorsl-?%on h a m  
waveguides using iris, confocal mirrors and lenses, and guides -using gas focusing 
system, including the study of the presence of higher ordcr modes and their effect on 
the transmission characteristics of beam modes, stability of modes, phenonxnon ol  
mode conversion due to misalignment of phase transformers and the problem of launch- 
ing a Gaussian beam onto the beam waveguide, has led to the evolution of a new 
method of free-space guided wave long distance communication by millimeter, sub- 
millimeter and optical waves with very low dispersion loss, which is du: to the utilisation 
of the principle of reiteration of wave beams at regular intervals. 

The object of this work is to study the free space millimeter wave propagation 
~haracteristics for long distance communications and, as a first step, a 25-feet long guided 
wave test bench using dielectric zoned lenses has been designed and developed to work 
at 8 mm wavelength. 

As far as  can be gathered from available published literature, smooth surface lens 
has been used by the earlier investigators for the construction of beam waveguide. In 
order to reduce the ( i )  weight and (ii) absorption loss in the material, it has been thought 
worthwhile to use zoned dielectric lenses. It js also the object ofthis work to &termin$ 
whether efficient reiteration of wave beams can be achieved a t  regular inter5alr by using 
z~Lt&, instead of smooth, surface lens. 

' hrseat address : Dept. of Matheitlatin, Unijcrsity of Dundoe, DUlKee DD1 4HN, UK. 
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FIG. 1. Plot of axial field variation (theoretical). 

The paper presents a report containing the design details of the beam waveguide and 
rasults of measurement of its performance characteristics. 

2. Numerical computation of axial and radial fields 

The mathematical formulation of the principle of propagation of wayes guided by beam 
waveguides is based on elzctro~nagnetic wave beams of the type which exists in thi 
Fresnel region of highly directiunal antennas and whose field distribution can be reconsti- 
tuted at periodic intervals. Sincz the electromagnetic ene ra  in the Fresnel region is 
essentially confined to a cylil~drlcal space and the free space loss is insignificantly small, 
the reconstitution of th; Frrsnel chxracter of the field by beam waveguide provides a 
method for long distance communication at inilliineter wavelengths. The expressiio 
for ths transverse electric field in terms or elementary waves4 is 

where 7 is the mode parameter 

G,, (x) = p L: (xz) 
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FIG. 2.  Plot of rad~a l  field variat~on (thcoret!cal). 

are the Lagiwrrc-Gaussian functions and 

e" x-"' d" 
LZZ (.+) = - re = .cnr"'l 

are the g e ~ l e r a h d  Laguerre poiynomials. 

The beam modes satisfy the following orthogonal relations 
2 7  iC 

I E m , , E m ~ ~ , p d / ~ c l ~ = & m n ~ d n ~ ,  
@=0 p=o (4) 

wl~cre 
nz# n ..=em;.. (3 

The axial ( 2 )  field distributions for the fundamental mode E,,, and the transverse ((0 
field distributions for E,,,, as well as some higher modes, computed using eqn. (1) with 
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FLG. 3. Experimental set-up of the Q-band bedm waveguide 

the help of DEC-10 computer are presented respectively in Figs. 1 and 2. These figures 
exhibit a decay of the E,, mode in the sdirection and a. Gaussian form in its cross- 
sectional field distribution at different axial di$tances from the source. This is the desired 
property of a beam waveguide. 

3. Experimental &-up 

Figure 3 shows the experimental set up  of the beam waveguide which has been desigcd 
and developed. It consists of uniformly spaced phase transformers (zoned dielectric 
lenses) which represent the actua.1 guiding structure a.nd terminations for launching and 
receiving the desired bea.m mode. The transm.itting horn, which is a pyramidalhorn 
with a ga,in of 22 db, is excited by a Reflex Klystron R5146. The receiving horn is 
similar to the transmitting horn, and the power output is taken through a bolomersr 
to a power bridge. 

4. Design of lens 

The phase transformers are designed to adwnce the phese in the outer portion of the 
beam relative to the centre, according to the relation 
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FIG. 4. Zoned dielectric lens R = 15 cnl ; f = 135 cm. 

where # is the phase advance at  a radius p, D is the spacing of the phase transformers 
and k = 2nli .  The diffraction loss L, of a phase transformer, caused by the cross- 
sectional 1imita.tion of the beam, is rehted to the maximum phase shift #,., = k R i D ,  
'vhere R is the radius of the phase transformer6Ju. It has been shown by Christian 
and Goubaus that for the fundamental mode this loss drops below 0.01 db per iteration, 
i f  dm,,, approaches 2 ~ .  Hence in the present work, the maximum phase shift for the 
fundamental mode has been fixed to a value of 2n, and, by fixing a suitable value for 
D. the aperture radius R has been determined. This value of R givas the minimum 
diTraction loss per iteration. 

