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INTRODUCTION

~yatem Evaluation

A conclusion reached in the first quarterly report was to use a parallel—
plate structure and an elliptical reflector as the field generating devices at
the low and high frequencies , respectively. Although the advantages of the
two systems as described in the first quarterly report are substantial compared
to other alternatives, both approaches would result in bulky structures when
large test objects are to be irradiated.

During this second quarter reporting period , new techniques have evolved
and are analyzed in the Field Generation section of this report.

Total System Concept

It is conceivable that the ENRS might be, at a future time, integrated
with an automatically scanned receiving system to provide a total automated EMI
emission/susceptibility test facility. Therefore, it is desirable to consider
the total system concept as it may impact on the dubsystem design , in this
case, the EMRS or signal generation portion of the total EMI instrumentation
system.

In a fully automated system, with integrated amplitude—frequency scanning ,
it is necessary to synchronize the transmitting and receiving frequencies. The
advantages of such a system are:

• speed of operation (fast scanning and plotting)
minimize human intervention and error
accuracy and reliability
self—calibration

• diversified user capability
• updating capability

automatic analysis of results

Ideally , the system would minimize data reduction requirements and determine
cause and effect by incorporating decision making capability based on intelli-
gent interpretation of pre—set limits and documented results corresponding to
controlled changes in the operating characteristics of the test objects. Such
a system would then require statistical analysis to convert data to probability
displays and an automatic signal convergence in various test modes.

The total system synchronization should therefore beconsidered in the pre-
sent EMRS design as applicable to future applications in fully automated systems.
Figure 1 shows two practical schemes for frequency tracking and, equipment—wise ,
the two are equivalent. Figure 1(a) is preferred , however , because the genera-
ting portion of this system can be used with all receivers, synchronized or not,
and also because the selection of the intermediate frequency and the mixing
process are receiver design criteria. The EMRS generating equipment will,
therefore , incorporate the signal generating circuitry, and subsequent rece iver
designs should address themselves to the frequency lock mixing function.

1
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FIELD GENERATION

Approach

During this reporting period , a stripline approach evolved as a
“limiting” type application of the parallel plate approach. Also, further
consideration of the elliptic reflector approach was discontinued because of
its complexity. The presently envisioned approaches to the field producing
devices are the stripline and defocused parabolas.

One problem with the parallel plate line is the size; large , widely
separated plates are required to measure large test objects. The wide sepa-
ration also limits the high frequency usefulness of the parallel plate line.
When a large test object is placed between the plates, the separation between
the test object and the plates becomes small. If the test object is located
such that it is on the ground plate, the test object and the field generating
system are at the same ground potential. The net effect is a “hot” conductor
some small distance above a ground plane. This is the configuration for a
microstrip transmission line.

As originally conceived , the elliptic reflector was to be used down to
400 MHz as a minimum because of the frequency limitation of the parallel plate
line. With the advent of the proposed stripline tape, a system to cover the
400 MHz to 2 GHz range Is no longer necessary . This is significant since the
size of the reflector at the low frequencies becomes a major obstacle in the
implementation of the elliptic reflector design.

Above 2 GHz, reflector sizes become more realizable with the problem of
the standard parabola being that it focuses energy at infinity rather than at
3 meters or closer. The advantage of the elliptic reflector is that any
energy radiated from the first focus is reflected through the second focus.

An analysis of the path length dispersion of energy which is refocused by
an ellipsoid segment is given in the Appendix . This analysis concluded that
although focusing of the energy occurs at the second focal point , It cannot
produce higher power densities than those existing in the feed beam of the
source aperture located at the first focal point. Consequently, a defocused
parabola exhibits characteristics similar to those of an ellipsoid segment
without resorting to complex geometrics and special reflector design and
fabrication. An article by Cheng* offers a solution from an ellipsoidal reflec-
tor. He goes about this by showing that “ ... an ellipsoidal reflector of focal
lengths f1 and f2 approximates a paraboloidal reflector of focal length f... ’.

*D.K. Cheng; Defocus Characteristics of Microwave Reflectors; ASTIA Document ,
AD 98167 , 1955 , Syracuse University.
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I
__________________Microstr i~

As a result of the continuing work effort on the EMRS program , a new Jtechnique has evolved using microstrip transmission line. The microstrip
will be formed by printing a conductor on a dielectric material and then
positioning this on the test object using the conductive surface of the test
object as the ground plane for the microstrip transmission line. E fields
will then be generated between the conductor and the test object. By siniu—
lating such a transmission line structure around the test object, the entire
test object will be subjected to these fields.

This approach has a number of advantages. There is no chamber required
since the fields exist only between the conductor and the test object. The
power required to generate a 200 V/m field is much less than that for a Craw-
for d Cell or parallel plate vaveguide since the separation between the conductor
and ground is considerably less. Also, with proper imp lementation , simultaneous
multi-face excitation of the test object can be affected.

Of iunediate interest is the equivalency of the microstrip approach with
that of subjecting the test obj ect to a radiated field . Figure 2 shows the
equivalent normally incident (freespace) radiative field for surface currents
induced in a metal wall by a parallel running transmission line strip. This
forms the basis for the following calculations. The main result to be obtained ,
equation (10) does not depend upon the dielectric constant of non—magnetic
material between the strip and the wall, nor upon whether an outside shield
strip is used with the line ; only the drive power is affected by these factors.

