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Summary-Lens antennas for microwave applications are de-
scribed which produce a focusing effect by physically increasing the
path lengths, compared to free space, of radio waves passing through
the lens. This is accomplished by means of baffle plates which ex-
tend parallel to the magnetic vector, and which are either tilted or
bent into serpentine shape so as to force the waves to travel the
longer-inclined or serpentine path. The three-dimensional contour
of the plate array is shaped to correspond to a convex lens. The
advantages over previous metallic lenses are: broader band per-
formance, greater simplicity, and less severe tolerances.

INTRODUCTION
L ENSES ARE useful microwave antennas because

of their tolerance advantages. An amount of twist
or warp of the completed antenna which would

seriously degrade the gain and directional properties of
a parabolic dish reflector antenna will generally have
negligible effect upon the performance of an equivalent
lens.
Two types of metallic microwave lenses developed by

the Bell Telephone Laboratories have previously been
described. The first comprised rows of conducting plates
which acted as waveguides and achieved a focusing ef-
fect by virtue of the higher phase velocity of electro-
magnetic waves passing between the plates.1
The second type was a scaled-up version of the lattice

Fig. 1-A partially assembled 10-foot artificial dielectric
shielded-lens antenna for microwave relay use.

* Decimal classification: R326.8XR310. Original manuscript re-

ceived by the Institute, January 11, 1949.
t Bell Telephone Laboratories, Inc., Murray Hill, N. J.
I W. E. Kock, "Metal-lens antennas," PROC. I.R.E., vol. 34, pp.

828-837; November, 1946.

structure of a true dielectric, whereby small conducting
elements replaced the molecules of the dielectric, and
the polarization which these elements engendered dupli-
cated the polarization of the true dielectric.2 This type of
lens exhibited very broad frequency characteristics, so
that it was effective over a much larger wavelength band
than the previous waveguide lens. Because, however,
the elements were small compared to the wavelength,
large size lenses of this type contained large numbers of
the conducting elements, and the construction became
somewhat tedious. For example, the partially assembled
10-foot delay lens shown in Fig. 1 (strip type structure)
requires several thousand strips to fill the 10 foot aper-
ture. The lenses to be described in this paper retain the
broad-band features of the delay type, but permit of
simpler construction.

FUNDAMENTAL PRINCIPLES
The principle of operation of the path-length lenses

can be described in connection with Fig. 2. If parallel
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Fig. 2-Use of conducting plates or grids (shown dotted) to
effect a wave delay.

conducting plates are presented to electromagnetic
waves polarized perpendicularly to the plates, little ef-
fect will be produced on the progress of the waves, pro-
viding that the plates are flat and aligned along the di-
rection of propagation, as shown in the top of the figure.
If, however, the plates are bent into serpentine shape, as
shown in the bottom of the figure, the sinuous path 1, in-
side the plates, will be longer than that outside 10, and
delay will be produced. In order to avoid the generation
of a second-order mode, the vertical spacing of the plates
must be less than one-half wavelength, but for all wave-
lengths longer than this, a constant delay and thus a
constant refractive index is obtained. If, instead of the
serpentine construction, the plates are tilted so that
they form an angle with the direction of propagation, a
delay will also be produced, since the waves will be forced

2 W. E. Kock, 'Metallic delay lenses," Bell Sys. Tech. Jour., vol.
27, pp. 58-83; January, 1948.
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to traverse the longer inclined path. Instead of solid
plates, a grid structure can be used if desired, as shown
by the dotted lines in the bottom of Fig. 2. The wires of
the grid must be less than one-half wavelength apart in
order to simulate the effect of a solid sheet.

