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1.0 PROGRAM OVERVIEW

The solar power satellite (SPS) baseline rectenna has been developed
over a period of years by Reytheon Company. To date rectenna conversion
efficiencies (RF to DC) ~85% have been demomstrated on a smell scale clearly
indicating the feasibility and potentiel of efficient conversion of micro-

wave power: to DC. (2-3)

However numerous technology issues remain to be
resolved before an cperationel SPS rectemnna cen be designed. In additioenm,
overall SPS cost estimates indicate that the baseline rectenna subsystem
will be between 25% and 40% of the system cost.(h) Clearly further work
exploring other rectenne design spproaches and further analysis of the
baseline rectenna is needed. This program was originally proposed to initiate
an ongoing effort to pursue these tasks., This document is the finsl report
on the first phase of such a progrem.

Of the many possible rectenna related tasks, two were selected for
study. One emphesized an investigation into alternative rectenne concepts,
focusing on the possibility of more directional, higher gain receiving
elements to reduce rectemnne cost (while maintaining or even improving
conversion efficiency). The second task emphasized an evaluation of power combining
inefficiencies inherent when many conversion circuits share a2 common DC .
load, focusing on the effect of individual receiving elements opersting
et different power levels.

In this program overview chapter, these tasks are described in more
detail, followed by a description of the approach used in eddressing these
tasks including & discussion of key assumptions. Finally we list briefly
a list of key esccomplishments of our program, items which are thoroughly
presented in the body of the report.

1.1 -TASK DEFINITION

As a result of system studies performed at Johnsen Space Center (JSC),
it appears that the baseline half-wave dipole receiving element is mcre
nondirectional than necessary. With an ortit eccentricity of .01 and smell
ineclinstion, the rectenna must tolerate azimuth angle variations of 1 1/2°
end elevation ang.z.e)variations of $1/2°, sssuming a rigid and perfectly
5

varistion of #6° with a tolerable 0.5% reduction in received power. Besides

aligned rectenna. Present rectenna elements can tolerate an anguler beam

this over-nondirectionality, the rectenmne cost is a significant percentage



of the system cost and there is a large uncertainity in the conversion circuitry
cost (in particular the GaAs Schottky diodes). Therefore, it is desirable to
reduce the number of rectenna elements (15 billion in the baseline rectenna)(s)
. by designing a more directional, higher gein receiving element.
Task A in this program emphasized selection, design and comperison
of more directional receiving elements. Specific tasks criginally delineated
are given below:
*Develop a deteiled list of characteristics required for & more
directional receiving element with relative weights for each category.
*Perform a preliminery investigation of basic antenna elements in order
to delineate a small number (perhaps 3) of the most promising slternatives.
*Perform a detailed comparison of the more promising srtenna elements
for a2 more directional SPS rectenna.
*Perform e preliminary evalustion of rectenne element production
techniques with the more promising elements.
*Project a production cost comparison of the more promising elements and
compere to the baseline rectenna element including performance factors.
A second ma)or task focused on 2 mreviously unexemined, fundemental
igsue with the baseline rectemna. In order to provide reasscnably sized
pover modules (perhaps 10 kW to 300 kW), it is necessary to combine outputs
of numerous (10,000 to 300,000) rectenna elements and operate into a common
DC loed. Elements are combined in paraliel and/or series tc increase the
current and/or voltage level. Rectenna testing to date s<ressed similar
units operating at the same power density. In fact rectifier outputs
were combined 'l';o insure operation at identical power levels.(7)
elements in the rectenna will nominally operate at different power deansities

Since edge

and central elements will operate at different levels due t¢ diffraction
from the serrated rectenna, the effect on coverall conversion efficiency must
be considered.

Since this issue had not been evaluated previcusly (either analytically
or experimentally) and was inherent in SPS operation, Task B emphasized on
evaluation of power ccmbining inefficiency in the baseline rectenna. Particular
tasks delineated are listed below:

Develop basic fundamentals for parallel-series csumbining ¢f DC power

from rectenna elements (into besie 10 kW to 300 kW power modules).

Develor & model of rectenna element operaticn that can be used to

calculate effect en power dansity spetiel variations cn paralilel-



series combining -~fficiency.

*Perform & preliminary evaluation of SPS power medule size constraints
for baseline rectenna.

.*Delineate areas for further work to gquantify the power combining
degradation with power density fluctuations and to alleviate this
degradation.

1.2 APPROACH TAKEN WITH UNDERLYING ASSUMPTIONS

In performing these tasks with the resources available, certain
assumptions were needed to bound the program. In this section of the
report these are delineated and discussed briefly. Generally these
assumptions were based upon the status of SPS rectenna development, the
needs of SPS system planning in the near future and the technical literature
in relevent arees. Emphesis was placed upon arriving at quantitetively
based conclusions at the end of the program, while providing a fundamental
foundation for future work.

Task A, design ané compariscon of more directional receiving elements,
initially followed two parellel paths: consideration of rectennz requirements
for SPS operstion, focusing on critical technology feasibility areas and
areas ¢f previocusly projected large and/or uncertain cost, and consideration
of alternative receiving entenna concepts that could be feasible. This is
discussed in scme depth in Section 2.1, but we decided to investigate further
three alternatives (individually end in coxbination) to the baseline
rectenna, nemely printed circuit receiving element ené RF to DC ccaversion
circuitry implementation, Yagi~Uda type receiving elements and a hogline
rectenna.,

At various times these had been proposed (with various degrees of
detail) by W.C. Brown of Raytheon and R.M. Dickinsen of JPL, 0.K. Garriott
of JSC, and Boeing Ccmpany respectively. Except for some(f;c)atail on the

littlie quantifitative design information available about these options.

hogline repcrted by Boeing in the middle of this program, there was
Because of the ongoing Boeing effort, the hogline was not considered in as
much detail as the printed circuit implementation and Yagi-Udas antenna element.
However, some basic hogline electrical considerations ere éiscussed in
Section 2.2.3. The remainder of Chepter 2, Sections 2.2.1, 2.2.2, and 2.3,
contain the emphasis of our work inm this task, s deteiled evaluation of

printed circuit element and Yagi-Ude receiving element feasibiliiy.



. The principal factor limiting printed circuit implementation of the
receiving element and RF to DC conversion circuitry is increased RF eircuit
losses due to smaller conductor cross section., In addition spacing constraints
_dictate thet a lumped element (rather than distributed/lumped element) filter
would be desirable with a printed circuit design. Appreciable design effort
was expended in evaluating low pass filter designs suitable for the input
harmonic rejection filter. Inductor loss was assumed to be the fundamental
limiting factor on circuit loss and state of the art, printed circuit
inductor Q's were assumed in evaluating insertion loss of the input filter.
Results of owr evaluetion of printed circuit element feesibility are
presented in Section 2.2.1. '

Yagi-Ude receiving element electrical design factors ere presented in
Section 2.2.2. Since arrays of Yegi-Uda antennes are not widely reported,
we emphasized a design comparison based upon isolated receiving elements.
While the element gain is slightly smaller in an array, we believe the
results obtained can be used as a reascnable first order design, and are a
valid indicator of achieveble performence. This approach allowed us to
use optimized designs from the, litersture and to compere performance with
long and short Yagi~Uda elements in some detail.

In e Ysgi-Uda antenne the front-to-back (F/B) ratic is often an
importent factor. We estimete that if a F/B ratio above 25 dB is obtained,
the ground plane of the baseline rectenne is not needed, while if a F/B ratic
below 15 &B is used the electrical reguirements on the ground plene mesh
can be relaxed. Since forward gain is reduced to achieve high F/B reatio,
both moderate and high F/3 ratios were considered. The velidity of these
criticel values of F/B ratioc depend upon multiple land use considerastions
and polarization rotation in the ionosphere and need further specification.

Because of the possible synergistic effects between printed cirecuit
versus baseline type construction, Yagis with moderate versus high F/B
ratio, and long versus short Yegi-Uda elements, eight receiving elements
were considered in scme depth. Electrical, structural end econcmic factors
were evaluated, and are rerorted in Sectiom 2.3. The epproach taken was to
select optimum electrical designs based upon the assumptions above, develop
a structural design and arrive at a productiocn cost per squere meter of
rectenna area. No detailed structural engineering was performed, that is
detailed wind and snow loading was not explicitly ineluded, although quelitative

structural requirements were considered in the design and cost evaluatioa.



Cost estimates similer to those reported in latest rectenna studies(T)
made, although not in es much detail. We believe the results indicate
which designs are most promising and worthy of further detailed investigation,
although detailed comparison with the baseline requires further work.

Tesk B, parallel-series combining enalysis, focused initially on the
methodology of performing the analysis and development of appropriate RF
to DC conversion circuit models. A principsal reguirement for any combining
analysis is e valid circuit medel of the RF to DC conversion circuitry.
In our work two parallel paths were followed: namely development of both

were

a detailed computer model and an approximate closed form model. The latter
was developed to gain insight into circuit operation, to help delineate
filtering requirements, and to aid in understanding fundamental ccombining
inefficiency tradeoffs. This closed form model is described in detail in
Section 3.1.2, emphasizing the importance of various functionsl parts of

the conversion circuitry. The computer simulation model does not duplicate
the baseline rectenna element directly, but includes lurmped element 1-C
input and output filters for reduced running time cn the ccmputer and to
more accurately evaluste printed circuit implementation designs. Reasonable
dicde peremeters, mounting parasitics, and loss paresmeters were incorperated
in erriving at e model agreeing with actual rectifier performsnce. In

order to achieve 80-90% efficiency, an input harmonic-phasing transmissicn
line was necessary, as described in Section 3.1.1 {along with detailed
assumptions ehout the model). Our computer model is nct as extensive es

(8)

rreviously developed, but 1t hasa key advantage, namely that a general computer
program widely available is used. Thus, both computer and closed form models
could be easily used and even extended in future rectenna development
Programs.
The power combining methodology was to obtain the output equivalent circuit of +he
RF to DC conversion circultry by varying the load impedance at each RF power level
of interest. Ixncident power was varied over a 20:1 range, compatible to the
range expected in SPS operaticn. This load line enalysis provided a simple
power dependent output equivalent %sgcuit that was used with a circuit analysis

developed recently for solar cells to compere series and parallel combining
inefficiencies. The load line analysis is described in Section 3.2,

fcllowed by the power combining analysis in Section 3.3.



- The power combining analysis develcoped calculates the. combining
inefficiency (percentage reduction in DC output power for operation into a
common load) for series or parallel combining for an arbitrary distribution
. of incident power level. This allows accwate determination of the effect
of power density variations to be determined fcr the first time. The effect
of series/paralliel combining compared to parallel/series combining has not
been evaluated in similar detail dbut is discussed in Section 3.4, which
relates our analytical results to SPS power module size constraints.

1.3 SUMMARY OF KEY ACCOMPLISHMENTS

As a result of this program we have made some key contributions toward
evolution of the rectenna design for SPS operation. These are concisely sum-
marized as follows:

*The fundamentsl limitation of printed circuit implementation, RF

cireuit losses, was evaluated by detalled ccnsideration of the RF

to DC conversion circuitry input filter and supperted by the detailed
computer simulation model (Sec. 2.2.1).

sElectricel design of isclated Yagi-Uda receiving elements has pro-
vided an understanding of the tradeoff between gain, F/B retio and
number c¢f directors, while providing en electrical design for
preliminary structural design and Yagi-Uda rectenna costing (Sec. 2.2.2).
*A comperison of half-wave dipoles and verious length Yagis, as well

as printed circuit implementation and baseline type construction,
indicates that more directicnal receiving elements are technieally
feasible and can lead to significantly lower rectenne ccsts (See. 2.3).
+A detailed RF tc DC cenversicn circuitry computer simuleticn model

was developed using a transient analysis program (Spice 2) in crder

to obtair an accurate output equivalent circuit (See. 3.1.1). Results
obtained with this model are in general agreement with rectenne
experimental results, so that we have confidence in ocur analysis

using this model.

*Various simplified closed form models of the conversion circuiiry

were developed, to enhance understanding of circuit operation, to
provide design guidelines and for use in first crder calculaticms

where & computer simulation model is not warranted (Sec, 3.1.2).



*Power combining inefficieacies were obtained for both series and
parallel combining circuits, assuming identical conversion circuitry
operating with a variety of input power distributions. A load line

_ analysis was used to obtain the output equivalent circuit for verious
input power levels using both computer simulaticn and closed form
models (Sec. 3.3).

*The impact of the power combining inefficiencies on the buss bar
design =2nd power module size was analyzed in a preliminary fashion,
sufficient to get an order of magnitude understanding and to give
guidelines for future investigations (Sec. 3.L4).



2.0 MORE DIRECTIONAL RECEIVING ELEMENTS

In this chapter of the report results'obtained on our evaluation of
alternative recteanna concepts are presented. While the baseline rectenns
has demonstrated the feasibility of efficient RF to DC conversior. the high
projected cost in SPS system studies indicated that different approaches
to rectenns implementation be considered. Previous system studies of orbit

considerations, beam pointing accuracy and rectenns alignment and settling
factors(5’6) indicate that 2 more directional receiving element is feasible.

Since the number of conversion circuits will be reduced as a more
directional, higher gain receiving element is utilized, lower overall cost
would be expected. In addition GaAs Schottkv dicde conversion efficiency
is increased when operated at higher powers resulting with a more direc-
tional receiving element (at least until voltage breakdown or thermal con-
siderations become limiting). From updated orbit information, we concluded
that a 0.5% power beamwidth (power reduction by 0.5%) can be as low as
+ 1-1/2% in the azimth plane and + 1/2° in elevation, compared to a + 6°
beamridth (0.5% power beamwicé h) with the baseline rectenna.

We concluded that a § to 10 4B increase in effective element gain
would be desirable, resulting in a factor of 3 to 10 decrease in number of
receiving elements and a similar increase in power incident on the conversion
circuitry. While a larger factor ( ~ 50 or 17 d3) could be obtained with
an optimelly shaped fan beam and perfect alignment except for orbit
considerations, it seemed prudent to allocate similar angular variations to
rectenng alignment and setiling and power bear prhase coatrol errors. In
addition with power level increases greater than 10, diode breakdown
considerations could be a problem and diode thermal considerations :ior
long life operation need to be evaluated. An overall listing of advantages
and disadvantages on going to higher gein, more directional receiving elements
is shown in Fig. 2-1.

