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3 ABSTRACT

Severe crowding of the radio frequency spectrum and of the geostationary
orbital arc, coupled with NDoD requirements for increased bandwidth, motivate a
transition of future MILSATCOM systems to cperating frequencizs between 20 and
50 GHz (EHF). The identification of potential users, the frequency selection
process and the transitional architecture are the focus of DCA/MSO studies.
This report, prepared in support of the DCA/MSO Frequency Selection Workiug

Group, assesses the technology necessary to support MILSATCOM evolution to EHF.

The technology assessment delineates the present, near term (3-5 years)
and far term (6-10 years) availabilities of the major MILSATCOM subsystems.
The major subsystems and systemic requirements are derived from strawman
systems defined by the DCA/MSO Frequency Selection Working Group. The specific
subsystems assessed include low-noise receivers, RF power amplifiers and
antennas for fthe space and ground 3egments. The antenna gain limitatioms at
EHF imposed by antenna surface accuracy and tracking accuracy are also addressed.
As rain attenuation at EHF impacts system design and technology requirements,
a global rain attenuation model is presented and the related issues of system

availability, duration and impact of rain outages, and site diversity are

WS

assessed. Finaily, recommendations are presented fc~ technology development

efforts and further studies necessary to support future EHF MILSATCOM

G

deployment.
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1. INTRODUCTION

1.1 Background
Current U. S. MILSATCOM systems operate in the UHF (240-400 MHz) ard 8/7

GHz bands, and share these bands both with other satellite services and exten-
sive terrestrial systems., The MILSATCOM terminal ihventory includes (in
addition to fixed earth terminals) aeronautical, maritime and mobile earth
terminals. The UHF band is allocated for Fixed and Mobile service (teries-
trial), and Mobile~Satellite service in this band is recognized only by a
footnote to the Allncation Tables. The proliferation of UHF networks through-
out the world is ex-ensive and mutual interference between MILSATCOMs and
terrestrial services is a serious problei in this band. The 8/7 GHz band is
allocated for Fixed-Satellite service and is also shared with terrestrial
systems. Mobile-Satellite service in the 8/7 GHz band is not in conformance
with the International Radio Regulations and th2 operation of mobile-satellite
terminals in this band must be on a noninterfering basis with the allocated
users. Thus, MILSATCOM operation in the UHF and 8/7 GHz bands requires inten-
sive frequency management on a global basis and is increasingly more difficult
to coordinate. In addition, due to the increasing numbers of satellite systems
vying for geostationary orbit locations in these bands, crowding of the orbital
arc is increasing and desirable geostationary-orbit positions are becoming more
difficult to obtain.

Coincident with this crowding of the radio frequency (RF) spectrum and of
the geostationary orbital arc, is a growing rejuirement within the DoD for
increased bandwidth. Projected capacity requirements show the nced for greater
bandwidtn to accommodate higher data rates for data relay and increased numbers
of satellite circuits for mobile users. Another significant bandwidth require-
ment stems from the longstanding, unsatisfied need for anti-jam (AJ) protection
for MILSATCOM users, particularly for small mobile terminalg. The AJ limita-
tions of emall terminals in the UHF band has long been recognized as well as
the need to move to higher frequencies. Although the particular AJ modulation

techniques to be implemented (pseudonoise or frequency hopping) are current
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issues the ueed for wide, contiguocus bandw.dths for spread-spectrum modulation

is fundamental.

In view of these problems, uncertainties and unsatisfied needs, the evolu- ,
tion of MILSATCOM systems to higher frequency bauds is evident and is the focus
of current DCA/MSO studies. In" particular, the DCA/MSO EHF Working Group on
Frequency Selection for future MILSATCOM system architecture explored the
potential benefits of the EHF frequency band as an adjunct to the UHF and 8/7 ;

CHz bands. The specific objectdives of the Working Group were:

1. Identify factors which make operation at EHF attractive (i.e.,
capacity, AJ and LPI (low prcbability of intercept)).

2, Idenzify potential users of the EHF bands %ased on their current

and projectec unsatisfied needs.
3. Match candidate EHF bands to potential users.
4, Assess EHF technology for both the ground and space segments.

This report, prepared in support of the DCA/MSO Frequency Selection Working
Group, addresses the EHF technology issues.

1.2 EHF Frequency Bands

The selection of higher frequency bands for MILSATCOM use is based on
Internationa. and U. S. Government frequency allocations, available bandwidth,
competing services, propagation effects, state of the technology and the unique
communication’ needs of the DoD community. Table 1.1 lists the potential EHF
bands for MILSATCOM use based on current U. S. frequency allocations for

M ey e 8 %

Government use. Algo included in Table 1.1 are the current U. S. proposals for

v .
GWARC-79 regarding these frequency bands. The mapping of potertial user com- )
munities into thege EHF bands, based on their capacity, AJ and LPI require- ‘
ments, is the task of the DCA/MSO Working Group. The assessment of the propa- : 1

gation effects, as they impact this frequency selection process and future 3 {
system design, is included in this technology report.
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1.3 Technology Assessment Methodology

Techuology assessment is one of the tasks conducted by Lincoln Laboratory
in support of the DCA/MSO. The technology assesement task is directed toward
defining rhe technology needed to support the deployment of future MILSATCOM
systems., The technology assessment methodology (Fig. 1.1) first draws on
existing MILSATCOM architectu.es and studies to develop “strawman" versions of
these systems. The strawman systems are defined by frequency band leading to
UHF, X-band, FHF, etc., strawman MILSATCOMs and corresponding technology
assessments. From the operations requirements of the strawman system, the
performance characteristics of the major subsystems are defined. In parallel
with the characterization of the MILSATCOM system, a relevant technology base
is established from a survey of operational systems, the current state~of~the-
art, on-going research and development, and estimates and projections of future
technology developments. Next, the strawman subsystem requirements are assessed
vis~a~vis the technology data base to determine areas of deficiency. Iimally,
specific areas warranting research and develcpment effort and for further study

are delineated as an input to the DCA/MSO technology development recommendations.

During the past year the technology assessment effort has been directed
toward the EHF {20-50 GHz) bands in support of the DCA/MSC Frequency Selection
Working Group. The initial effort was focused on the 30/20 GHz bands and was
published previously(ZG). This report, covering the EHF bands, is an expansion
of the previous report, both in the depth and breadth of the areas being
assessed. In particular, the emphasis in this effort has been directed toward
defining the frequency dependence and frequency boundaries of the various

competing technologies, and examining the technological limits.

1.4 "Strawman" EHF MILSATCOM

The DCA/MSO Frequency Selection Working Group, with the support of the
Military Services and Departments, has completed its tasks of exploring the
potential user communities for transition co EHF, and of matching the potential
users to specific ERF bands as dictated by their unique mission requirements.
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Current DCA/MSO studies, combining the findings of the Frequency Selection and
Modulation Working Groups, are addressing the EHF evolutionary architeccure and
will address such systemic considerations as the tradeoff between terminal and
spacecraft complexity. The scope of the technolugy assessment is quite broad
and should provide an adequate technology data base to assess the critical

areas cf technology necessary to support future system designs.

The primary reason for considering EHF is the increased available RF
spectrum. Operation at EHF, with its wider available bandwidth, affords the
capabilities for improved AJ and LPI pe:rformance, increased numbers of satel-
lite channels, and higher data rates than can be realized at UHF and 8/7 GHz.
Analyses of the frequency dependence of AJ and LPI performance, and rain
attenuation were conducted by the DCA/MSO Frequency Selection Working Group.
These findings, coupled with the potential users' mission-unique priorities
(i.e., capacity, availability, AJ and LPI) led to the mapping of the user
communities into candidate EHF bandes which are delineated in the Working Group
Report. As part of the Working Group's AJ, LPLI and propagation analyses,
strawman satellite and terminal characteristics were defined. 1t muct be noted
that these are preliminary, baseline characteristics which were adequate for
the tacks of the Working Group (i.e., system design and optimization were not
among the chartered tasks of the Working Group). Table 1.2 summarizes these
strawman EHF terminal characteristics. Note that the terminal antenna sizes
and transmitter power levels are typically less than those currently in use at
UHF and 8/7 GHz. Ncte also that the satellite antennas provide simple area
coverage beams, The tenuity of the terminal characteristics may be easily
demonstrated by considering, for example, that the use of TDMA with time-hopped
beams and average-power-limited tubes might easily allow a factor-of-four
reduction ia satellite antenna beamwidth. This reduction in satellite antenna
beamwidth could permit for FLTOPS or small multichannel GMF a reduction
either in antenna diameter from & ft. to 1 ft. (aliowing sl.aple step tracking)
or in transmit power from 500 W to 30 W (allowing solid-state transmitters).
Future system studies will address the specific design tradeoffs between
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satellite and ground terminal complexity; this assessment attempts to include

the technology which would encompass such future desigms.

1.5 Overview

There are several fuadamental factors regarding EHF technology which are
relevant to this report

1. Within the EHY band there are specific frequency limits omn

desired technology, e.g., low-noise and power FETs. d

ek ate

2. There are areas which are not technology limited, but have

technology boundaries whereby achieving a desired performance level

A)

requires a more costly and complex technology, e.g., step tracking
versus monopulse tracking.

3. Operation at EHF will entail larger separations between uplink
and downlink frequency bands (an exception being 44/40 Glz) than at

8/7 GHz, and will impact the antenna feed design, tracking accuracy

requirements and radomes.

The impact of these considerations on final frequency selection and system

design/cost analyses is beyond the scope of this report; however, these factors
are emphasized throughout this report.

The techmnology assessment is divided into three time periods which are
indicators of

Present —— “he capability of current commercial technology to
support EHF MILSATCOMS. ’

*: .
N o aiimmp s mopt iy Ay St 2 = p w2 20 6

Near Term (1984) -- the current R&D efforts at EHF and/or extrapo-

2

latfons of demonstrated technology at other frequency bands.

.
AN p
W, g

Far Term (1988) -~ projected improvements in technology contingent
-upon funded research programs.

Sipve

»
RSP

Section II addresses the availability and viability of parametric ampli-

fiers, low-noigse FETs and mixers as EHF low-noise receivers. Section [II
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assesses RF power amplifiers for the ground and space segments. In particular,

the limits on air-cooled vereus liquid-cooled and PPM versus solenoid-focused
TWTAs for the ground segment, and solid-state versus TWT amplifiers for the
space segment. The antenna gain limitations imposed by antenna surface accu-
racy and antenna tracking accuracy are addressed in Section IV. This section
also discusses the requirements for anterna tracking and radomes in relatlon to
the frequency separation of the EHF bands. Section V addresses antennas,
specifically, multiple-beam, time-hopped-beam and adaptive-nulling antennas for
the satellite, and low-sidelobe antennas for the groind terminals. In Section
VI, a global rain attenuation estimation model is presented and recommended for
uge in determining rain attenuation margin requirements. The related issues of
system availability, duration and impact of rain outages, and site diversity
are discussed to place the role of rain attenuation at EHF in proper per:pec-
tive. Finally, Section VII presents a summary of recommended technology
develcopment efforts and areas for further study.
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ITI. LOW-NOISE RECEIVERS

2.1 Background

PO

In each segment of a SATCOM system (particularly the space-to-earth
link), maximizing G/T (vatio of antenna gain to system noise temperature) is
desired to achieve the required signal-to-noise ratio with reasonable demands
on the transmitter power and antenna size of the transmitting terminal.
Providing the required G/T is a tradeoff between increased antenna gain and i A
reduced noise temperature of the receiver. Increasing the antenna gain (size)
of the ground terminals incurs the increased costs due to maintaining the -
required antenna surface accuracy and tracking accuracy*, radome requirements,
and the antenna integration for airborne and shipboard terminals. The antenna )
gain for the space segment is typically restricted by requirements on the
coverage area. The burden of achievirg the required G/T then falls on the lowu-
noise receiver for both the satcllite and ground terminals. Tiuis section
assesses the performance of currently available and projected low-noise ampli-
fier for the space and ground segments, in particular: currently available
broadband mixer/IF amplifiers and potential improvements with image-enhancement
techniques or cryogenic cooling; cryogenically-and thermoelectrically-cooled,

and uncooled paramps; a2 d rapidly emerging low-noise FET technology.

In considering desired performance levels for low-noise receivers at EHF,
the receiver's impact on system noise temperature must be considered relative
to otner noise contributions. For the satellite, the antenna is looking at the
earth background which is at a temperature of = 290°K. Consequently, the

antenna noise temperature is a significant determinan. in the systam nnlse

«' k.
temperature and limits the effectiveness of low-noise receivers in substan- 1
tially reducing the system temperature. For ground terminals operating at EHF, »
the clear-sky noise contribution due to atmospheric emmission {see Fig. 2.1)(1) T

may range from 20°K (90° elevation a.gle at 20 GHz) to 200°K (10° elevation
angle at 40 GHz). The value of sky r.ise increases significantly during rain

*Current antenna fabrication and tracking technology also impose limits on
the maxiuum achievable antenna gain and are discussed in Section IV.
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Fig. 2.1, Clear-sky thermal noise characteristics of the atmosphere
versus frequency for various elevation angles (Bismark, M. D., mean
February conditions), (from Ref. 1.)
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and approactes a maximum temperature, Ty = 275°K (e.g., for 10 dB rain atten-
uvation along the path, the sky temperature is =~ 250°K). Consequently, for EHF
ground terminals, receivers with noise temperatures of the order of 100°K
(cryogenically-cooled paramps) would not significantly improve system perfor-
mance and are not generally recommended for development. An exception would be
the 20 GHz downlink for the wideband data relay, if high elevation angles were
aiforled to reduce the noise contribution due to atmospheric emission and site

diversity were employed to mitigate the increased noise contribution due to -
raln attenuation,

2.2 Mixer/IF Amplifiers *

The simplest and most conventional receiver front end in the millimeter-
wave region is the mixer/iF (intermediate frequency) transistor—amplifier.

The single-sideband (SSB) noise figure (NF) of this basic front end may be
expressed as

NF =L, (Fip+T-1) (2.1)

vhere Lc = conversion loss of mixer

FLF = noise figure of IT amplifier
T = noise ratio of mixer diode

The noise-temperature ratio ¢f the mixer diode is a function of the IF fre-

quency and for IF frejquencies > 1 MHz, T =~ 1. Hence, for the applications of

intefest, the noise figure of a mixer/IF amplifier is essentially the product

of the mixer conversion loss and IF amplifier noise figure., IF amplifier noise W

figures of about 2 dB have been obtained for frequencies up to 4 GHz using
Ga As MFSFETS with 1 um gate lengths.

S e R LA R T

Advances in Schottky-barrier diode ¥
technology, particularly in Ga As, have made available mixer diodes with high-

cutoff frequencies (800 GHz at 0-V bias) and low Jjunction capacitance (0.1 pF),

with mixer conversion losses < 5 dB at EHF. Consequently, mixer/IF amplifiers

with noise figures of ~ 8 dB at FHF are now possible; the expected noise
figures are presented in Fig. 2,2,
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It has long been known that proper reactive termination of the image
frequency (and higher-—order product frequencies) of a mixer causes energy
converted to the image frequency to be reflected back into the mixer and recon-
verted to IF. This technique offers the potential reduction of the mixer
conversion loss and noise figure of SSB downconverters of =2 dB (i.e., ~ 6 dB
at EHF). The practical realization of the potential of image-enhanced (IE)
mixers has been brought about by the advent of high-quality Ga As Schottky
diodes, The implementation of IE mixers requires locating the redactive image
termination in close proximity to the diodes to minimize dispersion. Depending
upon the bandwidth requirement, the use of waveguide circuits may not be
possible and integrated circuit technology may be required. Reported(z)
results of an IE mixer/IF amplifier operating at 35 GHz using laminate-mode
waveguide tecl a0logy demonstrate a SSB noise figure of 5.8 dB (3.1 dB conver-
sion loss, 2 dB NF of 1.%2§HF IF amplifier, and 0.7 dB filter loss). Fig. 2.2

presents the theoretical performance of IE mixer/IF amplifier front ends and
includes the loss due to the waveguide filter which provides the image rejec-
tion and termination.

(3

It has been shown that cryogenically cooling ( = 20°K) a Schottky-
barrier mixer gives a considerable reduction in mixer noise. Experimental
results for broadband mixers indicate that in conjunction with a cooled paramp
IF amplifier, SSB receiver noise figures of 2-3 dB are prasently obtainable at

EHF; the predicted performance of these receivers is presented in Fig. 2.2,

2,3 Parametric Amplifiers

Ground terminals of satellite communications systems typically employ
parametric amplifiers (paramps) whose effective noise temperatuvre is primarily
dictated by the cutoff frequency of the varactor diode, the pump frequancy and
the operating temperature of the varactor diode. The effective noise temper-

ature (Te) of a nondegenerate paramp (SSB) can be expressed as
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) where fl = gignal frequency J
f2 = jdler frequency = fp - f1
. fp = pump frequency

M = varactor figure of merit = (Cllco)fc

C,/C, = varactor nouslinearity ratio

1’70
fc = varactor cutoff frequency
TD = varactor junction temperature

Assuming that the varactor diode cutoff frequency and the pump frequency are
fixed at the current limit of commercial technology (typically 700 GHz and 50
GHz, respectively), the achievable noise temperature is then determined by the
operating temperature of the paramp. Paramps may be generically categorized by

operating temperature (TOP) as:

a. cryogenically cooled, T0P=c 20°K %

b.  thermoelectrically (TE) cooled, T, ~ -40°C §

¢c. uncooled or TE stabilized, Top = ambient + 10°C =~ 40°C g

‘ Cryogenically-cooled paramps could achieve noise temperatures of ==75°K(2’4) ;
; (NF =1 dB) at EHF (Fig. 2.3) and would require development. However, cryo- |
I genic cooling systems require a great deal of maintenznce =ad, as previously ]
1

discussed, the low noise temperatures achieved may not be warranted at EHF (a

possible exception being the 20 GHz downlink for wideband data reiay).

Based on a survey of manufacturers, thermoelectrically-cooled paramps
could provide noise temperatures of 170 to 440°K (NF = 2-4 dB) at EHF (Fig 2.3)

and are recommended for large fixed terminals. These paramgs would represent
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Fig. 2.3. Noise figure of parametric amplifiers.
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a reasonable compromise between low-noise performance and maintenance, and are

recommended for development.

Uncooled (TE-stabilized) paramps have already been developed or are under
development at EHF., Typical examples include: 20 GHz paramp (TOP = 60°C) with
300°K noise temperature (3 dB NF) developed for SATCOMA by COMIECH Labs; 37 GHz
paraconverter (paramp/mixer/IF amplifier) with 440° K (4 dB NF) developed for
NOSC by LNR. Uncocled paramps are appropriate for motile terminals for near
term implementation and require little or no development effort; the expected
performance (1 GHz bandwidth) is presented in Fig. 2.3. Far term improvements
in paramp performance (0.5-1 dB) are predicted* based on potential improvements
in varactor quality (fc:e 1400 GHz) and solid-state pump sources (f = 100 GHz).
However, for far-term development efforts in low-noise receivers, the field-
effect transistor (FET) amplifier is recommended and is discussed in the
following section.

2.4 FET Amplifiers

The FET amplifier characteristics of gain, low-noise £igure, stability and
wide bandwidth, coupled with reliability and relatively low cost, make it an
attractive candidate for low-noise front ends for SATCOM systems. Recent FET
developments have extended the high frequenry limit making the FET amplifier a
viable candidate for EHF MILSATCOM operation and affords a technology opportun-
ity to achieve highly reliable, low cost receivers for both the space and
ground segments. Demonstrated performance of low-noise FETs includes: 2.5 dB
NF Gevice with 7 dB associated gain at 18 GHz(S); 6 dB** NF amplifier with 6 dB
gain at 30 GHz(6). Other manufacturers (Plessay and Hughes) have produced
devices having 3.0 to 3.5 dB noise figures at 18 GHz(7). Current availability
of FET amplifiers (0.5um gate length) is presented in Fig. 2.4; also included
is the anticipated performance with near-term development efforts. Note in the
latter case, achievement of a 5 dB NF at 30 GHz would provide a 2 dB improve-
ment in satellite receiver noise figure over mixer/IF amplifiers. Development

m————

*LNR, private commmication
**Hughes Research Laboratories under AFAL sponsorship. Current efforts include
development of 35 GHz amplifier with 8 dB NF.
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of low-noise FETs for use at frequencies 2 40 CHz requires davelopment of gate

lengths < 0.5 um. Efforts are underway in this area e.g., Plessey has
reported the fabrication of 0.2 ym davices with predicted NF of 4.5 dB at

40 GHz and Hughes (ERADCOM supported) has on-going development of Ga As FETs
with gates < 0.25um.

® |
noise figures of 2 dB at

For the far term, theoretical results predict
20 GHz, 2.5 dB at 30 GHz, 3.5 dB at 40 GHz for 0.25~um gate Ga As MESFETs

_(Fig. 2.4). (These results are based on the analytical optimization of material

A scha

and geometric parameters and do not address the fabrication and implementation
. proBlems.) The realization of such devices would negate the need for cooled

paramps for the fixed terminals. As regards the fixed terminals, a 1.2 dB

noise figure at 20 GHz could be achieved(s) with a FET amplifier cooled to

77°K.

2.5 Summary

Current, near—-term and far term availabilities of viable low~-noise re-
ceiver technology are summarized in Table 2.1 (cryogemically-ccoled devices are 3

omitted). Requirements for low-noise receivers can be adequately satisfied

with currently available devices, i.e., mixer/IF amplifiers for the satellite,
and TE-stabilized (TOP = 40°C) and TE-cooled (TOP = -40°C) paramps for tne

\ s
Py

LY ORANEIR

mobile and fixed terminals, respectively. Howeve., rapidly emerging low-noise

FET technology affords the opportunity for improved ceceiver performance for

[y

the satellite, and for reduced cost and maintenance for all ground terminals.

io b
o e gk e Lo £ ary i b

It would appear reasonable to employ mixer/IF amplifiers and paramps for EHF
system demonstraticns, while FETs would be implemented in an operational
> system. On-going DoD Ga As FET developments at EHF (e.g., AFAL) should be

expanded and are required, as little commercial development efrfcrt is occurring

-u\v.(x‘x»‘(«-’.m,\( o

in this frequency range. The first priority should be developinnt of devices
and amplifiers for the specific frequencies of interest, i.e., 20 (3 dB NF) and
30 (5 4B NF) GHz in the near term and 40 and 44 GHz in the far term. (If FET

developments at frequencies 2 40 GHz prove not to be commerciaily viable, IE

R e

mixers may provide a reasonable performance/cost compromise.:
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Should future system studies show that extremely low-noise figures are
desired for large fixed terminals, a tradeofi s..dy between cryogenically-
cooled FETs, IE mixer/IF amplifiers and paramps should be coanducted. 1
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I1I. RF POWER AMPLIFIERS

i_ 3.1 Background {

A, Capacity Limitations

As is typical of COMSATs operating in other frequency bands, MILSATCOMs
operating at 8/7 GHz are typically bandwidth limited, and the most optimistic 1
predictions for future allocations in that band would only maiatain the status - A
quo. At EHF the situation is significantly different in that MILSATCOM capa-
city may be initially downlink power limited. Whereas the bandwidth limitation
at 8/7 GHz is beyond the control of system architects, the power limitation at
EHF can be removed by development efforts; Long~term, coordinated development
programs for RF power amplifiers are then required to accommodate future
system growth (both in the data rates for wideband data relay and in the
1 numbers of satellite circuits for mobile users).

