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Abstract

Military satellite communication system architects are often constrained
by the performance capability of technology limited devices. Consequently, it
1{s important to continually assess that technology essential to the support of
future MILSATCOM systems. This project report and those published
prevlouslyl’2’3 summarize study efforts that developed strawman MILSATCOM
systens which satisfy projected user requirements. The technology requisite
to denlzyment of these SATCOM systems was carefully evaluated, and required
{mproveunents were described and/or deftned. Previously1’2'3, the study was
1imited to RF devicaes or related »henomena. This report considers optical
conmaunication systems, on-board signal demodulators, and radiation effects.

A1 update cn the traveling-wave tube technology is presented because of its

eztreme laportance to the development of affordable MILSATCOM terminals.
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[. INTRODUCTION

The Military Sarellite Communications (MILSATCOM) Systems (7 fice (MSO) of
the Defense Communications Agency (DCA) must contlaually review that
technology requisire ro the developrent of MILSATCOM architecture {n order t.
fully utilize advance: technical achievements, ideas, ete., in advancing the
capability andl improving the performance of future MILSATCOM systems. Lincoln
Laboratory aids the MS) in this function by surveying and assessing the
assoclated technology. In addition to using the results of these studies to
gulde the architectural decisions, Department of Defense (DoD) sponsored
research and development support could be guided toward those areas where it
was needed aad could prove most beneficlal.

In most recent years, the survey was preceded by examining the MILSATCOM
requirements and synthesizing an EHF strawman MILSATCOM system that could meet
these requirements. The frequencles of iInterest were chosen in the EHF band
in accordance with direction from Congress, potential anti-jam (AJ)
improvements of EHF over lower frequency systems. The survey was needed
because a great deal of general knowledge about EHF devices, and propagation
of electromagnetic waves was lacking and yet necessary to adequately assess
the potential performance characteristics of EHF systems. A strawman system
was synthesized in order to identify those components that must be developed,
what performance characteristics they must have, and when they would be
needed. Analysis of the strawman system surfaced those phenomena, such as
attenuation due to rain, that needed i{nvestigation or further study. Similar

efforts tnitiated a fresh look at electronic and physical threats and the
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II. OPTICAL COMMUNICATIONS

A. Introduction

Optical satellite communication (SATCOM) systems can be an attractive
alternative to millimeter-wave military SATCOM systems, particularly when the
data rate required is high. Figure 1 depicts some examples of optical SATCOM
systems. Small size antenna aperture is one main advantage of optical over
millimeter-wave systems. Figure 2 compares the antenna aperture size required
for 60 GHz and optical crosslinks "as a function of data rate. These results
are for point system designs based on state—of-the-art transmitter and
receiver technologles. 1t is evident that for high data rates (> 10 Mbps), an
optical system becomes the logical choice if minimum antenna aperture slze is
an important characteristic. Figure 3 compares the subsystem weight required
by a 60 GHz and an optical communication crosslink. A somewhat smaller and
less significant preference for optical communications is indicated if miniwmum
welight Ls necessary and the data rate exceeds 107 bps. System analysis at the
optical frequencies often differs significantly from that at lower frequencies
due to the vastly different technologies of sources, modulators, and receivers
and also due to the important role that nonclassical (quantum) noise plays in
determining system performance. In this section, important optical
communication system architectures anu critical system and technology issues
that affect system designs will be examined. Examples will be presented using
current state-of-the~art tecnology. An assessment will follow pointing out

those areas where development 1{s required.
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B. General Mission Requirements and Constraints

The class of optical channels encountered in space communications includes
the satellite-to-satellite channel, the ground/aircraft-to-satellite and
satellite~to~-ground/aircraft channel (see'Figure 1).* The data rate
requirements may vary from 1 Mbps to 1 Gbps and can sometimes determine the
associated system architecture to a considerable extent. Atmospheric
turbulence, aircraft boundary layer effects, weather and ocean effects are
some of the undesirable channel characteristics that must be considered.

Still other factors (not unique to optical SATCOM systems) that need to be
considered include link distance, relative velocity, point ahead angle,
angular tracking rate, doppler shift, background radiation and satellite
platform stability. All the ramifications of the channel characteristics and
application parameters will not be discussed in this report, except to be
mentioned in passing that all these factors should be considered when choosing
any system architecture.

C. Desirable System Characteristics

The following is a list of desirable characteristics, not necessarily
absolute requirements, for an optical point-to~point SATCOM system.
1. Small antenna aperture size (£ 10 ecm) -~ this characteristic is
particularly desirable when there are multiple transmitters or
receivers on a single platform such as the case of a satellite relay

node where spacecraft real estate is precious.

*Optlcal 1inks for satellite-to-underwater receiver operating at ~ 1 bps have
been proposed; this report does not address this application.




2. Modest weight (100-200 1bs) and power (100-200 W) — this and the

previous characteristic are especially desirable when the optical
COMSAT package is a secdondary payload on a satellite.

3. Common technology and system architecture for a wide range of data
rates - this is desirable to minimize cost of and permit
interoperability among future systems.

4, Easy multiplexing/demultiplexing and switching

5. Operation with Sun in receiver field of view

6. Operational life greater than seven years

7. Reliable source of supply of essential components

D. Optical Communication System Architectures

There are two basic classes of optical receivers; their salient difference
is centered on the detection method which can be either coherent (heterodyne
or homodyne detection) or incoherent (direct detection). Usually the
application will determine which one of these two basic receiver concepts 1is
more appropriate. System requirements and channel effects will also influence
the system architecture and choice of its parameters.

In an incoherent detection system (Fig. 4), the received optical energy
is detected by means of a photodatector that usually provides signal gain
(e.g., a photo—multiplier tube (PMT) or an avalanche photo-detector (APD)).
Some front—end galn at, and preferably integrated with, the detector is
required because of the low signal power received (typically around 100

photons per information bit). Since the frequency and phase of
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the optical freld are irretvievably loet in the energy detection process,

these systems are limlcted to varlous tvpes of intensity or pclarization
nodaiation.

Muitimode direct detectleon can usually be assumed. Cons=zquently, the
detector elther observes nany :opatial aodes {l.e.. a iarpge fleld of view)
aud/or manv temporal modes exist. “bsevvaticn cver 1 large number of remporal

woades 3ccurs when the product of optical derecter bandwidth, L., 4nd rhe

average interwval hetween photon arrivals, Ly, 18 much larier than anity 7l.e.,
Bty P2 1). Since te = 1/B. 13 che coherence time of the arriving phorons,
e :

the above condittion becomes t, »> t., which is calied the "Weak Photon
Coherence Assumption™. Under this assumption, the stochastic photon arrival
rate parameter can be replaced by its expected value, aund the resulting
detection process for coherent light i{n background nolse beccmes Poisson
distributed. Given that one chcoses binary signaling, on-off-keving 1s the
optimum signal set. However, the degree to which this signal set 1is optimum
depends on the choice of detection threshold based on the precise knowledge of
the signal level at the recelver, which {s typically not the case. Oa the
other hand, pulse position modulation (rPM), which Is usually preferred, is
oaly 3 dB poorec ln performance than on-off-keying, for binary s:ignaling, and
PPM becomes the optimum signal set as the symbol size Increases. Let us aext
develop a performance measure for FiM.

