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13.9 GHz RADIOMETER DESIGN
V.R. Reddy

ABSTRACT

This report concerns the design of a 13.9 GHz total power radiometer. A
large amount of literature is available on the subject, but this report
addresses a detailed design concept without going into the mathematical
analysis. A1l through the discussion, contrast is birought forth between a
radar and radiometer, since the former is a more familiar system to most of
the beginners in microwave system design. No stress is laid on the theo-
retical aspects of the radiometer.

The system described has an overall noise figure of 7.67 dB and uses an
integration time of about 1 sec. It is capable of a resolution of 2 K and the

slope of the transfer function {s set as 1 mV/1 K for convenience. ,
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1.0 INTRODUCTION

1.1 Need for A Radiometer

Radiation emitted as well as reflected by any object is known to be a
function of various physical properties of the object itself; hence, measured
radiation data can be used to understind the properties of the scene under
observation. The well-established science of measuring such radiation is
called "radiometry" and the device used to carry out the measurements is known
as a "radiometer". This report describes the systematic design and calibra-
tion procedure of a 13.9 GHz practical radiometer used to probe sea ice.

For convenience, the report is organized into six sections and various
sub-sections. In a broad sense, Section 1 describes the overall system.
Section 2 illustrates the practical design with some analysis based on the
references. Section 3 is used to bring out some of the methods of implement-
ing the most-often required system measurements, Calibration ,of the system is
treated in adequate detail in Section 4, followed by the description of
operation in Section 5. Since many of the components used in this system fell
short of the requirements, Section 6 is used for suggestions to improve the
performance of the system., Specifications and the méasured data are presented
in Appendix A, Appendix B gives the FORTRAN program listing used for

computing the calibration curves.

1.2 Why Is It Different From a Radar Receiver

Unlike a radar, a radiometer is a passive sensor. Another major
difference between a radar and radiometer lies in the fact that the unwanted
noise present at the input of the receiver antenna of a radar is the signal of

interest in the case of a radiometer. On paper, a radiometer looks like any

conventional superheterodyne receiver, but in practice the design approach 1is

C e B . T




quite different, as will be evident in a later section on design. Basically,
radiometers are divided into one of two types: (a) total power mode or (b)
switched mode, the latter being powerful. The type discussed here operates in

the total power mode, but can be modified to work in the switched mode.

1.3 Description of a 13.9 GHz Total Power Radiometer

Figure 1 shows the block diagram of the complete system. The antenna
used is a standard gain horn connected to one of the four ports of a wavequide
microwave switch, The receiver and noise diode are connected to the other two
ports and the last port is left open. During measurements, the connections at

Wave guide tulse
tvitch Diode

HH-
\L lsolator

Lre Py Detector

v > Dinttal
DA =t A’:Ji: Amp Voltwetsr

Hizer

FIGURE 1: Total Power Radiometer Block Diagram

Crystal

N Oscillator

the switch will be just as shown in Figure 1, i.e., the antenna is coupled to
the receiver and the diode is coupled to the open port. In this condition,
the switch is said to be in nosition 1. MNuring calibration (position 2),
however, the antenna is coupled to the open port and the diode to the receiver
to deliver a known amount of noise. The switching between positions 1 and 2
is done by applying +28 VDC to the switch., Since the isolation between the
two guides of the switch is typically 60 dB, the signals (actually noise) in

the two guides do not interact very much,

A
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The signal is amplified in the tunnel dioce amplifier and band-iimited in
a narrow-band filter with good (> 50 dB) stop-band rejection., In practice,
the filtering is done in two parts, the first one being a lowpass filter and
the other a bandpass filter, The bandpass filter is a four-cavity tunable
filter and it may also respond to the harmonics of the signal (i.e., 27.8 GHz,
41.7 GHz, etc.). The lowpass filter is used to suppress these harmonics. The
double-balanced mixer used has a waveguide RF port and LO and IF ports in SMA
connectors. The local oscillator used for superheterodyne mixing is a 13,93
GHz crystal-stabilized source. The nechanism behind the generation of the
13,93 GHz signal involves a fundamental oscillator at 1.393 GHz which will be
multiplied by x10 to get the required frequency. Phase locking is achieved by
a reference crystal oscillator operating at 100 MHz which, in turn, will be
fed to a harmonic generator whose output will be compared with the 1.393 GHz
fundamental in a phase detector. The error signal output of the phase detec-
tor is used to tune the fundamental oscillator. The isolator provides a
better match between the oscillator and the mixer. The intermediate frequency
(IF) amplifier is a high-gain discrete version operating at 30 MHz frequency
with a 3 dB bandwidth of only 1.2 MHz, As will become evident in later
discussion this small bandwidth is a serjous limitation to the feasible system
resolution. Square-law detection is carried out by a crystal detector with
reasonably good sensitivity. At this point, it is interesting to note that
the expected change in sigral level at the detector output over the entire
dynamic range of temperature is just a fraction of a millivolt, This calls
for a large video amplification to scale up the sjqnal to a reasonabl= value,
say, a few hundred millivolts. The resulting signal is integqrated for a

suitable period of time (about a second) and read out on a digital voltmeter.
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1.4 How to Convert It Into & Switching Type

To convert the existing system into a switchina-type radiometer the RF
switch must be switched on and off continuously between the antenna and the
reference load (the diode noise source in this case). Usually a square wave
is used for switching, thus spending 50 percent of the time in the desired
signal measurement and the other 50 percent in calibration. The switching
frequency is limitec by the RF switch response. Also, the RF detected signal
must be bandpass-filtered at both the switching frequency and some of its
harmonics. As a rule of thumb, at least two harmonics must be included, and
the signal should be synchronously detected before integration.

A1l of the required microwave components were available in the lab, but
not their specifications. Therefore, every component was evaluated and tuned
wherever necessary to meet the required specifications as far as possible.

The results of the measurements are shown in Appendix A.

