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ABSTRACT 

The development of a system capable of continuously monitoring 

atmospheric brightness temperatures at H2O and O2 absorption/emission windows is 

discussed. Designed for remote (unattended) operation, the system employs 

radiometric technology and operates at microwave frequencies, thereby achieving 

essentially all-weather operation. The design, construction and calibration of the 

radiometer system are described. In addition, some of the physics and mathematics 

on which the theory of atmospheric radiative transfer is based is presented. 

Examples of measurements made during the system's first operational performance 

study is presented along with preliminary calibration calculations. Future work 

required to refine the measurement and calibration techniques is discussed. 
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CHAPTER 1 

INTRODUCTION 

Radiometry is the use of the thermal electromagnetic absorption/emission 

characteristics of a material media at a physical temperature greater than zero 

Kelvin to determine specific physical parameters of that media. Specifically, a 

microwave radiometer is a passive instrument designed to measure the emissions of 

electromagnetic radiation from a media that occur in the microwave region of the 

spectrum. For ground based and some satellite systems, the electromagnetic signals 

of interest are noise-like time varying emissions of thermally excited molecules in the 

atmosphere. Since no firm definition exists, the term "microwave" is generally used 

to describe a wide range of radiometer systems, including radio, microwave, 

millimeter and submillimeter wave radiometer systems, as they all share a common 

technology. 

1.1 Microwave Radiometry 

The basic principles of microwave radiometry were first conceived and 

implemented by Dicke (1946) at MIT shortly after WWII. Dicke's radiometer 

incorporated a rectangular horn antenna, a. dipping vane attenuator (used to 

modulate the received signal), a mixer and a synchronous detector (Figure 1-1). The 

vane attenuator was driven by a motor that also served to synchronize the detector. 

Though Dicke's work in radiometry had been predated by other investigators using 

less sophisticated receivers, his system was unique in that the received signal 

temperatures were compared against an internal reference temperature (the vane 

temperature). In addition, the modulation served to differentiate the received signal 

from the unmodulated internal noise generated by the receiver. 
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Figure 1-1 

Dicke Radiometer 

Dicke's modulation sequence provided some measure of gain stabilization, however, 

at the cost of a reduction in sensitivity resulting from the additional lossy elements 

and the loss of one-half the signal energy collected by the antenna (Stacey, 1986). 

Modern microwave radiometers typically are three-way radiometers similar to 

a design first presented by Hach (1966, 1968). This system differs from the Dicke 

radiometer primarily in that it uses two reference temperatures for improved 

accuracy. Unlike the vane attenuator used by Dicke, today's reference sources are 

effectively blackbody radiators at the frequencies of interest that are maintained at 

nearly constant physical temperatures. A blackbody radiator has a spectral emissivity 

equal to 1 at all wavelengths and emits randomly polarized radiation. 

Advances in the technology of microwave radiometry have been primarily due 

to improvements in microwave devices and, to a lesser part, developments in the 

basic principles of the science. Historically the realm of radio astronomers, 
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microwave radiometry has increasingly become widely accepted as a method of 

accurately performing ground and space based observations of the Earth's surface 

and atmosphere. The development of the solid state microwave source has extended 

the operating range of radiometers from millimeter through sub-millimeter waves 

and beyond, increasing the number of atmospheric absorption/emission regions 

available for experimentation. Improvements in the receiver front-end performance 

and system sensitivity have come about from recent developments in low loss 

microwave switches and high efficiency mixers. 

Present day meteorological systems offer the promise of providing accurate 

measurements of atmospheric total water vapor and temperature profiles (Thomson, 

1988). The rapid temporal changes in atmospheric conditions previously undetected 

by infrequent radiosonde measurements can now be observed in near real time. 

These developments, along with the application of modern signal processing 

techniques, are quickly moving microwave radiometry to the forefront of remote 

sensing platforms. 

1.2 Meteorological Remote Sensing 

The primary mission of ground based radiometer systems for meteorological 

measurements is the determination of atmospheric temperature and water vapor 

profiles. In the troposphere and stratosphere, significant absorption and emission 

occur at distinct microwave and millimeter wave frequencies. The measurement of 

the electromagnetic emissions, or brightness temperature, Tb, at these frequencies 

and the subsequent "inversion" of that data is the method used to infer profiles of 

atmospheric humidity and temperature. Radiometers currently used to monitor 

water in the atmosphere typically operate from 20 to 32 GHz. Profiles of 
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atmospheric temperature can be determined by using electronically similar units 

operating at frequencies from 50 to 62 GHz. The development of radiometers 

operating at higher frequency regions, such as 120 GHz for temperature and 

180 GHz for water vapor, is also being explored. 

The present focus in the development of meteorological remote sensing 

platforms is for systems used to determine the mesoscale (or local) atmospheric 

conditions. Satellite based IR and microwave radiometric systems can provide 

accurate determinations of atmospheric conditions, but only on a large geographic 

scale and/or for limited time intervals. Reducing the information retrieved by 

satellite systems to determine local atmospheric conditions is difficult at best and 

only provides limited results. For accurate mesoscale measurements, meteorologists 

have to depend on the twice daily launched weather service balloons for atmospheric 

wind, temperature and humidity profiles. While great strides have been achieved in 

the processing of radiosonde data for predicting local weather patterns, further 

advancement is limited by the intermittent nature of the observations. The 12 hour 

lapses between launches is so long that significant changes can occur during the time 

between measurements. This need for accurate real or near real-time data has led to 

significant technological growth in ground-based microwave radiometer systems used 

for continuous monitoring of tropospheric temperature and humidity profiles. 

This paper evaluates the development of a ground-based, computer 

controlled, multi-channel microwave radiometer system for meteorological remote 

sensing. This radiometer system is being developed at the University of Arizona, in a 

joint research program with the Pennsylvania State University Department of 

Meteorology. The system consists of four microwave radiometer subsystems 

providing a total of nine frequency channels spanning the water vapor/liquid water 
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(H2O) and oxygen (O2) atmospheric absorption/emission bands. The water 

vapor/liquid water retrieval portion operates at 22.235, 24.1 and 31.65 GHz and the 

temperature profiler at 50.3, 52.85, 53.85, 55.1, 58.8 and 61.15 GHz. Each 

radiometer subsystem includes an embedded micro-controller interface for 

monitoring system functions and performing data retrieval. In addition, a steerable 

reflector provides a method of performing zenith scans for studies of 

spatial/temporal properties of the atmosphere and for tipping curve measurements 

to determine system calibration constants for enhanced system accuracy. A host 

computer supplies the necessary system control signals and, in addition, is used for 

recording and preliminary evaluation of the measured data. 

Determining specific physical parameters of a media using a remote sensing 

platform presents two problems. The first is the accurate measurement of the 

parameter that contains the information about the quantities ultimately to be 

determined. In the case of the ground-based microwave radiometer instrument 

being evaluated in this paper, the parameter of interest is the atmospheric brightness 

temperature, Tb. The second problem is retrieving from the measured parameter 

the quantities ultimately being sought; the atmospheric temperature and water vapor 

profiles. With the appropriate processing, or "inversion," of the measured parameter 

Tb, the desired atmospheric profiles can be inferred. Though the generation of 

atmospheric profiles rely on the measurement of the brightness temperature and the 

subsequent processing of that data, this paper deals only with the measurement 

problem of determining Tb. As shown in the chapters to follow, there are numerous 

factors which must be properly accounted for to retrieve Tb accurately from the 

radiometric measurements. 
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CHAPTER 2 

THE MEASUREMENT PROBLEM 

The physical basis of radiometric measurements is based on two related 

theoretical processes. The first process is thermal or Johnson noise of resistors and 

the second thermal radiation. Johnson noise describes the manner in which a media 

at a temperature above absolute zero generates noise. This noise power is 

proportional to the absolute temperature of the media and the measurement 

bandwidth. The second process describes the relationship between the temperature 

of a media and the radiated emissions, or radiance L. For blackbody radiators this 

relationship is mathematically described by the Planck function. At microwave 

frequencies the Planck function is approximated by the Rayleigh-Jeans Law, allowing 

the characterization of the atmospheric radiance by an equivalent brightness 

temperature Tb. As with Johnson noise, there is a linear relationship between the 

physical temperature of the media and the property of interest. 

2.1 Thermal Noise 

In 1928 Nyquist derived the relationship between the temperature of a 

resistor and it's generated noise power. He concluded that if a perfect resistor is 

placed in a thermal enclosure at a temperature T (Figure 2-1), the resulting noise 

power, Pn, available at the resistor terminals is 

Pn = KTB (2.1) 

where K = Boltzman's Constant 
B = Measurement Bandwidth 
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Y///////////////////////A 
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'///////////////////////A 
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Figure 2-1 

Noise power, Pn, available at the terminals of a 
perfect resistor in a thermal enclosure. 

The microwave equivalent of the Nyquist's thermal enclosure is a blackbody 

chamber maintained at a constant temperature T. For microwave frequencies, the 

directional distribution of spectral brightness (or radiance) in the chamber, Bf(0,4>), is 

accurately characterized by the Rayleigh-Jeans approximation of the Planck 

function, or 

Bf = ̂ f (2-2) 

where K = Boltzman's constant 
T = Physical temperature of the chamber 
X = Wavelength of Frequency of Interest 
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If a lossless microwave antenna is placed in this enclosure (Figure 2-2), the power 

available at the antenna terminals, into a matched termination, over a bandwidth Af, 

resulting from the spectral brightness directional distribution Bf(6,<j>) of the chamber 

is 

fZ+Af 

Pa = -^Ar 
4'K 

JKT 
^-Fn(d,<f>)dQdf (2.3) 

f 

where Pa = Power Available at the Antenna Terminals 
Ar = Receiving Aperture 

Fn(6,<j)) = Normalized Radiation Pattern of the Receiving Antenna 

Here, the spectral brightness distribution, as approximated by Planck's function, is 

weighted by the antenna pattern, Fn(6\^>). For a matched termination, only half of 

the total available power is delivered to the termination, creating the 1/2 factor in 

equation (2.3). If the measurement bandwidth, Af, is held sufficiently narrow 

(Af <<f) then Bf(0,<j>) will be approximately constant over Af and (2.3) reduces to 

P a = K T A f  ̂  |  f  F n ( 0 , ( f > ) d Q  ( 2 . 4 )  

4'K 

The integral is defined as the Pattern Solid Angle, Up, of the receiving antenna, or 
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| J Fn(6,<l>)dQ = QP (2.5) 

4ir 

However, Up is related to the antenna effective aperture, Ar, by 

Op-% (2.6)  

Thus, (2.4) reduces to 

Pa = KTAf (2.7) 

THERMAL 
ENCLOSURE 

0  
ANTENNA 

o Pa=kTM 

Figure 2-2 

Power delivered to a matched receiver by a lossless antenna placed inside a 
blackbody enclosure at a temperature T. 
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The above result demonstrates that the power delivered by a lossless antenna 

to a matched receiver is identical to the noise power delivered by a perfect resistor to 

a matched termination, as derived by Nyquist. As given by (2.1), the noise power 

available at the output terminals of a perfect resistor is determined by the physical 

temperature of the resistor, while the power available at the terminals of a lossless 

antenna is determined by the temperature of the blackbody enclosure, whose walls 

may be any distance from the antenna. An important extension of this theory is that, 

for a lossless antenna, the physical temperature of the antenna itself has no effect on 

the output power. The direct linear relationship between power and temperature 

allows these two terms to be used interchangeably. This property of interchangibility 

is fundamental in microwave radiometry, where brightness temperature is used in 

lieu or in place of power. 

