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— m<x < r, Eq. (7) states that for a given

number 2N+ 1 of Fourier terms in the ex-

pansion of g(x) the function ~(u) ma>- be

modified from a sin Tu/m~ form by rearrang-

ing 2N of the zeroes of this latter function in

an arbitrary manner. The synthesis pro-
cedure is now reduced to that of choosing a
suitable polynomial P(u). The particular
case of approximating a Chebyshev behavior
for ~(u) is discussed by Collinz and Taylor.:
Further applications to transmission line
taper synthesis will be presented in a later
paper. Finally, the antenna optimization

problem is discussed in greater detail else-

where.~
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A Proposed Lossless Electronic

Phase Shifter*

Modern antenna array designs fre-

quently require the use of high-speed, elec-
tronically controlled phase shifters. The

use of low-noise receivers now becoming
available also dictates the requirement that
such phase shifters have zero, or very small,

losses. The use of parametric devices as

active elements in such phase shifters is par-
ticularly attractive because of their high

degree of reliability, high frequency capa-

bility, and excellent noise performance. This
memorandum proposes such an active elec-

tronic phase shifter, which accomplishes the

additional function of providing amplifica-
tion or attenuation independently of its
phase shift.

.41though most parametric amplifiers
have been designed to amplify an incoming
signal directly without frequency conver-
sion, it is possible to design low-noise para-
metric up-converters with the output fre-

quency higher than the input frequency. The
reverse procedure of down-converting is not

practical because the power gain is always
less than unity. There are two distinct modes

of operation for the parametric up-converter.
The output frequency may be either the
sum or the difference of the pump and signal
frequencies. When the lower idler is utilized

(OJn=CO,+a,), the amplifier is a negative re-
sistance device with unlimited gain and is
potentially unstable. However, when the

upper idler is employed (w =~~+~,), the UP-
converter is stable but the gain is limited to
the ratio of the idler frequency and signal
frequency.

Changes in pump frequency appear as
changes in the output frequency unless the

* Received April 30, 1962. Results Presented in this
!m.Per were obtained under Contract AF 33 (616)-6211
Issued from AeronautlcaI Systems DIV., USAF,
Wright-Patterson Au’ Force Base, Ohio.

idler is down-converted in a conventional

crystal mixer which uses the same pump

source for the local oscillator. In this case

the original input frequency is recovered.

.-llthough the output frequency of the para-
metric up-con~-erter/down-converter combi-
nation is independent of pump frequency

the phase shift through the combination is a
function of pump frequency.

It has been shown that the expression
relating the phase terms in the expression
for the voltages at the three different fre-

quencies is similar to the expression relating
the frequencies with an additional phase

shift of — m/2 radians due to the capacitive

reactance of the varactor.1 The expression
for the phase shift in a crystal mixer does

not contain the term — 7/2. The phase shift

in a lower sideband up-converter is given by

where COP=co, +w, while the phase shift in a
crystal mixer is given by

With the aid of Fig. 1 the following set of
equations may be written:
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Fig, l—Block diagram of Parametric uP-converter/
. down-converter system.

The solution for the total phase shift is

+ = 9%, – 43.

27r—— ;(f-l?)+; +~
P

By similar manipulation, the phase shift

of the upper sideband up-converter/down-
converter combination is

4 = 4s0 – 4s,

D. B. .~ndersan, and J. C. Aukland, “Transmis-
sion Phase Relatlons of Four-Frequenc~ Parametric
Devices, ” presented at IRE Microwave Theory and
Techruques Nat’1 Swnp,, lVashnrgton, D. C.: MaY
15–17, 1961.
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which is the negati~.e of the previous ex-
pression.

Thus, for either the lower sideband or the

upper sideband up-con\’erter/down-conver-

ter combination the total phase shift at a

given signal frequency is a function only of

the pump frequency for fixed line lengths.

The choice between an upper- or low-er-side-

band up-converter will be affected b>- gain

and stability requirements.

Since the rate of change of phase shift

vs pump frequency is controlled by the line

lengths, it is possible to design for any

specified range of phase shift, 360° for

example, over a fixed range of the tunable

pump source. This tuning range is deter-
mined by the bandwidth of the band-pass

filter, which in turn is dictated by the signal

frequency.

For example, assuming a signal fre-

quency of 200 NIc and an X-band pump, a
200-Mc band-pass filter centered on 9800
MC would support the lower idler frequency
for pump frequencies between 9900 MC and

10,100 MC) while suppressing the upper
idler. With this set of conditions, a difference

of electrical line lengths between 12 ancl

Ll+& of 1.5 meters would be required to give

360° phase shift over the operating range.
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Oversize Waveguide Directional

Coupler*

Oversize rectangular waveguide using
TE,iI mode propagation has been suggested

as a means of reducing the attenuation and
fabrication difficulties of transmission lines

and components for frequencies above 40
Gc. 1,Z Experiments on straight sections of

such transmission lines show that it is supe-
rior to pure optical transmission for short
distances.s

.4 directional coupler using o~-ersize

rectangular waveguide has been constructed;
experimental results are described in this
communication. The initial device was de-

* Received MaY 1, 1962.
I A. F. Harvey, “O@ical techniques at microwave

frequencies, ” PYOC. IEE, vol. 106, pt. C, PP. 141-157;
March 1959.