Because h is assumed to be much less than t , the surface current densi ty
induced on the metal wall will be about equal to that on the wall—facing side
of the “hot ” strip :

K — I/i (Amperes/meter )

The surface—directed magnetic field , H, is closely given by:

H — K (Amperes/meter) (2)+

By simple substitution:

H — I/ i (Amperes/meter) (3)

The incident free—space wave magnetic field H1 that would be needed , to pro-duce the same boundary magnetic field H (and, hence, the same surface—current
density) upon full reflection of the wave, is:

Ri~~ 
R/ 2 (4)

* ITT; Reference Data for Radio Engineers, Fifth Edition; page 3—14. t

+ E.C. Jordan; Electromagnetic Waves and Radiating Systems; Equation (3—8)

I
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I
Substi tuting equation (3) in equation (4 ) :

H — I/(2t) (Amperes/meter) (5)

The fields of travelling plane electromagnetic wave are related by:

— ( l2Ow )H
1 (Volta/meter) (6)*

Substituting equation (5) in equation (6):

E
i 

— (60w)(I/t) (Volts/meter) (7)

Transposing : J
I/I. — E~/(60w) (Amperes/meter) (8)

Specifically, in order to have E~ — 200 volta/meter :

1/9.. = 200/ (6o~) 
(Amperes/meter) (9)

Solving:

I / t  — lO/ (3 i t ) (Amperes/m eter) (10)

Therefore , 1.06 amps/meter , RMS , are required facing the wall.

If the “hot” strip is covered by a ground strip that is separated from it
by h and the same dielectric—constant (e—l) is used on both faces of the hot
strip, the characteristic impedance of this transmission line is approximately
(for h/L<<1) one—half that of a parallel strip line or:

Z ( l/2 ) ( 3 7 7 h )/ t  (Ohms) (ll) +

From equation (10):

I — 1 02./3,T) (Amperes) (12)

(Note that the total line—current will be 21).

If the line is resistively terminated , the average power needed to excite it
will be (h and £ in meters):

W — (21)2Z — 848.8hi (Watts) (13)

It is interesting to compare the power density in the line with the
power density of the equivalent incoming wave: The cross—sectional area of
the line is (2h%), hence the line ’s power density ~~ from (13) is:

— W/ (2h L )  — 424.4 (Watts/square meter) (14)

* E.C. Jordan, Electromagnetic Waves and Radiating Systems; Equation (5 -22) .
+ ITT: Reference Data for Radio Engineers , F i f t h  Edition ; page 22—22 .
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The average Poynting—flux P0 of an hicom i ng-wave is:

P0 
— lE iHi l (15)*

With E1 — 200 volts/meter and nubstituting equation (6):

P — 106 . 1 (Watts/square meter) (16)

Therefore:

- 424;4/lci6.1 = 4 (17)

The power density in the transmission line is 4 times that of the free—
space normally incicent wave (this is as should be expected , because , both
ar e TEM , and the line’s H must be twice the incident wav€~’s H1).

An experiment was performed to verify the preceding analysis and to
determine the feasibility of the strip line tape concept. The experiment
consisted of constructing a 1 x 1 x 1 foot conduc tive cu~ie with a slot aper-
ture cut into it. The slot dimensions were .85 x 1.9 inches. A waveguide
adapter with the same dimension as the slot was mounted on the inside of the
box such that its aperture was aligned with the aperture in the box . The
atrip line tape was formed by removing the outer conductor of UT—141 cable.
This stripped coax was then wrapped around the box in two conf igurations as
shown in Figure 3.

The test set—up is shown in Figure 4. The signal generator provided an RF
signal at a frequency of 4 GHz with one thousand cycle modulation. The crystal
detector of junction B was connected directly to the signal generator outpu t of
junction A and the SWR meter was set to a reference level of 0 dB. Then the RF
signal was fed into the “stripline” and the detector was connected to the
adapter output as shown in Figure 4. The magnitude of coup ling was then deter-
mined by noting the relative signal level indicated by the SWR meter . This
procedure was used for both wrap configurations shown in Figure 3. For the
hor izontal  conf iguration (Figure 3). the lines were approximatel y .25 inches
out from the edge of the slot , and the energy coupled into the slot was 30 dB
lower than the reference signal level. For the vertical configuration (Figurej),
the adjacent lines were spaced 1.25 inches and the measured coupling was 15 dB
below the reference.

To d etermine an equivalence to radiat ive techni ques , a 2—5 GHz horn (AEL
Model H— SlO l)  was used to transmit a signal towards the test lox with the slot
cut  in it. A reference level of 0 dB was established as in the first part of
the experiment and then the RF signal was fed into the horn in the detector
co nnected to ~‘ieguide adapter as before. When the antenna was nine inches
from the sb .  aatched polarization to the slot , the energy received by the
slot was -15 ~or cross polarization , the received energy level was -30 dB
with respect to Lhe reference.

The results indicated that it is feasible to coupic energy into a discon-
tinuity in a conductive surface , in this case a slot , using the stripline tape
approach. The equivalency between the stripline tape and radiative techniques
was a lso demonstrated .

*E.C. Jordan; Electromagnetic Waves and Radiating Systems; Equation (6—8).
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I
Stripline

The str ip line approach represents a unique and innovative solution to the
problem of field generation. The major advantages of this technique over con—
ventional techniques is the small size and the relatively low power required
to generate a 200 V/rn field .

The practical physical embodiment of the stripline for this application
must be reserved until all facets of this approach can be considered . Feasibly ,
the stripl ine can be visualized as consisting of flexible strips wrapped in
successive turns around the test object. Other approaches are to utilize rigid
strips which are paralleled itt a “zip—lock” arrangement or to use rigid sheets
to cover each face of the test object.

One consideration to be addressed is when the case of the test object is
not constructed of solid metal but some partially conductive plastic. Since
the electrical properties of these conductive plastics may vary and the effects
are frequency dependent, specific applications must be considered . A general
conclusion is that such cases will not be a problem if it is reasoned that the
case of the test object must provide adequate shielding in order to accomplish
its operating function. Constructions utilizing a strip mesh or random metal
chips in plastic provide an adequate ground plane for stripline. If the con-
struction consists of a lossy shield consisting of , for example, carbon in
phenolic, or if the case provided no shield at all , the fields generated in
these cases are not predictable. The latter , however, is highly unlikely in
practical equipment design. Most conductive elastorners have good shielding
effectiveness from 100 kllz to 10 GHz; reasonable deterioration outside of this
band of frequencies would not preclude the effectiveness of the stripline .