2.2 Atmospheric Radiative Transfer 

The concept of the relationship between the physical temperature of a media 

and the resulting radiated emissions, or radiance L, is the theoretical basis of 

atmospheric remote sensing. This relationship is described by the theory of radiative 

transfer. In the atmosphere, the interaction between radiation and matter is 

characterized by the processes of extinction and emission. Extinction is the process 

by which radiative scattering and absorption produces a loss of radiation intensity. 

Scattering is the change in the direction of propagation of radiation. This is a result 

of the interaction with molecular and particulate constituents in the atmosphere and 

can contribute to both effective radiative emissions as well as extinction. Emission 

results in a gain of radiative energy; it is due in general to Planck emission and 

scattering from other directions. The simultaneous interaction of the processes of 



20 

scattering and emission results in the loss (or gain) of radiative energy, or radiative 

transfer, as radiation passes through a media. For an upward viewing observation 

system, the radiation from an external radiating source transversing the atmosphere 

toward the receiver can be pictorially described as shown in Figure 2-3. 

INCIDENT 
RADIANCE L(r) 

\ A 
{ .  ^ \ \ 

SCATTERING 
(EXTINCTION) 

/ \  v n  

TOP OF THE 
ATMOSPHERE 

,L(s) 

_ L(s+ds) 

EMISSION ABSORPTION 

I  

\ \ / 
SCATTERING 

(EMISSION) 

\ t  i  

RADIANCE, L(0), INCIDENT 

AT THE EARTH'S SURFACE 

\ \ t 
EARTH'S SURFACE 

Figure 2-3 

Atmospheric Radiative Transfer 



21 

Extinction 

The extinction (or loss) of radiative transfer can result from absorption, 

scattering or the simultaneous occurrence of both. Since these are linear processes 

the total extinction, defined by the coefficient ae, can be given as the sum of the two 

individual coefficients; as (scattering) and aa (absorption), or 

ae = as + aa (2.8) 

The extinction coefficient, ae, is a function of the size, shape, density, distribution and 

dielectric constant properties of the particle in the observed atmospheric volume. 

Defining a direction s toward the ground-based receiver from space, the resulting 

change in radiance, dL, due to extinction over a length ds is 

dL (Extinction) = aeLds (2.9) 

where L = Radiant energy incident on the incremental 
length ds in the direction s 

Emission 

The effect of emission on radiative intensity is a result of two processes, 

Planck emission and scattering. In contrast to extinction, scattering in this case 

produces an increase in radiance due to radiation traveling in other directions being 

diverted into the direction s. For local thermodynamic equilibrium to be maintained, 

thermal emission must equal thermal absorption. Therefore, the total Planck 
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emission is related to the total atmospheric absorption, aa (since scattering is not a 

thermal process it is not a function of absorption). The increase in radiance due to 

Planck emission in the direction s over a length ds is then related to the atmospheric 

absorption occurring in the same direction by 

dL (Planck Emission) = aaJads (2.10) 

where aa = atmospheric absorption coefficient 
Ja = Absorption Source Function 

It is convenient to write this in terms of the total extinction coefficient ae which, using 

(2.7), yields 

dL (PlanckEmission) = [(ae - as)Ja]ds (2.11) 

The contributions due to scattering into the direction s must also be added to (2.11) 

to obtain the total increase in radiance, dL, due to emissions over ds, which may be 

expressed by 

dL (Emission) = [(ae - as)J a + asJs]ds (2.12) 

where Js = Scattering source function 
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Differential Relation 

Referring again to Figure 2.3, the radiance at L(s+ds) relative to the radiance 

incident at L(s) is determined by the excess emission less the total extinction, 

dL (Total) = dL (Emission) - dL (Extinction) (2.13) 

Inserting (2.9) and (2.12) into (2.13) yields (dropping the description on dL) 

dL = [(ae - as)J a + asJs - aeL]ds (2.14) 

or, rearranging, 

dL = aeds(Ja - L) + asds(Js - Ja) (2.15) 

This equation now equates the change in radiance, dL, per incremental length, ds, in 

terms of absorption, emission and scattering. However, under clear sky conditions, 

the earth's atmosphere is essentially free from the effects of scattering and the 

scattering coefficient, as, is then zero (Ulaby et al., 1981). The absorption source 

function, Ja, is replaced by the Planck function and (2.15) reduces to 

dL = aeds(B - L) (2.16) 

where B = Planck's Function 
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The dimensionless product aeds is often given by 

dr = aeds (2.17) 

where dr is the incremental optical depth. Inserting (2.17) into (2.16) and 

rearranging yields the following differential equation 

which is known as the equation of radiative transfer for a non-scattering media. It 

should be noted that under cloudy conditions or when rain is present, the assumption 

that scattering is negligible may or may not hold. Scattering under these conditions 

will be dependent upon the density and drop-size distribution of the water droplets 

relative to the operating wavelength of the radiometer (Ulaby et al., 1981). 

Formal Solution 

The change in radiance, dL, per incremental length, ds, in a media 

characterized by an extinction coefficient ae is given by equation (2.18). For the case 

of the upward viewing microwave radiometer, the measurement region of interest 

extends from the earth's surface, s=0, to the point where the processes of emission 

and extinction are negligible, s=r (considered the top of the atmosphere). The 

brightness incident on the point r from space is the initial value of L and is given as 

L(r), where L(r) = 2.9 K, the galactic radiation or "big bang" constant. Of interest in 

the retrieval of radiometric information is the relationship between the radiance at a 

(2.18) 
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point s' located within the media, L(s'), and the radiance measured at the earth's 

surface by the radiometer, L(0). The solution to the equation of transfer can be 

assisted by introducing the optical thickness T(S1,S2) 

S2 

T(S1,S2) = f aeds (2-19) 

si 

which is obtained by integrating the incremental optical depth (2.17) over the range 

si to s2. Using this relationship, the solution to the differential equation is found to 

be 

r r 

L(r) = L(0)e~ [ae(s)ds + J ae(s)dsB(s)e j, ae(s')ds' (2.20) 

where L(0) = Radiance measured at the Earth's surface relative to a layer in the 
atmosphere at a point r' 

L(r) = Value of radiance L incident upon the top of the atmosphere 
ae(s) = Extinction coefficient 
B(s) = Emission function 

r 

and e ^ ae(s^s = Optical depth from the surface to the top of the atmosphere 

r 

e J ae(s )ds _ Qp^j feptfo p-om t/ie p0int r< (0 t/ie t0p 0j-(iie atmosphere 

The radiative transfer equation provides the means by which an atmospheric 

temperature or water vapor profile can be retrieved from an ensemble of 

radiometric brightness temperature measurements. 
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2.3 Atmospheric Absorption/Emission Windows 

Under clear sky conditions, absorption occurs in the atmosphere when 

individual molecules of atmospheric gases behave like dipoles. The electromagnetic 

energy incident on these molecules causes them to rotate and oscillate as electrons 

translate from lower to higher energy levels. Electromagnetic energy is then 

reradiated as the electrons return to their initial state. For particles in the 

atmosphere (rain, snow, clouds or fog) the interaction with electromagnetic radiation 

differs from that of molecules in that scattering effects must be included in 

determining total absorption. 

Microwave gaseous absorption is a function of atmospheric temperature, 

pressure and water vapor content, while particle absorption depends principally on 

temperature and liquid water content (Westwater, 1984). Figure 2-4 provides a 

graphical view of the atmospheric transmission versus frequency, under clear sky 

conditions, in the microwave region. The theory of thermodynamic equilibrium links 

the processes of absorption and emission. To maintain thermodynamic equilibrium, 

emission must equal absorption. This is an important concept in microwave 

radiometry as the emission properties of the media of interest produce the signals 

received by the radiometer. As indicated in Figure 2-4, there is significant water 

vapor absorption near 22 GHz, producing ideal conditions for radiometric 

observations of water vapor. Similarly, strong O2 absorption near 60 GHz provides 

similar conditions for determining radiometric temperature profiles of the 

atmosphere. 

Though different processes govern gaseous and liquid water absorption, it is 

difficult to distinguish between emissions from these two constituents with simple 

radiometric observations. For all weather use, the radiometer system must be 
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Percent Transmission through the Earth's 
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capable of separating gaseous and liquid water emissions. One method that may be 

used to achieve this is to include a radiometer channel at a frequency where liquid 

water absorption is significantly greater than emissions from other sources. Liquid 

water absorption increases uniformly with frequency throughout the microwave 

region, with absorption "windows" occurring at 35,90 and 135 GHz. 
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2.4 Microwave Radiometry Systems 

Almost without exception, microwave radiometry systems are based on the 

concept of the superheterodyne receiver (Figure 2-5). Though related to a simple 

broadcast receiver, the operating frequency and noise-like characteristics of the 

signal of interest pose non-trivial problems in the development of reliable and 

accurate radiometer systems. Just as important, however, are the packaging and 

operating constraints that directly contribute to the system stability. 
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Figure 2-5 

Superheterodyne Broadcast Receiver 
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With the exception of the operating frequency, the most significant 

differences between a broadcast receiver and a radiometer are the use of a 

calibration assembly and synchronous detection. The calibration assembly typically 

consists of a multiport microwave switch and one or two calibration sources. The 

switch provides the receiver with the capability of sampling the desired (radiometric) 

signal and the calibration source(s) sequentially. Computer control of the calibration 

assembly allows the detected signal to be synchronized with the switch position. 

Synchronous detection provides improved system sensitivity by minimizing the effects 

of receiver gain fluctuations (Figure 2-6). 
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Calibration Assembly/Synchronous Detection 
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As in the broadcast receiver, multi-frequency radiometers use variable 

frequency Local Oscillators (LO's) to provide frequency agility. This may be 

implemented by using variable tuned sources or by switching between several fixed 

frequency oscillators. The IF sections of the two receivers differ only in the 

generated output signal. While detection of broadcast signals produces an audio 

signal, radiometer outputs consist of a large DC component superimposed with a 

small (and unwanted) AC signal of up to a few kilohertz. A block diagram of a 

typical radiometer system is given in Figure 2-7. 
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Radiometer Block Diagram 
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CHAPTER 3 

THE PENN STATE 9 CHANNEL RADIOMETER SYSTEM 

During the past 10 years the Department of Meteorology at the Pennsylvania 

State University has become a world leader in the development of ground-based 

meteorological profiling systems. Their main objective is the development of 

reliable, automated ("Turn Key") atmospheric wind, turbulence, temperature and 

humidity profilers that can be used in a variety of meteorological field studies and 

experimental research programs. The complete Penn State atmospheric 

measurement system will consist of both active (Radar, Sodar) and passive 

(Radiometric) atmospheric profilers to provide near real-time meteorological 

measurements. 

This paper evaluates the development, at the University of Arizona, of the 

passive portion of the system; a 9 channel microwave radiometer system for the 

retrieval of atmospheric water vapor and temperature profiles. The system consists 

of four electrically similar computer controlled radiometer subsystems operating at 

nine separate microwave frequencies. Two radiometers are used for the retrieval of 

water vapor and columnar liquid water, operating at 22.235, 24.1, and 31.65 GHz, 

and two for temperature profiles, operating at, 50.3, 52.85, 53.85, 55.1, 58.8 and 

61.15 GHz. The radiometer system includes a steerable reflector capable of 

performing angle scanning to investigate spatial/temporal structural fluctuations in 

the atmosphere. Angle scanning also allows tipping curve measurements for system 

calibration. 

