
Design and realization of a portable
infrared solar spectroradiometer

Item Type text; Thesis-Reproduction (electronic)

Authors Garcia, John Phillips, 1956-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 16/05/2023 13:54:35

Link to Item http://hdl.handle.net/10150/276898

http://hdl.handle.net/10150/276898


INFORMATION TO USERS 

The most advanced technology has been used to photo
graph and reproduce this manuscript from the microfilm 
master. UMI films the text directly from the original or 
copy submitted. Thus, some thesis and dissertation copies 
are in typewriter face, while others may be from any type 
of computer printer. 

The quality of this reproduction is dependent upon the 
quality of the copy submitted. Broken or indistinct print, 
colored or poor quality illustrations and photographs, 
print bleedthrough, substandard margins, and improper 
alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a 
complete manuscript and there are missing pages, these 
will be noted. Also, if unauthorized copyright material 
had to be removed, a note will indicate the deletion. 

Oversize materials (e.g., maps, drawings, charts) are re
produced by sectioning the original, beginning at the 
upper left-hand corner and continuing from left to right in 
equal sections with small overlaps. Each original is also 
photographed in one exposure and is included in reduced 
form at the back of the book. These are also available as 
one exposure on a standard 35mm slide or as a 17" x 23" 
black and white photographic print for an additional 
charge. 

Photographs included in the original manuscript have 
been reproduced xerographically in this copy. Higher 
quality 6" x 9" black and white photographic prints are 
available for any photographs or illustrations appearing 
in this copy for an additional charge. Contact UMI directly 
to order. 

University Microfilms International 
A Bell & Howell Information Company 

300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA 
313/761-4700 800/521-0600 





Order Number 1335817 

Design and realization of a portable infrared solar spectroradiometer 

Garcia, John Phillips, M.S. 

The University of Arizona, 1988 

U M I  
300 N. Zeeb Rd. 
Ann Arbor, MI 48106 





DESIGN AND REALIZATION OF A PORTABLE INFRARED 

SOLAR SPECTRORADIOMETER 

by 

John Phillips Garcia 

A Thesis Submitted to the Faculty of the 

DEPARTMENT OF ELECTRICAL AND COMPUTER ENGINEERING 

In Partial Fulfillment of the Requirements 
For the Degree of 

MASTER OF SCIENCE 
WITH A MAJOR IN ELECTRICAL ENGINEERING 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1988 



STATEMENT BY AOTHOR 

This thesis has been submitted in partial 
fulfillment of requirements for an advanced degree at The 
University of Arizona and is deposited in the University 
Library to be made available to borrowers under the rules 
of the Library. 

Brief quotations from this thesis are allowable 
without special permission, provided that accurate 
acknowledgement of source is .made. Requests for permission 
for extended quotation from or reproduction of this 
manuscript in whole or in part may be granted by the head 
of the major department of the Dean of the Graduate College 
when in his judgement the proposed use of the material is 
in the interests of scholarship. In all other instances, 
however, permission must be obtained from the author. 

SIGNED: \ WM. \ • \~TaS>rJtPh 

APPROVAL BY THESIS DIRECTOR 

This thesis has been approved on the date shown below: 

JOHN A. REAGAN 
Professor of Electrical Engineering 



ACKNOWLEDGEMENTS 

The author wishes to thank all who helped with this 

thesis, however special thanks and appreciation are 

extended to Dr. John A. Reagan for his assistance, 

guidance, and patience throughout the course of this 

project. 

iii 



TABLE OF CONTENTS 

Page 

LIST OF ILLUSTRATIONS v 

LIST OF TABLES . . . vii 

ABSTRACT viii 

CHAPTER 

1 INTRODUCTION ... 1 

2 SOLAR RADIOMETERS AND ATMOSPHERIC MEASUREMENTS. 4 

2.1 Langley Analysis 4 
2.2 Instrument Specifications 9 
2.3 Expected Signal Level 12 

3 DATA ACQUISITION SYSTEM 16 

3.1 Optical System 19 
3.2 Detector Package 23 
3.3 Lock-in Amplifier 35 
3.4 Digital Voltmeter And Interface 47 
3.5 Temperature Controller . ' 48 

