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I. INTRODUCTION

As the operation of communications terminals extends into the extremely
high frequency (EHF) band, increased sensitivity to weather conditions leads
to greater concern for system availability, and a radiometer is a well-
established technique to measure weather-induced propagation loss in real
time. For tactical terminals, a low~cost indication of the potential link
availability and outage can provide a useful aid for system operation. The
purpose of this report is to describe a radiometric subsystem that is inte-
grated into a communications terminal so as to capitalize on the existing
investment of high cost elements, such as the antenna and radio frequency/
intermediate frequency (RF/IF) front end subsystems; thus, a cost-effective

implementation results.

While a major concern for EHF system operations stems from outages
induced by propagation loss, other applications for the real-time output of

. the radiometer naturally evolve. All aircraft, naval, and some ground

terminal installatiouns incorporate a radome whose transmission efficiency is
extremely sensitive to not only wetting by precipitation, but also condensa-
tion and salt spray and deposits; changes in radome transmission efficiency

can be directly measured by a radiometer. In tactical applications, attenua-

el K adhed

tion can occur if the terminal has to operate under a foliage cover; the

radiometer can measure such attenuation., System link budgets typically

L W Wy )

include an allocation for propagation loss so that the system will operate to
a projected availability level. In clear conditions, the excess margin con- .
flicts with the objectives of systems which have low probability of intercept
(LPI) requirements or susceptibility to physical attacks directed by
radiation-homing sensors. For such systems, the effective radiated power
(ERP) of the terminal can be controlled im proportion to the real-time propa-
gation loss measured by the radiometer to minimize detectability. Similarly,

s R et Lol

power control can also be used in frequency-division multiple access (FDMA)

systems for leveling. The radiometer can also measure intentional or uninten-

tional interference on the downlink independent of other techniques, and 1if
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used in a direction-finding mode, can identify the direction of arrival of the
interference. Finally, the radiometer provides a limited diagnostics capabil-

P | RePTSPLIae.

ity, which can independently augment the normal built-in test equipment (BITE)
functions. The potential applications for the integrated radiometer therefore

extend well beyond just measuring the propagation loss. .

The design and performance requirements for the radiometer will be
reviewed. A technique that integrates the radiometer into a communications
terminal, which uses a frequency-hopped spread spectrum modulation, will be
developed. Finally, a rough estimate of the production costs for the addi-
tional hardware required to add the radiometric capability is presented.
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II. RADIOMETRIC SYSTEM OPERATION

bl o

This section will review the operation of a radiometer and establish the k
requirements for this application. The basis for the measurement of attenua-
tion stems from the thermal noise radiation associated with the loss as
described by Fig. 1. The spectral density of the thermal noise contributed by
the path and measured at the terminals of the radiometric antenna is given by

kTE, where k is Boltzmann's constant, and Tg is the emission temperature.

T TR SRR VERw

This spectral density expression is the Rayleigh-Jeans approximation of
Planck's law and is valid at millimeter-wave frequencies, e.g., the error of
this approximation at 100 GHz for Tp = 300 K is 0.8%.

| RAD IOMETER

hy

hyikT
e E. 1

= kTE AT RF
(Rayleigh-Jeans approximation;
0.8% error for T = 300 K at :
100 GHz) |

v = FREQUENCY
h- PLANCK'S CONSTANT
k- BOLTZMANN'S CONSTANT

SPECTRAL DENSITY =

G ot LA

Fig. 1. Radiometric System Operation
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The emission temperature, Ty, is related to the path loss, L(ind B), by

T, = To(l-lﬁl‘/lo)

. (1

where T, is an empirically derived constant. It should be noted that the same
physics and analysis are used to calculate noise temperature contributions of

waveguide loss,

The relationship between the emission temperature and the attenuation is

plotted in Fig. 2. Three values of T, are presented in this curve., The value

T, = 290 K is appropriate for loss at an ambient temperature, e.g., condensa-

tion or water on the radome. The value To = 270 K is a nominal number for

rain loss and is somewhat lower than ambient because the physical temperature

of raindrops reduces with increasing altitude; T, = 270 K therefore represents
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Fig. 2. Emission Temperature vs. Attenuation
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an average value between ground level and the altitude at which raindrops turn
into ice particles, which have relatively little loss. The value Ty = 250 K
is appropriate for higher rain rates at higher millimeter-wave frequencies; in

this case, energy is scattered from the beam reducing the value of To.
Several points should be made regarding the values in Fig. 2:

i. The dynamic range of the attenuation measurement is limited by the
uncertainty in the value of To, which can be refined when specific
mechanisms and frequencies are considered.

