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ABSTRACT
The results of a theoretical study of microwave beam absorption by a Rectenna is given. Total absorption of the power
beam is shown to be theoretically possible. Several improvements in the Rectenna design are indicated as a result of
analytic modeling. The nature of Rectenna scattering and atmospheric effects are discussed.

INTRODUCTION

A workable Solar Power Satellite system will
depend upon the efficient free-space transmission of
energy to earth via an environmentally benign micro-
wave beam. The "Rectenna", a large array of dipole-
diode devices which captures and rectifies microwave
power from satellites, embodies an emerging technology
pioneered by William C. Brownl of Raytheon. Brown
and Richard Dickinson3 of JPL have reported tests on
experimental Rectenna arrays which have achieved
microwave to dc conversion efficiencies exceeding 80%.
However, classical antenna theory tells us that an
isolated dipole must re-radiate as much energy as it
delivers to a properly matched load. Because of a
frequently expressed concern over whether or not
this antenna theory was in contradiction with experi-
mental Rectemna results, Novar Electronics Corporation
undertook the task of developing a theoretical model
which describes the absorption of a microwave beam
by a very large Rectenna. In view of the size and
scope of the SPS program, it is important to theoret-
ically determine whether a rectenna array of the
reference system design can totally absorb the power
beam—-that is, produce no scattering. In addition,
it is desirable to study the microwave absorption
process in order to provide a theoretical model
for the simulation of design improvements and, because
of concerns about possible electromagnetic inter-
ference from the rectenmna, to obtain additional in~
sights into the rectenna’s scattering properties.

Novar's work demonstrates not only that the
theoretical absorption limit is in fact 100% but that
the number of elements required for total absorption
per unit area can be greatly reduced, significantly
reducing the cost of the Rectenna. Results further
indicate that Rectemma panels can be made to totally
absorb at any angle of incidence by adjusting reflec-
tor and element spacing and load impedance. This
suggests a flat or terrain conforming Rectenna
eliminating the need for the 'billboard" or "Venetian
blind" design and essentially conforming to the
terrain. Also, the screen reflector should be
able to be replaced by parasitic reflector dipole
elements.

Deviations from conditions required for total
absorption give rise to scattering, and the resulting
losses due to variations from design center values
for several parameters are shown. The directionality
of fundamental and harmonic scattering from a Rectenna
is described. Among the factors causing scattering
that were studied are microwave beam depolarization
amd amplitude fluctuations caused by disturbances in
the atmosphere. Included in this category is "dif-
fracted signal enhancement", the diffractive effects
of large objects flying over the Rectemna, which can
be expected to cause transient signal increases as

large as 9 dB which must be taken into account in the
rectenna design.

Because of the difficulty in trying to analyze
a large array of interacting dipoles using mutual
impedance analysis, it was necessary to develop another
type of mathematical model descriptive of the microwave
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power absorption process. Two such models were derived
from Maxwell's equations. These models quantify con-
ditions for total absorption of the power beam by a
Recterma and provide values for scattering losses due
to deviations in each condition.

CURRENT SHEET RECTENNA MODEL

The first model is based on the current sheet equiv-
alency of a large planar array above a reflector as shown
in Figure 1. The current sheet has the properties of
resistive absorbers described by Jasik4 and Kraus3. The
model is mathematically characterized by an expression
for the fraction of an incident plane wave's power that
is reflected from the sheet.
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FIGURE 1
CURRENT SHEET RECTENNA MODEL

This expression, which agrees with Jasik, and for
which no derivation could be found in the literature,
is determined as follows. First, Maxwell's equations
are solved to obtain general expressions for the elec-
tric and magnetic fields in the region above the cur-
rent sheet and in the region between the current sheet
and the reflector surface.

Next, the boundary conditions are satisfied at
the infinitely conductive reflector surface and then
at the current sheet as the thickness of the current
sheet is allowed to become very thin. This yields
expressions for the waves at the surface of the cur-
rent sheet. The expressions are then solved simul-
taneously for the power reflection coefficient, the
fraction of power reflected by the current sheet. It
is expressed by either Equation la or 1b, following,
depending upon thz polarization of the incident wave ¥

*Polarization is defined by the relationship of the
incident wave's electric field vector, E, to the plane
of incidence, the plane determined by rays in the
directions of propagation of the incident and reflected
waves. When E is parallel to ‘the plane of incidence,
the wave is said to be parallel polarized. When E
is perpendicular to the plane, the wave is said to be
perpendicularly polarized. (Any other polarization
can be decomposed into a combination of parallel and
perpendicular polarization.)
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where:

R, is the resistance of the current sheet in ohms
per square¥ |

6 is the angle of incidence of the received wave
as measured from the normal,

d is the separation between the current sheet and
reflector,

A is the wavelength,

e and u are the permittivity and permeability,
respectively.