B. Space Segment

Supporting the required downlink capacity in a SATCOM system is a trade-
off between terminal G/T and satellite EIRP (Effective Isotropically-Radiated
Power). As discussed in Section II, there are practical limits at EHF on F

achievable system noise temperature (due to atmogpheric emission and rain
attenuation noise contributions) and antenna gain (primarily due to the com~
plexity of the required tracking capability as discussed in Section IV). It
ig then desirable to maximize the satellite EIRP which i3 dependent om its
antenna gain and RF transmitter power. A limit is typically imposed on the

VI 1T R

ST¥acingdi i, o

satellite antenna gain by the coverage area requirement of the specific user * §
compunity. In the far term, operational EHF MILSATCOMs may remove this re-
striction by employing time-~hopped narrow-beam antennas in a satellite-switched
time division multiple access (SSjTDMA) mode. However, in the near term, the

2
Q".*:‘\:;i'g{egs, - ¥

»

%
ie_a‘.
=
z

burden of supporting the required downlink capacities falls on the satellite
RF amplifier. The available RF power is dependent on the gain, efficiency,
weight and reliability of the amplifier employed. These performance charac-
teristics are determined by guch factors as: The generic device (i.e.,

22




solid-state or thermionic); the specific device technology (e.g., IMPATT diodes
versus FETs or helix versus coupled-cavity TWTAs); the number of devices 1
1 employed (single-envelope or distributed amplifier) aad the method of combining
them. There are numerous potential tradeoffs between these technologies and
they represent long-term technology opportunities at EHF. As the development
of RF power amplifiers represents the most significant hardware development at

EHF, these technology options should Le pursued in depth; recommendations are

A ke

made for specific areas to be addressed.

c. Ground Segment

In typical SATCOM systems, a larger carrier power-to-noise demnsity ratio
(C/No) 1s achievable for the uplink than for the downlink, due primarily to the }
bigher avallable tramnsmitter power of the ground terminals. Consequently,
SATCOM systems are designed to have larger uplink margine in order to iusure
that the downlink is indeed the limiting factor in determining system C/N,.
Operation at EHF may require even larger uplink margins to mitigate the atten-
uation due to rain* and thereby afford the required uplink C/No.

For fixed terminals carrying high data rate traffic to a node, it is
probably more cost effective to increase their uplink availability by increas- )
ing their uplink margin. This is a viable alternative to employing site
diversity on the uplink with its conecomitant problems of data buffering,
switchover and interruptions (the viability of site diversity is addressed in |
detail in Section VII). Assuming the uplink satellite antenna gain to be - i
dictated by the coverage area required, the increase in uplink margin must |
be provided by an increase in the ground terminal's EIRP. For large fixed

gt Al

AN,

LR

terminals, the antenna gain is limited by the artenna surface and antenna o
tracking accuracies. It is then judicious to maxjmize the available RF power,
within practical economic and technological limits, to provide the required “

a

uplink margins.

For mobile terminals, the use of site diversity is irrelevant and uplink

*
Rain attenuation margins and other EHF propagation corsiderations are
addressed in Section VII.
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margin alone* may have to provide the required availability. Antenna size is
obviously constrained for airborne and shipboard terminals. 1In additiocn,
aithough antenna tracking accuracy does not impose a 1limit on antenna gain
for mobile terminals, the cost and complexity of the required technology is

a constraint, Maximizing RF power output, within the limits imposed by the
terminal on the weight, power consumption and cooling method cf the amplifier,
is certainly indicated.

3.2 Traveling-Wave Tube Amplifiers

Traveling-wave tube amplifiers (TWTAs) have been used in the ground and
space segments of SATCOM systems since the advent of satellite communications.
There have been extensive improvements both in TWTA technology and theoreticel
analysis. TFor lower frequency or lower power applications, solid-state devices
may replace TWIAs. However, for high power requirements at EHF, TWTAs will
continue their role both in the ground and space segments. This section
adiresses the currert availability, near and long term projections, and tech-
nological limits ot TWTAs.,

A. Ground Segment

For the grcund terminals, coupled-cavity TWTAs are capable of providing
the necessary power and bandwidth required at EHF and are reasonable extensions
of current techmnology. However, the need for improved efficiency, reduced cost
and increased power in the long term will require continuing development
efforts,

1. Current Availability

A survey of domestic manufacturers of TWTAs at EHF shows the following
tubes developed by Hughes: a 200-watf, alr~cooled TW1 (Model 914H developed
for SATCOMA) operating from 30 to 31 GHz with 36 dB gaiun and 25% efficiency(g)
(A complete transmitter incorporating this tube is being integ.ated into the
30/20 GHz terminal being developed by SATCOMA.); a 100-watt, air-cooled TWT

*
For a given asvailability, the system tolerance to short delays in communi-
cations may significantly reduce the margin requirements (Section VII).

However, the margin requirements will still exceed those of "clear weather"
operation,
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(Model 913H developed for NOSC) operating from 36 to 38 GHz with 45 dB gain and
25% efficiency (This TWT was developed as a back-up for LES-8/9 communications
experinents.); a 250-watt, liquid-cooled TWT (Model 915H developed for NOSC) 1
operating over a 2 GHz band at 44 GHz with 50 dB gain and 25% efficiency. It
should be noted that other domestic TWT manufacturers do not have comparable

tubes available above 1& GHz. TWTAs providing power levels of 300 to 800 W at
(10)

A ada

30 GHz have been developed by Nippon Electric Company (NEC) for the ground )
segment of the Communication Satellite experiment (CS). Other notable TWT
developments are due to Siemens and include: a 1000-watt, liquid-cooled TWT

’ (Model RW 3010)(11) operating from 36 to 38 GHz witb 41 dB gain and 257 effic-
iency (transmitters incorporating this tube have been used in airborne (ATAL
AN/ASC-22) ai1d submarine (NOSC) communications experiments with LES-8/9); a !
500~-watt, liquid-cooled TWT (Model V—784)(12) operating over a 2 GHz band at 44
GHz with 43 dB gain and 25% efficiency (This tube has been incorporated in an
airborne terminal (AFAL AN/ ASC-28) and will be flight tested later this

year); a 1200-watt, liquid-~cooled TWT operating over a 2 GHz band at 30 GHz

hadac v mar

with 43 dB gain and 25% efficiency is under development (German Space Adminis-
tration) and shouid be available in mid-1979. These tube developments demon-
strate an adequate technology base to support EHF power amplifier requirements,

in particular for the mobile users. For the large fixed terminals, development

% AR AT A SGAS I A P o

of higher power tubes may be indicated as an alternative to site diversity for
providing required availability on the uplink. The development of TWTs with
output power > 1 Kw will require the use of solenoid focusing (the tubes pre-

AW AN T AL RS rsrg 3T 4R

viously described ems ‘~yed periodic-permanent magnet (PPM) focusing). A

|
(13) which provides 5-Kw power output

solenoid~fo:uged tube has been ‘developed
from 14.0 to 14.5 3Hz (Hughes Model 870H) and a tube is under development ;
(Hugnes ifodel 813H) with 1000-watt power output over a 1 GHz band at 55 GHz i
with 25 dB gain. The results of this survey of current TWTA capabilities are %
summarized in Table 3.1. Note that the tubes are categorized by focusing

technique, PPM or solenoid, and cooling method, forced-air (FAC) or liquid (L).
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2. Projected Availability

The projected limits on TWIA output power are dependent upon the tecnnology
of{ the constituent tube parameters, e.g., cavity, cachode and thermal designs.
The relationship between power output and frequency is aléo dependent upon
these specific design parameters. The results of a suévey of TWTA power
limitacions based on current technology 2re presented in Fig. 3.1. Although
there is some variability in these estimates they are believed to be repre-
sentative; the power output is assumed to be related to frequeucy (F) as F_Z.
Also included in Fig. 3.1 “s the estimated performance of advanced TWTAs based
on current laboratory demonstrations of 5 Kw at 55 GHz and 1 Kw at 94 GHz
(Hughes Malibu Taboratory). Note that these tubez ane experimental and de
not represent current technology. As a large-scale development effort would
be required to b.ing this technology to production readiness, this capability
will probably not be available until the 1990's.

3. Pulsed Tubes

The use of satellite-switched time division multiple access (SS-TDMA)
employing time-~hopped buams has potential application in future EHF systems.
The narrow time-hopped heams offer obvious advantages over an area-coverage
beam in reducing the size, complexity and cost of the grcund terminals, and in
imprcving the anti-jam (AJ) protection. In a TDMA system it is generally
asgsumed that. the ground terminals operate in a burst mode through a single
dedicated wideband tramnsponder; and each terminal utilizes the entire avail-
able bandwidth for the winimum time required to satisfy its throughput capa-
city. Two advantagen cre attributed to a TDMA system compared with an FDMA
system: 1) if the user's peak transmit power is proportional to the burst
rate, higher system capacity can be achieved for the same bandwidth (assuming
the TDMA synchronization, tim2 guard bands, etc. are optimized); 2) by util-
ising a narrow time-hopped beam on the satellite, additional AJ protection is
afrorded via the beam discrimination. The realization of these advantages is
predicated on the user's capability to maximize his energy per bit both

against noise and jammer signals., A typical TDMA user in an N-user system
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Fig. 3,1. RF ouwer-cutput projections: ground-segment TWTAs.
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would commuricate at the same average data rate, Rd’ as an FDMA user, but the

TDMA transmissions would occcur in buxsts at a rate equal to NRd' However, with 1
current peak-power—limited transmitters, TDMA users would have only 1/N times *
the energy per bit and 1/N times the jamming resistance of FDMA users. Conse-
quently, without the development of average-power-limited transmitters, the
potential advantages of TDMA cannot be realized. Current communications }
amplifiers (TWTAs) are typically broadband, CW devices and are peak-power- ﬂ
limited, i.e., the output power of the tube is limited by breakdown consider-
ations rather than thermal dissipation. Consequently, operation at a lower
duty cycle does not afford a proportionate increase in peak output power.
Conversely, tubes developed for radar applications (e.g., klystrons) are noted
for their peak output power at a very low duty cycle but lack the necessary
bandwidth to utilize the full transponder capabilities for the wide bandwidths
afforded at EHF. The development of EHF average-power-limited transmitters
having the required communications characteristics (bandwidth. linearity, etc.)

must be undertacen to support the future implementation of TDMA.

4. Gyrotron

The electron-cyclotron maser or gyrotron is currently in the early stages

(14, 15)

of development and offers the potential capability for producing

extraordinarily large power output at EHF frequencies (e.g., 200 kW CW at 28
GHz has already been achieved). It is included here for possible far-term
applications for large fixed terminals either for providing larger uplink
margin or for potential use in TDMA applications. The present application of

tlie gyrotron is for plasma generation and future use in communications systems

e -

will require solving the problems of coupling, propagating and radiating power

LLL PRy DR PR e 2

levels which exceed the RF-breakdown of standard waveguide components. How--

y ever, considering the gyrotron's potential, its future use in microwave appli-
cations (e.g., radar systems) is inevitable, and it remains to determine if
the gyrotron characteristics (efficiency, gain, bandwidth, etc.) are amenable
to communications usage. It is recommended that future applicability of the
gyrotron to EHF communications be studied.

'
t
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5. Summary 1

The current, and projected near~term and far~term availabilities of RF 4
power amplifiers are presented in Table 3.7. The projected capabilities for
liquid-cooled, PPM~focused TWIAs appear adequate to support the strawman

mobile terminals; the development of specific tube capabilities at the required

e

frequencies remains tc be undertaken. For air-cooled TWTAs, the projected
power capabilitity is &~ 1/2 that for liquid cooling, and further studies of “ A
specific terminal requirements and restrictions are indicated. For the large

fixed terminals, potential power outputs are available which range from a few R
kW (PPM~-focused TWTA) to tens cof kW (gyrotron). However, the cost and devel~

opment efforts asrociated with the various technologies required must be ]
assessed vis a vis alternative approaches to providing large uplink margins
ard/or to implementing TDMA. Future system studies should address these trade-
offs.

The evolution of MILSATCOM systems over the next decade affords the oppor-
tunity to develop improved RF transmitters for the ground segment. While ini-
tial demonstrations of EHF MILSATCOM capabilities may be supported by current
cummercial technology, the long-term technology development efforts tc support :
cperational deployment should address improved performance, extended life and

reduced costs. Among the specific areas warranting development effort are:

1. Incorporate latest design technology (e.g., cavity, cathode, collec-

tor, etc.) including European developments to increase power and

efficiency, ;
2. Extend tube lifetime (1000's of hours) with improved thermal designs, =
encapsulation developmeuts, etc. 3

, W

2.  Reduce costs by developing new circuit designs to simplify manufac~

turing processes.
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B. Space Segment

TWTAs have played a dominant role in space communications and, for high
power requirements at FHF, will continue to maintain a significant role. To
maintain this role at EHF, critical design improvements must be pursued to
provide long life (7 to 10 years), higher efficiencies and higher power.

1. Current Availability

A 4-vatt helix TWT (Hughes Model 1294H developed for the CS) operating
over a 1 GEz bandwidth in the 17.75 to 21.15 GHz band with a gain of 50 dB and
efficiency of 17% is the most notable example of an on-orbit TWTA at FHF.
Examples of TWT developmental models at EHF include: 5 W at 35 GHg(le)
(Hughes) and 10 W at 35-40 GHz(l7) (Watkins~Johnson Model 3638). European
efforts are currently directed at achieving 10 watts at 20 GHz and are under
development by Thomson-CSF and AEG Telefunken. The current availability of
space TWTAs is summarized in Table 3.3. Note that the 4~watt tube is the
highest power TWT flown in space (CS) at EHF. This tube has not been space
qualified to Military specificaticn nor has a tube been built at the specific
frequency band of interest. Considering the criticality of space TWIs and the
long-term space~qualification and 1lif= testing requirements, development

efforts in this area should be underway.

It is generally agreed that the practical upper-frequency limit of helix
tubes is above 40 GHz and that helix TWTAs will be available for satellite
transmitters at EHF. However, for the long term, as system requirements grow,
the need for higher output power (e.g., 2 100 watts) may arise and may only be
satisfied by the coupled~cavity tube. The coupled~-cavity TWT offers higher
output power at £ZHF (factor of 3-5 greatev than helix TWT), adequate bandwidth
for communications applications and efficiencies of 40-50%. /4n example is the
200-watt tube operating at 12 GHz with an efficiency of 4G7 which was flown on
the Communications Technology Satellite(le) (CTS). A 450-watt tube operating
at 12 GHz has been developed both by Siemens and AEG Telefunken. Design

studies(lg) have been conducted (Hughes) of 100 to 200-watt TWTs operating at
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42 and 85 GHz. Hughes is currently developing (Model 944H) for NASA a 100-watt
TWT operating at 42 GHz with 47 dB gain ené 427 efficiency. These coupled-~
cavity tube developments are summarized in Table 3.3. 1t must be noted thrat
the coupled-cavity TWT is heavier, larger and more costly than its helix
counterpart. In addition, expericuce with coupled-cavity tubes in space is
rare. Consequently, coupled-cavity TWIs will only be achievable iu the long
term and only with substantial develop<ent effort and demonstration of tube

reliability in a space enviromment.
2. Projected Availability

As was discussed in relation to TWTA power limitations for the ground
segment, the power limits are dependent on the specific technology employed in
each of the tube components., For space applications it is necessary to back
off the output power from what would be achieved for terrestrial applicatioms
because of reliability considerations. The consideration of reliability for
space particularly impacts the maximum cathode loading and operating voltages,
and the mechanical and thermal design. These parameters also affect the
dependence of tube output power on operating frequency. In addition for helix
TWTs at EHF, the frequency dependence is affected by the minimum practical beam
diameter. A survey of helix TWT manufacturers shows near term proiections
as: 40 watts at 20 GHz and 10 watts at 40 GHz (Hughes); 30 wacts at 20 GHz
(design study by Thomson-CSF); 20 watts at 20 GHz and 10 watts at 40 GHz
(Watkins-Johnson). Hughes has completed a feasibility study of developing a
50-watt helix TWT capability over the 20 to 40 GHz frequency range and plans to
start an internal R&D program this vear. This program will incorporate the
latest technology (e.g., dispenser cathodes, depressed collectors, etc.) and
most significantly will use diamond helix support rods (developed under RADC
funding). These didliond support rods provide a substantial increase in the
thermal capacity of the TWT circuit and hence in the maximum power output.
Based on these efforts, lomng-term Erggections are for 75 watts at 20 GHz and 50
2

watts at 40 GHz. A recent article predicts a maximum output power for

helix TWTs, based on European technology in terrestrial tubes, of 80 watts at
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20 GHz and 12 watts at 40 GHz, and a frequency dependence, F 8’3, under the

assumption of col.stant operating voltage. Under the assumption of a required
7-year life, design constraints were impoused, e.g., cathode loading <1 A/cm2
and beam voltage £ 6 kV, predicted power levels were 30 wacts at 20 GHz and 9
watts at 40 GHz. The survey results are summarized in Fig. 3.2, Note the
large bounds in the estimated power cutput. Although these bounds are depen-
dent upon the specific technology assumed, they also reflect considerations of
tube reliability. It is imperative that EHF space tube developments commence,
in particular, extended life tests, to assure the availability of reliable

tubes for future MILSATCOM deployment.
3. TWT Technology Developments

The technology assessment of EHF TWTAs has addressed the curreat and
projected power output with only general references to the need for improve-
ments in efficiency and reliability. However, the further development of TWT
technology must be considered as important a task as developing specific tube
capabilities based on currently available technology. Basic developments and
improvements in TWT technology provide broad support to all MILSATCOM systems
as well as to other DoD programs. SAMSO has funded programs in this area with
efforts directed toward increasing output nower, efficiency and reliability.
The goal in the SAMSO TWT relishility program is to double (30% to 60%) the
confidence level of a TWT pair (active & spare) for a 10-year on-orbit life.
Specific areas being addressed in this regard include improved production
and encapsulation processes, failure analysis and reliability assurance, and %
smproved and extended life tests. This TWI improvement program should ba :
provided expanded support and long~term continuity. Recommended areas of ‘
TWT technology development to be addressed include:

1. Multi-stage depressed collectors for increased TWT efficiency.
2. Dispenser~type cathodes for increased current-demsity loading.

3. Materials for the helix, helix support and internal zttenuator to

reduce loss and operating voltages and increase thermal capacity.
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4, Velocity tapering of the helix hoth for higher interaction efficiency

(pitch reduction) and lower AM/PM conversion (pitch increase), i.e.,
doutle~taper helix.

S. Improvements in production, testing and reliability assurance.

6. Improvements in life testing
Develop accelerated and space-simulated life tests,
Begin life-testing phase early in development program,
Develop high~voltage power supply reliability and life tests.

3.3 Solid-State Power Amplifiers

Historically, solid-state devices have long been projected as one-for-ome
replacements for thermionic devices. In space applications, this has been
essentially true with the exception of the TWTA's role as a power amplifier.
Recent developments in solid-state power devices (particularly FETs) indicate
that they may £ill this role at frequencies below 8 GHz and have the potential
for assuming this role at EHF. It is unlikely that solid-state amplifiers will
surpass TWIAc in output power or efficiency. However, solid-state devices
offer the potential for orders-of-magnitude improvements in reliability and
reductions in size, weight and voltage requirements. This section addresses
the current and future availability of solid-state power devices. The chojce
between solid-etate and IWT amplifiers can only be resolved through parallel,
competitive development efforts. It should be noted that advarces in antemna
technology (e.g., time-hopped~beam phased array) may considerably reduce the

requirements for high power in a single envelope and create a unique role
for solid-state devices.

A. IMPATT Diocdes

IMPATT diodes exhibit negative resistance at microwave frequencies and
therefore can be used as RF amplifiers. Their useful upper-frequency limit
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may be of the order of several hundred gigahertz rendering them a candidate
device for EHF amplifier applications. IMFATT diodes offer the highest poten-
tial added power of any solid-state device at EHF but have two inherent diffi-

culties. The potential high reliability attributed to solid-state devices has
only recently been approached for IMPATT diodes. The basic reason for the
difficulty in achieving high reliability is that efficient charge carrier
multiplication requires high current density across the junction, railsing the
junction temperature, i.e., maximum power output and efficieancy are achieved
just below diode burncut. Recent improvements in thermal design have somewhat
mitigated this difficulty. The second difficulty with IMPATT diodes, being
negative resistance devices, is that there is no isolation beiween input and
output. Consequently, circulators are required between amplifier stages
increasing the weight and loss. Achieving broadband, stable amplifier perfor-
mance then requires careful amplifier design. In additiom, as IMPATT diode
amplifiers are highly nonlinear, their application is restricted to angle-
modulated, single-carrier systems. However, the trend toward TDMA provides an
ideal appiication for the saturated operation of IMPAIT diode amplifiers.

This section assesses the current and projected power-added capability of
IMPATT diodes; questions regarding stability, reliability and failure modes of
IMPATT amplifiers must be addressed in future development efforts,

1. Current Availability

IMPAIT diode technology is rapidly advancing at EHF under SAMSO/AFAL
sponsorship. The most notable results to date are the laboratory demonstra-
tions of =& 1.2 watts at 40 GHz with 17% efficiency (Raytheon). These are
mid-contract results of a two~year progran with a goal of 2 watts (1.9 watts
was achieved at 36 GHz). The diodes are Ga As double-drift (essentially a
series~connected pair of single-drift diodes with improved efficiency and high
power capability) Read-profile devices. The addzd power achieved is approxi-
mately the same as the best silicon IMPATTs and the efficiency is higher than
the best silicon double-drift (DD) devices. It should be noted that the added
power capabiliry would have to be degraded =~ 57 for high~reliability oper-
ation; reliability tests are now in progress. It 18 generally agreed that
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wicthin the EHF band, added power capabiliy may be scaled as F"2 (Fig. 3.3).
Based on the 40 GHz results, IMPATTs could provide 4 watts with an efficiency

approaching 20%7 at 20 GHz. AFAL is planning Ga As Read diode development at
20 GHz with goals of added power >5 watts and efficiency >20%; this develop-
ment effort should commence immediately.

2. Projected Availability

Long~-term projections of potential IMPATT capability predict a factor of
2 to 4 increase in output power over devices currently under development
(Fig. 3.3). The realization of such devices is obviously contingent upon
research funding; commercial interest in EBF devices is curreatly negligible
and may not change in the forseeable future. The particular areas of interest

ior development, for near-term as well as far-term Improvements, include

improvements in:
1. thermal designs, e.g., diamond heat sinks.
2. profiles for increased efficiency.
3. impedance matching, e.g., integrated matching circuits.
4. higher-yleld, lower-cost manufacturing technology.
5. reliability and life testing.