For equlprobable lnputs, the maximum~iikelihood decision recelver
minlmizes outpuat syabol error prebablliicy. The sutticient statisntic is (nj)

j=l, ..., M, where u, 1s the photan count in the jth tine slot. 1f the messape

-
my was gent, the expected nuuber of photons in the 3" stloc s bofor J oL
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aniddon s i)
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and Ay + X, for 3j=1, where XA, is the average background noise count per time ;
slot and \S {s the average siinal count per channel symbol. The optimun
receiver picks the aessage @ corresponding to the slot which yilelded the
maximua count.
The Chernoff Bound that gives the tightest exponential bound to the

channel svymbol errcr probability is

o g —— -2
Pric] < (M-1) expt= VA_+ x - VX )7}
- E n n
= (M-1) exp - A E(W (L) 4
S 4
7 K
L= AN T b *

is the average number of background counts, with n being the detector quantum
efficlency, @ the duration of a slot, AA the bandwidth of the optical filter

in wavelength units, and N, the background light spectral irradiance. Define

ey

SRR (2
h S l=t b v vily, and
T 1 - T - N
S T U VA AR S . -
1o wand pevaceter b Te s the {ollawle,, properii g
{
1. 2n w0 7, A0y o b and quantuan tialted pertormance {3 attatined.
2 as 5 o7 Y, () uw/h and the performance fs background limited.

Note that transition bectwezn these two reglons occurs around u = 4.
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Since the only background noise filtering in an incoherent system {is
provided by the optical filter which typically has a wide pass-band,
communication performance can be background~noise-limited, particularly when
the Sun 1s Iin the receiver field of view, or when the fileld of view is wider
than diffraction-limited (e.g., in a direct detection receiver, to help
spatial acquisition and tracking, the field of view can be increased by
choosing a detector area larger than the diffraction~limited Airy Disc
area). Background-limited performance can be avoided by choosing the aptical
filter bandwidth such that 44, < A;. Unfortunatelv, the bhandwidth of the
optical filter cannot be chosen arbitrarily small Yecause the receiver mav not
be tuned to the transmitter frequency with a sufficlent degree of accuracv.
For example, i{f a gemiconductor laser is used, the f{lter bandwidth most
likely will have to be a few angstroms, unless a freguency-reference-and-
control (FRC) system is emploved to "tune” the receliver.

The system can also be detector-noise-limited if the quantum efficiency
of the photon detector 1{s not unity or the gain of the detector {5 nonisv, as
in an APDQ. Note, for anl and blnary slgnaling, aan averige of \g=21 detected
signal photons per bit is required to obtain a 1077 gER {hit error rated. The
required amount of received signal photons per bit can increase substantiiliv
due to APD noise (13-16 dB for Si APD's operating st .8% ;m and ~ 21 4k for 72
nr GalnAsP APD's operating at 1.3 m).

In a coherent system (Fig. S5), an opti:al lacal oscillatoar field is added
to the received optical fleld such that the sium of these fleids {lluminates a
photo-detector which i{s followed by appropriate process{ag at an iaternetfate

frequency (heterodyne detection) or at hasebani (homodyne .fetection).

1.
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The front-end of a coherent receiver acts as a linear amplifier and converts
the received optical field to an electrical output, and a detector that can
provide signal gain is not necessary. As the local osclllator power is
increased, the system becomes quantum-noise-limited. The output nolse process
can be modeled as white gaussian with power spectral density N°/2 = hv/2n for
a heterodyne and hv/4n for a homodyne system, where h is Planck's Coastant, v
is the frequency of the optical field, and n is the quantum efficiency of the
photodetector. Communication theory for signals in additive white gaussian
noise is well understood.5 Given that one chooses binary signaling, binary
antipodal signaling (e.g., BPSK Phase Shift Keying) is the optimum signal

set. The channel bit error probability of an uncoded channel is given by

Pr{c) = MV IN ) <

~
£ Q -

1o

exp(-E /N ) (4)

S 9]
where g Is the gaussian eorroc fuaction and £, 15 the vacervad signsi-eneravs
per-pit in Joules.

o \_G 1 [SER ey Wl g~ N 1 oo v, .

Tor 19 chanael=bit-ervor probabiiity. JE_ /i ) - 13,1 (11,0 38, T
I-ar wavelength, thi= weans that the rveceived power vecuired at the der et
for a l-hes datt cate awust be at least 2.0 v 10 doo T use of a La
syabol size (suwen as Cimavy FSHowitih Taree

Ly approach dhe inforaatisp=theoreticit Linit of wal=0.03 (-].*

tepreseints 3 suvhstantial faprovesent over smell f) Lowever, the ace o

Livrgor symbol «size Uypically reguires iwproved tfrequercy-tracid -
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SYSTEM

TABLE I

PARAMETERS USED 1IN REFERENCE DIRECT DETECTION SYSTEM

Binary PPM gignaling

3 g optical filter

APD detectors(Si), Excess nolse factor - 5, Q.E. - 90%
0.2 ns pulse width

5 dBR oprics loss

7 d8 link margin

10 cm transalt/receive apertures

5 aW/bps required for 1 sync orbit path at 1076 BER

GaAlAs or Nd:YAG doubled

TABLE 1T

TEM PARAMETERS USEL IN REFEZRENCE HETIDRODYNE SYSTEM

Slna-v O
. "— -
10-30 A optical filter
2N Jdetectors (Si/Ge) Q.E. 92-1007%
GaAlar or NJ:YAD {n £V operation
3 d8 opiics loss
/AT Link mangia
15 oa transmit/recelve dpertures

Q.5%0W:bps for 1 sync orbig path ar 1o BIR
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Fig. 7. Optical communication system performance.
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(b)

(¢)

(d)

Communication performance can be background noise limited
particularly when the Sun 18 in the receiver field of view.
APD are noisy detectors, 10-15 dB loss in performance relative
to a noiseless detector can be expected.

Demodulation to bitstream at the receiver {s required, making

soft decision decoding for an end-to-end code difficult.

(1i11) Advantages of Coherent Systems

(a)

(b)

(c)

(d)

(e)

(£)

At least 10 dB better performance over incoherent systems at

1 um (Fig. 7). Saving may be reflected in reduced welght and/or
power.

Solar blind and quantum limited performance.

Easy multiplexing/demultiplexing ~- demodulation to IF waveform
{s an attractive option for space relays.

CW laser lifetime may be longer than high peak power pulsed
lasers.

Possibility of having commonality and interoperability for
systems with different data rates.

Pogsiblility of 10 dB increase in system performance {f large

symbol size 1is used.

(v) Disadvantages of Coherent Systems

(a)
(b)

Stable, single frequency laser required.

Requires frequency acquisition and tracking.

20
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cffores ongoing to develop a GaAlas laser pump for Nd:VAG tvpe lasers with
long lifetime and good power conversion etficlencies (~ 17). This is a
developing techiology that will probahly mature (n = fav vesrs,

Developnent of detectors {s anathér i{mportant technology 4rea for
{1conereat optical communication systems. The avalancihie photo-detector (APD)

ts the leading candidate; however, due &y the fact that such devices have dark

carrent, rtherual aolse and excess nolse (multiplicative noise) assoclated with
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the avalanche process, the ultimate performance of an incoherent system will
unlikely be within 10 dB of the quantum limit at 0.9 im using a silicon APD
(within 18 dB for Germanium or GalnAsP APD operating at 1.3 im). Fabrication
of low noise detectors for incoherent receivers (e.g., photo~transistors,
hybrid/integrated APD and matched trans-impedance amplifiers) is currently an

active area of research and development.

The most critical development required for coherent systems {s the stable
and single frequency lasers required by the heterodyne receiver. These single
frequency and stability requirements have ruled out heterodyne systems in the
1970's, with the exception of COy systems. However, CO, system technology has
not yet become space qualifiable. Around 10 W CW of CO, laser power {is
required for a 100 Mbps - 1 Gbps satellite communication system.
Unfortunately, CO, lasers with this output power have a lifetime around 15,000
hours, far less the seven years desired fnr SATCOM systems. Moreover, for
efficlent operation (within 19 4B of the quantum limit) of the photo-mixing
detector (HgCdTe) of a CH, heterodyne recelver, its operating tewperature must
be less than 130 XK. The only proven spaceborne cryogenic systea for loug
duration missions 1s a radiative coolzr whose design has 2 significant lapeut
on spacecralt configuracioa. A suitably small, low-power consumling, closen-
cyele cocler has to be developed to make CHn systens a candidars fov loogs
daratinons space applicatinas,

Crystalline lasere (such as the “M:YAG laser) and semiccnduactor larcers
(such as GaAlAs) also have great potential for use in coherert communication

e polnt whore

optical space systems. Recent technologirs have matured to ¢
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single frequency Nd:YAG and GaAlAs lasers can be fabricated. It remains to be
determined if the frequency stability of these lasers {3 good enough for
heterodyne reception purposes.