The expressions above demonstrate that total
absorption is theoretically possible for normal in-
cidence (8 = 0) when d = A/4 and Ry = Vu/e = 377 ohms
for free space. The power reflection coefficient and
reflected power as functions of deviations in R, 4,
or 6 from those values required for total absorption
at normal incidence are shown in Figure 2.

The model further predicts that a Rectenna can be
designed for total absorption for beam angles off nor-
mal incidence.f This leads to the possibility of a
Rectenna that can be built to lie flat on the ground
and be essentially "terrain conforming". This type of
Rectenna array has several advantages over the "bill-
board" or "venetian blind" construction of the refer-
ence system: 1) much less excavation is required,

2) there is the potential to suspend the elements
and reflector screen above farms, buildings, etc.,
and 3) less scattering is anticipated because there
are no "billboard" edges to cause diffraction of the
power beam.

This current sheet Rectenna model provides a
"macroscopic view" of the microwave absorption pro-
cess. Novar has developed a second model which pro-
vides an insight into the role played by the individual
Rectenna elements. Moreover it provides an independ-
ent theoretical confirmation of the ability of the
Rectenna to totally absorb the power beam.

WAVEGUIDE RECTENNA MODEL

The second model quantifies the electromagnetic
modes (field configuratioms) in the immediate vicinity
of a Rectenna element in the Rectenna array and gives
limits for the element spacing which permit total
power beam absorption by preventing unwanted modes
from propagating (scattering). This model is based
on the progerties of a special waveguide described
by Wheeler® in his analysis of certain aspects of a

large planmar array. Specifically, the waveguide has
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special "imaging" characteristics and has the ability
to allow only plane wave propagation. The waveguide
is rectangular in shape with a probe (monopole) in-
serted through the middle of one of the walls. How-
ever unlike "conventional' waveguides, the two walls
parallel to the monopole are nonconductive and "mag-
netic” (u = », ¢ = 0), with the other two walls being
perfectly conductive (0 = ). When we solve the
equations describing the nature of wave reflections at

[of

0.002 10

Reflected Power

@ 5 GW Incident
0.001

y Y T T 3 % 1]
-10 -5 o 5 10

trapedance Mismatch {Q/Q)
Ro-377

377

2

Reflected Power
@ 5 GW lncident

o]
0.01 J\ / 50
l

/ 25

T T t T T A 0
22 23 24 25 26 .27 .28
Current Sheet (Dipole}/Reflector
Separation
2
Ioi mMw
0.0002 1
Reflected Power
@ 5 GW Incident
0.0001 05
T T T 7 T ] o
-10* -5¢ 0 50 100
Angle of Incidence From
Normal
FIGURE 2

POWER REFLECTION COEFFICIENT AMD REFLECTED
POWER LEVEL OF THE CURRENT SHEET RECTENNA
MODEL AS A FUNCTION OF VARIOUS PARAMETERS

*Resistance per square is the resistance between
opposite edges of a square slab of resistive material
and therefore is independent of the -size of the square.

twith A'fixed, and given any 6, there is an Ry and
d such that [p|? = 0.



the walls, it is found that a monopole in this type of

waveguide, which we will call a "mixed-wall"' waveguide,

produces an infinite array of image dipoles with cur-
rents of identical magnitude and phase as depicted in
Figure 3.¥ Conversely, an infinite array of identical
dipoles with currents of identical magnitude and

phase can be replaced by a single monopole in a mixed-
wall waveguide to analyze the behavior of a dipole as
illustrated by Figure 4. Since the power beam is
nearly uniform in power density over quite a large
area, dipoles within a fairly large arbitrarily
selected area of the Rectenna will have currents
nearly uniform in magnitude and phase which can be
closely approximated for that area by an infinite
array. Thus the behavior of a dipole which defines
the center of this area can be accurately modeled by
the behavior of a monopole in a mixed-wall waveguide.
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FIGURE 3