B. Ga As FETs

Gallium arsenide field-effect transistors (Ga As FETs) have recently devei-

oped to the point where they are a candidate replacement for TWTs as satellite
power amplifiers at 8 GHz. Their application at 20 CHz can be realized in the
near term and they offer the potential for application at 40 GHz in the long

term. The interest in developing FETs over IMPATTs stems from the following
advantages:

1. linear amplification

2. higher efficiency
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Fig. 3.3. RF power-output projections: IMPATT diodes.
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3. wider bandwidth
4, lower noise figure

5. ease of combining

However, the availability of IMPATTs with useful added power capability across

the EHF band is a certainty and, in this band, IMPATITs will provide typically a
factor-of-fonr higher power than available FZTs. The choice of the particular

solid-state device will depend upor the operating frequency, required amplifier
characteristics (primarily the need for power or linearity) and developments

in the respective technologies.
1. Current Availahility

At the present time, power FETs have not been designed for operation at
EPF (Fig. 3.4). However, their performance at lower frequencies is impressive.
At 4 GHz, 15 watts(7) has been achieved for a single device by Bell Laboratories
(3 dB gain) and Fujitsu (5 dB gain). At 8 GHz, 5 watts has been achieved with
5 dB gain and 35% efficiency (Texas Instruments fer AFAL and NRL). A notable
example of curremt high power/high frequency capability (Texas Instruments) is
the achievement of 1.1 watts at 16 GHz with 4 dB g- . and 307 efficiency. This
device prov'des 0.85 watt, 4 dB gain and 247 ef’ :y at 18 GHz and could
provide 0.5 watt at 20 GHz (this device 1s not cpv .dzed for these higher
frequencies). Current FET devices are designed with high enough cutoff frequen-
cies so that the power-per-unit gate width falls off slowly with freguency up to
16 GHz (e.g., from 1.2 W/mm at 4 GHz to 0.9 W/mm at 16 GHz). Above 16 GHz,
device output porer will decrease as F_z. The inherent problems are in the
device fabrication and implementatior at these higher frequencies, i.e., uniform
illumination of the Jdevice without phase errors, parasitic effects aid circuit

matching to the device.
2. Projected Availability

Based on current power FET performance at 15 GHz, the realizatiou of 20-GHz

devices is assured. Under SAMSO/AFAL sponsorship, the devalopment of a 20 GHz
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ET has begun (Texas Instruments) with goals of 1 watt added power and 25%
fficiency. Simple extrapolation would predict a aseful power level of

0.25 watt at 40 GHz (Fig. 3.4). However, the fabrication and implementation
technology is not currently available to realize such devices. As no FET
development effort is now directed at this frequency band, R&D support will be
required to provide far-term availability of 40 GHz power FETs. In the far-
term, further improvements in the performance of Ga As power FETs are antici-
pated, particularly at EHF. These improvements will require innovative device
Jdesigns to yield lower thermal resistance, reductions in parasitic reactances,
more uniform drain-current distribution under thz gate, and improved impedance
matching of large gate-width devices. 1In the far term, increases in added
power of a factor of 2 to 4 (2- to 4-watt devices) are proiected (Fig. 3.4) at
20 GHz. At 40 GHz, gatz lengths much shorter than 1 um will be required to
achiieve sufficient gain. Short gate lengths have been avoided in power FETs
due to lower drain-gate breakdown voltage. Further developments in device
physics and device parameter tradeoffs will be required to achieve potential

power capabilities at 40 GH: (e.g., 1/2 to 1 watt).

C. Power Combiner Technology

The power limitations of individual solid-state devices can be consider-

ably extended by power-cowbining techniques. Possible power~combining techri- -

ques include internal package combining, external circuit combining, and

spatial or antenna combining.

In-package combining, e.g., paralleling elementary devices within one
package, should be pursued within the limits imposed by manufacturing tech-
nology and parasitic reactances on reliability and bandwidth. Currently there
is little or no e.fort directed toward power combining FETs at the chip level
and this area warrants investigation. For IMPATTs, the potential improvement
may be considerably less as it is difficult to achieve proper load sharing

between multiple negative-resistance devices.

As discussed previously, spatial or antenna combining (i.e., individual

amplifiers on each feed or array element) offers a unique role for solid-state
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devices. The anticipated device power requirements are of the order of a watt

at EHF and appropriate devices should be available with continuing development

efforts (in the near term, FETs or IMPATTs at 20 GHz and IMPATTs at 40 GHz).

The area requiring aiditional development is the study and evaluation of power-~

combining antenna performance, in particular, the degradation in antenna perfor-

mance due to phase and amplitude differences among the individual amplifiers

and due to individual amplifier failures. Testing of an 8 GHz power combining

antenna (32-element array feed for a 12-ft. Cassegrain antenna developed by

JPL for NASA) is currently in prcgress under SAMSO/AFAL sponsorship. Future

antenna development programs should address the power comtining performance of "
, the specific zntenna designs (phased array or mulciple-beam anteuna) and

sclid-state devices intended for EHF SATCOM use.

External circuit combining affords the opportraity for achieving medium
power (tens of watts) solid-state amplifiers. The primary disadvantages of
circuit power combiners are the increased weight and circuit losses. However,
the potential advantages of distributed thermal loads, reduced operating volt-
ages, higher reliability and graceful degradation* make the solid-state ampli-
fier a viable alternative to the TWITA. Circuit combiners may be generally
classified as resonant and nonresonant. Among nonresonant combiners, the
simplest to implement is an N-level binary network of cascaded 3-dB hybrids
combining ZN devices. This approach provides good heat sinking and graceful
amplifier degradation. However, the weight and cumulativ losses of the
hybrids limit the practical number of combining levels (e.g., N=4). An alter-
native nonresonant combiner is the single, N-way power divider/combiner.
While wore difficulvr to design, the single mnltiport combiner has considerable v
advantage in size aud weight over the binary combiner and maintains the grace-
ful degradation characterigtics of the latter. In resonant combiners, power
coubining of individual devices takes place in a single cavity via coupling
of the electromagnetic fialds., Resonant combiners are more compact and iight-
weight than binary combiners and may be .pplied to two-termimal devices.

However, the cavity size limits the practical number of devices to be combined

—

*
Ideally, failure of one or more devices in the combiner results in a propor-
tionate loss in output power, not in complete amplifier failure.
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(particularly at EHF) and the degradation characteristics with device failure

are not well understood. Mue to the inherent characteristics of IMPATT c‘odes,
power combining techniques are limited to binary networks and resonant cavi-
ties. The size, weight and loss penalties associated with binary dividers has
been discussed; development efforts in IMPATT amplifiers have consequently
been directed toward cavity combiners. Previously reported results include

a 5-watt, 37-GHz IMPATT amplifier (TRW/AFAL)(Zl) utilizing a cylindrical~cavity
resonator. Current efforts include a 41 GHz amplifier with goals of 10 weatts
cutput power, 10 to 15% efficiency and 7-year 1ife (TRW/AFAL). This program
will investigate the performance characteristics of rectangular as well as
cylindrical cavity combiners and will emphasize reliability and failure-mode
analyses. A similar effort is planned at 60 GHz using 5i DD IMPATTs (Hughes)
with a goal of 5 watts using a rectangular-cavity combiner. For FETs, non-
resonant combining techniques may be applied and have been demonstrated at
X-band. Recent developments include combining 12 FETs in a radial combinet(zz)
with a combining efficiency of 907 over a 307 bandwidth at 8.5 GHz, and combin-

ing 6 FETs in a planar network(23)

with a combining efficiency of 807 over a
407% bandwidth at 10 GHz. Future projections(24) predict a 40-way radial com~
biner providing 100 watts over the 8-12 GHz band. Development of power combiner
networks for FETs is a current SAMSO/AFAL program (Raytheon). The initial

phaase will study combiner rechnology applicable to combining up to 20 devices

at frequencies up to 20 GHz. It is assumed that the on-going FET developmenta
at 20 GHz will be time-phased with this effort. Future developments must

address the viability of FET combiner techniques at 40 GHz.

A Wefa N Y G spva b G B sy

3.4 Summary

1. Ground Segment

For the ground segment, an adequate TWTA technology base eaists to support
proiected CW high power aaplifier requirements (Table 4.2). An exceptionn may be
for terminals restricted to air cooling with a concomitant restriction on out-
put power. Otherwise, liquid-cooled TWTAs offer adequate power capability to
support mobile terminals. For large fixed terminals, the potemtially available
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power ranges over orders—of-magnitude (1-100 kw): however, the cost and devel-

opment efforts associated with the various technologies must be assessed.

Detailed s ’stem studies must be conducted to delineate the required tube capa-

bilities and the development of specific TWTAs undertaken. In these TWTA

developments, incorporation of the latest technology and cost-reduction pro-

cesses must be emphasized. As regards the future implementation of TDMA and

time-hopped-beam satellite antennas, the development of average-power-limited

TWTAs is regquired to achieve the potential advantages.

2, Space Segment

The potential availability of both solid-state and TWT power amplifiers

at EHF affords the opportunity to employ the optimum device for the specific

application. This competition between solid-state and TWT devices is not only

on a one-for-one replacement basis. While there are medium power requirements

(10 to 20 watts) where this is true, there are also unique applications for

each., Requirements for higher power (100 watts) in a single envelope (e.g.,

wideband data relay users) will beat be served by TWTAs. Requirements for B

individual pewer amplifiers (1 watt) on each feed or array element (e.g., ;
time-hopped bear.s for mobile users) would best be served by solid-stcte devices.

Consequently, parallel development efforts are recommended in both areas. The

potential RF amplifier availabilities for these technologies are summarized in g
Table 3.4. As regards TWIAs, development of a 20-watt TWTA operating at 20 GHz é
should be undertaken immediately to insure the achievement of high reliability. é
The capability of helix TWTAs at 40 GHz should be studied and appropriate devel- g
opments undertaken. Development efforts (SAMSO/AFAL) directed at IMPATT and §
FET devices and related combiner technology should be expandad znd provided 4 % |
long-term continuity. Reliability testing must be emphasized in device devel-~ f |

opment efforts to insure that increases in their power capability are not made > 1
L,
at the expense of their potential high reliability. I2velopments in combiner |

technology must also emphasize failuyre mode analysis and testing, as well as 3

Arbd,

communications performance testing (e.g., aM/PM conversion, BER, etc.).
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IV. ANTENNA GAIN LIMITATIONS

4.1 Background

Gain is perhaps the key performance parameter of single, pencil-bea:
artennas. The desirability of maximizing the antenna gain to increase E.
G/T and AJ parformance is obvious. This section addresses the gain limi: .
on parabololdal reflector antennas operating'at EHF as imposed by curren:

antenna technology.

The gain of an aperture antenna is commonly expressed as

4TA
G=n —_—
(=)

where G = antenna gain (numeric)
n.. = overall antenna efficiency
A = aperture area
A = free~space wavelength

The parenthetical expression in Eq. 4.1 represents the maximum theoretical ool
The antenna efficiency, N represents the percentage of the aperture arca a2
is effectively used and is the product of the various efficiency factors whi:h

reduce the antenna gain. For a circular aperture, it follows that

C = —111—)- ’ (L0
ﬂT ) NH. o)

where D i8 the diameter of the aperture. For the paraboloidal reflector

*
antennas to be discussed, the total efficiency can be expressed as

N = " "s"g"% ks

where n, = aperture illumination efficiency

1

* .
Other aperture efficiency factors are often included; these represent the
dominant ones.
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ng = (1 - spillover loss)

ng = (1 - aperture blockage loss)

ny = (1 - cross-polarization loss)

n = reflector dissipative and/or leakage efficiencies
Npg = reflector surface accuracy efficiency

The overall antenna efficiency is typically in the range .55 < Tip < .75, where
the lower value is representative of stanlard commercial reflector antennas

and the upper value repvesenirz high efficicncy, shaped reflector systems.

The efficiency factors delineated above are primarily dependent on the
reflector geometry and feed horn design and, hence, are not dependent on the
operating frequency. An exception is the refle~zor surface accuracy which is
fixed by curreunt manufacturing technology aud consequently, imposes an upper
limit on the maximum useable frequency and corresponding maximum antenna gain.
In an analogous marner, antenna tracking accuracy* which is fixed by current
technology, the operating environment and platform dynamics imposes an upper
limit on the maximum operating frequency and antenna gain. It is antenna
surface accuracy and antenna tracking accuracy which are the dominant, fre-
quency-depeadent antenna gain factors and which limit che achievable gain for

antennas operaiing at EHF frequenciles.
The following sections contain:

1. a review of the. loss relationships between antenna gain and

surface and tracking accuracy.

2. the current state-of-the-art in these areas and the concomitant

gain limitations.

3. a brief assessment of the current technology in radomes.

* Antenna tracking accuracy is not commonly included in the antenna efficiency
budget as it does not represent a loss in antemna gain in the rigorous sense;
i.e., the antenna gain is unchanged, only the realized gain is veduced in an
operational situation.
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4. csiimates of the technological 1imits on antenna gain imposed

on large, ground-based jammers.

5. recommendation for further studies or improvements in the

technology

4.2 Antenna Surface Accuracy

Al Loss Relationships

Antennas with gain greater than about 40 dB are almost always reflector
surfaces illuminated by a feed. This is because of either economic considera-
tions or technical limitations. The surface accuracy of a reflector antenna
limits the maximum achievable gain; i.e., the achievable gain is maximum, Gm, in
the sense that for a given surface tolerance and antenna diameter, increasing
the operating frequency increases the antenna gain until it equals Gm. Further
increasing the operating frequency will actually decrease the antenna gain.

This section first reviews the relationship between surface accuracy and antenna
gain. Next empirical relationships between surface accuracy and antenna diameter
are presented bagsed on current technology. Finally, the corresponding antenna
gain and diameter limitations imposed by the technology are discussed.

The galn of a parabclic reflector antenna, taking into account the loss

25
due to antenna surface accuracy, may be expressed as( )

(%)
D 2 - A
G =n (—7') e (46.4)
where n is the antenna efficiency when e¢»0 and ¢ is the rms reflector surface
accuracy. The effect of surface arrors on the radiation pattern(zs) is shown
in Fig. 4.1 for a circular aperture with tapered distribution*. Shown are the
cxpected power diffraction and scatter patterns for mean-square phase errors of
0.2 and 1.0 corresponding to tolerance gain losses of 0.9 and 4.3 dB, respec-
tively. The complete radiation pattern is the power sum of the diffraction and
scatter patterns. Note that the diffraction pattern is reduced by the exponen-
tial tolerance factor and that the energy lost appears in the scattered pattera.

#Aperture fleld distribution of the form (1-v2), where v is the normalized
aperture radius,
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Fig. 4.1. Effect of refloctor surface accuracy on antennad radiation
pattern.
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The exponential loss factor of Eq. 4.4 may be expregsed as the loss in

gain
2
AG = -686 % (dB) (4.5)

Eq. 4.5 is plotted in Fig. 4.2. A typical goal for antenna surface accuracy is
1/32 corresponding to a loss of 0.7 dB; a typical upper limit is A/16 corres-—
pondiag to a loss of 2.7 dB. Gain loss versus surface accuracy is presented in
Fig. 4.3 with the frequencies of interest as a parameter. Note that at 8 GHz
and AG< 1 dB, € must be < -050 in. and is representative or current commercial
production of paraboloid reflectors with D = 80 ft. or less. Note that at EHF,
£ must be < ,015 in. for AG < 1 dB.

B.  Current Technology

Antennas having diameters < 4 ft. are one-piece reflectors and the cur-

ently achievable surface accuracies for antennas of this size are presented in

Table 4.1.
Table 4.1
CURRENT ANTENNA SURFACE ACCURACIES (D<4 Ft.)
Surface Manufacturing
Accuracy (in.) Technique
.025 Standard stamping or spinning
.012 Precision spinning or molding
.005 Machined casting or molding

Ir accordance with the results of the previous section, the desired surface
accuracy 1s achievable; the most cost-effective manufacturing process remains

to be determined.
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ANTENNA SURFACE ACCURACY IN WAVELENGTHS{e /)

Fig. 4.2. Loss in antenna gain versus antenna surface accuracy in

wavelengths.
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Fig. 4.3. Loss in antenna gain versus antenna surface accuracy with

frequency as a rarameter.
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Antennas having diameter >:8 ft. are typically fabricated from panels
and the factors contributing to the operational antenna surface accuracy

include:

1. Manufacturing €actors

’ Panel fabrication
. Backup structure fabrication
. Antenna assembly

2. Envircnmental factors

. Wind loads
. Thermal gradients
. Gravity

The achievable antenna surface accuracy is of course dependent on the manufac-
turing process but, for a given process, is related to the autenna diameter.
Empirical relationships of the form e/D = constant (K) were derived from a
limited data base and are presented in Table 4.2 with comments on the relative
availability of the corresponding technology. Substituting the relationship
between antenna diameter and surface accuracy irto Eq. 4.4, yields for the

antenna gaia

1D 2 D 2
5 = 10 log (n) + 20 log (-{) - 686 K ('x‘) (dB) (4.6)

Eq. 4.6 is plotted in Fig. 4.4 with the empirical values of K as a parameter
for an assumed antenna "efficiency" (n) of 55%. The limiting effect of the
antenna surface tolerance on antenna gain is evident. Note that the maximum
achievable gain results in a gain loss, AG = 4.34 dB (¢/A = .08). This loss
in gain is unacceptabie as it represents an Inefficient use of antenna
aperture (a gain loss < 1 dB is usually tolerable®,
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ANTENNA DIAMETER IN WAVELENGTHS (D/))
Fig. 4.4. Antenna gain limitations due tc antenna surface accuracy.
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C. Summary

For the present discussion, 40-ft. diameter ancennas are the largest being
considered for EHF operation. Table 4.3 presents the gain loss for a 40-ft.
antenna based on the available technology. Note that adcquate surface accuracy
cannot be achieved even at che limit of current commercial technology (i.e.,
based on potential improvements in tie manufacturing and assembly techniques
employed for 8/7 GHz antemmas). More than adequate surface accuracy is achieved
for radio telesceopes but this technology is not currently applied to SATCOM
terminals. The required surface accuracy falls within these bounds and new
technology requires development. Further improvemants in commercial technology
will require new structural and thermal designs. As the wind and thermal loads
are major contributors to the surface accuracy of exposed ante: .as, the use of

radomes may offer a viable alternative.

In summary, for smali mobile terminals, the required antenna suarface
accuracy (.012 in.) can be realized with refinements in current manufacturing
techniques; the most cost-effective process remains to be determined. For
large fixed terminals (D =~ 40 ft.) improvements in current fabrication techni-
ques will not provide adequate antenna curface accuracy. A study must be
undertaken to assess the cost and performance tradeoff between the development

of new fabrication techniques and the use of radomes.

4.3 Antenna Tracking Accuracy

A, Loss Relationships

Antenna tracking accuracy, the accuracy with which the peak of an anten-
na's beam can be directed toward a source or receiver, limits the maximum
reaiizable gain. The achievable gain is maximum, GM’
given antenna pointing accuracy and operating frequency, increasing the antenna

in the sense that for a

diameter increases the antenna gain until it equals GM' Further increasing the
antenna diameter will actually decrease the realized gain in an operational
situation. This section reviews the relationship between antenna tracking loss

and antenna tracking accuracy and beimwidth, surveys current tracking accura-
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cies for the various platforms and assesses the concomitant antenm: gsin

limitatioas.

The gain of a parabolic reflector antenna, taking into account the loss 1

due to antenna tracking accuracy, may be expressed as(26)

\ 2
3

2
G =n (11;’-) e (4.7) .

where AG

b

1§

antenna tracking accuracy
93 = antenna half-power beamwidth

The exponential losg factor of Eq. 4.7 may be expressed as the loss in gain

A6 = 12 (-33)2 (dB) (4.8)
3
The above parameters are pictorially presented in Fig. 4.5. Eq. 4.8 is plotted
in Fig. 4.6. A reasonable limit for antenna tracking loss under required
operating conditions is 1.5 dB, corresponding to a tracking accuracy of approx-
imately one-third the half-power beamwidth (AG/03:= 1/3). The half-power beam-
width of a paraboloidal reflector may be approximated as

_ 10
93 =-3 (4.9)

-

Substituting Eq. 4.9 into Eq. 4.8, yields for the antenna tracking loss

AG = 1.76 x 107> [0 +D - F]?>  (dB) (4.10) .

where F is th2 operating frequency. Note that for a fixed antenna diameter
aad tracking accuracy, the antenna tracking lose increases as Fz. Of more

relevance, i1f it is desired to use the same diameter antennas at EHF as at

8/7 GHz (e.g., “or AJ, LPI or margin improvements), the trackiag accuracy
nust improvs in proportion to the increase in operating frequency to maintain

a aspecified tracking loss. Eq. 4.10 is pletted in Fig. 4.7 with the frequencies
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18-6-19569 ANTENNA 4

POINTING VECTOR
AG~/ ASATELLITE

/
A POSITION VECTOR

7'§<AG

/

N
AN N

| N2
AG = ANTENNA TRACKING LOSS =12 (-5-3-) (dB)

A6 = ANTENNA TRACKING ACCURACY

65 = ANTENNA HALF-POWER BEAMWIDTH

Fig. 4.5. Antenna tracking loss.

61



LOS3(dB) =12 (A6 /6,)° 1
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Fig. 4.6. Loss in antenna gain versus antenna tracking accuracy s
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LOSS IN ANTENNA GAIN (dB)
o

0. 1 Lt 1 i 1.1 . 1 1 | I— |

2 3 L] 7 10 20 30 50 70
ANTENNA TRACKING ACCURACY- DIAMETER PRODUCT,
AB°D(deg.-in)

Fig. 4.7. Loss in antenna gain versus antenna tracking accuracy-
diameter product with frequency as a parameter.
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of interest as a parameter; the functional relationships discussed are evident.

B. Current Technology

The factors contributing to the overall antenna tracking accuracy include
1. Fundamental factors

. aAntenna beamwidth

. Antenna servo systems
2. Operational factors

. Platform Dynamics

. Environment

* Windloads
* Thermal gradients

Neglecting platform dynamics and envirommental effects (primarily wind loads),
antenna tracking accuracy is limited to either a few hunuredths of the antenna
half-power beamwidth by the angular sensitivity of the tracking feed or few
thousandths of a degree by the angular resolution of the positioning subsystem;
in these cases, the antenra tracking capability would be considered to te
beamwidth limited or servo limited, respectively. However, for mobile term~
inals and for exposed fixed terminals, the platform dynamics and wind lcrads

are the limiting fa.tors om tracking accuracy. The antenna tracking accuracies
presented for typical MILSATCOM terminals reflect these operational limita-~

tions.