2.1 RECTENNA ALTERNATIVES COMPARED WITH OVERVIEW CCMPARISON
Because of the variety of alternative antenna elements and the variety

of factors to consider, & list of desirable characteristics for the SPS
rectenna was developed. This list of 17 characteristics is presented in
Table 2-1, along with the relative weight of each characterisiic, While
this list is not unique nor all encompassing, it does indicete the factcrs
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considered explicitly in our work and our evaluation of the relative
importance of each factor.

As indicated in Table 2-1, most of our emphasis was on electrical
evaluation of alternative receiving elements. We vtilized isolzted element
performance as a first order indicator of performance in an array environ-
ment. Principal emphasis is placed on collection and ccnversion .fficiency,
with secondary weighting on flexibility in antenna parameters (namely
directivaty, radiation impedance and harmonic characteristics) to permit
finel conversion circuitry optimization. In the characteristics categorized
under "electrical emphasis", relative weights were assigned to get a spread
between 1 and 5, with "S" indicating most important.

Non-electrical characterisgics were grouped into "mamufacturing
emphasis” and “"system consideraﬁions", as shown in Teble 2-1. Emphasis
is placed upon potential low cost mﬁnufacturability, with secondary
emphasis or related factors such as terrain tolerance, maintenance and
miltiple land use. In particular, structural implications of the various
designs need further work to properly evaluate requiremen:is for different
environments and, as described in Sec. 2.3.3, to permit more accurate
cost estimation, Note the relative weights in these latter categories have
been made compatible with the weights under "electrical emphasis™ charac-
teristics. Since these latter areas were not evaluateé in as much decail,
less critical areas (weights 1 and 2) were not expliciily considered in
our work,

During the initigl thases of the program a variety of conventional
receiving elements were ccasidered briefly. These Included horns, corner
reflectors, rhombic antennas and microstrip antennas. Most suffered from
either (or many) of the following fundamental limitations: could not be
expected to obtain 100% aperture efficiency, high raw material usage,
manufacturing complexity, inherent structural problems, incompatibility
with high efficient power conversion circuitry or high cptical blockage
(to make mil*iple land use infeasible in mary cases). As a result such
elements were only briefly considered.

Our early 2=valuation indicated that Yagi-Uda antenna elements were

(10-12)

promising. Analyticel and experimental resulis indicated that



Table 2-1 Characteristics for SPS Rectenna Element

Relative Weight
Characteristic (1 to 5 with 5 most important)

Electrical Emphasis
capable of efficient reception 5
controllable directivity

overall conversion efficiency with
Schottky rectifier

controllable radiation impedance
combining netwsork compatibility
amenable to analysis and modeling
harmonic radiation characteristics
cross polarization considerations

oW

= ow DN

Manufacturing Emphasis
low cost raw material usage
low manufacturing complexity
lack of marufacturing tolerances
.structurel implications
terrain tolerance
single building block feasibility

\Nn

= W g

N W

System Considerations

maintenance implications
environmental protec+tion
mltiple land use feasibility

Eow M



isolated Yagi-Uda receiving elements could provide desired electrical
characteristics, although some type of folded dipole would be needed in the
driven element to provide a sufficiently high radiation resistance. The
possibility of eliminating the ground plane also appeared to be attractive,
elthough this depends upon obtainable front-to-back (¥/B) ratio, polariza-
tion rotation in the ionosphere (Faraday rctation) and multiple land usage.
In addition the possibility of prinmted circuit implementation appeared
attractive as a means of lowering rew material cost(E). While RF circuit
losses could be g limiting factor in this applicaticn, possible manufacturing
advantages warranted a careful investigation. Possible synergistic effects
between Yagi-Uda elements and printed circuit implementation were not
obvious so that all possibilities were eventually considered e?g%icitly.

our attention. While concerned about the capability of achieving near

During this time, the hogline rectenna propcsed by Boeing came to
100% aperture efficiency, we considered the hogline to some intermediate
detail. In particular we considered some electrical design prcotlems,
without a detailed look at manufacturing and structural factors.

Cur overall evaluation of four alternative recteannas using the criterion
of Table 2-1 is given in Table 2-2. Weights indicate a relative order
between the alternate choices, with 5 "most favoreble" and 1 "least possible”.
I values of L or 5 are given, we bave concluded that satisfactory per-
formance can be obtained, ILow ratings of 1 or 2 indicate a deficiency in
the area or a basic uncertainty about obtaining desirable performance,

Although there is no cbvicus best eiement derived from Table 2-2,
scme conclusions can be drawn. First the baseline rectenna elemernt has
good electrical characteristics. However, the alternatives dc have scme
significant advantages that indicated further iavestigation was warranted.
Most of our effort was on Yagi-Uda elements and printed circuit implementa-
tion, to avoid duplication of the work at Boeing on the hogline.
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2.é FRINCTPAL ELECTRICAL CONSIDERATIONS
In this section of the report principal electrical considerations

evaluated in some depth during the program are presented. Three isclated
subjects are treated: an analysis of printed circuit implementation
feasibility with detailed evaluation of RF circuit loss in the input filter
(Section 2.2.1); a comparison of the electrical performance of sunrt,

i.e. 3 element (1 active element, 1 reflector and 1 director), and long,
i.e. 6 element (1 active element, 1 reflector and 4 directors), Yagi-

Uda receiving elements designed for both high (> 25 dB) moderate (~ 15 dB)
and low (~ 5 dB) F/B ratio; and a discussion of fundamental electrical
considerations in the Boeing-proposed hogline rectenna.

2.2.1 Printed Circuit Implementation

In exploring alternative rectenna concepts, printed cirzuit implemen-

tation of the receiving elements and RF to DC conversion cirzuitry was
considered. A basic half-wave dipcle type receiving element in printed
circuit form is depicteé in Fig. 2-2. A key difference apparent in this
conceptual drawing is the elimination of the baseline two plene construc-
tion, and substitution of the collection buss in closer proximity <o the
ground plane mesh, This approximates the configuration useé in the

(
Goldstone ‘demonstration tests,‘2)

except that we consider extending the
conversion circuitry through the ground plane to be quite undesirable.
Therefore our designs emphasized using lumped elements wherever possible,
thereby keeping the physical length of the conversion circuiiry less than
.2\. This would permit the DC collection buss tc be located cn the antenna
side of the ground plane mesk.

While the printed circuit implementation is clearly Zeasible, the
Penalty in conversion efficiency needed to be evaluated. In ccasidering
the various parts of conversion circuit, we decided tc focus our attention
on the input low-pass filter. This filter allows the 2.45 GHz received
signal tc propagate to the diode rectifier while trepping harmenics
generated by the diode. The effect of the filter in the conversion drocess
is discussed in Section 3.1.2.

we evaluated the input f£ilter assuming that the antenne radiation

impedance was 75+jO ohms and that no impedance transfermation was needed



15

] ORIG:VAL PAGE IS
a7 POOR QUALITY

Py

Ground
Plane ——>

Mesh

| ABE B
==

) [
5-Section Outpt-xt
rme, ot CHeNST

Iocati
Filter cation

Only printed conductors are shown.
Capacitore, diode and bond wires
are not shown.

Scele L.0:1 .

Fig. 2-24 Printed Circuit Helf-Wave Dipole

Rectenna Element (Ref. 5)






17

between input and output. While the actual requirements depend upon
rectifying diode selection and circuit optimization, this impedance is
cénvenient for evaluation purposes and has been shown in our work to

be consistent with high conversion efficiency (Sec. 3.1.1). An n=5 low
pass filter was selected, comparable to the baseline design. The filter
was a straightforward shunt C-series IL-shunt C-series L-shunt C design.
Minimim loss was assumed to be limited by inductor @ due to finite con-
ductor losses. Thus inductor @'s of 300 to 450 were selected, comparable
to the better values measured experimentally and calculated analytically
for inductors of the magnitude required at S band.

The filter design concept is depicted in Fig. 2-3.(13) A Chebyshev
design was selected to permit high harmonic rejection. In addition 2.45
GHz was selected to be in the highest freguency aull of the lossless filter
response to minimize insertion loss. Initially we anticipated using a
high ripple factor to enhance harmonic rejection, but as indicated in
Fig. 2-3 the insertion loss at 2.45 GHz (i.e. 0.951 fc) increases as the
ripple factor increases when finite Q elements are introduced.

The tradeoff in harmonic rejection versus loss at the fundamental
is indicated in Table 2-3 for 0.1 48, 0.5 dB, and 3,0 4B ripple designs,
Note that insertion loss at 2.45 GHz increases from .078 to .116 to
.235 4B and second harmonic rejection increases from 32 to 39 to 48 4B
with the increasing ripple factor. Interestirg enough, near DC (.3 MHz)
the insertion loss decreases with increasing ripple factor, so that
DC loss approximations for finite § elements are not useful in evaluating
loss characteristics at 2.45 GHz. From these results we selected the
0.5 4B ripple design as the best compromise for further study.

Next we focused attention on design of the printed circuit spiral inductors.
The inductance and unloaded qQ of such inductors can be approximated
(~ 20% accuracyr) by the following relationships:(lh

L = azn?
Ba+llc
and y
l/2
W £

an '«
uop
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Insertion loss
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.588fc 951s £

.588fc .951fc -4

Insertion loss vs. Freqguency for N=5 Chebyshev Filters. Arrows in
direction of increasing ripple factor.
(A) Lossless Elements (B) Fiaite Q Elements

Note: 951 fcé.hb' GHz or fc=2.576 GHz

Fig. 2-3 Concept of Chebyshev Input rilter Design
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(r;*+,)
the mean rediis of the spiral, ¢ = ry=Yys T the

inner redius o? the spiral in mils, T, the outer radius of the s;iral in
mils, L the inductance of spiral in nanohenries, n number of turns, W
the line width in mils, f the frequency, p the resistivity (for copper
1.7 x 21.0'8 ohm-m), and Mo the permegability of free space, Dimensions and
resultant Q's for the 0.5 dB ripple design (L2/2 or 2.85 nH) are given in
Teble 2-4, From the designs considered in detail the one turn coils of
high Q (designs 2 and 3) were selected. With the higher Q industors possible,
the .,116 4B insertion loss given in Table 2-3 can be reduced to above .065 4B,
a significant reduction. '

The resultant input filter is shown in Fig, 2-4, a photograph of a
filter prototyve using the design velues above. The tabs at the ends are

where a =

compatible with spring connections on baluns used to interface to stendard
microwave test equipment. While we attempted to evaluate experimentally
the filter design, poor balun performance prevented a mesningful evelua-
tion with the resources awvailable.

While these designs allow a relative comparison of filter perfeormance,
it is not sufficient for rectenna element feasibility evaluation. In our

detailed computer simulation discussed in Sec. 3.l1.1 this filter was
used, with an extremely conservative inductor Q of 135, to compensate for

the lack of inclusion of additional loss factors and to insure that cal-
culated performance cculd be achieved. Results of our nomingl design are
indicated in Table 2-5, indlicating that circuit losses with conservative
inductor Q are significant. While we did not expand a large effort in
optimizing a design after achieving baseline type performance (without a
supportive experimental program this would not be justified in our cpinion),
the performance indicated is considered realistic and even somewhat
conservative,

Our evaluation is that printed circuit conductor losses can be
significant, but with proper RF design can be tolerable. However printed
ecircuit implementation will only challenge baseline type construction if
structural and/or cost advantages balance the resultant 2 to 4% penalty in
conversion efficiency. The range in conversion efficiency penalty results
from uncertainty in cotainable inductor Q and an additionel contribution
due to transmission line loss and finite capacitor G. We decided <hat
considering printed circuit implementation further was prudent, even thcugh
loss penalty is significant,
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At Nominz) Power (1.0Lw)

Conversion Efficiency = 83.0%
Circuit losses %
Diode and Mount Res. 3%
Mismatch Loss 1%

Diode Drop 64

Efficiency Sensitivities (% change in efficiency for given parameter
change)

1% per 20% change in <

1% per 30% change in diode and mount res.

14 per 0.2eV change in barrier height (at 1W level)

Power level Dependence

P n(w) (%)
| 1.50 8l.2
1.04 83.0
.67 80.5
.38 79.0
A7 Th.5

Table 2-5 Conversion Circuitry Computer Simulation Model Performance
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2.2.2 Yagi-Uds Design Features

Yagi-Uda anternas have been developed over a period of 50 years, with
vérious analytical and experimental data available. However there are many
variables in such an antenna design and many previous efforts did not

result in design information over a wide range of parameters. We decided
to principally utilize a detailed procedure by Mbrris(lz) as reported in a
well-known book on cylindrical antennas(ll). These results allowed a
comparison of short (3 element) and long (6 element) designs, as well as
indicating tradeoffs between gain and fromt-to-back (F/B) ratic. Recent
Yagi-Uda optimization techniqnes(ls), however, have resulted in improved
performance and this refinement has also been included in our design
evaluation.

Representative designs considered most desirable for SPS application
and indicative of design tradeoffs sre indicated for 3 and 6 element designs
in Tables 2-6 and 2-T7 respectively. Note that the work by Morris (22)
assumed .50\ driven elements and .S1\ reflectors spaced .25A from the
driven element. Only the director(s) length and spacing(s), assumed egual,
were varied as indicated in Fig. 2-5. With these key variable parameters,
forward gain could not be increased to the degree desired (Section 2.0),
the baseline antenna design having a gain of about 6.5 dB. While other
information on Yagi-Uda antennas indicates higher gain should be achievatle,
the work is not as extensive nor thorough as the results reported here.

The last two designs in Tadble 2-T7 include wiriable director spacing and
"indicate further performance improvement. In some cases however, the
overall Yagi-Uda length increases, with material cost and structural implica-
tions (discussed in Sec. 2.3). As discussed in Se~. 1-2, this performance
assumes isolated elements and is only approximately iudicative of arrsy
performance.,

Based upcn the calculated results (experimentally supported as well)
listed in Table 2-7, we project that performance given in Table 2-8 can
be achieved with Yagi-Uda receiving elements. The performance shown in
Table 2-8 indicates that the number of rectenna elements can be reduced
by & factor between 1.6 and 5.6 depending upon ¥/B ratio and number of .

elements. While longer Yagi-Uda receiving elements (more directors) are
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possible, structural considerstions and diminishing returns on gain improve-
ments indicate that longer elements are not desirable.

A key factor in the Yagi-Ude element design for ti.e SPS would be
maximizing gain for a specified F/B ratio. A high F/3 ratio would eliminate
the ground plane mesh in the baseline design, and possibly lead to principal
structural advantages (discussed in Sec, 2.3.2). In order to eliminate the
ground plane, a F/B ratio > 25 4B is probably required, in order to insure
high collection efficiency and low microwave reradiation past the rectenna.
Of course, quantifying the latter specification depends upon multiple
land usage. However rotation of the RF field polarization in the icnosphere
places a2 lower limit on the microwave leakage which can be obtained without
a ground plasne. That is, the perpendicular component would not be affected.
significantly by the Yagi-Uda receiving element.