The impedance of microstrip transmission line is a function of the ratio
of the width of the conductor to the height of the conductor above the test
object. When this ratio is large, very low impedances result. By choosing the
proper width to height ratio , a 50 ohm characteristic impedance can be produced .
Microatri p becomes stripline when the conductor has a ground plane both above
and below the center conductor . StripJ ine is desirable because the outer ground
plane isolates the field generating system from the local environment and pro-
vides personnel safety since no energy is radiated . The stripline will be com-
posed of the following: The test object surface will provide the one ground
plane, flexible foam will support the center conductor which will possibly be
printed on another dielectric , then another layer of flexible foam will support
the top ground plane. A cross—sectional view of the stripline can be found in
Figures 5 and 6 which form the basis for the impedance calculations. A flexible
foam is used so that the conductor can be maintained at a nearly constant height
above the teat obj ect when passing over a protrusion to keep impedance variation
to a minimum . The strips will be of such a width and have such a spacing as to
provide field intensity between strips within 3 dB of 200 VI m as shown in
Figure 6.
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I
I

The characteristic impedance of the strip line is determined b y th e
geometry of the line and the physical constants of the materia l s
used. The hei ght (b) , however , not only relates to the i mpedance
but also to the bandw idth , excitation voltage , and to the heig ht
of any protrusions on the test object that can be tolerated .
An upper frequency lim i t  is imposed where the b dimension is a half
wavelength long and where hi gher order modes , other than the de-
sired TEM mode , can propogate. At 2 GHz , a half wavelength is
2.95 inches and , therefore , the strip hei ght cannot exceed thi s
dimension. For the purposes of this initial definition , t h e s t r i p
heig ht above the test object ground plane is specified as 1 inc h ;
this is considered to be a hei ght that most protrusions on a typ i ca l
test object w il l not exceed.

As an example , the flexible urethane foam , shown in Fi gure 5,
is specified as the flexible , low loss , closed cell foam , Eccofuam PP ,
manufactur ed by Emerson & Cummings. This material has a dielectri c
constant of 1 .15 and comes in 1 inch thicknesses. The configura-
tion of the dielectric region shown in Fi gure 5 is two 1 inch th ic k
layers of Eccofoam PP separated by a 0.1 inch thick layer of mylar .
Since the dielectric constant for Eccofoam PP is 1. 15 and the
dielectric constant for mylar is 3.0, the result ing ef fective dielectric
cons tant wi l l  be somewhere between these two va l ues. For the purposes
of this example , It is reasonable to assume a net effective diele ctric
of 1.6 and , if required , a more exact va l ue can be determined experi-
mental ly.

The approximate equation for the characteristic impedance of wide
strip strip line (wide strip impl ies that the stri p width is so wide
that fringe fields do not interact) is:

7 ,tj~- = ~~~~~
. _ 2 ~• 15

0 ~1/ b  C
1—t/b + .088 5c~

and C .0385 
[

2 t~ 
~l—t/b 

+ 1) —

___  - 1) in (.—~
‘-~ - .~ 1)~ p u fcr~ (~g)*

I
I

~~j i . ;  S~ riDIine Circuit D~~ign; ARTECIL House , Dedh~~~, Mass. ,  1974; pa~ a 3 .  
I
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where: t Thickness of center conductor

w Width of center conductor

b Separation be tween ground p lanes

If e — .6, b = 2.1 inches and t = .002 inch

thert C .06236 pf/cn

If 2 ~~5O oh~ s0

(50)  / j ~~ = 94.15

+ 
.06236

.032 (.0335) (1.6)
2.1

63.2’~6 
94.15

+ .4439)

______ 
94.15

2.093 + .4439 .- 63.246

v = 2.093 (
~~-~

-
~~~ 

— .4439)

2 . 192 fn hes

~~~~~; > ; - ~~ ~~~~~ dimensions are shown in Fi gure 7. The required illumination w i l l
then determine the spacing between the strips.
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Defocused Parabolas

When the insertion loss in stripline becomes large, it is no longer prac-
tical to use the stripline method . It is anticipated that 2 GIiz is the upper
frequency limit. Then, from 2—40 GHz, the field generating system will be
defocused parabolas. The tes t object will be irradiated by antennas which
concentrate the radiated energy on the test object a distance 3 meters from
the source antenna. To accomplish this requires an antenna system with an
effective curved line source. This can be accomplished in a number of ways;
a properly phased antenna array, a special shaped reflector or a parabola
whose feed is axially defocused . The defocused par abola is the most practical.

The problem with any of the aforementioned approaches, however , is that
to illuminate a 3 x 5 foot area at a distance of 3 meters with a 200 V/rn field
requires signal sources which are expensive because of the output powers
required. Since the modeling of the proposed system depends to a great extent
upon the available drive power , the following discussion assumes a maximum
available power of 100 watts from 2 to 12 GHz and 1 watt  from 12 to 40 GHz.
In this way, the hardware complexity can be estimated assuming a reasonable
design.

Figure 8 is a curve for radiated energy versus resulta ’t t field intensity
at the beam peak and assumes an antenna of constant electrical aperture , that
is, the beamwidth remains constant as a func~..ion of frequency. This is an
idealized condition, but the resulting curve is useful as an i l lustration of
capability . The problem is set up such that the 6 dB points of the radiated
antenna beam intersects the 5 foot dimension of the test object. It can be
seen from the curve that 522 watts radiated , produces a field intensity at the
peak of the beam of 282.4 V/rn (200 V/in + 3 dB) and at the edge of the box , the
field intensity will be down 6 dB. This is a field intensity of 141.6 V/rn
(200 V/rn - 3 dB).

Figure 9 is a curve of area illuminated as a function of frequency to
generate a 200 V/rn field assuming 100 watts radiated from 2—12 GHz and 1 watt
radiated from 12—40 GHz. The area represents that area enclosed by a circle
whose diameter is equal to the coverage by the H Plane 3 dB beainwidth at
3 meters from the source antenna . The two aforementioned curves are based on
far field calculation. A more exact solution of beamwidth and gain in the near
field of axially defocused paraboloids has yet to be performed . The 2—40 GHz
band will be broken into approximately 11 subbands with reflector sizes varying
f r om 10 to 69 inches in d iameter.
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EQU IPMEN T SURVEY

Signal Sources

For multi—decade ~1RS application , the two basic types of frequencysources under consideration are:
(a) Swept frequency integrated system s which can be tuned over wide

frequency ranges without mechanical aids;
(b) Discrete frequency sources of simpler and inexpensive design

which operate over limited frequency span and which require
additional external devices to provide dc power, tuning control
and power leveling .