2. Typically, the radiometer would operate on a lower downlink fre-
quency and project the loss for the higher uplink frequency. In
this case, only a limiced dynamic range is required to measure the
weather loss margin appropriate for a tactical terminal.

3. A measurement of changes in attenuation to the order of 1 dB does
not require great resolution of the emission temperature relative to
state-of-the~art radiometric performance. Thus, the opportunity for
a cost-effective implementation is enhanced.

The electronics for the radiometric receiver are relatively simple and
would be implemented, as indicated in Fig. 3. The thermal noise at RF, TE’ is
downconverted and amplified, square-law detected, and integrated. The output
of the radiometer is a DC voltage whose level is linearly related to the dif-
ference between the emission temperature, TE’ and a known reference tempera-
ture, TREF’ by a scale factor of B. The attenuation can be related to the
emission temperature through Eq. (1). The accuracy of the radiometer is
typically specified in terms of AT, which is the standard deviation of the
measured temperature value. The value of AT can be obtained from

K(TE + TREC)

AT = ——8 — (2)
/Bt

where

K varies from | to 2 depending on hardware implementation
TE = emission temperature to be measured

TREC = noise temperature of receiver exclusive of TE

B = IF bandwidth

T = integration time
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The sensitivity of a radiometer, AT, is often specified for a 1l sec
integration time. The present state—of-the—art for millimeter-wave radi-
ometers used in remote sensing applications 1s a AT of a few hundredths
degrees Kelvin. Such sensitivity far exceeds the resolution needed to measure

attenuation shown in Fig. 2 to a 1 dB accuracy.

I
Trec = IF AMPLIFIER
. MIXER BANDWIDTH B TERATOR
' {
e — .9_6'0' \ {>—_“__ T sec L’V°
T SQUARE LAW
REF | DETECTOR
1 LOCAL
I OSCILLATOR
v° P AT
T
—t—de b Ll Q

Fig. 3. Radiometer Electronics

In operation, a system of this type has a small, but finite, probability
that the antenna beam will intercept the sun. In this case, the r-diometer
output will greatly increase. A typical radiometric temperature for the sun
i3 10,000 K, and it subtends an angle of 0.5 deg. For tactical systems, the
beamwidth of the antenna is somewhat broader than 0.5 deg, so that the peak
temperature indicated by the radiometer would be less than 10,000 K even if
the antenna were boresighted with the sun. When the system is operated with
the antenna pointed towards the sun, the communications system is also
degraded because the total system noise temperature increases with the contri-
bution from the sun. However, the necessary alignment between the terminal,
satellite, and sun has a low probability which could be determined a priori,
and the alignment would persist for a relatively short period.

10

NI

-

LY R G Wl N, U S-S S ) PGV WP W S PN VP YLD PO -y PO A I UL S LTSRN R




LABORATORY OPERATIONS

The Laboratory Operations of The Aerospace Corporation is conducting
experimental and theoretfcal investigations necessary for the evaluation and
application of sclentific advances to new military space systems. Versatility
and flexibility have heen developed to a high degree by the laboratory person—
nel {n dealing with the many problems encountered in the nation's rapidly
developing space systems. Expertise in the latest scientific developments is
vital to the accomplishment of tasks related to these problems. The labora-
tories that contribute to this research are:

Actophysics Laboratory: Launch vehicle and reentry fluid mechanics, heat
transfer and fligh’ dynamics; chemical and electric propulsfon, propellant
chemistry, environmental hazards, trace detection; spacecraft structural
mechanics, contamination, thermal and structural control; high teamperature
thermomechanics, gas kinetics and radiatfon; cw and pulsed laser development

including chemical kinetics, epectroscopy, optical resonators, beam control,
atmorpheric propagaticn, laser effects and countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions, atmo-
spheric optics, light scattering, state-specific chemical reactions and radia-
tion transport in rocket plumes, applied laser spectroscopy, laser chemistry,
laser optoelectronics, solar cell physics, battery electrochemistry, space
vacuun and radiation effects on materials, lubrication and surface phenomena,
thermionic emission, photosensitive materials and detectors, atomic frequency
standards, and environmental chemistry.