To differentiate among the four radiometer subsystems, the Electronic 

Industries Association (ELA) designation of the waveguide used in each subsystem 

will be used for identification. The two lowest water vapor retrieval frequencies are 
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contained in one dual channel subsystem which is identified as the WR-42 system. 

The third water vapor frequency is housed in its own subsystem designated as the 

WR-28 system. Using the same method for the temperature profiler subsystems 

poses a minor problem as they both use the same waveguide size. The six 

temperature retrieval frequencies are spread among 2 three channel subsystems with 

the lowest three contained in the WR-19 system and the remaining three in the WR-

19S system. 

Of the three frequencies utilized for water vapor and liquid water retrievals, 

one is situated at the water vapor absorption band peak (22.235 GHz, as seen in 

Figure 3-1) (Stacey, 1986). Atmospheric thermal emissions near this emission band 

are directly related to the line of sight properties of the atmosphere, including water 

vapor burden (or precipitable water) (Hogg et al., 1979). The second operating 

frequency occurs at approximately 2/3 the peak emission value (24.4 GHz) and is 

chosen to reduce the effects on absorption due to the pressure-broadening that 

occurs with height at the line center (Figure 3-2) (Hogg et al., 1983). The third 

frequency is located where there are significant liquid water emissions (31.65 GHz) 

and is required to remove the effects of liquid water (clouds) on water vapor 

measurements, providing an all-weather capability (Hogg et al., 1983). 

Radiometric observations at these frequencies provide information on the 

total water vapor content of the atmosphere. With additional processing, the 

measurements can be inverted to provide limited information on the atmospheric 

water vapor profile. 

The remaining two radiometer subsystems make up the temperature profiler 

portion of the system, operating at O2 atmospheric absorption/emission windows 

occurring at 50.3, 52.85, 53.85, 55.1, 58.8 and 61.15 GHz. The amount of 
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electromagnetic emission at each of these frequencies is pressure (or height) 

dependent. The temperature profile can then be inferred from the measured data by 

combining the emissions in all of these channels (Hogg et al., May 1983). 
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FIGURE 3-1 

Absorption coefficient for water vapor, liquid water and oxygen versus frequency. 
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Effects of pressure broadening on absorption by water vapor. 

This radiometer system is also unique in that it will use a zenith scanning 

reflector to perform slant-path measurements. The zenith scanning capability 

enhances the performance of this system over that of zenith only systems by allowing 

the measurement of temporal/spatial atmospheric variations. In addition, zenith 

scanning provides a method of calibrating the instrument using tipping curves. 

Tipping curve measurements require the measurement of the total optical depth (the 

radiometer must be able to see completely through the atmosphere). Unfortunately, 

the height dependence of the emissions at the O2 emission/absorption windows 

effectively renders the atmosphere opaque at these frequencies, preventing the 

performance of system calibrations on the temperature profilers using tipping curve 

measurements. 
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The RF sections of the microwave radiometers were manufactured by 

Millitech, Inc. of Merrifield, MA. This portion of the radiometer can be broken 

down into five sections; antenna, calibration assembly, RF section, IF section and 

Detector (Figure 3-3). In addition, each subsystem includes an embedded micro

controller to provide the necessary control signals for operation and to perform the 

initial data reduction. Each radiometer subsystem, excluding the antenna, is 

mounted on a 9" by 13" aluminum plate. 
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Figure 3-3 

Radiometer Subsystem Block Diagram 

3.1 Microwave Radiometer Subsystems 

3.1.1 Antenna 

In the ideal case, the radiometer would measure the atmospheric emissions in 

an extremely narrow column of air with little or no dispersion at high altitudes. For 

this to occur, however, a beam-width of 0.3 to 1 degrees is required, which would be 

expensive and impractical (Janssen, 1983). Typical radiometers use antennas with 

half power beam-widths on the order of 5 to 9 degrees. An excessively large beam 
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width will cause degradation in the emission measurements due to the increased 

atmosphere volume being measured over the ideal case of a narrow column. It will 

be shown in later sections that high side-lobe levels allow the detection of energy 

outside the volume of interest, reducing the measurement accuracy. For zenith 

scanning measurements this is particularly important for low scanning (elevation) 

angles, where the ground temperature may influence the measured sky temperature. 

Signals that are important in radiometric measurements are usually 

considered noise to designers of traditional receiving systems. The power levels of 

the emitted energy are typically equivalent to a temperature of 10-100 K 

(-263 to -173 degrees C). Increasing the beam-width would provide a stronger 

received signal due to the increased observation area, but with possible degradation 

in measurement accuracy when related to the ideal narrow column. For a given 

beam-width, the antenna gain (the ability of the antenna to convert the available 

energy to a usable signal) can then be directly related to the system performance. 

As the radiated atmospheric emissions are unpolarized (scalar), the antenna 

should be capable of equally receiving signals of any polarization for maximum 

efficiency. Additional measurement uncertainties may occur if the gain and beam 

width vary significantly at the different operating frequencies (Janssen, 1983). The 

antennas used with the Penn State system are corrugated scalar horns with Gaussian 

optical lenses. Antennas of this type have high gains and low sidelobe levels, good E 

to H plane symmetry and wide operating bandwidths over which the performance is 

nearly constant. Improved antenna directivity and gain, in addition to reduced 

sidelobe levels, are obtained by the addition of the dielectric Gaussian lens matched 

to the feed horn. The antennas used in the Penn State system have typical gains of 

30 dBi, 5 degree half power beam-widths and 22 dB sidelobe levels. 
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3.1.2 Calibration Assembly 

The calibration method commonly used in modern microwave radiometers is 

the three way Dicke switching technique. This method relies on the linear 

relationship between the thermal electromagnetic emissions and the atmospheric 

water vapor content or temperature. In three way Dicke switching, the measured 

radiated energy is compared with the emissions measured from two reference 

sources. The reference sources in the Penn State system are absorptive loads that are 

maintained at constant, elevated (above ambient) temperatures. For improved 

performance these reference sources are mounted as close to the antenna as possible 

as excessive thermal gradients in the systems will tend to "blur" the reference signals. 

The actual physical temperatures of the reference loads are not as important as 

maintaining the temperature stability of the load once the effective noise 

temperatures of the reference loads are determined and the system is calibrated. To 

minimize calibration uncertainties, the reference load physical temperatures must be 

maintained to better than .5 degrees C (Stacey, 1986). A thermistor feedback 

network is used to sense and correct any variations in the reference load 

temperature. The linear relationship between the physical temperature of the 

reference loads and the measured output voltages can be used to establish a 

calibration line which permits obtaining the sky brightness temperature 

corresponding to the measured sky voltage. It is this sky brightness temperature, or 

Tb, that is used in determining the atmospheric water vapor content and temperature 

profiles. An additional benefit of the three way Dicke switching method is the 

capability of reducing the effects of short term gain fluctuations on measurements. 

This calibration technique is typically implemented by using cascaded 

switching circulators, as is the case with the Penn State radiometers. The circulator 
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samples in sequence the sky signal from the antenna, the reference temperature 

controlled load (45 degrees C) and the hot temperature controlled load 

(145 degrees C). A third circulator, configured as an isolator, is located after the two 

calibration circulators and provides additional isolation between the calibration 

assembly and the following mixer. 

3.1.3 Rf Section/Down Converter 

The RF section utilizes a heterodyning technique to down convert the 

microwave signal to an IF signal at a frequency that is easily amplified and filtered. 

In the. Penn State system, double balanced/low conversion loss mixers perform the 

frequency conversion. The isolator located after the calibration assembly acts as an 

impedance matching element to minimize the effects of mismatches between the 

mixer and the preceding components. To provide the low conversion loss, mixers of 

this type require high LO drive levels. Unfortunately, the high LO drive levels can 

result in the mixer generating of higher order harmonics of the LO frequency. If 

there is insufficient suppression of the these harmonics in the waveguide they can be 

transmitted in the direction of the calibration assembly, where they will be modulated 

and pass as bonafide signals in the receiver band-pass. The isolator acts to prevent 

signals generated by the mixer from being radiated into the front end of the 

radiometer. However, the circulators (and isolator) used in this system are ferrite 

devices utilizing the properties of Faraday Rotation to produce the desired 

performance characteristics. One limitation of this type of device is that its 

operational characteristics are frequency dependent; the isolator may not provide 

the same reverse signal attenuation at the LO harmonics as it will at the 

fundamental. During the development of the Penn State radiometer subsystems at 
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Millitech, it was determined that in the WR-28 system LO harmonics were being 

radiated into the calibration assembly from the mixer. This resulted in a directivity 

problem, surfacing as unacceptable gain variations that occurred during the Dicke 

modulation sequence. This problem was corrected by placing an inductive iris filter 

in the waveguide flange between the calibration assembly and the mixer. The iris 

suppresses the higher order modes in the waveguide that can exist at the LO 

harmonic frequencies, preventing the LO harmonics from propagating into the 

calibration assembly. Although this problem was not encountered in the other 

systems, a similar low pass filter could be placed between the mixer and calibration 

assembly as a precautionary measure, but resulting in a slight decrease in system 

sensitivity. 

• The sensitivity of the receiver is directly related to the noise figure of the 

system. For passive receiver front ends of the type used in the Penn State 

radiometers, the noise figure of the RF section establishes the noise figure of the 

radiometer. Therefore, the system's noise figure is determined by the conversion loss 

of the mixer and of the lossy elements preceding the mixer. 

The down converter uses multiple LO sources to allow the operation of a 

single radiometer over a wide frequency range. The Penn State system uses solid 

state GUNN oscillators as LO sources. They provide extremely stable frequency 

operation and high output power levels. Both of these parameters are important as 

the system gain and mixer conversion loss are both frequency and power dependent. 

The systems covered in this paper are used specifically to measure the thermal 

emission of the atmosphere at or near atmospheric H2O and O2 absorption bands. 

To allow these frequencies to fall within the pass-band of the IF section of the 

radiometer, LO operating frequencies are offset from the absorption lines by 
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50 - 250 MHz, depending on the bandwidth of the subsystems IF filter. The resulting 

LO frequencies are 22.25, 23.9 and 31.45 GHz for the water vapor/liquid water 

systems and 50.5,53.0, 53.6,54.89, and 61.03 GHz for the temperature systems. 

3.1.4 If Section 

The IF section has two main functions, the first being to set the predetection 

bandwidth of the radiometer. A wider predetection band-pass results in greater 

received energy, but with decreased gain stability with frequency. The Penn State 

system was designed with predetection bandwidths of 150 to 250 MHz. The common 

method of specifying a filter is by its half power (3 dB) points. However, since the 

signals of interest are actually noise, the predetection bandwidth is determined by the 

equivalent noise bandwidth of the filter. The second function of the IF section is to 

amplify the detected IF (video) signal to a usable level. 