DESIGN CONSIDERATIONS
The design of microwave lenses using the path-length

principle follows, in general, the design of any lens in
which the material comprising the lens has an index of
refraction greater than unity. For example, in Fig. 3, the
contour A CGHD defines the cross section of a slant plate
lens looking end on at the plates, and the curved portion
A CG is obtained by making the path lengths of all rays
equal from the focus to the plane BEI. The added delay
or increased path length of ray 2 is equal to the added
length of the line CD, compared to its free-space path
(the thickness of the lens from point C to the front sur-
face). The effective index of refraction is thus equal to
1/cosine 0.
When the lens has a flat front surface, the curved side,

which is towards the feed, turns out to be a hyperboloid
of revolution, as in the usual case of dielectric lens. The
equation of the generating hyperbola of this surface iss

(n2-1)x2 + 2fx(n-1)-y2 =O, (1)

where n is the effective index of refraction (1/cos 0 for
the slant plate and I/lo for the serpentine lens), f is the
focal length, and the origin of the co-ordinate system is
at the point C in Fig. 3.

PLANE WAVE

F
FOCU

PATHS 1,2 AND 3 ARE EQUAL IN LENGTH
FROM F TO THE PLANE BEI.

EFFECTIVE INDEX OF REFRACTION =

Fig. 3-Determinaton of lens contour for path-length lenses
of the slant-plate variety.

For the lens reversed, so that rays starting from the
focal point strike the flat surface, the contour of the

3See Fig. 17 in footnote reference 2.

outer curved surface must assume an asymmetrical
shape in order that a plane wave emerge from it.

CONSTRUCTION METHODS

Two types of lightweight grid structures are shown in
Fig. 4. In both cases, the vertical spacing b and the hori-

I, _A' "lab)
¶

(a) (b)
Fig. 4-Wire grid structures for path-length lenses. (a) Serpentine

grid construction; (b) slant grid construction.

zontal spacing a of the grid wires must be less than one-
half wavelength for proper operation, as explained ear-
lier. The serpentine or slanted wires are affixed to poly-
styrene foam slabs, and the contour of the wire grid
outline on each slab is a section parallel to the axis of the
hyperboloid of revolution generated by (1). Polystyrene
foam (Styrofoam, Dow), is light in weight and transpar-
ent to microwaves.
A photograph of a serpentine lens of the type sketched

in Fig. 4(a) is shown in Fig. 5. This lens is 12 inches
square and was designed for 3-cm microwaves. A two-
foot square slanted wire lens of the type sketched in Fig.
4(b) is shown in Fig. 6. It was designed for use at 7-cm

Fig. 5-One-foot diameter serpentine wire lens for 3-cm
wavelengths.

wavelengths. One of the foam slabs with grid wires at-
tached is shown separately, and the remaining slabs
have not yet been put into the frame.

Fig. 7 shows the magnetic plane pattern of this lens
when illuminated with a small feed horn. The feed horn
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Fig. 6-A partially assembled slant wire lens for 7-cm operation.
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width of the pattern indicate satisfactory operation of
the lens.

For slant plate lenses employing solid plates instead
of grids, the profiles of the plates again are sections of
the design hyperboloid, but they are now formed by
planes making an angle e with the axis of revolution.
This is shown in Fig. 8, where a 30-inch diameter open-
structure solid plate lens for use at microwavelengths
from 2.5 cm upward is portrayed. In this lens, aluminum
plates are supported at the edges and spaced by an in-
sulating member along the central plane. It has a focal
length (f in equation (1)) of 30 inches, and an angle of
tilt of the plates of 48.2 degrees, corresponding to an
index of refraction (n in equation (1)) of 1.5. Because of
its open structure, air can pass readily between the
plates.
A magnetic plane pattern of this lens is shown in Fig.

9, and it is seen that the minor lobes are fairly well sup-

DB

MAGNETIC PLANE PATTERN
OF A 2' x 2' SLANTED WIRE LENS

1 = 7.25 CM

Fig. 7-Radiation pattern of the lens of Fig. 6.
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DEGREES

30" DIAMETER SLANT PLATE LENS
MAGNETIC PLANE PATTERN

A= 3.3 CM

Fig. 9-Horizontal radiation pattern of the lens of Fig. 8.

