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ABSTRACT 

A versatile solar spectroradiometer has been 

designed which is capable of measuring direct solar radia

tion, the solar aureole, and sky radiance far from the sun. 

An active tracker consisting of a quadrant detector, tele

scope and stepper-motor driven alt-azimuth mount is used to 

position the spectroradiometer by computer control for solar 

tracking and almucantur scans. An internally baffled tele

scope designed to suppress stray light is employed as the 

optical receiver, and a photodiode serves to convert the 

collected flux to an electrical signal. .A digitally 

controlled gain-switching transimpedance amplifier is used 

to scale the photodiode output to accommodate the large 

signal range encountered between measuring direct solar 

radiation and sky radiance well away from the sun. Example 

measurements are presented which demonstrate the system's 

capabilities. 

ix 



CHAPTER 1 

INTRODUCTION 

This thesis describes a prototype research 

instrument, useful for atmospheric remote sensing 
; 

experiments, which has been designed, built, and tested by 

the author. The instrument is basically a solar spectro-

radiometer with the capability of continuously tracking the 

sun, or being pointed by remote control in specified 

directions. The basic solar spectroradiometer consists of a 

telescope to collect and focus incoming solar radiation, an 

optical filter to limit the bandwidth, and a photodiode and 

associated electronics to convert the impinging solar 

radiation to a useful electrical signal. 

The microprocessor controlled tracking and scanning 

solar spectroradiometer described in this thesis is a 

versatile instrument which can be used in a variety of 

atmospheric remote sensing applications. When used in the 

tracking mode the instrument may be used to measure total 

atmospheric optical depth at selected wavelengths (Shaw et 

al., 1973). Data obtained from this type of measurement are 

useful for monitoring atmospheric particulate loading and 

1 



2 

determining particulate columnar size distributions as well 

as columnar amounts of certain trace gases such as ozone and 

water vapor. When used in the scanning mode, the instrument 

may be used to measure the radiance of the sky in specific 

regions such as the solar aureole around the sun (Twitty et 

al., 1976). Data obtained from this mode of operation are 

also useful for determining particulate columnar size 

distributions and for monitoring temporal variations in 

particulate optical depth. The instrument also has the 

capability of being programmed to point and measure sky 

radiance along specific directions. Such observations are 

useful for radiative transfer studies as well as for 

calibration of the instrument. 

To perform the atmospheric remote sensing tasks for 

the applications described above, a specialized instrument 

is needed. A large range of gain is required (approximately 

four orders of magnitude) to accommodate the variation of 

radiant input signal. Large signal levels will exist when 

the instrument is pointing directly at the sun. When 

measuring the radiance of the sky, however, the input signal 

will be considerably weaker. Measurements of the solar 

aureole require a telescope with a relatively narrow field 

of view (approximately 0.7 degree full angle). This allows 

measurements to be made at angles very close to the solar 

disk without direct solar radiation entering the telescope. 

Limiting the field of view decreases the amount of radiation 



reaching the detector, which means a larger overall system 
Q 

gain (approximately 10 ) must be used.' 

The instrument actually consists of two systems. One 

is a microprocessor controlled active solar tracking system 

to control the radiometer mount, and the other is the data 

acquisition system, which is also microprocessor controlled. 

The mount, which is of the altitude-azimuth type, can be 

controlled to continuously track the sun, but, when a 

command is given, it can execute a programmed angular scan. 

Upon completion of the scan, the radiometer mount will 

automatically return to the position it occupied previous to 

executing the scan and continue to track the sun. The 

tracking system hardware, control software and mount 

operational procedures are described in detail in Chapter 

Two. 

A specialized telescope which uses a system of 

baffles to reject- off-axis scattered solar radiation while 

still allowing imaging of the full solar disk on the photo-

diode detector was specially designed as the optical 

receiving element for this instrument. The output from the 

photodiode detector is processed by a digitally controlled 

gain switching transimpedance amplifier which provides a 

voltage level compatible with the analog-to-digital 

converter used to read the data into the computer. The time, 

photodiode temperature and amplifier gain are also read in 

by the computer for display on a terminal screen, output to 
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a printer, or storage on a disk system for further data 

analysis. The data acquisition system is described in 

Chapter Three. A noise analysis of the detector electronics 

is also given in Chapter Four. 

Chapter Five presents the results of the instrument 

testing. This includes an analysis of test data as well as 

assessment of the actual system noise performance. As the 

instrument is a prototype, suggestions are also given for 

further refinements depending on future applications of the 

instrument. 



CHAPTER 2 

TRACKING SYSTEM 

The radiometer mount is an altitude-azimuth type 

utilizing stepper motors to drive the mount in the two 

directions. The tracking system consists of the following 

components: 

1) quadrant detector and telescope 

2) transimpedance amplifier stage 

3) multiplexed analog-to-digital converter , 

4) single board microcomputer 

5) stepper motor drive circuit 

6) stepper motors and tracking mount 

The characteristics of these components will be 

discussed with regard to the following points of interest: 

1) method of operation 

2) limits for reliable operation 

3) important specifications of individual 

devices 

A) reference to manufacturer's literature 

. 5 
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The software control program will also be discusses as well 

as the algorithm employed to achieve the active tracking. 

2.1 Operation of Active Tracking System 

Figure 2.1 shows a block diagram for the closed-loop 

tracking feedback system consisting of the quadrant 

detector, transimpedance amplifier stage, analog-to-digital 

converter, single board microcomputer, stepper motor 

controls, and- stepper motors. The quadrant detector is 

housed in a tracking telescope which consist of an aluminum 

tube with a small pinhole drilled in the endcap on one end. 

This small hole allows a very narrow beam of light to enter 

the tube, thereby producing a small solar spot on the face 

of the quadrant detector. 

Each of the detector quadrants outputs a current 

proportional to the amount of light incident upon its 

surface. These currents are converted to voltages by the 

transimpedance amplifier stage, and the resulting voltage 

levels are sampled by the multiplexed analog-to-digital 

converter, one at a time. The microcomputer then compares 

these voltages to each other, and decides which direction 

the stepper motors should be driven in order to move the 

solar spot such that it is centered on the detector. 

The stepper motor drive circuit contains the logic 

which enables the stepper motors to be sequentially stepped 

in either direction as dictated by the microcomputer. Each 
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Figure 2.1. Active Solar Tracking System Block Diagram. 
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time a particular stepper motor is rotated one step the spot 

on the face of the quadrant detector moves by a slight 

amount. The analog-to-digital converter then samples the 

voltage levels from the transimpedance amplifier stages, 

once again, and the entire process is repeated. 