If a ground plane mesh is included with lower F/B ratio designs, the
electrical performance of the Yagi-Uda element is affected. The ground
plane is assumed to be ~ .25\ behind the active element, in proximity to
the Yagi-Uda passive reflector. Since the "reflector" current distribution
will be less spatially concentrated with a ground plane, the antenns
pattern is expected to change. However, such a design has not been analyied
to date and was beyond the scope of this initial study. Ve have assumed
that similar performance is available with & ground plane mesh, although
slightly higher gain is expected.

With a ground plane included, twc alternatives were cornsidered - a
15 dB F/B ratio judged 10 be eppropriate for relaxing electricel require-
xents on the ground plane mesk and 5 d3 /3 ratio requiring excellent
ground plane conductivity (as required in baseline rectenna with half-wave
dipole receiving elements). With the proposed structural configurations(le)
ground plane mesh requirements are not severe. However with (exvected)
lower cost structural design using mesh held in tension,(l7) relaxing
electrical conductivity requirements would be desirable,

Based upon this work, Table 2-8 is our best estimate of Vagi-Uda
receiving element electrical capabilities and resultant reduction in
number of receiving elements. While appreciable analytic and experimental

work is needed to verify these particular performance characteristics
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(particularly in an array environment), these parameters are sufficiently
accurate to evaluate the potential of a Yagi-Uds rectenna. They have been
used in the detailed rectenna work described in Section 2.3. Because of an
expected significant effect of a ground plane on Yagi-Uda elements having

a F/B ratio of only 5 4B, they are not included in our detailed design work
in Sec. 2.3. Hcwever the larger gain indicates this to be a2 promising area
for further work.

While our emphasis has been on meximizing geir for a specified F/B
ratio, additional electricel factors affecting suitability in the SPS
rectenna have been considered. Referring to Tables 2-6 and 2-7 the
input or radiation impedance of the various designs are presented. In
general the Yagi-Uda radiation resistance is less than the half-wave
dipole (nominally T3 ohms), which is undesirable for high RF <o DC conversion
efficiency. The input impedance can be increased by using a folded dipole
for the driven element. This is easily included with printed circuit
implementation and only slightly more difficult with baseline type implemen-
tation., All Yagi-Uda designs described in Sec. 2.3 have a folded dipole
as the driven (active) element.

An additiomal factor affecting SPS implementation of a Yagi-Uda
rectepna is the dimensional tolerances involved. As director spacings
vary as little as .01\, F/B ratio can be sigrifican* vy reduced with +he
high 7/B ratio designs. Fortunately other varameters are not as sensitive
to dimensional variations, but parameter tolerances need to be investigated.
Certainly less sensitivity is possible if performance parameters (gein
and 7/B) are "backed ofS" to scme degree. Certainly parameter semsitivity

must be examined in future Yagi-Ude evaluations.

2.2.3 Hogline Considerations
During the initial stages of the program, the hogline rectenna concept

was explored. However, to avoid duplication of ongeing efforis at Boeing
and toallow detailed evalugtion of Yagi-Uda elements and printed circuit
implementation the hogline effort was curtailed after our interim rresenta-
tion at JSC. This section cr the report presents mostly electrical design

considerations that need to be addressed and our prelizinary evaluation

3]

esults, While these considerations may have been evaluated by- Boeing, they
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sre not presented in much detail in the reports available to us.(6’7)
Because of our minimsl effort on the hogline and incomplete design treat-
ment, a comparison to the baseline rectenna or our alternative concepts
presented elsewhere in Chapter 2 is not possible at this time. In this
brief discussion familiarity with the hogline antenne concept 1s assumed.

In particular, we will discuss three considerations: the effect of
longitudinal versus transverse polarization, the effect of multiple
diffraction, and consideration of multiple rectifying elements perpen-
dicular to the focal line. While these factors are interrelated to some
extent in the electrical design of the hogline, we find it useful to
consider them separately for discussion purposes.

The hogline, a linearization of the hog-horn antenns developed for
satellite reception, is depicted in Figure 2-6, in which the parabolic
reflector surface is emphasized. The incident power beam can be polarized
either in the longitudinal, i.e., parallel to the focal line of the
parabolic cylinder, or transverse, i.e., parallel to the narrow dimension
(W) of the parabolic reflector aperture plane, direction. TFor emphasis
every other parabolic reflector depicts the conductor reguirements with these
incident polarizations.

The incident polarizetions affect the electrical design appreciably.
Tor example the corner reflector design at the mouth of the inclined plane

is polarization dependent.(l6)

With transverse polarization, the electric
field will be perpendicuvlar to the conducting surfaces in the inclined
plane region, Therefore, with proper design the power density can be
nearly spacially uniform across the region between the inclined planes.
with longitudinal polarization the electric field is parallel 4 these
conducting boundaries, so that a TElo mode (rather than a TEM mode) becomes
a fundamental mode in this region. Therefore, unifcrm power density
across the inclined plane region is much more difficult to obtain., This
uniform power density is particularly important if multiple receiving
elements are placed perpendicular to the focal line. This discussion is
only approximate as the inclined rlane aperture A will probably be in <he
near field of the parabolic aperture W for high collection efficiency.
However, longitudinal polarization has a more édesirable reflector

conductor requirement (Fig., 2-6). Since only conducsors parallel to the
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ground are needed, a light weight structural design with "wires" held in
tension appears possible. With transverse polarization e parabolic

surface must be formed, so that a conducting mesh may be desired. Naturally
a mesh could also be used with longitudinal polarization as well.

A significant difficulty with the longitudinal polarization is DC
collection buss requirements. Since the electric field in the inclined
plane region is parallel to the focal line, the individusl output terminals
mist be brought through the ground plane., With transverse polarization,
the DC collection buss can be parallel to the focal line "inside" the inclined
Planes, as the electric field is perpendicular to this line. Not protruding
through the ground plane is considered a significant advantage.

A fundamental consideration with the hogline is diffractior. Besides
diffraction from the top surface of the parabolic cylinder aperture
(similar to that from the ground plene in the baseline rectenna), there is
a double diffraction from the bottom surface of this aperture (same as top
surface of the inclined plane aperture). The latter near field, double
éiffraction is a complicated problem to analyze and is also polarization
dependent., This is considered to be a significant electrical design problem
that needs to be addressed in further hogline feasibility studies.

Instead of the simple linear array of recelving elements along the
focal line as indicated in Fig. 2-6 , Boeing is proposing a planar array
with ~ 10 elements placed across the inclined plane guide(7) (probably
symmetrically located with respect to focal line). With this arrangement
the field distribution across this plane is of concern, If different
elements receive different powers, conversion circuitry inefficiencies can
result. This nonuniformity exists even in e first order analysis of the
inclined plane-cylindrical parwpolic reflector configuration and is expected
to be enhanced with the near field docuble diffraction.

It should be emphasized that none of the above factors have been
evaluated in sufficient depth to indicate that efficient power beam
reception and RF to DC conversion would not be pessible with the hogline.
However, in our brief hoglie evaluation, they appeared as key electrical
design factors that need to be addressed in some detail in any further nog-
line investigations.
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Figure 2-TA Proposed design of Rectenna motivated by environmental pro-
tection and cost considerations.
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Figure 2-TB Physical construction of two-plane rectenna. With the excep-
tion of covers (white teflon sleeves in photograph ) 'this is the same five
element foreplane that was electrically tested in earlier work. Reflecting
plane made from hardware cloth is representative of what could be used in
SSPS rectenna. )
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Fig. 2-7C and D Baseline Half-Wave Dipole Rectenna (after Ref. 7)

Fig. 2-TC Core Assembly Fabrication
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Fig. 2-TD TForeplane Asserbly Shield
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2.3 COMPARISON OF EIGHT RECTENNA ELEMENT DESIGNS

In this section we present design concepis for seven alternative rectenna
eiements and compare these with the baseline rectenna element. Initially
the eight designs are presented with a brief description of each, followed

by a general comparison of the designs. Finally cost estimates for the
eight designs are discussed. It should be emphasized that the costing
methodology developed by Raytheon(l’é) is followed, but resource limita-
tions and relative lack of sufficient design refinement indicate that

only tentative comparisons are possible. However more likely alternatives,
and relative advantages and disadventages, clearly apvear. We believe the
data presented in this section should be used in evaluating futvre direc-
tions of alternative SPS rectennas.

2.3.1 Designs Considered
The eight designs are grouped into half-wave dipoles, 3 element

Yagi-Uda rectenra elements and 6 element Yagi-Uda rectenna elements. Our
designs with a brief description of each follows:

Half-wave dipoles (baseline construction and printed circuit implemen-
tation): The SPS rectenna baseline design as developed by Raytheon consists
of a half-wave dipole over a conducting ground Plane. The gain of this
dipole a guarter wavelength from & ground plane is 5.1 dB with respect
to an A/2 dipole radiator(l7) or T.25 @B with respect to an isotrovic
radiator. However, the gain of the baseline dipole in the rectenna array
"is about 6.45 dB, the slight decrease explained by mutual couplirg among
the elements in the closely spaced array.

The two plene construction depicted in Fig. 2-7 (A and B) consists of
the ground plane mesh and the foreplane, which contains the dipole, circuitry
and DC buss (Fig. 2-7C). The foreplane shield(Fig. 2-7D), made from aluminum
sheeting, forms the mgjor structural member and provides eavironmental
protection. It is attached to the rectenna frame verticel members and
also has the ground plane folded into the foreplane stem. Thus the grcund
plane has an auxiliary structural purpose besides its function as an antenns

reflector.
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The printed circuit design should have characteristics similar to tae
baseline dipole since it also is a half-wave dipole over a conducting
ground plane. However, because of the smaller conductors, circuit losses
are increased with a resultant reduction of sbout 2-5% in conversion
efficiency (discussed in Sec. 2.3.1), an important limitation.

This proposed printed circuit boerd (FCB) implementation shown in
Fig. 2-8 consists of three main parts: the FCB, the FCB socket, and the
DC collection buss bars. The FCB has been previously discussed and is
depicted in Fig. 2-2. The rectenna frame supports the ground plane and
the DC buss bars. The socket extensions also supports the ground pleane,
keeping it at the one guarter wavelength distance from the dipole. The
sockets are made from strong, durable plastic with embedded conducting
strips to make the connection between the RCB and the buss bars. The
socket clips on and holds tightly to the two aluminum buss bars which
are the major structural supporting member of the rectenna element.

Three element Yagi-Uda rectenna elements (with and without ground
plane as well as printed circuit and baseline type implementation):

Figs. 2-9 throughk 2-13 depict alternative three element Yagi-Uda elements,
based upon electricel design considerations presented iz Section 2.2.2.

In the printed circuit implementation (Figs. 2-Q and 2-10) the PC3 socket
with the ground plane is identical to the IC3 dipole socket. However

with the given dimensions the socket without a ground plane is somewzas
larger, because the reflector can be above the DC buss. Recall that
penetration through the ground plane is considered undesirable, sc that the
DC buss bar is in front of the reflector in the design with a ground plane.
This extra length for the socket may be an advantage since loading or he
BB Yagl is greater than the FCB dipole. Printed circuit board implementa-
tion is shown in Fig. 2-11.

With baseline type implementation (Figs. 2-12 and 2-13) the baseline
rectennsa is modified in & straightferward fashion. If a ground plane is
needed, the Rsytheon foreplane is modified into a Yagl by attaching a two-
piece plastic support mast for the director. Without a ground plane,

the environmental shield is the main suppvorting member and is atiached



Fig. 2-8 Printed Circuit Half-Wave Dipole
(211 dimensions in centimeters)
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Fig. 2-9 Three Element Printed Circuit Yagi-Uda without
Ground Plane (all dimensions in centimeters)
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Fig. 2-10 Three Element Printed Circuit Yagi-Uda with Ground FPlane
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Flg. 2-12 Three Element Baseline Construction Yagi~-Uds with Ground Plane
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Fig. 2«13 Three Element Baseline Constructioa Yagi-Uda without
Ground Flane (all dimensions in centimeters)
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diiectly to the rectenna frame. The shielg is similar to the foreplane
shield of the baseline dipole without the stem extended to the ground
plane., A two-piece plastic support mast encircling the shield snaps
together clamping the passive elements of the Yagi to the active plane.

Six Element Yagi-Uda Elements: With printed circuit implementation
(Fig. 2-14) the FCB socket is similar to those already presented (Fig. 2~9)
with minor changes in structure to support the longer Yagi-Uda elements and
perhaps other changes to accomodate a larger per element power reception
(although this is not expected to be needed at this time). The baseline
constructed long Yagi-Uda element is also very similar to previously described
designs (Fig. 2-12) with exception of minor structural modifications.
Detailed designs are given assuhing no ground plane. 3ecause of the different
lengths of the six element designs (see Table 2-T), two designs are shown
in Fig..2-15 for comparison purposes.

2.3.2 Overall System Comparisons
The list of factors considered in our work and to be discussed in this

section include: a summery of elsctrical considerations (described in
detail in Secs. 2.2.1 and 2.2.2), manufacturing, construction and mainien-
ance considerations, environmental factors and multiple land use potential.
while priorities are not given explicitly here, they have been described
previorsly in Sec. 2.1.

Because the long Yagi-Uda elements (in this section called "vagis”)
are most affected by environmental loading (snow, ice, rairn, wind and
gravity) and because the long Yagis have the highest gain they need the
strongest support and the most accurate antenna vointing. The short Yagis
have both lower gain and less environmental loading thus reguiring less
accurate pointing and less structural support for the element. Naturally,
the dipole is the easiest to support ard point. Ground setitling or
shifting of the rectenna frame (or superstructure as it is sometimes
called) may become significant as the antenna gain is increased, and
satellite beam pointing accuracy must also be reconsidered. As described
earlier, system studies to data indicate that higher gain rectenna receiving

elements can indeed be accomodated,



Fig, 2-14 Six Element Printed Circuit Yagi-Uda without Ground TFlane
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Fig. 215 8ix Element Baseline Counstruction Yagi-Uda without
Ground Flane (all dimensions in centimeters)

Designs 1 and 3
given in Table 2-7,




The isolated dipole radiation pattern has an F/B ratioc of one
(0 4B) and therefore depends on a good ground plane to allow & high collec-
tion efficiency. With a solid ground plane an infinite F/B ratio is
achiéved, but & solid ground plane is expensive and structurally undesirable.
A mesh ground plane can have a transmission loss > 30 dB and should have
a good conducting surface to keep losses in the ground plane low.