For millimeter wave application with fixed frequencies or small tuning
ranges, klystrons , and more recently, external interaction oscillators (Elo)
were almost exclusively used as key elements in signal generating systems.
For broadband sweeping and tuning , the backward wave oscillator (BWO ) is still
widely used and is ideally suited. More recently , stimulated by the develop-
ment of IMPATT (Impact-Avalanche—Transit—Time) and Gunn or transferred electron
devices, solid state oscillators started to compete with conventional m u l l —
meter tubes.

For the purpose of this discussion, the millimeter wave frequencies refer
to the spectrum in the 30—40 GHz range (that is, 10 to 7.5 mm). The LMPATT $and Gunn—effect oscillators have become relatively popular at lower frequen—
cies down through C—Band . Below C—Band and down through audio frequencies ,
transistor and crystal oscillators are often used as primary frequency sources
or , when integrated with tube oscillators , play important circuit function in
a hybrid type of variable frequency up—and—down—converters.

Although both types of frequency sources are applicable to ~4RS design ,
the sweeper systems will constitute the main chain of signal generating net-
work. Since many such sweepers are of standard and time—proven design , their
performance characteristics are well catalogued and known . On the other hand ,
most of discrete frequency sources are of special and novel design. It was
felt, therefore, that a survey of these devices could cover the overall EMRS
frequency range. Moreover , only the solid state discretes have been surveyed
to provide a working frame of reference against which all current and near-future
advances in the solid state signal generating techniques may be evaluated as
EMRS design progresses. Only typical commercially available designs have been
considered and evaluated .

Figure 10 suninarizes the survey findings and shows power output capabili-
ties versus frequency . Three basic types of signal sources are shown:

Transistorized laboratory--type instruments.
IMPATT oscillators.
Gunn—effect oscillators.

The low frequency units shown as lines 4 and 5 in Figure 10 cover the
range of 50 kHz to 520 MHz with output power levels of up to 200 mV. These
units have manual sweepers capable of full modulation and leveled power outputs .

At higher frequencies , only phase—locked oscillators are available as
illustrated by line 13. This unit has SO mW output over a 4.3 — 7.7 GHz range.

18

_ _ _ _ —  - — - 
___ - -



: : ~~~
- — — - .~~~~~~~~~:~~~~~~~

- 

- ,-
1. I ~I

- 1

~~~ ..:- - -___________

1
“3 

-~~~~~~~  — o  t,~

9- ;-. -
~~

• 3.)
0

a’



I
SLIP VEY OF C,G,~/AL ScuRCES. EI’IRS ’ p Em-~~~E~ .CoVERAGE 3

T~~e 11 ycj v,N~- ,, ,Ir ~, ~~~ 1

~,P/o7 

~~~~~~ 
-- p F~Ee~’ 

(‘H~~~

- A p FU~~ Pft.e7 /‘A’ft$~j P~~~”~ El- - ~21~ M p)~1Vk’ ‘L -
~ 

~ 
EI~. 

- ____ __________

/ 
I 

- .2 - ~~~~ / - tO”° ~9 ~- I’