The tracking system is initially aligned with the 

sun by means of a manual slew control. This is accomplished 

by pushing buttons on the active tracking control unit which 

allows slewing the mount in either the altitude or azimuth 

until the solar spot is within the field of view of the 

telescope, at which time the active tracking control system 

goes into operation. 

2.2 Description of Control Algorithm for Active Tracking 

The tracking algorithm is shown in block form in 

Figure 2.2. It consists of three main modules which 

implement the actual decision making, and four auxiliary 

modules which cause the resulting motion of the tracking 

mount. The three modules, T1, T2, and T3, are all called 

from a main tracking module, and this main tracking module 

is called from the main control program. It is the task of 

the main control programs to initialize the input-output 

ports of the microcomputer to the proper configuration so 

that these ports may be interfaced to the stepper motor 

controllers and to the analog-to-digital converter, which is 

reading the quadrant detector outputs. The three main 
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Figure 2.2. Control Algorithm for Active Tracking. 
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modules also exercise control over the data acquisition 

module which controls the analog-to-digital converter and 

stores the incoming quadrant values in a table which may be 

read by the decision making modules. The following modules 

are involved in this process: 

1) T1, T2, T3 : decision making modules 

2) AZMCW, AZMCCW, ALTUP, ALTDN : motor stepping 

modules 

3) READQ : read all four quadrants with analog-to-

digital converter and store the values 

in a table. 

The tracking module calls the decision making 

modules in the order T1, T2, T3, T2. All three decision 

making modules operate in the same way. The operation of 

T1, which is shown symbolically in Figure 2.2, is as 

follows: 

1) READQ is called to update the values of the four 

quadrants in the table. 

2) QUADRANT-1 is compared to QUADRANT-2. If the two 

quadrants are equal, then exit. If QUADRANT-1 is 

greater than QUADRANT-2 then step the azimuth 

motor one step clockwise. If QUADRANT-1 is less 

than QUADRANT-2 then step the azimuth motor one 

step counterclockwise. 

3) Go back to 1) and repeat this sequence until the 

quadrants are equal. Repeating the sequence 
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through T1, T2, and T3 insures proper alignment of 

the telescope with the sun, 

2.3. Quadrant Detector and Telescope 

The quadrant detector consists of a silicon photo-

diode segmented into four equal discrete sections. In most 

applications this segmented detector is employed to sense 

deviations in the position of a light spot about the optical 

axis of the system. Very small fluctuations near the null 

point may be detected. Each quadrant of the detector 

produces an output current proportional to the amount of 

light incident upon its surface. When the telescope 

containing the detector is pointing directly at the sun, the 
t 

currents produced by the four quadrants are theoretically 

equal. 

The quadrant detector selected for this application 

is the Silicon Detector Corporation SD-380-23-21-251. The 

detector exhibits the following desirable characteristics 

(Silicon Detector Corp. 1979): 

1) accurate analog position measurement: plus or minus 

0.06 cm 

2) detection of minute position shifts: plus or minus 1 
o: 
Ang'strom 

3) large measurement range: .97 cm diameter 

4) fast response time: 8 nanoseconds 

5) high peak responsivity: 0.55 amps/watt. 
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The detector has certain limits which must be observed for 

reliable operation. These limits are listed below: 

1) maximum total light power on the device: 18 mW 

2) maximum light power density: 25 mW/square cm 

The tracking telescope, as shown in Figure 2.3, consist of a 

pair of concentric aluminum tubes. One end of the inner tube 

houses the quadrant detector, while the opposite end of the 

outer tube contains a metal disk with a .020 inch diameter 

pinhole drilled in the center. The outer tube slides over 

the inner tube to adjust the length from the pinhole to the 

quadrant detector, which allows for variation of the light 

power density on the quadrant detector as well as controlling 

telescope field of view. 

To limit the total light power on the device, the 

diameter of the pinhole is such that the product of the 

total solar flux density times the pinhole diameter is less 

than the maximum total light power allowed on the device. A 

figure of 115 mW/square cm is assumed for the total solar 

flux density impinging upon the telescope (Coulson, 1975; 

Reagan et al. 1986). This results in 0.233 mW of light power 

entering the telescope through the pinhole aperture. 

The light power density on the detector is 

determined by dividing the total light power entering the 

telescope by the area of the light spot on the detector. The 

light spot area was actually determined by replacing the 

detector with a thin sheet of paper and measuring the light 



Quadrant Detector 
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Pinhole 

Figure 2.3. Tracking Telescope. 
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spot diameter with a pair of calipers. As the distance 

between the pinhole and the detector is increased the 

diameter of the solar spot on the detector increases due to 

edge defraction by the pinhole and because solar radiation 

has approximately 0,5 degree divergence. However, the field 

of view of the telescope system decreases as the pinhole to 

detector distance is increased, so some configuration must 

be selected which satisfies both requirements. Table 2.1 

shows light power density as a function of the pinhole to 

detector length. A telescope length of 5 inches was selected 

for the final version of the instrument, giving an adequate 

field of view while limiting the light power density to 

approximately fifty percent of the maximum device rating. 

Figure 2.4 shows the telescope geometry used for 

calculating the field of view. The full angle field of view 

is determined from the relation 

9 = 2 ARCTAN 6.121 

where 

d = detector active area diameter 

I = pin hole to detector length 

Results of this calculation for different telescope lengths 

are given in Table 2.1. 
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Table 2.1 Light Power Density and Field of View vs. Pinhole 

to Detector Length 

PINHOLE TOTAL LIGHT POWER FIELD OF 

DETECTOR LIGHT DENSITY VIEW 

LENGTH POWER 

4 inches .233 mW 17.9 mW/sq cm 5.44 degrees 

5 inches .233 mW 12.9 mW/sq cm 4.35 degrees 

6 inches .233 mW 9.32 mW/sq cm 3.63 degrees 



Detector 
Surface 

Pinhole 

Solar 
Spot " 

sun 

Figure 2.4. Telescope Geometry for Field of View Calculation. 
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2.4 Transimpedance Amplifier Stage 

The function of the transimpedance amplifier is to 

interface the output of the quadrant detector to the analog-

to-digital converter. To accomplish this the output currents 

from the detector quadrants must be converted to voltages, 

and these voltages must be within the limits of the analog-

to-digital converter input range. As shown in Figure 2.5, 

the amplifier system actually consists of two stages of 

operational amplifiers. The first stagje is the actual 

transimpedance amplifier stage which converts the output 

currents from the detector to voltages. Due to the common 

cathode configuration of the quadrant detector, a second 

amplifier stage is required which reduces the voltage levels 

and inverts the polarity so that the resulting output is a 

positive voltage with a magnitude less than the maximum 

allowable input voltage to the analog-to-digital converter. 