Some Yagis have high enough F/B ratios (~ 15 dB) to ease the elec-
trical constrairts (e.g., lower conductivity) on the ground plane mesh,

If one wanted to keep losses in the ground plane constant, the smaller
amount of induced currents in the ground plane when using a higher F/B
retio allows the mesh material to have a higher resistance, alleviating
one constraint on the mesh materials,

Some Yagis have high enough F/B ratios (~ 25 dB) to comsider elimination
of the ground plane (discussed in Section 2.2.2). The ground plane
adds rigidity to the rectenns frame and provides structural support for
the baseline constructed dipole and Yagis but it adds weight and material
costs. It is also susceptible to environmental loading and a source of
shading. For these reasons it might be desirabie to dispense with the
ground plane where adequate support can be given to the rectenna elements
and, of course, the F/B ratio is high. Cf course, multiple land use issues
impact F/B ratio requirement and Faraday rotation in the ionosphere must
be considered. The variety afforded by the widc range of gain and F/B
ratic possible with Yagis (Teble 2-8) allows the selection of & suitable
design governed by more rigorous study of the pnysical and electrical
limits of the rectenna structure.

The higher gain antennas have a higher microwave power input to the
diode. Since the present Pt-GaAs Schottky rectifiers are capable of
improved conversion efficiency at higher power levels (2 to 5 watts instead
of 1 watt as in the baseline rectenna), improved performance results. If
the antenna gain is increased so the rectifiers operate above 10 watts,
then diode reliability and/or circuit design must be reevaluaced.

In PCB antennas conductor losses are greater than in the baseline
because the FCB conductors are thinner. Although the higher conductivity
of copper over the aluminum (factor of 1.64) does compensate, we conclude
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a é to 5% conversion efficiency penalty results with printed <ircuit
implementation (Sec. 2.2.1). Because the DC buss is the main structural
support in the printed circuit board implementation it will have a larger
cross sectional area than its baseline buss counterpart, resulting in

lower IC collection losses. The baseline dipole rectenna has a per element
resistance of 1.72 x 10'33, while the five millimeter diameter DC buss for
the FCB dipole implementation has 0.22 x 10 °, pver element, indicative

of rossible reductions,

The higher gein antennas have larger effective areas, thereby
increasing spacing between the rectenna elements, This increaséd distance
is important for the baseline constructed designs where the conversion
circuitry is positioned between the elements (two plane construction).

Tae extra roonm allows additional harmonic filters to be iacluded. In
addition, the increased spacing reduces the number of rows of foreplane
or IC bussing by a factor between 1.3 and 2.4 with either printed circuit
or baseline type implementation (depending upon number of directors and
¥/B ratio).

Besides these electrical factors, manufacturing and constructing a
rectenna pleys a large role in overall rectenns Jeasibility and cost.

In the following comperison between baseline construction end ¥CB implemen-
tation the rectenna frame (or superstructure) is assumed to be similar

and is not dicscussed. though we recognize +hat superstructure differences
mey exist with and without ground planes and with different type element
reslizations, we believe element cost differences will deminate., Therefore
we stressed this evaluation. The erecticn c¢f the rectenns frame is a
different phase of construction and is assumed to be independent of our

eva. 1ition.

The foreplane core of the baseline constructions designs is fabricated
from two continuous aluminum strips sandwiching a middle strir containing
the dielectric for the capacitors and the diodes. The foreplane shield/
structural member is formed around the core from three sections ci' sheet
aluminum. The dipole caps and seals are then fitted completing the foreplane.
The long strip of foreplane is attached to the rectenna frame by folding
the ground plane between the open ends of t;e foreplane stem and then
rolling and indenting the whole assembly. ‘
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The fabrication of the foreplane and its attechment to the ground
Plane are two separate assemblies, However, if it were possible, with
the long lengths of the aluminum foreplane sheeting, to form the foreplane
shield an@ attach it to the pre-folded ground plane far enough behind
to prevent buckling there would be less time spent on each section of the
rectenna. This eliminates moving and pnsitioning completed foreplanes to
be attached to the ground plane in a different phase of construction.

The printed circuit board implementation consists of three parts:
FCB, FCB socket, and the DC buss bars. The PCB's and the sockets are
manufactured most likely near the rectenns site and batches are sent to
the moving assembly factories. Rolls of the DC buss bar material are
brought to the assembly factories where they are either nciched or modifici
to suit the assembly procedure. The whole width of one rectenns slat
is constructed at the same time. The required number of horizontal buss
bars is unrolled, straightened, notched at intervals of the appropriate
element spacing, anéd perks-ws the last stages of its material properties
treatment is performed (e.g. cold working). Attaching the buss bars
to the rectenna frame is easily done by inswlating £ittings. The ICB
is plugged into the socket and a weather seal is fitted at the junction
of the RCB and the sccket entrance. With the buss £irmly in place the
socket/PCB is then clipped onto the buss. The notch not only guides the
element spacing but prevents the socket from sliding alcng the bar.

The socket should be able to provide excellent support for +the XCB
and should grip the IC bduss fairly well. Its scuare base mekes It stable
in all directiorms. Another function ¢f the socket is the effective transi-
tion from the X3 contacts to the DC buss bars. This is accomulished
by two copper or aluminum strips embedded in the plastic, exposed where it
contacts the RC2 and around the inside of the c¢lips where the buss bars
run. If keeping the diode from overheating is a problem {one that increases
with a higher gain element) and the socket plastic does not have a high
enough thermal conductivity a heat sink can be embedded above the dicde
during socket fabrication (not needed with current parameters in our

opinion),
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The baseline designs and the FCB implementation utilize both continuous
and modular construction to varying degrees. In the baseline design &
completed foreplane rolls out contiauously but is moduler beczuse it has
a £inite lergth. An estimate of the foreplane lengths was 200 meters.(7)
In the K implementation the DC buss bars can be continuous for a large
dlstance. T2¢ modular aspect naturally is the socket and RCB units. A
pure continuous construction can be made stronger and, if not too complex,
is also faster. However, mistakes hold up construction and, if maintenance
is ever reguired, pure continuous construction makes replacing parts
difficult. Pure modular construction could also be difficult to replace
rarts by the great numbers of units. This is also its main disadvantage
for assembly since large amounts of individual modules must be handled.

But pure modular construction more easily effects guality control meassures
and corrections of machinery mealfunctions before making it part of "permanent”
rectenna structure.

ECB Yagis are easily made and involve no more or littile effort then
making a PCB dipole. For Yagis used over a ground plane only the directors
and the dipole need to be etched and this can be done on the same side.
This. is recommended to insure that the maximum gain cf the Yag: patterz
is in the same direction as that in which the PCB is pcinting. The four
directors on the six element Yagi can be on either side of the dipole because
the travelling weve follows the directer plene which is parallel <o the XCE,
Jdaturally, the reflector on X'B Yagis is on the other side of the active
dipole to aveid the conversicrn circuitry.

Baseline construction Yagis fall into two categories: witk ground
plane and without. 3Both are modifications of the Raytheon foreplane
but the Yagis without the ground plane remove some of the difficulties in
construction. The main difference is that the Vagi foreplane is supported
in the active plane where the bulk of the weight is centered and not from
the ground plane, as in the baseline dipole, which produces undesirable
moments. Construction is faster because there is no grournd plane to fcld
into the foreplane stem which is not done in line with the continuous
fabrication of the forevlane. Modification is easily done by snapping

on the support mast and then inserting the passive elements.
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Manufacturing tolerances are more important for Yagis than dipoles
(discussed in Sec. 2.2.2) since there are more dimensional varisbles
(spacing, radii, and lengths of 21l the antenna elements) which have to be
controlled and some quite closely. In this regard the KB antennas are
best and the baseline dipole reasonable, with three element and six element
baseline constructed Yaglis expected to be somewhat difficult to control. Yagi

tolerances are more critical at high F/B ratio, as discussed in Sec. 2.2.2.

Besides manufacture and construction, maintenance of the rectenna
of a 30 year life requirement needs to be considered. It is expected that
individual failure of elements will not accumulate to a large enough
number to require replacing the defective parts. However, if no pre-
caution is taken to prevent domino effect failures or multiple catastrophic
failures (such as lightning storm damage) large sections may become
inoperable, in which case it might be cost effective to rerair these
sections. The cost of replacement is probably much greater than the initial
assembly cost per element because of the special nature c¢f the repair.
Mulitple land use and RFI considerations must also be evaluated when
evaluating repair options. At this stage all designs have similar meinten-
ance features, although the two plane continuous construction may be more
difficult.

Environmental factors come under two categories: structural loading
and environmental proteciion cocnsiderations. Structural loading from the
wegther and enviroamentsl considerations will vary with rectenna location.
In this report eavironmental conditions tyricel of Nortieast United States
are assumed.

From loading considerations, it is most desirable tc have the heaviest
member as the primery supporting structure of the elements. tensions
should be lightweight and strong to withstand loading. Thrus, long Yagis
in both types of construction have the most proulems with lcading. There-
fore, the socket is made relatively stromger (or longer) in the RIB case
and the support mast is made more rigid in the baseline case. XB dielectric
cu. from in between the directors on the Yagis will alleviate much of the
loading especially on the long Yagis. Cf course, a central dielectric
stem of good width is left tr connect the directors. In shors Yagis
without ground planes, the reflector helps éounterweight the‘director;.
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The foreplane shield in the baseline constructed designs i: horizontal
for construction continuity but is acted on by gravity and other environ-
mental loads. Thus environmental protection constraints require the solid
construction of the baseline designs. The baseline constructed Yagis
without the ground plane would withstand loading much better because the
keavy foreplane is supported in the active dipole plane, where most of the
weight is, instead of at the ground plane. The dipole and the three
element printed circuit Yagi in the socket forms the stronger designs.

The methods for envirommental isolation should protect the circuitry
from weather and keep radio frequency interference (RFI) generated by the
harmonics of the diode from escaping while allowing adequate cooling of
the diode. Baseline construction performs all three functions ressonably
well. From the discussion on RCB socket design wegtherproofing and the
heat sink are no problem., RFI, however, would not be stoppred by the
plastic. It could be reduced by using a high loss plastic in the dipole
sockets and ground plane Yagi sockets or possible in the exposed reflector
sockets as well. With existing dielectrics there would be too much loss
at the fundamental frequency, 2.45GHz, if second and higher order harmonics
were -to be suppressed. However, if a dielectric could be developed with
a low pass capability, low loss at the fundamental and high loss at higher
frequencies, and had good structural gqualities, radiation of RFI would be greatly
reduced. Of course, in all cases harmonic reradiaticn is of spectral concern.(T)

Because of the large amount of real estate required for one rectenna the

"idea of multiple land use has received attention as 2 means of ircreasing
the monetary output of each acre. Each different land use will have its
own definition of how much microwave radiation or sun shading is tolerable.
But in many cases the amount of microwave power sllowed to pass through
to the ground will probably be the same for ecological reasons (or for
favorable biological consequences). However, some economical considerations
and enough leeway in the safety standards msy prove otherwise. In any
case, if shadowing is important the methods used to achieve certain micro-
wave intensity levels will affect the amount of shading (e.g. different
mesh dimensions in the ground plane or going to long FCB Yagis with high
F/B ratios).
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Shading is a difficult factor to compare at this stage of our design.
Fortunately, a good ground plane with 33 dB transmission loss has sbout
809 transparency. 18) The foreplane shield has a sizable amcunt of shading
and fortunately is horizontal in an east-west orientation. Recall that
the rectenna faces south toward the satellite in near zero inclination
orbit. In the FCB implementation, since the DC buss runs east-west for
constructional ease, the FCB's must be aligned north-south to avoid
inducing time varying currents in the buss. North-south XCB's will have
more shading. In general the antenns designs which contribute the most
shading per element have the least number of elements. To first order
these may cancel but the less bussing involved favors the more directional
elements.

Clear plastic is used for the ICB socket but since the XB is buried
deep in the socket there is about 50% of the socket still opaque. The
development of a clear dielectric for RCB application would alleviate this
problem if it became considerable enough to justify the researck and
development costs. This would find most use in the long Yaglis whickh cannot
afford to have too much dielectric cubt away between the directors.

2.3.3 Cost Comparison

Although apprecisgble design work is needed to eveluate the approximations
and judgements discussed throughout Chapter 2, it is desirable to provide as
accurate cost estimate as possible to serve as a guide in properly a2llocating
Tuture resources. This section describes tne cost methodology and results
with the eight rectenna elements described in Section 2.3.2.

The cost analysis followed the percent estimates provided by 2sytheon

(1)

with Yegli elements, the results are expected to be of similar accuracy.

for the baseline rectenna. For baseline type constructed rectennas
Although more Yagi structural design is needed, additional material and
construction costs are not expected to be too significant. However,

with printed circuit implementation cost estimates are more approximate.
In particular the socket costs and DC buss bar sizing requirements are
difficult to quantify at this time, as structural loading reguirements
have not been designed. Thus our results should be considered preliminarvy
only, with additioral work certainly necessary.
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However, even with these appropriate qualifications, we believe the
results indicate which designs are most worthy of further investigation.
In particular, the expected strong correlation between rectenna element
directionality and rectenna cost is clearly indicated.

The rectenna element density used for the cost estimates are shown
in Table 2-9 for the half-wave dipole and various Yagi configurations.

The gain values have been discussed in Sec. 2.2.2 and are equal (except
for round off differences) to the extrapolated performance given in Table
2-8. Other values irn this key table can be calculated from geometric
consideretions, assuming elements are placed in a triangular grid as in
the baseline,

The resultant costs obtained are presented in Table 2-10. The trend
toward lower cost with increased rectenna element gain is clearly apparent.
The comparison between baseline construction and printed circuit implemen-
tation is less apparent. The printed circuit estimates are based upon less
detailed design, but these results do not indicate a substantial reduction
with printed circuit implementation. Oriy if socket and IC buss bar cost
can be reduced will a lerge cost advantage result. These will drobably
be possible only with careful structural designs requiring less meterial
usage and low cost manufacturing.

Cost estimates for the printed 2ircuit board, B sockets and relgted
D" buss bar are given in Table 2-11 throuch 2-13 respectively. Note thet
raw material costs only are i1acluded, as manufacturing comclexity and
related costs are assumed low, However design refinemerts o reduced
cost, such as elimination of gold flashing in non contact areas, reduci-;
dielectric thickness below 1/16", and reducing buss bar diameter, are
not included The feasibility of the two latter, critical factors depends
on structural coasiderations beyond the scope of the present drograrm.