2 ‘ / 
- 

~~~~~~~~~~~~~~~ / ~~~ ~~~~~~~ 
,c~

3 ~,2- i~~ ij~ / 
- 

~~ o t~~~~ ~~~~~
‘-

s, / / - ...2 c~o cb~ á’o~ i

/ - ..200 
- 4’.~~~’

c / / 
.~ /~~~~

/ 0-2~~ / •200 . ~~~~ ~io~-

/ - / I  /5~O o. ” / .2~ -

/ I / /5 ’O 1S’ -~~~~ ~~-

/ / 1  / c 30 /

I I  /  /00 ~~~~~~~~~ ~~~~~

- 
/ / go

/ 3 / C Bi~’i ’ / +~ ~

/ 4/ / / - 4’O ?

- / 5  o.~¼~- v 33 / ~ .2~~~~

/ ô.á’~ / 2c .2~~ 4’L~ c -~

/ 7 / I 

~ 
/ ~

, 
7~~~ ~~~~~~~~~~~~

I /~~) ‘ / ~ V .ZO /.2

/ ~ I 
- 

~~‘—~~~“~~~‘~ / ~~ “ ‘

~2 O ~ 
/ - ~~

/ 5- IL
--------~-. — - 4 . - - - - 3

20



Line 18 ind icates that only 20 mW output is available over a 12—18 Gltz
range with units having simpler mechanical tuning design. Line 2 represents
a 4—unit phase—locked system capable of 500 mW output over a 0.68 — 1.5 Gi{z
band . Thus, four separate units are required to cover a frequency range of
approximately 2.2:1.

The IMPATT diode oscillators are shown by lines 1 and 7. The 1, 000 mW
unit (line 1) requires two individual assemblies to cover 8—11.5 GHz frequency
range. This X—band device is capable of up to 1.5W output power levels. This
high power oscillator is voltage—controlled as opposed to line 7 unit which
requires both mechanical and electrical tuning to provide a 0.2 GFLz frequency
change. The latter type is available in the 26.5—40 GHz frequency range with
power outputs of 200 mW . The IMPATT devices provide a means of generating
several hundred of milliwatts with a minimum number of components. The de-
vice needs only a tuned resonant circuit and the proper dc operating voltage.
Although the efficiencies of only 10% are attainable at X—band frequencies ,
these devices represent one of the most efficient means to generate RF power
in the 10 GHz frequency region .

Gunn—effect devices , because of their inherent efficiency, reliability,
and , particularly portability (as opposed to the tube—type sources), are
finding wide application in contactiess object detection and observation
equipments. The Gunn diode can be made to oscillate in waveguide , coaxial or
microstrip circuits by means of a resonator and dc power supply through a low—
pass filter .

Figure 10 shows several typical Cunn—effect oscillators in the 15—40 GHz
frequency range. The two units in the 12—18 GHz range (lines 20 and 21) are
voltage tuned and have bandwidths of 20—25%. Their power output levels are
in the order of S mW. Higher power levels are obtainable only at considerable
sacrifice in bandwidth. A 150 mW unit, shown as line 8 in Figure 10, has a
mechanical tuning range of 0.1 GHz. The line 11 IMPATT unit , capable of 100 mW
output , could be electro—mechanically tuned over a 3 dB bandwidth of 3 GHz.
These broadband devices are available to cover a 26.5—40 GHz range.

Table 1 provides addi t ional  descr ip t ion of the most  pe r t i nen t  per formance
features of the solid state signal sources shown in Figure 10.

Regarding the sweeper systems of (a) above , their main advantage for EMRS
application is their broadband integrated system concept that will complement
the advanced technology capability of the overall EMRS design. The changes in
setups will be minimized and possible alternations of such critical parameters
as frequency, sweep width and power level will be reduced . The modern sweepers
have the repeatable performance features of accurate laboratory instruments ,
and , in the advent of a malfunctioning , their replaceability is not a problem .

Regarding the discrete frequency sources (fixed frequency or limited tuning
range devices), their main promising application would be in the areas where
potential F~4RS users would require only a partial narrowband frequency coverage.
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I
Power Output Devices

The log—log plots of Figure 11 show power frequency coverage of several
selected devices having potential  perf ormance capabilit ies In meeting EMR S
transmitter requirements for the 10 kRz to 40 GHz radiation frequency range.
Only three plots (marked N5 , N7 and NlO) extend below 10 kHz frequency point.
These three instruments have capabilities to supply the necessary power levels
over the 30 Hz through 10 kHz lower frequencies where only non—radiated out-
puts are specified . The plots refer to the following four basic types of
dev ices :

Et O Extended Interaction Oscillators
N Non—solid State amplifiers.
S Solid state amplifiers.
T Traveling—wave tube amplifiers.

The most important performance characteristics considered in this survey
were the CW power output level and bandwidth. The trade—off s related to gain,
efficiency, dynamic range, size and weight , cost, reliability, etc., will be
considered in the near future as a part of the overall transmitter—antenna
optimization effort.

The power—frequency data of Figure 11 is also shown in Table 2 with the
plot numbers listed in alpha—numerical order. All devices , except EIO, are
amplifiers.

The output devices available above 18 GHz are narrowband devices. This
is true for the high—powered EI0 as discussed in the first quarterly report
as well as for the intermediate powered TWT and the low—-powered solid state
amplifiers. With narrowband devices , many multiplexed sources will be required
to cover the 18 GHz to 40 GHz band. Consequently, inquiries were made of vari-
ous equipment developers as to what devices might be available above 18 CHz in
the near future. Although some development effort in this area was expressed ,
information was very limited and projections as to future equipment capability
and availability above 18 GHz are difficult at this time.

I

I

I
I
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I

TABLE 2
SURVEY OF POWER AXPLIJ IER S , EMRS ’ P O WER—FR E Q . COVERAG E

Fi g. 11 Po Frequency (Hz)
Ref No.~~ (Watts) F~ Ph ___________________ -

~ 

Remarks

ElO 100 18G 40G 4% t unable bandwith (VarianExtended
I (Interaction OSC.)

- --—-~~~~~~~——--- — -— -~~~--- 4—- ——~~ -— - - - -~~~~~—-~~~~— - -~~~ -

N 1 5,000 1M lOOM Fu l l  Band . Non—sol id  s t a t e  desi gn

N 2 1,500 iN 1 6GM Full Band

N 3 1, 500 22CM 400M I 4 MHz 3dB-Bandwidth , narrowband

N 4 1,000 10K 220M Full Band

N S 25~J 
I 

- 60K Audio Power Amplifier , full Band

N 6 400 10K 220M Full Band

N 7 25 50 lOOM Full Band

N 8 10 
- 

~~~~ Full Band

N 9 5 10K 220M Full Band

N 10 2 I6~ lOOM I Full Band
- H

S 1 1,100 10K 250K Full  Band . Solid S t a t e  Desi gn

S 2 1,000 2M 1G 4—10% 3dB-Bandwidth

S 3 500 1G 2C 4—10% 3dB-Bandwi dth

S 4 100 2G 2. 4~ 4—10% 3dB-Bandwidth

S 5 40 2.’/~ 3C 4- 10% 3dB-Bandwid th

S 6 25 150K 2$OM Full Band

S 7 15 3G 4~ Z Cr  4% 3dB Bandwidth

S ~ 2.~~ 6G l5G Impatt Multi—Unit System

s q 2 1G 2G Full Band

S tO 
I 

1 2G 3G Full Band

S I I  - 0.~~ 5.4G 5.9G Gumrn—Effect Device

s ,2 o..r 5.qL r ~~~L/6~ Gunn—Effec t Device

~ 13 o. s ~~~~ Gu n n — E f f e c t  Device
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Table 2 (continued)

SURVEY OF POWER A1~~LIFIERS , EtIRS ’ POWER—FREQ . COVF:R-\~ F

Fi g ll~~~~~~~Po Frequency ( l iz )  
-

Ref No. (Watts) F~. 
- Fit 

__________________ 
Ren ~itks —

S i~~ 0.15 26G 40G Gunn—Effec~ Device , Multi—Unit A ssy

T 1 1,500 lG~~ 2.5G TWT Amplifier , Single Uni t. A~ sy

T 2 200 450M 18G Approx.  2:1 Unit-BW ; 5—TJnit Systct’~

T 3 
I 

17G 40G Developmental  TWT A ’s ; 1—2 yr )~.D ~ T (l (~

T 4 3 l7G 21G Full Band

T 5 1 l8G 26C Full Band

1.
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I
I

CON CLUS IONS

I
The conclusions derived from the second quar ter of the design phase are

as f ollows :

The strip transmission line is proposed as the field
generating device at the lower frequencies (up to
perhaps 2 GRz); main advantages are minim~~ drive
power requirements and versatility of operation .