2.0 SYSTEM DESIGN

2.1 Necessary Equations

In essence, a radiometer must exhibit a linear transfer characteristic
between the input temperature and the cutput voltage. Since the input power
is proportional to the temperature, it also has a linear relationship between

the input power and the output voltage. Mathematically, the input power to

the system, as referred to the antenna terminals psys’ is given by
PSys =k TSys B (1)
where:

‘'
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Boltzman's constant

o
"

effective bandwidth of the IF amplifier (Hz)
Tsys = system temperature referred to the antenna terminals (K)
In turn, the system temperature can be expressed as:

Tops = NTy + (1-m)T

Sys pt (L-l)Tp + LTrec (2)

where:
n = antenna radiation efficiency
L = transmission loss between the antenna and the receiver
Ta = antenna temperature of the scene under observation
Tp = physical temperature of the system

Trec = receiver noise equivalent temperature.

A detailed derivation of these equations can be found in ‘many books

(e.g., Ulaby, Moore and Fung, 1981).

2.2 Set the Specifications

Once the input and output relations are known, the first thing towards

the system design is to define the following system specifications.

1. The dynamic range of the system, which usually means the difference in
power between the maximum signal (the fact that the receiver may saturate
at higher levels leading to an undesirable nonlinear transfer function
sets the limits) and the minimum detectable signal (usually set by the
thermal noise floor) expressed in dB. However, for a radiometer's system
temperature (linearly related to the power fer a fixed bandwidth as long
as the system is maintained at a constant temperature), it may be more

realistic to express the system dynamic range.
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2. The required output voltage range corresponding to the expected input
temperature range, which is the slope of the system transfer function.

3. Overall system noise figure, which is the one that sets the thermal noise
floor mentioned in 1 above,

4, Bandwidth of the intermediate frequency amplifier.

5. Fractional gain variation of the overall system.

6. The dynamic range limits of the square-law detector.

A detailed consideration of these parameters is applied to the system
under discussion. Since the radiometer is a passive sensor and the noise
signals available are very small, the upper limit of the dynamic range is not
a problem. In this particular case, since the system is expected to operate
at very close ranges (as low as a few meters), the lower limit also does not
pose any real problem. In medical applications it is more of a problem
because the antenna will be always in the near field. In tke 'case of
radiometers used in astronomy, where high sensitivity is of paramount impor-
tance, the lower limit plays a critical role. For this radiometer a 20K -
280K input range is set and the output voltages corresponding to this are
required to fall between O mV and 260 mV, which rieans a slope of 1 mV/1 K.
Even though the range of temperatures expected in the case of sea ice 1s much
smaller, the above specification is set in view of the calibration (which will
be discussed elsewhere).

The measure! overall system noise figure with the available components
F, = 7.67 d8 = 5,85, From this the recciver noise equivalent temperature Tre

c
is calculated as:

Teec = (Fn = 17 Y5 = (5.85 - 1) 273 = 1324.05K
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The gain variation 4G/G of the complete f.ont end is assumed to be equal
to 10'3. In practice,it is somewhat difficult to measure this variation so a
setup with a stability of at least an order better is needed. For this dis-
cussfon the value assumed above is believed to be reasonable,

3 d8 bardwidth of the IF amplifier available = 1.2 MHz,

Dynamic range of the square-law detector = 10 dBm-(-50 dBm) = 60 dB.

Other pertinent data for individual components is shown in Appendix A,

2.3 Practical Design

2.3.1 Front End
Using Equation (2) in the middle of the dynamic range, the system

temperature Tsys can be calculated as:

—
n

a = 150 K :

Tsys = 0,7 x 150 + (1-0,7)273 + (1.02-1)273 + 1.02 x 1324,05 = 1542,9 K

Similarly,

minimum Tsys = 1451,9 K
and

maximum T,_WS = 1633.9 K.

2.3.2 A Look at the Resolution

The minimum detectable change in antenna temperature known as radiometric

resolution AT, is given by

1

1/2
- 46,2
or = Tsys [Bt )

2°] (3)
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The derivation of this equation can be found in Ulaby, Moore and Fung
(1981] and Evans and McLeish [1977]. The worst case of resolution occurs for
maximum Tsys and, hence, it is preferable to use this value in the above
formula. For different values of integration time the calculated radiometric

resolution is shown in Table I as well as in Figures 2 and 3.

T ' T I Lf
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RACIGMETRIC RESCLUTION T K)
o
-
]

T

| IS AU NNPUNN U UUNN Y S NN N UN N |
¢ SuU 1000 1300 2000 2300 2000 2300 4000 4300 3000

INTECRATION TIME (mSEC)

FIGURE 2: Radiomctric Resolution vs Integration Time
for AG/G = ,001

Equation (3) shows that, for a given system temperature and fixed
bandwirfth, the radiometric resolution improves as the square root of the
integration time, provided the fractional gain varifation is low. Table I
shows that the resolution saturates for AG/G > l/Bt; Hence, it is very
impo’ tant that the fractional gain variation be kept as low as possible to
obtain fine resolution for a reasonable value of the time-bandwidth product.

Fine-resolution systems usually achieve that kind of resolution by using large
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%i TABLE 1
I Radiometric
& Integration resolution AT (K)
E; time t (msec) 8G/G = 107° 2G/G = 10°¢
[ |
E, 1 44,96 47.57
2 10 14.29 21.08
o 100 4.76 16.21
¥ 1000 2.12 15.64
¢ 2000 1.85 15.60
i 5000 1.69 15.59
I. 10000 1.62 15.57
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bandwidths rather than large integration time. Also, since the effective
noise bandwidth is greater than the 3 dB bandwidth of the IF amplifier, the
actual resolution in each of the entries in Table I will be better (less) than
the values shown. For the current system, since the integration time is about
1 sec, the radiometric resolution can be axpected to be approximately 2 K.

As can be seen from equation (3), the radiometric resolution 4T is
proportional to the system temperature when all other quantities in the
equation are fixed. The Tsys' in turn, depends upon the antenna temperature,
whicr is related to the temperature of the scene under observation and the
receiver noise-equivalent temperature Trec' For fixed Ta' the resolution aT
varies in proportion to the receiver noise-equivalent temperature. This is
where the importance of the low-noise-fiqure requirement for receivers (and
hence the use of an expensive low-noise amplifier) comes into the picture.

In this case for a AG/G of 10‘3 the effect of receiver noise figure on

resolution with integration time as the parameter is calculated. The results

are shown in Table Il and also plotted in Figures 4-7,.