From these cost estimstes it is apparent that the DC buss ter, ground
plane where needed and GaAs diodes dominate the rectenra element cost
with printed circuit implementation. However the socket design and cost
in particular needs additional work and the IC buss bar structural support
warrants further study.
with the baseline constructed rectennas the latest Raytheqn<7)

estimates were used, and additions to form the Yagi-Jéa elemenis
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Table 2-9 Rectenns Element Density Used in Cost Estimates

Half-wave 3 element Yagi 6 element Yagi
Dipole with - without without ground plane
ground plane ground plane smaller size larger size

Gain with respect
to isotropic (aB) 6.5 10.2 8.4 1.1 2.7

Gelin ratio with
respect to isotropic L 10.4 6.8 - 12.7 18.4

Effective Ares, Ae
( cm2 /element) 52 123 g1 150 218

Element Density

(No. of elements/!na) 1% 81 123 €7 46
(=200)*

Density Reduction

Factor 1 2.37 1.5€ 2.87 L.17
Tlement Spacing (cm)

(on triangular grid) 7.8 11.9 S.7 13.2 15.9
Rows of DC Buss/m 1k.9 9.7 1.9 8.8 7.3

A = 12 -= G is the gain ratio with respect to isctropic.

G
e .
Ix - Ae is the effective area of the recitenna element.

The baseline had all other parameters derived from the element spacing,

the reverse of what is done here for the rest of the elements.

* used in Raytheon estimates.
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A. ICB Implementation

(costs are given in $/m2)

Half-wave 3 elemert Yagi 6 element Yagi
Dipole with without without ground plane
ground plane ground plane (average size)
Element Density (3'%-&) 192 81 123 ST
m
Socket $ .92 $ .39 $1.12 $ .52
DC buss bar 2.78 1.8 2.23 1.55
B (less diode) 2k 2L L2 Sl
Ground Flane 1.01 1A __.00 __.00
Cost /uf $5.85 $4.35 $3.77 $2.51
Diodes at $.01 each $1.% .81 $1.23 $ .57
Total Cost/m® $7.77 $5.16 $5.00 $3.08
B. Baseline Type Construction
(costs are giren in $/m2)
Half-wave 3 element Yagi 6 element Yagi
Dipole with without withou*, ground plane
ground plane ground plane
Element Density (gl_;g:) 192 81 123 57
o
Foreplane Core $3.13 .k $2.09 $1.09
Aluminum Shield/

Structural Member 2.1k 1.40 .2 6k
Yagi-Uda Additions .00 .30 .71 .76
Ground Flane 1.9 1.9 __+00 .00

Cost/u° $7.18 $5.08 $3.72 $2.49
Diodes at $.01 each’ 1.9 .8 _1.23 __57
Total Cost/ut $9.10 $5.89 34.95 $3.06

* Large cost uncertainty with probability of lower cosi packaze with PC3 implementation

Table 2-10 Overall Cost zs+timates



Half-wave 3 element Yagi 6 element Yagi (long)
Dipole with without length = 1.25\
ground plane ground plane
Area (in.a) 2.015 5.54 6.25 15.6
Volume (in.3) .126 .346 .301 .98
-2 -2 -2 -2
Weight (1b.) 1.483x10 k,05x10 L .59%10 11.51x10
% of Total cost of
l. dielectries 58.4 70.3 66.7 Th.2
2. copper 1.2 0.9 1.1 0.9
3. gold 40.4 28.8 32.2 2k.9
Total Cost/element L1274 .289¢ .3k43d JTT2¢
NOTES: 1. Diode cost not included.
2. Copper is small percentage of cost (assuming copper eiched from P,C,
boards and reused at nc cost). Therefore more sres on the boerd could
be used to reduce losses if no ill effects from changing impedance
levels.
3. Gold flashing may only be needed at the D.C. contacts. The dielectrie
coating may be adequate to protect copper from corrosion.
L, BRiggest cost factor is the dielectric (thickness of 1/1€" is assumed).
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Table 2-1)A Cost Estimate for Printed Circuit Boards

Some cutaway 1s possible between the directors of Yagis, but not at
the base since this regiom fits into socket. Cutting away of dielec-
tric is not considered in the calculations so Yagl ccsts would be
less. Dielectric i1s assumed to be recyclable.
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Table 2-11B Deteiled Cost Estimate for Half-wave Dipole
with Printed Circuit Implementation

area: (Lem. x2.5)+ (L.5x7) =13 cnf = 2.015 in.2

volume: (2.015 in.2) (1/26 in.) = .126 in.3

copper -- (.5 mils thick): (2.4b4 in. + 1 in.)(.050) x (.5 x lO'3in.) = 8.6 x 10™?in.3

(o]
gold flash —- (250 A): (2.4h in. + 1 in.) (.050) (207°) = .15 % 207%sn.3
capacitors: L (.050 x .050 x .025) = .25 x 10™3in.3
8, 3

wo gold bond wires (1 mil.): 2(r(.001)2/4) (.050) = 7.85 x 10 °in.

dlelectric coating: (2.015 x .005) = 10.1 x 10 3ip.3

Weight Calculations = (specific gravity) (density of water) (volume)
dielectrics -- 3 (62.4) (1/12)3 (126 + 0.1 + .25) 107> = 1.L§ x 1072 1v,

copper -- 8.9 (62.14) (1/12)3 (8.6 x 10™1n.3) = 2.8 x 1077 1vs.

19,3 (62.1) (1/12)3 (250 + 78.5) 1077 = 1.6 x 10" "1b,

gold -

TOTAL = 1.482 x 1021y,
Cost % of total cost
dielectrics $7.4 x 10"h s€.s
(polyethylene S¢/1b.)
copper (56£/1b.) 1.57 x 1077 1.2
gold ($200/ounce) 5.12 x 10'1+ Lok
$1.27 x 1073

or 0.127¢ (per PCB without diode)
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Table 2-12 Cost Estimate for RCB Socket

material - Delrin (an acetal resin) : specific gravity

~ 1,43 (acetal plastic) ; estimated .cost : $.15/1b.

type 1 (with ground plane) type 2 (without ground plane)

volume -~ (3 x 4 x 0.6) = 7.2 cm’ (4 x 6.5 x 0.6) = 15.6 emd
weight -- 1.h3(62.h)(1/12)3(2—%E)3(7.2)=.02269 (0.00315) (15.6) = 0.04914 1b.

cost == (.02269) ($.15) = $0.0034 (0.0491L) ($.15) = $0.00737
or .34f or .T37¢

Two 1-1/2" aluminum conductor strips, 20 mils thick;
specific gravity = 2.7; cost $.80/1b.

(2) (1.5) (1/8) (.020) = €.0075 in.>

volume

weight = 0.00731 1b,

" cost = $0.000585 or .059¢

resistance = 1,33 x 1o‘3n
Weether Seal: silicone rubber; for soft commercial rubber €9 lb./ft.S; cost $1.00/1b.

2 (6) (.2) (.2) = .48 e

volume

weight = 0,00117 1b,
cost = $0.00117 or .117f type 2
and .078¢ type 1

typve 1 (w/G.P) type 2(w/o G.P.)
TOTAL COST L77¢/s0cket .913¢/socket

NOTES: 1. Seal may be considerably smaller if only sealed where circuitry had
to pass thr~u:gh entrance slot of the socket.
2, Aluminum conductors could be made larger to lessen losses.
3. Heat sink, if needed, is not considered. '
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Table 2-13 Cost Estimate for IC Buss Bars for Printed Circuit Implementation

Two aluminum rods with 5mm diameter.

volume = 2(x) (.25)2 (7.77) = 3.05 em. 3 (7.77 cm spacing as in half-wave

weight = 0,0185 1b. = 8.3 grams.
cost = (0.01815 1b.) ($.80/1b.) = $0.0145
or 1.Ls¢

resistance = 2,24 x lo-hn/element spacing

Helf-wave 3 element Yagi
Dipole with without
ground plane ground plane
Element Density 192 81 123
(elem. /m2)
Element Specing 7.77 1.9 9.67
(em,)
Cost/element of 1.45¢ 2.23¢ 1.81¢
DC buss

Cost/m2 of rectenns $2.78 $ 1.8 $2.23

dipole rectenna)

6 element Yagi

(average
specifications)

57

ik.s

2.71¢

$1.55
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were included. Table 2-1L summarizes data provided by Raytheon while

Table 2-15 through 2-16 provided detailed information for the three
elements Yagi designs. Six element designs costs were obtained in a similar
fashion (although detailed calculations not presented).

As with the printed circult element coéts, the strong dependancy
oS cost per unit area upon element gain (or density) is apparent. Thus
we conclude that

THERE IS A LARGE RECTENNA COST SAVING POSSIBLE BY FURTHER

CONSIDERATION OF MORE DIRECTIONAL RECEIVING ELEMENTS,

In addition, it appears that costs are similar for drinted cirecuit
implenentation and baseline type comstruction. Although these cost
estimates are derived from & different basis, we conclude that the 2 to L%
sacrifice in conversion efficiency with printed circuit implementation
does not appear to be overcome by a large cost advantage. That is,
baseline type construction appears preferred over printed circuit implemen-
tation at this time, However a structural design is considered worthwhile
to specify more rigorously DC buss bar and KB socket requirements. For
example, i the DC buss bar cost can be reduced by a factor of 2 (by
z~ducing diameter below 5mm or developing an appropriate composite material),
B implementation would be 25% below the baseline type comstruction cost.
If this cost reduction was obtained, efficiency-cost tradeoffs would need
to be considered in more detail.

Another key factor that could influence the {radect? vatween printed
circuit and baseline type construction is diode package cost. A large
uncertainty in projecting rectenna cost is the diode estimate. Even glassed
diode stand alone packages will have a non-negligible cost cempared to the
diode chip in the quantities needed. FCB implementation is expected to be
less expensive since the chip could be directly bended in place. While more
work is needed to evaluate cost factors in the quantities needed, this
advantage of ICB implementation could be significant.



Table 2-14 Cust Estimate for Baseline Constructed
Half-wave Dipole (192 elements /m2)

Foreplane Core guantity/m2 Cost §/m2
- aluminum in common buss bar 418 g. $ .77
end microwave circuit
- aluminum in dipole artennas 12 g. 26
- common assembly pins and capacitors 768 units .40
mamade from A-lO2
- enclosure caps for dipole 384 units .85

made from A10.
[

- seals for dipole caps 384 units .55
TOTAL $3.13

Additions

- aluminum shield/structursl member 1212 g. $2.1%

- steel ground plane 1.G61
TCTAL 87.18

Diodes at $.01 ea. 192 units $1.%2



Table 2-15 Cost Estimate for Baseline Constructed 3 Element

Yagi with Ground Flane (81 element/m?)

Foreplane Core

gluminum in common buss bar
and microwave circuit

- aluminum in dipole antenna

- common assembly pins and ¢
capacitors made from.A102

- enclosure caps for dipoles

made from A102

- seals for dipole aps

Additiors

eluminum shield/structural
memper

aluminum directors

Delrin support masts

steel ground plane

Diodes at $.01 ea.

QuantityZm?

Cost §/m?

273 8. $ .50
= 9.7 _
(factor = .5 .€5)
58 g. A
eaniar = O _
(factor = 560 .105)
32k units A6
(factor = .LOS)
162 units 35
(fector = .L05)
162 units .35
TOTAL $1.L7
790 e 31.140
{facter = .635)
58 g. 11
81 units 28
at - 0.232¢/elexn.
2L23 g. 1.92
TOTAL $5.08
81 vaits LE1
TOTAL 85.89



Table 2-16 (Cost Estimate for Baseline Constructed 3 Element

Yagi without Ground Flane Cost (123 element/mg)

Foreplane Core

aluminum in common buss bar
and microwave circuit

aluminum in dipole antenns

common assembly pins and

capacitors made from A102

enclosure caps for dipole made

from Alo2

seals for 3ipole ceaps

Additicns

aluminum shield/structural
member

alurrnum passive elements

Delrin suppor. masts

Dicdes at $.01 ea.
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ti m2 Cost §Zm2
336 g. $ .62
o= 1.9
(factor = m-g- .80)
87.3 g. a6
=323
(factor 566 .615)
Lo2 urnits .25
(factor = .615)
2L€ units .53
(factor = .615)
2L€ units .53
TOTAL $2.0
52¢ g. $ .
17° g. .32
Panbayr = o3 o
(factor 2(-2-6(%) 1.23)
123 units .39
at $0.320¢/element
TOTAL .72
1.27

123 units
TOTAL

} ~
$L.S5
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3.0 POWER COMBINING EVALUATION .

Most of the recteans development effort to date has proverly emphasized
high RF to DC conversion efficiency.(l°3) As a result experimental arrange-
ments have been somewhat idealized as far as SPS operation is concerned. For

example flat rectenna arrays have been tested rather than serrated rectenmnas
and DC combining networks have been arranged to insure, as much as possible,
that devices to be combined operate at the same power level. In this part
of our program, we emphasized an evaluation of the power combining inetffi-
ciencies expected when many RF 4o DC conversion circuits (~ 10,000 to
1,000,000) share a common load.

This consideration, inherent in SPS operation, had nct beea evaluated
previou?#g. While the power veriations due to diffraction frcm a serrated
been quantified to some degree, the impact with DC load sharing on overall
RF to DC conversion efficiency had not been evaluated. In addition the

aatenna and the power variations due to the power beam taper(S) have

relationship between incident power variations, conversion circuitry

operation and DC load sharing had been delineated as a source of SPS power
output fluctuation, which in turn affects power grid interface requirements.(lg}
In this task we made a good first order evaluation of the resultant power
combining inefficiency, while developing a methodology which can be applied
directly in future work.

The principal concept of our evaluation is to utilize a power depvendert
cutput equivalent circuit of the conversion circuitry, cbtainsble bty varying the lcacd
impedance at each PF power level, i.,e. & load line aralysis. To employ
this technique a circuit model of the rectenna element conversion circuitry
is needed. In Section 3.1 two rectifier circui® models (a computer simu-
lation model ané a closed form model) develocped in this program are presented,
followed by a discussion of the load line analysis in Section 3.2. These
two sections contain a detailed treatment of the basics for the power
combining analysis.

In Section 3.3 the power combining analysis methodclogy and results
obtained with both computer simulation and closed fcrm models are presented.

These results focus on evaluaticn of series versus parallel cocmbining
inefficiency with numerous rectifiers sharing e common load. Numercus
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distributions in power density are presented. In Section 3.4 the effect
of these results on power module size constraints and SPS rectenna design
are Dresented.