The elliptical reflector cannot produce higher I
power densities than those existing in the feed—
beam of its source and is, therefore , eliminated
in favor of the defocused parabola above 2 GHz
With a defocused parabola, beam focusing can be
realized as with the elliptical reflector without
resorting to specially designed reflectors. I
The EMRS design will be most complex at the upper
frequencies because of the lack of wide band devices
above 18 GHz. I

I
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RECOMMENDATIONS

I
The updated EMRS block diagram is shown in Figure 12 and shows the

recoimnended equipment configuration to drive the proposed strip transmission
line and defocused parabolic reflectors.

I The choice in amplifier and/or signal generator selection shown is a
I practical means of achieving varying user requirements. The choice of

signal generators will provide full fl1RS capability over discrete frequency
ranges, and the choice of amplifiers will provide for different upper level
limkts for both the radiated and non—radiated outputs.

Further analysis is recoamended to completely justify and define the

I strip transmission line and the defocused parabolic reflector as candidate
systems to produce the required field intensities for the F.MRS.

I
I
I
I
I
I
I
I
I
I
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APPENDIX

ANA LYSIS OF PATH-LENC TH DISPERSION IN
REFOCUS ING BY AN ELLIPSOID-SEGME NT

Prepared by: D.M. Lipkin
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ANALYSIS OF PATH-LENGTH DISPERSION IN
REFOCUSING BY AN ELLIPSOID-SEGMENT

(“For Fixed P, and for P’ on the

~
. Segment , How Much Does (r’+s~) Vary

as P’ is Moved all Over the s~~ €~-~t of
Segment?”) ~~

-- 1 l l i p- t..1.1
— ,- (1~~lum ra~~ r

by ~~.e -

/

/
//
/ ~~ 

Be~J!:)

—4

I

7 -~~~~~~~~~~/,
/ 

4’ / r/ N~~~ 
~/
/

/ d b y r 
is I / /

R .

~~~~~~~~ ~~~~~ ~~~~

‘ ‘

~~~~~ 8 

Towards z) (1)

P2 2c Fl

z

(Semi-Major Axis of Ellipsoid) a (2)

(Both Semi-Minor Axes of Ellipsoid) b ~ a ( 3)

~~~~~~~~~~~~ 
(6)

Eccentricity “e” (
~

-) (5)

( f )

A trivially simp le — appear ing equation wh i ch defines the e lli p soI d

of interest Is:

30



(r + r ’) = 2a (7)

and this can be interpreted , in dual polar coord i nates , by means of:

(r sin 0) = (r’ sin a,) (8)

plus

(r cos 0) = (2c + r ’ cos a,) .  (9)

Useful parametric equations for the ellipsoid , derivable from the above ,
are:

1cos 9 
(l + m c o s r

~

I
= m + cos a, and (10)

sin 9 ( n sin a, ~I m + cos a , )  , w i t h  ~ as thr i ndependent pa rameter; (11)

m — cos e J 
and (12 )

{cos 
a cos e -

sin a, 
n sin 8
m — cos e I ~ wi th 0 aS the i ndependent parameter; (13)

1 f a j l _ e2)
= 

~(l - e cos e)] ,accompany ing (12) and (13) , (14)

a (1 - e2~ 
1 accompany ing (10) and (11) ; (15)= 

[(l+e cos a)J 
‘

and, note that:

m + cos 
~~~~ 1r t(~) 

‘ ( ~ I ~~~ K(Q’) , for later reference. (16)

tn all of these , the simp lify ing notation has been used :

f ~- + e lIm (e 2 j and (11)

‘ I (e
‘I 1~~~~~

)2 
,whe re the constant parameter e is the

eccentricity of the ellipsoid as defined i n  equation (5). Also note the
fo l lowi ng a lgebraic formulas which app l y:

NOTE:  m
2 

= (1 + n2), (m + n) = ( L), (m - n) = e. (19)

3 1
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I
The rectangular coordina te locations of P and P’ a re:

P (0, R cos ~~, R sin ~) ,  (20)

P’ (r cos e , r sin B cos ~~
‘
, r sin 8 sin i’’ ).  Therefore , (21)

I2 
[(r cos 0)

2 
+ (r sin ~ cos ~~

‘ — R cos 
~ 

2
S =

+ (r sin 8 sin ~~~
‘ - R sin ~)

2
] (22)

or,

2 2 2s = [r + R - 2 r R sin ~ cos (~
‘ - i)], (23)

O~~, ~~~~ further via ( 7 ) , (8) , (15) , (1/) , (1~ ) and (19):

2 
_ 

_____________
_ cos (

~~
‘ —

~~~~~ )
— (2a (1 - e2) R sin

+ e cos a,) )
2 2  ________m + COS g

+ 4a e 
(1 + e cos a,~ 

(24)

From this and (15):

a(1 - e
2
)(r ’ + s) = 

[(1 + e cos a,~)

- 
2a (l-e

2) 
R sin g cos(~~’

-)
~~ + 4 2 2~~~ co ~~~21

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  S g  I (25)(l+e cos ) e 
~1+e cos a,J J

~ cpanded to the second order in (R/a(l-e
2) (<< 1) as a small quant ity,

Equation (25) .gives:

2
(r’+s) 2a — [2n ae s in  a, cos(~ ’-~)} ~(m+cos or)

L (m +cos a,) ( 1 _  2 U

(m+cos a,)
+ 

[ean~~i+e ~~ 
I 2 sin 2 (g) cos 2

f~~I~~~
1))J 

2

+ (higher order terms in u), (26)

where

~~~~~ • J... (2f l
k(l-e ) )  a

$
-I
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A su~ ficient condition for the expans ion (26) to be valid , and

for the term in (I~
2
) in (26) to be of negligible importance compared to the term

in ~, is s imp ly :

~ << ~~‘ t!. ’ ’ R<< (l-
.e
2
)a. (28)

Therefore, subject to (28), (26) reduces approximalely to: (eliminate 
~

in favor of R, via (27))

(r ’+s) ~ (2a) -. ~~ , (29)

where “K(cy)” is as defined in (16).