TABLE 11
Receiver NF Radfometric Resolution AT (K)
(dB) t = 1 msec t = 10 msec t = 100 msec t =1 sec
2 12.90 4.10 1.36 0.60
3 16.19 5.15 1.71 0.76
4 20.35 6.47 2.15 0.95
5 25.58 8.13 2.71 1.20
6 32.16 10.23 3.40 +1.81
7 40.45 12.86 4,28 1.90
8 50.89 16.18 5.38 2.39
9 64,03 20,36 6.77 3.00
10 80.57 25.62 8.52 3.78
11
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FIGURE 4: Radiometric Resolution vs Receiver Noise Figure
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Table III and Figure 8 show the dependence of radiometric resolution aT
on the noise bandwidth, provided al! oiher quantities are held constant. The

plot is calculated from equation (3) using maximum Tsys’ t of 1 sec, and aG/G

= 10-2 and 1073,

TABLE III

Bandwidth B AT (K) AT (K)
(MHz) with 86/6 = 1073 with 46/G = 10-2

2.20 15.65
1.91 15.61
1.80 15.60
1.74
1.71
1.68
1.66
1.64
1.63
1.61

OWONIID B WN

—

This indicates that no matter how much bandwidth and "t" you use, a gain
variation of 10-2 is totally unacceptable. In fact, for a 1 K resolution and
a feasible integration time of 1 sec, AG/G needs to be much better than 10‘3

(maybe 10’4). The other alternative is to use a switching mode radiometer.

2.3.3 IF Section and Detection

The next step in the design process is to calculate the required gain for
the complete front-end system (i.e., up to the square-law detector). The cri-
terion, as mentioned earlier, is to see that the signal (noise) power corres-

ponding to the mid-point of the temperature dynamic range coincides with the
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FIGURE 8: Radiometric Resolution vs Bandwidth
for 86/G6 = .001

mid-point of the square-law detector dynamic range. It should be noted that,
{f no other component prior to the detector is driven in to saturation, the
dynamic range is going to be limited by the detector. However, in radiometers
this situation seems almost impossible as long as the above-mentioned cri-
terion is satisfied. In the present case, the ratio of the maximum to the
minimum system temperature is much less than 2, indicating that we need less
than 3 dB of the detector's available dynamic range. Nevertheless, it is good
fFractice to position the signals at the center of the response of the square-
law detector. In this case an antenna temperature of 130 K, corresponding to
a system temperature of 843.88 K, must produce a -20 dBm (10'5 W) signal at
the input of the square-law detector. The receiver gain G.¢ required to

satisfy this condition would be calculated as follows:




| i A

1

Y o aml 'L Y rer

G tRT BT, (4)

where:

G.¢ = receiver power gain (without antenna) in dB

pif = power output of the IF amplifier corresponding to the TSyS'

-5
G 10

7
Ff o 1.3805x1072% x 1542.9 x 1.2x10°

= = 6.69x10% = 78.25 d8
x 5.85

Note that if the actual effective noise bandwidih, rather than the 3 dB
IF bandwidth, is used in the expression, Grf may decrease about a dB or so.
For this system, the tunnel diode amplifier has a gain of 16 dB and the
single-side band conversion loss of the mixer is 21.2 dB. The pre-selection
filter insertion loss is 0.3 dB and the wavequide loss between the amplifier

and the switch is 0.1 d8. Therefore, the required IF amplifier gain Gy¢ 1is
given by:

Gif = Grf - 16 +21.2 + 0.3 +# 0.1 = 83,85 d8B.

A crystal detector of sensitivity, r, 500 mV/mW is used for square-law
detection. The sensitivity of such a detector is expressed in millivolts/
millwatts because the input power is linearly related to the output voltage,
not to the output power. From this information the minimum and maximum values

of the voltages available at the input of the video amplifier are calculated

as:

Vip = m x Kx Tsys x B x Fn X Grf (5)

=23 6

7

x1451.9x1.2x10"°x5.85x6.69x10"

Minimum vin = 500x1.3805x10 = 4,707 mV
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Maximum V, = 500x1.3808x10" x1633.9x1.2x10*0x5.85x6.69x10"7 = 5.297 mv

2.3.4 Back End

Notice that the change in the detector output voltage is just 0.32 mV for
a change of 260 K at the input of the antenna. This calls for a large video
amplification to scale up the small voltage change to a sufficiently large

change. Thus the video amplifier gain G, is computed as:

G = desired output siope
v available input siope

= 1 mV/K ~
(5357w < 4.707 mV) /(280 K - 20 k) - 440-678

L

o
1]

20 1og (440.68) = 52,88 dB,

Thus at the output of the video amplifier the voltage levels are:

20K -+ 2,074 V
280 Kk + 2,334V

Finally, by providing an offset voltage of 2.074 V, we get

20K + 0.0mv
280 K+ 260 mV ' -




4.

Another requirement is that the video amplifier must provide proper
terminating resistance for the detector. In this case it should be approx-
imately 1 K. Also, because of the dc component present (the actual signal is
not dc, but a very low frequency which will be further integrated) at the
output of the detector, the final offset might be somewhat different from the
calculated 1.089 V value, Thus it is advisable to provide the offset after
integration rather than before.

As mentioned above, all of the front end components were available in the
lab. The measured data for each of these components are listed in Appendix
A. The complete back end of the radiometer is built as a single module. The
circuit diagram is shown in Figure 9., It consists of a high qain (approxi-
mately 60 dB) video amplifier IC-1, lowpass filter IC-2, and an offset circuit
IC-3. An instrumentation amplifier, rather than discrete operational ampli-
fiers, is chosen for video amplification. It not only reduceg the chip count
but also eliminates any possibility of small oscillations associated with high
gain amplification (with high gain even a small positive feedback is enough to
initiate oscillations). These oscillations may sometimes be very close to the
desired siqnal frequency, making it impossible to eliminate even by lowpass
filtering. Since an instrumentation amplifier 1sninterna11y compensated, all
of these problems will automatically be taken care of. An additional advan-
tage of the instrumentation amplifier is the fact that the IC has an on-chip
common point (operational amplifiers do not have th.:) making it less susceo-
tible to spurious pickups. As shown in Fiqure 9, potentiometer Rl is used to
adjust the offset of the instrumentation amplifisr and R2 to trim its gain.
The input is terminated in 1 K ohms to provide mafching to the output of the

square law detector. The integrator or lowpass filter is built with a BIFET
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FIGURE 9: Videc Amplifier Circuit Diagram

operational amplifier (LF 355) and has a time constant of RC - 1.9%% x 0.47-6
= 0.893 seconds. It is a two-pole Butterworth filter. Finally, the offset
circyit is realized with a BIFET as a differential unity gain amplifier.
Potentiometer R3 is used to adjust the final offset voltage. Thus, the output
of this circuit is the required integrated signal and read on a digital
voltmeter.