3.1.5 Detector 

In the Penn State radiometer subsystems, a square-law detector provides a 

video output voltage proportional to the received signal power. The detector 

consists of a microwave diode terminated in 50 ohms followed by an analog 

amplifier. The analog amplifier provides a method of adjusting the output gain and 

offset. For the three way Dicke switched calibration method, the detected video 

signal consists of a 3 step waveform corresponding to the measured noise powers; 

sky, reference (warm) load and hot load (Figure 3-4). This information is then 

digitized and averaged by the signal processing computer and then passed to the host 

computer where the data is stored on disk. 
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Output Waveform of a Dicke Switched Radiometer 

3.2 Radiometer Control And Data Processing 

Each radiometer subsystem has an embedded micro-controller to provide the 

necessary radiometer control and sequencing signals for the operational functions of 

the radiometer. The micro-controller is responsible for measuring the internal 

system temperatures, collecting the brightness temperature and communicating with 

the host computer. The development of this system is covered in detail in a paper by 

Zielinskie (1988); a brief description of the primary components and their functions 

is presented here. 

Each subsystem micro-controller consists of a Intel 8052 Single Board 

Computer (SBC) for general processing and a Texas Instruments 32010 Digital 

Signal Processor (DSP). The 8052 handles the communications with the host 

computer, measures internal temperatures and collects the brightness temperature, 

Tb, from the DSP. The DSP performs the signal conditioning (sampling, averaging) 

on the radiometer output voltages. These voltages are the measured parameters 
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which relate to the atmospheric emission and calibration signals sensed by the 

radiometer. 

A 12 bit analog to digital converter interfaces between the detector output 

voltage and the digital input of the DSP. The DSP first samples the raw, digitized 

voltages representing the atmospheric emission and reference load signals and then 

calculates averages of the individual voltages. These values are then passed on to 

the host computer to be stored. 

The host computer is an IBM PC with four serial ports, 640K of memory and 

a 30 Mb hard disk. This computer accepts and stores data from the four radiometers 

and can then perform additional analysis of the accumulated data. All data from the 

radiometers is transmitted to the host over a 9600 baud serial link. In addition, the 

host computer controls the zenith scanning reflector through a smart stepper motor 

that accepts position commands directly from the host. 

3.3 Performance Characteristics 

Listings of the performance characteristics and specifications of the four 

individual radiometers used in the Penn State system are presented in Appendix A. 

These parameters have been provided by the subsystem manufacturer, Millitech Inc. 

3.4 Packaging 

' 3.4.1 Chassis/Enclosure 

The thermal and electrical features that provide for gain stabilization of 

critical elements and allow accurate calibrations of signal intensities are among the 

most important elements in the design of microwave radiometers (Stacey, 1986). 

Short term gain fluctuations can be reduced by minimizing system temperature 
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variations. Therefore, a measure of temperature stability was obtained by housing 

the radiometer in a single, temperature controlled enclosure. However, mounting 

the radiometer subsystems in such an enclosure was complicated by the fact that the 

4 radiometer subsystems were originally designed to operate as individual, physically 

separated systems. With the exception of the antenna, each radiometer subsystem is 

mounted on a 9" x 13" aluminum plate. The four antenna sizes range from 3" to 7" in 

diameter. The physical size and configuration of the subsystems and antennas 

required a 17" x 18" x 32" enclosure. An important consideration in the integration of 

the four subsystems is the relative antenna positions, as the separation of the 

antennas determines the sizes of the environmental transmission window and 

scanning reflector. This separation was minimized by using custom offset waveguide 

transmission lines on two antenna feeds, resulting in the confinement of the four 

antenna apertures to a rectangular area 12" on a side. 

Computer controlled fans were mounted on the enclosure to provide system 

temperature stabilization. Thermocouples mounted on the sensitive components 

provide feedback to control the fans and to sense the component operating 

temperatures required for system calibration. To minimize variations in reference 

load temperatures, the circulator/load assembly was thermally isolated from the 

adjacent components. This was done by the use of a stainless steel section of 

waveguide. This thermal isolation minimizes thermal gradients along the waveguide 

that tend to "blur" the reference load temperatures. The Penn State system was 

designed to operate in a benign (temperature controlled) environment. For 

operation in an uncontrolled environment, additional consideration will have to be 

given to insulating and sealing the system. 
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3.4.2 Environmental Window 

A transmission window is required to provide a barrier between the 

controlled environment where the radiometer is located and the outside atmosphere. 

It is important that this window have extremely low loss (low emissivity) as any 

attenuation of the brightness temperature will result in thermal emissions from the 

window that will appear as a bonafide signal. To minimize these effects, an 

extremely thin Teflon sheet followed by a sheet of low loss foam was used for the 

transmission window (Figure 3-5). 

The Teflon provides a barrier to rain and humidity, while the foam sheet 

provides thermal isolation. Though the Teflon has a non-zero loss, its thickness 

(.002") is sufficiently small to make its thermal emissions negligible. The foam 

material, Emerson & Cuming Eccofoam@ FS, has a dielectric constant nearly 

equal 1, rendering it almost indistinguishable from the surrounding air. 
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Figure 3-5 

Cross Section - Environmental Transmission Window 
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CHAPTER 4 

SYSTEM CALIBRATION 

For microwave radiometers to become viable remote sensing platforms they 

must provide a level of performance exceeding that available in present systems. 

One parameter that easily surpasses present systems is the time between 

measurement, where the radiometer system's near real-time performance betters the 

present twice daily radiosonde profiles by orders of magnitude. However, near real

time data is of little value if it is meaningless due to measurement errors. Important 

parameters in the operation of radiometer systems are the system's temperature 

resolution and absolute accuracy. The temperature resolution determines how small 

a change in the atmospheric temperature is observable in the presence of internal 

system noise. The absolute accuracy of the system is determined by the accuracy and 

precision of the system calibration. Both parameters will be discussed in the 

following sections. 

4.1 System Noise Temperature 

The equivalent noise temperature of a cascaded system is given as (Hewlett 

Packard, 1983) 

Tsy* = Ti+^ + -^ + --- Tn (4.1) 
Gl G1G2 GlG2•• Gn 

where Tl and Gl are the equivalent noise temperature and gain of the first 

subsystem, T2 and G2 are similar quantities for the second subsystem, etc. In 

practice, the noise performance of a cascaded system is governed by the stages at it's 
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front end (Ulaby et al.,1981). The resulting equivalent system noise temperature of 

the Penn State radiometers is determined by the effective noise temperature of the 

mixer assembly and any losses preceding the mixer. The front end of each 

radiometer subsystem can be split into three distinct sections; the waveguide between 

the antenna and the calibration assembly, the calibration assembly and the mixer. 

Equation (4.1) then reduces to 

Tsys = Tl + T2Ll +TmixLlL2 (4.2) 

where Tl = Equivalent noise temperature of the waveguide transmission line 
Ll = Loss of waveguide transmission line (= 1/Gl) 
T2 = Equivalent noise temperature of the calibration assembly 
L2 = Loss of calibration assembly (= 1/G2) 

Tmix = Equivalent noise temperature of mixer 

For a transmission line or component of known loss, the equivalent noise 

temperature is given as 

T l - ( L -  l ) T t l  ( 4 . 3 )  

where Ttl = Physical temperature of the lossy component 
L = Transmission loss 

The equivalent temperature of the mixer is related to the mixers noise figure by 

Tmix = (F - l)To (4.4) 

where F = Mixer noise figure (double side band) 
To = 290K 
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Inserting (4.3) and (4.4) into (4.2) results in the following relationship for the 

equivalent radiometer system noise temperature referenced to the radiometer 

antenna terminals: 

Tsys = (Ll - l)Twg + (L2 - l)ToLl + (F - l)ToLlL2 (4.5) 

where Tsys = System noise temperature referenced to the input flange of the 
radiometer antenna mounting flange 

For a radiometer, Tsys is the equivalent noise signal generated by the receiver that 

produces a corresponding output voltage, Vsys. As will be shown in later sections, the 

equivalent system noise voltage, Vsys, is indistinguishable from the desired 

radiometric signal voltage. 

Using the specifications given in Appendix A and equation (4.5), the system 

equivalent noise temperatures of the four Penn State radiometer subsystems were 

determined: the resulting values are given in Table 4-1. Calculations of the 

subsystem's noise temperatures are shown in Appendix B. 

RADIOMETER SUBSYSTEM NOISE 
TEMPERATURE (K) 

WR42 463.4 
WR28 541.2 
WR19 1557.9 

WR19S 1643.4 

Table 4-1 

Theoretical subsystem equivalent noise temperatures. 
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4.2 Detector Linearity and Radiometric Sensitivity 

A microwave diode is used to strip (or detect) the modulation relating to Tb 

from the IF signal and to convert the radiometric information to a form that can be 

easily digitized and processed by the computer. Also known as a detector, the 

microwave diode is the single non-linear element in the radiometer. However, it is 

the linear characteristics of this "non-linear" device that are important in the proper 

operation of the radiometer. The microwave detectors used in the Penn State 

radiometers are designed to operate in a square-law fashion. In this case, the output 

(detected) voltage is proportional to the square of the input voltage (or equivalently 

the IF signal power). Typical transfer characteristics for a microwave diode are given 

in Figure 4-1. 
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Figure 4-1 

Transfer Characteristics of a Square-Law Detector 



50 

To assure square-law or linear operation, the detector must not be driven into 

saturation. The operating bias level of the detector is set by the internally generated 

system noise. Should the signal power approach that of the system noise power, the 

combined power may cause the diode to saturate, producing a non-linear transfer 

characteristic. To prevent this from occurring, the ratio of the input signal to system 

noise must be < < 1, a requirement easily met in atmospheric measurements where 

the observed signal levels are small relative to the internal receiver noise. 

Due to the noise-like characteristics of the two signals present at the input of 

the detector, separating the "system noise" from the desired "signal noise" by simple 

observations of the detector's output signal is not possible. To ultimately distinguish 

between these two signals, the unique characteristics of each must be considered. 

The system noise is the fraction of the detected signal that is generated internally by 

the radiometer's amplifiers and lossy components. Though it has noise-like 

characteristics, the mean value of this portion of the detected signal is ideally 

invariant with time. The signal noise is the fraction of the detected signal whose 

mean value varies proportionally to power density changes observed at the antenna 

aperture that result from distinct signal fluctuations in the atmosphere. An example 

of this is the unique signal signature generated by a zenith scan of the atmosphere. 

In this case the non-stationary (varying mean) statistics of the signal noise are clearly 

distinguishable from the stationary (constant mean) statistics of the system noise. To 

accurately differentiate between these two "noise" signals, the system noise power 

must be constant during the period of the measurement (the signal statistics must 

truly be stationary during this period). As will be shown in the following sections, 

should the system noise contributions be modulated in any way, they become 

indistinguishable from the signal noise components. 
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The output signal of the detector consists of a small AC component superimposed 

on a DC level. This composite signal corresponds to the combination of the signal 

noise and system noise signals present at the detector input. The DC level contains 

the information relating to the mean value of the observed brightness temperature, 

Tb. The AC component represents the post-detection noise contributions of the 

pre-detection input signal and system noise signals. It is the standard deviation of 

this AC component that determines the smallest change in Tb (the DC level) that can 

be observed at the radiometer output. This value, known as the radiometric 

sensitivity, AT, is a function of the transfer characteristics of the detector, the pre-

detection bandwidth and the post-detection integration time. 