The Nd:YAG laser requires a traveling-wave, circulating-cavity
construction (Fig. 8) to achleve high efficiency, stable, single frequency
operation. For most satellite applications, an efficient laser diode, or
light emitting diode, pump must be used to increase the prime-to-optical power
conversion efficiency to at least 1%.

GaAlAs lasers are much more efficieat (~ 10%Z) than crystalline lasers.
Recently, frequency stabilization of a single longitudinal mode GaAlAs laser
has heen demonstrated using an external reference and a feedback thermal
electric cooling element mounted at the laser heat sink (Fig. 9). Line-widths
less than 1 MHz have been achieved, and the laser seems to be appropriate for
heterodyne applications.

One advantage of crystalline lasers over semiconductor lasers is that
there is an upper limit on output power per device for a semiconductor laser
(~ 200 mW/device {n the case of GaAlAs) due to optical power density related
damage mechanisms. No such limit is preseat for crystalline lasers operating
at about 1 W output power. Nonetheless, the performance curves in Fig. 7
indicate that using a heterodyne system, a few hundred aW of laser power at
around 1 um wavelength {s adequate for a 1 Gbps system. If more received
3ignal power is required, the transmitting and receiving optics aperture
dimensions can be ifncreased. Alternately, in any case, research and
development efforts are uaderway to coherently lock multiple semiconductor

lasers in order to transcend this apparent power limit.
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Detector technology appropriate for heterodyne systems at the near
Infrared and visible wavelengths seems mature (achieving ~ 90% quantum
efficiency) at this time. Silicon photo-diodes should be used for the GaAlAs
laser operating at 0.8 - 0.9 im wavelength and Germanium or GalnAsP photo-
diodes for wavelengths longer than 1 um. There has been relatively little
heterodyne experience at the 1 im wavelength region, therefore, these

detectors need to be characterized and studied in a heterodyne application.

F. Conclusions

System architectures and technologies for coherent and incoherent optical 4
space communication systems have been discussed. At present, incoherent #
systems possess the more mature technology. However, it can be shown that
with cohereant systems, around 10 dB improvement in performance (and,
therefore, reduced weight and power) is possible if suitably stable lasers are

available to allow use of heterodyne or homodyne detection.
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IIt. SPACECRAFT SIGNAL PROCESSOR TECHNOLOGY FoR MEDIUM-RATE POINT-TO-POINT

COMMUNICATIONS SERVICE
A. Introduction

This section describes a design example to investigate the technology for
spacecraft on-board signal processors for medium data rate point-to-point
communicatfons service. "Med{um” {s taken tc mean user data rates of 20 to
200 kbps per terminal. This falls between typical per terminal
mobile/tactical user data rate requirements of 0.1-10 kbps and wideband data
requirements of 0.5 to S0 Mbps per terminal. The MCOS (Multi-Channel
Ob jective System) for the GMF (Ground Mobile Forces) is a familiar example of
such a medium-data-rate requiremeat; however, the spacecraft signal processing
technology 1s not limited to or driven by that particular requirement. Tt f{s
helpful to have some specific requirement in mind to help focus a technology
tavestigation, and MCOS has played that role {n this study.

An uplink demodulator with time acquisitlon and tracking capability is
the key spacecraft processor development {tem for medium-rate service. The
other required subsystems and components of a spacecraft signal processor are
elther the same as or a stralghtforward extensf{on of those needed for service
to mobile/tactical users. These other major components, developed as part of
the test bed hardware effort for Lincoln Laboratory's Current System, I{nclude
wideband fast frequency-hopping synthesizers, a downlink formatter or COP
(Communications Output Processor), and a programmable controller to set up and
control the other elements of the processor payload called the MARC, or
Microcomputer Adaptive-Routing Controller (see Fig. 10). For mediam-rate

MCOS-type service, the frequency-hopping synthesizers are the same. The MARC
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controller would require new software only. The downlink formatter, or COP,
would have to run at a 10 times faster output rate (roughly 8 to 10 Mbps
rather than 1 Mbps as for the mobille/tactical service); however, the concept
and the block diagram would be the same, and the increased rate is well within
the capability of existing integrated circults*.

B. MCOS General Characteristics

The baslic purpose of MCOS 1s to provide Tri-Tac compatible 16 kbps full
duplex links for the GMF with high jamming resistance. The terminals are
assumed to be transportable, not mobile, and to operate at EHF frequencies
(20 GHz downlink, 30 GHz uplink). Since mobile operation is not required,
terminal antenna sizes on the order of 6 feet diameter are acceptable, with rf
transmitter power output of 100 W or so. A maximum of 9 to 12 full-duplex
16 kbps links per terminal are required.

MCOS service is required typically over a coverage area 500 nautical
miles in diameter, corresponding to a 1.5° sgpacecraft antenna beam. Within
such an area, a capacity of 100 full-duplex circults per spacecraft would he
required. It is interesting to note that such service requires spacecraft
EIRP comparable to that curreatly assumed for mobile/tactical service to
terminals with smaller (2-foot) diameter antennas. The larger antennas

acceptable for MCOS roughly balance the higher required data rate.

*Nearly all of the internal circuftry of the COP runs 30 times slower than the
required output rate in any case, because downlink bits are retrieved from
buffer memory in long words and then shifted out one bit at a time. ‘Thus only
the output shift register runs at full rate.




C. Desirable MCOS Technical Features

Full duty-cycle frequency-division multiple access (FDMA) seems more
desirable than a time division multiple access (TDMA) on the uplink in order
to avoid the need for very tight control and timing coordination between
users, and to obtain good anti-jam performance without requiring pulsed
average power limited transmitters. Time-division-multiplexing (TDM) could be
used to combine multiple (up to 12) 16 kbps data streams into a single bit
stream modulating a single carrier per terminal. 1t is also desirable to have
a choice of three or so different uplink data rates (correspoanding, for
exanple, to 1,4, or 12 16 kbps channels per carrier) in order to adapt to
varying levels of jamming and/or atmospheric attenuation. Control is 1
simplifi{ed if enough uplink demodulation chaanels are provided at each of
these available uplink rates so that thelr combined data equals the downlink
data rate. As will be seen, such uplink channels are relatively cheap to
provide by using appropriate surface acoustic wave (SAW) devices, configured

in a related but somewhat different way from that used with tactical terminals

i operating at lower rates. On-board detection and reformatting permits TDM of
all uplink signals on a single downlink carrier essentially elfiminating
intermodulation noise, and channel-to~-channel coupling, while realizing
maximum DC to rf power conversion efficiency with a given high power
amplifter. Finally, there is no reason to use a hop rate different from the
mobile/tactical users. The frequency-following jammer considerations are
similar; moreover, such commonality would preserve the option of sharing the
front-end and frequency synthesizer {f architectur... considerations led to

meeting MCOS and mobile/tactical needs on the same spacecraft.
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D. Strawman Uplink Demodulator Design

The basic characteristics of a strawman uplink demodulator design which
has the desirable features of Section B are summarized in Table III and
Fig. 1l. An lmportant feature of the desi{gn, explained in more detail below,
1s that the uplink timing only needs pre-correction by the terminals to a
precitsion of about 2 to 5 us, even though the individual signal elements
themselves are as short as 2 ps. The surface acoustic wave devices are the
key eleament in the demodulator making detection and FDM to TDM conversion
possible. A description of SAW devices and the associated technology are
discussed in Section H.