A1l the modules are mounted on a 2-mm-thick aluminum plate. The layout
of the various modules and interconnections is shown schematically in Figure

10. Also shown are the dc power supplies required for different modules.

3.0 SYSTEM MEASUREMENTS

Two of the most important specifications of any microwave reciever system
are power gain and noise figure, Each component of the system will affect, to

some extent, one or both of these quantities. Hence, proper measurement of
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FIGURE 10: Layout of the Various Modules

these quantities for each of the system components (to make required adjust-
ments to the system) and, finally, the system (to evaluate the system perform-
ance) s warranted. Usually, at microwave frequencies three types of measure-
ment techniques are available: (1) manual; (2) semi-automatic; (3) automatic.
For single-frequency measurements, manual techniques are quite adequate;
semi-automatic techniques are better suited for swept-frequency measure-
ments. If high accuracy is required, automatic techniques are used. The last
two are, naturally, much faster and often much easier to use. In this case,

it is a single-frequency measurement and manual techniques are employed.

3.1 Power Gain or Loss

In one of the simplest setups (Figure 11) a signal source and a power
meter are used. As usual, some interconnecting cabies and adaptors are
required. At the frequency of interest (13.9 GHz) the sic.a? input to the

device under test (DUT) in dBm is measured by bypassing the DUT as shown,
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Next, the output of the DUT is noted down in dBm. The difference in the two
readings gives the gain or loss in dB. There are many drawhacks to this
setup, but the one of most concern is the mismatch between any two components
of the setup -- source and DUT, DUT and power meter. The reflections caused
by these mismatches result in inaccurate readings. Between the source and the
DUT an isolator could be used (VHF through microwaves) but between the DUT and
the power meter it may not be possible because, if the DUT is the complete
receiver ard the output is measured at the IF stage, no isolators may be
available. Quite often, however, some amount of attenuation is mandatory
between the DUT and the power meter in order to protect the power meter from
being damaged by the large outputs of the DUT (Figure 12). This automatically
takes care of the mismatch problem to some extent. Instead of an isolator, an
attenuator could be used as long as the signal level is within the specifi-
cations of the DUT. In addition, a directional coupler of known coupling is
used to measure the input signal to the DUT without disconnecging it from the
setup. The amount of the input attenuation required is decided by the level
of matching desired. For example, if there is a VSWR of 2.0:1 between the
source and the DUT and a VSWR of 1.2:1 is desirable, the needed attenuation is
half the dB difference betwen the two return losses -- one corresponding to

each VSWR. So, magnitude of reflection coefficient

without the attenuator = (2-1)/(2+1) = 0.33
return l1oss = -20 log (0.33) = 9.54 dB

magnitude of reflection coefficient

n

with the attenuator = (1.2-1)/(1.2+1) = 0.09

return loss = -20 log (0.09) = 20.9 dB.

Therefore the minimum required attenuation = (20.9-9.54)/2 = 5.68 dB.
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FIGURE 12: Improved Setup for Power Gain Measurement

A rigorous analysis (including the multiple reflections) yields a
slightly larger value. Sometimes a variable attenuator is required to adjust

the input power level to the DUT in which case the mismatch problem is

automatically taken care of.
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3.2 Noise Figure

The method described.here is known as the Y-factor method and this is, by
far, the most often used. 0One way of 1mplemen£ation is shown in Figure 13,
Noise generated by a diode noise source of known excess-noise ratio (ENR) is
fed to the DUT. An 1solator of known insertion loss is used to reduce the
mismatch. Once again, an attenuator with low VSWR could be used instead. The
IF amplifier (30 MHz or 60 MHz) is not required if the DUT {s the complete
receiver and DUT output is the IF amplifier output of the receiver. The
variable attenuator is used to adjust the power level and also to reduce the
mismatch. The power meter may have to be very sensitive (the one used here
has a range of -60 dBm to -20 dBm).

When the diode is off (cold condition - 0 VUC) the output power is noted
in dBm as N1 and the diode 1s switched on {hot ccndition - +28 VDC). The
output is noted again in dBm as N2. Now the noise figure in dB is calculated
as [Laverghetta, 1981]:

NF = ENR (dB) - Insertion loss ot the isolator -

10 log [Antilog (N2/N1/10) - 1] dB

Power Neter
Teolator Variakls Attesustoer /7
Y
Xelee Devies il ®
&1  Seurce Under Test o

FIGURE 13: Setup Noise Figure Measurement
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If an attenuator is used in place of the isolator its attenuation must be
used in place of the isolator insertion loss in the above equation. The
contribution of the external IF amplifier could he removed from the OUT noise

figure if the IF amplifier noise figure and the DUT gain are predetermined.

4.0 CALIBRATION
4.1 Different Methods

Like any other linear system, radiometer calibration involves determining
the relation between the output and input, in other words the system transfer
function. In the case of a radiometer, the output parameter is the voltage
measured after integration and the input parameter is the system tempera-
ture. Since the system is linear, at least two coordinates on the transfer
characteristic must be found in order to complete the straight 1ine. The
source of the input must be stable and its antenna temperaturé be known quite
accurately. This is very important because the whole system's performance
depends on this., It may also be a good idea to choose the two coordinates so
that ~~h one is at a different edge of the transfer characteristic. There
are many alternatives that can satisfy these requirements. Some of them are:

1. Clear (scatter free) sky

2, Eccosorb

3, Still water

4, Noise diode.