4 SYSTEM NOISE AND ERRORS 63 

4.1 System Noise 63 
4.2 Signal-To-Noise Ratio 68 
4.3 System Errors 70 

5 RESULTS 75 

6 CONCLUSIONS 82 

APPENDIX A: SCHEMATIC DIAGRAMS 84 

LIST OF REFERENCES 90 

iv 



LIST OF ILLUSTRATIONS 

Figure Page 

2.1 Visible Spectrum Langley Plot 8 

2.2 Gaseous Absorption Spectra 11 

3.1 ISS Block Diagram 17 

3.2 Radiometer Head Components 18 

3.3 Chopper Reference Circuit 21 

3.4 FOV Geometry 22 

3.5 Detector Package 24 

3.6 Detector Bias Circuit 24 

3.7 Intrinsic Semiconductor Energy Bands 27 

3.8 Standard Photoconductor Bias Circuit 27 

3.9 Responsivity Versus Wavelength 30 

3.10 Typical Photoconductor Noise Spectrum 34 

3.11 Lock-in Amplifier Block Diagram 37 

3.12 Signal And Reference Waveforms 38 

3.13 LPF Transfer Characteristic 40 

3.14 Semi-Log Plot Of Lock-in Transfer Function . . 43 

3.15 Lock-in Amplifier Circuit Schematic 44 

3.16 Temp. Controller Block Diagram 49 

3.17 Thermistor Calibration Curve 51 

3.18 Input Stage Schematic 53 

3.19 Temperature Comparison Stage 55 

v 



vi 

LIST OF ILLPSTRATTONB—Continued 

Figure Page 

3.20 Output Stage 57 

3.21 Thermometer Circuit .60 

5.1 Langley Plot For x = 1.2393 |im . ., 76 

5.2 Langley Plot For x = 1.6784 nm 77 

5.3 Langley Plot For x = 2.2870 nm 78 

5.4 Langley Plot For x = 3.6006 urn 79 

A.l Chopper Drive Circuit 85 

A. 2 DVM Interface 86 

A.3 Power Supply (Unregulated Section) 87 

A.4 Power Supply (Positive Regulated Section) 88 

A.5 Power Supply (Negative Regulated Section) ... 89 



LIST OF TABLES 

Table Page 

2.1 Filter Characteristics 10 

2.2 Zero-Airmass Voltages 15 

3.1 Detector Package Test Data 25 

3.2 AD 630 BD Specifications 46 

4.1 ISS Output Noise With Detector 65 

4.2 ISS Output Noise Without Detector 66 

5.1 Expected IR tx Values 80 

vii 



ABSTRACT 

A multiple wavelength, portable, solar 

spectroradiometer designed to measure atmospheric optical 

depth at several discrete wavelengths between 1 nm and 4 pm 

has been developed. The instrument employs a manually 

operated filter wheel to select wavelength bands with 

minimal gaseous absorption, and a thermoelectrically cooled 

PbSe photoconductor is used as the detector. Mechanically 

chopped solar radiation is converted by the photoconductor 

into a modulated electrical signal which is then processed 

by & miniaturized lock-in amplifier to produce a DC voltage 

proportional to solar irradiance. Example optical depth 

measurements are presented and discussed. 

viii 



CHAPTER 1 

INTRODUCTION 

Ground-based solar spectroradiometers have been 

used extensively in the visible region of the 

electromagnetic spectrum to retrieve valuable information 

about the earth's atmosphere and to obtain important data 

pertaining to the solar spectral constant. Measurements of 

atmospheric turbidity, as well as useful estimates of 

atmospheric aerosol mass loading, have been successfully 

reduced from data collected by multiple wavelength solar 

radiometers (Shaw, et al., 1973). In addition, such 

instruments have recently found a central role in long-term 

investigations of solar spectral irradiance at the top of 

the atmosphere - the solar spectral constant (Reagan, et 

al., 1986). 

This thesis describes a portable solar 

spectroradiometer prototype designed to operate in the 

infrared portion of the solar spectrum from 1 |in to 4 fim. 

The essential features of the prototype consist of a 

mechanical chopper to modulate incoming solar radiation, a 

baffled tube to funnel modulated radiation through an 

1 
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optical filter, and an infrared detector interfaced with 

signal processing electronics to produce a DC output 

voltage. During a typical measurement sequence, an 

operator aligns the instrument with the sun and records the 

output voltage at a given wavelength. By rotating a 

manually operated filter wheel which can accomodate up to 

ten optical interference filters, the measurements can be 

repeated for other wavelenghts. To produce a data set, 

measurement sequences are repeated every 5 or 10 minutes 

during hours of the day when the sun is far from the 

zenith. 

The instrument's function is primarily to extend 

optical depth measurements to longer wavelengths, thereby 

providing information about scattering and absorption of IR 

radiation within the atmosphere, and to furnish solar 

spectral constant data as a secondary goal. Furthermore, 

it is anticipated that data acquired by the infrared solar 

spectroradiometer (ISS), in conjunction with visible 

spectrum devices, will enable columnar aerosol size 

distributions to be determined with greater accuracy 

(Spinhirne, et al., 1985). 

Chapter Two of thi6 thesis deals specifically with 

the role of spectroradiometers in atmospheric measurements 

and includes a calculation of expected ISS signal levels 

versus wavelength. Details of the data acquisition system 
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are described in Chapter Three from performance and design 

standpoints. Chapter Four considers noise and error in 

the data acquisistion system. In Chapter Five , sample data 

taken with the ISS are presented and discussed; while in 

Chapter Six, suggested improvements and refinements to the 

system are presented. 



CHAPTER 2 

SOLAR RADIOMETERS AND ATMOSPHERIC MEASUREMENTS 

As mentioned in the Introduction, valuable 

information about various solar and atmospheric parameters 

can be extracted from raw data collected by solar 

spectroradiometers. The following discussion is intended 

to give a general overview of the analysis method involved, 

and to establish design criteria for the ISS by a 

calculation based on this method. 