Each of the SAW processors in Fig. 11 employs a new configuration using
f{ve SAW devices which can demodulate many FDMA users with independent
frequency and timing control, and needs only one sampler. The basic 1idea is
to use the five SAW devices to convert FDM bit streams into a TDM bit stream
(i.e., FDM/TDM converter) followed by a single matched filter set which
processes all the bits of all the users sequentially. Thus, the new system
does everything the Lincoln Laboratory UHF group demodulator did a few years
ago, but at much higher hopping and data rates. Although motivated by the
requirements of MCOS~type systems, the SAW configuration presented here should
be applicable to a broad class of medium data rate systems.

A block diagram of this medium data rate, or multiple bit per hop SAW

processor is shown in Fig. 12. The FDMA users are processed by the first two
devices exactly as in the Current System configuration of Fig. 13; namely,

they are differentially delayed by SAW dispersive delay lines (DDL), or
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b TABLE IILI

STRAWMAN MCOS PROCESSOR CHARACTERISTICS

Circuit data rate - 16 kbps

200 at each of 3 rates for
12, 4, or 1 clrcuit(s) per carrier

Number of circuits

Modulation - PC SFSK

Code rate - 1/2(end-to-end)
Timing error = £ 5% of hop period
Frequency error - £ 75 kHz
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SAW PROCESSORS :
FT — IFT —= MF

HIGH RATE
{12 channels /corrier)

DEHOPPER(S)
O——=p={ AMPLIFIER(S)
FILTER(S)

MEDIUM RATE
{4 chonnels /carrier)

LOW RATE
(1 channet /carrier)

ENVELOPE
DETECTORS,
COMPARATORS,
SAMPLERS

Fig. 11. MCOS demodulator.
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disperser, and then expanded by El, the long expander, another “down-chirp”

SAW device (decreasing frequency with time). The third device is an
unwindowed up-chirp (increasing frequency versus time) partial compressor
(Cl). However, it differs from the Current System compressor in that it has a
chirp slope which 1s not matched to the chirp slope in El. Thus each user
down chirp is made steeper so that user signals do not overlap in time. This
{s an important and main step since it permits the frequency and timing of
each user to be independently adjusted.

The next to last step in the FDM/TDM conversion is to mix this array of
down chirps with the output of a short duration down-chirp from the short
expander (E2). This is repeated for each user signal. All users signals are
now in proper timing sequence and at the same "center” frequency. Flnally,
the last up chirp device (C2) corrects the unwanted dispersion.

Notice that a user whose center frequency is incorrect appears at the
output of the partial compressor (Cl) as a down chirp displaced in time (see
Fig. 13). User frequency ervor can then be correctel by an appropriate change
{n the time origin of the short expander (E2) chirp assoclated with that user.

Oace the FDM/TDM conversion has been completed, the signals may be
demodulated by passing them through a single set of matched fllters. For
instance, a stream of BPSK signals is passed through two two-bit long matched
filters, one matched to no phase transition and one aatched to a 180°
transitfon. The outputs of the matched fllters ire then envelope detected
(for example) and sampled. (Remember that the hit rate at the output of the

processor is much greater than any user's input bit rate.) We can note here
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that the final compressor and the matched filter could be combined into a
single "chirped matched filter”. Similarly, the matched filters, very short
devices, could be incorporated into output transducers on the final
compressor.

User bits not properly synchronized with the satellite will appear in the
output TDM stream shifted in time an amount proportional to the bit timing
error. Similarly, a user whose frequency error has been corrected by shifting
the short down chirp appears in the TDM stream shifted in time. Thus, a
single sampler can correct for known timing and frequency errors.

To say all this in another way, the output statistics of the first user
all appear sequentially, then all the statistics of the next user, etc. These
statistics can be examlned to determine the frequency and timing error of each
user bit gtream and by how much the timing of the E2 input pulses must be
changed to bring all users into adequate timing synchronization and frequency
harmony.

In a medtum~to-~high data rate, frequency-hopped system, it may be
desirable that each user need only be synchronfzed to within a fraction of a
hop time (say, £ 10%). With this restriction, the user would send data for
only part of each hop (e.g., 80%) so that, even if it transmitted with the
worst allowable time error offset, each user data would appear at the output
of the frequency dehopper. (Notice, that only the first 10% of a hop or the
last 10% of a hop may be lost, but not both. Thus, a coding scheme - such as

simple repetition - could be used to allow 907 of a hop to include real data.)
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It is also preferable that the demodulator be forgiving for any time
offset in this allowed range. That is, {f all the data 1s presented to the
demodulator, it i{s desirable to be able to measure the timing error,
compensate for it, and perhaps request the terminal to compensate for this
measured timing offset in the future transmissions. The system as described

above, therefore, lets each user transmit signals diring the center 80X of a

hop period. His individual time offset, modulo one bit, caan be found by
searching for the peaks in the matched filter output using any of several
early-gate-late-gate~type search strategles. After determining the measured
time offset, appropriate compensation permits the data to be demodulated
accurately. 1t is also possible to devise a scheme whereby coarse
synchronization (the data bits are in the ceanter 80% of the hop) can be

obtained. For example, suppose a user transmission is a few bits late. By

ki e v .

setting a threshold, it should be possible to determine which output sample
corresponded to the first real bit and thus the time offset is determined.
The user could then be fanformed of his error so that he could compensate for
ic.
Another example of timing acquisition would use a PN sequence which could :

be compressed by a single dedicated SAW device. The output would then have a

sharp peak corresponding to the actual time offset. Such a scheme could be

used in a one-shot timing acquisition system which could reclaim even more of

e

a hop period for data transmission.
A frequency error appears as a chaage in the shape of the matched filter
output. For a particular modulatlion form and bit sequence, this change may de

diagnostic. 1f not, use can be made of the fact that a frequency error
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corresponds to a time offset in the down chirp of this signal at the output of
the first mixer. For example, an appropriate special~purpose SAW compressor
whose output signal appears as an impulse would measure a time delay
proportional to the frequency offset of the input signals.

E. Parameter Cholce

There are basically only two parameters to choose other than the device
center frequencies - namely, the slope of the chirp produced by El and by E2
in Fig. 12. It can be shown that these chirps can be completely specified by
the deslred compression factors. Suppose the entire TDM bitstream from one
hop dwell time, Ty, must aippear at the output of the FDM/TDM converter in a
total time a Ty and that correction is required for frequency errors that are
a fraction 1 (1-B)/2 of the inter-user frequency spacing as shown in
Fig. 14. Bandwidths and dispersions of the various SAW devices are given {n
Table IV in terms of o and B. It is assumed that N FDMA users occupy a total
bandwidth Beotal”

The difficult problem of choosing the center frequency of each device has
not been addressed. Suffice {t to say that this questlion warrants careful
study for each application. Furthermore, the choice of up or down chirp
devices is a functi{on of the chosen center frequencies. For some system

designs, 1t may be necessary to lavert the spectrum prior to detectlion.

An MCOS-~Type Example

We have chosen to {llustrate a typical demodulator with an example
inspired by MCOS-type user requirements. The design parameters given here are
not to be Interpreted as a proposed MCOS system design. Rather, values were

chosen to make many system performance characteristics sultable for a MCOS-

type system.
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Fig. 14. Processor output structure.
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TABLE 1V

FUNDAMENTAL DESIGN PARAMETERS

Device No. T/Ty B/Brotal
1) a 1
1
2) 1+a 1 +—
a
aB 1
3) 1 - v
a 1 +8
4) ﬁ(l + B) T
a 1
%) ] 3B
41
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Bach user will be assumed to send a maximum of 192 kbps of uncoded
data. Such a signal would be made up of twelve 16 kbps users time-division-
multiplexed on a single carrier. With rate 1/2 coding and a plausible hopping
rate, there are 24 coded bits/hop/user. An additional 2 bits/hop/user are
allocated for net control. Since an SFSK signaling scheme with phase
comparison detection is assumed, two overhead bits per hop are required, and
each user needs a total of 28 channel bits/hop. Assuming an allowable time
offset of + 6.25% of a hop, these 28 channel bits must be sent in 54.7 us, or
at a signaling rate of 512 kbps. Thus there are 32 total channel bits in a
hop including the two prefix and two suffix bits, which may be used for timing
or frequency acquisition, or some other purpose.