4.2 How to Do in Practice

The reference sources 1, 2 and 4 are quite dependable calibration
sources. For a given frequency, the antenna temperature of the sky is a func-
tion of the angle of observation, atmospheric quantities (pressure, tempera-
ture, water vapor density profiles), and the presence of scattering media like
clouds. For a clear sky condition all of the parameters abova can either be
measured or estimated with good accuracy. Therefore, this is one of the most
commonly used reference loads in radiometry. Depending on the various para-
meters discussed above, the sky temperature may be anywhere between 2 K and 30
K. A FORTRAN program to calculate this temperature with different inputs is
available on the Honeywell. For reference, the 1isting ‘is given in Appendix
B. The graph in Figqure 14 is obtained for standard atmospheric profiles using
this computer program. To obtain the first coordinate, point the radiometer
antenna towards the sky at some convenient angle (smali angles from zenith are
preferable because the sky temperature doesn't vary too much): Make sure
there are no clouds in the sky and note the output voltage. The other coor-
dinate may be obtained by blocking the antenna aperture with eccosorb, a
microwave absorbing material which is close to perfect (i.e., 100%) at these
frequencies; it is well known that a perfect absorber exhibits an emissivity
of unity. This means the antenna temperature will be the same as its physical
temperature as long as the absorber is kept close to the antenna. The phy-
sical temperature of the absorber can be measured accurately by embedding a
thermocouple (a metallic heterojunction which develops a voltage across the
junction proportional to the junction temperature) in the absorber. The
output voltage measured in this condition gives the second coordinate. The
straight line joining these two coordinates (Figure 15) can be used to relate

any output voltage to the corresponding system temperature.
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Stil1l water 1s another useful reference source if the properties of the

]
e

-

water (dielectric constant, physical temperature, foam coverage, etc.) are
known accurately. Also required is the sky temperature (discussed above).

The computer program mentioned before can also be used to calculate the an-

tenna temperature of stil1l water [Ulaby, Moore and Fung, 1984]. Note this
temperature is also polarization dependent. Figure 16 shows the plots

obtained using the computer program for vertical as well as horizontal polar-

Bl

jzations. Once again, small angles measured from nadir seem to be better
suited for calibration,
;
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Reference 4 has some advantages over 1 and 3 in the sense that it is not
atmospheric dependent. In this case a diode capable of producing very wide
band noise is turned "on" and "off" with a +28 VOC supply. If the noise power
generated by this diode in one condition (on or off) is known, the noise power
in the other condition can be calculated provided the excess noise ratio of
the diode is known. In turn, it can be related to temperature and, hence, can
be used for calibration. This type of reference {s ideal for switching types
of radiometers. Also, it may be noted that by calibrating the instrument at
regular intervals, the effect of the system gain variations on the desired

output c¢an be minimized.

5.0 OPERATION

Operation of this system is fairly simple. Like many other systems, this
radiometer needs some warm-up. Therefore, switch on the systén and keep on
standby for at least 10 minutes. This &assures a stable local oscillator out-
put within the specified limits and also minimizes drifts in other circuits.
If the RF switch is not already in position 2, apply +28 VDC to the appro-
priate terminals (see Appendix A) to change from position 1 to position 2,
Point the antenna towards the sky at some angle and observe the integrated
video voltage output. If it is drifting too much, Teave some more time for
warm-up and see whether there is any improvement in the output stabiity. If
it is not within the expected acceptahle limits, reduce the If amplifier gain
slightly by turning the gain control potentiometer in a counter-clockwise
direction. A full revolution of the potentiometer changes the gain by as much
as 20 dB8, therefore, a fraction of the full reveolution should be attempted at

a time. Note that the output voltage will change and so does the offset
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requirement. Now place the eccosorb in front of the antenna and note the
output voltage. From this data, calculate the output slope, then trim the
video amplifier gain (increase) slightly to get the desired slope. Repeat
this until the expected stability is reached. At this point, adjust the
offset using R3. The receiver is now ready for measurements.

For satisfactory operation, calibration must be performed as often as

possible at regular intervals,

6.0 COMMENTS ON THE SYSTEM

6.1 Antenna

The horn antenna used in this system exhibits very high sidelobe levels,
leading to an antenna temperature T, consisting of the contribution from the
mainlobe as well as from the sidelobes. In simple terms, this means the
received signal is not only from the observation area (covere& by the main
beam), but also from the large surrounding area (covered by many sidelobes to
different extents), which is clearly an undesirable effect, In the case of an
imaging system, this situation becomes even more undesirable because the side-
lobes have the effect of overlapping the scene under observation. Koo, it

i- reasonable to use low sicdelobe antennas like a reflector antenna, an airay

antenna or (better) a corrugated horn.

6.2 Low Noise Amplifier (LNA)

Recall that the low noise amplifier sets the lower limit of the overall
system dynamic range because this amplifier is designed to have a lower noise

figure (i.e., lower thermal noise floor) than the rest of the system that

follows. Also, it is well known that the NF contribution of the subsystem
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(excluding LNA) to the complete system (including LNA) will be less by a
factor of the amplifier gain (actually, a little better than this - for exact
expressions refer to Ulaby, Moore and Fung [1981]). It is for this reason the
low noise amplifier, usually, is the first component in any receiver. An
exception to this is that in high power radars (transmitting power, not the
rec ~ % echo signal) using a single antenna for transmission and reception, a
pre _ device called a "limiter" (sometimes two of them: one a tube type
and the other a solid-state type) will be used before the amplifier to protect
the sensitive receiver from large leakage power coupled }rom the transmit-
ter. In radiometers, there is no need for any such protection, but a switch
is usually required before the amplifier for calibration purposes. Also, the

use of such LNA is always advantageous in radar if properly selected, whereas

in radiometers it has demerits as well.

Merits:

1. A smaller noise figure, lower thermal noise floor, thus a better

sensitivity.

2. Allows the use of slightly inferior components in the rest of the front

end.

Demerits:
1. If not properly selected, the upper limit of the system dynamic range may
be degraded.

