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Abstract-Endfie  antennas develop  maximum  gain  when the 
phase velocity of the  surface wave  traveling  along  the  structure  is 
adjusted  to  its optimum value  determined as a function of antenna 
length  and  operating frequency. These  antennas  usually  have a rela- 
tively  small pattern  bandwidth  and, if maximum gain is desired,  can 
be  used  over only  a  small  frequency  range. 

The  antennas  described  in  this  paper  inaugurate a new  class of 
antennas  that  are tunable  for  maximum  gain in the  endfire  direction 
over  a  wide  frequency range;  tuning is  accomplished by changing 
the phase velocity  continuously  or in prescribed  steps.  Such  antennas 
include  certain  configurations of the  double helix (a novel  type of 
endfie antenna)  and  its artificial and  natural dielectric  variants.  Use- 
fu l  structures  are  obtained  through  parallel  displacement of two 
juxtaposed  elements  or angular displacement of a  scissors  arrange- 
ment. 

Model  measurements show that  maximum gain  can be obtained 
over a frequency  range of more than 2:l. Tuning  effects are illus- 
trated  in  detail by means of near-field  plots of a  tuned dielectric 
antenna. 

1 XTRODUCTION 

T HE G-UN of an endfire antenna  depends on the 
phase  velocity of the  surface wax7e and on the 
length of the  antenna  structure  along which the 

wave  travels.  For a  given  length  there is an  optimum 
phase  velocity that  produces  maximum  Some 
endfire antennas  have a relatively  small  bandwidth, 
which  could  be substantially  increased if the  phase 
velocity  could  be  changed  with  frequency. 

For  the endfire antenna  with  linear  elements,  like a 
Yagi, the  phase  velocity is primarily a function of the 
height  and  spacing of the elements.4 In the  conventional 
helix i t  is a function of the circumference and  spacing 
of the turns.5 In the dielectric-rod antenna  it is a func- 
tion of the dielectric  constant6 as well as of the  dimen- 
sions of the rod.  Effecting  continuous  changes  in  the 
phase  velocity would be  rather difficult  with a Yagi  be- 
cause  it would require  simultaneous  readjustment of the 
height  and/or  spacing of all  elements. To adjust  the 
phase  velocity on a helix would be  even  more difficult 
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because  only  the  spacing of the  turns could be  changed. 
On a  dielectric-rod antenna  the  phase  velocity could not 
be  adjusted at all. 

The  antennas described  inaugurate a  new  class of 
tunable  endfire  antennas  in  which  the  phase  velocity  can 
be  changed  continuously  or in prescribed  increments to  
maximize  gain over a wide  frequency  range. 

Double-Helix Configuration 
Simple  deformation of a conventional helix, by pinch- 

ing  all  turns  from  two  opposite  points on the circumfer- 
ence,  produces  a  double helix whose  cross  section  is a 
figure eight.  Figure  l(a),  where  the  arrows  indicate  the 
points  and  directions of pinching,  shows the cross  sec- 
tions before and  after  deformation. A wire  wrapped  in 
overlapping figure eights  produces a double helix as 
shown in Fig. l(b). Two helixes, each of about half the 
diameter of a conventional helix, constitute a double 
helix when  laterally  juxtaposed as  shown  in  Fig. 1 (c). 
Neither of the helixes  in this  unit  can  individually  act 
as an endfire antenna;j  together,  they  can  form a maxi- 
mum-gain  endfire  antenna. 

Double-helix antennas  are  linearly  polarized  in  the 
direction of the long axis of the figure eight.  Any  double- 
helix antenna  can  be energized by a feed having  the 
same  polarization as  the  double helix, with a  linear  or 
plane reflector behind  it. 