Current antenna tracking capabilities were assessed from terminal spec~
ifications, manufacturers' analyses and estimates, and discussions with appro-~
priate DoD agencles. Tracking accuracy data based on operational experience
was not obtained and should be collected to :ompare in situ performance with
specifications and estimates. Note that in some cases, the tracking capabil-
ities reported do not represent technological limits but rather represent
adequate tracking accuracies for the antenna beamwidth involved (typically
8/7 GHz terminals). In these cases, incorporation of an EHF tracking
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subsystem would improve the anteuna accuracy to the limit imposed by the plat-

form dynamics, environment or antenna servo system. 1

1, Satellites

The typical pointing* accuracy of spin and three-axis stabilized satel-
lites i3 0.2°, e.g., DSCS-II** and DSCS—III(27). The tracking loss relation-
ship given in Eq. 4.8 is more applicable to ground terminals, as the tracking

error is associated with the peak of the antenna's beam. For tﬁe satellite,

e Aade

when vegional coverage is required, the tracking error must be considered at
the beam angle associated with the edge of that region. For a specified
relative gain level, P(¢), at the edge of a coverage region defined by the
beam angle, ¢, the tracking loss is

2
AG = 12 P—gﬁ] - P($)  (dB) (4.11)
3

As an example, the previously discussed criterion of A0/03 = .35 corresponds to
a tracking loss of 1.5 dB when the tracking error is associated with the peak
of the beam; when assnciated with the 3 dB contour of the beam, the tracking
loss is 5.7 dB (i.e., minimum relative gain = -8.7 dB). The assessment of the
required satellite tracking accuracy is then dependent on the specified rela-
tive gain at the edge of the ccverage area and the acceptable additional loss
due to tracking accuracy. As operation at EHF will afford the opportunity for
narrower beamwidth antennas (particularly MBAs and time-hopped beams), the

requirements for satellite pointing accuracy will become more striagent and may

require significant improvements in open-loop satellite pointing. For such
antennas, a viable alternative is closed-loop tracking of the uscr terminal.
Closed~loop tracking can provide accuracies < 0.1 of the half-power beamwidth
and has been demonstrated (.05° tracking accuracy) by the LES-8/9 36/38 GHz
reflector anteuna. Multiple beam antennas (MBAs) and adaptive nulling antennas
would have the basic controls required (i.e., beam-forming networks and

weighting networks, respectively) to perform closed-~loop tracking.

*Open-iasb as well as closed-loop tracking is considered for completeness.

** TRW Briefing to the DCA/MSO.
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2. Airborne Terminals

Antenna pointing accuracy of 0.5° uhas been demonstrated by AFAL in air-
borne communications experiments with LES-8/9. This pointing accuracy would be
adequate for antennas up to 1 ft. in diameter operating at 45 GHz. However,
maintaining reliable communications would be dependent on the accuracy of the
aircraft's inertial navigaticn system and the satellite ephemeris data. It
wiil be assumed that antenna pointing capability will continue to be used for
initial satellite acquisition and that closed-loop antemna tracking will then
be used. As regards the latter, antenna tracking accuracy of 0.1° has been
demonscrated with the AFAL SATCOM terminal (AN/ASC—22)(28) operating at 36/38‘
GHz (LES-8/9) with a 3-ft. antenna utilizing a nutating subreflector*.

3. Shipboard Terminals

Antenna pointing accuracy of 0.5° has also been demonstrated by NOSC for
shipboard terminals (LES-8/9, 36/38 SHz experiments); the limitations and
utility of antenna vointing were previously discussed. A tracking accuracy of
0.2° has been specified for the W3C-6 terminal (mast-mounted, 4-ft., 8/7 GHz
antenna with radome) and has been demonstrated on roll/pitch fixtures. It
should be noted that the tracking accuracy of the WSC~6 terminai is dictated by
the use of step-tracking technique (i.e., scanning of the entire reflector) and
is not a fundamental limjtation. It is estimated that a tracking accuracy of
0.1° could be achieved, but may require the addition of a tracking subsystem
(e.g., nutating subreflector) with a concomitant increase in cost and weight.

A tracking accuracy of 0.1° is specified for the WSC—Z(V)I(ZQ) terminal (8-ft.,

8/7 GHz antenna) which utilizes a monbpulse tracking feed.
4, Transportable Ground Terminals

intenna tracking accuracies for transportable terminals in the DSCS inven-
tory range from 0.03° for a 38-ft. antenna (AN/MSC-61)(30) to 0.2° for an 8-ft.
antenna (AN/TSC—86)(31). These tracking accuracies are based on limiting the
tracking loss at &/7 GHz to 1 to 2 dB under operational conditions and the
tracking specifications are typicaily stated in terms of the maximum tracking

*

In a Cassegrain antenna systen, the subreflector 1s offset or tilted slightly
from the fucal axis and rotated to provide a conical scanning of the antenna
beam.
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loss versus wind leads. For tactical, ground-mobile terminals (e.g., AN/TSC-86),
tracking accuracies of 0.1° and 0.2° are achleved for 20-ft. (LT-2) and 8-ft.
{LT-1) terminals, respectively. These tracking accuracies will be assumed for
the assessment of ground~mobile terminals. It should be noted that the tracking
technique employed for mobile terminals is dependent on the antenna beamwidth

in the foll.wing manner: for antenmna beamwidth > 0.5°, a step-tracking system
is typically used; while for antenna beamwidths < 0.5°, some form of monopulse

tracking is used with a concomitant increase in cost and cumnlexity.
5. Fixed Ground Terminals

A tracking accuracy of 0.02° is specified for large fixed terminals, e.g.,
60-ft. DSCS terminal (AN/Fsc-78) 32
winds up to 45 mph and for gusts up to 60 mph. The wind speed is the major

» operating without a radome for steady

limiting factor in the tracking accuracy of large, fixed terminals (e.g., for
steady winds of 30 mph and gusts to 45 mph, the tracking accuracy is ~0.01°).
Consequently, if improved tracking accuracy is required1, radomes can afford
up to a ten-fold improvement in tracking accuracy, within the likits imposed

by the antenna beamwidth and servo system.

The results of thig survey of current antenna tracking accuracies are
presented in Table 4.4. The antenna gain, corrected for antenna tracking loss,

may be expr: s;sed as

G = 10 log (n) + 20 log (%) - 2.45 x 1073 [A@(—AD-)] 2 4B) (4.12)

Eq. 4.12 is plotted in Fig. 4.8 with the current antenna tracking accuracies

as a parameter for an assumed antenna efficiency (n) of 55%. Note the limiting
effect of the antenna tracking accuracy on the achievable antenna gain. The
maximum achievable gain is realized when the gain loss, AG = 4.34 dB, as is the
case for the gain limitation imposed by antenna surface accuracy, this loss in
gain represents an unacceptably inefficient use of antenna aperture. Since
tracking losses are typically limited to 1 to 2 dB under operating conditions,

a maximum tracking loss of 1.5 dB is chosen as the criterion for aszessing
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the gain limitations.

C. Summary

Table 4.5 presents the antenna gain limits and corresponding diameter
limits for current tracking accuracies with frequency as a parameter. Note
that for antenna diameters =40 ft., the tracking accuracy required is at the
limit of current technology. 1In this case, improvements in tracking accuracy
may be necessary and, as wind loads are a dominant factor, the potential use of
radomes must be addressed. Note that for airborne terminals. the demonstrated
tracking accuracy of 0.1° will accommodate larger antennas than would be con-
sidered. For the mobile community, current technology will permit operation of
the proposed antennas at EHF. However, not evident in Table 4.5 is the tech-
nology required to provide the indicatzd performance. Table 4.6 presents
tracking accuracy requirements for a given antenna diameter with the frequen-
cies of interest as a parameter. In this table the boundaries between the
various technologies are indicated (thesa boundaries are coarse but represen-
tative). It is beyond the scope of this report to assess the cost and com-
pleaity of the various tracking systems but thece factors should be included

in system studies 25 potential iimits on terminal antenna size and gain.

4 final point regarding antenna tracking accurac: addresses the ratio of
upiink (FU) to downlink (FD) frequency. The previous discussions have addressed
the tracking accuracy requirement for a given antenna diameter or tracking loss
on an individual frequency basis, regardless of the actual link direction. This
“s valid for 8/7 GHz operation where the ratlo FU/FD=w 1 and, consequently, the
tracking losses at the uplink aud downlink frequencies are essentially the same.
Operation at. EHF, however, will entail larger ra%'ss of FU/FD (an exception
being the use of 44/40 GHz). Considering that for a given tracking loss, 246G,
at the downlink frequency, the tracking loss at the uplink frequency is (FU/FD)2
* AG, it is apparent that the specified downlink tracking loss must be much
lower at EHF than is currently required at 8/7 GHz., For example, operation at
45/20 GHz will require a specified maximum tracking loss at 20 GHz under opera-

tional conditions of 0.3 dB to limit the tracking loss at 45 GHz to 1.5 dB.
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TABLE 4.6

ANTENNA TRACKING ACCURACY KEQUIREMENTS

ANTENNA REQUIRED TRACKING AZCURACY (deg)*
DIAMETER (ft) 20 GHz 30 GHz 37 GHz 44 GHz 50 GHz
STEP TRACKING
1 1.2 0.8 0.7 0.6 0.5
2 0.6 0.4 0.35 0.3 0,25
4 0.3 0.2 0.17 0,14 0,12
8 0,15 0.1 0.08 0,07 0. 06
MORE COMPLEX TRACKING
16 0.07 0.05 0.04 0, 035 0.03
40 0.03 0.72 0.G16 0.014 0.012
BEYOND| CURRENT CAPABILITIES
*BASED ON 1,5dB TRACKING LOSS
72
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Consequ.ntly, the tracking accuracy requirement for the downlink frequency will
be more stringent in terms of antenna beumwidth (A@/03). In the above example
for 45/20 GHz, the required tracking accuracy at 2C GHz in half-power beam-
widths 1s A@/®3<<:0.16. Fig. 4.9 presents tracking accuracy versus FU/FD with
tracking loss as a parameter. Also indicaced in the figure are approximate
boundaries for various tracking technologies. These boundaries are broad as
the aclhiievable tracking accuracy is obviously dependent on factors other than
the tracking technique (e.g., tracking bandwidth, S/N, operating environment,
etc.). However, the consequence is that the ratio of FU/FD will dictate the

required tracking technology and corresponding cost and complexity.

The foregoing analysis assumes the uplink and downlink beams are coaxial.
Antenna designs are possible in which the uplink and downlink beam controls
are independent (e.g., prime~focus downlink feed and Cassegrain uplink feed
with a dichroic subreflector). Detailed system studies must address the cost/

performance tradeoffs among the various antenna feed techniques.

4.4 Radomes

The reed for radomes for large, fixed terminals to mitigate the effect of
wind loads on antenna surface and tracking accuracy has been indicated. Radomes
will also be required for airborne and shipboard terminals and are included here

for completeness. This assessment of radomes is rather limited and further
studies will be required.

A. Fixed Ground Terminals

Metal space frame radomes have been developed vy Electronics Space Systems
Corporation (ESSCO) for use up to 200 GHz. The ESSCO radome is a faceted,
truncated sphere composed of individual triangular panels bolted together to
form the structure. Each of the individual triangular panels is composed of
a thin piastic laminate membrane supported by an aluminum extrusion frame.

The electromagnetic performance of the radome relies on the spatia: distribu-
tion of the framework ac well as membrane characteristics. The environmental

specifications of this type of radcme are presented in Table 4.7. Typical
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Table 4.7

ENVIRONMENTAL SPECIFICATIONS OF METAL SPACE
FRAME RADOME (NOMINAL DIAMETER 68 FT.)

Operating wind load
Operating temperature range
Relative humidity

Ice or snow loads

Salt atmosphere

Sand and dust

Solar radiation rejection

75

150 mph

~-65°F to 140°F
0 to 100%

70 psf
MIL-STD-810
MIL-STD-210

= 907
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electromagnetic performance characteristics of a 68-ft. diameter radome are

presented graphically in fig. 4.10. These characteristics are summarized in
Table 4.8 for the frequencies of interest. Note in the table that the bore~
sight shift and noise temperature contributions are negligibile. An assessment
of the impact of the transmission loss through the radome will require consid-
eration of the surface accuracy and tr _king losses with the radome and com-
parison with the losses incurred for expor2d antennas. As the transmission
loss associated with the membrane is a function of its thickness for a given
material and frequency of interest, the membrane thickness can be chosen to
miunimize tha loss at the desired operating frequency. In particular, the EHF
band lies near a maximum in the transmission loss characteristics £ the radome
discussed (Fig. 4.10). The transmission loss can be reduced by reducing the
membrane thickness. However, this results in an increase in the number of

panels and the cost of the radome - there is an obvious tradeoff between

radome performance and cost.

A final consideration regarding radome transmission Joss is the effect of
rain, sgecifically laminar water flow on the radome during rain. Radomes are
manufactured with integrally bonded films to inhibit the formation of water
film and appropriate materials for in situ coatings have been developed.
However, the perforumance and maintainence requirements regarding rain effects.

must be addressed in radcme studies.

8. Shipboard Terminals

Radomes for shipboard (or ground) terminals are available for use at
frequencies up tc at least 4C GHz from ESSCO. These radomes are truncated
spheres moided in one piece. Two types are available: a glass-fabric-rein-
force solid laminate (L) or a lightweight sandwich construction (8) with
glass~fabric-laminate skins over a honeycomb core. Tne outside of the radome
is finished with a high-quality enamel. Both models are designed to survive
150 mph wind loacds and models are available designed for resistance to nuclear
blast. Typical transmission lcss performance of several 6.5-ft. diameter

radomes is presented in Fig. 4.11. Note at the design frequency the transmission
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logs is < 0.5 dB ( > 907 transmission) even at 35 GHz. Note also that for
the solid laminates the 1 dB bandwidth is not wide enough to accommodate even
30/20 GHz. As pointed out previously, operation at EHF entails more widely
separated uplink and downlink frequencies than previous MILSATCOM bands. As
regards radomes for shipboard terminals at EHF, exther larger transmission
losses must be itolerated if a solid laminate radome is used, or a sandwich
construction must be employed to afford dual-tuned performance. A study is
indicated.

C. Airborne Terminals

Radomes have been built and flight tested for airborne terminals which
operate at 8/7 GHz and 36/38 GHz (AN/ASC-28). This dual-band radome houses
a 3-ft. antenna and has dimensions of approximately 20 ft. x 4 ft. x & fL.
Typical transmission loss values measured after environmental testing are
presented in Table 4.9.

Table 4.9

TRANSMISSION LOSS OF DUAL-BAND
AIRBORNE RADOME (AN/ASC-28)

Transmission Loss (uB)
Average(l) Max1mum(2)
8/7 GHz 36/38 GHz 8/7 GHz 36/38 GHz
0.5 1.5 1.0 3.0

(1) Averaged over 0° to 80° antenna elevation angle and over the
frequency band.

(2) Actual maximum value within the specified elevation angle and
frequency range.
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This radome demonstrates the feasibility of designs capable of operating over
the largest conceivable band separation encompzssing EHF. Present EHF plans

require new radome designs for the specific frequencies, anteuna diameters and

operational requirements.

4.5 Technological Limits

This section briefly addresses the technological limits on antenna gain,

not as regards MILSATCOM terminals, but for large land-based jammers.

A, Antenna Tracking Accuracy

The gain limit imposed by antenna tracking accuracy may be obtained by
differentiation of Eq. 4.12, yielding (for an assumed antenna efficiency of

55%) for the maximum gain

GgAX = 35.5 - 20 log (AO) (dB) (4.13)

Under the assumptions that the wind and therm.l loads are mitigated by a radome
and temperature control, and there is no limit on attainable antenna beamwidth,
the tracking accuracy would be limited by the antenna servo system. Under
these conditions, antenna tracking accuracies of ~ 0.001° have been achieved(33)
and the corresponding gain limit would be GMAx « 95 dB. As will be discussed
next, the gain is limited in practice to much lower values. This calculation
merely shows that antemna tracking (servo) accuracy ie not the fundamental

limit on antenna gain.

B. Antenna Surface Accuracy

xamining the technological gain limit imposed by antemna surface accuracy,

Eq. 4.6 is differentiated to obtain (for an assumed antenna efficiency of 55%)

GSAX = -19 - 20 log (%) (dB) (4.14)
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However, assuming that wind and thermal loads are mitigated and assuming no
surface inaccuracies due to fabrication (i.e., panel and assembly accuracy are
cost dependent), the antenna surface accuracy would ultimately be limited by

(34) of conventional (aluminum or steel construction) radio

gravity. Analysis
telescope structures shows that the gravitational limit on ant2nna surface
accuracy is related to the antenna diameter as

2

e =4.5%10'D (m) (4.15)

Substution ¢f Eq. 4.15 into the gain expression, yields for the maximum
antenna gain

G»Snx = 61 4 10 log [F(GHz)] (dB) (4.16)
Note Zin Eq. 4.16 that the gain limit is directly proportional tu frequency.
Eq. 4.16 is plotted in Fig., 4.12, Table 4.10 presents the gain limits for the

uplink frequencies of interest.

Table 4.10
ANTENNA GAIN LIMIT DUE TO GRAVITATIONAL D1STORTION

f (GHz) GMAX (dB)* DMAX (Ft.) e {in.)
30 76 115 022
45 78 95 .015

*Assuming 55% efficiency. No radome or other losses included. ]

Note that the gain values do not include the losseg due to the required
radome, thc residual surface inaccuracies of panel fabrication and antenna

assembly, and antenna tracking accuracy. It may be concluded that a maximum
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ANTENNA GAIN (dB)
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Fig. 4.12. Antenna gain limitations due to gravitational distortion.
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achievable antenna gain of & 75 dB is representative of the technological

limit for ground-based jammers operating at EEF.

4.6 Summary

With the exception of large fixed terminals, the current technology in

antenna surface accuracy and tracking accuracy will not restrict the deploy-
ment of the antenna sizes proposed for EHF. However, the relevant issue is
the cost and complexity of the required technology and must be consideared in
determining the limiting antenna sizes. These factors are beyond the scope of
this report. Future studies should address this issue in the design tradeoff
between satellite complexity ard terminal size. The following is a summary

of the findings of this section and may be useful ia such studies.

A, Antenna Surface Accuracy

1. For D €4 ft., requirements satisfied with refinements in current

manufacturing processes; the most cost-effective process remains to be

determined.

2. For 8 ft.< D 20 ft., requirements ‘~fied at ! of current

commercial techneclogy, i.e., machined cast or moldecd panels.

3. For D > 40 ft., requirements not currently satisfied by commercial

technology; tradeoff belween new fabrication techniques and radomes.

B. Antenna Tracking Accuracy

1. Satellite: open-loop pointing accuracy (0.2°) is <=1equate for near

term; for beamwidths < 1°, closed-loop tracking may be required and has
been demonstrated.

2. Airborne Terminals: demonstrated tracking accuracy (0.1°) will

accomodate larger o~ntennas than being considered.

3. Shipboard and Transportable Ground Terminals: available technology
will accommodate planned anterna sizes; cost and complexity of required

technolog: ‘~.g., step tracking vs monopulse) should be assessed ac a
determina. -
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4. Fixed Ground Terminals: required tracking accuracy at the limit of
current technology - use of radomes indicated.

5. Dual-Band Terminals (FU>>FD): require stringent tracking accuracy

or complex feeds -~ cost versus performance tradeoff.

C. Radones

1. Fixed Ground Terminals: radome design study required including
cost/performance tradeoffs between existing and new radomes, and rain

effects.

2. Shipbcard Terminals: new designs are required to accommodzte widely
separated frequency bands; cost/performance tradeoff between solid laminate
(eingle-tuned) and sandwich (double-tuned) construction.

3. Airborne Terminals: dual-band radome design has been demonstrated;
design, fabrication and testing of radomes for the specific frequenciss,
antenna diameters and operational conditions are required.

D. Technological Gairn Limit

Technological limit on antenna gain at EHF (due to gravitatiomal
distortion) is =75 dB.
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v. ANTENNAS
5.1 Background

Advances in satellite antenna technology have upgraded the function of
antennas from their simpla role of providing a single area-coverage beam.
Current antenna canabilities can provide variable-begm and multiple-beam
coverage. The potential use of narrow time-hopred beams in a TDMA system
affords the opportunity for significantly reducing ground terminal size and
cost and/or increasing capacity. In addition, the implementation of adaptive
nulling antennas offers orders of magnitude improvement in AJ protection and
the potential for reducing terminal gize and complexity. While this advanced
antenna tachnology 18 not frequency dependent per se, the realization of high

resolutior antenna beams or nulls (e.g., of the order of 1°) is practically

impossible at UHF (e.g., 230-ft. aperture), difficult at X-band (9-ft. aperture),
and readily achievable at EHF (1.5-ft. aperture at 44 GHz). MILSATCOM operation

at EHF then affords the opportunity to implement this advanced antenna tech-
nology to full advantage and future studies should address its integration

into the EHF system architecture. This section assesses the curremt state of
this technology.

For the ground segment, antenna requirements will be satisfied by para-
bolic reflector antennas; the need for improved fabricatiorn and tracking
techniques was discussed in Section IV. This section briefly assessas the
impact of the bandwidth requirements and ingertion loss at EHF on antenna

subsystem design, and the potential use of low-sidelobe antennas.

5.2 Ground Segment

A. Antenna Bandwidth and Logs Considerations

As discussed in Section IV with regard to antenna tracking and radome
requirements, operation at EHF will entail much larger ratios of uplink to

downlink frequercy than operation at 8/7 GHz. Tris frequency separation impacts

the antenna feed and microwave couponent designs. For operation at 20/20 GHz,
the band separatior is equivalent to the 6/4 GHz tinds and terminal antenna
cdesigns cau benefit from the extensive development effort expended in the
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comrercial bands, e.g., 6/4 GHz high-efficiency feed designs, circular polar-
izers, diplexers, etc. However, this technology cannot be simply scaled due to

the tolerance requirements at FHF and some development effort will be required

e 4

- in fabrication techniques. For larger frequency separations, new feed and
component designs will be required. Another consideration for operation at EHF
is the higher waveguide insertion loss. To minimize these losses, the use of
higher-order mode waveguide is recommended. NOSC has developed and builc

oversize circular wavegide (0.5-in. ID) operating in the TE,, mode for use in

the 40 to 45 GHz band with insertion loss of =~ 5 dB/100 ft.O%compared to=x 25
dB/100 ft. theoreti:al loss for =ilver-plated, standard rectangular waveguide)
and also have developed flexible waveguide, bends, rotary joints, mode sup-
presaors, pressure barriers and trane4tions. Theee components for the 44 GHz
band should be brought to production availability and similar hardwavre should
be developed for the 30/20 GHz band. An alternative approach for the large
fixed terminals is the use of beam-waveguide techniques (multiple reflecting

mirrovs) to eliminate the waveguide and rotary joints.

B. Low-Sidelobe Antennas

One of the prime motives for the evolution of MILSATCOMs to EHF is the
available bandwidth for spread spectrum modulation AJ protection. The specific
frequency band selected at EHF ig also driven by the user's LPI requirements.
The DCA/MSO Frequency Selection Working Group addressed the AJ and LPI threats
in detail. One of the constituent parameter- of both AJ aand LPI analyses is
the sidelobe level of the ground terminal antenna. Specifically, the IPI
detection range and tolerable AJ threat levels for both downlink and uplink

- jamming (assuming a frequency-follower or repeat-back jamming threat against a
frequency-hopping, spread-spectrum system) are directly proportional to the

r terminal antenna sidelobe levels. Contequently, reductions in antenna sidelobe

levels should be investigated and shoulc be implemented within the comstraints

of reasonable cost and minimum impact on the terminal operation and performance.