~ L‘ ~ex%.in, UA Note on Quasi-optical MethOds at

Millim&er Wavelengths, ” PBI-MR1 Sym$. O?ZJ4illi.
mdey Waz,es, Intersclence Publishers, New York,
N. Y., P. 469:1959.

3 R. H. Gamham, ‘Optical and Quasi-Optical
Transmission Techniques and Component Systems
for Milhmeter Wavelengths,” Royal Radar Establish-
ment, Malverne, England, RRE Re@. No. 3020:
March, 1958.
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Fig. I—Oversize waveguide directional cuupler schematic.

signed for the 10-cm range; a millimeter

~ravelength version can be designed by di-

rect scaling.

Fig. 1 shows the construction of the

coupler including nonlinear tapers4 used to

lauuch a pure TEIO mode iu the ovefsize

guide. Fig. 2 is a picture of the device
showing the dielectric coupliug elements.
The oversize guide had a and b dimensions

of 8.51 and 5.82 iuches respectively. This

guide is about 3 times oversize for standard
S-band. The coupler consists of a pair of

dielectric. prisms (e, =2.55) separated by an

air space of thickness d. Quarter-wavelength

dielectric slabs (e, = 1.6) were used to match
the prisms to the four waveguide ports.
The theory follows an analysis for a pair
of optical prisms.1 Power incident at port 1
is coupled to ports 3 aud 4, where the rela-
tive division is a function of the spacing

between the two prisms. Port 2 is isolated
from port 1. The theoretical expressions for

power coupling to ports 4 and 3 (assuming a

lossless dielectric) are

Pk 2.4 sinh’ (3.29 d/A)

z= sinhz (3,29 d/h) + 1.40 coshz (3.29 d/i)

and

P3
—=1–5
PI P,

where

P,= power available at port 1,

P,= power coupled to port 4,
PS = power coupled to port 3,

A = free-space wavelength.

IVe have constructed a 3-db directional
coupler wherein the coupling to ports 3 and
1 is equal within 0.3 db and the insertion

loss is about 0.8 db over a 15-per cent band

centered about 2.9 Gc. The results are
shown in Fig. 3. This loss was mainly due
to a 0.20-db loss iu the tapers, a 0.30-db
dielectric loss, and wall losses. The power
coupled to port 2 is 21 to 26 db down from
the incident level over the band. The input
SWR is about 1.3 over the band. Additional

experimentation at different d’s agree with
the theory.

4 H. G. Un&r, ‘, Circular wavegu ide taper of im-
proved CkSi~ll, ” Bell S9s. Tech. J., “01. 37, DD. 899—912;
July, 19.78.
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Fig. 3—FrerLuencY response of ov?r-size di
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Further work is in progress to scale this

device to the millimeter region and to reduce
the wall loss due to higher mode conversion.
A device of this type can be used as an ad-
j ustable directional coupler and variable
attenuator by mechanically v:wying d. By

setting d for an equal power split, it becomes
a 90° hybrid and thus can be used to form

other components such as variable phase
shifters and mixers.
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Resonances in a Cylindrical

Plasma Column*

A plasma column irradiated by an elec-

tromagnetic wave which has its electric

vector and direction of propagation perpen-

dicular to the axis of the tube exhibits
Tonks-Dattner1,2 resonances in its absorp-

tion pattern when the electron density in
the column is varied. The pattern consists

of a main resonance and a number of less
pronounced subsidiary resona rices at cur-
rents corresponding to electron densities
Iower than that of the main peak. The sub-
sidiary resonances grow progressive y small-

er as the electron density decreases.
Herlofson3 predicted a single resonance

for a cylindrical plasma irradiated in this

iashiou. He treated the problem by solving

the wave equation in cylindrical coordinates
subject to appropriate boundary conditions,

and found only one frequency for maximum
scattering from the column. NTo resonances

at all were predicted for the parallel mode

of excitation in which the E vector is paral-
lel to the axis of the column. So far no com-
pletely satisfactory theory has been put for-
ward to amount for the subsidiary resin
~,:,*lces.4 ,5

In the course of experiments attempting

to elucidate this phenomenon, our observa-
tions have shown that these resonances may

also be seen when the electric field is parallel
to the axis of the plasma column. Further-

more, if the plasma column is placed with its

axis parallel to the direction of propagation
in a waveguide or transmission line and

the length of the column is of the order of a
wavelength and can be no longer considered
as a localized discontinuity, the Tonks-
Dattner resonances are still clearly shown.
The following experimental results illus-

trate these points:
Fig. l(a) shows the normal Dattner ex-

periment with the plasma column across a
waveguide propagating a Tf301 mode, to-

gether with the resulting absorption pattern

when the current through the plasma tube

is varied.

Fig. l(b) shows the waveguide rotated

through 90° with respect to the plasma
column as well as the absorption pattern
which again shows the Tonks-Dattner reso-
nances.

Fig. 2(a) shows a plasma column placed
across a parallel plate transmission line and
a photograph of the transmission down the

line as the current in the tube is varied.
Above a certain current the transmission is

cut off at current levels; below this we have
the characteristic Tonks-Dattner reso-

nances.

* Received April 23, 1962. This work was suP-
ported in part by a grant from the National Science
Foundation.
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