The  various  types of double-helix antennas will be 
fully  described  in a later  paper.  This  paper  deals  only 
with  double-helix  antennas which  allow tuning  over a 
wide frequency  range,  and is,  therefore,  restricted to  
structures  consisting of two  separate helixes. 

m I 

(C) 
Fig. 1. Various types of double  helixes. 
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THE TUNABLE DOUBLE-HELIX ANTENNA IR F 

Tuning 
The  phase velocity of the double-helix  combination 

depends  not  only  on  the  physical  dimensions of the 
helixes but  also  on  the coupling  between  them.  Chang- 
ing  the  gap changes the  phase  velocity,  so long as the 
coupling  remains  strong  enough,  and  the  double helix 
can  thus  be  continuously  tuned for maximum  gain. In  
Fig. 2, where R marks  the reflector and F the feed di- 
pole, (a)  is a sketch of the double-helix antenna before 
tuning; (b) and (c) are  after  tuning.  Figure  2(b)  shows 
a  parallel  displacement d of both helixes. In  this case 
the  phase velocity  is  constant  along  the  double-helix 
structure, which  allows tuning  over  the  widest possible 
frequency  range.  In Fig. 2(c), the helixes form a small 
angle a whose vertex is a t   the  feed end.  In  this case the 
phase  velocity  increases  toward  the  radiating  end, 
which  provides better  matching  to free  space  and  yields 
a  slight  increase  in  gain.  If,  in  addition,  the  two helixes 
decrease  in  diameter  toward  the  radiating  antenna  end, 
the  resulting  amplitude  and  phase  distribution  produces 
a radiation  pattern  with  extremely low sidelobes and 
backlobes, as shown  later. 

Construction 
With a  two-helix  configuration, as in Fig.  2(a)  or  (b), 

the lowest  phase  velocity is always  obtained  when  the 
gap between the two parts is at its narrowest. 4ntennas 
of this class are  tunable if maximum  gain at   the  lowest 
operating  frequency  is  obtained at the  narrowest  spac- 
ing.  Optimum design a t   any  prescribed  center  frequency 
depends  on  phase-velocity  curves  determined for a 
useful range of parameters. 

Experimentally  determined  phase-velocity  curves 
are  presented in Fig. 3. Although not completely  cover- 
ing all  possible  double-helix arrangements,  these  curves 
furnish  enough  information on the  two  most  important 
Parameters, helix diameter  and  turn spacing, to  enable 
construction of double-helix antennas  with  maximum 
gain. The  tunability  range  depends on whether  tuning 
is  according to  Fig. 2(b)  or (c) ; it is widest  for the former. 

Model  Measurements 

Figure 4 is a  sketch of an  experimental  S-band model 
of a double-helix antenna  tuned according to Fig. 2(c) .  
All dimensions are given  relative  to  a  frequency of 3000 
Mc/s (h- 10.0 cm).  The feed-dipole F is in front of a 
plane  circular reflector R of about 0 . 3  diameter; L .  
marks  the  length of the  double helix, and ST the  spacing 
between turns.  The  spacing d E  between the open  ends 
of the  double helix was  changed  from  zero  to X/4 to  
X/2, consequently  changing  the  angle OL from  zero to  5' 
to  10". 

Two  horizontal  plane  patterns of special interest  are 
shown in Fig. 5. The  pattern of the narrowly  spaced 
double-helix antenna before  tuning  (broken  line)  has 

(c> 
Fig. 2. Tuning  methods  for  double-helix  antenna. (a) Untuned. 

(b) Parallel  displacement. (c) Angular  displacement. 

c lo' 
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Fig. 3. Phase  velocity of double  helix and image  helix as  a  function 
of turn spacing and  diameter. 

Fig. 4. Sketch of experimental model of tunable double-helix antenna. 

deteriorated at 3255 Mc/s.  In  the  pattern  after  tuning 
(solid line),  the  half-power  beamwidth  has  decreased 
from 68" to  27', and  the gain  in  the  endfire  direction 
has increased by 10 dB.  At  the  same  time  the first side- 
lobe  has  decreased  from about - 10.5 dB   to  - 16.3 dB. 
In  Fig. 6 the half-power beamwidth  is  given  as  a  func- 
tion of frequency,  with  the  two  tuning  steps  applied  over 
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Fig. 5. Horizontal  plane patterns of a double-helix antenna  before  tuning (- - - ) and  after  tuning (-). Operating  frequency 
3275 Mc/s; horizontal polarization;  tuning  by  angular displacement. 
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FREQUENCY 

Fig. 6 .  Half-power beamwidth of double-helix antenna as a function 
of frequency (two-step  tuning). 