Since the radiometric signal being detected is thermal noise, the resulting IF 

output signal has a Gaussian probability distribution with zero mean (Ulaby et al., 

1981).. The envelope of the IF signal is then Rayleigh distributed and it can be shown 

that the mean of the square of the IF voltage is proportional to the IF signal power, 

Pif. Thus, using the transfer characteristics of the square law detector, 

Vd = ClVe2 (4.6) 

where Cl = Multiplying constant representing system gain, bandwidth, etc. 
Ve = Square-law detector input. 
Vd = Square-law detector output 

and 

Vd ClPif (4.7) 
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Therefore, the mean value of the detected voltage, Vd, is proportional to the IF 

signal power, Since power and temperature has been shown to be interchangeable, 

where Vd is now the average value of the input (radiometric) noise power. The 

output of the video detector is actually the envelope of the IF signal, but with a non 

zero mean. It can then be shown that this signal has an exponential distribution with 

the relationship that the mean (DC value) of this signal is equal to its variance (AC 

component), or 

where ad is the variance of Vd. This means that without pre-detection filtering or 

post-detection averaging, the instantaneous output ratio of signal to noise is always 

unity (i.e. the detected signal equals the detected noise), producing an unacceptable 

uncertainty in the determination of Tsys. 

Since the received signal level is fixed by the atmospheric radio emissions, the 

only way to improve the resulting signal to noise ratio at the detector's output is to 

minimize the variance, ad, of the detected signal. This can be done by limiting the 

detection bandwidth (the system's IF bandwidth) and by integrating (averaging) the 

detected signal. The variance of the detected signal, normalized by the square of its 

Vd z ClTsys (4.8) 

^ = 1 
Vd 

(4.9) 
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mean value, is then reduced inversely in proportion to the system bandwidth and 

integration time, 

Am 1 (410) 

i^out Vd2 BT 

where B = System IF bandwidth 
T = Integration time 

Vout = Detector output after integration and filtering 
aout = Variance of Vout 

Using (4.9), equation (4.10) reduces to 

f-=-w (4-"> 
Vout ~\]BT 

and 

Vout = gVd (4.12) 

aout = gad (4.13) 

where g = Detector gain factor 

Recalling from (4.8) and (4.9) that 

Vd = ClTsys (4.14) 

ad = ClTsys (4.15) 
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then 

ATsys _ 1 

Tsys ^JBt 
(4.16) 

Here ATsys is the standard deviation of the measured value of Tsys and represents the 

smallest variation in Tsys that can be detected in the presence of noise. 

4.3 Gain Stabilization 

As stated previously, the signals of interest in microwave radiometry have 

noise-like characteristic and, with the exception of unique variations and signatures 

(such as tipping curve measurements), cannot be distinguished from the system's 

internally generated noise. Since it is the variation in the detected noise level that 

contains the information of interest, any change in the system gain will appear as a 

bonafide signal. Short term variations in the system gain can result from low 

frequency ripple feeding through the system's DC power supplies and active devices. 

In addition, long term gain changes can occur in the active and passive device due to 

thermal stresses and aging. Short term variations in the gain are minimized by using 

Dicke switching. This modulation technique achieves some measure of gain stability, 

but the increased system noise figure resulting from the modulation assembly losses 

and the reduction in signal energy due to the calibration periods degrade the 

receiver's sensitivity. Long term gain changes are controlled by regularly calibrating 

the radiometer against a known noise standard (such as a liquid Nitrogen bath or a 

high emissivity material at a known physical temperature). 

At the output of the video detector, the total signal (or noise) fluctuations, AT, 

will consist of actual thermal noise variations in the atmosphere, ATa, and receiver 
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gain variations, ATg. Hence, the system sensitivity, ATsys, must include effects of 

receiver gain variations, ATg. Since both of these values are unrelated quantities, 

they will be treated as statistically independent. Since the Penn State system is a 1/3 

duty cycle Dicke switched radiometer, (4.16) must be modified to account for the 

reduction in signal during the calibration periods. Using (4.16), the total rms signal 

uncertainty is then given by 

ATn=^&- (4.17) 
yJFr 

where Tsys = System noise temperature referenced to the input of the radiometer 
antenna mounting flange 

B = Predetection bandwidth 
r = Post detection integration time 
K = Sensitivity constant related to the receiver duty cycle 

(=3 for 1/3 duty cycle Dicke switching) 

Here, ATn is defined as the minimum change in the observed radiometric signal that 

can be detected in the presence of the system noise, Tsys, for a 1/3 duty cycle Dicke 

switched radiometer. 

The system gain, Gsys, will directly amplify the system noise Tsys, producing a 

video output equal to the product TsysGsys. Any small variation in the system gain, 

AGsys, will actually appear at the video output as an apparent change in the system 

noise, Tsys. Defining ATg as the change in the system noise due to gain variations 

yields 

(4IS> 
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and incorporating (4.17) into (4.18) one obtains 

ATrms = Tsys 
\& AGsyrl 
[Bt + Gsys J 

1 
2 (4.19) 

where ATrms is the system sensitivity resulting from the statistically independent 

quantities ATn and ATg. The quantity ATg accounts for both long and short term 

variations in the system gain. Long term changes in the system gain can be 

minimized by frequently calibrating the radiometer against known noise sources. To 

prevent short term fluctuations in system gain from having an adverse effect on the 

system sensitively, ATrms, the ratio AGsys/Gsys must be on the order of 10"4 or less. 

However, typical gain variation values for the low noise amplifiers of the type used in 

the Penn State radiometers produce values of AGsys/Gsys of no better than 10"3, 

which could severely limit the system's temperature resolution. 

Short term gain fluctuations are characterized by the power spectral density 

of the gain variation (AGsys) spectrum. The power spectral density of this spectrum 

decreases at a 1/f rate with the majority of the short term fluctuations occurring 

below 1 Hz. Significant gain fluctuations are nearly nonexistent above 1 Hz. Dicke 

switched radiometers take advantage of these properties to reduce AGsys/Gsys to an 

acceptable level. Selecting a modulation rate higher than the frequency of the most 

significant spectral component of the gain variation spectrum allows the system gain 

to remain constant over one complete cycle of the sky, reference and hot load 

measurement sequence. Additional stability may be obtained by thermally insulating 

the radiometer components to minimize thermal stresses. Under these conditions 

the variation in system sensitivity due to fluctuations in the system gain is negligible 

and the equation for the system sensitivity reduces to (4.17). Using the specifications 
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given in Appendix A and (4.17), the system sensitivities of the four Penn State 

radiometer subsystems were determined, as detailed in Appendix C, resulting in the 

values given in Table 4-2. 

RADIOMETER SUBSYSTEM 
SUBSYSTEM SENSITIVITY (K) 

WR42 .092 
WR28 .108 
WR19 .319 
WR19S .329 

Table 4-2 

Theoretical Subsystem Sensitivities 

4.4 System Calibration Constants 

The system calibration constants take into account internally generated errors 

in the radiometer that produce offsets in the measured value of Tb relative to the 

actual sky temperature. Calibration or correction factors are included for the 

radiometer's lossy elements and for offsets between the measured Tb of the reference 

loads and their actual physical temperatures. Due to the similarity of the radiometer 

systems presented in this paper, the correction factors discussed in the following 

paragraphs apply to all four units. 

The relationship between the sky temperature Tm and the measured output 

voltage of the radiometer, Vm, has the form Tm=rn(Vm)+b where (Figure 4-2) 
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and 

Th-Tr / 4-,n\  
m = VTVr f420) 

where Th = Physical temperature of the hot load 
Tr = " " " " reference load 

Vh = Radiometer output voltage relating to Th 
Vr — 11 11 11 " " Tr 

Th Tr 
Tm=j±LlLVm+b (4.21) 

where Tm = Measured brightness temperature 
Vm = Radiometer output voltage relating to Tm 
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Radiometer Calibration Diagram 
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Similarly, Tr can be related to Vr by 

Th Tr 
Tr=vTVrVr + b (4-22) 

or, solving (4.22) for b, 

Th Tr 
b = Tr-vTVrVr ^ 

Combining (4.21) and (4.23), Tm is given by 

Tr,-^Vr, + Tr-^Vr 
Vh - Vr Vh-Vr 

(4.24) 

and rearranging yields the result 

Th-Tr 
Tm = vTVr(Vm-Vr) + Tr (4.25) 

As the reference load, waveguide and calibration assembly are maintained at 

the reference temperature, Tbr (the brightness temperature measured for the 

reference load) is very nearly Tr, the physical temperature of the load (Figure 4-3). 

However, the hot load is connected to the significantly cooler switch. Though a 

section of stainless steel waveguide has been used to minimize thermal gradients, Tbh 

(the brightness temperature measured for the hot load) may differ significantly from 

the physical temperature of the hot load, Th, due to the thermal distribution along 

the length of interconnecting waveguide. Following the technique of Jordan (1983), 
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this deviation can be accounted for by adding a correction factor, Cf, to the 

difference (Th - Tr), so 

Tm = Cf(Th-Tr)^yr + Tr (4.26) 

Since there are losses in the waveguide between the antenna and calibration 

assembly, Tm differs from the temperature at the output terminals of the antenna, 

Ta', according to the relationship 

Tm = Ta'e-™ + (1 - er™)lw (4.27) 

where Ta = Equivalent temperature at the terminals of the antenna 
Tw = Physical temperature of the waveguide 

e-Tw = Absorption of the lossy components, nepers 

Letting Lw = 
e-Tw 

Tm - — + (1 - —) Tw 
e-T0) e'TW 

or 

Ta = Lw(Tm - Tw) + Tw 

and, using (4.26) for Tm, 

Ta' = Lw [cf(Th - Tr)Vyh'_yr + Tr - 7hJ + Tw (4.30) 

where. Va' - Vm = Radiometer output voltage corresponding to Ta' 

(4.28) 

(4.29) 
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The waveguide loss factor, Lw, is typically very small but can be estimated 

fairly well from the theoretical loss of the waveguide per unit length and of the 

waveguide flanges or during the radiometer system calibration. It is possible to 

determine Lw empirically. First the correction factor, Cf, must be determined using 

the tipping curve or 2 reference source methods (Section 5.2). The system antenna 

can then be removed and replaced with a matched termination. By accurately 

measuring the physical temperature of the termination, Ta', and the corresponding 

radiometer output voltage, Va\ the loss of the waveguide, Lw, can then be solved for 

using equation (4.30). The theoretical values of Lw determined for each radiometer 

are given in Appendix B. 

For an ideal (lossless) antenna, Ta' would exactly equal the thermal radiation 

of the scene observed by the antenna. However, in practical systems, the antennas 

are not lossless and may produce additional self emissions. For an antenna with a 

radiation efficiency r\i operating at a physical temperature, Tant, the output noise 

temperature of the antenna, Ta', is related to the incident radiation temperature Ta 

by 

Ta = t)iTa + (1 - rii)Tant (4.31) 

where Ta = antenna radiation temperature of the scene observed by 
the antenna 

rji = antenna radiation efficiency 
Tant = Physical temperature of the antenna 

Here the value Ta is equivalent to the sky brightness temperature, Tb. 

Then letting Lant = — 
i)i 
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Ta' = 7~~ + (1 - 7~~—)Tant 
Lant ' Lant' 

(4.32) 

or 

Ta = Lant(Ta' - Tant) + Tant (4.33) 

Inserting (4.33) into (4.30) and rearranging yields 

Ta = Lant |lw £c/(7)i - —pr + 7r - 7wJ + Tw - j + f4.34) 

Equation (4.34) relates the output voltages and reference load temperatures to the 

actual radiation temperature of the scene observed by the radiometer. The antenna 

loss, Lant, can easily be determined by placing a blackbody radiator (a piece of high 

emissivity absorber material) in front of the radiometer antenna. By accurately 

measuring the physical temperature of the blackbody radiator, Ta, and the 

corresponding radiometer output voltage, Va, and using the values determined for Cf 

and Lw, equation (4.34) can be solved for Lant, the loss of the antenna. 