The center frequencies are spaced at Af/R = 2.5 giving each user a
bandwidth of 512 x 2.5 = 1.28 MHz. Assuming 17 users results in a 21.76 MHz
communications bandwidth. These design values are summarized in Table V,
along with similarly-derived numbers for four and one 16 kbps
circuits/carrier, respectively.

As 1in the Current System design, there {s a tradeoff to be made between
the rate of the demodulator's output comparator period and the maximum time
delay of the longest SAW device. Specifications of the SAW Jdevices required
for the three demodulators are given i{n Table VI.

As shown in the table, it 1s possible to get reasonable values for the
required output comparator response perfod (25 to 80 ns) with long-expander
(El) dispersion values of 109 to 112.5 ms. These values are somewhat beyond

what {8 convenlent for a single SAW device but can be readily realizable with
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TABLE V

MULTI-RATE SYSTEM DESIGN

No. of 16 kbit circuits 12 4 1
No. of coded bits/hop (R=1/2) 24 8 2
Phase comparison overhead bits 2 2 2 1
Control overhead bits 2 2 1 ;
Extra timing overhead bits 4 2 o*
Total channel bits/hop 32 14 )
Allowable timing offset £ 6.25%7 £ 7.177 & 10%
Signaling rate 512 K 224 K 80 K
BW/user (Af/R.panner=2-5) 1.28 M 560 K 200 K
No. of Channels 17 50 200
Total BW 21.76 M 28 M 40 M
Overhead 1.25 dB 2.43 dB 4.0 dB
43
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two devices in cascade. For comparison, the specifications of the SAW devices
in the existing Current System Test Bed Hardware are summarized in Table VII.

F. Simulation Results

The MCOS-type demodulator was evaluated using a computer simulation® that

models the transfer characteristics of the SAW devices, especially near the
edges of thelr operating frequency bands. All devices were assumed to have a
quadratic in-band phase response.

A detalled report of the performance characteristics is not important
here; suffice 1t to say, the demodulator performed as expected providiang
FDMA/TDMA conversion with a tolerable phase and amplitude distortion. This
new configuration of SAW devices does indeed demodulate FDMA high-rate,
multiple-bits—-per-hop users. The system allows for independent time and
frequency error correction by converting the FDMA signals into a TDM stream
which requires only one set of high rate matched filters. This specific
system using PCSFSK modulation was inspired by GMF/MCOS requirements.

G. Summary

The foregoing describes the general and specific characteristics of a
particular type on-board signal processor; that is, one which converts the
input (uplink) FDM signals into a TDM output bitstream. Tt is particularly

significant in that the SAW devices have a time-bandwidth (TW) product

sufficiently high to accommodate 100 duplex 16 kbps channels with frequency

*The actual numbers used in the simulation differ modestly (~ 20%) from the
final strawman design values of Tables VI and VII. This is unimportant for
demonstrating the validity of the concept.
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TABLE VII

SAW DEVICE CHARACTERISTICS
(LINCOLN LABORATORY CURRENT SYSTEM TEST BED)

Center Frequency T BW
Disperser 100 MHz 33.5 8 15.2 MHz
Expander 250 MHz 81 8 36.6 MHz
Compressor 150 MHz 47.5 s 21.4 MHz
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hopping. Higher data rates and/or more channels might be accommodated by
either increasing the TW product, or alternatively by paralleling and
cascading the SAW devices with TW product equal to, or less than those
described here. The latter may be preferred especially since the devices
described in the strawman processor have TW products about as large as can be
achieved wlth current technology.

Clearly, the SAW device and 1its performance characteristics determine, to
first order, the throughput communication capacity. Consequently, it is
appropriate to discuss the general characteristics and fundamental limitations
of this device and indicate {ts current state~of-the-art performance and
characteristics.

H. SAW Devices

The device consists of a pair of acoustical transmission lines along
which frequency selective reflecting obstacles are distributed. Electrical
signals, at frequency fe, exclite corresponding acoustic signals at frequency
fa=f, that propagate along the surface acoustical wave input transmission
line. When the induced acoustic wave encounters a "resonant” obstacle
(resonant at f,), it ia reflected (coupled) to the output acoustical wave
transmissfon line and propagates essentially unattenuated to the output
transducer where it {8 converted to an electrical signal at f,. The total
propagation delay 7, is equal to the tilme required for the signal to propagate
from the input tranducer to the frequency selective reflecting objects and
then to the output transducer. Since the propagation velocity of the surface

acoustical wave 1s essentially independent of frequency, signals at frequency
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130 fl*fa' travel a longer, or shorter, distance prior to reflection by
obstacles tuned at fl' If the distance is longer for f1 > f, signals at
frequencies higher than fa undergo a time delay greater than T, and signals
less than fa undergo a time delay shorter thaan t,. Hence the SAW device has
positive frequency versus time slope (i.e., up chirp) in that higher frequency

signals arrive at the output a later time T, approximately in proportion to

the difference between the higher and the lower frequency. That is,
+ off - f .
L a( L a) (6)

1

It follows that the differential time delay 71 at any frequency in the

operating frequency band, W, is given by
T= (f - fz)a @D

where f, is the lowest frequeacy in W. The maximum time delay 1, is given by
Tnax (fm - fl)a (8)

where £ is the highest frequency in W, and W = fm - fz; hence

T = Wa . (9)
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Now T,.. is limited to about 100 us because current technology does not
permit the manufacture of acoustical transmission lines long enough to

introduce a 100 8 delay and operate at a frequency, f sufficiently high to

o’
accommodate W. That is, the ratio fO/W should be greater than say three. It

follows that W can be incveased by increasing f however, current technology

o?
requires that f, be less than about 3 GHz. Bandwidth and 71,  of curreatly
available SAW devices® (also referred to as Reflective-Array Compressor, RAC)
are shown in Fig. 15. Notice that the TW product {s less than about 10“
(Hz-s); larger TW products can be accommodated by cascading and/or paralleling
one, or more, SAW devices.

Table VII lists the characteristics of SAW devices used in the Lincola
Laboratory Current System Test Bed Hardware. These devices can be used in
spacecraft applications. Performance ({.e., larger TW products) significantly
greater than that given in Fig. 15 is beyond fundamental limitations of the
device. Although, current fabrication techniques are limited to special

laboratory facilitles, future R&D efforts should support transfer of these

ptocesses and/or facilities to the Industrial or manufacturing base.
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Iv. RADIATION EFFECTS
A. Introduction
In the natural environment, particles ranging from electrons to heavy
cosaic rays continually bombard spacecraft. These particles have various
sources and energles and populate different regions of space. While some

penetrate only the outer micron of a satellite's skin, others pass completely

through spacecraft, leaving a trail of damage in their wake. Their effects on

electronic components and vystems vary substantially with device technology
and design. Indeed, expected component lifetimes in space can vary from days
to decades depending on component technology, shielding, and orbit.

The purpose of this section 1is to present radiation-hardness guidelines
for selecting parts to be used in satellites and to assess the hardness of
currently-available components against those guidelines. The scope of the
assessment is limited principally to the natural space environment, dominated
at syanchronous orbit by trapped electroas and solar-flare protons. It does
not include nuclear-blaat radiations nor the enhanced trapped radifation
preseant after high-altitude bursts.