The 0.1 yF capacitor in the feedback loop of the first 

stage, in conjunction with the feedback resistor, creates a 

low pass filter with a cutoff frequency of approximately 2.6 

Hz, which effectively eliminates high frequency noise from 

the detector and associated wiring. 

The operational amplifiers used for this application 

are the LF-356-N manufactured by the National Semiconductor 

Corporation. These are wide band JFET input operational 

amplifiers featuring low input bias and offset currents, low 

offset voltage and low offset voltage drift. They also 
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feature high slew rate, extremely fast settling time, low 

voltage and current noise, and very low 1/f noise. 

2.5 Multiplexed Analog-To-Digital Converter 

The analog voltages from the amplifier stage must be 

converted to digital values before being read by the 

computer, and four separate channels must be read in to be 

compared, one from each quadrant of the detector. Figure 2.5 

shows the hardware interface of the analog-to-digital 

converter to the amplifier stage and the computer input/ 

output port. The analog-to-digital converter contains an 

eight channel single-ended analog signal multiplexer. A 

particular channel is selected by using the address decoder 

(inputs A, B, C). The binary value of the logic levels of 

these three inputs determines which channel is selected. 

Only channels 1-4 are used for this application. The address 

presented to the address decoder inputs is latched into the 

decoder on the low-to-high transition of the address latch 

enable signal (input ALE). The conversion begins on the 

trailing edge of a positive-going pulse applied to the start 

input (START). The computer then monitors the end-of-

conversion output (EOC) until a low-to-high transition 

occurs which signals that the conversion is complete. The 

digitized value is now available to be read by the computer 

from the data outputs (D0-D7). The analog voltage level 

applied to the reference input (Vref+) determines the full 
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scale value of the data outputs. For this application, 

Vref+ = 5 volts and Vref- = 0 volts, so a full-scale reading 

on the data outputs of binary 11111111 (or hexidecimal FF) 

would equal 5 volts, and a binary 00000000 on the data out

puts would be equivalent to zero volts. 

The analog-to-digital converter selected for this 

application is the ADC-0809 manufactured by the National 

Semiconductor Corporation. This device is a CMOS 8-bit 

successive approximation type analog-to-digital converter 

with microprocessor compatible control logic and an eight 

channel multiplexer. The converter features a high impedance 

chopper stabilized comparator and latched TTL tri-state out

puts; no zero or full-scale adjustments are required. The 

conversion time is nominally 100 microseconds at a clock 

frequency of 640 kHz, and the power consumption is typically 

15 milliwatts. 

2.6 Single Board Microcomputer 

The central component in the active tracking system 

is the microprocessor which, together with some memory, 

decoding, and input/output elements, makes up the control 

microcomputer. It is the task of the microcomputer to 

coordinate all activity in the closed loop system. Figure 

2.6 shows a typical design for a small single board 

controller based on the 6502 microprocessor manufactured by 

Synertek. As described previously, the microcomputer 
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acquires data from the analog-to-digital converter, analyzes 

this data to determine what changes should be implemented, 

and then directs the stepper motor activity as required. 

This function is accomplished by means of a main control 

program which initializes the input/output ports and 

coordinates the activity of the various modules. The control 

program and modules reside permanently in a 2716 EPROM which 

is an erasable programmable read-only-memory. Once 

programmed, the EPROM retains its program even when the 

power supply is turned off. The memory table mentioned 

previously, in which the module READQ stores the values of 

the four quadrants, resides in the 2114 RAM which is random 

access memory. The contents of this memory are controlled 
¥ 

by the microprocessor, which may read or write to any 

location in the RAM. The microprocessor also exercises 

control over six 6522 versatile interface adapters (VIA). 

The VIA is an input/output device by which the micropro

cessor communicates with the outside world. Each VIA has 

two 8-bit parallel ports, and each bit may be configured 

independently as either an input or an output. In the 

initialization portion of the control program, the micro

processor configures these ports to meet the hardware 

requirements of the system. Then, as the control program is 

running, the microprocessor selects the device it wishes to 

communicate with, by means of the address bus and control 
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lines, and communicates with the selected device over the 

data bus. 

One of the limits for reliable operation is the 

drive capability of the outputs of the devices. In the case 

of the 6522 VIA input/output lines (PAO - PA7 and PBO -

PB7), these lines each represent one standard TTL load in 

the input mode and will drive one standard TTL load in the 

output mode. For any load which exceeds this limit, buffers 

or line drivers should be used. 

2.7 Stepper Motor Drive Circuits 

A partial schematic diagram of the interface between 

the 6522 VIA and the stepper motor drive circuit is shown in 

Figure 2.7. One half of one 8-bit port is all that is 

required to control two stepper motors. The 74LS169 is a 

TTL synchronous up/down binary counter. Only the least two 

significant bits of the counter are used to drive the second 

stage of the circuit which generates the required pulse 

sequence as shown in Table 2.2. The 7407 hex buffer/drivers 

with open-collector high-voltage outputs are used to drive 

the TIP 120 power transistors which energize the windings of 

the stepper motors. The two control lines for each circuit 

are to the clock (CLK) and the up/down (U/D) pins. The up/ 

down line determines the direction of rotation of the 

stepper motor, and the motor steps once for each positive-

going clock pulse applied to the CLK input. 
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Table 2.2 Stepper Motor Drive Switching Sequence 

CCW-

Rotation 

Switching Sequence 

<f> 4 4>3 <£_2 4> 1 

cw 

Rotation 

1 = on, 0 = off 
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There is a limit on the amount of current the open-

collector drivers can sink when their outputs are low (30 

milliamps/output), and this places a restriction on the size 

of the pull-up resistors. The resistors used for this 

application provide a maximum input current to the 7404's of 

approximately 10 milliamps. 