2. The foremost disadvantage is the large gain variations associated with

these.
3. They are more expensive than any other componént in the system,

4, Above millimeter frequency range, no solid-state LNAs are currently

available in the market.
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In light of the above discussion, for this particular system it may be

reasonable to eliminate the LNA, if a good quality mixer (low conversion loss

and high LO to RF isolation, among other things) is available for use.

6.3 Mixer-Preamplifier

The mixer currently used has very bad high single sideband (SSB)
conversion loss and very low LO to RF port isolation. The undesirable effect
of the low isolation is not only that some of the signal is lost in multiple

reflections, but also that the variations in the local oscillator noise

ROBE1 . JUNRINY

contribution will appear as a signal at the receiver output leading to

erroneous data. Hence, the system performance can be improved by using a
better quality mixer.

Currently no preamplifier is used in this system. But a mixer integrated
with a preamplifier capable of a ccmbined gain (preamp gain-mixer conversion

¢

loss) of about 30 to 40 dB is desirable.

6.4 IF Amplifier

Assuming that all of the other parameters remain the same, the radio-
metric resolution could be improved (reduced) by increasing the bandwidth (see
Section 2.0). For a fixed-time-bandwidth product the integration time can be
reduced by increasing the bandwidth thus achieving not only the same resol-
ution, but also higher output data rates. Because of this, radiometers
(unlike radars) always operate with a large 3 dB bandwidth. In this case a 3

dB bandwidth of 8 MHz is not only reasonable but also quite practical, as many

manufacturers supply 30 MHz IF amplifiers with as much as 10 MHz bandwidths.




6.5 Square-Law Detector

Proper selection of this device is critical for radiometers. Some of the
important features to be considered are: dynamic range, linearity of the
transfer characteristic, sensitivity, and stability. The first three can be
satisfied by most of the detectors on the market, whereas the last one limits
the choice of detectors. Crystal detectors have good sensitivity but, in
terms of stability, they are not the best. Tunnel diode detectors are known
to demonstrate almost an order better stability compared to crystal detectors,
but with reduced sensitivity. While the reduction in sensitivity can be
compensated for elsewhere in the design, the stability cannot; therefore, it

is much better to use a tunnel diode detector for square-law detection.

6.6 Video Amplifier

The fact that the temperature coefficient for various passive components
(resistors and capacitors) used in this system can cause remarkable changes in
the resolution of the system is important. Hence, it is reasonable to use

very low tolerance (may be 1%) components.

7.0 SUMMARY

A detailed and systematic design procedure for a practical 13.9 GHz
radiometer has been presented. Various design tradeoffs were discussed and
the effect of various parameters on the feasible resolution of the total power
radiometer was shown. Required modifications were spelled out for converting
this unit into a switching-type radiometer. To make the task of trouble-
shooting easier, some of the important measurements were also discussed. A

simple calibration procedure was used to illustrate the principles. Many of
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:-' the difficulties with the components used in the current system were made
B ) clear and, in turn, some suggestions were prescribed to improve the overall
receiver performance.
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Standard Gain Horn
ModeT number
Nominal gain
Nominal bandwidth

Directivity
Radiation efficiency

APPENDIX A

12-12

24,7 dB8

9° E-plane

10° H-plane

26.23 dB

70.3% at 13.9 GHz

Figure A-1 shows the dimensions of the antenna.
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FIGURE A.1: Antenna Dimensions
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Waveguide Switch

! Model number 82152-33000200 T
Insertion loss 0.1 d8 {
; Isolation 60 d8
VSWR 1.1:1
Actuator voltage +28 V
Current 1A max.
Wiring: g
Inside the switch A = Black f
| B = Orange ;
C = white :
Outside the switch A = Black
| B = Red
| C = White

Figure A-2 shows the switch positions and the connections required to change

from one position to the other.

1
' -
‘ ' POS 1 -
3 in B°
/4 +28V c
3 POS 2 o
h B

Latched in position 1

FIGURE A.2: Waveguide Switch Details
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Tunnel Diode Amplifier

Model number

3 dB bandwidth

:f? Nominal gain

i Noise figure

b VSWR

f. Power output at 1 d8 GCP

-. Supply voltage

| Current

- No adjustments are required.
®

Bandpass Waveguide Filter

Bandwidth
Insertion loss

Stop band attenuation

i’ Tuned for maximum receiver gain

Crystal Oscillator

® Model number
frequency

- Power output

.E Supply voltage
,L Current

®

L

78503

13.4 - 14.4 GHz
16 dB

4.85 d8

1.1:1

-4.0 dBm

-15 v0C

15 mA

50 MHz
0.3 dB

> 50 dB (100 MHz away from 3 dB point)

$SX-0225 (EI)
13.929 GHz

6.2 dBm (measured at the output of the

isolator)
-20.0 vnC
< 300 mA




Fixer
Model number

DSB noise figure
LO-RF isolation

VSWR at the RF port

IF Amplifier

Model number

Center frequency

s =& bandwidth

¥rise fiqure

naximum power gain
Saturated power output

Supply voltage

Crystal Detector

Model number
Sensitivity

Dynamic range

Video Amplifier

Nominal gain

Integrator time constant

Input impedance

1210-2

17.2 d8

8.2 dB

1.6:1 at 13.9 GHz

EVT30LL3?

30 MHz

1.2 MHz

2.0 48

82 ¢8

+22 dBm

+15 VDC at 170 mA
-15 VDC at 30 mZ

HP 4238
500 mV/mW
69 dB

60 d8

.893 sec

1K ohm
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91240
21270
Q1250
21270
91230
21298 22
J.730C
31019
£33
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Sl M
1720 20
LTS8 2
21379
[ Futol e
aiz7e
aidea
atslg
Qi420
QL1470%
Q1442
91432
21368C
aL47Q
Q1480
d147Q
01Z00C
21519
Q:320
J:372
J1340C
Q320
Q13540
Q1372
21280
aL396%
214620
Q1461@
314620
Q156304
31640
315300
Q14660
Q1470%
314689
3146984
a170@ 10
@1712C
21720
aL7e
21740
a173a
21762C
1779
a178eC
Ai799
21820
QL0192
21820
a18%ec
01840
algsec

TAU = KA ¢ LELTA
TAUBZ = TAUQZ +» J.35+(TAU + TAUP)