The radiation hazards of the natural space environment are summarized
here in a manner useful to the englneer concerned with spacecraft
electronics. The sources of natural radiation, from the low-energy thermal
plasma to relativistic cosmic rays, and the physics of their interaction with
electroaic materials are discussed briefly, and realistic hazard levels are

agssessed as a function of shielding thickness for several common orbits.
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With the hazard levels clearly in mind, radiation susceptibility of
electronic components that are potentlally ugseful for spacecraft systems is
addressed. General characteristics of generic device technologies then follow
from specific test results obtained at Lincoln Laboratory as well as from
other data published over the past few years in the technical literature.
Finally, ongolng programs to develop radiation-hardened components are
discussed, and a few suggestions for future program funding are offered.

B. Sources

The primary radiation hazard in earth orbit comes from the Van Allen
radlation belts, intense regions of energetic electrons and protons confined
by the Earth's magnetic fizid. The single proton belt peaks at roughly
2,000 ami altitude in the equatorial plane for proton energies 1n excess of
20 MeV, with densities dropping to about 1% of peak at 500 and 5,000 nmi,
regspectively. Electrons are confined to two broad regions, peaking in the
5,000 to 10,000-nmi altitude range, with significant densities extending from
about 2,000 nmi out to geostationary orbit. Trapped by magnetic field lines,
the particle distributions tend to peak in the equatorial plane with most
confinement between 45°N and 45°S latitudes. Within these belts, particle
densities decrease exponentially with energy ({.e., with trapped energles
extending up to 100 MeV for protons and to 6 MeV for electrons). The
relatively sparse high-energy talls to the distributions coantain the particles
that are capabhle of penetrating spacecraft shielding and affecting electronic

components.
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Significant fluxes of energetic protons and alpha particles, originating
in solar flares, penetrate the earth's magnetic shield, particularly in high
earth orbits (geosynchronous) and in polar regions. The most damaging solar-
flare particles occur sporadically. Indeed, a single short-lived solar flare
can produce most of the yearly fluence of such particles. In estimating thelr
fluence, probabilistic models depending on the solar cycle are used, and only
long-term (> yearly) averages are reliable.

h Cosmic rays of galactic origin have recently been recognized as a

significant radiation concern for satellite electronics. The particles are

light nuclei ranging up to iron in atomic number. They are accelerated to
relativistic energles in excess of 1 GeV per nucleon by interstellar magnetic
fields. Although fluxes are low, cosmic rays penetrate any practical
spacecraft shielding, and their effects on components must be accommodated by
appropriate system design.

At the low end of the energy spectrum, plasma electrons and ions (mostly
protons) with energles from a few to hundreds of electron-volts (eV)
constantly engulf satellites in earth orbit. Penetrating only microns into
the skin of the spacecraft, these particles usually have no effect on
electronic systems. However, in higher orbits, (particularly near
synchronous), geomagnetic substorms can disturb the quiescent particle-energy
distributions and inject significant numbers of 10 to 20 keV electrons which
impinge on satellite surfaces at current densities up to several nA/cmZ.
Combined with a photoemission clamping current from sunlit surfaces, plasma

electrons can charge spacecraft surface materials to potential differences of

53




several thousand volts, leading to electrical surface breakdown. Both
radiated EMI and direct current injection from such discharges can couple 1into
spacecraft systems, causing logic upset and possible component damage.

C. Effects of the Space Environment

The predominant natural radiation hazards in synchronous orbit are trapped
electrous ranging up to about 6 MeV in energy and solar protons ranging from
about 20 to 100 MeV in energy. In orbits which penetrate the radifation belts
(e.g., 12-hour elliptical, 6-hour orbits, or low orbits above 1,000 nmi)
trapped protons up to 100 MeV are significant, and can dominate the dose.

Shielding Is relatively effective at stopping the electrons, but amuch
less so for the protons. In devices, both particle types cause ionization
damage (generation of electron-hole pairs) and bulk displacement damage
(lattice vacancies and interstitials), but in very different proportions.
Electrons lose energy almost entirely by fonization, while protons are
effective in producing both forms of damage. Bipolar devices (minority
carrier operation) are sensitive to bulk damage, leading to reduced carrier
lifetimes, diffusion lengths and hence degradation of current gain, 8. FET
devices (majority carrier operation) are relatively insensitive to bulk damage
but are quite sensitive to ionizing radiation. This leads to trapped charge
in oxides and therefore to shifts in both surface doping levels and effective
threshold voltages. Trapped charge (from lonization) in field oxides can
cause surface leakage currents in both device types.

In determining device radiation sensitivity, the effects of ionization

and of bulk displacement must be distinguished. The measure of ionizing
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radiation 13 the total ionizing dose (TID), or simply total dose, in units of
rads (1 rad + 100 erg/gm deposited energy in the specific material). One rad
(silicon) is approximately equal to the dose produced by 3 x 107 e/cm? at an
energy of 1 MeV.

Bulk damaging radiation is measured in terms of DENIs (Damage-Equivalent
Normally Incident electrons), the fluence of normally incident electrons which
produces the equivalent bulk damage in the material under test. Another name
for this measure is the BDEF, for Bulk-Damage-Equivalent Fluence.
Historically, this 1 MeV equivalent fluence has served as the transfer
standard for expressing the bulk-damage effects of residual electron and
proton spectra penetrating shielding. Another measure of device
susceptibility related primarily to bulk damage {s the total neutron-fluence
damage threshold, commonly used in nuclear-effects tests.

As an environmental radiation-simulation tool for bulk damage, 1 MeV
electrons must be used with some care, since they will produce not only the
gpecified bulk damange but also a concomitant amount of ionfzation. Note that
for an electron-radiation hazard, the two effects are simulated well with
electrons. However, for a proton-radiation hazard, the electron fluence
required to simulate the expected bulk damage in test devices will generate a
substantially greater TID than would actually occur in orbit.

D. Accurate Determination of Exposure

Determination of the TID or BDEF expected at a specific location within a
spacecraft on a particular missfon involves a 2-step procedure. One f{rst

deternines the external environment by integrating environmental models (i.e.,
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particle-flux spectra as a function of magnetic coordinates) over the
particular orbit. Second, one calculates the TID in rad or BDEF in e/cm2
which results from the specific environment penetrating the mechanical
shielding of the spacecraft structure. Accurate treatments require a computer
data base representing the environmental model, a computer program to coanvert
geocentric orbit parameters into magnetic B-L coordinate space, and a program
to integrate the environment over the orbit. This procedure yields the time
(orbit)~averaged energetic-particle spectral flux external to the spacecraft
due to trapped particles. The expected solar-proton fluence for the time
period of interest is determined separately from existing models.

Monte Carlo~type codes are generally used to cot ert this spectrum to TID
and BDEF at specified points inside the spacecraft, given a computer model of
the structural configuration and materials. Such shielding programs range
from relatively simple ones assuming a spherical-shell geometry of uniform
thickness (requiring several minutes of computer time) to complex ones
allowing more than 100 surfaces (requiring several hours of computer time).

Programs for shielding calculations must take into account bremsstrahlung
radiation generated in stopplng energetic electrons. In the bremsstrahlung
interactlon, a primary incident electron colliding with a nucleus of the
shield material has some or all of its energy converted to a photon (or gamau
ray) continuing in the forward direction. The resulting bremsstralilang gamnas
are extremely penetrating and will limit the effectiveness of shields thick
enough to extlaguish all primary electrons. The probability of this reactio.

taking place Increases with atomic number of the target nucleus, while the
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shield effectiveness against primary electrons depends only on the mass area
density (gm/cmz) of the shield. Therefore, outer shields on spacecraft should
be made of materials with low atomic numbers. Aluminum 1s assumed in the
examples which follow.

E. Depth-Dose Curves

Figure 16a shows the curves of total yearly dose through a spherical
aluminum shield versus shielding thickness for the geostationary orbit. The
environmental models used were AEI7-HI for electrons, AP8-MAX for trapped
protons, and SOLPRO for solar protons (models and computer codes provided by
G. Stassinopoulor, NASA Goddard). The contribution of solar protons to total
dose is small for moderate shield thicknesses; that of trapped protons is
completely negligible at synchronous orbit. The limiting effect of
bremsstrahlung is evident.