Since the major-axis length (2a) is a constant, independent of a,, ~,

and ~~~
‘
, it can be omitted from (29) because it does not contribute to the

dispersion of (r’+s) (versus a,’, ~, and cr ’) .  Thus , we can write, from (29):

[dispersion of (r ’+s)] R . [ J i s p e r s i o n  o f( ~~~~ 
g 

(30)

The aenera l unit direction—vector from Fl to P’ (i .e., the vector specified by

(or, {)‘)) Is, in re tangular coordinates:

-- 
(cos a, sin a cos ~~~

‘
, sin or sin ~

‘); (31)

Consider a feed-beam or source-beam, at Fl, whose center points along the par-

ticular direction ( a , ,  ~‘ ‘=o), i.e., along the unit vector:

(cos a0, sin a,0, 0).  (32)

The cosine of the ang le between a genera l direction (31) at Fl, and the beam-

- center direction (32), is given by the scalar product of the vectors (31) and

j (32); i.e.:

[cosine of the angle by wh i ch (31) is off the center of the feed-beam]

1. = (cos a, cos ç
~ + s i n g s i n g cos ~~‘) .  (33)

I S~ippr,se irns , that the relative—powe r pattern of the feed-beam is:
l N- o’; m e  (angle off center of beam)] (36)

1: 33
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where , _____

N 4.8 , (corresponding  to h al f - p o w e r - d e n s i t y  a n g l e  of 3U °) , ( 3 5 )

or other value of in teres t ;  then , the r e l a t i v e  power p a t t e r n , a c c o r d i n g  to  (33)

and (34) , wi l l  be:

“P(g, ~~
‘; a,0

)” (cos a, cos o’
~ 
+ s in or sin or0 cos ~~I)N (3(~)

For small increments d,~, d’’, the solid-angle covered by the increments is.

dç~ (s in 
~~‘ 

dcy d~~’). (37)

Over a given range p of a, and ~~
‘
, the dis persion (30) can be evaluated as

a s ta n d a r d  dev ia t ion , we i ghted  by / P  of (36) and by dl~ of ( 3 7 ) :

[dispersi on of ( r ’+s)3

/ SS f2 /P thI) /P 
2

= I ,-‘
~~
‘ 

- T~r’ , (38)
\/  “JJ /1’ dcl JJ v/-P dcl
V p p

where f denotes:

fR sin a, cos(~’ ’~~)~
j ‘ 

(39’)

the quantity whose dispersion is of interest according to (30).

Therefore,

~

/P dcl) S~(sin ()~~ COS L)~~~~~ / P  dcl) (
~ 

sin  ~ co S(~~’~~5)
/p  d~ )

By using (36), (37) and (16) to expand (40), (40) can be pu t into the for’~:

~ ~~~~ 
12 

- I~
2 , (.1)

in which To , r 1 and 12 are three integrals defined as follow s :



N/2SS [cos a, cos or + s in  a, sin a, cos 
~ 

] sin a,’ da, dt’’, (42)
1 0

p

fcos(~~’—~) [cos a,’ cos g +sin a, sin a’ cos {~‘]~~
‘2sin2(oi)J

Ii II (~~cos a,) 
d~~’ (43)

p

1c0s2 (I ’ -I) [cos a, cos a, +sin a, sim a, - N/2cos~~~ ] ti nt 12 
= i l L - 

2 d~ ’ (44)
p (m4-cos a)

In order to approxima te the abov e integrals  convenien t l y ,  the w e i g h t - f ur ~ct i r r

(•~~•)
N/2 

will be set equal to
, 
unity (as if N were zero) ; b u t , correspond in g to

(35), the variables a,’ and ~~~
‘ will be taken to vary from (a, -30°) to (ç~ +30°),

and from _30
0 
to +300, respectively since this corrt~~r~~nd , to the Ie~~~hea mW id th  under

consideration . Thus, (42)-(44) are rep laced by the rough approximations :

PP.) 1 g +30° 30°I,, o
I = LJa,~-3o° ~~~~~~~ 

~~ S-3 0 ° ~~~~ (4 S)
0

( a p . )  f a,’ +30~ 2 
(ar) 

30°
0 sin da, c0s(~ ~~1

1 
= LSor~-30° (~ fcos or) J -30° 

-) d~~’] (46)