2.8 Stepper Motors 

The stepper motor is a device which translates 

electrical pulses into mechanical movements. The motor shaft 

rotates through a specific angular increment in response to 

each incoming pulse from the drive circuit. This angular 

increment is repeated precisely with each succeeding excit

ation, thereby permitting accurate positioning of the shaft 

to any multiple of the specific angular increment or step 

size of the stepper motor. Repeat positioning accuracy of a 

load being driven by a stepper motor is excellent. The 

ability of the stepper motor to position through the same 

sequence of movements a multiple number of times is one of 

its most attractive features. The only system error 

introduced by the stepper motor is its single step error, 

which is typically less than 5 percent of one step, and is 

noncumulative. This means that regardless of how many times 

the stepper motor is rotated, it will maintain a position 

accuracy with less than 5 percent error of the angular 

increment of one step. 
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Another desirable quality of a stepper motor is its 

holding torque which is defined as the amount of torque, 

from an external source, required to break away the motor 

shaft from its holding position with the motor shaft at a 

zero RPM condition. This is measured with rated current and 

voltage applied to the motor. Some stepper motors are 

manufactured with integral gear reduction drives with 

reduction ratios as high as 300:1. For a stepper motor with 

a 7.5 degree step angle rated at 2.3 inch-ounces of torque, 

this 300:1 reduction would result in a step angle of .025 

degrees and 690 inch-ounces of running torque. One disadvan

tage of stepper motor gear reduction is the backlash 

introduced by the gears in the gearbox. Additional worm-

type gear drives or dampers are required to eliminate this 

problem. The maximum speed a stepper motor can be driven 

is limited by hystersis and eddy current losses, and the 

thermal effects of these losses limit the ability to obtain 

more speed or torque by driving the motor harder. 

The following are some of the parameters to be 

considered when selecting a stepper motor for a particular 

application: 

1) frictional torque required 

2) load inertia 

3) movement required in degrees 

4) time to complete movement 

5) number of steps and step angle in movement 
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6) step rate in steps per second 

7) acceleration/deceleration time 

8) power available 

9) size, weight, shaft mounting considerations 

10) holding torque. 

The stepper motor selected for this application is 

the model AS-3004-001 manufactured by the Hurst Manufactur

ing Corporation. The specifications for this motor, as 

described in the manufacturer's catalog (Hurst Mfg. Corp. 

1981), are listed in Table 2.3. As the stepping rate of the 

motor is increased, the available torque decreases as shown 

in Figure 2.8. For the application considered here, the 
* 

motors are stepped at approximately 100 pulses per second 

which results in an output torque of about 90 percent of the 

upper limit, thereby assuring reliable operation of the 

stepper motor. Operation to date of the tracking system has 

not revealed any stepping error problems with the stepper 

motors. 
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Table 2.3 Specifications for Hurst Model #AS-3004-001 

Stepper Motor 

STEP ANGLE 

STEPS PER REVOLUTION 

NUMBER OF PHASES 

HOLDING TORQUE 

RATED TORQUE @ 5 pluses/second 

INPUT POWER 

NOMINAL SUPPLY VOLTAGE 

WINDING RESISTANCE 

ROTOR INERTIA 

WEIGHT 

.025 degree 

14,400 

4 

1140 inch-ounces 

690 inch-ounces 

3.5 watts 

12 volts 

100 ohms/phase 

.07 ounce-inch-sq, 

6.8 ounces 
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Figure 2.8 Stepper Motor Torque vs. Stepping Rate. 



CHAPTER 3 

DATA ACQUISITION SYSTEM 

The task of the data acquisition system is to sense 

the solar flux which impinges upon the photodiode detector 

surface and convert the photodetector output to a digitized 

signal, proportional to the collected solar flux, which may 

be processed by the computer. The data acquisition system, 

as shown in Figure 3.1, consists of the following 

components: 

1) telescope and photodiode detector 

2) temperature controller 

3) digitally controlled gain switching transimpedance 

amplifier stage 

4) analog-to-digital converter 

5) computer and data storage/display system 

The characteristics of these components will be 

discussed with regard to the following points of interest: 

1) method of operation 

2) limits for reliable operation 

31 
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Figure 3.1. Block Diagram for Data Acquisition System. 
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3) important specifications of individual devices 

4) references to manufacturer's literature 

3.1 Operation of Data Acquisition System 

Figure 3.1 shows a block diagram of the data 

acquisition system. The photodiode detector is mounted 

inside the radiometer body in a nylon enclosure which 

functions as a thermal insulator between the photodiode and 

the surrounding environment. A heater element is attached 

to the rear of the photodiode as a means of maintaining a 

constant detector temperature. The photodiode detector, 

which has a response deviation from linearity of less than 

one percent over six decades, outputs a current proportional 

to the amount of solar flux incident upon its surface. 

The digitally controlled gain switching transimped-

ance amplifier stage converts the photodiode detector current 

to a voltage level which is compatible with the input 

requirements of the analog-to-digital converter. The 

digitally controlled gain switching is necessary due to the 

large range of detector output currents that are typically 

observed as the instrument scans across the sky and through 

the sun. The sampling rate and number of sample data points 

are computer controlled. 

The analog-to-digital converter output is read into 

the computer at every point of interest in a particular 

scan. The data for each scan is stored in a table in the 



34 

computer until completion of the scan, at which time there 

are two possibilities as to the destination of the data. The 

data may be outputted to a printer for immediate inspection, 

or it may be stored on a disk storage system for further 

analysis. If a CRT terminal is attached to the computer at 

the time of the scan, the data may also be displayed on the 

terminal screen. 

A typical solar almucantur scan, as illustrated in 

Figure 3.2, is one in which the telescope is moved in 

azimuth while remaining at a constant altitude such that the 

sun will pass through its field of view. Initially, the 

instrument is in the active solar tracking mode. The active 

tracking control unit contains pushbutton switches which may 

be used to select and execute a particular type of scan. 

Upon initiation of a solar almucantur scan, the instrument 

rotates 30 degrees in azimuth in the clockwise direction. It 

then begins the scan in the counterclockwise direction, 

taking data at 1 degree intervals. When the instrument 

reaches a point 5 degrees away from the sun, it begins 

taking data at 0.25 degree intervals and continues in this 

mode until it has reached a position 5 degrees beyond the 

sun. At this point, it begins taking data at 1 degree 

intervals until it has reached a point 30 degrees from the 

sun in the counterclockwise direction. It then takes a 

reading every 5 degrees until it reaches a direction 180 

degrees in azimuth away from the sun. The scan is now 
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Figure 3.2. Solar Almucantur Scan. 

Telescope 
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complete, and the instrument rotates 180 degrees in the 

clockwise direction and resumes active solar tracking. 