It is beyond the scope of thig report to conduct such a tradeoff analysis;

areas wuartanting further study are recommended.
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In performing AJ or LPI analyses it is typically assumed that the antemma
sidelobes well away from the main beam of a standard parabolic reflactor
antenna have an average level of = -10 dBi (dB relative to an isotropic radia-
tor) with corresponding peak levels of ~ ~7 dBi. Reductions in tlese sidelobe
levels may be achieved by passive or a~tive techniques. Among the passive
techn.ques, the simplest approach is special antemns feed and feed-support
designs, but the inherent blockage due to the feed (or subreflector) and feed
supports limits the achievable reduction in sidelobes. However, rafinements in
analytic methods coupled with development efforts have led tc improved designs.
Advantage should be taken of this technology in the specification of sidelobe
levels for EHF ground terminal antennas. The more complex passive techniques
for sidelobe reduction include offset—fed reflectors (to eliminate blockage
effects) and absorber tunnels. Offset-fed reflectors coupled with appropriate
fead designe offer potentifal reductions in wide-angle eidelobes of 10 to 20 dB.
However, this performance improvement must be weighed against the cost and
operational constraints imp: :1. Absgorber tunnels (cylindrical shroud lined
with absorbing material with the antenna at one end) uay be used with standard
focal-fed parabolas and also offer 10 to 20 dB reductions in wide-angle side-
lobe levels (Figs. 5.1 and 5.2) with negligible loes in antenna gain. However,
the "optimum" tunnel length i¢ & 2/3 the antenna diameter and, consequently,
the achievable performance must be weighed against the cost, and environmental

and maintenance considerations.

Active sidelobe reduction for downlink jamming can be achieved by adaptive
sidelobe cancellation techniques (Fig. 5.3) and can provide 30 dB acdlitional
suppression of downliak jammer siguals. Extensive work has been doug on
adaptive nulling circuits Loth for sidelobe cancellation for radar applications
and antenna nulling for satellites. Considering the potential improvement in
AJ vrotection, adaptive sidelobe cancellation at EHF shouvld be investigated.

As the required circuic technology (analog or digital) is extant, emphasis
should be placed on the number of cancellation loops, design and implementation
of the auxiliary antenna, and performance evaluation,
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RECEIVER

Fig. 5.3. Adaptive sidelobe cancellation.
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2.3 Space Segment

The generic types of antennas typically employed on satellites include
horns, parabolic-reflector antennas, shaped-beam reflector antennas, arriys and
multiple-beam antennas (MBAs). Examples of these antennas in EHF satellites
include the dual-reflectcr antennas employed in the 36/38 GHz LES-8/9 communi-
cations experiments and the horn-reflector antenna providing shaped beams used
in the 30/20 CHz Japanese Com.mnications Satellite (CS). These examples demon-
strate that the requisite antenna fabrication techniques exist (e.g., 0.002-in.

_rms surfzce tolerance for the LES-8/9 reflectors) to implement current antenna
‘technology. This section addresses the potential use of phased array antennas

for the near term and time-hopped beam and adaptive-nulling antennas for the
far term.

A. Phased Arrays

To provide a single beam for spot or area coverage, the use of phased
arrays should be considered as an alternative to mechanically steerable
reflector antennas. As the maximum scan angle is only 9°, the array elements
can be earth-coverage horns, and light-weight fabrication techniques are avail-
able. Fig. 5.4 presents the estimated electrical and mechanical character-
<stica of such arrays at EHF. For downlink applications where a single high
power amplifier is used or for uplink applications (where it ig assumed a

single low-noise receiver is used), the tradeoffs between the phased array and
reflector antenra are:

1. weight, volume and packaging constraintes of the respective antenna
systems.

2, reliability of electronic (phase shifters) versus mechanical {(gimbals
and rotary joints) beam steering.

3. relative gain of the respective antenna systems for a given beam-
width, i.e., losses in the corporate feed network and phase shifcers
versugs flexible waveguide and rotary joints.
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Fig. 5.4. Electrical and mechanical characteristics of EHF

phased arrays.
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The choice between phased arrays and reflactor antennas for single-beam appli~
cations requires an in-depth comparison of the above parameters and snould be

addressed as specific antenna requirements are defined.

The application for which the phased array has unique advantage over the
reflector antenna is *he combining of a number of power amplifiers (power
combining may be required either to increase EIRP or to utilize solid-state
devices). To combine the power output of N amplifiers at a single point to
feed a reflector requires N-1 binary power combiners and incurs a concomitant
insertion loss. [he array requires N phase shifters to steer the beam but
their insertion loss may be mitigcted by locating the amplifiers ac the input
of each antenna element. The array then offers the potential for reduced
losses and/or increased numbers of combined devices. For either antenna con-
figuration, using hybrid combiner circuits affords the advantage of graceful
degradation with source failure; i.e., the output power 1is (M/N)2 times the
input power, where M is the number of devices operating and N is the total
number of devices. For the phased array, the failure of a device also incurs
the loss of an array element. The antenna gain is themn reduced by M/N but
is negligible for a reasonable number of elements (e.g., failure of 1 device in
a l6-element array reduces the array gaii by =~ 0.3 dB). The application of
phased arrays for spatial power combining should then be addressed as an
adjunct to solid-state device development as discussed in Section ITI. The
areas to be addressed should include the effects of device degradation and
failure on antenna performance. In addition to its reole as a pcwer combining
technique, phased arrays may offer potential advantages for time-hopped-beam
applications and is discussed next.

B. Time~-Hopped-Beam Antennas

The use of a narrow iime-~hopped beam ha3 been previously referred to as a
method of reducing satellite tramnsmitter pcver requirements, increasing capa-
city and/or path marzins, reducing the size of ground terminals, and providing
AJ protection via beam discrimination. The potential reduction in satellite

transmitter power or ground terminal ancenna diameter as a function of satellite
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antenna beamwidth is presented in Fig. 5.5. The rcrequired development of
average-power-limited transmitters to support TDMA operation was addressed in
Section III; this section addresses the required antenna technclogy and areas

for develo; ment.

There exist two generic types of antennas capable of providing a single,
time-hopped beam: an electronically-focused antenna (phased array} and an
opticellv~focused antenna (array of feeds in the focal plune of a lens or
reflectcr). Since the reflecior antennz either iacurs aperture blockage or
must utilize offset feeds, a lens will be considered for the optically-focussd
case. To obtain the same minimum gain within the field-of-view (FOV) over
which the beam is hopped, the phased array and feed array of the lens require
approximately the same number ofi elements. For an N-element phased array, all
array elements are excited at constant amplitude by individual variable 360°
phase shifters from an N-way power divider. For the N-element feed of a lens,
each feed element is excited individually by an N-way switch. As the N—&hy
power divider of the phased array and N-way switch of the lens feed aggpay would
typically both be fabricated from binary power dividers (i.e., N-=-27), the
difference in beam control is phase shifters versus switches, re%:tively.

For the phased array, the insertion loss is due to oaly 1 phaqf shifter (par-
allel connection); for the lens feed the insertion ‘loss foz‘!’ elements is due
to n switches in series and may be considerabie. The reliability of phase
shifters versus switches must also be determined. Highergreliability is
required for the switch as a failure results in the loss of one or more beams;
whereas for the pbased arrav, failure of a phase shifter results in a loss in
gain of 1/N and minor degradation in the radiaticggpatte n (i.e., increase in
sidelobe lévels). The prime power requirements and number of state changes
will be greater for the phase shifters, as, in general, all N phase shifters
must change state for each beam position versus a maximum of n state changes
for the switches (prime power requirements for rapid-switching applications ave
discussed later in more detail). Tither antenna type nmay be used with a singie

power amplifier. However, only the phased array is amenable to spatiazi power
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combining of N devices and, as described in the previous cection, the loss due
to the phase shifter may be mitigated bv locating the amplifier at the input to
the array element. The phased array has the additional advantage of being
physically smalier for 2 given beamwidth: the aperture diameter of thza phased
array is = 30Z less than the lens because the aperture efficiency is higher;
the depth of the phased array may also be less than a lens antenna. The pri-
mary advantage of the lens antenna is its relative ease of fabrication. Spe-
cificaily, the corporate feed network of the phased array must maintain equi-
phase path lengths to each array element (ao phase coherence is requived among
the feed elements of the lens), and the Fabrication complexity, size and weight
increase rapidly with the number of elements. Broadband-waveguide or dielec~
tric lens would also offer wider bandwidth than the phased array. The relative
merits of the phased array versus lens antenna are summarized in Table 5.1.

The choice leans toward the phased array. As the final selection will depend
upon the type of power amplifier used, the numer of elemeats required, the
technolegy of the beam-control devices, and reliability and bandwidth consid-
erations, further studies are required. The following section assesses the

theoretical performance and estimated size of a time-hcpped-~beam antenna.

To provide an optimum beam which is uniformly hopped within a circular
coverage angle, GM, the beam geometry is a hexagonal array as shown iu Fig. 5.6
for a 37-beam anteimna. The relation between the number of beams in the hexa-

gonal array (N) and the number of beams on the center row (Nc) are related by

_ 2
N = (3N

+ 1)/4 (5.1)
For the sake of comparison, the number of elemerts in the phased array and in
the feed array of a lens are assumed equal to the number of beass. The para-
meter to be optimized is the minimum directive gain over tha required coverage
angle, GHIN’ which occurs at the center of the triangular-lattice subarrays of
beams. For the phased array, it is assumed that the element geometry is iden-
tical to the geometry of the beam array. The array element is a circular aper-

ture of diameter, d, equal to the element spacing and is excited by the TEll
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mode (efficiency = 83.5%).
is an image of the beam array is located in the focal plane of a lens. The

For the lens antenna, it assumed a feed array which

diameter, d, of the circular aperture elements is equal to their spacing. The
calculated directive gain includes the loss resulting from spillsver and non-
uniform amplitué distribution of the lens aperture. The results of this opti-
mination* are summarized in Table 5.2 for earth coverage from synchronous
altitude (OM = 9°%),

TABLE 5.2
OPTIMUM TIME-HOPPED-BEAM ANTENNA PARAMETERS (0M = 9°)

PARAMETER PHASED ARRAY LENS
Antenna Diameter (D/1) 2.49 Nc(1-0.15 Nc AF/F) 3.64 Nc
Element Diameter (d/A) 2.68 (1-0.15 Nc AF/F) 1.32 £/p

- 9
GMIN 22.9 N(1-0.25 Nc AF/F) 26.8 N
AG (dB) 2.6 6.0
Beam Spacing/HPBW 0.81 1.10
where AF/F = fractional bandwidth

f/D = Focal length-to-diameter ratio

~

AG = gain variation within a beam coverage area

Note that for nearly equal minimum gain, GMIN’ over the required coverage
angle, 9“, the aperture diameter of the phased array is =~ 302 smaller. Note
also that the variation in gain, AG, within an individual beaw coverage angle
is significantly smaller for the phased array. The larger variation in gain of
the lens antenna indicates a larger gain slope and, therefcre, the lens
antenna requires better beam pointing accuracy. Based on these factors alone,
the phased array appears to be the preferred choice. The theoretical minimum

*A. R. Dion, Internal Memorandum.
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gain for an earth-coverage antenna (0M = 9°) is presented in Fig. 5.7 as a
function of the number of beams in the-hexagonal beam array. Calculated

antenna patterns containing the minimum gair condition for = 9° and N=37 are

)
presented in Figs. 5.8 and 5.9 for the lens and phased arrayMantennas, respec-
tively. Estimated physical parameters and realizable gain for a 37-beam, 32-
element* phased array aiL 44 GHz are presented in Fig. 5.1C. The final choice
between phased array and lens antennas can only be based on the realized perfor-

mance any Gifficuity of irniementation, and can oniy be resolved through actual
developmert efforts.

A final factor regarding time~hopped-beam antemnnas is the prime power
consumption of the state-changing devices employed. Diode phase shifters Lave
a const:nt switching power requiremeat regardless of switching rate but have
relative. v high (4-5 dB at 20 GHz) in a2rtion loss. Ferrite phase shifters
offer lower ingsertion loss (1.2 dB at 44 GHz) but prime power reguirements are
directly proportional to the switching rate. A comparison of ferrite and diode
phase-shifter power requirements is presented in Fig. 5.11. It is evident in
this figure that for fast beam hopping rates, e.g., of the order of 10,000 hops
per second, ferrite phase shifters cannot be used in a phased array and the
higher insertion loss of diode phase shifters must be incurred. As discussed
previously, the ingertion loss of the phase shifters in a phased array may be
mitigated by locating a power amplifier at the input to each array element.
However, the power gain needed may require multistage amplifiers, substantially
increasing the number of solid-state devices employed. An alternative for fast
beam hopping may be to use the lens antenna with feed array. The insertiom
loss of a ferrite switch 1s ~ 0.3 dB at 20 GHz and for N = 2° elemonts, a
maximum of n state changes is required. The maximum prime power requirement of
the lens is then n/N less than the phased array. There may be switching
sequences for either antenna type which require ~onsiderably less power (ctate
changes) than the maximum (for the lens antenna, only one state change may be
required). In summary, for fast beam-hopping applications, prime power con~
sumption of the beam-control devices may be the dominant factor in antenna
selection, and further studies are required.

*Binary power divider network employed; reduction in minimum directive gain
for 32 versus 37 elements = (.3 dB.
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1 TO 32 DIVIDER WITH PHASE
SHIFTERS AND DRIVERS ON SURFACE
OF CYLINDER
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EQUAL LENGTH .
WAVEGUIDES POLARIZER

WEIGHT~ 7.5L85

RF LOSSES

FERRITE PHASE SHIFTERS 1.2 d8
WAVEGUIDE 0.4 d8

MISMATCH 0.2 d8

POLARIZATION 0.2 d8
QUANTIZATION 0.1 d8

RF LOSSES 2.1 d8

81% ELEMENT EFFICIENCY 0.9 dB

v THEORETICAL GAIN 28.6 dB

CALCULATED LOSSES 3.0 d&
MINIMUM GAIN 25.6 dB

Fig. 5.10. Calculated .gain and mechanical characteristics of 43-GHz,
37-beam phased array (\'-)m = 90),

105

| - fombhms ot v e o
.




-~

SWITCHING POWER (WATTS)

|pca-5 Fig.5.11]

60 T T T L
Nes & 8 16 32 64 128
~ \ Ne = NO. OF ELEMENTS i
50 | FERRITE .
— —~ DIODE
5 4-BIT PHASE SHIFTERS ASSUMED - N
40
Ng=128~ — —-—-—-—-———-——————-j .
- -
30 t+ -
20 — :64 pa— —-— P —— P ———
" J
10 — :32 w—— o n— ——— —— —— — —— — oo ——— ]
216 e e — NG T e e e e e e
2 e e e o e N e s o o— — o
o L4 ———m=——= . e —
0.01 0.1 1.0 10 100
TIME BETWEEN SWITCHING EVENTS (MSEC) ’
Fig. 5.11. Fower consumption of phase-shifters in a time-hopped-beam

array versus switching rate.

106

Ar et oo T

S OV P U U S




C. Multiple-Beam Antennas

The capabilities of multiple~beam antennas (MBAs) are numerous, e.g., beam
cteering, beam shaping, sidelobe control and adaptive nulling. Considering
their potential for increasing system capacity, cperational fiexibility and
increasing AJ protection, it is probable that MBAs will be utilized in EHF
MILSATCOMs. The choice of the generic MBA is among tue reflector, phasad cvrey
and lens. The reflector MBA, while providing high gain, w*de bandwidth and
light raight, is only well suited for applications requiring a small number of
beams or compatibility with offset feeds. The phased array, while providing
the greatest flexibility, imposes null bandwidth limitations and the greatest
weight, loss and complexity penalty. The lens, while providing comparable
performance to either of the other MBA types, has had a bandwidth limitation
(dispersion of the waveguide lens) or a weight penalty (dielectric lé;s) asso-
riated with it. However, a technique for broa%ba?ding (i.e., = 25% bandwidth)
35

the waveguide lens has recently been developed In addition, the smaller
aperture required at ERF (e.g., &~ 8-in. diameter lens for 61-beam MBA ac 44
GHz) may remove the weight restriction of a dielectric lens. The lens seems a
viable choice for MBA applications at EHF: the tradeoff between a broadband-
waveguide and a dielectric lens remains to be determined. Utilization of the
MBA capabilities at the EHF bands requires a broadband beam-forming network
(BFN) having the requisite performance characteristics. A recommended BFN
configuration would employ variable power dividers (VPDs) based on the DSCS-III

Ltechnology, and requires development.

D. Adaptive-Nulling Antennas

Adaptive-nulling antennas afford the opportunity for 30 dB or more suppres-
sion of jammer signals. They offer the potential for reducing terminals cost
and compiexity against curreant jamrming threats or mitigating future increased
jamming threats. The use of adaptive nulling 2utennas at EHF allows the prac-
tical realization of high resolution nulls capable of providing AJ protection
in tactical scenarios. This section briefly addresses the theoretical perfor-

mance and implementation issues associated with adaptive nulling.
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The primary performance characteristics of adaptive-nulling antennas are:
1. Degrees of freedom

2. Resolution

3. Jarmer suppression

4. Nulling bandwidth

The degrees of freedom are approximately equal to the number of weighted beams
and are dictated by the potential number of jammers, jammer locations and
desired jammer suppression. As these are primarily system design consider-
ations, the degrees of freedom required are not addressed herein. The primary

factors affecting resolution are:
1. Antenna aperture size
2. Bandwidth

Fig. 5.12 presents the theoretical loss in satellite antenna gain to the user
for 40 dB supbression of a single jammer as a function of their angular sepa-
ration (AOl) normalized to the nulling antenna peak-to-first-null wid.h (T).
Note the difference in the loss in gain to the user depending upon whether the
nulling antenna is operating in an earth-coverage or spot-beam mode. In parti-
cular, for the spot-beam mode, the nuiling of a jammer whose angular separaticn
is only 1/3 the nulling antenna beamwidth causes only a 5 dB reduction in user
signal and a net reduction in jammer signal of 35 dB. The need for high reso-
lution antennas, e.g., time-hopped-beam, in conjunction with adaptive nulling
is evident. Figs. 5.13 and 5.1% present similar theoretical results when the
jammer séparation is expressed in miles on the Earth surface with nulling-
antenna aperture as 2 parameter, for elevation angles of 90° and 20°, respec-
tively. Table 5.3 summarizee the results for 100 XA adaptive antenna (note that
a 100 A aperture at 30 and 44 GHz is of the order of 3 ft. and 2 ft., respec-
tively).
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POTENTIAL RESOLUTION OF A 100 A
ADAPTIVE NULLING ANTENNA*

TABLE 5.

3

ELEVATION ANGLE (deg.)

PARAMETER

90 20
SPOT SIZE (MILES) 280 530
USER-JAMMER SEPARATION 120 50 380 150

(MILE3)
USER LOSS IN GAIN (dB) 3 I 10 3 10
*40 dB cancellation
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The methodology for practically assessing adaptive-nulling performance is
more complex than the previous examples. The performance assessment must
include:

1. Number, location, EIRP and data rate of the users.

2. Number, location and EIRP of the jammers.

3. Tolerable Eb/(N0 + Jo).

4. Percent of FOV over which required Eb/(NO + Jo) is achieved.
5. Operating bandwidth.

Such an assessment is beyond the scope of this report and must be addressed in
other studies. This report addresses the technology required for the imple-
mentation of adaptive-nulling antennas at EHF vhich take full advantage of the
wide available bandwidth and high potential resolution.

The implementation issues to be addressed at ENF are in regard to achieving
broadband nulling channels (i.e., compatible with the spread spectrum band-
widths) and the implementation of high resolution antennas. The broadband
nulling circuits* may be implemented either at EHF or at an intermediate (IF)
frequency. For direct weighting and combining at EMF rather than at IF, the
output po.ts of the MBA or phased array are weighted and combined in a variable
power divider (VPD) as in the DSCS-III system. The combined signal is then
rixed to an IF frequency, probably at X-band, by a direct conversion mixer.

The advantage of EHF nulling circuits is that the entire 1 or 2 GHz frequency-
hopping bandwidth is nulled, thereby avoiding the digital complexity of implie-
menting hop-by-hop adaption. An additional advantage of nulling the catirce
band is that the nulling circuitry is essentially transparent to the user's
signals, thus avoiding system interactions due to timing or tramsients. It
also allows the use of a single receiver rather than having a separate receiver
in each chanmel. The major potential disadvantages are the weight, insertion
loss and required matching of the components in the VPD, and the dimensional
tolerance problems of maintaining equal RF pusth lengths from each input port to

*F, W. Floyd, Internal Memorandum.
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the combiner output port, both in terms of fabrication and space environment.
Further investigation is required to assess these potential drawbacks. Alter-
natively, IF nulling circuits require separate downconverters on each channel.
After amplification and band~limiting at IF, the signals are weighted and then
combined in a VPD network. In order to null the entire spread bandwidth with a
single weight setting, the front-end mixers must be phase and amplituae

matched over the entire 1 or 2 GHz band. Mixer matching is an area of uncer-
tainty that needs to be explored as the degree of matching achieved determines

the attainable null depth.

The uncertainties associated with the implementation of high resoclution
antennas at EHF are primarily associated with the generic type of antenna, the
number of feed elements and the coverage area requirements. The antenna
choice is between the phased ar—-ay and the MBA. For large aperture require-
ments, a filled array becomes too heavy and complex, while ‘hinning the array
results in grating lobes. For the MBA, there are also weigiv. and complexity
limitations associated with the number of beams generated. For tactical
applications requiring high resolution beams only within a restricted coverage
area, an appropriate size lene and modest feed array would suffice. However,
to vary the coverage area would require mechanical scanning of the lens
ante¢nna. Alternatively, the use of a cpace~-fed array would provide electronic
scanping of the coverage arca aud additional flexibility. Detailed antenna
studier and development efrorts are needed.

In summary, for the realization of the full advailages of adaptive nulling

antennas at EHF, it is essential ro:

1. Develop broadband adaptive-nulling channels capable of operating
over a 1 or 2 GHz bandwidth bot.. at EHF and IF frequencies.

¢. Study and develop techniques for implementing high resolutiocn EHF

antennas, e.g., filled or thinned srrays, space-fed arrays, lens antenna.
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5.4 Summary

A. Ground Segment

For the ground segment, antenna requirements will be satisfied by parabolic
reflector antennas. The impact of the bandwidth requirements and insartion loss

at EHF on antenna subsystem design, and the potential use of low-sidelobe

antennas warrant further investigation. Specific areas warranting further study

and development include:

1. Design of high-efficiency and tracking feeds, polarizers, diplexers,
etc. for the EHF bands.

2. Development of low-loss, higher-order mode waveguide components for

all terminais, and beam-waveguide techniques for fixed terminals.

3. Study and development of sidelobe-reduction techniques including
special anterna feed and feed-support designs, offset-fed reflectors,

absorber tunnels, and adaptive gidelobe cancellation.

B. Space {2gment

Advances in sateliite antenna technology offer significant improvements
in communication cciacity and AJ protection, and pctential reductions in term -
nal size, cost and complexity. Opeovation at EHF allows the practical imple-
mentation of high resolution beams or nulls, and affords the opportunity to
take full advantage of advanced antenna technclogy. Particular antenna tech-

nology warranting further study and development incl.des:

1. For fixed-beam applications, tradeoff studies of the electrical and
mechanical characteristics between the phased—-array and reflector antenna;

development and evaluation of spatial-power-combining arrays.