Flectronics Research lLahoratory: Microelectronics, GaAs low noise and
power devices, semiconductor lasers, electromagnetic and optical propagation
phenomena, quantum electronics, laser communications, lidar, and electro-
optics; communication sclences, applied electronics, semiconductor crystal and
device physics, radiometric imaging; millimeter wave, microwave technology,
and RF systems research.

Information Sciences Research Office: Program verification, prograa
translation, performance-sensitive system design, distributed architectures
for spacehorne computers, fault-tolerant computer systeams, artificial intel-
1igence and microelectronics applications.

Materials Sciences Laboratory: Development of new materials: metal
matrix composites, polymers. and new forms of carbon; nondestructive evalua-
tion, component fallure asnalysis and reliability; fracture mechanics and
atress cotrosion; analysis and evaluation of materials at cryogenic and
elevated temperatures as well as in space and enemy-induced environments.

Space Sciences Lasboratory: Magnetospheric, auroral and cosmic ray phys-—
ics, wave-particle interactions, magnetospheric plasma waves; atmospheric and
1onospheric physics, density and composition of the upper atmosphere, remote
sensing using atmospheric radistion; solar physics, infrared astronomy,
infrared signature analysis; effects of solar activity, magnetic storms and
nuclear explosions on the earth's atmosphere, ionosphere and magnetosphere;
effects of electromagnetic and particulate radiatfons on gpace systems; space
{nstrumentation.
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IV. SUMMARY AND CONCLUSIONS -

The objective of this effort was to develop a cost-effective technique to "
integrate a radiometer into a communications terminal. Applications for the
real-time radiometric output include a determination of the propagation loss,

radome transmission efficiency, transmitter power coantrc. for systems with LPI

o
PP Y )

requirements or a susceptibility to physical attack directed by radiation-
homing sensors or for leveling i FDMA systems, detection and angular location
of interference, and a diagnostics capability which complements typical BITE

functions.

. !I
a4 4 e A

A technique was proposed that implements the radiometer at an IF level
and allows the high cost antenna and RF/IF subsystems to be simultaneously

used by the radiometer and the communications receiver. The output from the

.

radiometer could be displayed in a simple analog format, which would be
effective for the terminal operator. The projected production cost for the

additional radiometric capability would be a small fraction of the total

.

terminal cost.

PO
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subjective, the conclusion that the relative cost of the radiometric capa-

bility compared with the total terminal cost is a very small fraction remains

true. Thus, a major goal, a cost-effective integration of a radiometer into a
communications terminal, has been achieved. J
Components Costs ﬂ
Calibration 200
Power Divider 200 J
IF Amplifier and Filter 1500 ]
Detector 200 g
Integrator 100
Display _1000 :
Total $3200 ]
| »
i
]
y
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Fig. 9. Display Concept l

E. PROJECTED COSTS

An important issue is the hardware cost required for the additional rad-
iometric capability. The proposed implementation capitalizes on the existing
investment of high cost components, which are an inherent part of every com- ;
munications terminal. The additional parts needed by the radiometer are at
the IF and DC levels and, thus, are relatively inexpensive. A rough estimate
of these costs based on commercial components is presented in the listing

below, and the individual elements are indicated by the portion of the term-

I&LLJ'-_J.J’

inal enclosed by the dotted lines in Fig. 5. Whereas such cost estimates are

21
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D. RADIOMETRIC RESPONSE

The response of the radiometer to different conditions will be discussed
in this section. These considerations also lead to a simple display concept,
which could be used effectively by terminal personnel. A key factor to keep
in mind is that the DC output level of the radiometer is linearly related to

the emission temperature.

The radiometer normally indicates a DC voltage corresponding to the sky
temperature, which under clear conditions and typical elevation angles may be
20 to 40 K. As the loss increases, the emission temperature rises in accor-
dance with Fig. 2, and the DC voltage increases. At some point, the margin
assigned to weather loss is exceeded. As the loss continues to increase, the
emission temperature will approach 290 K, and a second threshold can be
assigned. If this second threshold is exceeded, the presence of interference
is indicated.