The data acquisition system also records the time of 

day at specified intervals on the scan, as well as the 

amplifier gain for each data point and the photodiode 

detector temperature at the beginning of each scan. The time 

of day is recorded at the start and end of each block of 

data for a particular interval size (for example, at the 

beginning and end of the block of data samples taken every 1 

degree). The sampling rate remains approximately constant 

for a particular interval size, so interpolation may be used 

to determine the exact time that each data sample was taken. 

Solar ephemeris data are then used to calculate the exact 

angles for each sample data point. 

3.2 Telescope and Detector 

In the design of the optics system for a solar 

aureole radiometer, one of the main goals is the elimination 

of any off-axis direct solar radiation upon the detector 

while measuring sky irradiance at angles of observation in 

close proximity to the direct solar beam. To do this 

requires the elimination of any light scattered from the 

inside of the telescope or the lens due to off-axis direct 

solar radiation. This light scattering can be considerably 

reduced by the installation of a system of baffles in the 

telescope. Figure 3.3 shows the basic design of the 
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Figure 3.3. Radiometer Telescope 
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telescope. Light which passes through all of the baffles is 

focused by the lens onto th6 detector. An optical filter is 

placed in front of the detector so that only selected wave

lengths are passed onto the detector. 

The detector selected for the radiometer system is 

an EG&G UV-444B silicon photovoltaic photodiode. This is an 

ultraviolet enhanced device which has the following features 

and characteristics (EG&G Electro-Optics, 1980): 

1) planar diffused, oxide passivated structure 

2) wide spectral range: 200 to 1150 nanometers 

3) high peak responsivity: 0.65 amp/watt @ 950 

nanometers 

4) high UV responsivity: 150 mA/watt @ 280 

nanometers 

5) flat noise spectrum to DC 

6) low noise current: 40 fA/root Hz @ 10 Hz 

7) linearity over a wide dynamic range < 1% deviation 

over 6 decades 

8) temperature coefficient of responsivity: < 0.05%/ 

degree C 

from 400 to 

950 nm 

9) spectral stability - no hysteresis or memory effects 
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3.3 Temperature Controller 

Because the silicon photodiode detector responsivity 

is temperature dependent, it is necessary to stabilize the 

detector temperature to maintain a constant conversion ratio 

of flux in to current out. This is accomplished by a 

proportional temperature controller mounted to the detector 

which turns a heater on and off with a duty cycle that is 

proportional to the temperature deviation of the detector. 

However, it only heats, and does not provide heating when 

the detector temperature is above the preset temperature. As 

shown in Figure 3.4, this controller utilizes a feedback 

loop to control the heater. The heater consists of a power 

resistor mounted on the rear of the photodiode in close 

proximity to an LM 335H voltage mode temperature sensor also 

mounted on the detector. The temperature sensor supplies an 

output voltage change of 10 mV/degree K of temperature 

variation. The system is calibrated such that when the 

detector is at the desired temperature, Vset and Vtemp are 

of equal magnitude, and the heater is off. As Vtemp 

decreases from Vset, the temperature comparator outputs a 

square wave with a duty cycle proportional to the difference 

between Vtemp and Vset. This resulting square wave is 

inputted to the driver circuit which cycles the heater until 

the detector comes back to the desired temperature. The 

temperature controller is capable of maintaining the 

detector temperature to within plus or minus 0.1 degree C. 
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Figure 3.4. Block Diagram for Proportional Temperature 
Controller. 
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The output of the LM 335H is also fed to the degree 

K-to-degree C converter which outputs a voltage level of 

lOmV/degree C. This temperature output is fed to the same 

analog-to-digital converter which is used to read the 

detector output of the digitally controlled gain switching 

transimpedance amplifier stage. In this manner, the 

computer is able to monitor and record the photodiode 

detector temperature. 

3.4 Digitally Controlled Gain Switching Transimpedance 

Amplifier Stage 

The photodiode detector output current must be 

amplified and converted to an acceptable voltage level 
4 

before being inputted to the analog-to-digital converter. 

This function is performed by the digitally controlled gain 

switching transimpedance amplifier system shown in Figure 

3.5. The amplifier consists of two separate stages of 

operational amplifiers. The first stage is the actual 

transimpedance amplifier which converts the photodiode 

detector output current to a voltage. The second operational 

amplifier stage provides additional voltage amplification to 

produce a voltage level which is compatible with the 

analog-to-digital converter. 

The operational amplifiers used for this application 

are the ICL7650 chopper stabilized units (Intersil, Inc., 

1981) which feature: 
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Figure 3.5. Digitally Controlled Gain Switching Transimpedance Amplifier 
Partial Schematic. 
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1) low DC input bias current: 10 pA 

2) low long-term and temperature drifts of input offset 

voltage 

3) very low input offset voltage: 1 yV over temp. 

range 

4) extremely high gain, CMRR and PSRR: 120 dB minimum 

5) wide bandwidth: 2 MHz 

6) high slew rate: 2.5 V/yS 

7) internally compensated for unity-gain operation 

8) Clamp circuit to avoid overload recovery problems and 

allow comparator use 

9) very low intermodulation effects: open loop phase 

shift less than 10 degrees at chopper frequency 

10) extremely low chopping spikes at input and output 

The ICL7650 achieves its extremely low offset by comparing 

the inverting and noninverting input voltages in a nulling 

amplifier which is synchronized by alternate clock phases. 

•The digital gain switching is implemented by a 

demultiplexer-relay combination (see Figures A.l and A.2) 

employed in each of the two stages to select the proper 

resistors for the desired gain in each stage. The 74LS139 

demultiplexer has two control pins which are used to select 

the desired channel through the device. A total of four 

control lines are connected from the computer output port to 
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the analog-multiplexer/demultiplexer control pins. Table 3.1 

indicates various gains that may be selected by appropriate 

commands from the computer. A large range in gain is 

required because the solar aureole changes over several 

orders or magnitude, and the direct sun signal is still much 

larger that the aureole signal. 

One possible algorithm for computer gain selection 

is to always start with the lowest gain in the table, then 

switch up in gain magnitude until the analog-to-digital 

converter is overranged, and finally decrease the gain one 

step. This procedure will maximize the useful resolution of 

the analog-to-digital converter for data acquisition. 

However, this gain selection algorithm lacks certain refine

ments which become necessary when attempting to set the gain 

in a minimum amount of time, so as to reduce the time to 

perform an angular scan. When a relatively slow analog-to-

digital converter is used, such as the dual-slope 

integrating type, the possibility of doing 16 conversions 

per individual data acquisition represents an unacceptable 

time delay. 