the  frequency  range of 2 :  1. Evaluation of the results 
shows that  the  frequency  range of the closed double helix 
was about 2000 to  3000 Mc/s. At  3275 Mc/s,  when the 
pattern had  deteriorated (see broken  line  in Fig. 6), 
tuning  brought  the  frequency  range  up  to 3600 Mc/s. 
The second tuning  step, a t  3850 Mc/s,  extended  the 
operating  frequency  range  to  over 4000 R;Ic/s. The fre- 
quency  limits bf the  transmitter used in  our  experiments 

did  not  permit  further  exploration of bandwidth.  Half- 
power beamwidth  and  gain  had  values  approximately 
corresponding to  the  length of the  antenna. 

SOME VARIANTS OF THE TUKABLE 
DOUBLE-HELIX ANTENKA 

The  Image-Helix  Antenna 
The first variant of the  tunable  double helix is the 

image  helix with a single helix about half the  diameter 
of a  conventional helix, mounted  directly on (or a t  a 
very  small  distance  above)  a  conducting  ground  plane. 
I t  acts  exactly  like  a  double helix, with  its  image  taking 
the place of the second helix, but  has only  vertical  polar- 
ization.  Referring  to  Fig. 2(b) and (c),  tuning is achieved 
through  parallel  displacement of the helix a  distance 
d/2  from the ground  plane  or  by  tilting  the helix at a 
small  angle a/2 with  the  ground  plane. 

The Scissovs Antenna 
The  two  parts of a  double helix map be  regarded as 

two artificial  dielectric  rods.  Another  variant of the 
double helix is,  therefore,  obtained by using two dielec- 
tric  rods  as  shown  in Fig. 7, where F is the feed em- 
bedded in the dielectric, R the reflector, Dl and DZ the 
rods.  Like the  double helix, this  antenna  can  be  tuned 
through  parallel  or  angular  displacement of the  rods 
[Figs.  7(b) and  (c)].  Extremely low sidelobes and  back- 
lobes  can  be  achieved  by  tapering  the  rods  in  diameter 
[Fig.  7(d)].  The  resemblance of its  tapered  dielectric 
rods  to  the j a m  of a  pair of scissors gave  this  antenna 
its  name. 
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The  Dielectric-Image Antenna 
The dielectric-image antenna is analogous to  the 

image helix and is similarly  tuned  for  maximum  gain, 
either by raising the dielectric  rod  from the  conducting 
ground  plane  or  tilting  it at a small  angle. The  azimuthal 
,radiation  pattern of a tilted  dielectric-image  antenna 
12X long,  tuned  for 9070 Mc/s and measured at this 
frequency, is shown  in  Fig. 8. 

R 
I F  

( C )  

Fig. 7. Various types of tunable dielectric antennas. 

DEMONSTRATION OF THE TUNING EFFECT 
The effect of tuning  can be clearly  seen  in  nearfield 

amplitude-phase  plots.7  Figure  9(a),  (b)  and (c) shows 
the  results  obtained  with  two 12X dielectric-image an- 
tennas  measured a t  9070 Mc/s. A polystyrene  rod of di- 
ameter = 0.29h, located  directly on the  ground  plane 
[Fig. 9(a)], is  tilted  for  tuning  to  maximum  gain [Fig. 
9(b)]. A tapered  dielectric  rod  having a rectangular 
cross  section of 0.20X by  0.5OX at the feed  side and 0.20X 
by 0 . 2 9  at the  termination,  is  also  tilted  for  maximum- 
gain  tuning [Fig.  9(c) ]. Each of these  dielectric  rods 
(crosshatched in the figures)  is in  physical contact  with 
the feed,  which  is X/4 in  front of a reflector. The  lines 
perpendicular to  the  longitudinal axis of the  rod  are 
lines of constant phase, 360' apart.  The lines that  run 
parallel to  the axis  within  the  wave  channel  and  then 
spread  out  beyond  the  virtual  aperture (V.A.) are 
lines of constant  amplitude,  decreasing  in  steps of 5 dB  
away  from  the  rod.  The  width of the V.A. in Fig. 9(a), 
based on the  assumption*  that power  levels more  than 
20 dB below the  maximum  make no essential  contribu- 
tion  to  the  radiation  pattern,  is  about 2X. Figure  9(b) 
shows that  tuning  has increased i t   t o  3.3X. The  result 
is an essential  gain  increase,  also  noticeable  in  these 
plots. 