This situation suggests a simple analog voltmeter display which could be
effectively used by personnel who operate the termirnal., A green range indi-~-
cating potential link availability could be used when the radiometric voltage
is less than the first threshold. A red range, indicating the weather margin
has been exceeded, could be used when the radiometric output lies between the
two thresholds. A blue range indicating interference could be used when the

second threshold is exceeded. The display concept is represented in Fig. 9.

A radiometer might be particularly useful for systems which have LPI
objectives or susceptibility to physical attack directed by radiation~homing
sensors. The DC output of the radiometer could be used in a closed-loop
fashion to vary the terminal's transmitter output in accordance with the
propagation loss. When the first threshold is exceeded, the radiometer could
terminate transmission. When the second threshold is exceeded, transmission
from the terminal might not be desirable, because the presence of interference
might also indicate a threat to the terminal. 1In this case, the radiometer
could be used to more extensively explore the nature and location of the
interference prior to resuming transmission.

- 20
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The signal power can be converted into an equivalent temperature, which
is the most useful form for this application. For this analysis, the signal
power over a 1 MHz bandwidth for the radiometer was computed by the integra-
tion of the [(sinX)/X]2 representation of the signal structure. The
equivalent temperature of the signal, Teq’ can be related to the received
signal power, Prec’ by

Prec = k Teq B (3
where B is the 1 MHz Bandwidth of the radiometer. The results of this compu-
tation are presented in Fig. 8 as a function of the frequency separation of
the two filters. For the values assumed, a frequency separation of 5 MHz or
greater would result in less than a 10 K bias offset in the radiometric output
and represents only a small error relative to the emission temperature of the
propagation loss. A filter frequency separation of 10 MHz would result in a
smaller 2.5 K offset. These values are a worst case level for a signal con-
stantly present; when the system provides multiple access, the temperatures
are reduced by the duty cycle of the total signal dwell time relative to the
radiometric integration time,

WeE—T—TT T T T 1
100~ —
80} -
60
w_ -
20.. -
100 -
a_ -
6 S
4 Eg/iNg = 68
N -3d8
2r BW - 1MHz ]
w1

1.5 2.5 3.5 45 5.5 6.5 1.5 85 9.5
FILTER CENTER FREQUENCY OFFSET, MHz

Fig. 8. Equivalent Temperature of the
Signal Power in the Radiometer
Passband vs. Filter Separation
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FILTER SEPARATION REQUIREMENTS

- c.
,_,t

quency separation between the communication and the radiometric channels. The

Another design issue which remains is the selection of the filter fre-

. problem results because signal power in the skirts of the signal spectrum con-
ni tributes to the radiometric output; thus, the two bandwidths must be separated
sufficiently so that the signal power represents only a small temperature bias
error. The following assumptions were used in this analysis:

- 1. The signal is frequency shift keyed at a 1 Mbps rate, and its power
’ spectrum can be modeled as a [(sinx)/X] function.

. 2. The signal has a 6 dB Eb/N° level.

3. The radiometric system parameters are identical with those
previously used.

Based on these assumptions the signal spectrum at each hop frequency presented
in Fig. 7 was derived. For reference purposes, the spectral density of the
receiver noise and emission temperatures of 30 and 290 K, the normal extremes

for propagation loss, are also showm.
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For applications in which the radiometer is used to measure the arrival
angle of interference in a direction-finding mode, dynamic range considera-
tions also affect the selection of the IF gain level. Whereas interference
may result in a small increase in the power level when the antenna is pointed
towards the satellite, pointing the antenna towards the interference increases
the interference power by the ratio of the main beam gain to the antenna gain
in its sidelobe region; this ratio is large for millimeter wave antennas. In
a direction-finding mode, the receiver should not saturate, so that either
automatic gain control (AGC) techniques or switching out some of the IF gain

MGl -\ e a g g

must be used to preserve system linearity. It should be noted that other
techniques fér interference detection, such as bit error rate measurements,
have an extremely limited dynamic range for such an application. When the

interference signal structure is unknown, a radiometric receiver provides

1

optimum detection. When detecting interference, the synthesizer could be
reprogrammed to linearly sweep over the operating bandwidth. The 1 MHz reso-
lution of the radiometer provides good definition of the spectral structure of

the interference.