To reduce the time required to set the .gain, an 

analog subsystem was designed to test the output of the 

amplifier stage and allow the computer to select the proper 

gain before a conversion is made by the analog-to-digital 

converter. Figure 3.6 shows the block diagram for this sub

system. A comparator is used to compare the amplifier 

output against a reference voltage. The output of the 



Table 3.1 Amplifier Gain Selection 

B1 A1 B2 A2 TOTAL GAIN 

0 0 0 0 1.0 x 104 

0 0 0 1 2.1 x 104 

0 0 1 0 4.1 x 104 

0 0 1 1 8.2 x 104 

0 1 0 0 1.0 x 105 

0 1 0 1 2.0 x 105 

0 1 1 0 4.1 x 105 

0 1 1 1 . 8.2 x 105 

1 0 0 0 1.0 x 106 

1 0 0 1 2.0 x 106 

1 0 1 0 4.1 x 106 

1 0 1 1 8.2 x 106 

1 1 0 0 1.0 x 107 

1 1 0 1 2.0 x 107 

1 1 1 0 4.1 x 107 

1 1 1 1 8.2 x 107 
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comparator is monitored by the computer to determine when 

the proper gain has been selected. The comparator output 

only goes high when the amplifier output exceeds the 

reference voltage, indicating an output level between one 

half and full scale of the analog-to-digital converter. 

This technique proved quite acceptable for selecting the 

gains of the instrument. 
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3.5 Analog-To-Digital Converter 

The analog voltages outputted from the amplifier 

stage must be converted to digital values before being 

inputted to the computer. Figure 3.7 shows the hardware 

interface of the analog-to-digital converter to the computer 

input/output port. The device selected for this application 

is the ICL7109 12-bit binary analog-to-digital converter for 

microprocessor interfaces (Intersil Inc., 1982). It has the 

following features: 

1) 12 bits binary plus polarity and overrange bits 

2) TTL-compatible tri-state outputs 

3) status and run/hold pins for monitor/control of 

conversion timing 

4) true differential input and differential reference 

5) low noise: 15 uV p-p typical 

6) low input current: 1 pA typical 

When used with a 3.59 MHz clock rate, the conversion time is 

a multiple of the period of a 60 Hz signal so 60 Hz noise is 

effectively integrated out. Although the converter is 

capable of 30 conversions per second, the use of the 3.58 

MHz clock rate limits this to a rate of 7.5 conversions per 

second. 

The interface between the analog-to-digital 

converter and the computer consists of 12 data lines plus 

polarity, overrange, status, and run/hold lines. This 
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application utilizes a two-line handshake to control the 

converter. The operation of the converter is as follows: 

1) When the proper gain has been selected by the 

computer, the run/hold line is forced to a high 

state by the computer, starting the conversion. 

2) The computer then monitors the status line until a 

transition from low to high occurs. This 

indicates the end of the conversion. 

3) The digitized value is now available to be read by 

the computer from the 12 data output lines. Over-

range and polarity may also be read. 

3.6 Computer and Data Storage 

The data acquisition system is controlled by the 

same single board microcomputer used to control the active 

tracking system. A block diagram of this system and the 

peripherial devices which comprise the data storage and 

display system has already been presented earlier in Figure 

3.1. The control programs which direct the data acquisition 

steps reside permanently in EPROM. When the instrument is 

run from a CRT terminal, the data is automatically displayed 

on the screen as it is acquired by the computer. Upon 

completion of a scan, the computer memory contains a table 

of data which is a copy of what has been displayed on the 

screen. The contents of this table may now be printed out 

on a line printer and/or stored on a disk system for further 
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data analysis. The single board microcomputer selected for 

this application is manufactured by Synertek. It resides in 

an enclosure which also houses a backplane containing the 

controller boards, memory board, printer board, and real

time clock. 



CHAPTER k 

SYSTEM NOISE ANALYSIS 

As the system amplifier gain is increased to handle 

weaker and weaker signal levels, the signal-to-noise ratio 

must be considered in determining the upper limit of useful 

gain. Both the photodiode detector and the amplifier system 

are sources of noise. Thus, they must both be analyzed to 

determine their respective contributions to the overal noise 

level. 

4.1 Photodiode and Load Resistor Noise Analysis 

The photodiode and load resistor noise currents 

consist of shot noise and Johnson (thermal) noise. As solar 

flux impinges upon the photodiode, the rate of photon 

arrival is not perfectly uniform even though the light 

source is apparently "DC". Also, the hole-electron 

generation process is not perfectly uniform in time with 

respect to the arrival of photons at the photodiode detector 

surface. These phenomena produce what is termed shot noise 

(Motchenbacher and Fitchen, 1972). Shot noise current is 

defined by the relation 

52 
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where q is the electron charge (1.59 E-19 Coulombs), I is pc 

the photodiode output direct current in amps, and B is the 

bandwidth (in Hz) over which the noise is measured. The 

equivalent circuit model for shot noise, as shown in Figure 

4.1a, consists of a noise current generator I . 

Johnson noise is the result of thermally induced 

random motion of charge carriers in a resistance. It is 

typically spectrally flat over the frequency range of 

interest. Johnson noise current (Schwartz, 1959) is defined 

by the relation 

¥ 

I. = [4KTB/R]0,5 , 
J 

where K is Boltzmann's constant (1.38 E-23 J/K), T is the 

device absolute temperature (K) , B is the bandwidth (in Hz) 

over which the noise is measured and R is the resistance in 

ohms. The equivalent circuit model for Johnson noise, as 

shown in Figure 4.1b, consists of a noise current generator 

Ij in parallel with a noiseless resistance. 

The equivalent electrical circuit for the photodiode 

is shown in Figure 4.2a. The circuit model consists of the 

photodiode series and shunt resistances, the diode junction 

capacitance C. , an ideal diode, and a photocurrent source 
J 

Ipc' m°deled as being "D.C.". The direction of 
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Figure 4.1. (a) Equivalent Circuit for Shot Noise and (b) Equivalent Circuit 
model for Johnson Noise 
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photo current flow is such that the load voltage which 

developes will forward bias the ideal diode. The photodiode 

contributes a shot noise current as well as Johnson noise 

components from its series and shunt equivalent resistances. 

Figure 4.2b shows the complete noise model for the 

photodiode. The load resistor, which is in the feedback 

path of the transimpedance amplifier stage, also contributes 

a Johnson noise current. The complete photodiode and load 

resistor noise model is shown in Figure 4.3. The noise 

currents shown will combine with the amplifier noise sources 

discussed in the next section to produce the total system 

noise level. 