TAUP = TAU
IF(Z.LT.H+.2@Q1.CR. 2.GT. 1=, 30Q1) TAUQH=TAUBZ
CCNTINUE

SUM = SUM + KAeT EXP(~1,*TALBZ*SEC) «C

COMPUTE Tdown AMD Taky

TOMN = SUM » DELTA. » SEC

SKY = TDN = 2.7 ¢ EXP(-i. +TAUQZ+3IED)
TNATHSTAUSH#TA« (1. =TAUJIF) 2t . STM) oTTr (L, - TAUQH) vCSP ¢ TEKY
RTTURM

FORMAT (1X, "ALT [Nep S pelta; k WEICHT ")
FORMAT [ 1X ,F4..,3F3.3)
END

SUBRCLUTINC HIZQVAPCR
SUBROUT INE MIOVAPQR(F,P,T,R,KHZID)
REAL K120
C = 2.35%F/1812.¢(28Q./T)Y 2@ . S25»(1.+03. 313*ReT/M)
KHZO = 2, ¢FeF eR¢(Z00./T) o0 ., Se(Cv (0. /TIEXP( -544,/T) /7 ( (494, 3
~FeF) ool +d, oFeFeGeG) + 1.2C-Ba)
RETURN
CND
SUBRCUTINE OXYGEN
SUDROUTINE OXYGEN (F,P,T,R,KQJ)
RCAL K02, FN(28,J), YN(Z0,J)
COMMON /DLOCKI/FN, YN
INITIALIZE THE CONSTANTS
GN = 1,13 » P/1AL3Z, » (Z0Q./T) »+3,.83
GB = 0,49 # P/1213. # (J0Q./7)++8,.89
SuM = @,
PERFORM SUMMATION QVER N
I =@
DO 19 Nwit 29,2
[ » I + 1 .
PHIN = 4.6E-Q3 ¢ JBA./T @ (J.oN + 1.) o
EXP(~4.89E-QAI * N & (Nei,)oI00./T)
DNP = SQRTI(N @ (2.8N + 3.)/((N + {1, )e(2.eN + 1(.)))
DNN = SORT((N + L., )e(2. 8N = L) /I(N#(2, »N + 1.)))
GNL = (GNeDNPODNP + Pe{(F~FN(I,1))eYN(I 1)}/
((F~FN(I,{')#e2 + GNsGN)
GN2Z = (CBNeDNPRONP + Pa(-1.8F-FN([,1))eYN(I,1))/
((~1.8F=FN(I,1)) 002 + GN&GN)
GNI » (GNSDNNeONN + Po(F-FN(I,J))eYN(L ,2))/
((F~FN(1,2)) #22 + GNeGN)
GN4 = (GNODNNODNN + Pe(-{ oF-FN(I 2))eYN(I 2))/
((=1.8F=FEN(],2)) 082 ¢ GBNLGN)
SUM = SUM + PHIN » (GN1 + GNI + GNI + GN4)
COMPUTE F° & KQ2
FPRIME = Q3,7 & GB/(FeF + GBeGD) + SUM
KC2 = 1.4lE-QD » Fof » FPRIME »P/1013. » (I0R./T)ew2
RETURN
[2.58
JUBROUTINE ATMOS
SUBRCUTINE ATMOS(2,P,T,R,PQ,TE,RD)
COMPUTE THE TOCMPERATURE AT ALTITUDE I
Til = T3 - 4,301},
T = T
IF (Z.LT.11.) T = TG - &,.5e
IF (Z.37.29.) T = Ti1 + 2 - 29,
COMPUTE THE PRESSURE AT ALTITUDE I
P =P8 / EXP(2/7.7)
COMPUTE THE WATER-VAPOR DERSITY AT ALTITUDE I

Best Available Copy



22a13C
Qaace
131" hda ]
0QQ4d
30073
QAqLe
30070
00O
3ACT 3%
3919V
28.:0
WV L20%
20:204%
305 390%
23120
[ BNt
au1~ Q
22100
dg:70%
A020Q%
2J32:13c
o022
[5]~ jrutt
PISTY]
29270C
2Q25Q
209273
[ Jatei
o379
GCloa
3221Q
Q2

1 Jovted |
Q230
2832
QAT63
0903792
IAZ8A
Qalqa
2240Q
Q412
20420
20422
V44
23422
204463
33470
e048Q
29492
0]
29312
8322
29323
BaT4d
203TQ
2a3462
29572
83889
29392
0624
Ws618
234620
oR24HIH
28H4Q
[ 184" ]

i1

18]

MAIN CALLING ROUTINE
REAL FN(2G,2), YN(IZOQ,D)
IXTEGER ~OL
~OMPLEX EW
COMMON /DBLOCKLI/FN, YN
REAL KHZQ, KO2
DATA (MN.L,1) ,Iw%1,20)/36,.25648,.28.34566,59,5710,063.4248,
GL.12046,61.0002,52. 31L2,82.7780,462.5633,54, 0270,63. 4670
63,223,588, 7847 ,00.2320,355.8347,37.2uL74,47 . T0Q7, 63, 4.38,
63,7598 ,59.48377
TATA (M 2,20, t=l [ 200 /1107 m...-.Jabg.aa.,ag..:v..u.-,
23,2327, 87. 402T,36.70802,306.24634,23.7073,33. 22184 ,23. 06708,
:4.1:30.:3.:¢:7.:,.-.bc.-:.:wzz.:-. <12,3:.35320,20.7CT32,
TQ.47TL 47,783/
DATA (YM(1,1),1=1,2@)/4.5(,4.74,7.52,1.06,.350,-1.033,
~2.323,-3.32, 4.22,-5.26, 8. 13,6.77,-7.74,-8.61,-9. L ¢,
-15-:“ ?.87 "‘l.n-, 7. 67 -2%.0/
DATA (YNII,2).IsL, 0)/—0.21& -3.73,-3.92,-2.68,~-1.13,
«344,1.463,2.34,2.71,4.92,5.04,5.76,7.55,3.47,9.081,183.3,
7.25,12.2,7.9.,26.4/
SCLE THE YN°'S PROPERLY
DO S [=(,23
YHil,11 = TMIZ, 1) e LE-33
YN(IL,J) = YNI,J) + IE-Q4
INPUT SLOUENCE
IFILE = Q2
WRITE (94,201}
RCAD(O3,20@) IX
IF (1X-2) ,99,99
IF (IX-1) a,4,
WRITE(B6,2032)
GQ TQ %99
WRITE(Q6,282)
READ (@3, 22Q) PQ,TE,RE
IF (PO) ,,7
WRITE(Q6,2084) “PRESSURE"
Ga 10 &6
IF (T8 ,,8
WRITE(Q6,204) “TEMPERATURE"
GO 10 &
IF (R®) ,,9
WRITE (84,204) "WATER VAPCR®
GC TO &
WRITE (Q6,2R3)

neaD (S, 36@) £ Best Available Copy

WRITE (04,204) *FREDUENCY®

Go Ta 9

'F (F-108.) 10,18,

WRITE (B4 ,206)