IMAGING PROPERTIES OF MIXED-WALL
WAVEGUIDE WITH MONOPOLE

The first step in analysis of this monopole's
behavior is to determine what modes can propagate in
the mixed-wall waveguidel and under what conditionms.
We want the TEM mode to be the only mode that can
propagate. This TEM mode is the same field configur-
ation as that of the power beam, i,e., a plane wave.
If other modes propagate, scattering is taking place.
Since the side walls of a mixed-wall waveguide as
shown in Figure 3 are non-~conductive and "magnetic",
the mixed-wall waveguide is similar to a strip-line
for the TEM modes. Thus this waveguide will support
the TEM mode at the power beam frequency independent
of the waveguide dimensions.

Next, the properties of the mixed-wall waveguide
for the higher order modes are derived in order not
only to determine the conditions required for their
evanescence but also to allow us to describe the near
fields around the monopole. To do this, Maxwell's
equations are solved to obtain wave equations which
are then modified by mathematical decomposition to
put them into an efficient form for solution. The
wave equations are then solved to obtain general
equations for the magnetic and electric fields in the
mixed-wall waveguide. These equations are functions
of pairs of integers, one integer of which is associ-
ated with the "a" dimension in Figures 3 and 4, and
the other with "b". Specific values for the inte~
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gers in a pair defines a mode. The higher order
modes have either transverse magnetic or transverse
electric fields. These are respectively designated
the TMfg and the TEpp modes, where £ and n are
0,1,2,3,...; g and m are 1,2,3,....
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FIGURE 4

SECTION OF INFINITE ARRAY OF DIPOLES MODELED BY
A MONOPOLE IN A “MIXED-WALL"” WAVEGUIDE

Inspection of the mode equations shows that the
lowest cutoff frequency for higher order TM modes is
associated with TMyy and that for the TE modes is
the TEjp. This means that at a given frequency the
smallest critical dimensions for propagation are
associated with those two modes. The next larger
critical dimension is associated with the TEjq.

The TE1Q mode is actually non-existent in our
mixed-wall waveguide/monopole configuration because
it is not generated when the monopole is located in
the center of this special type of waveguide ¥* This
results in the critical dimensions for higher mode

*Analogous to the study of optical reflections from

mirrors, the "method of images' shows that the fields

within the mixed-wall waveguide boundaries are the same

as though there was no waveguide but only the monopole
and an infinite number of identical magnitude and
phase images.

TModes, which are the various field configurations
that can exist within a waveguide, have the property
that for a given frequency they are evanescent (non-

propagating) for waveguide dimensions less than certain

critical values, which are called "cutoff' dimensions,

and can propagate for any dimensions greater than those
Each mode has its own set of cutoff dimensions.

values.
Conversely, for a given set of waveguide dimensions,
there is a critical frequency for each mode (called
the cutoff frequency) below which the mode is evanes-
cant and above which it can propagate.

¥Transverse means no component in the + z direction

in Figure 3.

**Note that "mode—hopping", the generation of modes
due to waveguide imperfections, is mot a problem here
because the waveguide is assumed to be ideal.
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The total electric field, E, and the total mag-
netic field, H, in the mixed-~wall waveguide are each
sums of the various field configurations or modes that o f
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of respective field components in the x, y, and 2 + Z Z —2£L Bf sin EZ'—X sin Bbﬂ e fe
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field components, E and H can be represented by the
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table are respectively the real and imaginary parts

of the expressions shown for the Y's. The terms
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the higher order modes'. The leading terms in the + Z 2 fg cos 7T cos T e
equations for Ey and Hy are the equations for the £=0 g=1 kcfgb-

TEM mode. If the higher order modes are evanescent,

then the double summation terms are components of

the fields associated with reactive power.
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If a reflector or shorting plate is inserted in

the waveguide behind the monopole, as shown in Figure * @ Juwegr -0 _ 2z
5, the situation is equivalent to the infinite array +7 ) 5 B, cos 11X o B%X e m
of dipoles in Figure 4 being backed by a reflector. f=0 g=1 kcfgb g a

A set of equations analagous to those in Table I can

then be generated for the "-z directed" field com—

ponents of the waves reflected from the shorting plate. © w Oy T o ~Crn

Summing the +z and -z directed field components in the Hy =0+ Z z 2 Apn sin -—?{- sin E,EX e
neighborhood of the monopole gives rise to a set of m=1 n=0 kcmnb

equations of the same form as those in a conventional

waveguide backed by a shorting plate. These equations

establish matching requirements on the monopole and © ® juwegm £ —ocf

load impedances and spacing of the monopole from the + X Z — Bfg sin 27X sip 87 . g
shorting plate so that the non-evanescent wave does f=0 g=1 kcfgb a b

not propagate back up the waveguide toward the source.