4.5 Antenna Boresighting 

An important consideration in the development of a multi-channel 

radiometer system consisting of two or more co-located individual radiometers is the 

proper alignment of the individual antennas. Misalignment of the systems antennas 

relative to each other may result in the radiometer subsystems each observing a 

different volume or column of the atmosphere, producing measurement errors that 
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cannot be accounted for by normal calibration procedures. An extreme example 

might be that, during a period of sporadic clouds, the atmospheric volume observed 

by the water vapor radiometer might contain a cloud, while at the same time the 

liquid water system may observe only clear sky. In this case, using the liquid water 

measurement to remove the effects of the cloud from the water vapor measurement 

would have little validity. 

The Penn State radiometer, with its four independent antennas, presented a 

non-trivial problem in the alignment of the antennas. Techniques commonly used to 

determine the boresight of a single antenna do not necessarily apply when 

boresighting several antennas to a common line of sight. This problem is further 

aggravated when each antenna operates at a significantly different frequency, as is 

the case with the Penn State radiometer. The method used to set the initial 

alignment of the four antennas was to mechanically align the antenna housings to be 

parallel horizontally and vertically. The manufacturer of the antennas, Millitech Inc., 

specified that the mechanical and electrical boresight of the antennas differed by less 

than 0.5 degrees. Though the possible error is not insignificant, the overlap of the 

atmospheric volumes observed by the individual radiometers is sufficient to provide 

confidence in the measurement accuracy. By the observation of a point source target 

(such as a large piece of high emissivity material or possibly the moon) as it passes 

through the horizontal and vertical planes of the antennas, the alignment can be 

further refined. If properly boresighted, the output signals of each subsystem will 

peak simultaneously in each plane. If the peak signals do not occur concurrently, the 

deviations will reflect the relative misalignment in the antennas. These results can 

then be used to readjust any antenna for the proper alignment. 
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4.6 Temperature Measurement 

Is should be clear from the previous section that precise knowledge of the 

temperature of several radiometer components is important for the proper 

operation of the system. This information is also necessary in monitoring the overall 

system temperature stability. For accurate calibration of the radiometer, the physical 

temperature of the antenna, interconnecting waveguide and reference loads must be 

monitored continually. This data is then combined with the measured radiometer 

output voltages to calculate the actual atmospheric brightness temperature 

(Equation (4.34)). Several temperature transducers are available to perform these 

measurements, including thermistors, thermocouples, and Resistive Temperature 

Devices (RTD's). Of the transducers available, thermocouples are the most versatile 

and provide measurement precision and stability over the wide range of operating 

temperatures of the radiometer (+25 to +145 degrees C). 

A thermocouple consists of two wires of dissimilar metal. When the wires are 

connected together, the junction produces a voltage relative to the junction's physical 

temperature. A polynomial equation, using coefficients established by the National 

Bureau of Standards, relates the measured junction voltage to the junction 

temperature (Omega, 1988). 

Tj = aQVm + ajVm2 + afi'm? + ajVm^ + ... ayVm® (4.34) 

where Tj = Desired Junction Temperature 
an = nth Polynomial Coefficient 

Vm = Measured Junction Voltage 

However, when connecting the thermocouple to a voltmeter, two additional 

dissimilar metallic junctions are created. This produces a second voltage that adds to 
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the original voltage and is proportional to the difference between the desired 

junction temperature and the temperature of the voltmeter's terminals. To eliminate 

this second voltage, a thermistor was used to monitor the temperature of the junction 

between the thermocouple wires and the voltmeter connections. The thermistor 

temperature can then be subtracted from the measured temperature to determine 

the desired junction temperature, or 

Tj = Tm - Ttr (4.35) 

where Tj = Desired Junction Temperature 
Tm = Measured Junction Temperature using (4.34) 
Ttr = Measured Thermistor Temperature 

The locations of the thermocouples on the radiometer elements are shown in 

Figure 4-4. 
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CHAPTER 5 

ZENITH SCANNING MEASUREMENTS 

The system's scanning reflector provides the means by which zenith scan (or 

tipping curve) measurements can be performed. A zenith scanning capability is 

important in determining spatial/temporal variations in the atmosphere. In addition, 

tipping curve measurements make use of the linear relationship between the air mass 

and total absorption to provide a method of calibration for the water vapor portion 

of the radiometer system. As stated earlier, the height dependence of the emissions 

at the O2 frequencies prevents the temperature radiometers from completely seeing 

through the atmosphere to measure the total optical depth. This renders the tipping 

curve method unusable for calibrating the temperature profilers. 

It should also be noted that multiple frequency operation can pose an 

important limitation in zenith scanning systems. Zenith scanning assumes a high 

level of atmospheric homogeneity during the measurement period. However, the 

amount of water vapor in an atmospheric column above the radiometer may vary 

significantly with periods as short as a few minutes (Hogg et al., 1983). Therefore, 

the validity of this assumption is dependent upon the time required to complete the 

entire scan. In the system being developed for Penn State, frequency switching is 

done by gating the LO's DC power. Using this method, the time required for the 

oscillators to reach frequency stability may be as long as seven seconds. This 

increases the dwell time required at each angle by the time it takes each oscillator to 

stabilize. When the dwell time is multiplied by the number of angles, the assumption 

of atmospheric homogeneity may no longer be valid. Therefore, to maximize 

atmospheric homogeneity, zenith scanning measurements will be limited to cloudless 
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days, when temporal and spatial variations in the atmospheric emissions should be at 

a minimum 

5.1 Scanning Reflector 

The scanning reflector consists of a 24" diameter aluminum plate, canted at 45 

degrees and placed in front of the radiometer system (Figure 5-1). 

The reflector is controlled by the host computer using a micro-stepping motor with a 

resolution of 24,000 steps/revolution. The large plate size allows placing the reflector 

a sufficient distance from the radiometer to clear possible building overhangs while 

still capturing the main beams of the system antennas. The low emissivity of the 

aluminum material will produce negligible self emissions and the surface 

irregularities of the plate are sufficiently small (<< \ of the highest frequency) to 

eliminate scattering by the reflecting surface. No coatings have been placed on the 

REFLECTOR 
PLATE " 

ENVIRONMENTAL 
TRANSMISSION WINDOW 

RADIOMETER 

Figure 5-1 

Scanning Reflector 
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surface as the emission/scattering effects of a surface coating (or of even a thin sheet 

of water) have yet to be determined. 

5.2 Tipping Curve Calibration 

By making use of the linear relationship between the atmospheric air mass 

and total absorption, tipping curve measurements provide a method by which the 

calibration of the water vapor radiometer can be performed or checked (Hogg et al., 

1983). In addition to determining the system calibration constants, tipping curve 

measurements provide the capability to refine the calibration constants for improved 

measurement accuracy. 

The total atmospheric absorption, r(m), is linearly related to the number of 

atmospheres or total air mass, m, being observed. The air mass is normalized to 

m = 1 at zenith (6 = 0) and increases as secO for increasing scanning angles. The 

atmospheric absorption is related to the measured brightness temperature, Tb, at air 

mass m by (Jorden, 1985) 

r(m) = In 
Tm(tn) - 2.9 

Tm(m) - Tb(m) 
(5.1) 

where Tm(m) = Mean radiating temperature of the atmosphere (K) 
Tb(m) — Brightness temperature at the antenna input (K) 

2.9 = Constant representing the cosmic background temperature (K) 

By precisely knowing one reference value of Tb and using the fact that the brightness 

temperature must equal zero at zero air mass (no atmosphere no absorption) the 

correction factor, Cf, can be determined from (4.32). Using Cf, the values for Lw and 
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Lant can be determined (Section 4.4) and calibration of the water vapor radiometer 

system can then be completed 

A tipping curve calibration is accomplished by first establishing an initial Tb 

versus Vb curve. This is done by placing a high emissivity absorber at a known 

physical temperature in front of the radiometer. The first calibration point is now 

the radiometer output voltage corresponding to the absorber's physical temperature. 

The second point is determined by measuring the atmospheric emissions at the 

zenith and assuming a corresponding Tb in the range of typical brightness 

temperatures (10 to 40 K). These two points now provide the information necessary 

to generate the Tb versus Vb relationship (Figure 5-2). By next measuring Vb at 

several scanning angles, the corresponding Tb's can be determined, permitting 

retrieval of r(m). A second curve of r(m) versus air mass (or secant of the scanning 

angle) can then be constructed (Figure 5-3). This curve will be linear in air mass and, 

as stated earlier, must pass through the origin at zero air mass. If this curve does not 

pass through the origin, a poor assumption was made for the initial value for Tb. The 

offset between the initial value selected for Tb and value necessary to cause the curve 

to pass through zero is the correction factor Cf. Once this value is determined, the 

true zenith brightness temperature corresponding to any output voltage can be found 

by solving (5.1) for Tb. 

The calibration factor, Cf, can readily be determined for the water vapor 

portion of the radiometer system by the use of tipping curve measurements. For the 

temperature profiler, however, the determination of Cf is not as straight forward. An 

additional method is the 2 reference source method. This consists of measuring the 

emissions of a blackbody radiator (a high emissivity absorber) at two significantly 

different physical temperatures. Knowing the precise physical temperature of the 
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blackbody radiator allows the generation of an accurate Tb versus Vb curve. From 

this curve, the effective temperatures of the reference loads, Tr and Th, can be 

determined from the measured outputs Vr and Vh. In this case, since the Tb versus Vb 

curve was calibrated using the physical temperatures of the high emissivity absorber, 

the correction factor Cf is effectively 1. 

For maximum accuracy using either method, the comparison of the 

radiometric measurements to other profile measurements, such as radiosonde data, 

may be required. The calibration factors can then be determined by "fitting" the 

radiometer data to the reference data, a complex process that requires a significant 

and diverse reference data base. 

These calibration sequences can be done periodically to verify the system 

performance, to compensate the correction factors for new locations and to account 

for long term variations in the radiometer's operating conditions. 

5.3 Antenna Sidelobes 

There are two areas of concern in determining the effect of antenna sidelobes 

on radiometric measurements, namely, antenna sidelobes that are reflected with the 

main beam and sidelobes that bleed over the reflector plate. Although the antennas 

used in the Penn State radiometers have sidelobe levels typically better than 22dB 

below, the main beam (about 0.6% of the main beam signal), under certain 

conditions, the sidelobe signal contributions can become a significant portion of the 

observed radiometer signal. 

The system's reflector plate has been sized to insure the capture of the 

antenna's main beams. However, due to variations in the antenna beam-widths and 

in the position of the reflector plate relative to the radiometer, the antenna sidelobes 
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may be reflected with the main beam. At scanning angles near the horizon, there 

may be significant radiation upwelling from the Earth's surface that will be received 

by the sidelobes, or, in some instances, the sidelobe may be illuminated by a nearby 

structure. In addition, at low scanning angles the sky brightness temperature, Tb, 

increases significantly due to the greater emissions from the longer path length. The 

increased atmospheric brightness temperature at lower scanning angles can 

adversely effect the desired atmospheric temperature measurement if the radiance 

observed by the sidelobe is substantially larger than that observed by the antenna 

main beam. To minimize surface radiation effects, the scanning angle has been 

limited by a minimum of the sidelobe angle (typically 10 degrees for the Penn State 

radiometer's antennas). In some instances, the proximity of nearby structures may 

further reduce this limit, but with a similar reduction in the tipping curve accuracy. 