3.1 RECTIFIER CIRCUIT MODELS

In this section two independent circuit models of the RF to DC con-
version circuitry are preseated, along with principal results obtained
with these models. A valid model of the coaversion circuitry is necessary
in order to obtain a reasonably precise output equivalent circuit for the

load line analysis. However accurate modeling a non-linear circuit can be
e time consuming and resource absorbing undertaking.(3’8) Qur approach
focused on development of a detailed computer simulation model using a
general non-linear circuit program (Spice 2) and a parallel development
of a closed form circuit model.

The detalled computer simulation model contains 30 device and circuit
mrameters and closely represents an actual rectifying circuit element. .
It differs from previously developed ccmputer simlation models of the
(3,8) in that a2 geaera’ _rcuit program is used rather
than developing individualized code for the particular circuit. Thus

resources needed in development of the model are reduced eppreciably, at

rectenna element

the expense of less efficient operaticr for the particular circuit. ’
Attention was focused on obtaining baseline type efficiency perfecrmance
with typical packaged diode characteristics. The resuits are presented
in Section 3.1.l1.

. In addition closed form models of the conversion circuiiry were
investigated., Initially the purposes of this work was tc aid in under-
standing rectifier operation and to develcr preliminary cutput ecuivalent
circuit models for the power combining analysis, thereby allowing a first
order evaluation of our main task. However the clesed form analysis
results in aa output equivalent circuit in excellient agreement with the
camputer similstion model results, indicating that valid results can be
obtained with this simpler model. The model is presented in Section 3.1.2.

3.1.1 Computer Simulation Model

The baseline type rectifier computer simulstion model is depicted in

Fig. 3-1. Initially we selected diocde parameters and asscciated mounting
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parasitic parameters. These were selected to be comparable to that of the
baseline rectifier with the preseant mountiﬁg configuratiOn(l) and were held
constant throughout our investigation. Also selected was a TS5 ohm antenna
resistance, comparable to an isolated \/2 dipole receiving element. For
simplicity it was decided to keep a 75 ohm impedance lewvel throughout the
circuit. Although higher efficiency may be possible by impedance transforming
to a higher value, detailed efficiency optimization was not within the

scope of our effort.

With a 75 ohm impedance level selected, a “ive stage lumped filter
was used at the input and two stage smocthing filter at the cutput. The
input filter is described in detail in Sec. 2.2.1 and the output is designed
similarly. Obviously the output filter has a lower frequency cutof?,
with a value depending uporn a tradeoff between inductance required and filter
rejection at 2.45 GHz. The 6utput filter has a 3 dB ripple, cutoff frequency
of 612 MIz and provides 30 dB of fundamental “requency rejection when
operated between 75 ohm impedances.

Initially results obtained with the model indicated low efficiency
until input and output transmission lines were added between the mounted
diode and filters. The transmission line ccntrol the phase of reflected
signals and is particularly important at the input. In many simulations,

a five sectior I~C network was used to replace the transmission line, %o
reduce program running time without sacrificing overail circuit performance.
With this model, the incident power is veried by changing the value

of the amplitude of the vecltage source. As & resuli, the nonlinear circuit
performance changes, principally due to the diode turn-on voliage of approxi-
mately O.8 volts. A plot of conversicn efficiency versus incident power

is shown in Fig. 3-2, in which no circuit or dicde parameters have been
varied. This decrease in efficiency with decreasing power is greater than

. . .. . 1
experimentally obteined when circuit is reoptimized at each power level,' )

(5)

at each power level was not performed. However we believe that the power

as described previously. Because of resource constraints, optimization

combining inefficiency is relatively insencitive to this further cptimiza-

tion.
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" Besides the conversion efficiency one can obtain useful voltage and
current waveforms as well as Fourier snalysis of these waveforms. For
example Figures 3-3 and 3-4 indicates packaged diode and diode chip wave-
" forms of voltage and curreat respectively at a 1W power level. The chip
reverse voltage exceeds slightly the peak voita.ge smplitude of the source
(29V compared to peak amplitude of the open circuited RF source voltage of
25v); while the chip current (conduction plus displacement) exceeds LOO ma
during the middle of the 180° conduction angle (compared to peak amplitude
of the shorted circuited RF source current of 333 mA). The waveforms are
obviously rich in harmonic content, partly attributed to resonances from
packaged diode parasitics.
Fourier analysis of three voltage waveforms, namely the output voltage,
the diode package voltage end the diode chip voltage are presented in
Table 3-1, along with the ipnput current. The effectiveness of the smoothing
filter is apparent as the DC wvoltage is similar while the fundamental
component of the output voltage compared to that of the mounted package
voltage is reduced by a factor of 26(12.79V to .L9TV) or 28 4B, with

harmonics reduced still further (e.g. second harmonic 40 dB). Also the
three values of DC voltage are slightly different, due to numerical _
approximations in the program and firnite program running time. The approxi-
mation, as well as the effect of the input filter, can be seen from the
input current, which contains harmonics 50 dB below the fundamental. This
is about the precision of the program as used by us, as can be seen by the
erronecus finite value of DC input current (should be zero).

It should be mentioned that additional investigations possible with
this program such as efficiency optimization at nominal power and lower
powers, effect of package and mount parasitics, sensitivity of performance
to diode and circuit paremeters and hermonic performance evaluations were
beyond the scope of our program. Emphasis was placed upon printed circuit
board implementation eveluation (Sec. 2.2.1) and developing a model that
provided efficiency characteristics similar {to that demonstrated experi-
mentally (for the power combining analysis).

As a result of these and similar consilerations, we concluded that the
computer sirmlation model developed results in performance characteristics
similar to the Raytheon baseline. This model was used to determine the
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Table 3-1 Th
« mputer Simmlation Output for Baseline Type Rectifier (FPowe: In = 1.04 W)

‘ourier Components of Transient Response of Output Voltage - DC Component = -8.052D 00 (volts)

CRIGINAL PAGE IS
OF POOR QUALITY

Harmonic Frequency Fourier Normalized Phase Nermelized
No.. (12) Component Component (Deg) Phase (Deg)
h 2.450D 09 4,972D-02 1.000000 -114.908 0.000
2 4.900D 09 5.658D-02 0.113826 9.055 123.963
3 7.350D 09 1.147D-02 0.023079 61.376 176.284
't 9.800D 09 3.T14D-03 0.007472 -15.882 99.026
5 1.225D 10 2.125D-03 0.00L2Th -47.665 67.243
"6 1.70D 10 2.115D-03 0.004255 23.977 138.886
T 1.715D 10 2.603D-03 0.005237 2.376 117.285
8 1.960D 10 6.438D-0k4 0.001295 1. 4T 129.382
9 2.205D 10 7. 756D-0L 0.001560 23.437 138.346
‘ourier Components of Transient Response of Mounted Fackage Voltage - DC Component = -8.194D 00
Harmonic Frequency Fourier Normelized Phase Normalized
No. (32) Component Component (Deg) Pnase (Deg)
h 2.450D 09 1.279D 01 1.000000 59.228 0.000
2 L,900D 09 5.672D- 00 0,443533  -173.104  -232.332
3 T.350D 09 2.533D-00 0.198123 -112,479 ~171.707
L 9.800D 09 1.075C OO0 0.084099 152.082 %2.854
5 1.225D 10 1.162D 00 0.090878 101.2ulk k2,015
6 1.470D 10 1.233D 00 0.096399 -147.130 -206.359
7 1.715D 10 2.458D 00 0.192248 177.288 118.059
8 1.960D 10 4,572D-02 0.003575 -11.400 -70.628
9 2.205D 10 L. 473D-02 0.034980 -131.388 -190.616
‘ourler Components of Transient Response of Chip Voltage - DC Component = -8.2690 00 (volts)
Harmonic Frequency Fourier Normelized Phase Normelized
No. (Bz) Coxponent Component (Deg) Thase (Deg)
1 2.450D 09 1.3%D 01 1.000000 51.526 0.000
2 4,900D 09 €.437D 00 0.460642 -173.L99 -225.025
3 T.350D 0% 1.623D 00 0.116224 -112.665 -164.161
L $.800D 0% 2.693D 00 0.192868 -27.354L -78.881
5 1.225D 10 1.749D 00 0.125243 100.730 Lg.204
6 1.470D 10 7.460D-01 0.053421 -145,123 -19€.64S
7 1.715D 10 L.952D-C1 0.0354€1 -5.013 -57.140
8 1.960D 10 3.836D-01 0.027L69 159.98 108,462
9 2.205D 10 1.350D-01 0.009670 -116.313 -170.8329
‘ourier Components of Transient Response Source Current - IC Component = -1.318D-OL (Amps)
Hermonic Frequency Fourier Normalized Fhase Normalized
No. (Bz) Component Component (Deg) Phase (Deg)
1 2.450D 09 1.588Dp-01 1.000000 179.679 0.000
2 4,900D 09 4,186D-0L 0.002635 33.824 -1L45.856
3 7.350D 09 1.699D-05 0.000107 7L.036 -105.643
L 9.800D 09 1.084p-05 0.000068 -12.489 . -192.168
5 1.225D 10 L, 711D-06 0.000030 107.372 -72.307
6 1.470D 10 9.712D=-07 0.000006 5.270 =174.430
7 1,715D 10 4.553D-06 0.00002¢ -68.767 -2L8 L6
8 1.960D 10 7.651D-07 C.000CC3 174,106 =5.573
9 2.205D 10 L.034p-06 0.000025 77.587 -102.063 -
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equivalent circuit as a function of power level -.n Section 3.2.2 and the
power combining analysis of Sections 3.3.2.) ara 3.h4. (LN AL PAGR T
3.1.2 Closed Form Models pUPTRPR oty
In this section we describe the closed form anslysis which was carried
out in order to gein insight into the operation of high efficlency rectifier
circuits. The final goal of the analysis was to arrive to a rectifier
circuit which could give 100% rectification efficiency, assuming no losses
in tue diode rectifier and in the circuit elements. This circuit model,
as the computer simulation model, was used for calculating power combining

inefficiencies when rectenna elements, operating at different RF power

levels, are connected in either series or parallel.

Our starting point was the simple rectifier circuit shown in Fig. 3-5.
In that circuit Vs is the peak amplitude of the open circuit RF voltage
at the antenna terminals, Rs is the antenna rad_ia.tion resistance and RL
is the load connected at the rectenna element terminals. The wvoltage
V., at the load terminals is & half-wave rectified sine wave, shown in

L
Fig. 3.5, with peak amplitude of:

(V). = V_ o——— (3.1)
L'p s Rs + RL
and rms value of:
Vs RL
e = 2 758 (3.2)

(PRF)ma.x = g3 (3.3)
s

it follows that the efficiency N, ratio of power at the load to maximum
RF power avaeilable, is given by:

n = _E.&".R_L__ (3.L)
(8, + )
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/

Figure 3-5 Simple Rectifier Circuit and load Voltage Waveform.



The maximum efficiency is 50%, achieved whgn Rs = RL' The above circuit
has two drawbacks. First of all its efficiency is at the most 50% and,
because of the lack of filtering, there is a large amount of the ripple
in the load voltage.

The rippl: in the load voltage can be reduced by incorporating a low
pass filter in the output as shown in Figure 3-6, the inductance L being
placed in series with the load. If the value of *this irductance is suffi-
ciently large the current flowing through the load is only DC current of
magnitude IL' Under these condiiions, the rectifier is closed (VR = 0)
as long as Il < IL' The waveforms of the current Il and rectifier voltage
Vg are shown in Fig. 3-6. The angle 26 during which the rectifier is
open 1s determined by the equation:

cos & = = (3.5)

IS

where Is is peak amplitude of the maxivam RF current which car be supplied
at the antenna terminals, i.e. under short circuit conditions and is given

by:

Vc
= (=
I R 3.6)

It fcllows from the above circuit that the DC value of the load voltage
VL is the average velue of the rectifier voltage

the value of VL is:

Vﬁ. It can be shown tnat

L
F = — (3.7)

s

and the rectification efficiency is given by:

N = % (553529 - 0 cos® e) (3.8)

The efficiency is zero for € =0 (Vi = 0 or short-circuited conditions) and
for © = x/2 (IL = 0 or open-circuited conditions). The conditions for maximun

o]
efficiency are achieved for © = €7  and for this case

R.

ﬂw = :‘6% :ﬁ‘:z 0.k (3'9)

3
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" Although the above rectifier circuit provides low ripple in the load
output voltage because of the filtering introduced, the efficiency is very
low. The main reasor is that any harmonics generated are allowed to flow
through the antenna resistance Rs where their power is dissipated. It
is necessary to have not only an output filter to reduce ripple in the
o-sput voltage, but also an input filter to prevent harmonic dissipation.

A schematic representation of a rectenna element which contains input and
output filters is depicted in Fig. 3-7. The filter at the input should
prevent any of the dc current and harmonics to flow back through the antenns
resistance Rs’ but allow current flow at the fundamental RF frequency w .
The function of the filter at the output is not only tc prevent AC components
to appear across the load terminals but also to allow harmoric currents to
flow. In particular, the ever harmonics should be allowed to flow since
they have the propverty of having a zero average on each helf ecycle. Therefore
the output filter should allow the even harmonics to flow without amxy voliage
drop, should prevent current flow at amy of the odd harmonics and should
allow dc current flow. The above characteristics of {the Input and output
filters ere shown in Fig. 3-7.

We w31l describe two Dossible implementaticns of reelizing filters
with the above characteristics. Input and cutzut filiers implemented using
lumped circuit elements and satisfly the requirements giver iz Zig. 3.7
are shown in Fig. 3-8. The elements L3, CS’ LE’ CE’ « « « 5 form perallel
resonant circuits whizh are open circuited a2t the ¢dd narmenics 3wy, Sy o o o
respectively. The capacitecr C; Is used for ctreventing DC currext Ilow
ws well as for series resonatin; L3, C3, L5, CE’ e « « &t the Zundamental
freguency w. I Shat is the case, the current I, would de an AC current
of fundemental frequenc:r w. The Lé, 62

output circul:t are series resomant at the even harmonics 2o, Le, . . .

> Iys Cys o » o elements In tke

respectively. The inducvance L. Is assumed ¢ be large enough suct that
C
the current IL is mainlyr dc current. 1In that wey the current I, would
<
consist of a de current plis evea karmonics coniy.
Another possible reelizaticn oi the output filier is showm in Fig.
3«9. In this c. .+ the outprr f11%ter ccnsists ¢f a non-dizpersive irans-

mission line which is a guarter-wavelengih iong a%t tze fundamental frecuenzy,
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+] - b ineut| W |+ lejouTPuT] 4

FILTER — |FILTER -
INPUT - Z=R, af
Rs § - Z
FILTER ' /=0 at 0,3w,...
Z=R_at ©
| OUTPUT
RL%’ «— 7 Z=0 aft 2w,4w,..
FILTER )
|, /=0 at 3w,5w,..