.._L.‘- S

Finally, provision to switch the radiometer from its normal filter to the
one that contains the communication signal can provide a diagnostic capability
for the receiver dehopping, which is independent of the BITE functions typi-

cally provided. Under normal operation, the channel with the communication
signal will provide a higher output than the radiometric channel because
signal and noise components are present. If no difference in signal power 1is
obgserved, frequency and/or timing errors in the dehopping process are
indicated. This usage illustrates the capability of the radiometer to inde-
pendently augment the normal BITE functions. 1In its BITE capacity, the

radiometer provides information regarding:
1. Link propagation losses
2. Radome degradation
3. Receiver operation through dehopping

Thus, the radiometer can complement the normal BITE functions.
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,“t Gain fluctuations are increasingly important for applications which

require long integration times to achieve the desired sensitivity; the modest
sengitivity requirements of this application have relatively short integration

times. Moreover, the gain fluctuation is aggravated by the relatively high

gain values typically used in a radiometer. High amplifier gain is required s
ahead of the detector, so that the 1/f noise contributions from the detector

and integrator do not degrade the overall system noise temperature. Typi-

3 cally, the square law detector is operated at a -30 dBm input level. For a

- 3 dB noise figure and a | MHz bandwidth, an insertion gain of 81 dB is

required between the antenna feed and the square law detector.

In this application, the gain fluctuations play a minor role because high
sengitivity is not required. As shown in Fig. 5, a temperature reference is

provided at the IF level. The design of frequency-hopped receivers generally

R M0

employs only enough gain in the receiver up to the frequency dehopping by the
syuthesizer to establish the system noise figure; the gain in these stages is
purposely limited so that strong interference cannot saturate the system at
that point and cause suppression of the desired signal. The bulk of the
insertion gain for the radiometer occurs beyond the filter at the IF level.
. In this case, the gain fluctuation at the IF level is principally respomnsible
- for the AT degradation, and the use of the reference temperature can ade-

‘ quately monitor those changes. Given the low sensitivity requirements, the

’ reference temperature needs to be monitored infrequently to correct for gain
changes; e.g., every 10 to 100 sec. This correction would be automated so
that no burden would exist for the user. The operation of this system is
therefore substantially that of a total power system.

Some variation in the radiometric response will result as the system hops
'{ over its operating bandwidth, which is typically 1 GHz wide. The variations
- in radiometric response result because the noise figure and insertion gain of
f’ the receiver front end are not altogether independent of frequency. In
\ operation, high hopping rates would be used, and the integrated radiometric
respounse would consist of samples collected over the entire bandwidth. In
this manner, the radiometer would respond to the average noise and insertion

e gain characteristics of the receiver front end. . .
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channel will be taken as | MHz. An integration time of | sec and total power
operation are also assumed. The total power operation, as discussed later,
corresponds to a K value of 1 in Eq. (2). Under these assumptions a AT value
of 0.6 K is projected, which is more resclution than required for this
application.

A total power mode of operation for the radiometer basically means the
radiometer continuously measures the noise during the integration time. The
limitation of this mode of operation is the stability of the insertion gain of
the system; i.e., changes in the gain value can be mistaken for changes in the
emigssion temperature. The alternative is to switch to a stable reference
temperature and examine the output voltage relative to that for the stable
reference temperature. In practice, a matched load can provide such a ref-
erence., If the switching time is short relative to the gain fluctuation rate,
any change in the insertion gain of the radiometer would be compensated. This
process is referred to as Dicke switching and is commonly used in systems
requiring extremely high resolution of emission temperature and long inte-
gration times. Because a Dicke-switched radiometer looks at the reference
temperature as much as it looks at the antenna input, K = 2, in Eq. (2), and
the AT 1s degraded by a factor of 2 relative to a total power radiometer.

15
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If a hybrid power splitter is used at this point, outputs for the

communications receiver and the radiometer are obtained. A filter, which is )

offset in frequency from the communication signal, would provide the radi-

- ometric receiver with basically a thermal noise output. A second filter would

’ provide the normal output for the communications receiver., This technique

. would use the synthesizer to carry :he‘communication signal and radiometer

3 signal over the operating bandwidth and maintain a fixed offset between the
communication signal and the segment used by the radiometer (Fig. 6). This
achieves the basic goal of separating the communication and radiometric

‘ signal components.