and,

(ap. ) r a, +30°I o sin3 ( )  ~~ 30° 2 
~~~~ di’] . (41)____________ cos (

12 
= 

LSor0 30° (m+cos a’)2

Now, (45) is r e a d i ly eva lua ted  to be: (30° = n/6 radians)

(ap . )
I = (~~~s i n c y ) .  (48)
0

S i m i l a r ly, (46) is evalua ted  to be:

(ap.)
v m -l

= m - cos a, - arct an ( ~ \ 1 co s ~ (49)
0 m/ 3  + 2 cos

I
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Finally, (47) is evaluated more s imp ly, to be:

(ap.) 2 sin a,
12 = 2m ln 1 + 2m - sin a,’ + /3 cos a,

2
— 1 + — 

(m — 1) 
2 

(sin or )
(m 2

-Z-) + m /3 cos a, + cos (ci) °

• [~+q 
cos (2~)] (50)

The standard  dev ia t ion  or d i s pe r s i o n  tha t “A ” of (38) and (4 1)  repre-

sents, can now be eval ua ted by using the order-of—ma gnitude approximations

(48)-(50).

The ty pe of p r o b ab i l i t y — d i s t r i b u t i o n, of the  var ious  l eng ths  (r ’+~ ) whose

s t anda rd  dev ia t ion  ( f rom -the i r -own-mean)  is ~, is not immedia t e ly kn own ; but , in

keeping wi th  the  order -of -ma gni tude  a p p r o x i m a t i o n s  b e i n g  a t t e m p t e d , i t  seems

reasonable  to ideal ize  t h i s  d i s t r i b u t i o n  as Gauss i an :  W i th ~i r e p re se n t~~i g

dev ia t i on - f rom—the -m ean , of the  (r ’+s) values , i .e . ,

i.j a [(r ’+s) — (r ’+s)],  (51)

the p r o b a b i l i t y — d i s t r i b u t i o n  of the v a r i o u s  u — v a l u e s  w i l l  here be assumed

to be representable  by t he  usua l normal ized  Gaussia n d i s tx ib u t i o n :  $

[A~~~~~ 
exp 

~~ di, (52)

in which the same A as above plays the role of the standard deviation , and in

which the v a r i a b l e  ~.i takes the mathematica l range of all rea l values .

Now, if scalar waves are rega rded as be ing emi t ted  at  Fl and f o l l o w i n g

paths (r ’+s) to the point P of interest , their comb i ned ph a s o r  amp l i tudes (“vol taqe ’ )

at P wIll be a superposition of phase-factors corresponding to the vdrious

“(r’-4-~ )”-de1 ays , because we can assume that a l l  paths contribute approximatel y t h o

same magnitude .
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Taking the mean path-length (r’+s) to correspond to a reference phase-

delay of transmission, the relative phase delay ove r any particular p-3th
$

(r ’+s) will be:

— (r’+s)} , (radians), (53)
I x l

where A is the wavelength of the radiation involved . But, by (51), this relative
phase-delay is , just:

(radians). (c4)
A l

The complex p hase—fac tor for transmissio n over any particu l ar path (r ’+s) cnn tH-

be w r i tt e n as:

1— ~~-~- ‘ . ( j  ~
- /—l). (35)exp j 

~

The various phase—factors (55) for di fferent u can be combined , with pr ob -~hi 1 ti e~

( 52 ) , to g i v e  the  t o t a l  ‘‘ vo l tage ’’ V accumula ted at P by superpositio n of the (sca l ar )
w,~vps : r~ 1v 

_ 
exp ( -j  ?~~) • 

I
d~k] 

(56)exp 1 2 1jL — L~ ‘~ ~2A

And, the relative power W at P is calculable from:

= 1v 1 2 . (57)

The integral (56) can be rearra~iged to read:

r ‘ 2 2) 
w÷j IMI2’iI _ _ _  _ _ _

e t 
dt]

- 
I ) , !

V = I e 
~~~ 

/21
[/1

1

I
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But this last integral equals simply -

Ii ( 5 ( j ) ~.

Theref ore, (58) reduces to:

V exp 
~~ 

(24~~~ )] ((M )

whence (57) gives :

w = exp 
~~ 

(
~ A) 

2] . (61)

At the second focus F2 (i.e., if the point P of interest is taken to be

F2), we know tha t ~ vanishes, because all the paths “(r ’+c)” arc of equal length

and therefore have zero dispersion; and then, (61) gives W=l. Therefore, the

formula (61), in general, gives the relative power at an arbitrary point P,

normalized to unity at P=F2.

Interest now attaches, not so much to the rela tive-power pattern (61)

[in the y—z plane —— see the Figure (l)J, as to the location of its half—

power points , i.e., the points where

W 1/2. (62)

From (61), these points are described by:

A = [~ \
ff ~~~~~} 

(63) f
But, then , by eliminating A between (63) and (41), we f ind:

R _ _ _ _ _(d = 

2;rn \J~~ ~ 
~~~~~~~~~~~

--  

~~4)

as the desired expression for the half-power locus .

The convenient approx i mations (~+8)—(5C) for the three intergals 10, II , 12 rnny

be used in the numberica l eva l uation of this formula.

* Nationa l Bureau of Standards: Handboo k of Mathematical Functions No. 55; Equations
7.1 .1 and 7.1 .16.
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Values of R/X have been calculated from (64), using (48), (49), (50),

(18), (17), for a few d i f f e ren t  value s of a, and e, and in each case for ~

going from 00 to 9Ø
0 in 150— st eps . (Accord ing to (48)-(50) , the pattern of

RJX versus ~ should repeat by sy~~etry In each quadrant , hence its shape for

0~ I 
� 90

0 
is sufficient to specif y its sha pe for all •.)

The results of the numa rical calculations are: (Main entries denote ~/Xvalues ;

see Figure 1 for mea n i ng of R).

Up-Tilt Ang le”
of Center of Feed-Beam

450 j  45
0 60° 60° 90° 90°

Mn gu la r Ellipsoid
ocatiorAbou t Eccentricity”e”
2nd Focus

0.3 0.4 0.3 0.4 0.3 0.4

0
0 

.9025 1.0587 .8836 .9847_
— 

1.0393 .9483

15° .9025 1.0611 .8707 .9761 .9575 .9069

300 .9026 1.0678 .8381 .9538 .8056 .8165
(65)

450 .9028 1.0771 .7990 .9257 .6810 .7278

60° .9029 1.0867 .7648 .8999 .6007 .6629

75° - .9031 1.0939 .7424 .8823 .5571 .6251

90° .9031 1.0965 .7347 .8761 .5434 .6128

(T1~e computations were run automaticall y on an HP-9820A programmable desk calculato r .)

The results in the table (65) indicate , qualitative ly, tha t the region of

imperfect focusing around the i l l i p soid ’s second ideal foc~.is is always of the ordE r

of 1/2 to 1 wavelength in  radius (and  is not circular , in general ).

Since the actual source of the feed-beam is not a geometrica l point , the above

“circle—of—con fusion ” figures are mos t like l y smalle r-than—actual.

I

_ _ _ _  - 
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I
Also , stnce the source itself need not generall y (for the 30° h a l f - b e a m  ang le I

assumed) have a radius as large as A/2, the power-density at the second focus

will not be as large as that in the aperture of the source . Thus , althou gh I
“focusing” occurs , it cannot produce higher power densities than those existing

in the feed—beam at its source—aperture (this conclusion holds for all A ). The

basic physical reason for this is , that althoug h the conditions for focusing of I
radi ation are not met with mathematica l exactitude at points tha t deviate from

the second focus , the lack of perfect focusing at such points does not become I
serious until the points are more than about A/2, or A , removed from the

ideal focus; this is a genera l feature of wave-interference which must be

considered in practical situations.

I
I
I

I
1
I
I
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