4.2 Amplifier Noise Model Analysis 

The ideal operational amplifier has no internal 

noise generators to detract from its performance. However, 

practical amplifiers do contain noise sources, as discussed 

in Frederiksen (1984), which determine the lower limit for 

input signal processing capability. The amplifier internal 

noise voltage and noise current both affect amplifier 

performance. The resulting amplifier output noise voltage is 

defined by the relation 

V - [1 + VRdl Vn 



sd 

Figure 4.3. Noise Model for Photodiode and Load Resistor. 
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where is the photodiode shunt resistance, is the load 

resistance, and Vn is the effective internal input noise 

voltage for the amplifier. Because of its relatively small 

value, the effect of R will be neglected for the remainder s » 

of the analysis. Figure 4.4a shows the circuit used for 

determining the effect of the amplifier internal noise 

voltage. Figure 4.4b shows the circuit used for determining 

the effect of the amplifier internal noise current. The 

resulting amplifier output noise voltage is defined by the 

relation 

V. -  I  Rrr xn n r 

where R̂  is the load resistance and I is the effective 
. x n 
• 

internal input noise current for the amplifier. The effect 

of these noise sources will be included in the analysis 

which follows in the next section. 

4.3 Noise Analysis for Photodiode-Amplifier Combination 

The various noise models for the photodiode/load 

resistor and amplifier may be combined into a system noise 

model as shown in Figure 4.5. Due to the statistically 

independent nature of the individual noise sources, they add 

together in a manner such that the total noise power is 

equal to the sum of the individual noise powers (Ott, 1976). 

For uncorrelated noise current sources 1̂  > I2» and I3, 

addition on a power basis yields 
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T  2 _ T 2 , T 2 , T 2  
total ~ X1 + I2 + T3 

or 

total [I1 + I1 + x3 1 

where *t0tal the sum °f t*16 independent noise 

currents. Applying this to the photodiode/amplifier circuit 

the total output noise voltage for the complete photodiode/ 

load resistor and amplifier system of Figure 4.5 may be 

expressed by the relation 

Ton " [I8d2 + ̂ d2 + ̂ f2 + C + <1/Rf + Vn2̂ 0"5 Rf 

where the individual noise currents are summed in an RMS 

manner. The last term of the sum results from dividing the 

expression for by Rf to obtain the equivalent noise 

current resulting from the amplifier internal noise voltage. 

The noise current of the photodiode series resistance Rg has 

been neglected because its relative noise current contribu

tion is [Rg/R̂ ]̂ *"' (three orders of magnitude less than that 

from R̂ ). 

Since the magnitude of each noise component is 

frequency dependent, the effective system bandwidth must be 

determined before the expression for total RMS output noise 

voltage may be evaluated. Noise bandwidth is measured 

ideally using an infinitely fast rolloff filter, sometimes 
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termed a "brick wall" filter. A standard 20 dB/decade roll-

off filter will allow a significant amount of power to still 

be passed above the 3 dB frequency. As a consequence of 

this, correction factors must be used. For a single-pole 20 

dB/decade filter, a correction factor of 1.57 times the 3 dB 

filter bandwidth, F , must me applied to obtain the 

effective noise bandwidth (Frederiksen, 1984). Referring 

back to Figure 3.5, the RC combination at the input to the 

second stage amplifier results in an effective noise 

bandwidth of 16 Hz. Multiplying by the correction factor 

results in an effective noise bandwidth of 25 Hz, which will 

be used to calculate the noise components in the following 

analysis. 

The manufacturer's data sheet (Intersil, 1982) 

specifies an input noise voltage of 0.71 yV RMS (0 to 10 Hz) 

and an input noise current of 0.01 pA/root Hz (at 10 Hz) for 

the ICL 7650 operational amplifier used in the system. The 

values of R̂  and Rg for the photodiode are specified as 10 

Megohms and 10 ohms, respectively. The value for R̂  will be 

10 Megohms when the largest overall gain is selected. 

Evaluating the individual expressions for equivalent noise 

currents yields the following values: 

-15 photodiode noise currents Ig(j = 9.8 x 10 A 

Ijd = 2.03 x 10~13 A 
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-13 load resistor noise current I.£ = 2.03 x 10 A 
Jf 

amplifier noise currents In = 5.0 x 10 A 

(1/Rf + 1/Rd) Vn - 1.42 x 10"13 A 

where an absolute temperature of 300 °K is used in the 

calculation of the Johnson noise currents. The calculation 

of photodiode shot noise current is based on one count of 

the analog-to-digital converter (1 mV .per count), which 

results from a photodiode signal current of 12.2 pA multi

plied by the maximum overall system gain of 8.2 x 10̂ . The 

RMS sum of the noise currents listed above is 0.32 pA, which 

produces a total noise voltage of 3.2 yV referred to the 

input of the second stage operational amplifier. The 12.2 pA 

signal current produces a voltage level of 122 yV referred 

to the input of the second stage operational amplifier. The 

relatively small gain of the second stage (8.2) allows its 

noise contribution to be neglected. Thus the predicted ratio 

of signal voltage to noise voltage is approximately 40. 

To utilize the maximum resolution of the analog-to-

digital converter, the input noise voltage level must be 

less than one half of the equivalent voltage value of one 

count of the converter. The result of the preceding 

analysis is that the calculated input noise voltage level is 
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less than one count of the analog-to-digital converter by a 

factor of 40. If this is true, the system resolution is 

then limited by the number of bits of the analog-to-digital 

converter. These results are discussed in the next chapter, 

where actual system performance is evaluated. 



CHAPTER 5 

RESULTS AND CONCLUSIONS 

In an effort to determine the usefulness of the 

finished instrument, certain aspects of its performance must 

be evaluated. Among these are the actual signal-to-noise 

ratio and the ability of the system to measure low levels of 

radiance from the sky at angles well away from the sun. In 

the previous chapter the theoretical signal-to-noise ratio 

for the amplifier system was determined. The result, 

however, is only an estimate. Different types of resistors, 

although of the same resistance value, may differ consider

ably in the amount of Johnson noise they produce. Likewise, 

manufacturer's noise performance specifications for 

operational amplifiers are only estimates, and may vary from 

one amplifier to the next. With high gain circuits, noise 

induced in external cables from transducers to amplifiers 

may also be significant. For these reasons, the actual 

noise level may differ from the theoretical noise level by 

an order of magnitude or more. 
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5.1 Determination of Actual System Noise Level 

Measurements of system noise level were made in a 

dark room with the radiometer telescope entrance aperture 

covered. With the exception of shot noise, all of the other 

noise sources discussed in the previous chapter will 

contribute to the overall noise level for this mode of 

testing. For a photodiode signal current equivalent to one 

count of the analog-to-digital converter, the shot noise 

current level, as determined in the previous chapter, is 

more than an order of magnitude less than the dominant noise 

sources (resistor Johnson noise). As the photodiode signal 

current becomes larger, the photodiode shot noise increases 

as the square root of this signal current, while the 

amplifier noise and Johnson noise remain constant. Thus, the 

signal-to-noise ratio for the photodiode/amplifier system 

improves as the signal current becomes larger. As a 

consequence of these facts, the overall noise contribution 

due to photodiode shot noise should be negligible. 