2, For time-hopped-beam antennas, development and evaluation of phased-
array and lens antennas, space-qualified phase shifters (ferrite and diode)
and ferrite switches; study of prime power tradeoffs as a function of

antenna, state-changing device and beam~switching rate and algorithm.
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3. For multiple-beam antennas, development of a broadband waveguide or
dielectric lens, and variable power dividers required for the beam-forming

network.

4. For adaptive-nulling antennas, development of adaptive~nulling
circuits capable of operating over a 1 or 2 GHz bandwidtnh at EHF or IF;
study and development of techniques for implementing high resolution EHF
antennas.
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V1. PROPAGATION EFFECTS

6.1 Background

Rain attenuation is ome of the critical parameters affec:ing the frequency
selection for future MILSATCOM systems operating above 8/7 GHz. Alternatively,
if the selection of operating frequency is driven by unique requirements such
as improved AJ or LPI performance, rain attenuation dictates the margin require-
ments anid elevation angle restrictions and impacts the system availability and
cost. Accurate estimates of rain attenuation on a global basis are indicated
to support such studies; it is the purpose of this section tc provide these
estimates bas2d on the current state-of-the-art in predictive models.

Attenuation due to the clear atmosphere, clouds, fog, slest and snow are
first briefly examined and shown to be subordinate to the attenuation due to
rain. Next, the constituent parameters of rain attenuation models are examined

vis a vis the currently proposed CCIR mode1 39

. Using this model as represen-
tative of the state-of-the-art in predictive techniques, extensive estimates of
rain attenuation are presented as a function of geographic location, availabil-
ity, frequency and elevation angle. The impact of rain attenuation on system
availability, site diversity and response time is then briefly discussed.

Finally, recommended areas for fugther study are delineated.

2 .E_.
6.2 Attenuation Due to atmospheric Absorption, Clouds, Fog,6 Snow, and Sleet

e s

A. Atmospheric Absorption

Propagation through the clear atmosphere at frequencies above 10 GHz is

Fesstr it

affected by molecular absorption due to oxygen and water vapor. The combiued
attenuation due to these two components is shown in ?ige.(37) 6.1 and 6.2,

PISIr—

Fig. 6.1 gives the one-way zenith attenuation values between the listed start
heights and the top of the atmosphere and may be of interest for airborme ter-
minals. The relative effects of water vapor are shown in Fig. 6.2. The con-
tribution due to water vapor ig for an assumed density of 7.5 gn/n3, vhich is
typical of a moderately humid atmosphere (43 percent relative humidity at
20°C). Both the 0 percent and 100 percent dashed curves are fictitious but
serve to illustrate the bounds or water vapor absorption.
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Fig. 6.1. Theoretical one-way zenith attenuation from specified
height to top of the atmosphere for a moderately humid atmosphere

(7.5 g/m3 at the surface).
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Fig. 6.2. Theoretical one-way zenith attenuation through the
atmosphere for various relative humidities (M = 43X at 20°0).
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Attenuation due to molecular absorption in the atmosphere is always -~resent and
must be included in the computation of total path attenuation. Assuming a flat
earth, the atmogpheric attenuation as a function of elevation augle is given by
the zenith attenuation multiplied by the cosecant of the elevation angle. (The
cosecant relationship does not hold for elevation angles less than 10° due to
earth curvature and refraction effects.) Using the zenith attenuation versus
frequency curve of Fig. 6.2 for a moderately humid atmosphere, atmospheric
attenuation versus frequency and elevation angle are preseated in Table 6.1,
These attenuation values represent the minimum margins that must be provided
regardless of availability requirements or use of site diversity. These "clear

sky" attenuations are also added to the rain attenuation values derived later.

B. Clouds and Fog

Whersas the drop sizes of rain (between 0.5 and 5 mm in diameter) make it
nececgsary to apply the Mie scatter theory to calculate the loss, the droplet
sizes in clouds and fog (between 10 and 100 um in diameter) permit the use of
the Rayleigh approximation. Consequently, it is possible to express the atten-
uation due to clouds and fog in terms of the total water content per unit

volume(38). Thus the absorption within such a cloud or fog can be written as:
Ac = KL M (dB/Km) (5.1)
wvhere At = the absorption coefficient

K, = atrenuation coefficient in c*lB/l(.'~t(g/11|3)-1

M = _iquid water content in g/m3

Values of Kl are plotted in Fig. 6.3(39) fo. the frequency range from 7 to 50 GHz

and for various temperatures. Given the liquid water contear and vertical
extent cf clouds or fog, the zenith attenuation may be determined; for other
elevation angles 2 10°, the cousecant relationship may be applied.
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TABLE 6.1

ATMOSPHERIC ATTENUATION DUE TO OXYGEN AND WATER VAPOR

ATTENUATION (dB)
FREQ. (GHz)
ELEVATION ANGLE (deg)*

90 30 20 10

7 0.05 0.1 0.2 0.3

20 0.25 0.5 0.8 1.4

30 0.2 0.4 0.6 1.1

40 | 0.3 0.6 0.9 1.7

45 I 0.6 1.2 1.8 3.5

50 1.8 3.6 5.3 10.4

*A(0) = COSECANT (8) -

A(90°), 6 > 10°
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Migt and fog were studied by Ryde and Ryde(38)

and a relationship between
mean water content and visibility was developed. For example, for heavy fog

the visibility is 100 ft and M = 2.3 g/m3. The height of a fog layer is typi-
cally only 200 m and, consequently, attenuation due to fog is a potential prob-

lem only for terrestrial communication paths.

For the purpose of discussion, clouds will be characterized according to
three types: liquid-water, fair weather and icz clouds. Liquid water clouds
may have liquid-water content of 1 to 2 g/m3 and a vertical exteat of 6 Km
which would extrapolate to zenith attenuation values in excess cf 10 dB at
frequencies above 30 GHz. However, the presence of liquid-water clouds such as
nimbostratus (steady rain) and cumulonimbus (thunderstorm) implies a rain ervi-
ronment and are accounted for in the rain attenuation model. Fair weather
cumulus clouds have a liquid water content of == 0.2 gm/m3 and an extent of
2 1 Km corresponding to zenith attenuations of 0.1 to 0.5 dB from 20 to 50 GHz.
If one is concerned with minimum link margins neglecting rain attenuation, the
increase in path attenuation due to fair weather clouds must be added to the
attenuation due to atmospheric absorption. Ice clouds, due to the difference
in dielectric properties, give attenuations about two orders of magnitude

(38)

smaller than water clouds of the same water content and may be ignored.

C. Snow and Sleet

Attenuation by dry snow and sleet is generally regligible due to the
relatively low dielectric constant of water in tne solid phase. Attenuation by
wet sleet aad melting snow is appreciable but has not been investigated because
of its relative rarity, at least at ground level. Melting snow is present in
the melting layer (just below the 0°C isotherm) at the top of rain region
(1iquid water drops) but its contribution is small due to the relutively short
path lengths thrcgh tne melting regionm.

123




D,  Summary

Zenith attenuation as a function of frequency for the various propagation
conditions is summarized in Table 6.2. (Rain attenuation estimates are also
included in Table 6.2 for the purpose of comparison.), To determine the atten-
uation valu.s at other elevation angles, the cosecant relationship may be
applied to the respective heights given in tke footnotes (rain attenuation is
excluded and will be discussed later). For considerations of the minimum
margin requirements excluding rain attenuation, the clear sky and fair weather
cloud attenuations must be added. As atmospteric absorption is evident all the
time and the probability occurrence of clouds is not defined, only the clear
sky attenuation #s included later in the rain attenuation model. Finally, note
that even for light rain (2 mm/h), the rain attenuation values far exceed those
due to other phenomena, i.e., the rain attenuation is twice the combined
attenuations due to atmospheric absorption ard fair weather clouds. The

renainder of this section addresses rain attenuation mcdelling and estimates.,

6.3 PRain Attenuation Estima‘ion Models

A. Perspective

The physics of rain scattering is well understood and the attenuation may
be computed for a given geometry and dist -ibution of raindrops. It is then
generally agreed upon that, given the temperature, shape, and size distribution
of raindrops along a path, the calculated attenuation would be in good agree-
ment with experimental observations. However, the estimation of rain attenu-
ation for satellite communication systems is dependeat upon the knowledge and
modelling of the statistical properties of rain.

The estimation of vain attenuation nn a global basis is by necessity a
statistical process. The constituent parameters of predictive models which

must be based on scatistical averages include:

1. rain rate versus probability of occurrence, vhich is a spatial
and temporal average of available statistics for given geographic

regions.
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2. vertical extent of the rain which hae a latitude, seasonal and

rain rate dependence.

3. raindrop shapec and size distribution which is dependent on .ain

rate and temperature.
4. rain rate distribution alcng the propagation path.

These comments are not meant to imply that meaningful predictions of raim
attenuation cannot be made, but rather that such estimates be made in the
proper perspective. As will be shown in the next egection, the effect of apply-
ing these statistical ... cesses to global predictions is to incur large uncer-
tainty bounds on the resulting estimates. To realjze the most reprecentative
rain attenuvation estimates it is then necessary to utilize the most accurate

rain statistics and attenuation prediction model.

The literature abounds with rain attenuation models which do not show
consistent agreement with widespread experimental observationa. The underlying
problem is the persistent disagreement between models assuming horizontally
homogeneons rainfall and experimental results; the solution has been to derive
empirical path correction factors based on a specific set of attenuation obser-
vations. Surh ewpirical corrections must be vsed with care when upplied under
conditions other than those on which they are based. This section addresses
each of the constituent parameters of rain attenuation mcdels described above

and. in particular, the nonhomogeneity of the rain rate.

B. Canonic Rain Attenuation Models

Attenuation due to rain is primarily dependent upon the following para-

meters;

1. Rain rate along the propagation path
. raindrop size and shape
. drop size distribution
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2. Length of the path

. vertical extent of the rain

. terminal-to-gatellite elevation angle
3. Frequency of operation

Canonic rain attenuation models relate these parameters in the following form

>
]

L [k Rob] (dB) (6.2)

where A = path attenuation

L = l=2ngth of propagation path in Km

k Rp = gpecific attenuation in dB/Km
R = point rainfall rate (mm/h) exceeded p percent of the time
k, b = frequency dependent noefficients based orn raindrop character-

istics

The estimation of specific attenuation has received considerable attention.
Specific attenuation is typically computed using Mie scattering theory for
water spheres 289suming a Laws and Parsons Jdropsize distribution, and theoret-
ical values are in good agrecment with experimental observations. A comﬁarison
of theoretical and measured values of the coeifficients of specific attenuation
is shown in Fig. 6.4(26). (A cetailed tabulation of these coefficients showing
their dependence on temperature and assume:d dropsize distribution is given in
Ref. 40.,) It is generally accepted that for 2 given rain rate an accurate
estimate may be made of the specific artenuation from which the path attenu-~
ation may be estimated for a given path length over which that rain rate
exists. The uncertainty in rain attenuation models is primarily associated
with the estimation of the rain rate statistics, both the surface point rain
rate distribution and the rain rate distribution along the path.




COEFFICIENTS OF POWER LAW RELATIONSHIP

A:=aRP
A — SPLCIFIC ATTENUATION (dB/xm)
R - RAIN RATE (mm/h)

frequency.
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C. Propagation Path Length

It is generally assumed that the rair rate is uniform from the surface to
the melting layer (0“C isotherm) where rapid conversion from water to ice
occurs. The specific attenuation is then asgumed to de constant up to the
height of the melting layer (H) and zero above. There is some uncertainty
asgociated with the height of the melting layer. Specific values are available
for locations where weather radar data has been collected and typical results
are given. in Fig. 6.5(26). Global estimétes for meltiang layer heights as a
functior. of latitude ancd sezscn are included in tha proposed CCIR model to be
addressed in the next section. To datermine the jpropagatioa path, the simplest
models assume a cosecant pathlength dependence, i.e., path length, L = H csc €,
for elevation angles. © > 10° (see for example Refs. 41 and 42). Inherent in
the cosecant model is the assumption that the path average rain rate is equal
to the surface point rein rate, i.e., that the rain rate is horizontally homo-
ge..eous. This canonic model of the earth-satellite path is shown in Fig. 6.6.
In contrast to this model, meteorologiczl data shows that the path average raia
rate exceeded for a @peciffied percentage of time may differ significantly from
the point riin rate exceeded for the same percentage of time. This inhomogen-
eo;n rain rate distribution along the path is evident in rain attenuation
observations and has ied to the coacept of an effective path length (see for
example Refg. 43 and 44). This path length factor is typically derived from
measured rain attenvation by asesuming constant specific attenuation along the
vath and that ihe ratio of measured to calculated rain attenuation (A) equals
the ratio of effective to physical path length, f.e., path length factor =
(Aheasured/Abalculaced)' Fig 6.7 shows path length factors determined from
rain attenuation meaaurements (also included are the cosecant model and an
empirical model used in previouely repor:ed(ZG) estimates). Note the variation
in the empiricaily-determined path length factors for a given elevation angle,
2.9., by a factor of two for elevation angles less than 60° and by a factor of
three for elevation angles less than 20°; the variation in measured path atten-
uation is, of cource, identical. The variations in effective path length as
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Fig. 6.6. Canonic model of Earth-satcllite path.
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as determined from measured rain attenuation are due to the limited data base
(e.g., observation periods and elevation angles) and to the dependence on the
specific parameters of the experiments (e.g., climate region and frequency).
In the model degcribed in Section 6.4, path length factors are determined from
measurements of the rain rate distribution along a path as a function of the

point rain rate and the length of the propagation path.

D. Rain Rate Statistics

Global estimates of rain attenuation, require, in addition to knowledge of
the coexficients of the specific attenuation and of the effective propagation
path, a global denfinition of rain climate regions and corresponding rain rate
distributions. 1In 1974, the CCIR(as) introduced five rain climate regions
(Fig. 6.8) and the surface point rain rate distribution for cach climate region
(Fig. 6.9). This CCIR model represented the best data available when it was
developed. Since that time, the model has been revised as countries determined
that the model did not accurately represent their region. In a previous
report(26), rain attenvation estimates were generated using this CCIR model,
the coefficients of specific attenuation in Fig., 6.4, the melting layer heights
in Fig. 6.5 and the effective path length model in Fig. 6.7. Fig 6.10 shows
the comparison between predicted and observed attenuation values. Note that
the observed attenuation in Region 1 (heaviest rain) is a factor of 2 (Panama)
and 3 (Malaysia) greater than the prediction. The discrepancies arise from the
fact that the observed rain rates in these areas are factors of two and three

larger than those predicted by the CCIR rain rate distributions.

E. Summary

Tne determination of the coefficients of specific attenuation is well
understood and agreed upon. The primary discrepancies in rain attenuation
estimation models arise from the rain rate statistics and the nonhomogeneity of
the rain rate along the path. The shortcomings of most models include

1. Asgumed homogeneous rain distribution along the path which leads
to large errors at low elevation angles {e.g., factor of 3 at 20°).
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Fig. 6.10. Predicted slant path rain attenuation at 20 GHz for

90° elevation angle.
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2. Effective path length factors derived from measured attenuation
which are unique to the specific experiment and not applicable to
global estimates.

(45)

3. CCIR rain rate distributions which underestimate the values

in the tropics 5y a factor of two or more.
The model described in the following section addresses these deficiencies.

6.4 Propcsed Rain Attenuation Model

The rain attenuation model being propoaed(36) was prepared by R. K. Crane
of Environmental Research and Technology, Inc. and submitted to the CCIR as US
Study Group Doc. P/105E, "Rain Attenuation Prediction”, June 6, 1978. The
salient parameters of this model are presented in the following sections.

A. PRain Rate Climate Model

The new rain rate climate model addresses the inadequacies of the model in
CCIR Report 5631(45). It 1s comsistent with the latest climatological data,
i.e., annual precipitation data, number of thunderstorm days, latitude, general
topography, and data on the general circulation the atmosphere. This model
incorrorates the rain rate distributions for - 7f{ 8 which include administra-
tions who have formally amended the CCIR model :port 5631) and the rain rate
distributions presented by administrations who did not formally recommended
changes to the model. In addition, the new model more accurately represents

observed rain rate distributions for the tropical regions.

Fig. 6.11 presents the new global rain rate climate regions; Figs. 6.12
and 6.13 present expanded regional definitions for the United States and
Europe, respectively. Fig. 6.14 presents the rain climate regiomns for the
ocean areas. (This is not part of the model but was prepared for tl:is report.)

The rain rate distribution functions for each climate region are presented
in Fig. 6.15; selected raia rate distribution values are presented in Table
6.3. The rain climate regions were defined (within obvious constraints) so
that the rain rate distributions for adjacent regions bound t%he possible
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Fig. 6.12. Rain rate climate regicns, United States.
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RAIN RATE DISTRIBUTION VALUES (MM/H)

TABLE 6.3

RAIN RATE CLIMATE REGIONS

PERCENT
OF YEaR A E c D E F G H
0.001 28 54 80 102 164 66 129 251
0.002 24 40 52 86 i%a 51 109 220
0.005 19 26 43 64 117 34 85 178
.01 15 iy 23 49 98 23 57 147
0.02 12 14 18 35 77 14 51 115
0.05 8.0 9.5 13 22 32 39 33 77
0.1 5.5 6.2 7.2 15 35 5.5 22 51
0.2 4.0 4.8 4.8 9.5 21 3.8 1 31
0.5 2.5 6, 2.8 5.2 8.3 2.4 7.0 13
1.0 1.7 1.8 1.9 3.0 4.0 1.7 4.0 6.4
2.0 1.2 1.4 1.0 1.8 2.0 1.1 1.6 2.8
A

1

G

3




O S

g

variaticn of the distribution for a region, either in time (at a point) or in
gpace (within the region). The distributions of the adjacent regions can then
{ be used to provide bounds on the rain attenuation estimates for a given region

due to the point—~to-point and year-to-year variation from the observed annual
ﬁ— distribution functions.

B. Effeciive Patk Length

The attenuation prediction model also includes a refinement of the tech-
niques that have been previously employed for the estimation of the path
averaged rain rate or effective path average factor. The problem lies in the
fact that the path average rain rate exceeded for a specified percentage of the
time may differ significartly from the surface point rain rate exceeded for the
same percentage of the time. The solution applied in previous models has been
to empirically derive an effective path length factor based on a set of observed
attenuation values. The proposed model addresses the spatial distribution of
the rain rate aind uses observations from rain gauge networks to provide a basis
for a poiunt-ro~path average rain rate model. Observations for a 10 Km path are

shown in Fig 6.16; the dependence of the modelled effective path average

} factor on rain rate is evident. Fig. 6.17 shows the effective path average
factor for different path lengths. From this figure it is evident that for
light surface point rainm rates, the rain rate along the path will include more
irtense rain cells whose probability of occurrence increases with increasing
path length (decreasing el:vation angle); for heavy surface point rain rates,
the converse is true. A power law approximation was applied to the effective
path average factors shown in Fig. 6.17 leading to a model of the effective

patit average factor which may be expressed as

r r=v@ g0 (6.3)
where Rp ig the point rainfall rate (mm/h) exceeded p percent of the time, and
D is th. aurface projection of the propagation poth. The model curves for y(D)
and 6(D) are given in Figs. 6.18 and 6.19, respectively. If D exceeds 22.5 Km,
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Pathy Average Factor

lgca-s Fig.6.17
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Fig, 6.17. Effective path average factor model for different path
lengths.
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Muitiplier — y (D)
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Fig. 6.18. Multiplier in path average model, y(D).
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a D0 of 22,5 Km is used for the calculation of the effective path average
fzctor and the occurence probabiiities are multiplied by D/Do, i.e., it 1is
assumed that the occurrence of rain with rates in excess of 1 mm/h are inde-

pendent over distances larger than 22.5 Km.

C. Attenuation Prediction Model

The improved rairn rate statistics and refined path average factor of the
previous sections are now applied to the attenuation prediction model for

Earthspace paths as follows:

A=HcacoO -alF) «y(D) - RPIB(F)'Y(D)] (aB (6.4)
where H = height of the melting layer (0°C isotherm)
O = elevation angle ( =>10°)
a(F), B(F) = frequency dependent coefficients used to estimate specific atten-~
uation for a given rain rate
D = H cot © (Km) = gurface projection of the propagation path
(D < 22.5 Km)
Rp = point rainfall rate (mm/h) exceeded p percent of the time

The keight of the 0°C isotherm depends upon latitude and season as shown
in ¥ig. 6.20, This figure is derived from zonally averaged temperature data
and for all weather conditions. As rain does not occur uniformly during the
year but has marked seasonal dependence, the 0°C isotherm height models (solid
lines in Fig. 6.20) have been appropriately weighted. The height, H, to be
used for the slant path attenuation estimate is obtained from Fig. 6.20 for the
latitude and rain rate climate region of the Earth terminal. The coefficients
of the specific attenuation ~(F) and B(F) are presented in Figg. 6.21 and 6.22,
respectively.

The procedure rfor astimating the rain attenuation for a particular site or
area of interest may be summarized as follows:
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Latitude dependence of zonally averaged 0°C isotherm height.
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Fig. 6.21. Multiplier in specific attenuation model, a(F).
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Exponent - B (F)
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Fig. 6.22. Exponent in specific attenuation model, B(F).
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1. Select rain rate climate region from Figs, 6.11, 6.12, 6,13
2t 6,14,

2, Estimation of path length
. Estimate height of the melting layer, H, for the rain
climate region and latitude from Fig. 6.20.

. Compute the projection of the propagation path onto the
surface, D, for the elevation angle(s), of interest and
melting height by

D=Hcot 0, for © >10° and D < 22.5 Ku.

3. Estimate the coefficlents of the path average factor, y(D) and
(D) from Figs. 6.18 and 6.19.

4, Estimate the coefficients of specific attenuation, o(F) and
B(EF), from Figs. 6.21 and 6.22 for the frequency of interest.

5. Obtain the point rainfall rate values versue exceedence proba-
bility, Rp, for the rain climate region from Fig. 6.15 or Table 6.3.

6. Evaluate Eq, 6.4.

D. Comparison With Experiment

Fig. 6.23 presents a comparison between 3 years of sate. "ite observations
(ATS-5) and the model predictions. Note the year-to-year variation in the
annual attenuation distribution curves and note that these observations are
contained within the bounds of the model estimates (obtained from the rainfall
rate statistica of the adiacent regions). Table 6.4 provides a comparison
between the reported attenuation values for a number of satellite observations
and the model estimates. It should be noted that the satellite obsc.rvations
are represented by a small number of samples which will lead to large varia-
tions in the observations about the true value. This limited data base is an
inherent problem in the verification of rain attenuation models and the short-

coming in the development of such models from observations of rain attenuation,
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E. Summary

The proposel a.tenuatlon model provides a technique for global estimates
of rain attenvation. The salient features of this model are

1. New climate region definitions more accurately estimate the rain-
fall rates particulaily in the tropical regioms.

2. At:enuaticm prediction model (path average factor) fits measured

data ncre accurately.