GO T0 9

WRITE(B6,213)

READ(23,209) 1IX

IF (IX=-1) 13,12,

PRINT, "ENTER POLARIZATION: 1-H,2-V’

READ 20,POL

FORMAT (V)

PRINT, 'ENTER REAL & [MAGd PARTS OF WATER DIEL CONST®
READ 20,EW

PRINT, "ENTER RADICMETER ALTITUDE (Km) ABOVE WATER LEVEL®
READ 29,M

WRITE (B4 ,207)

READ (@3 ,20@) ANG

IF (ANG) 13,13

WRITE (B6,284) “ANGLE"
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20740%
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3t 100
21170
Qi200C
21219
Q1229

2122

Gq
T
e,

[F (ANG-0Q.) 14,14,
WL TE (36, 280)
G0 TO 12
CALL TIMP UM, FOL,ZN,H,L,ANG,F2,T3,N8, TIK Y, TWAT , TALBY, IFILD)
WRITE(QL, 10D F,PCL.,TW,I,m9,T3,38, TSK 7, TWAT, TALOZ
WRITECIFILI, 1YY F, 0L ,EW,H,™3,TA,RQ, TSKY, THAT, TAUST
cc T2 .2
<ToR
FORMAT . IX, FRECQ = 73,1, GHz ',
/ylX, Polariz (Hs| val) «° 1Z,° Water diel const=’ ,2F6.2,
/yli, ‘Altitudes 2.3, Ko,
/W Kk, 'Po &’ "5, 1, wbar Ta =’ ,F3.1,° K Ro =',F3.2," g/wl’,
/41X, Tesky = ", 2.3, K Twatar = ' ,F7.4,° K,
/L 1X,'OPTICAL DEPTH (Tau) ="' ,F8.35,° Np*)
FORMAT (V)
FORMAT(1X,/,1X, 'SNTER { FOR STANDARD ATMOSFHERE ",/ ,1X,
- 2 FOR USER DEFINED ATMOQSPHENRC ' ,/,LX,
T T3 EXIT PROGRAM')
FORMAT (L X, "MCDIFY PRCGRAM FOR USE WITH NEW ATMCSPHERC MCDEL )
FORMAT (L X, "ENTER SURFACE PRESSURE (mbars), SURFACE TEMPERATURE ",
(Degrees Kelvin), /,1%,  AND SURFACE WATER VAPOR DENSITY -,

‘lg/m3l) )

FORMAT (1X,/, "INVALLID  ,All, 'ENTRY",/,1X, ‘=== TRY AGAIN’)
FORMAT(LX, "ENTER FREQUENCY (GHz) °)
FORMAT (1X, 'FREQUENCY SHQULD NOT EXCCEED 10Q GHz",/,1X,
‘e== PLEASE TRY AGAIN")

FORMAT(1X, ‘ENTER ANGLE FROM IENITH (Degrees) )
FORMAT (1X, "ANGLE I3 NCOT °) EXCEZD 2@ Degrees’ ,/,1X,
‘=== PLEASE TRY AGAIN’)
FORMAT(LX,"ENTER | FOR Tsaky COMPUTATION",/,l1X,
. 2 FOR Twater CALCULATION AT A GIVEN ALTITUDE"™)
END
SUBROUT INE TEMP
SUBROUTINE TEMP (F,POL,.EW,.H,ANG,PD3,TO,RA, TSKY,TWAT, TAUDZ, IFILE)
REA. KO2,K1'20,KA
INTEGER POL
COMPLEX EW
INITIALIIE THE CONSTAMTS
Pl = 4,0ATAN!,)
SEC = {./CO% (HGeP1/180.)
N = 22
I3m Z2.,
DEI.TA = ZQ/FLOAT (N
SuM = 3.
TAUP = Q,
TAURZ = Q.
WRITE(IFILE,TO®)
CALL GAMA (POL ,EW,H,ANG,GEP)
BEGIN INTEGRATION
DO 28 (=i N+t
cC =1,
IF (J.EQ.1.OR.1.EQ.N+1) C =» 2.3
I = (I-1,)eDELTA
cALL ATMOS(Z,P,T,R,PQ,TQ,RS)
CALL H2OVAPOR(F,P,T,R,KHZI0O)
CALL OXYGEN(F ,P,T,R,K02)
CONVERY FROM dB/km TO Naper/ka
KO = X0 ¢ 9.22026
KH20 = KH2O & @.22092
KA = KQ2 + KH20
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91860 R = RO / EXP(Z/2.)

Q1879 RCTURN

a1880 END

218%5@ SUELROUTINE GAMA (FOL,CW,il, ANG,GSP)
Q1990 COMFLEX EWN,A,B

21910 INTECER PIL

A191t ANw ANGeZ, 141377102,

Q1720 A=CIORT (CW~ZIN(AL) *SIN(AN)

31770 B=CMPLX(COS(AM) LQ. )

01740 IF(POL.ER.2) 367D (0

Q17%0C HORISONTAL "OLARTIZIATION

B1760 GOP=(CACS ((D- ), (41 ) ) ¢e2

21779 CCTQ 29

21560C VERTICAL PCLARIZATION

91990 1@ CONTINUC

aloec GSF=(CAES( ((CW#C) ~A} / ( (EWeE) +A) ) ) se
7013 29 RETURN

' END
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