.

Figure 3-7 Rectifier Circuit with Input and Cuipus Filters
and their Treguency Characteristics. )
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terminated in a capacitor C, in parallel.with the load RL . If co
is sufficiently large, the line can be cornsidered to be snorted at the
load end and will appear at the diode termirals as an open circuit at
w, 3w, 50, « « « and as a short circuit at 2w, Yw, . . . . The circuit
analysis of the rectifiers circuits of Figs. 3-8 and 3-9 is identical
and is presented below.
Since the current I

1 is only of the fundamental frequency, we can
write:

L(t) = I, sinwt (3.10)
Assuming that the rectifier is cpen (IR = 0) in the half period 0 <
wt < n, then:

Iz(t) = I, sin wt O<ut <= (3.11)

Since Ia(t) consists only of even harmonics it follows that:

Iz(wt + ) = Iz(u:t) (3.22)
That is, I,(t) is a full rectified sinusoud of peak amplicude It
I(s) = I, | sin cntl 0 < wt < 2= (3.13)
The rectifier current I: is the difference between 22 and I, andé it
is given by:
I (¢) = I sic wt - I sinut {3.1a
R o] o] - N

wiich is a half-rectified sine wave of teak arxzlitude 210. The magnitude

is the average value ¢f I_(3):

ol the load current Py

1

i, = (1)

- 2 ’
L 2’av o« IO (3.15)

The rectifier voltage V.(t) i: zero during the period of time whern tae
R

rectifier is conducting current:

Vh(t) = 0 1< wt <2=x (3.16)
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Since the voltage ncross the rectifier consists only of a DC component
Plus odd harmc’:: 27 follows that:

VR(t) = 2 [vR(t)]av O<wt<x (3.17)
where [VR(t)] ay 1S the average voltage across the rectifier and must
be equal to the IC load voltage V.:
vR(t) =27 0O<wt<nx (3.18)
The waveforms of Il(t), Iz(t) and VR(t) are shown in Fig. 3.10. Since
the input filter allows the fundamental frequency to rass between the antenna
terminals and the rectifier terminals, it follows that the fundamental

component of VR(t) must appear across the antenna terminals. This funda-
mental component is determined from the Fourier series expansion of 'VR(t):

,
(t) = 2V [F + § sinat . . .1 (3.19)

it follows then that:

- T L
Vg = ‘oRs * p (3.29)
Substitution of Eg. (3.15) into (3.19) gives:
V. = & V. - £ R = (3.20)
L L S 5 s L 3-

The above eguaticr indicates that as the de locad termiaals is concerned,
the rectenna elements behages as a XC vcltage scurce ¢f amplitude n/b Vs

. . N b1t . . . .
and izternal resistance é— R s* The optimum load for maximum DC power is:

2
by -~
(RL) = B_ RS (3'21)
op
and the maximam DC pov r cutput is
(B) = % = gz (3.22)
max T s
8 s

which gives a 100% recstification efficiency. This ideal efficiency has

been achieved because it was assumed no losses Iin ary ¢f the circuls



Figure 3-10 Current and Voltage Waveforzs in
a High Efficiency Rectifier Circuii.
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components. However, since these losses can be minimized by choosing a
rectifier diode with small series resistanée and appropriate circult elements,
it.is expected that thelr closed form conversion circuit model would be

a good approximation to the characteristics of a high efficiency rectenna
element. The principal difference would be diode depletion layer capaci-
tance and package parasitics, accurately considered in the computer simulation
model of Fig. 3-1 but igncred in the closed form, analytical model of

Figures 3-8 and 3-9. However by adjusting filter parameters such para-

sitics can be included in the circuit design to first order. As is shown

in Sec. 3.3.2, comparison with the computer simulation model of a high
efficlency rectifier circuit shows the usefullness of the closed form

models presented in this section.

3.2 10AD LINE ANALYSIS

While the models presented in Section 3.1 are useful for gaining in-
sight into the RF to IC conversion process, optimizing thé circuit per-
formance, and evaluating performance sensitivity to diode and circuit para-

meters, the principal use in this program was tc obiain an output equivalent
circuit of the rectenna element from the DC terminals. More precisely

an output equivalent circuit which depends upon input power to the rectenna
element (or v, in the models of Section 3.1) is needed for Task 2 of °
our program.

In generai ar output equivalent circuit can be obtained anslytically
if a closed form circuit model is available or it can be obtained by evalua-
ting the VL - IL characteristics for varicus output load resistances
(eitner by computer simulation or by measurement). These two techniques
were used with our circuit models, and the results are presented in this
section of the report.

The load line characteristic for the ideal, 100% efficient closed
form model ¢ “igures 3-8 and 3-9 is shown in Figure 3-11, along **th
the output equivalent eircuit, It is obtained directly “rcm Equation 3.20,
except that ia +k: graphicel representation we have taken intc account that
v&‘> 0 and II.> 0, as is appevent from the actual circuits. Note that

as the output lcad resistance is varied, &li VL - IL combine“ions fall’
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5

’F‘s

Pigure 3-11 IC Equivalent Circult and Icad Line Characteristics for a
High Efficiency Closed Form Rectifier Circuit.



88

on the straight line shown. For convenlience, we find it useful to plot
a normalized load line, i.e. V‘L/Vs - IL/Is , where V. is the open
circuited source RF voltage and Is is the short circuited source RF current.
The load line for the computer simulation model of Fig. 3-1 obtained
by only varying the output load resistance from 5 to 1500 ohms (instead of
fixed at 75 ohms), with the results shown in Figure 3-12. As required the
computer model load line lies to the left of the closed form model since
the latter does not contain any dissipative loss elements. Note that the
computer model also results in a highly linear load line with similar
characteristics to the closed form model. '
With the computer simuletion model a normslized load line is not
identical at all power levels because of the fixed diode forward drop.
The difference is shown in Fig, 3-13 for a 13 4B power range (0.10 to
2.08 watts). As expected the efficiency increases with increasing power
level, and the DC output resistance varies only slightly with power level,
The dependence of output open circuited voltage V and output

equivalent source resistance R on input power level is depicted in Fig. 3-1lk,
in which the ex..nded scale should be noted. For comparison purposes the

closed form model described earlier has V/Vs equal to .785 and R/Rs =
1.234, which is closer to the computer simulation model results at higher
and lower incident power respectively. Note particularly the normalized
output parameters v/vs and R/Rs are relatively insensitive to input
power.

While this program focused almost entirely on an evaluation of power
combining inefficiency utilizing these load lines as described in Sections
3.3 and 3.4, the effect of circuit and diode parameter tolerances could also
be included. As an aside we evaluaved the effect of a *0.1 pF variation
in the 0.7 pF nominal zero bias diode junction capacitance. A comparison
of output equivelent circuit parameters and efficiency is shown in Table
3-2, and the efficlency dependence upon power level is shown in Fig., 3-15.
Parameters were evaluated over a restricted L to 1 power range to conserve
computer time., The lack of original circuit optimizetion is indicated vy
obtaining higher efficiency with 0.6 pF, the efficiency sensitivity being
about <0.7%/0.1 pF over the range of intere;t. The output equivalent
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Flgure 3-12 1load Line of Computer Simulation Model at 1.04 W Compared to

Closed Form Model.

=, Closed Form Model

. X Computer Model
(1.04W)




Figure 3-13 Load Line of Computer Simulation Model as a Function of
Incident Power.
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L
| v/vs R/Rs v/vs n/as v/v, R/R
‘ 0.6 685  1.158 690 1.150 702 1.149
D* wde Z3ro-
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S . s
i Input Power (watts)
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D de Zero-
- Bies Jume- | ¢ 81.0 83.5 gs.1
+’ »n Capaci-
teace C,(0)) 4 o 80.5 82.6 8i.7
(~=)
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KF to DC Conversion Efficiency (percent)

Teble 3.2 Output Eguivelent Circuit Faradmeters ané Conversion Efficiency
as & Punction of Power Level and Diode Juncticn Capacitance.




[1q]
O

(s338n) qrdur xamod o‘e o't 6°0 c‘'o 1°0
| ) ! I
1\
T
Z :
mw -{ oL
=5
MQ
[«
mm
58
-1 08
o
dd °0 —eeep
dd L0 ——sp
dd 9°0 —>
(o)
-1 06

J9q8wexsd v §9 oouvy1oede) uorjouns SVY-oXd7Z
Y3 TA TOPOK UOTIBTNWTS Jagndwo) Jo AdUeToTJJd vOTSIsAuc) ST-£ *Itd

LGOTSIAUCY

.
-

(3uedxad) AousldTid



1S ol
ORIGINAL PAGE
OF POOR QUALITY

circuit parameters changed somewhat with capacitance, in a manner considered
significant. Unfortunately resource constraints did not permit a detailed
evaluation of the effect on power combining inefficiency.

‘While the methodology of Section 3.3 and the system application in
Section 3.k is restricted to puwer demsity variations, it is important to
reelize that other parameters of the model can be similarly varied. This
is considered a useful tool in evaluating parameter tolerances such as diode
Junction capacitance, necessary prior to production of & large scale,
demonstration rectenna.

3.3 POWER COMBINING ANALYSIS

In this section of the report we present the method used for determining
the loss in power which results when several rectenne elements, operating
at different RF power levels, are connected in either series or parallel.
The method used is the same as the one developed by Appelbaum et. al. (20)
for determining the meximum power output of an arrey of non-identical
electrical cells.

3.3.1 Fower Combining Methodology

The method to be described assumes that output load line or volti-
a.mperé (V-I) cheracteristics of each of the electrical cells to be combined
are known. For the sake of discussion we show in Fig. 3.16 a general V-I
characteristic of a rectenna element. This characteristic can be determined
by either & circuit analysis of the rectenna element, by a computer simu-

lation or by direct measurement of the output voltage and current for

several load resistances as described in Section 3.2. It is assumed that
the V-I characteristics are a function of scme parameter © of the rectenna
element (for example incident RF power, diode junction capacitance, etc.).
Given the V-I characteristics, then it is possible to determine the operating
point for maximum power output. For example if the terminal voltage V

is related to the terminal current I by:

v o= £(I,8) (3.24)

then the power output is
P = IV =1I¢£(1,0) (3.25)
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Figure 3-16 General V-I Characteristies of an Electrical Cell

and Optimum Operating Foint.



The current Im at maximm power Pln is determined from the equation:

(3.26

[
[]
]
']

ol I

where Vm is the voltage et meximum power and T, is the incremental
or dynamic resistance at Im‘ Notice that the above equation can be
written as:

(Brlop = T (3-27)

that is at the optimum power the load resistance is equal to the incremental
resistance.

In Fig. 3.17 we shown the V-I characteristics of two dissimilar
rectenna elements as well as the points at which each of them deliver
maximum power if operating independently. The same figure shows that
if the elements are operated in parallel (common output voltage) or in
series (common output current) then they will not operate at their optimum
power .output and their combined power output will be less than if operated '
independently. The difference in the maximum power of N separated
single rectenns elements and the maximum power when they are interconnected
can be defined as the power combining loss:

N
(8P, = ) (Bpu - (B, (3.28)
J=1
and the ratio:
AP
— (3.29)
A
J=r -
as the power combining inefficiency. The maximum power (P ___.) when the

max’c
several rectenna elements are interconnected can be determined as fcllows. Let

v o= £(I, O,j) J = 1,2, .. .3 (3.30)



INTERCONNECTION OF ELEMENTS

| SERIES CONNECTION

PARALLEL
CONNECTION

Figure 3-17 Series or Parallel Interconnection of
Two Different Electrical Cells,



repi‘esent the V-I characteristics of each of the XN elements. For &
series connection, the voltage output is:

N

v o) 25 (3.30)
J=1

and the power output of the series connected array is:

N
P=1 ) 210) (3.32)
J=1
The current Im and voltage Vm at maximum array power are given by:
N
Y 21, 8,)
, = & (3.33)
2 f(Im, OJ)
J=1
N
=V
Vm = L f(Im, Oj)
J=1
and the srrsy maximum power 1s:
N
(Bpa)s = T 2 £(Igs 0)) (3.34)
J=1

The case of parallel connected elements is treated in the same way. For this
case it is more convenient to have the current expressed as a function of
voltage:

I = h(v, Oj) (3.35)

The voltage Vm and current Im at maximum array power are given by:
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N
Z n(v., ©,)
v, = - & — (3.36)
Z h(v s o )
=1
N
L = Z h(Vm, oj)
J=1
and the array maximum power is:
(B ) = Y, 2 B(V, © (3.37)

Equations (3.31) - (3.37) are very general and it is desirable to apply
them to two particular cases which are of special interest in dealing with
arrays of rectenna elements. The first case is the one in which the array
consigts of elements in which the V-I characteristics are given by: '

vV = VJ. - RJI (3.38)

The above case corresponds to electrical cells whose terminal behavior
can be represented by an internal voltage source vs in series with a
resistance R, as shown in Fig. 3.18. This can correspond to rectenns

J
elements in which the V, and Rj are both a function of the RF incident

J
power as shown in Fig. 3-14 for the computer simulation model. In the
case of an array of series connected cells, the power combining inefficiency

is given by:

N N N
- Z v‘.ja/RJ - [ z ng] / z R
s _ J=1 3=1 J=1

= (3.39)
P N 5
Z vy /R
=1
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and in the case of paral- "1 connected cells:

2 . .
(aP) Y ViR ~(QARN(Y vi/ng 2 ) /)
= = 1= (3.40)
g N
mex 2
2 v, /RJ
5=1

A second more restrictive case occurs if all the internal resistances are
the same for the cells of the array. This case is shown in Fig. 3.19

and corresponds to the circuit model of the rectenna element derived in
the closed form analysis (see Fig. 3-11). In this case the power combining
inefficiency can be obtained from Egs. (3.39) and (3.40) by making:

Ry

It can be shown that the power combining inefficiency is the same for
parallel as well as for series connection and is given by:

=R J = 1,2, . ..0N (3.41)

N
(Zvj)% .
22 - 1-43 = 1-—-—\;" (3.k2)
max Ez v 2 ( )av
3
=1

This is an interesting result since it implies that in the first order of
approximation the power combining inefficiency of an arrsy of rectenna
elements operating at different power levels is independent of the way in
which they are interconnected (series or parallel). Since the output
equivalent load resistances vary somewhat in the computer simulatiorn model,
the more general relationships given by Equations 3.39 and 3.4L0 are used
for more detailed comparison. However since the output resistances vary
only slightly with power level as shown in Fig. 3-14, differences between
series and parallel combining would be expected to be slight, as shown in
Sec. 3.3.2.
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V J = 1;2;3)l|o;N

Figure 3-18 Output Equivelent Circuit of Rectenna Elements with Power
Dependent Internal Parameters (appropriate for computer model).