To minimize this possibility care must be exercised when locating the system in 

crowded areas. 

Measurements made during the systems first operational study at Wallops 

Island, Virginia produced equivalent Tb's of 100 K at 78 degrees, compared to 20 K 

at zenith. Though this appears it is a significant increase in the brightness 

temperature with increasing scanning angle, preliminary reduction of the this data 

indicates that the tipping curve remained linear to the 78 degree scanning angle. If 

there were significant sidelobe contributions at low scanning angles, the resulting 

tipping curve would not be linear at higher air mass values but would systematically 

increase. 

If the reflector plate is positioned such that the antenna sidelobes bleed over 

in the direction of the horizon, a similar problem may exist. Unlike the first situation, 

however, in this case considerable sidelobe signal contributions can occur when the 
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main beam is directed at the zenith. Under this condition, Tb observed by the 

antenna main beam is at a minimum, while the sidelobe contribution can be at its 

greatest, As an example, if the reflector is surrounded by a panel of high emissivity 

material at room temperature (273 K), the sidelobe signal contribution could be as 

large as 1.7 K (0.6% of 273 K), a significant value considering the typical sky 

brightness temperature at the zenith is 10 - 40 K. In addition, detecting this situation 

is not as easy as in the first case, where the resulting tipping curve would likely not be 

linear. Instead, significant sidelobe contributions would result in an increase (or 

offset) in the measured signal that would be nearly constant at all scanning angles. 

This would indicate the best scenario is the condition where the antenna sidelobes 

are reflected with the main beam. If this can not be assured, care must be taken in 

locating and positioning the antennas and reflector to minimize the possibility that 

the sidelobes will be illuminated by a significant signal source. 
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CHAPTER 6 

EMPIRICAL MEASUREMENTS 

The first operational performance study of the Penn State Radiometer 

System occurred during the Atmospheric Moisture Intercomparison Study (ATMIS) 

held at the NASA Wallops Island facility, Wallops Island Virginia, April 10 - 17, 

1989. This study included the operation of co-located SODAR, LIDAR, and 

microwave atmospheric wind, temperature and water vapor profilers. In addition, 

weather balloons carrying three different radiosonde packages were launched every 

2 hours starting at 7PM every evening and continuing through to 7AM. A microwave 

water vapor radiometer similar to the Penn State system was operated by the Wave 

Propagation Laboratory of the National Oceanographic and Atmospheric 

Administration (NOAA) Boulder, Colorado. This radiometer differed from the 

Penn State system in that it uses only one water vapor channel and a single antenna 

for both water vapor and liquid water subsystems. The NOAA radiometer operates 

at 20.6 and 32.6 GHz and uses a single conical horn, connected to an ortho-mode 

transducer, to cover the entire operating frequency range (20 - 33 GHz). It also has a 

dual reflector system capable of scanning both in azimuth and elevation. 

The Penn State system was operated continually during the intercomparison 

periods. However, the failure of one controller board and a driver for one of the 

calibration circulators limited operation to three subsystems; the two water vapor 

subsystems and the lower frequency temperature profiler. Raw radiometric data and 

component operating temperatures for each of the operating radiometer subsystems 

were recorded during every operational period. Zenith scans were performed during 

periods of clear weather, including several tipping curve measurements coinciding 

with scans performed with the NOAA system. 
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6.1 Determination of System Performance. 

Initial reduction of the data taken at Wallops Island is being performed by 

Y. Hon, a graduate student at Penn State University. Though the data has yet to be 

corrected for Lw and Lant (Chapter 4), preliminary results indicate good correlation 

with radiosonde and NOAA measurements. Figure's 6-1 to 6-6 present the data 

taken over a period of several hours on April 17 with the three operating 

radiometers. Along with the data, Figure's 6-1 to 6-6 include statistics calculated 

using data taken from approximately 5 to 7 GMT. The uniformly small standard 

deviations indicate good short term stability in gain stability. Note that for each of 

the plots the maximum difference between the highest and lowest signal levels is less 

than two volts. Additional precision may be obtained by adjusting the gain and offset 

of the detector amplifier to make use of the full dynamic range of the A/D convertor. 

Measurements made during zenith scans using the water vapor and liquid 

water subsystems are presented in Figures 6-7 to 6-9. The corresponding tipping 

curves are given in Figures 6-10 to 6-12. The linearity of the tipping curves indicates 

reasonable correlation with the expected theory. A problem with sidelobe 

contributions or significant inhomogeneity of the atmosphere (conditions that could 

make the tipping curve measurement invalid) would manifest themselves as a non-

linearities in the generated tipping curves, particularly for high values of air mass. 

The data will be further refined with the measurement of the subsystem's antenna 

losses (JIIS), which is expected to be performed during December 1989 at Penn State. 

The volume of measurements taken during the five days at Wallops Island is 

extensive. The complete reduction of the data is continuing at Penn State, where the 

radiometer system is presently operating. Measurements currently being taken will 

be used to refine the calibration and inversion techniques used for inferring complete 
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temperature and water vapor profiles. Ultimately, the profiles obtained during the 

Wallops experiment will be compared with measurements made by the radiosondes 

and the other remote sensing systems operated during the ATMIS project. This 

information can then be used to validate the suitability of this system in performing 

accurate ground-based meteorological measurements. 
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CHAPTER 7 

CONCLUSION 

The microwave radiometer system developed for the Pennsylvania State 

University was designed to provide measurement accuracy rivaling conventional 

profiling techniques. The use of low loss microwave devices provided system 

sensitivities of < 0.1 K for the water vapor radiometer and < 0.35 K for the 

temperature radiometer. To provide the necessary gain stabilization, the Dicke 

switched modulation technique has been employed. In addition, the instrument is 

mounted in a single, temperature controlled housing to minimize the effects of 

thermal variations on system gain. Measurement accuracy is further enhanced 

through the use of two reference sources. 

Some of the Physics and mathematics describing the theory of radiometric 

measurements has been presented along with the packaging and calibration 

requirements to assure the dependable operation of the radiometer subsystems. The 

effects of antenna boresighting, necessity for accurate temperature measurement 

and techniques for system calibration have also been addressed. 

The Penn State radiometer system was operated extensively during the 

Wallops Island experiment. The data obtained during this period has provided a 

preliminary validation of system performance as well as serving to determine the 

initial radiometric calibration coefficients. The initial review of the data indicates 

that the temperature and gain stability design goals appear to have been achieved. 

In addition, valid tipping curve measurements have been retrieved from zenith scans. 

Using the tipping curve technique, calibration constants for the temperature offset of 

the reference loads of the water vapor and liquid water subsystems can be 

determined. When these values are eventually combined with the coefficients for the 
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lossy elements, a complete set of calibration constants for these subsystems will have 

been determined. 

Future work to be done at Penn State includes the measurement of the 

antenna losses, determining the effects of adjusting the detector/amplifier's gain and 

offset to take advantage of the full dynamic range of the A/D convertor, and further 

reduction of the data taken at Wallops Island. A continuing project is the 

determination of a complete set of calibration constants for the temperature profiler. 

Ultimately, when integrated with the appropriate signal processing techniques, it 

should be possible to employ this system to obtain near real-time retrievals of 

atmospheric water vapor and temperature profiles, allowing the continuous 

monitoring of the state and evolution of the changing atmosphere to enhance the 

understanding of atmospheric motions and storm dynamics. 
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APPENDIX A 

RADIOMETER SUBSYSTEM SPECIFICATIONS 

SPECIFICATIONS, WR-42 MICROWAVE RADIOMETER 

Operating Frequency (RF) 22.235,24.1 GHz 
Predetection Bandwidth 225 MHz 
System Noise Figure (Not Including Calibration Assembly) 5.0 dB (DSB) Max 
Operating Temperature (Chassis) 45 Deg C (Nominal) 
Temperature Stability (Chassis) < 1 Deg C 
System Accuracy 0.1 K/s/channel 

ANTENNA 
Unpolarized (Scalar) Antenna, WR-42 Waveguide Output 
Operating Frequency 22.0-24.1 GHz 
Gain (In Both E & H Planes) 30 dBi Min 
Half Power (3 dB) Beam Width 5.4 Degrees Max 
First Side Lobe Level 22 dB 

CALIBRATION ASSEMBLY 
Circulator Operating Frequency 22.0-24.1 GHz 
Insertion Loss (Per Junction) 0.3 dB Max 
Return Loss (Any Port & Direction) 20 dB Min 
Isolation 18 dB Min 
Junction Switching Times 5 uS Max 
Reference Loads 

Operating Temperatures 45 Deg C (Warm)/145 Deg C (Hot) 
Return Loss (Warm & Hot Loads) 30 dB 
Temperature Stability (Heater Assys) <0.5 Deg C 

RF SECTION 
RF Frequency Range 22.0-24.1 GHz 
IF Frequency Range 100-500 MHz 
Mixer, WR-42 Waveguide LO/RF, SMA IF 

Operating Range, LO & RF 22.0-24.1 GHz 
IF Output Range DC-500 MHz 
Conversion Loss 5 dB Max 
Lo Power (For Min Conversion Loss) 14 dBm Max 
Return Loss (Any Port, In Band) 18 dB Min 

LO Source - Gunn Oscillators, Fixed Frequency, WR-42 Waveguide 
Operating Frequencies 22.25 & 23.9 GHz 
Frequency Stability After 3 Hours (TBD) PPM Max 
Output Power 15 dBm Min 

IF SECTION 
IF Band-pass 10-215 MHz 
IF Gain (TBD) dB 
Detected Video Output 0-5 \TDC 
Video Band-pass DC-10 KHz 
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SPECIFICATIONS, WR-28 MICROWAVE RADIOMETER 

Operating Frequency (RF) 31.65 GHz 
Predetection Bandwidth 225 MHz 
System Noise Figure (Not Including Calibration Assembly) 5.5 dB (DSB) Max 
Operating Temperature (Chassis) 45 Deg C (Nominal) 
Temperature Stability (Chassis) < 1 Deg C 
System Accuracy 0.1 K/s/channel 

ANTENNA 
Unpolarized (Scalar) Antenna, WR-28 Waveguide Output 
Operating Frequency 31.65 GHz 
Gain (In Both E & H Planes) 36 dBi Min 
Half Power (3 dB) Beam Width 5.0 Degrees Max 
First Side Lobe Level 20 dB 

CALIBRATION ASSEMBLY 
Circulator Operating Frequency 31.15 - 32.15 GHz 
Insertion Loss (Per Junction) 0.25 dB Max 
Return Loss (Any Port & Direction) 25 dB Min 
Isolation 18 dB Min 
Junction Switching Times 5 uS Max 
Reference Loads 

Operating Temperatures 45 Deg C (Warm)/145 Deg C (Hot) 
Return Loss (Warm & Hot Loads) 30 dB 
Temperature Stability (Heater Assys) <0.5 Deg C 

RF SECTION 
RF Frequency Range 31.15 - 32.15 GHz 
IF Frequency Range 100-500 MHz 
Mixer, WR-28 Waveguide LO/RF, SMA IF 