Fig. 8. Horizontal  plane  pattern of 12-A dielectric-image antenna  tuned by angular  displacement. 

front  plotter, Electronics, vol 25, Jan 1952,  pp 120-125. 
5 Barrett, R. M. and M.  H.  Barnes, Automatic  antenna wave- 

array with  increased  gain and sidelobe  reduction,  Tech  Rept  AFRC- 
* Ehrenspeck, H. W. ,  and \V. J. Kearns, Two-dimensional  endfire 

58-132, AD 152 372, USAF  Cambridge  Research  Center,  Bedford, 
Mass.,  Apr 1958. 
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Fig. 9. Amplitude-phase  plots of two  types of tunable dielectric-image antennas.  (a) Uniform  dielectric  rod before turning. (b) Unifc 
dielectric  rod tuned for maximum gain. (c)  Tapered dielectric  rod tuned for maximum gain. 
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Still  more  interesting is the  amplitude-phase  plot of 
the  tapered dielectric  rod  [Fig.  9(c)],  tilted a t   an  angle 
4 2  with  respect to  the ground  plane. The improved 
matching  obtained  by  tuning  is  indicated  by a lower 
VSWR  on  the  surface-wave  structure,  a  nearly  com- 
plete  disappearance of the  discontinuity at the  radiating 
end,  and  an increase of the V . A .  from 3.3X to  4.9X. This 
qualitatively  explains  the  high  gain  and low sidelobes 
and backlobes in Fig. 8. 

COhfhiENTS 

Comparing  the  various  types  in  this  new  class of 
tunable endfire antennas,  it is apparent  that  the  double- 
helix and image-helix structures will have  more  practi- 
cal  applications  than  the  equivalent  dielectric  struc- 
tures,  since  they  are  made of wire or  tubing  and,  there- 
fore,  can  be  used a t  much  lower  frequencies than  struc- 
tures of bulky  dielectric  materials. 

The image-helix structure  may find  wide use as a 
ground  antenna  because  it  extends  only  about 0.15X 
above  ground  and  its  mechanical  construction  is  very 
sturdy.  Gain figures of 20 d B  above  dipole  can  be 
achieved  without difficulty. 

So far  as dielectric-rod antennas go, the  special  broad- 
band  design  of  a  single  dielectric  rod  reported by  Parker 
and  Andersong  had a bandwidth  (as  defined by   an  ac- 
ceptable  sidelobe level of at least 10 dB below  maxi- 
mum)  that  was  at  best 2:  1.  The gain  was  the  usual 
optimum  gain of a properly  designed  dielectric  rod at 
the low end of the  frequency  band,  and  it  was  about 3 
d B  below optimum at the high end.  Our  tunable design 
covers a bandwidth of more than 2 : 1 ,  and  the  gain  is 
optimum  over  the  entire  frequency  range of the  antenna. 
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On Grating Plateaux of Nonuniformly Spaced Arrays 

forms. to  its  grating  plateaux. If the  elements  are  not  isotropic, 

factor  gain of nonuniformly  spaced arrays  is also developed. the  plateaux of the  pattern  depend  on  the  product of 
the  space  factor  and  the  element  pattern.  The  latter 

Through the  use of Parseval’s  theorem, the theory of the space- 

INTRODUCTION  part of this  investigation is devoted  to  the  synthesis of 

H E   P A T T E R N  of a  nonuniformly  spaced  array 
is in  general  an  almost  periodic  function  and,  as  a 
result,  the  grating  beams  are  spread  out  into 

plateaux. I t  was  observed by Yen and Chow1 that for 
uniformly  illuminated  elements,  the  envelope of the 

arrays  with  flat  plateaux  using  arbitrary  elements. 
Although  the  arrays previously  mentioned are  opti- 

mized with  respect  to  their  grating  plateaux,  their  main 
beam  structures  and  power  gain are not necessarily 
inferior to  those of the  uniformly  spaced case. They 
will be  included  for the  sake of completeness. 
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