Figure 16b shows the correspoading annual depth-dose cutrve for a typfcal
12-hour elifptical orbit (Molniya type). The contributions of both trapped
electrons and protons are substantial in this orbit, which passes through the
radiation belts. The contributions of bremsstrahlung and of solar protons are
relatively less {mportant than in geostationary orbit.

In general, flat-plate models will produce smaller doses than will
spherical medels, since much of the isotropic radiation enters the shield at
skew angles, seeing an effectively thicker shield. Note that an important
congsequence of the exponentlal dependence of dose rate on shield thickness is

that thin spots (or "holes”) in the shield dominate the dose. This point

canaot be overemphasized.
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Figures 17a and 17b show curves of the annual bulk-damage-equivalent
fluence (BDEF) in DENIs (1-MeV damage-equivalent normally incident electrons)
corresponding to the two orbits discussed above. Solar protons are far more
significant for the BDEF curve than for the TID curves of a geostationary
orbit, and they dominate BDEF for shield thickness in excess of 0.100-in.
aluminum. The reduced effectiveness of shielding for protons as compared to
electrons 1s apparent. The solar-proton curve shown represents the
anticipated maxlmum solar-proton fluence for a mission in the 1983-1989 time
frame. 1In the 12-hour orbit of Figure 17b, trapped protons completely
dominate the BDEF.

F. Radiation Hardness Requirements

From the data shown in Figures 16 and 17, it 18 clear that — behind a
nominal shield thickness of 0.100-in. aluminum — approximately 50 krad/year
can be expected in geostatlonary orbit. 1In a 12-hour elliptic orbit, the
equivalent dose rate 1s 100 krad/year, twice that of geostationary.

Increasing tre shield thickness to 0.200-in. lowers the yearly dose rates to 2
and 15 krad, respectively. The differences in BDEF between the two orbits are
even more drastic. For the geostationary orbit, the equivalent yearly
fluences through 0.100-in. and 0.200-in. aluminum shields are approximately

013 e/cmz, respectively. The corresponding fluences in the

0.4 and 0.1 x 1
12-hour orbit are 4 and 1.4 x 1013 e/cmz, roughly an order of magnitude
greater than at geostationary orbit.

When determining the radiation hardness/shielding requirements for a

specific migsion, the dependence of end~of-1ife dose on orbit parameters must
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be kept in mind. One must also recognize the extent of temporal variation in
dose rate. Expansion and contraction of the geomagnetic field (typical {n
geomagnetic storms) can carry the energetic trapped-particle reglons across
synchronous orbits, resulting in order-of-magnitude increases in electron
fluxes at several MeV. Such increases can last for several weeks. Reasonable
design margins must be allowed for temporal environmental uncertainties and
for potential changes in orbit longitude.

In lieu of specific orbit parameters and structural models, some general
guidelines can be extracted from Figures 16 and 17. The uniform-spherical-
shield reduction of AEI7-HI and the proton model for the 1983-1989 period
should represent a reasonable upper limit for TID and BDEF calculations.
Assuming a minimum of 0.100-in. aluminum equivalent shielding from box walls,
circult cards and outer structures, an upper-limit 10-year TID is
approximately 1 Mrad. Parts hard to that level should be acceptable for
flight use without much concern. Parts which degrade unacceptably at 1 Mard
but which are hard to a TID in excess of 100 krad can be uged, but they will
require additional local shielding and judicious placement within the
satellite structure. Parts which fail in the TID range of 50 to 100 krad can
theoretically be shielded, but shield weight becomes excessive and shielding
margin 13 lost. Such parts should be considered unacceptable unless
compelling arguments require thelr use. Parts which fail below 50 krad are
unacceptable.

Bipolar devices, sensitive to bulk damage, must survive a BDEF of

5x 1014 e/cn2 to be used without further concern on 10-year missions. Parts
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which survive a BDEF of 3 x 1012 are potentially usable with appropriate
shielding, depending upon the intended orbit. For bipolar devices

(particularly linear devices) which cannot survive 3 x 1013 e/cm2

because of
the implied TID level (3 x 1013 e/cm2 + 1 Mrad), effort will be required to
distinguish BDEF effects from TID effects.

Note that the upper-limit exposures are based on an assumed average
effective shield thickness of 0.100-in. aluminum and a 10-year mission life.
The hardness guideline level for fully acceptable parts (i.e., parts useful
without concern for additional shielding) will vary strongly with minimum
shield thickness according to Figures 16 and 17. All levels will vary

linearly with time and will depend somewhat on the environmental model used.

Ge Device-Technolog -Hardness Guidelines

The following general guidelines in Table VIII may be useful in selecting
device technologies. Whether a specific device is acceptable at a given tota?
dose level can depend critically on device architecture, manufacturing
parameters, and circuit requirements. For marginally acceptable parts,
testing 1is crucial. The Lincoln Laboratory Group 68 automated Radiation Test
Facility (RIF) is now being used routinely to test specific devices of
interest to Lincoln Laboratory's Space Communications program.

H. Specific Component Assessments

The balance of thils report summarizes the current state-~of-the-art of
radiation-resistant components which are candidates for use in communications
gsatellite systems. The information presented is based on results of testing

performed at Lincoln Laboratory as well as elsewhere within the radiation
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TABLE VIII

HARDNESS GUIDE

Technology Expected TID Hardness Expected BDEF Hardness
Bipolar digital IC > 1 Mrad > 1014 e/cm?
12 200 krad - 1 Mrad ?
Bipolar linear ICs

(hardened) > 100 krad ?

(unhardened) ¢ 50 krad
CMOS

(hard design and processing) > 500 krad (not critical)

(hard processing only) ~ 100 krad {not critical)

(unhardened) ~ 10 krad {(not critical)
PMOS ~ 100 krad (not critical)
NMOS < 10 krad (not critical)
GaAs > 1 Mrad > 1034
gurface Acoustic Wave devices > 1 Mrad > 10l4
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effects community. Although the current selection of radiation-toleraat LSI
chips is limited, the need for long-lived, hardened microcomputer-based
systems on orbit is compelling.

To meet satellite system constraints on weight, power, and reliability,
we desire high-density microprocessor and memory components produced from a
low-power technology. To meet the threat posed by the environment, we desire
components which tolerate a total dose of at least 1 Mrad, minimizing the
welight of shielding required. However, given the limits of shielding (even
neglecting weight), parts must still be hard to about 100 krad in order to
preserve any safety margin.

At the 100-krad level, NMOS devices, which are most commonly used by the
commerclal world, are completely ruled out in their current form (typically
unable to withstand 10 krads). While TTL parts are adequately hard, they are
generally considered to be too power-consuming for extensive gystems use,
particularly for memory-intensive systems. The technologles which remain as
candidates for this application are hardened CMOS and possibly IZL.

System tolerance of cosmic rays is another consideration which must be
folded into component selection and system design. Tests have demonstrated
the teandency of digital integrated clrcuits to flip bits when struck by cosmic
rays, and for this effect to become more likely as LSI and VLSI parts move
toward smaller device geometrles. Circuit redundancy or some form of error-
correction coding may be required Iin critical areas. Recent measurements have
shown that the susceptibility of CMOS parts to cosmic rays is substantially

reduced as the supply voltage i{s increased from 5 to 10 V. Since total~dose
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tolerance {n CMOS also tends to lacrease with supply voltage, higher-voltage
CMOS parts may be preferred to the lower-voltage, TTL-compatible variety.
However, other systems considerations also weight heavily in any such
selection.

I. Microprocessors

Two microprocessors which are leading candidates for a flight system are
the I2L SBP 9900 ANJ (Texas Instruments) and the CMOS CDP 1802 (Sandia
National Labs/RCA).