Operating Range, LO & RF 31.15 - 32.15 GHz 
IF Output Range DC-500 MHz 
Conversion Loss 5.5 dB Max 
Lo Power (For Min Conversion Loss) 14 dBm Max 
Return Loss (Any Port, In Band) 18 dB Min 

LO Source - Gunn Oscillators, Fixed Frequency, WR-28 Waveguide 
Operating Frequencies 31.45 GHz 
Frequency Stability After 3 Hours (TBD) PPM Max 
Output Power 15 dBm Min 

IF SECTION 
IF Band-pass 10-215 MHz 
IF Gain (TBD) dB 
Detected Video Output 0-5 \TDC 
Video Band-pass DC-10 KHz 
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SPECIFICATIONS, WR-19 MICROWAVE RADIOMETER 

Operating Frequency (RF) 50.3,52.85,53.85 GHz 
Predetection Bandwidth 215 MHz 
System Noise Figure (Not Including Calibration Assembly) 7.0 dB (DSB) Max 
Operating Temperature (Chassis) 45 Deg C (Nominal) 
Temperature Stability (Chassis) < 1 Deg C 
System Accuracy 0.35 K/s/channel 

ANTENNA 
Unpolarized (Scalar) Antenna, WR-19 Waveguide Output 
Operating Frequency 50.3 - 53.85 GHz 
Gain (In Both E & H Planes) 30 dBi Min 
Half Power (3 dB) Beam Width 5.0 Degrees Max 
First Side Lobe Level 25 dB 

CALIBRATION ASSEMBLY 
Circulator Operating Frequency 50.3 - 53.85 GHz 
Insertion Loss (Per Junction) 0.3 dB Max 
Return Loss (Any Port & Direction) 17 dB Min 
Isolation 17 dB Min 
Junction Switching Times 5 uS Max 
Reference Loads 

Operating Temperatures 45 Deg C (Warm)/145 Deg C (Hot) 
Return Loss (Warm & Hot Loads) 30 dB 
Temperature Stability (Heater Assys) <0.5 Deg C 

RF SECTION 
RF Frequency Range 50.3 - 53.85 GHz 
IF Frequency Range 100-500 MHz 
Mixer, WR-19 Waveguide LO/RF, SMA IF 

Operating Range, LO & RF 50.3 - 53.85 GHz 
IF Output Range DC-500 MHz 
Conversion Loss 7 dB Max 
Lo Power (For Min Conversion Loss) 14 dBm Max 
Return Loss (Any Port, In Band) 18 dB Min 

LO Source - Gunn Oscillators, Fixed Frequency, WR-19 Waveguide 
Operating Frequencies 50.5,53.0 & 53.6 GHz 
Frequency Stability After 3 Hours (TBD) PPM Max 
Output Power 15 dBm Min 

IF SECTION 
IF Band-pass 10-205 MHz 
IF Gain (TBD) dB 
Detected Video Output 0-5 VDC 
Video Band-pass DC-10 KHz 
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SPECIFICATIONS, WR-19S MICROWAVE RADIOMETER 

Operating Frequency (RF) 55.1,58.8,61.15 GHz 
Predetection Bandwidth 225 MHz 
System Noise Figure (Not Including Calibration Assembly) 7.0 dB (DSB) Max 
Operating Temperature (Chassis) 45 Deg C (Nominal) 
Temperature Stability (Chassis) < 1 Deg C 
System Accuracy 0.35 K/s/channel 

ANTENNA 
Unpolarized (Scalar) Antenna, WR-19 Waveguide Output 
Operating Frequency 55.45 - 61.15 GHz 
Gain (In Both E & H Planes) 30 dBi Min 
Half Power (3 dB) Beam Width 5.2 Degrees Max 
First Side Lobe Level 26 dB 

CALIBRATION ASSEMBLY 
Circulator Operating Frequency 55.45 - 61.15 GHz 
Insertion Loss (Per Junction) 0.5 dB Max 
Return Loss (Any Port & Direction) 14 dB Min 
Isolation 14.5 dB Min 
Junction Switching Times 5 uS Max 
Reference Loads 

Operating Temperatures 45 Deg C (Warm)/145 Deg C (Hot) 
Return Loss (Warm & Hot Loads) 30 dB 
Temperature Stability (Heater Assys) <0.5 Deg C 

RF SECTION 
RF Frequency Range 55.45 - 61.15 GHz 
IF Frequency Range 100-500 MHz 
Mixer, WR-19 Waveguide LO/RF, SMA IF 

Operating Range, LO & RF 55.45 - 61.15 GHz 
IF Output Range DC-500 MHz 
Conversion Loss 7 dB Max 
Lo Power (For Min Conversion Loss) 14 dBm Max 
Return Loss (Any Port, In Band) 18 dB Min 

LO Source - Gunn Oscillators, Fixed Frequency, WR-19 Waveguide 
Operating Frequencies 54.89,58.64 & 61.03 GHz 
Frequency Stability After 3 Hours (TBD) PPM Max 
Output Power 15 dBm Min 

IF SECTION 
IF Band-pass 10-215 MHz 
IF Gain (TBD) dB 
Detected Video Output 0-5 VDC 
Video Band-pass DC-10 KHz 
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APPENDIX B 

THEORETICAL SYSTEM NOISE TEMPERATURES 

From (4.5), the system noise temperature, referenced to the input of the 
antenna mount waveguide, is given as: 

Tsys = (Lw-l)Twg + (Lcal-l)TcLl + (F-l)ToLwLcal (B.l) 

where Tsys = System noise temperature referenced to the antenna 
mounting flange (K). 

Lw = Loss of transmission waveguide 
Tw = Physical temperature of waveguide (K) 

Leal = Loss of calibration assembly 
Teal = Physical temperature of the cal assy (K) 

F = Noise figure of mixer assembly 
To = 290K 

F = log-l(FdBHO) 
L = log-l(LdBHO) 

The theoretical system temperatures for the four radiometer systems are: 

1) WR-42 Radiometer 

LwdB = .2 dB Lca/dB = .42dB Tw - 293 K FdB = 3.5 dB 

Lw = 1.05 Leal = 1.10 Teal = 318 K F = 2.24 

Tsys = (1.05 -1)293 + (1.10 - 1)(318)1.05 + (2.24 -1)(290)(1.05)1.10 

Tsvs = 463.4 K 
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2) WR-28 Radiometer 

LwdB = .18 dB LcaldB = .5 dB 7Vv = 293 K FdB = 3.9 dB 

Lw =  1 .04  Lea l  =1 .12  7 t« /=318K F=2A5 

Tsys = (1.04-1)293 + (1.12 -1)(318)1.04 + (2.45 -1)(290)(1.04)1.12 

Tsvs = 541.2 K 

3) WR-19 Radiometer 

LwdB = .22 dB LcaldB = 1.3 dB Tw = 293 K FdB = 6.5 dB 

Lw = 1.05 Leal = 1.35 Teal = 318 K F = 4.47 

Tsys = (1.05 -1)293 + (1.35 -1)318)1.05 + (4.47 - 1)(290)(1.05)1.35 

Tsvs = 1557.9 K 

4) WR-19S Radiometer 

LwdB = .22 dB LcaldB = 1.5 dB 7k = 293 K FdB = 6.5 dB 

Lw = 1.05 Leal = 1.41 Teal = 318 K F = 4.47 

Tsys = (1.05 -1)293 + (1.41 - 1)318)1.05 + (4.47 -1)(290)(1.05)1.41 

Tsvs = 1643.4 K 
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APPENDIX C 

SYSTEM SENSITIVITY 

The system sensitivity is the smallest change in system noise input power that 
can be resolved at the output. From (4.17), the rms system sensitivity with the 
radiometer terminated at the antenna input flange is: (Hogg, Decker et.al., 1983) 

KsTsys 
lrms — —j=~ (C.1) 

where Tsys = System noise temperature referenced to the antenna mounting 
flange (K). 

B = Predetection bandwidth (Hz). 
T = Post detection integration time (sec). 

Ks = Sensitivity constant - equal to 3 for 1/3 duty cycle Dicke switching 
(dimensionless). 

Using the results from the previous section and system parameters given for the 
predetection bandwidth, B, and for T = Is, the system temperature sensitivities for 
the three configurations are: 

1) WR-42 Radiometer 

V(225 E 6)1 

Trms = .092 K 

2) WR-28 Radiometer 

Trms -
V(225 E 6)1 

Trms = .108 K 



3) WR-19 Radiometer 

7W.  j* 1 5 5 7 ' 9 '  
->7(215 E 6)1 

Trms = .319 K 

4) WR-19S Radiometer 

V(225 E 6)1 

= .329 K 



101 

REFERENCES 

Dicke, R.H., The Measurement of Thermal Radiation at Microwave Frequencies, 
Review of Scientific Instruments, Volume 17, Number 7, July 1946. 

Hach, Johann-Peter, Proposal for a Continuously Calibrated Radiometer, IEEE 
Preceedings Letters, 54,1966. 

Hach, Johann-Peter, A Very Sensitive Airborne Microwave Radiometer Using Two 
Reference Temperatures, IEEE Transactions Microwave Theory and Techniques, vol. 
MTT-16, No. 9,1968. 

Fundamentals of RF and Microwave Noise Figure Measurements, Hewlett Packard 
Application Note 57-1, Pajo Alto, CA, July 1983. 

Hogg, D.C., Decker, M.T., Guiraud, F.O., Earnshaw, K.B., Merritt, D.A., Morgan, 
W.B., Sweezy, W.B., Strauch, R.G., Westwater, E.R., and Little, C.G., An Automatic 
Profiler of the Temperature, Wind and Humidity in the Troposphere, Journal of Climate 
and Applied Meteorology, vol. 22, May 1983. 

Hogg, D.C., Guiraud, F.O., Howard, J., Newell, A.C., Kremer, D.P., and Repjar, 
A.G., An Antenna for Dual-Wavelength Radiometery at 21 and 32 GHz, IEEE 
Transactions on Antennas and Propagation, vol. AP-27, No. 6, November 1979. 

Hogg, D.C., Guiraud, F.O., Snider, J.B., Decker, M.T., and Westwater, E.R., 
Microwave Radiometry for measurement of water vapor, Reviews of Infrared and 
Millimeter Waves, vol. 1,1983. 

Janssen, M.A., Effects of Finite Bandwidths in Water Vapor Radiometry for Phase Path 
Length Correction, Jet Propulsion Laboratory, Pasadena, CA, August 1983. 

Jordan, J., The Radiometer Equation, unpublished notes, 1983. 

Practical Temperature Measurements, Omega Complete Temperature Measurement 
Handbook and Encyclopedia, Vol. 26,1988. 

Stacey, J.M., Understanding microwave radiometers, NASA TECH BRIEF, vol. 10, 
no. 6, item #141, November/December 1986. 

Thomson, D.W., New Perspectives on Atmospheric Structure and Dynamics, Earth and 
Mineral Sciences, vol. 57, no. 1,1987/88. 



102 

Ulaby, F.T., More, R.K., Fung, A.K., Microwave Remote Sensing, Active and Passive, 
vol 1, Addison-Wesley Publishing Co., Reading, MA, 1981. 

Westwater, E.R., Atmospheric Microwave Radiometry, Lecture Notes for IGARSS '84 
Short Course, Strasbourg, France, August 25,1984. 

Zielinskie, D.A., Automatic Control and Data Analysis of a Multi-Channel Millimeter 
Wave Radiometer, Electrical and Computer Engineering Department, University of 
Arizona, August 1988. 