Since it is well known that a probe in a conventional

waveguide backed by a shorting plate can totally ab-

sorb all power flowing down the waveguide’, it is

therefore expected that a probe (monopole) in a mixed- : / 5 2 2 / 9 9

wall waveguide can also totally absorb all power Y =a _+ 3B =/ Kk - &y @ =k -k
. N mn mn mn a B

flowing down that type of waveguide. Therefore total

absorption of the plane wave power beam by a dipole in

a Rectenna is expected when the separation between

dipoles is within limits dictated by the mixed-wall /2 £ 2 gn 2 /2 9
waveguide model's dimensions which restrict propa- Ve, = % + jBf =Yk - () - (T) =vk - kcfg
gation in that waveguide to the TEM mode. 8 g & a
2m
Boo = k= B

TABLE I

ELECTROMAGNETIC FIELD EQUATIONS
FOR A MIXED-WALL WAVEGUIDE

Since the waveguide dimensions which restrict
propagation to the TEM mode is less than A in the

"a" direction and less than A/2 in the "b" direction

of Figures 3 and 4, and since the separaﬁion between Equations shown are for total * + z directed” portion of the field

the centers of the dipoles is "a" by "2b" as can be components in a mixed-wall waveguide. With appropriate sign changes,
seen from Figure 4, then the maximum allowable sep- equations express the ** — z directed”” components. -

aration of the centers of dipoles for total absorp-

tion of a plane wave, for the rectangular grid

configuration of Figure 4, is just under one wave-

length.
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MONOPOLE IN MIXED-WALL WAVEGUIDE
BACKED BY SHORTING PLATE

ELEMENT DENSITY

The existence of non-evanescent higher order
modes corresponds to the existence of grating lobes.
Analysis of the generation of grating lobes indi-
cates that the maximum separation between dipole
centers for avoidance of grating lobes with the tri-
angular grid configuration used in the Reference
System is just under 1.15A. It is understood that
the present separation between dipole centers in
the Reference System is just unver 0.6A. The
number of Rectenna dipole-diode elements needed
for total power beam absorption can be signifi-
cantly reduced over the number needed for the
Reference Systems as shown below.

NUMBER OF DIPOLE-DIODE
ELEMENTS REQUIRED
(NORMAL INCIDENCE)

Reference System Design 18 billion

Triangular Grid Configu-
ration With Maximum Allowable
Dipole Spacing 4.5 billion

Rectangular Grid Configu-
ration With Maximum Allow-
able Dipole Spacing 5.2 billion

In additon, greater diode efficiency is indicated when
the number of Rectenna dipole elements is reduced
since the power density per diode is higher.

PARASITIC REFLECTING DIPOLES

Total absorption of energy by the monopole in a
conventional waveguide requires that the shorting
plate in the waveguide by approximately a quarter
wavelength behind the monopole. This distance is also
expected to be proper for the mixed-wall waveguide.
Since the shorting plate corresponds to the Rectenna
reflector, and since it is expected that the shorting
plate can be replaced by a parasitic reflecting mono-

pole as can be done easily in a conventional wave-
guide and still totally absorb the energy traveling
down the waveguide, then the Rectemnna reflector
should be replaceable by parasitic dipole elements,
as depicted in Figure 6.
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FIGURE &
RECTENNA WITH PARASITIC REFLECTING
DIPOLE ELEMENTS

HARMONIC FILTER

None of the preceeding analysis permits the dipole
terminals to see a non-linear load for total absorp-
tion. What is required in a Rectenna element for
total absorption is a harmonic filter, as depicted
in Pigure 7, that presents a linear load to the
dipole terminals at the fundamental frequency such
that the load voltage and current seen by the dipole
are pure sinusoids not in phase quadrature, i.e.
that the linear load has a real component.