Measurements of actual system noise level were made 

for two different situations. First a number of data 

samples were taken with the instrument in a fixed position, 

thus eliminating any noise contribution due to cable 

flexing. The quantity of samples taken was equivalent to the 

number of samples in an almucantur scan. Evaluation of this 

data set resulted in an arithmetic mean and standard 

deviation of -2.60 counts and 0.49 counts, respectively. 
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This result is equivalent to an average offset voltage of 

-2.60 mV at the input to the analog-to-digital converter, 

with one standard deviation resulting in an uncertainty of 

plus or minus 0.49 mV relative to this offset. Next the 

instrument was programmed to run an almucantur scan, as 

depicted previously in Figure 3.2. As the instrument moves 

in azimuth, the cable moves and flexes, possibly introducing 

additional noise. Evaluation of this data set resulted in an 

arithmetic mean of -2.69 counts of the analog-to-digital 

converter and a standard deviation of 0.72 counts. This is 

equivalent to an average offset voltage of -2.69 mV at the 

input to the analog-to-digital converter, with one standard 

deviation resulting in an uncertainty of plus or minus 0.72 

mV relative to this offset. The smaller standard deviation 

value of the fixed position data set relative to the value 

obtained from the almucantur scan is an indication of a 

closer grouping of the individual data points around the 

mean, and consequently a lower noise level. 

A few conclusions may be drawn from these two sets 

of data. Ideally, with no light on the photodiode, the 

average value for a set of data should be zero. The non

zero arithmetic mean for each set indicates an offset is 

present in the system. This offset value could be added to 

each individual data sample to provide a correction. The 

difference in noise levels between the two data sets 

indicates that a portion of the total system noise when in 
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the scanning mode is due to the cable between the photodiode 

and the amplifier. The noise levels indicated by the 

standard deviations is greater than one half count of the 

analog-to-digital converter, and certainly greater than the 

theoretical noise level predicted in the previous chapter. 

Thus, the resolution of the analog-to-digital converter is 

limited to plus or minus one count. To achieve a true 

signal-to-noise ratio of 100 would then require a converter 

output of 100 counts. 

5.2 Radiance Levels for Almucantur Scan 

The solar aureole extends for approximately 30 

degrees on either side of the sun. For the results of an 

almucantur scan to be meaningful, the signal level at the 

edge of the solar aureole must be large enough to provide an 

acceptable signal-to-noise ratio. Actual measurements, made 

early in the morning with the instrument at positions of 30 

degrees away from the sun in either direction, resulted in 

values ranging from 95 to 130 counts of the analog-to-

digital converter. These signal levels do indeed provide an 

acceptable signal-to-noise ratio. 

Figure.5.1 shows a plot of photodiode signal current 

vs. azimuth angle for the central portion of an almucantur 

scan. The photodiode output current drops off very rapidly 

at azimuth angles between 1 and 2 degrees away from the sun. 

Figure 5.2 shows a plot of the same scan for azimuth angles 
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from 0 to 45 degrees. The analog-to-digital converter out

put of 92 counts at 45 degrees still provides an acceptable 

signal-to-noise ratio. 

5.3 Further Refinements for Electro-Mechanical System 

The tracking/scanning solar spectroradiometer as 

currently configured is only a prototype. Preliminary tests 

with the instrument have indicated certain system 

refinements that appear worth considering. Areas of 

possible improvement include both the tracking system and 

the data acquisition system. 

The tracking system currently utilizes stepper 

motors with integral gearboxes to drive the system mount. 

The backlash of these gearboxes has been measured to be 

approximately 1.0 degree. The computer scan algorithm 

introduces a correction factor upon initialization of a scan 

to compensate for the backlash. This is accomplished by 

stepping the motor an extra 1.0 degree at the beginning of 

the scan. The data set from the scan is then analyzed to 

determine the largest data points, which in turn accurately 

locate the true center of the sun. One possible improvement, 

the addition of optical shaft encoders to the mount, could 

provide absolute positioning capability regardless of 

stepper motor backlash. An alternative to this would be the 

installation of a micro-stepping controller and larger 

stepper motors without gearboxes. Commercial stepper motor' 
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controllers are now available that provide a resolution of 

25,000 steps per revolution using a standard 1.8 degree/step 

bifilar type motor. These controllers may be used in 

conjunction with incremental encoders to verify position 

when extreme accuracy is required. 

As discussed in Section 5.1, a small offset is 

present in the detector/amplifier system at high gain 

levels. The ICL7650 operational amplifier was selected 

because of its low input offset voltage. However, it has no 

provision for external nulling. A possible refinement to 

the present amplifier system would involve the substitution 

of an alternate type of operational amplifier, such as the 

OP-07 (Precision Monolithics Inc., 1986). The 0p-07 features 

extremely low input offset voltage and has the capability 

for external nulling. A system could be built which would 

zero the amplifier output for each gain selection during a 

scan, thus eliminating the offset. 

It was previously mentioned that the cabling from 

detector to amplifier is a source of noise. The bending of 

the cable as the instrument rotates during a scan increases 

the noise level even further. It would be desirable, in a 

future design, to either drastically reduce the cable length 

or totally eliminate it. One method of achieving this would 

be to integrate the amplifier system into the radiometer 

head, then cable the high level output voltage to the 
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computer. This would eliminate the long cable before the 

input to the high gain amplifier system. 

Even without the improvements suggested above, the 

tracking/scanning solar spectroradiometer is quite capable 

of producing useful .data in its present form. It is 

anticipated that it will-be successfully employed in a 

number of atmospheric remote sensing experiments. 



APPENDIX A 

AMPLIFIER SCHEMATIC DIAGRAMS 
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