The large bounds on the attenuation estimates are inherent in the spatial and
temporal averaging of the rain rate statistics. Whera accurate rain rate
statistics are availatle for specific areas, these st.atintics may be used with
the attenuation prediction model to provide more definitive escima:es.- The
following section uses the proposed climate region rwdel. to determine global
cstimates of the rain attenuatiom.

6.5 Global Rain Attenuation Estimates

This section presents global estimates of rain attenuation as a function
of climate region, elevation angle, frequency and path availability. The rain
rate prcbability of occurrence has been tramslated inco path availability,
i.e., percentage time when the compuced attenuatioa values are less than the
value presentad. Tbus the data shows the estimated aplink or downlink margin
requirements which must be provided to realize a specified percentage path

availability., /i frw comments regarding the data being presented:

1. The attenuation estimates include oxygen and water vapor absorp-

tion (Table 6.1) in additiom t¢ rain atterwation.

2, TFor those cases (tropicél regions znd 10° elevation angle; where
the surface projection of the propasation path (D) exceeded 22.5 Km,
the occurrence probabilities were no* adjusted according to the
model. In the worsi case the reductio: in occurrence probability

is 20% (e.g., from 99.92 to 99.88% sv.ilability).
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3. No estimates of the bounds on the attenuation valueg are
presented; the proposed method of estimating these bounds has been
discussed and examplea given.

Table 6.5 presents a summary of the total path attenuation (atmospheric
plus rain) for the eight rain climate regions for selected elevation angles,
frequencies and availabilities. Appendix A presents, for each climate regionm,
graphs of: attenuation versus path availability with frequency as a parameter
for elevation angles of 10°, 20° and 90° (Figs. Al1-A24); attenuation versus
elevation angle with path availability as a parameter for frequencies of 20,
30, 40, and 45 GHz (Figs. A25~A56); attenuation versus frequency with path
availability as a parameter for elevatior angles of 10°, 20° and 90° (Figs.
AS57-A80).

The data of path availability versus margin requirement provide a basis
for frequency selection and gemeral system characterization but should not be
congidered as a definitive basis for system desigr. Related [ssues such as
system availability, site diversity and reepcnse time must be addregsed and are
discussed in the next section.

6.6 Availability Considerations

A. Systen Availability

The preceding section prisented the margins required to overcome rain and
atmospheric attenuation for a given path availability. However, the system
availability as seen by the end-to-end user is

Ag A(TT) °A(LU) « A(S) °A(LD) 'A(TR) (6.4)

where Aq = gystem availability

A(TT)’ A(TR) » availabilities of the transmitting and receiving terminals,
raespectively

A(S) = gatellite & ailability

ALy, ALy

availabilities of the uplink and downlink paths, respectively

127




D v

TABLE 6.5
ESTIMATES OF ATMOSPHERIC PLUS RAIN ATTENUATION
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For the satellite it will be assumed: that the use of highly reliable com-
ponents, redundant subsystems and an on-orbjt spare assure its operation, i.e.,
A(S) = 1.

The terminal availability may be expressed as

MTBF
P L . 5
A('r) MTBF + MTTR (6.3)
where MIBF = mean-time-between-failure
MTTR = mean-time~to-repair

The MIBF of the terminal components is of course a tradeoff between cost and
reliability, The MITR is dependent on the supply of replacement parts and the
accessibility of the equipment, and varies significantly with the type of
terminal. For this discussion it is assumed that the terminal availability is
identical for transmitting and receiving, i.e., duplex commuications is
required (even if the terminal requires only report-back capability, downlink
reception may be required for satellite acquisition and frequency and timing
corrections).

As regards the path availability, the uplink EIRP and concomitant path
availability may be driven by considerations of jamming threats and mhy he
higher than the downlink path availability. Altermatively, the downlink path
availabil)ity requirement may be more stringent than the uplink 1f loss of the
downlink signal would incur unacceptable delays due to reacquisition of a
pseudonoise code gequence. The assassment of these faccors on the path avail-
ability requirements is beyond the scope of this report. For the purpose of
discussion, the uplink and downlink path availabilities are assumed to ba
equal. Under these assumptions, the system availability can be expresseed as

A = A4 - A2 (6-6)
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where A(T)

A(TT)

ALy
Eq. 6.6 is plotted in Fig. 6.24. If it is assumed that A(T) = A(L), the rapid
increase in their required availability with incressing sysatem availability is
evident, e.g., for A(S) = 90%, A(T) = A(L) = 97.4%. Note also that increasing
A(T) or A(L) beyond this balanced condition incurs an extreme increase in the

A(TR)

A(L) A(LD) and it is assumed that A(S) = 1.

availability requirement of A(T) or A(L) for a modest increase in system avail-
ability. In the limit, if A(T) or A(L) is assumed to be unity, the system
percentage outage is reduced by a factor of two from the balanced case. The
point being made is that to a first order the terminal avzilability determinés
the gystem availablity, if the corresponding path availability margin is
achievable. Increases in system availability beyond this pcint must be weighed
against the cost of increasing P(T) or P(L). As regards the latter, incrz2asing
the downlink path availability for mobile terminals would require increasing
the terminal antenna size with concomitant increases in the required tracking
accuracy, radome, weight and cost (decreasing receiver noise temperature would
be less 2flective due to the noigse contribution of the rain). Increasing the
uplink path availability for mobile terminals will require increasing the
antenna size and/or the transmitter power (increasing the prime power require-
ment and decreasing the reliability of the transmitter). For the fixed ter-

minals, site diversity may be a viable alternative and 18 addressed later.

Table 6.6 preaents raequired path availability as a function c¢f system
availability with terminal availability as a parameter. System availabilities
of 95%, 99%, and 99.9% are assumed to be the nominal requirements for the Navy,
.GMF end wideband (WB) trunking communitias, respectively. Note that, in order
to achieve high system availability, both the terminal availability and the
path availability must be high. Table 6.7 presents the required path margin as
a function of peth availability with frequency and climate region as parameters
for an assumed elevation angle of 20°. Note the rapid increase in required
peath margin for path avafilabilities >99Z. For the fixed terminals, such path
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PATH AVAILABILITY (%)

B Ag= 90 % _
u Ag: A2(T) Az(L) n
95 |
; {Dca-5 Fig.6.24} :
= l —
90 I N | I ! 1 i i 1t 11 | . i i
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TERMINAL AVAILABILITY (%)

Fig. 6.24. Required path versus terminal availability with system
availability as a parameter.
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z
availabilities may be achieved by utilizing site diversity; for the mobile
community, the duration of these high attenuation, low-prcbability-of-occurrence
b outages and their impact on communications must be considered. These factors
r
- are addressed ir the following sections.

B. Site Diversity

It was shown in the previous section that the path margins required for a
system availability of 99.97Z may be impractical to implement in a single fixed
terminal. Site diversity, the use of two or mcre geographically separated
ground terminals, may provide a technique to substantially reduce these margin
requirements, A dual diversity* system which employs two transmitting terminzls
and two receiving terminals, with each pair of terminals ideally separaced so
that the rain rate statistics at the individual terminal sites are uncorrelated,

has a system availability which can be expressed as

AIS) = A(T) - A(Ly) - ATY - ALy - [2-A(T) AGLY] - [2-A(T)) ALY]

(6.7)

If it is acsumed that the availabilities of the terwn!nals for transmitting and
receiving are equal and that the path availabilitles for the uplink and down-
link are also equal, Eq. 6.7 may be expressed as

A= 2m AW - 2-Am AW (6.8)
Table 6.8 lists the required individual path availabilities for this type of
diversity system. The reduction in the required path and terminal availabil-
ities is obvious, in ,articular, a system availability requirement of 99.9%
may be satisfied with path and terminal availabilities of 997. This analysis
is of course idealistic and the implementation of such a system may be unreal-
istic in terms of cost and complexity. For the wideband trunkiag between

CONUS and Eurcpe, the traffic is not symmetrical and a deta’led system study

*Dual divéisity may be required to reduce the terminal cutages as well as
path outages.
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is required to assess the need for diversity on a link~-by-link basis. Pre-

liminary srudy of the downlin' traffic to CONUS indicates that the use of dual
diversity may be regquired o. this link. The uplink data rate from CONUS to
Europe may be two orders of magnitude less than the downlink. The uplink
margins may afford adequate availability without diversity (some delays in
transmission may have to be tolerated). If uplink diversity from CONUS is
required, the o, :rat_onal considerations such as switchover, buffering, inter-
site linking, etc., shculd be studied. For the terminals located ir Europe, a
link-by-1link analysis of the data rates, rain rate and attenuation statistics
and tolerance to delays must be conducted. For the purpose of discussion, it
is assumed that dual diversity reception will be required on the East Coast and

is discussed next.

The design of a path diversity system is primarily determined by the
spatial characteristics of the iain cells. For given meteorological condi-
tions, the performace of a diversity system will depend on the separation
between the ground terminals, the orientztion of the baseline betwe~n them and
the azimuth and elevation angles of the¢ propagatiun path. The level of diver-
sity improvement achieved depends upon the size and spacing of the rain cells.
Heavy rain is associated with small convective cells havirng diameters of the
order of 3 Km and typical spacings of 7 to 10 Km. Propagation paths spaced or
the orde~ of 10 to 20 Km apart generally show some diversity improvement, as
it is race for the two closest cells to simultanzously intercept the two
propagation paths. 7These intense cells contribute to the attenuation values to
be expected 0.0l percent of the year or less. For the nearly statistically
horizontally homogeneous rainfall that occurs in the 0.1 to 0.5 percent range,
less improvement is possible from diversity, as only the random fluctuations in
the widespread regions of rain contribute to the diversity actioa. For wide-
spread rain, diversity improvement may still be achieved by using terminal
separaticns of many tens of kilometers but the attractiveness of site diversity

is substantially reduced.
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Earth-space path diversity studies have been performed at 16 GHz using

radiometets(A(‘ 47, 48)

and more recently at 20 and 30 GHz using the Al3-6
(49, 5U)

satellite Using the data cltained at 16 GHz in New Jersey for an
elevatior angle of 30°, diversity improvements of a factor ~f 2.5 in attenua-
tion were obtaired at 0.1 percent of the year for separations in excess of

11 Km, Substantial reductions in the total time a given level of attennation
was exceeded were observed, e.g., at 10 ¢B attenuation, reductions of a factor
of 5C to 100 were observed at 0.1 percent. However, the experimenters cavtion
that relatively few events .ompriase the tails of the attenuation distributicn
and more data are needed tv substantiate the level of improvements. The data
obtained at 30 GHz in Texas for an elevation angle of 55° shows a reduction in
probability of exceedance from 0.1 percent to 0.Cl percent at 15 dB at.enuation
with a diversity separation of 11 Km. Due to the dependence of the diversity
impruvement on local climatology, it is not possible to accurately extrapolate
from other observations to amother region. Hcwever, radar measurements have
permitted mapping of rain cells, which coupled with local rain rate statistics,
allow for the calculation of expected single-path attenuation and diversity
improvement. Hence for areas where climatological and meteorological data are
availatle, the diversity improvement can be estimated as a function of sepa-

ration distance, b>aseline orientation, elevaiion angle and frequency.

C. Response Time

The application of site diversity, while a viable technique for achieving
higher availability for fixed terminals, is not relevant for mobile terminals.
There are, nowever, other factors which must be considered in determining the
system availability for the mobile community. For terminale which communicate
infrequently (duty factor < 1), the assumpticrn that the statistics of the path
availability and the need to communicate are 'mcorrelated results in s reduc-
tion in the average link outage time proportional to the duty factor. The
"effective" system availability is proportionately increased. Of more signif-
icance for these terminals is the impact of short delays in their ability to

communicate due to infrequent (less than 1X of the tir:) heavy rainfall, and is
discussed next.
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It is beyond the scope of this report to assess the magnitude of the

delays and blockages that the military community is experiencing with current
MILSATCOM systems., Fig. 6.25(51) presents a ‘- ample of data for traffic via the
TACSAT satellite from various locations; mostly from the U. S. mainland to a
ship in the Pacific. The cumulative delay times shown represent the interval
between the assignment of a date/time group at the sender’s communications
center and the arrival of the message at the cummunicaticns center on board
ship; the delays do not include message handling times outside tlie communica-
tions centers. The curves are for an average day during several months of
operation. Note that the median delay for flash traffic, the highest prece-
dence, 18 on the order of 20 minutes (for routine or priority traffic the
median delay is in excesgs of 3 hours). It appears reasonable to assume that
delays of a few minutes due to rain attenuation would be tolerable in such
systems. One may speculate that operaticn at EHF with a significant increase
in the number of available circuics and/or improvements in system operation*
may reduce the delay time, even when delays due to rain attenuation are inclu-

ded. It remains to determinz the duration ovf the periods of heavy rain.

Previous discussions of path availability have not addressed the distri-
bution of the outages throughout the year; Table 6.9 presents average outages
versus path availability. The distribution of the outage will have different
impacts on the system, e.g., for a path availability of 99.9%, the theoretical
extreme rould consigt of either a consecutive 9-hour outage per year or a
4-second oiitage every hcur of the year. High path availabilities ( > 99%)
in fact corre jond to heavy rain“all having exteats of a few kilometers and
du ations of a few minutes. Fig. 6.2( presents histograms of fades greater
than 5 and 10 db at 19 and 37 Gﬂz(sz). Note that fades of 5 dB at 19 GHz and
10 dB at 37 GHz have durations in excess of 30 minutes. Minimum rain margins
of this oider must be provided to prevent such delays. Fig. 6.27 presents fade
duration histograms at 30 GHz from ATS-6 observations(SB). Note the wide fade

duration distribution for fades >S5 dB which are charactaristic of widespread

*For example, it is reported(SI) that the time -0 correct uplink power imbalances
ranges from a few minutes to several hours; tne use of on-board satellite pro-
cessing would eliminate these de ays.
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TABLE 6.9

AVERAGE OUTAGES VERSUS PATH AVAILABILITY

PATH vZPAGE OUTAGE PER

AVAILABILITY (%) YEAR MONTH WEEK DAY
99.99 1 hr 4 mio 1 min 9 sec
99.9 9 hrs 44 min 10 min 86 sec
9¢.5 44 hrs 4 hrs 50 min 7 min
99 88 hrs 7 hrs 300 min 14 min
95 438 hrs 36 hrs 8 hrs 72 win
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rain. Note the drastic decrease in the fade duration characteristics for fades
=15 dB which are characteristic of periods of high intensity rainfall. At
the 15 dB level, one 8-minute fade was observed; for levels > 20 dB no fades
exceeded 3 minutes. Fig. 6.28 presents fade duration histograms from ATS-6

(54) at 18 GHz. Note that in these vresults, no fades of greater

observations
than 4 minutes duratior were observed duriug the 1299 “ours of cbservation.

Note also that fades > 20 had durations less tian 2 minutes.

In zummary, the data presented indica*es that the duration of large iades
at EHF ( > 20 dB) due to raiu attenuation may be only a few minutes. However,
the observations are for fairly limited time pericds and for only two geo-
graphic locations. A model is required which relates rain rate to the extent
and velocity of the rain cells. From such a model, fade duration distributioms
may be generated for the frequencies of interest. It would then remain for the
potential user communities to assess the impact of Juch communication delays on
their systzm requirements. It is evident that tolerance of some delay in
response time will afford a substantial increase in "effective'" availability.
The alternative of improving system availability by substantially increasing

the required link margins will strongly influenca the system cost and

complexity.
6.7 Summary

A. Rain Attenuation Estimates

The rain climate model and attenuation prediction model presented in
Section 6.4 are repreeentative of the current state-of-thz-art in global rain
attenuation estimates. It is recommended that the rain attenuation estimates
derived from these models be utilized as a basis for frequency selection,
assessment of system availability, and the determination of general system

parameters.

The large uncertainty bounds can the attenuatiun estimates are inherent in
the statistical averaging processes, in particilar, the temporal and spatial

averaging of the rain rate statistics over large gecgraphic regions. For




specific areas where long term ( > 1G years) rain rate statistics are avail-

able, vefined estimates of rain attcauation may be obtained by applying these
statistica to the attenuation prediction model. The definition of smaller rain
rate climate regions (R. K. Crane 18 presently subdividing the current climate
regions) will resuce the bounds on the attenuation estimates within these

subregions; su:h impruvements should be incorporated in the model.

Improved attenuation estimation models should be based on further obser—
vations of rain rate distributions along the propagation path, not on observa-
tions of rain attenuation. As regards the latter, such models are typically
derived from a limited data base, may not provide representative estimates for
the region of observation, and will not be applicable to attenuation predic-

tions for other frequencies and regions.

In regard to future rain attenuation observations at EHF. a voluminous
amount of data will be required before it will provide a basis for refined rain
attenuation estimates. In the near term, as observed rain rate and attenuation
statistics become available {e.g., Japanese experience with CS), the measured
data should be compared with the current predictive model to see if it falls
within the estimated bounds. Only in the far term, as the data base expands
and attenuation statistics become stationary, may the validity of the current

or future rair attenuation estimatior models be assessed.

B. Availability Considerations

Thne factors affecting end-user to end-user availability of a MILSATCOM
system include, in addition to equipment and path availabiiities, the type of
transmission, acceptable bit error rates, use of ervor-correcting codes, type
of satellite processing, non-propagation margina and tolerance to deiays. In
regard to the latter, such factors as saturation, switching time, processing,
handling, decision making, and power, frequency and timing corrections aie
among the contributors to delays. The impact of future improvements, in parti-
cular on-board satellite processing on mitigating these delays i; an important

consideration. The determination ct system availabliity requires amalysis of




each of the above parameters, is beyond the scope of thie report, and requires

further study. A detailed study should be undertaken w-ich is dirzcted toward
the collection and analysis of data on outages and delays which, coupled with
EHF architecturzl considerationa, will provide the tradeoffs between system
availability and system cost and complexity. Based on the constrained system
availability analysis presented in this section, path availability studies are
required to support such systems analysie and specific recommendations are

presented next.

For the wideband trunking community some path diversity will be required
to achieve a system availability of 99.9%Z. The number of terminals within the
network requiring diversity and the possible requirement for uplink as well as
downlink diversity must be determined from a 1ink-by~1ink analysis. Space-
earth path diversity studies have shown ite potential for substantially
decrzasing the margin requirements for a given probability of occurrence (or
decreasing the outage time for a given margin); the diversity improvement
realized is dependent on site specific factors. Where climatological and
meteorological data is available, the design and evaluation of a dual diversity
systen can be performed before committing any expenditure for its implement~
ation; such a study should be undertaken. Although site diversity is normally
considered to be a receive technique, there is no fundamental reason which
precludes transmit diversity. If uplink diversity is required, operational
congiderations such as buffering, switchover, intersite linking and celays and
interruptions should be studied. The following is a 3ummary of recommendations
for further study in regard to system availability considerations for tke
wideband trunking community:

1. Link-by-iink analysis of the data rates, rain rate and attenu-
tion statistics and tolerance to delays; p: ametric study cf the
trade-offs between terminai design, satellite design (e.g., on-board
processing or TDMA} and path diversity requirements for each 1fnk to
aciieve the requirsd system availability.

-« .-




2. Analysis and evaluation of a dual diversity system for the down

link to CONUS based cn available climatological and meteorological

data; design and cost aralysis of candidate system.

3. Design and cost analysis of providing uplink diversity including

buffering, switchover, intersite linking and the impact of delays.

For the mobile community, link margin requirements must be determined from
global estimates of rain attenuation with their inherently large uncertaincy
bounds. Achieving high path avallability via more robust terminal designs will
strongly impact the system cost and cemplexity. The unresolved factors which
impact path availability requirements are concerned with response time; i.e.,
the tolerance of some delay in response time will afford a substantial increacse
in "effective" availability. The specific factors to be assessed include the
magnitude of the delays experienced in current MILSATCOM systems, the duration
and distribution of anticipated delays at EHF due to intense rain, and the
potential reduction in delays with system imp-ovements. More data are required
on the factors affecting delays in day-to-day operations between MILSATCOM ter—
minals to place the delays due to high rain fades at EHF in proper perspective.
A i.odel i1s required which estimates “he fade duration distributions for the
frequencies of interest. Finally, the system design issues which impact poten-
tial improvements must be addressed, e.g.., the use of on-board satellite
processing would eliminate delavs due to uplink power balancing. These recom—
mendat‘ons for further :tudy in regard tc system availability conside -atioms

for the mobile community are summarized below.

1. For each potential user community, assessment of the factors
affecting end-user-to-end-user delays and their magnitude, including
blockages, saturation, switchiang time, processing, handling, decision
making, etc.

2. Developmeat of a mccal, relating rain rate to the extent and
v« locity of rain cells, from wuich fade duration distributioms
nxv be estimated for the {requeccies and path avzilabilities of

- -, -
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3. Design studies which assess potential improvements in system

operation to provide reduced outage time, e.g., on-boarc satellite

processing and TDMA.




VII1. TECHNOLOGY DEVELOPMENT/STUDY RECOMMENDATIONS
7.1 Overview

The orderly transition of potential MILSATCOM users to EHF will obviously
require the timely availabilitcy of the necessary technology. Although a tech-
nology base exists at ENF, commercizlly available equipment is essentiaily
nonexistent. However. among the technologies potentially appliczble to EHI are
cpportunities for pr:viding further improvements ‘n performance, smaller
simpler mobile terminals, and more cost-effective terminals. Consequently, a
vigorous R&D program will be required with extensive long-term plannirng,
coordination and integration within the DoD community. The following is a
summary of those factors relevant to the implementation of the required R&D

programs and ultimate realization of the necessary technology:

1. A technology base exists from which th. technology necessary to
support future EHF MILSATCOMs can evolve. However, there i3 not currently
available an adequate commercial or product® .- - se at EHF nrovide the

nece.sary support. R&D prograus iun all the ..,ur componer. .d subsystem

areas are required.

2. In the author's opirion, commercial interest, adequate to support

R&D in the EHF bands, will not materialize in the next decade. Rather,
increasing commercial capacity requirements for COMSAT systems will be
satisfieda i1 the 14/11 GHz bands via extensive frequency reuse. Conse-
quently, the NoD must be the primary source of funding* for EHF technology

Jevelopmen: above this ocand.

3. Tke plinned evolwcicw of MILSATCOMs to EHF over the next decade
affords opportunitie. for .he development of improve- system .a2signs and
efficient, reliabie, cost-effective technology. The implementation of
on-board signal srocess:ng, and multisle-beam, adaptise-nulling and time-

hopped-tea= ariennzs offers the potential for reducing terminal size,

rlurrent stmide: \ASA, narzicularly the 30/2C Giz FTrogram at LRC, may lead
T TSF -avd re jeve.dzment contracts.  Should such eveats occur, close cocr-
fizatize igwerm DoO, 3L azd other o roment agencies is obviously indicated.
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complexity and cost. In the component area, solid state devices may
provide higher-reliability, lower—cost replacements for current thermionic

devices.

4, The need for a concerted, leng range EHF technology development
program within the DoD is evident. Such a program plan should include
among its objectives the delineation, coordination and continuation of the
necessary technology development efforts to insure the timely availa-

bility of the techknology necessary to support future EHF MILSATCOM systems.