Fig. 8-Continuous sheet slant plate lens 30 inches in diameter.

had insufficient directivity to suppress the minor lobes
as well as might be desired, but the symmetry and beam

pressed. A 3-inch diameter feed horn was used in this
test and the wavelength was 3.3 cm. Because of the shift
in energy distribution in the vertical plane as the waves
pass through the tilted plates of the lens, the minor lobes
in the electric plane are not as well suppressed as in the
magnetic plane (Fig. 10).
The continuous plate lens of Fig. 8 could be made

lighter in weight by replacing the aluminum plates with
copper foil sheets of proper contour, and then employing
foam slabs as spacers and supports between the plates.
Currents flow along lines lying in vertical planes, so that
the lens could be sectioned vertically for assembly pur-
poses in the case of large structures.
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30" DIAMETER SLANT PLATE LENS
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(SUBSTITUTION METHOD)

A= 3.14 CM

Fig. 10-Vertical radiation pattern of the lens of Fig. 8.

COMPARISONS WITH EARLIER TYPES
Because the path-length lenses function identically for

all wavelengths longer than the second mode wave-
length, the index of refraction remains constant up to
this wavelength limit. There is thus no dispersion or
change of index of refraction with wavelength, as in the
case of the earlier conducting element delay lens when
operated too near the resonant frequency of the ele-
ments. If enclosed in a full horn shield, such a lens

should, over its entire operating range, possess an effec-
tive area which is independent of frequency. It would
thus constitute an extremely broad-band antenna.

Since the index of refraction of the slanted plate lens
depends only upon the tilt of the plates and not upon
the plate spacing as in the first waveguide lens, construc-
tional tolerances of this lens are even less severe than in
the earlier lenses. Thus the number of plates could be
doubled, if desired, without altering its performance in
the original operating band. Also, flatness of the plates
is not important, so long as the second mode spacing is
not exceeded. The simplicity of design is brought out by
observing that only 60 flat sheets cut to proper profile
are required to duplicate the effectiveness of the several
thousand elements of the 10-foot lens of Fig. 1.
There are two disadvantages which the slant plate

lens possesses. The first is that the lens plates must be
held at the proper design tilt with respect to the feed
horn (since the index of refraction depends upon plate
tilt). This prohibits a lens tilt in the vertical plane un-
less so designed, and limits the scanning ability of a
moving feed in the vertical plane. The usual lens scan-
ning capabilities are retained in the horizontal plane,
however. The second is that the energy distribution in
the electric plane is unsymmetrical, and results in a
poorer minor lobe suppression in this plane. This latter
disadvantage may not be serious in applications such
as microwave repeater work, where lobes in the vertical
plane are not as objectionable as lobes in the horizontal
plane.
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Mercury Delay Line Memory Using a Pulse
Rate of Several Megacycles*
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Summary-A mercury delay line memory system for electronic
computers, capable of operating at pulse repetition rates of several
megacycles per second, has been developed. The high repetition
rate results in a saving in space and a reduction in access time.

Numerous improvements in techniques have made the high
repetition rate possible. The use of the pulse envelope system of
representing data has effectively doubled the possible pulse rate;

* Decimal classification: 621.375.2XR117.19. Original manu-
script received by the Institute, December 15, 1948; revised manu-
script received, March 4, 1949.

t Formerly, Eckert-Mauchly Computer Corp.; now, Burroughs
Adding Machine Co., Philadelphia, Pa.

$ Eckert-Mauchly Computer Corp., Philadelphia, Pa.

the use of crystal gating circuits has made possible the control of
signals at high pulse rates; and a multichannel memory using a
single pool of mercury has simplified the mechanical construction,
reduced the size, and made temperature control much easier.

The memory system described makes possible a significant in-
crease in the over-all speed of an electronic computer.

I. INTRODUCTION
HE MAJOR design problem in any high-speed

T electronic computer of advanced design is that of
a memory, or storage device. Such a device must

be capable of storing several hundred or more numbers
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