Harmonic Non-Linear
Dipole Filter Load
{Diode)

b
o,

E

FIGURE 7
RECTENNA ELEMENT HARMONIC FILTER

FUNDAMENTAL SCATTERING

Specular scattering of the power beam, depicted
in Figure 8, is expected to result from most deviations
in the Rectenna's parameters.. The smaller the devia~
tion anomaly, the broader will be the specular lobe.
Single, isolated element failures (short or open
diodes) will appear to radiate as isotropic sources
above a reflector.
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DEPICTION OF SPECULAR SCATTERING
FROM FACE OF RECTENNA

-Frequency is the power beam fundamental

HARMONIC SCATTERING

The Rectenna dipole-filter-diode assembly and
power bus are expected to be most significadt sources
of harmonic scattering. The harmonic energy will be
concentrated in grating lobes, as shown in Figure 9.
Random Rectenna imperfections will broaden the lobes.

ATMOSPHERIC EFFECTS

Atmospheric phenomena cause polarization shifts
and amplitude fluctuations in an electromagnetic wave
at microwave frequencies 8,9,10,11,12,13. However,
only infrequent depolarizing events up to 20 dB (1%
scattered power) have been observed in microwave down-
link transmissions with greater than 10 meter aper-
tures. Based on these observations, depolarization
is not expected to be a significant source of scatter.

Amplitude fluctuations cause scattering by dis-
rupting the uniform illumination of the Rectemna. In
addition, this disruption of the RF power level from
design values for the diodes causes impedance mis-
matches resulting in further scattering. Existing
earth-space propagation measurements to date

2nd Harmonic

Element
4k
FIGURE 9a

EXAMPLE OF ELEVATION OF HARMONIC RADIATION

Figure depicts 2nd harmonic scattering for
normal incidence of power beam when the
element spacing is equal to ) at the
fundamental frequency.

indicate a maximum of 0.} dB amplitude fluctuations
for 2-3 GHz at elevation angles above 209 (which
would cause insignificant scattering).

There are factors which impair the application
of previous earth station measurements to the SPS.
In all studies found, there is significant aperture
averaging. The minimum aperture area for those
studies is about 500012 as compared to about 1A
or so of each "independent" receiving element in
the Rectenna. This indicates that the amplitude
fluctuations may be appreciably greater tham 0.1 dB
for the Rectenna. Another factor is that the
measurement data, taken at € and S bands, were
obtained from modulated signals. Most deep fades
are frequency sensitive. Therefore for modulated
signals, which have their power spread over a
spectrum of frequencies, the observed amplitude
fluctuations would be expected to be less than
those of the monochromatic SPS power beam.

As of this writing, Novar Electronics Corporation
intends to receive, at its earth station located in
Summit County, Ohio, special monochromatic calibration
signals from RCA's new F3 Satcom™® in order to observe
aperture averaging effects and monochromatic signal
fading characteristics. Aperture areas of approximate-
1y 1200%“ and on the order of 132 will be used to com-
paratively receive the signals (which are transmitted
for satellite installation test purposes to determine
EIRP countours).

*Scheduled to be stationed in orbit at the end of
December, 1979
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FIGURE 9b
AZIMUTHS OF HARMONIC RADIATION

“'‘Dotted"’ lobe due to power bus.

GRATING LOBE NATURE OF HARMONIC
SCATTERING FROM A RECTENNA



DIFFRACTED SIGNAL ENHANCEMENT

A large object flying through the power beam over
the Rectenna causes diffraction patterns to be gener-
ated at the Rectenna as depicted in Figure 10, Pre-
liminary experimental evidence has been obtained.
Depending on the size and shape of the object, in-
creases in signal levels as large as 9 dB are possible.
Therefore, Rectenna diodes should have tolerance to
the resulting spot-transient signal enhancement to
protect against overvoltage tramsients from fast air-
craft and also against diode overheating from slower
cbjects.

Possible 6-9dB
Signal Increase

FIGURE 10 T e ——————
DIFFRACTION ENHANCEMENT AT RECTENNA
CAUSED BY OBJECT FLYING THROUGH THE
POWER BEAM

CONCLUSIONS

Analytic modeling shows that it is theoretically
possible for a Rectenna to totally absorb microwave
energy, i.e., produce no scattering. The number of
elements required is significantly less than indicated
in the Reference System. The Rectenna can be designed
for total absorption at off-normal angles of incidence

and it is expected that the Rectenna's reflecting screen

can be replaced with parasitic reflecting dipoles.

Further space-earth transmission studies are
required. The application of existing data to the
SPS is impaired because these were from measurements

of modulated signals received by large aperture antemnas,
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