There are two major issues which impact the definition of long term tech-
nology development programs and which must be addressed with urgency. The
rajor issue is, of course, the essential system studies addressing the orbital
considerations, nultiple-access and modulation techniques, on-board processors
and antenna nuliing. These factors obviously impact the space and ground
segment complexity and hence the concomitant technology requirements. Ou-going
DCA/MSO efforts are directed toward such studies. A secondary issue is the
role of rain attenuation on EHV system design as it impacts orbital ¢ wridera-
tions and terminal design. The technology recommendations which follow,
althoigh primarily directed toward hardware developments, include proposed
studiee regarding the impact of rain attenuation and are a necessary adjunct to

the current system studies.

As regards the recmnmmendations for hardware dcvelopment, tnere are few if
any technological limits imposed on the strawman subsystem requirements at EHF.
However, there are technology boundaries whereby acliieving a given performance
level requires a more complex and costly teclnology. A cost versus performance

study is required in these areas.

The technology recommendations are divided into near term (3-5 years) and
far term (6-10 years). The near-term recommendations are primarily directed
toward supporting a 30/20 GHz capability for the wideband data relay and GMF
users, initiating development of 44/40 GHz techmology, and incorporating rele-~

vant studies into the gystem design efforts. The far-term recommendations
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are directed oward improved 30/20 GHz subsystems, the realization of 44/40 GHz

subsystems, ard the implementation of advanced system techniques.

Nine specific areas are delineated as necessary technology development

and/or stucy efforts in support of EHF MILSATCOM systems:
1. Low-noise receivers
2., IWr power amplifiers
3. folid-state power amplifiers
4. Antenna surface accuracy
5. Antenna tracking accuracy
6. Radomes
7. Ground-segment antennas
3. Space-segment antennas
9. Rain attenuation factors

7.2 Low-Noise Ruceivers

Low-noise receiver requirements may be readily satisfied by currently
available devices, i.e., mixer/IF amplifiers for the space segment and thermo-
electrically-cooled (TOP = «40°C) or thermoelectrically-stabilized ('1‘OP = 40°C)
paramps for the fixed and mobile terminals, respectively. However, the devel-
opment of low-noise FET amplifiers is indicated as a more reliable, coet-effec-
tive alternative ard, in addition, will provide lower noise rc¢ceivers for the

space segment. For the near term, devices of particular interest include:

a. Low-noise FET amplifier (0.5 um} with a 1 GHz bandwidth gnd a 3¢B
uwoise figure operating at 20 GHz for the ground segment.

b. Space~qualified, low-noise FET amplifier (9.5 um) with a 1 GHz band~
width and a 5 dB noige figure operating at 30 CHz.

c. Low-noise FEY amplifier (0.25 um) with a 1 GHz bandwidth and a 6 dB
noise figure operating at 40 CHz for the growmd segment.
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d. Should a requirement for extremely low-noise receivers (i.e., < 100°K)

arise for the fixed terminals, cryogenically-cooled FET amplifiers should

be investigated as an alternative to paramps.

In the far term, continued development of low-noise FETs (0.25 pum) should
result in amplifier nolse figures which zre better than current TE-~cooled

paramps at 30/20 GHz and significantly improved at 44/40 GHz. Far term goals
include:

a. Low-noise FET amplifiers with 1 GHz bandwidtli, and 2 dB noise figure
at 20 GHz and 3.5 dB noise fagure at 40 GHz.

D. Space~qualified, low-noisc FET amplifiers with 2.5 dB noise figure
at 30 GHz and ¢ dB noise figure at 44 Giiz.

7.3 TWT Power Ampliflers

TWTA technology is relatively mature and the theory of operation well
understood. However, TWTA requirements at EHF represent the most significant

area of hardware development, particularly for the space segment.

A, Ground Segment

For the near term, the TWTA technology base appearc adequate :to support
the initial implementation eni demonstration of EHF MILSATCOM capabilities.
For the mobile terminals, the projected capabilities of liquid-cooled, PPM-
focused TWIAs appear .adequate; the development of the required tubes remains
to be undertaken For vehicular terminals restricted to air-cooled TWTAs,
the 2rojected output power is approximately ome~half that of liquid-cooled
tubes; further studies of terminal parameters will be required if these power
levels prove to be restrictive. For the large fixed terminals, neac-term

capabilities are of the order of a few kW. Potentia. TWTA capabilities for

the near torm include:

a., Air-cooled, PPM-focused TWTA capabilities:
limit of current technolegy)
500 W at 30 GHz (1 GHz bandwidth)

250 W at 44 GHz (2 GHz bandwidth)
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b.  Liquid-cooled, ?PM-focused TWTA capabilities:
(1imit of curvent technology)

1 kW at 30 GHz
500 W at 44 GHz
c. Liquid—cooled, solancid-focured TWTA capabilities:
(requires substantial development)
2 kW at 30 GHz
1 kW at 44 GHz

For the far tarm the potential TWTA requirements are assumed to be for higher

CW power levels for the fixed terminals and for average-power-limited tubes

for TDMA operation. For the large, fixed terminals, projected capabilities

for CW output power vrange from 10 to 100 kW. However, the cost and develop-

ment

effort associated with the required techmology must be assessed vis a

vis alternative methods of providing iucreased capacity (narrow, time-hopped

beams), increased path availability (site diversity) or increased AJ protec-

ticn

(antenra nulling) Proiccted far term TWYA capabilities and required

technology include:

a. 10 kW solenoid-~focused TWTA operating at 30 GH» (requires significant

development).

b. 100 kW gyrotron operating at 30 GHz with 407 efficiency (potential
average-power-limited tube).

c. Average-power-limited TWIAs for the wmobile wsers for TDMA operation,
e.g., 5-kW peak power outrut (10% duty cycle).

B. Space Segment

TWTAs have played a dominant role in space communications and, for high

power requiremeats at EHF, will continue to maintain a significant role. To

insure the availability of improved performance, highly reliable (7-10 year

life) TWTAs at EHF, development efforts should now be underway. Specific

tube

capabilities warranting development* in the near term include:

*The

recommendations are typically one-half the ma:.imum predicted output power

levels.
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a. 20~watt helix TWTA with 1 GHYz bandwidth and efficiency > 257 cperating
at 20 GHz.

b, 5 to 10-watt helix TWZA with I GHz bandwidth operating at 40 GHz.

For the far term, improveraats in helix TWT technology should provide at
least a factor-of-two increase iu output power. For higher output power require-
ments, coupled-cavity TWTAs offer a fastor-of-four further iuncrease in power

i but ¥ill require more extensive dev:lopment and space qualification. Specific

TWTA capabilities warranting developwent include:

a. Helix TWTAs with 1 GHz bandwidth and 30%Z efficiency providing
40 watts at 20 GHz and 20 watts at 40 GHz-

b, Coupled-cavity TWTAs with 1 GHz bandwidth and 40% efficiency
providing 200 watts at 20 GHz and 100 watts at 40 GHz.

C. TWI Technology Developmants

The further development of TWT technology must be considered as important
a task as developing specific tube capab:lities. Basic developments and
improvemer<s in TWT techuoleogy provide brcad support to als MILSATCOM systams
as well as other DoD programs. JTmprovements in (WT efficiency, power output
and reliability are obvious geals.

Facommended areas of cevelopment for TWIs for the space segment include:
a. Multistage depressed collectors for increased efficiency.
b. Dispenser~type cathodes for insreased current-density capability.

. c. Materials for the helix, helix suppor: and internal attenuator to

o e

reduce loss and increase thermal capacity.

. d. Velocity tapering of the helix both for higher intexaction effi-
clencv (pitch reduction) and lower AM/PM conversion (pitch increase).

e. Improvements in production processes, circulit testing and reli-
ability assurance,
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f. Im;rovemente in life testing including:

1. Develop accelerated and space-simulated life tests.

2. Begin life~testing phase ezrly in development program.

3. Develop high-voltage power supply reliability and life tests.
Recommended areas of development for TWIs for the ground segment include:

£ Incorporate the latest design technology (e.g., cavity, cathode, .
collector, etc.) including Europenn developments to increase power and

efficiency.
b. Extend tube lifetime with improved thermal destgns.

¢, Reduce costs with new circuit designs to sinmplify manufacturing

processes.

7.4 Solid-State Power Amplifiers

Solid-state devices offer the potential for orders-of-magnitude increase
in reldiability and reduction in voltage requirements over TWTAs while TWTAs
will continue to surpass solid-state devices in output power and efficiency.
The potential availability of both technologies at EHF affords the opportunity
to emoloy the optimum device for the speciflc application. While there are
madium-power (10-20 watts) requirements where solid-state aud TWT amplifiers
wili be competitive on a one-for-one replacement basis, there are also unique
applications for each. Requirements for high power (1C0 wattt) in a single
envelope (e.g., wideband data relay users) would best be served by TWTAs, while
requirements for individual power amplirfiers (1 watt) on each feea or array
element of a time-hopped-beam antenna (e.e., for mopile users) would best be

gerved vy solid-state devices. Consequently, parallel Jevelopment efforts are

recommended in both technologies. N

Within solid-state technology, there are two potential devices: IMPATT 3

3

diodes which will provide ugeful added power capability over the entire EHF H

band in the rear term, in fact a factor-of-four higher power than will be E

j
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available from FETs; and Ga As FEIs which will proviée linear amplification, higher
efficiency and ease of conbining advantages over IMPATIs. Both devices warrant
development for THF applicaticns #ad will also provide a technolcgy base for
applications at higher (e.g., IM’AITs at 60 GHz) and lower (e.g., FETs at 8

GHz) frequency bands.

To extend the power limitations of individual solild--state devices, power-
combining techriques are required and recommendations in this area are included.
It should be noted that many of the recommended develcpment efforts .re con-
tained in current or planned SAMSO/AFAL programs and these efforts should
be, provided expanded support and long-term continuity. Specific near-term
recommend:tions for developments in device and combiner technology include:

a. Space-qurliried (Ga As DD Read) IMPATT diodes providing 4 waits of
added power with 257 efficiency at 20 GH:z and 1 watt of added pcwer with
157 efficiency at 49 GHz.

b. Design and development of (recrangular) cavity combiners to accomc-
date 8-12 IMPATT dicdes at 20 or 40 GHz and provide graceful degradation
with device failure.

C. Space-qualified, IMPAIT amplifiers with 1 GHz bandwidth providing
40 watts at 20 GCdz and 10 watts at 40 GHz.

d. Space-qualified, l-watt Ca As FETs with 307 efficiency operating
at 20 GHz.

e. Design and development of (radial) combiner techniques to accomo-
date 10 to 20 FETs with hiigh (80 to 90%) combining efficiency.

f. Develop accelerated and space-simulated life tests for IMPATT and
FET devices to insure that high zreliabilitv is not compromised for

higher added-power capability.

g. Develop complete amplifier tests including faiiure mode and communi-

cation performance (e.g., AM/YM conversion and BER) testing.
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Far terxm projecticns for power-added capability predict a factor «f 2 to
4 increasc for both IMPATTs and FETs. The particular areas of iaterest for
development, both for near-terw and far—term improvements include: improve-
meats in thermal Jesign (e.g., diamonc heut 3sinks), in device profiles for
improvad efficiency, and in impedance watching (e.g., integrated matching
circvitg) for IMPATTs; improvements in high~frequeucy FET fabrication and
implementation techniques co achieve unifcrm device illumination, reduced
pacasitic effects and imdroved circuit matching of large gate-width deviues.

Poten*ial device capabjlities include:

a. Space—qualified IMPATT diodes providing adde-d-power capabilities
of 12 watts at 20 GHz and 3 watts at 4C Ghz.

b. Space~qualified FETs providing added-power capabiliiies of 3 watts
at 20 GHz and 0.5 to 1 watt at 40 GHz.

c. Development of circuits capable of efficiently combining 20 to
40 devices at EHF.

7.5 Antenna Surface Accuracy

The antenna surface accuracy required at EHF (.01Q vo .01% i:.) is beyond
*  the capabilities >f current commercial techpology. 7The realization of the

requisite surface accuracy will entail:

a. For small mobile terminals (D £ 4 ft.), more :fined manufacturing
techniques for one~piece reflectors will have to be emploved (e.g.,
precisiuvn spinning or molding); the most cost-effective process remains

to be determined.

b.  For medium transportable terminals (8 ft. €D £ 20 ft.), refinements
in panel manufacturing (mecained cast or zolded panels), backup structure
fabrication and antenna assembly will be required; the most cost-effective

process remains to be determined.

c. For large {ixed terminals (D = 40 ft.}, new fabrication techniques
must be developed; the cost/performance tradeotffs may be studied, but the

use of radomes .8 recommended.
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7.6 Antenna Tracking Accuracy

For mobile terminals, current antenna trackiug technology will support
operation of proposed antennas at EHF. However, there are technology toun-
daries between the varioua tracking systems which represent increased cost and
complexity. Tre following factors should be addressed in system studies as

potential limits on mobile terminal antenna size:

A, Establish achievable tracking accuracy for the various tracking
systems (e.z., step track, pseudomonopulse, monopulse) based on opera-

rional experience.

b. Determine the cost, weight, reliability, flexibllity, etc. of the

various tracking systems and impact on the particular platform.

c- Integrate these potential antenna gain limitations into system
design studies, in particular, the tradeoff between satellite and ground

terminal complexity.

Note that the large uplink to downlink frequency rat.o at EHF imposes more
stringent requirements c¢n antenna tracking accuiacy to limit the loss at the

uplick frequency. This factor must be cousidercd in the above study.

For large fixed terminals, the required tracking accuracy is at the limit
of current technology. As wind loads are the dominant limiting factor, the use

of radomes must be addressed.
7.7 Radomes

Radomes will be required for airborme and shipbvoard terminals, and will be
needed for large fixed terminals to mitigate the effect of wind loads on
anternna surface and tracking accuracv. The major difference in radome require-
ments at EHF is the largec ratio of uplink to downlink frequency and its

impact on radome performance and coert. Specific areas to be gadressed inciude:

a. For airborne terminals, dual-band radome technology has been demon~
strated (AN/ASC~28); design, fabrication and testing of radomes for the
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specific frequencies, antenna diameters and operational conditions are

required.

b. For shipboard terwinals, new radome designs are required to accommo-
date widely separated frequency bands; cost/performance tradeoffs between
solid-laminate (single~tuned) and sandwich (double tuned) construction

are required.

c. For large fixed terminals, a radome study jis required to assess the
cost/performance :radeoffs between existing and new radome designs, and
the cost, performance and maintenance consideraticns rogarding rain

effects.

7.8 Ground-Segment Antennas

For the grcund segment, antenna requirements will be satisfied by para-

bolic raflector antennas. 1In addition to the antenna surface and tracking
accuracy considerations previously delingated, the impact of the baandwidth
reyairements and insertion loss at EHT on antenna subsystem design, and the

potential use of low-sidelobe antennas warraat further consideration.

As the uplink-to-downlink frequercy separstion will ‘mpact the design of

high-efficiency and tracking feeds, polarizers, diplexers, etc., the following
recommendations are made:

a. For 30/20 GHz operation, antenna subsysten designs car. benefit from
the extensive conponent technology at 6/4 GHz; due to the tolerance
requirements it 30/20 GHz, development efforts will be required in fabri-
carion techniques.

b. For larger band separations {e.g., 44/20 GHz), new leed and component

designs vill b~ required and development efforts should be undertaken.

For antenna sizes or installations requiring sigrificant iengths of wave-

guide, the insertion loss of standard rectangular waveguide at EHF is prohib~
itive and the development of higher-crder mode waveguide aud couponents is '

requireu. Specific recommendations include:
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a. Develop and bring to production availability higher-order mode wave-
guide components (e.n., flexible wavegui:de, bends, transitions, rotary

joints, etc.) for the bands of interest.

b. For large tixed terminals, the use of beam—waveguide techniques

should be investigated to eliminate waveguide and rotary joints.

The LPI detection range and tolerable AJ threat levels for both downliik
and uplink jamming (assuming a repeat-back jammer) are directly proportional to
the antenua sidelobe levels of the terminal. Consequently, reductions in
antenna sidelobe levels should be investigated and should be implemented
within the constraints of reasonable cost and minimum impact on the performance

and operation of the terminal. Specific areas warranting further study include:

a.  Achievable reduction in sidelobe levels with special antenna feed

and feed-support designs based on current technology.

b. Sidelobe reduction vic offset-fed reflectors must be assessed vis a

vis the cost and operational constraints.

c. Achievable sidelobe reduction with absorber tunnels (1C to 20 dB)
must be weilghed against the cost, and environmental and maintenance

considerations.

d. Adaptive sidelobe nulling techniques can provide 30 dB additional
Jjammer suppression; the required circuit technology is extant and emphasis
should be placed on the number of cancellatiocn loops, design and imple-

mentation ~f the auxiliary antemna, and performance evaluation.

7.9 Space-Segment Antennas

Advances in satellite antenna technology offer significant improvements in
antenna capabilities: MBAs can grovide variable~beam and multiple-beam coverage;
the use of narrow, time-hopped beams offers the opportunity for significantly
reducing ground terminal cost and complexity, and/or increasing capacity; the

implementation of adaptive-nulling antennas offers osders of magnitude
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improvement in AJ protection and the potential for reducing termiaai cost and
complexity. The realization of high resolution antenna beams or nulls (< 1°)
ave readily achievable at KHF, and, consequently, MILSATCOM operacion at EHF
affords the opportunity to implement this advancea antenna technology to full
advantage. Toward that end, the following areas are recommended for further

studies and development efforts.

4. Phased Arrays

To provide a single beam for an zrea coverage, the use of phased arrays
appears ts have advantages over mechanically steerable reflector antennas,

particularly for power combining solid-state transmitters. reas to be
addressed include:

a., Tradeoffs between the phased array and reflector antenna in regards
to weight, volume and packaging constraints, reliability (phase shifters
versus gimbals and rocary joints), and RF losses (corporate feed networks

and phase shifters versus flexible waveguide and rotary joincs).

b. TFor spatial power combining appiicaticns, development efforts should
address the effect of device degradation and failure on array antenna

performance.

B. Time-Hopped Beam Antennas

A single time-hopped beam may be provided either by a phased array or by
a lens fed by an array of feeds; the beam control would be provided by phase
shifters or switches, resvectively. The theoretical gain of these generic
antenna types is essentially identical. The choice between them then depends
upon the specific application, j.e., uplink, downlink with single transmitter
or spatial prwer combining, and the beam swicching rate. For applications
favoring the phased array (e.g., spatial power combining), the choice between
ferrite or divde phase taifters will cdepend upon the bean switching rate.

Particular arcas warrapting further study ind development include:
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a. Development of phased array and lens antennas to determine achiev-

able performance and implementation constraints.

b. Development of space-qualified, low-loss phase shifters (both ferrite
and diode) and ferrite switches at the frequency bands of interest.

c. Study of prime power tradeoffs as a funciion of antenna type, state-

changing device, beam-switching rate and beam—switching algorithms.

D. Multiple~Beam Antennas

The capabilities of mu:ltiple-beam antennas (MBAs) ire numerous, and the
far-term use of MBAs in EHF MILSATCOMS ig assumed. In order to realize this
capability, there is a need to:

a. Develop a broadband waveguide and/or dielectric “ens MBA.

b. Develop the variable power dfviders (VPus) required for the assoc-
iated beam-forming network (BFN).

F.  Adaptive-Nulling Antenncs

Adaptive-nulling antennas afford the opportunity for an additional 30 dB
or more suppression of jammer signals. Their potential fcr reducing terminal
cost and complexity for a given current threat or mitigating future increased
jauming threats is obvious. The salient issuea to be addressed in adaptive~
nalling antenna technology are achieving 1 or 2 GHz nulling bandwiaths and the
implementation of high resolution antennas tc realize the full advantage of

operation at EHF, Concomitant with these goais, it is essential to:

B

a., Develop broadband adaptive-nuliing circuits capable of operating
over a 1 or ? GHz bandwidth both at EHF and IF frequeuncies.

b. Stwdy and develop techuiquaes for implementing high resolution EHF

antennas, e.g., filled or thinned arrays, space-fed arrays, lens antenna,
MBA.
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7.10 Rain Attenuation Factors

Rain attenuation at EHF jis one of the critical parameters affecting
frequency selection, system availability, elevation angle restrictions and
terminal costs. Further studies are required to place the role of rain atten-
uvation in EHF MILSATCOMs in proper perspective and such efforts should be an
adjimct to system design studies. Particular areas warranting study efforts

are delineated below.

A. Global Rain Attenuation Estimates

For studies requiring global estimates of rcin attenua_ion, cthe following

rTecommendations are made:

a. The rain rate distributiou and attenuation prediction models presented
in this report arc representative of the current state—of-the-art and
should be utilired.

b. For =vecific areas where long term rain rate statistics are avail-
able, refined estimates of rain attenuation may be obtained by applying
those statistics to the attenuation prediction model.

B. Site Diversity Considerations

For the wideland-data-i:elay community, some path divereity will be required
to achieve a system availability of 99.9%. J[te number of terminals within the
network requiring diversity, the implementation of downlink site diversity, and
the possible requirement for uplink diversity must be addressed. Reconmenda-

tions ifur furiher study include:

a. Link-by-link analysis of the data rates, raln rate and attenuaticn
statistics, and tolerance to delays; parametric study of the tradeoffs
among terminal design, 3atellite design, and path diversity requirements
for each 1liak.

b, Performance analysis o1 dual diversity systems for the downlink
(particularly to CONUS) based on available climatological and meteor-

ological data; design and cost analysis of candidate systems.
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c. Design and cost analysis of providing uplink diversity including
buffering, switchover, intersite linking and the impact of delays.

C. Response Time Considerations

For the mobile community, the tolerance of some delay in response time
will afford a substantial reduction in the required rain attenuation margins
(or a substantial increase in "effective" path availabiiity). The specific
factors to be assessed include the magnitude of the delays experienced in
current MILSATCOM systems, the duration and distribution of anticipated delays
at EHF due to intense rain, and the potential reduction in delays with system
improvements at EHF. Thege factcrs ghould be addressed, as the alternative of
achieving high path availatbility via more robust terainals will strongly
impact terminal cost and complexity. Recommendations for further study in this

regard include:

a. For each user community, assessment of the factors affecting end-
user-tc-~end-user deiays an{ their magnitude, including uplink power
balancing and frequency correction, blockages, message processing and

handiing, etc.

b. Development of a mudel, relating rain rate to the extent and velocity
of rain celle, from which fade duration distributions may be .stimatea

for the frequencies and path availabilities of interest.

c. Design studies which assess potential improvements in syscem oper-
ation at EHF to provide reduced outage time, e.g., on-board signal

processing.
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APPENDIX A

ESTIMATES OF RAIN ATTENUATION

This eppendix presents global estimates of rain attenuation based on the
proposed rain attenuation prediction model described in Section VI. The atren-—
uation estimates include oxygen and water vapor absorption (Fig. 6.1) in addi-~
tion to rain attenuation. The data are presented, for each climate region, as
graphs of

Figs. Al-A24: attenuation versus path availability with frequency as a

parameter for elevation angles of 10°, 2C° and 90°.

Figs. A25-A56: attenuation versus elevation angle with path availability
as a parameter for frequeuacies of 20, 30 40 and 45 GHz.

¥igs., AS57-A80: attenuation versus frequency with path availability as a

parameter for elevation angles of 10°, 20° and 90°.
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