- B. PROJECTED CHARACTERISTICS AND DESIGN CONSIDERATIONS

The performance of the radiometer and some of its design considerations
will be discussed in this section. The radiometric operation previously

g: discussed 1is unique because it operates at IF frequencies rather than at RF
:{; frequencies as normally configured. The AT for the radiometer can be pro-
;ﬁ jected using Eq. (2). The receiver, as referenced to the antenna input, is
;i assumed to have & 3 dB noise figure, and the IF bandwidth for the radiometric

14
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ii III. CANDIDATE DESIGN IMPLEMENTATION i
- ]
El One goal of this effort is to identify a low-cost implementation that

- integrates the radiometer capability into a tactical communications term-

inal., The high cost components of a radiometer include the antenna and RF/IF
front end electronics. However, the costs for square law detection, integra-
tion, and display are relatively minor. Thus, if the existing investment in
the antenna and RF/IF front end subsystems could be used simultaneously by
both the communications receiver and the radiometer, the potential for a cost-
effective integration of the two functions could be realized. The use of a
common antenna for the radiometer and communications receiver is desirable,
not only from a cost viewpoint, but also because this assures the radiometer
measures the attenuation over precisely the same path used by the communica-

tions terminal. In addition, a second antenna must not be accommodated.

Many tactical terminals are required to operate in an interference envi-
ronment and, consequently, use spread spectrum techniques. In this applica-
tion, the tactical terminal is assumed to operate with a frequency-hopped
modem. In terms of spectral use, the communications receiver operates on a
bandwidth segment that contains signal + noise, whereas the radiometer needs
to operate on a bandwidth which contains predominantly thermal noise. The
radiometer bandwidth must therefore be separated from the bandwidth containing

the communication signal.

A. DESIGN CONCEPT

A block diagram of a typical tactical terminal design is shown in Fig. 5.
The receiver front end uses a low-noise amplifier (LNA) to establish the
system noise figure, and the signal is downconverted. In practice, two down-
couversions, the first with a fixed LO, are typically used. The frequency
hopping of the signal is removed by the synthesizer, and the resulting h

narrowband signal is processed by the communication receiver.
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The capabilities provided by the radiometer can be used either prior to
terminal operation or simultaneously with terminal operation. When the radi-
ometer is used prior to operation of the terminal, the measured propagation
loss can be used to assess the potential of link closure and to establish an
appropriate level of transmit power; such a capability has particular impor-
tance for terminals which strive to minimize detectability. During the
operation of the terminal, other tests, such as bit error rate measurements,
provide a measure of overall system loss. Under such conditions, the radi-
ometric measurement of the propagation loss provides a separation of the
individual loss components. For exahple, if the propagation loss measured by
the radiometer is subtracted from the total system loss, other loss compo-
nents, such as antenna pointing, can be assessed. The radiometric output

augments the information derived from other measures of terminal performance.

A radiometric output provides a sensitive indication of the propagation
loss. As an alternative, one might propose to measure the increase in the
total system noise temperature induced by ad!itional propagation loss; how-
ever, the precision required to make an adequate measurement of propagation
loss from the total noise power far exceeds the accuracy which can be
achieved in an operational environment. As an example, consider a system with
a 5 dB weather margin that is waiting to operate in a rainstorm. When the
rain slackens sufficiently, link closure is possible, and because the link is

not established, error rate measurements of rain loss are unavailable.

In this case, propagation loss relative to the 5 dB margin is required.
In Fig. 4, a comparison is made between the increase in the total system noise
figure and the emission temperature increase for attenuation values, which
exceed the 5 dB margin. The nolse figure increased by 0.1 dB for a 1 dB
increase in loss; measurements of such precision are difficult to achieve in a
laboratory environment, let alone under tactical conditions. By contrast, a
1 dB increase in attenuation would result in a 17.6 K increase in emission
temperature, which 1s easily detected by a crude radiometer. Thus, the radi-

ometric measurement is a very sensitive measurement of propagation loss.
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