1.3. Zoned dfelectvic lenses 

h p l e  hyperboloid contour dielectric lenses of large diameter are quite heavy, and have 
sign~ficant attenuation loss. These disadvantages can be reduced by employing the 
'stepped ' or ' zoned ' construction. In a stepped lens, the maximum change in the 
optical path length which has to be introduced by the lens material is one wavelength. 
Hence the thickness of a pIanoconvex lens need never exceed u = ?.i(n - I )  (where ?.is 



Table I 

Design dimensions of zoned lenses 

Range of P (cnl) Thickness of lens (cn?) 

These values agree well with the actual path length calculations 

the wavelength and n is the refractive index of the material), irrespective of the aperture 
size. The zoned lenses of focal length Dl2 have been constructed by machining ann~ia~ 
steps of appropriate widths and depth into the surface of the dielectric sheet of 
refractive index n. The lenses were made in such a way that the pha.se change across 
the successive zones is 45" (n/8 radians), the depth of the steps being 48. The thco. 
retical efficiency of such a lens is very nea.rly equal to  that of an  ideal phase correctine 
lens". 

Figure 4 shows the zoned, dielectric lens with a radius R = 15 cm and focal length 
,f (= Di2) = 135 cm. Table I gives the design dimensions of the lenses used for the 
construction of the beam waveguide. The dielectric constant of the lens material is 
2.56. 

Flo. 5.  Axial variation of the field: (a)  without the lens (experi~~rn~tal); (@wit11 one lens (experirnsntali. 
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FIG 6 .  Fundamentdl mode  combined with Ihe higher order modes (experimental) 

5. Measurements 

The results of measurements to explore the axial and cross-sectional field distributions 
with and without phase transformers are rep~rted in Figs. 5-9. The normalised power 
patterns instead of field patterns are plotted. It is obscrved that: 

(i) The axial field (the outer envelope of the field has been plotted for simplicity) 
is oscillatory very near the source (Fig. 5 a, without lens) and the oscillation 
persists for about 25 em away from the sourco. The oscillation may be ascribed 
to the presence of higher order modes superposed on the fundamental mode. 

FfQ. 7. Cross-sectional varlatlon of the field without the lens (experimental) 
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FIG. 8. CroPr-sectional vn~ialion of tho Beid with one lens (cxperimmtal) 

(xi) The oscillation disappears alter one lens is used (Fig. 5 b). 

(ii) The higher order mode> having higher ratc of attenuation die out fastzr than 
the fundamental mode. This is evident from a comparison of the two mres 
in Fig. 6. which presents the cross-sectional field distributions very close to the 
source (Fig. 6 a) and 20 cm away (Fig. 6 b) from the previous location of the 
measurement. 

(iv) The introductio~l of a phase trancformer does llot changc the heam mode. 

(v) The beam cross-section broadcns considerably in the =-direction without any 
lens (Fig. 7). 

(vi) With one lens, however, the beam undergoes a change from a broad to a 
Mrrow cross-section (near the focal point of the lens) and then the beam diverges, 
thus exhibiting the reiteration phenomenon, 



l a )  

FG. 9. Axial wuiation of the iield : (0) with two lenses ; (b) Crois-scctioiml variation or the field 
!dth two lenses. 

biii The effect or inserting the second lens on the axial and cross-sectional field 
distribution shows further the principle of reiteration (Fig. 9). The asymmetry 
(Fig. 9 b) is possibly due to slight tilt of the second lens with respect to the 
first lens. 

h besn verified that (a) the wave beam is reiterated when confocal, zoned, dielectric 
 are wed as phase transformers in place of smooth surfaced transformers in a beam 
rdwide, (b) properly aligned beam waveguide can be used for long distance communi- 
Qfmn at millimeter wave frequencies. Since the loss calculations and the calculations 
r r fmtanl  energy flux contours have already been done for the beam waveguide by the 
"tier investigators4, these have not been repeated for the case of zoned dielectric lenses, 
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