' J=1,2,....,1

Figure 3-19 Output Equivalent Circuit of Rectenna Elements with RF Fower
Indepindent Internal Resistance (appropriate for closed form
model ).
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3.3.2 Tower Combining Results

A number of cases were calculated in detail to arrive at a comparison
‘between parallel and series power combining inefficiency with the computer
simnlation model and to evaluate the usefullness of the closed form analysis.
In performing these calculations discrete probvability densities were used
with sixteen categories of input power ranging from .52 to 2.08 watts
(5 < 3T£L < 2.0) in approximately .1W steps. With the computer
simnlatiSEMMDdel, the output equivalent circuit parameters were obtalned
at each power level using the functional form of the expressions given in
Figure 3-14. Naturally the evaluation is simplified with the closed form
model since the output resistance and normelized output open circuited
voltage are independent of power.

Ten cases presented for illustrative purposes are shewn in Table 3-3
with results presented in Table 3-4. A firm conclusion is that parallel
and series power combining inefficiencies are nearly identical, and that
the closed form model underestimates the power loss due to operation inte
a2 common load only slightly (by ~ 10% of the power combining inefficiency).
The latter two cases showq indicate that the power combining inefficiency
at the rectenna edge due to the power beam taper is very significant as
discussed in detail in Section 3.k.

The effect of only one element operating at half power in a string of
N total elements, N-1 operating at full power is shown in Figure 3-20.
Thus if 10% of the elements in a string are at half power, a power combining
inefficiency of 1.0% would oceur, which drops to 0.1% i only 1% of the
elements are operating at half power. Naturally the pcwer combining

inefficiency is reduced as the percentage of "unusual" elements decreases,
and the calculated dependence shown in Figure 3-20 is reasonsable.

The effect of the dynamic range of power varlation, assuming a uniform
power distribution over the dynamic range, is shown in Figure 3-21. With
a 2 to 1 power range, a 1% Dower combining inefficiency is expected, raising
rapidly to over 2.5% with a 3 to 1 power range. This curve has serious
implications in DC buss design as described in Section 3-U4.

While many other cases could be included, these results indicate
that the power combining inefficiency will be a serious concern in §£%5
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Typical Power Distributions (discrete probebility density functions)

—
From
5!.6|.7).8{.911.0]2.2] 1.2]1.3 1.4 1.5}1.6 1.7 1.8 l.9l 2.0
Relative
Rumber
Case 1 Al =} =} = -1 9} - - - - - - - - - -
CaseZ 03 bt - - - 07 - - - - - - - - - -
Case 3 .5 - - - - .5 - - - - - - - - - -
Case L Al = <] -] - -] - - | =] - - - - =1 -1 .9
Case 5 03 - - - - - - - - - - - - - - .7
Case 6 Sl =] = -] =] =-1- - -] <! - - - | -] .5
Case 7 T =] = -1 - -l - - - - - - - - -1 .3
Case 8 n9 - - - - - - - - - - - L] - - .l
R I T A O s A I 111 1l 1l 1 1 1 1l 1 1 1
Cese 9 |3Z|15(18|18|15| 6|16 |16 |T8 (16| T8 (T6| 6| 16| 16| 16
| alatalalal 2ajatatayr 2l Vot ot o) St
Case 10 | 75|35|16|16|10 | 10 |10 |10 |10 | IO

Table 3-3 Typical Power Distributions (discrete probability density
functions) for Power Combining Evaluation.




Case 1
Cese 2
Cese 3
Case L4
Case 5
Case 6
‘Case T
Case 8

Case 9

Case 10

Power Combining Inefficiency (percent)

Computer Simulation Model

Series Corxbining Pargllel Combining

.88 .86
2.31 2.2k
3.13 3.0k
2.61 2.52
7.3 7.07
10.83 10.51
12.05 L.75
7.68 T7.51
3.98 3.87
2.62 2.55
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Closed Form Model
(Series and Parallel)

K
2.2
2.86
2.3
6.77
10.00
11.05
6.9
3.67
2.4

Table 3-4 Power Combining Inefficiency for Typicel Cases using Computer

Simulation Model and Closed Form Model.
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Figure 3-21 Power Combining Inefficiency versus Power Range (Ratio of
P mle nin) assuzing Uniform Power Distribution.
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rectenna design and must be evaluated in detail. Two particularly signi-
ficant conclusions are derived from these cases: (1) there is little
diff-rence in power combining inefficiency with series and parallel com-
bining for the microwave power rectifier considered and (2) the closed
form model results are extremely useful in evaluation of power combining
inefficiency due to incident RF power differences.

3.4 POWER MODULE SIZE CONSTRAINTS

Most of the effort in this program was expended in developing the methodo-
logy ¢ power combining, developing the necessary closed form and computer
simlation models of the RF to DC conversion circuitry and in compering
series and perallel combining for a variety of power demsity distributions.
However, we did make a rrelimipary eveluation of the impact of our results
on SPS power efficiency and buss bar networiing. These results are presented
in this section, along with our simplifying assumptions.

The power density incident on each receiving element varies for three

main reasons: 1. the power beam has a wide taper over the rectenna area,
2. diffraction from the top edge of the serrated rectenns results in a
vertical variation of power demnsity, 3. DPropagztion induced variations
across the 10 km power beam. The first two factors are resscnably well
quantified, while the third is expected to be relatively small although not
well specified to date. In this work power beam taper and diffraction
considerations were taken from the JSC baseline design(h) and latest
available Raytheon a.nalysis("’ respectively.

Witk the baseline rectenna, simplest DC combining is alcng horizontal
rows with element output combined in parellel and resultant "strings" com-
bined in series. This has been always tactily assumed in Reytheon rectenna
studies. In more detailed power grid interface studies, General Electric
has recommended combining in circular or elliptical rings(z'l) (reasons
not presented in resource material available to us). Although this involves
numerous interconnections between rectenuna "slats", the spatial density of
these interconnections is probably tolerable if +the power per ring is
sufficiently large (50 megawatts per ring was proposed). Our results
indicate that this latter approach is significantly better from a power



108

combining inefficiency viewpoint, although implications on manufacturing

and assembly modularity, and therefore rectenna cost, needs to be considered.
In addition ohmic losses in conductors connecting the slats are expected

to be significant at the currents and dimensions involved.

Initially we present our evaluation of straightforward horizontal
row combining, followed by a comperison with ring combining. Our dis-
cussion will be confined to power combining inefficiency comparisons only.
Modularity of construction and power grid interface considerations have
not been evaluated. In addition, we have not included conductor losses in
this evaluation, & factor clearly limiting the baseline rectenns power
module size.

Our approach has been to emphasize the effect of the power beam taper
as this factor would be expensive to eliminate and is fairly well cuanti-
fied from previous studies. Diffraction from the serrated antenna has been
recently considered(7) but the effect depends upon row position in the
slat and width of the slat. It can be minimized by making tkhe slat wide
and by combining only in rows. Of course, column combining is needed at
some level to minimize the number of power grid interfaces. We have con-
sidered diffraction induced varistions as a perturbaticn on power beanm
taper variations. The third factor propagation induced variations have
not been adequately guantized at this time and have not been included in
our work. While these effects will usually be small, during periods of
atmospheric disturbances the effect could be significant (e.g. local-
ized thundershowers). This could particularly be a ccncern witk ring
combining over geographically separated areas. N

The power beam taper used in our evaluation is shown in Figure 3-22.
The radial row taper (y=o0) is obtained from the JSC baseline design,(b’)
with the non-radial row power density obtained from the assumed functional
dependence i.e.,

2 2 2
PD = 23e -(r/2°72) = 23e '.135(3( + y )

where r, x and y are in ¥m and FD is in mw/cma. Somewhat arbitrarily it
is assumed that at the edge of the rectenna, rows can be ccmbined over a-
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Figure 3-22 Power Beam Taper Used in Power Ccmbining Eveluation (Horizontal
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3:1 taper while near the middle of the rectenna combining is restricted

to a 2:1 taper range. Starting from the edge of any y velue, combining
is performed from 1 to 3mw/cm2, 3 to 9mw/cm2, 9 to leW/cxn2 and 18mw/cm2
to the center, as presented in the second column of Table 3-5. The range
values are obtained from Figure 3-22. Using the element spacing and known
power levels the number of elements in a row and power output per row are
easily calculated.

By linearizing the taper over the ranges indicated one can use the
power combining efficiency data presented in Figure 3-21, as the power
distribution over any combining now is uniform. Note that the power loss
(power combining inefficiency times power output per row) is nearly the
seme in power density ranges from 3 to ZI.B::M/c.m2 and is lower near the center
of the rectenna (where power taper is small) and at the edge (where power
collected is small) with our assumptions. The power combining inefficiency
averaged over the rectenna is about 1.3% in this case.

However, the power output per row is only 1 to 19 KW. If 1 MW power
module are desired, the rectenna slat width gets prohibitively large at the
edges of the rectenna (= 50r). In addition the 1 MW power module would
probably operate at ~ 1 kV and 1 kA. Conductor losses are expected to
be intolerable at such high current levels with the baseline elements.

That is, an additional conductor buss would be required to accomodate such
high currents.

It is clear that even with more modest power module sizes of 100 Xw,
numerous columns must be combined, so that diffractian induced variations
will cause an inecreased power taper. While nct included in our -quantitative
evaluation such a factor must be considered in further studies of row
combining,

For combining in concentric elliptical rings, the power combining
inefficiency is appreciably reduced for any sized module, at an expense
of rectenna slat interconnection and decreased rectenns medularity. In
fact, for any conceivable power module size, the power combining inefficiency
due to power density differencés becomes negligible if complete concentric
ring combining is used. For example, if 50 MW modules are considered,
the rectenna is divided into 100 concentric rings of average width of 50 =.
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More precisely the width of the ring varies from 260 m at the center of
the rectenna, to 41 m at a 1 km radius, to 29 m at 2 km radius, to 28 n
at 3 km, to 6T mat 4 km, to 260 m at the 5 km rectenna edge with the
taper in Figure 3-22. The outermost ring would have a power comhining
inefficiency of only 0.3%, with a rapid decrease toward the center. The
power loss over the rectenns would be below 0.1%. Naturally the effect
would bave to be reevaluated if pie sections were considered instead of
complete rings.

We conclude that the power combining inefficiency is of considerable
importance with row combining and will affect rectenns modularity and
construction technique (continuous construction less desirable than "bill-
board" type comstruction and assembly). Ring combining is certainly
preferred from the viewpoint of power combining inefficiency due to power
beam taper but propagation induced variations mst also be considered.

In addition, conductor induced losses must be considered, from the rectenna
element level to the power grid interface. It is clear that a major effort
is needed to properly consider the multitude of factors involved in this area
of rectenna design.
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4.0 SUMMARY AND FUTURE DIRECTIONS

The list of key accomplishments of our program have been summarized in

Section 1.3 ¢f our report and described in detail in Sections 2.0 and 3.0.
These accomplishments can be summarized concisely as follows:

DIRECTIONAL RECEIVING ELEMENTS

Delineation of Desirable Characteristics for Rectenna Receiving Element
with Comparison of Viable Alternatives (Sec. 2.1).

Design and Analytical Evaluation of Printed Circuit Implementation

(Sec. 2.2.1).

First Order Electricel Design of Yagi-Uda Elements with Delineation of
Pradeoff of Gain, F/B Ratio and Size (Sec. 2.2.2).

First Order Design of Eight Rectenna Elements with Comparison of Advantages
and Disadvantages (Sec. 2.3.1 and 2.3.2).

Preliminary Cost Analysis Indicating That Directional Receiving Elements
Lower Overall Rectenna Costs with Either Baseline Type or Printed Circuit
Implementation (Sec. 2.3.3).

POWER COMBINING EVALUATION

Implementation of Computer Model of Baseline Type Conversion Circuitry
Using General Purpose Non-Linear Program (Sec. 3.1.1).
Closed Form Models of Conversion Circuitry Developed (Sec. 3.1.2).
Development of Methodology of Power Combining Inefficiency Eveluation
(Sec. 3.2 and 3.3.1).
Power Combining Inefficiencies for Series and Ferallel Combining Evaluated
with Comparison of Results with Computer Simulation and Closed Form
Models (Sec. 3.3).
Impact of Power Combining Inefficiencies on Power Module Sizing and DC
Buss Network Evaluated (Sec. 3.U4).

Although the program has been geared toward obtaining results useful

for current SPS system definition, there are a number of extensions of this
program which should be considered at this time. These are outlined as
follows:
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DIRECTIONAL RECEIVING ELEMENT EXTENSIONS

o The Yagi-Uda receiving element analysis indicates that eppreciable
"rectenna cost savings can be expected. More design is needed to arrive
at more rigorously obtained electrical parameters, thus replacing the
first order parameters given in Table 2-8 and discussed in Sec. 2.2.2.

* Consideration of alternative Yagi-Uda designs besides the three and
six element designs evaluated to date.

» Structural design is needed to evaluate the mechanical advantages and
disadvantages of printed circuit implementation, as well as delineate
the advantages of eliminating the ground plane mesh as considered
feasible with Yagi-Uda elements with high F/B ratio.

* Development of a small array test structure for experimentel evaluation

of the Yagi-Uda rectenna element.
* Further considerstion of alternative antenna elements. Backfire arrays
should be considered as an alternative to the higher gein Yagi-Uda arrays.

POWER COMBINING EVALUATION EXTENSIONS

+ Use of closed form model results in evaluation of alternative IC buss
networking alternatives (instead of row based or complete ring based
designs).

+ Use of computer simulation model to optimize device characteristies for
low, medium and high power levels, including performence and reliability

factors.

+ Extension of computer simulstion model and modification of closed form

. anslytical models to evaluate methods of reducing harmonic reradiation.

+ Use of closed form and computer simulation models in evaluating effects
of transient loads on the spectrum of rectenna element reradiation.

* Use of closed form and computer simulation models to evaluate effects of
device and circulit parameter toierances.

These extensions are needed to reduce projected rectenna costs with
innovative electrical and structural design, to properly interface the rec-
tenna with the power grid and to evaluate an important envirocmmental impact
of the SPS (reradiation from rectenna).
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