Sandia has been doing considerable work in the development of rad-hard
CMOS devices. Their 1iatent is to transfer successful technology to RCA and
other commercial organizations. This apparently is not as easy as it sounds,
although they seem to be having more success lately. The Sandia 1802 devices
have been tested in 1.5 MeV electrons in the Lincoln Accelerator Laboratory
and have achieved tolerance levels of 300 and 650 krad on devices fabricated
in 1979. N. Wilkin, et al.,7 have observed 1802s tolerant to > 280 krad, when
tested with a LINAC, and E. E. King, et al., saw levels > 200 krad in 1977.

Another developmental microprocessor, the TCS-129A, {s a CMOS/SOS 8-bit-

slice device that was designed primarily for traansient hardness.9

Preliminary
estimates Indicate that it should survive 100 krad of total dose. This chip-
set family is not yet commercially available.

Twe I2L microprocessors have been evaluated at Lincoln Laboratory: the

Fairchild 9440 which falled at 10 krad,!? and the Texas Instruments

SBP 9900 ANJ 1l6~bit microprocessor, which appears to be acceptably hard. We
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have tested nine of the TI microprocessors so far and hav +een tolerances
ranging from 200 krad to > 1 Mrad. Hardness correlates stro: gly with the data
code, suggesting that radiation tolerance 18 lot-dependent with these

11 With adequate lot/wafer sampling, these devices should be

devices.
available at Mrad hardness levels.
T. Ellis of Naval Weapons Support Center tested the 9900 extensively and

has found total dose tolerances exceeding 3 Mrad using a cobalt-60 source.!?2

Ellis has also recently tested the 9900 for cosmic-ray effects. He observed13
soft bit-flips in both the 9900 and the newer 9989.

To our knowledge, no other microprocessor has been subjected to cosmic-
ray-effects testing, but many bulk CMOS memories have been tested.

J. Memories

The memory area looks as if it will have more of a variety of types and
vendors to choose from than the microprocessor area in the future. Efforts
are going forward at Harris, RCA, Sandia Laboratories, Hughes, National
Semiconductor, and TI to produce radiation-hardened memories.

Our nmain testing effort has centered on the RCA/Sandia-developed and
Sandia-fabricated TCC-244, a 256 x 4 CMOS RAM similar to the CPD 1822D

14 demonstrate functional

commercial RAM. Tests of the most receat devices
capability after exposure to 1 Mrad. This RAM can be imprinted with a static
data pattern 1f exposed to a substantial fraction of the failure dose with

static data. On orbit, this would only occur if memory cells remained static

for roughly a year at a time. We have seen this failure mode in our test

results, but we believe it can be overcome by simple system considerations.
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As a CMOS device, the TCC 244 should exhibit low susceptibility to cosmic

15,16 yhen operated at drain voltage V=10 V. stvol? predicts an upset

0-10

rays
rate of 2.7 x 1 per memory cell per day; this 1is felt to be
conservative. RCA and Hughes plan to produce these hardened devices in the
near future.

Harris Semiconductor has some interesting efforts going on {n the static
CMOS memory area as well. In a joint effort with Sandia, they are developing
a 1K x 1 memory that is designed to be tolerant to 1 Mrad at Vyy=10 V. Harris
18 also working on a 6504 (4K x 1) RAM intended for 5-V operation and
designedla to survive 500 krad. 1Its cosmic-ray susceptibility must be
tested. We will evaluate these parts as soon as they become available. The
only production 12L wemories actually tested (at Lincoln Laboratory) so far
were Fairchild 93481's, of 1978 viatage. These failed at the unacceptable
level of 20 krads, similar to the Fairchild 9440 microprocessor failure level.

TI is developing an 12L memory (4K x 1) that will be TTL-compatible and
is expected to have a radiation tolerance similar to the SBP 9900. This
device will be faster and will require considerably more static power than
CMOS, so it may be limited in its space applications. 1Its susceptibility to
cosmic rays should be determined.

K. MSI and SSI Devices

RCA and National have produced many of the devices from the CMOS 40N0-
series logic family in rad-hard versions. These parts would support 10-V CMOS
microprocessor gystems. 1In some preliminary testslg'zo, they have functioned
after exposure to 1 Mrad and are considered acceptable for flight with respect

to radfation tolerance.
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L. Cosmic~Ray Tests

On 26-27 May 1981, a variety of devices were tested for single-event upset

from cosmic rays, including low-power TTL devices remaining from the LES-8/9

program (Bonded Stores) as w2ll as some functionally identical devices
constructed in different technologie521 (e.g., LS-TTL, TTL, CMOS, and Schottky 4
TTL). Basically, we were able to see bit-flips in each of the low-power TTL
devices that we tested. The rates that we saw (10"1 flips per flip-flop cell
per year) were higher than the observed rate on LES-8/9 (~ 3.8 x 1073). a
prediction calculated by Binder, et al.,22 of ~ 102 falls between two 5
observations. We believe that statistical error from the small sample size

and the range of device response variability can account for the discrepancles

between observation and theory. It should be noted, moreover, that since most

devices appear to have an {onfzation threshold only marginally below that of
the krypton fons use in the simulation, it is reasonable to assume that many
of the cosmic rays in space fall short of depositing enough energy to cause a
bit-flip. That is, the krypton simulatfon slightly overestimates the
environment. Accounting for this would bring the orbital observations and
simulation results into closer agreement.

Our tests showed a marked difference {n susceptiblility among varlous
technologlies. The LS-TTL devices tended to flip quite rapidly even at the
weakest (0°) angle of incidence for energy deposition. Indeed, the LS~TTL
devices showed nearly an order of magnitude higher bit-flip probability (at 1

per flip-flop per year) than theifr low-power TTL counterparts. On the other

hand, TTL showed only a slight tendency to flip at the most severe (65°)




angle, and the one CMOS device we tested did not flip at all. The only
Schottky device tested also had relatively low flip rates as compared to LS
and low-power TTL.

One apparent conclusion from recent cosmic ray susceptibility tests {is
that CMOS parts are substantially harder to this threat when run at higher
supply voltages.

M. Conclusions

In this section, the suitability of using currently available components
in the natural environment of typical communication satellite orbits was
assessed. After looking at the environmental threats in some detail,
component hardness criteria of TID and BDEF for situations involving 1) no
extra shielding and 2) a reasonable amount of extra shielding were
established. Against these criteria, available hardware for on-orbit digital
signal processing was examined. Two microprocessors, one RAM, and a family of
MSI support chips were found which can meet the low-power consumption and
radiation tolerance requirements of satellite applications. In addition,
several developmental efforts were {dentified which show promise of additional
useful memory components.

The research-scale efforts which have resultad in hardened components
useful in the space enviroanment are a necessary first step. They have
produced encouraging results. However, this remarkable work 1is largely in
vain 1f the parts cannot be produced reliably, reproducibly, and in sufficient
quantity for future satellite programs. It is in the area of technology

transfer to large-scale manufacturability that continued support is required.
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V. TRAVELING WAVE TUBE AMPLIFIERS UPDATE
A. Introduction
The subject of traveling wave tube amplifiers, TWTAs, was addressed in

1,2,3 1ne definitiond

exhaustive detail in previous reports. of the TWTA and
the basic principles of its operation were given. The currently active tube
manufacturers of the free world were reviewed as to their capabilities and
their known product-lines, and the global availability of TWTAs was assessed
with gpecial reference to EHF technology. The technological limits affecting
these devices and the resultant producibility, availability, reliability, and
cost issues were individually explored. The past performances, including
operational experiences at all potential EHF MILSATCOM frequencies, were
gtated. Current research and development programs with their pertinent goals
were described and recommended research and development efforts were given.

These, and other related {ssues, were treated 1in det8113 both for the
ground and for the space segments of present and future MILSATCOM