2.1 Langley Analysis 

The primary tool for analysis of solar 

spectroradiometer data, regardless of spectral region, i6 

the Langley method. Directly transmitted solar spectral 

irradiance is measured at the earth's surface for a range 

of solar zenith angles, and can be described by the 

Bouguer-Lambert law (Slater, 1980): 

Fx = (Rm/R)2Foxe~ID(e)T^ (2.1) 

4 
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where 

Rm = mean Earth-sun separation 

R = Earth-sun separation at time of observation 

m(0) = atmospheric airmass for solar zenith angle 0 

Tx = total optical depth at wavelength x 

Fx = directly transmitted solar spectral irradiance 

2 in watts/m -vim measured at the earth's surface 

Fox = zero airmass solar spectral irradiance 

incident on the top of the atmosphere 

From a practical standpoint, Fx must be received through a 

nonzero optical filter bandwidth and over a nonzero 

collector area. The resulting flux must then be converted 

to a voltage, Vx, by a suitable detector interfaced to 

signal processing electronics. Thi6 yields 

Vx = Ar KxFxdx , (2.2) 
AX 

where Ar is the collector area, Kx is the instrument's 

overall spectral responsivity in volts/watt, and ax is the 

filter bandpass centered about x. If AX i6 sufficiently 

small, neither Kx or Fx vary significantly, and the 

integral may be approximated by a simple multiplication so 

that 
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Vx * ARKxFxAX (2.3) 

It Bhould be noted that while Kx and Fx vary little over 

the filter bandpass, these quantities can vary considerably 

from the center wavelength of one filter to another. 

Consequently, the spectral dependence of (2.3) cannot be 

neglected. 

Expressions (2.1) and (2.3) can be combined to 

produce an equation for V x  in terms of R, R m, m(0) and T X  

of the form 

Vx = Voxe_m(e)Tx (2.4) 

Vox = (R/Rm)2Vox (2-5) 

Vox = "daily" zero-airmass voltage 

Often, for the sake of completeness, an additive term 

accounting for any diffuse light contribution, Vxcj, is 

included in (2.4). This term arises when the 

spectroradiometer full-angle field of view (FOV) is 

considerably greater than the angular subtense of the sun's 

diameter at the Earth's surface («.53°), but can be dropped 

for instruments having a FOV of 3° or less under typical 

observation conditions of Tx £ .5 and 0 < 80° (Shaw, et 
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al., 1973). Since the ISS described herein satisfies these 

criteria, the diffuse light contribution will be omitted 

from further discussion. Hence, the fundamental equation 

of the Langley method is given by (2.4) which can be 

manipulated into a more practical form for data analysis by 

taking the natural logarithm of both sides to obtain, 

In Vx = In Vox " ®(0)tx (2.6) 

Assuming m(9) can be calculated for the range of 0 

encountered in a typical observation day, and Tx is both 

spatially and temporally invariant during the observation 

period, a plot of In Vx versus m(0), a Langley plot, should 

be a straight line having a slope of -Tx. Furthermore, if 

this straight line plot is extrapolated back to the y-

intercept at m(0) = 0, the value of In Vox and, hence, Vox 

can be retrieved. Typical spectral Langley plots for 

several wavelengths are shown in Figure 2.1. 

Due to the presence of gaseous absorption bands, 

Langley analysis as described above must be modified for 

spectroradiometers operating in the 1 - 4 nm region. 

However, a detailed discussion of the particulars involved 

is beyond the scope of this general overview and the reader 

is referred to the literature (Reagan, et al., 1987 ; 

Spinhirne, et al., 1984). 
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Figure 2.1 Visible Spectrum Langley Plot 
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2.2 Instrument Specifications 

Before discussing specific details of the data 

acquisition system, it is appropriate to consider general 

requirements that the ISS must satisfy in terms of basic 

accuracy and useful wavelengths. First and foremost, the 

output voltage must be linear with respect to input solar 

irradiance, over the entire dynamic range of the 

instrument, in order to produce good Langley plots. 

Absolute responsivity is of secondary importance so long as 

the" output signal level is adequate. In order to insure an 

overall measurement accuracy of 1% for the system, each 

individual source of error should be no greater than 

~ 0.1% ideally. Thus, it is desirable that each 

constituent electronic component of the ISS be linear to 

within 0.1%, even under the influence of changing 

environmental factors such as temperature, humidity, and 

the like. Every attempt was made during the design and 

construction of the system to meet this requirement. 

IR data analysis is facilitated by locating the 

center wavelengths of the optical interference filters away 

from substantial gaseous absorption lines, while 

maintaining a small (<.05 Mm) optical bandpass about each 

center wavelength (Spinhirne, et al., 1984) The filters 

listed in Table 2.1 were chosen on the basis of these 

criteria. An inspection of the aborption spectra due 
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Table 2.1 Filter Characteristics 

Center Wavelength Passband Transmission 

x (nm) AX (|-iin) Tp 

1.0305 .0100 .50 

1.2393 - 0089 .50 

1.6789 .0244 .49 

2.2870 .0204 .31 

3.6006 .0197 .54 
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to atmospheric gases shown in Figure 2.2 reveals that the 

filter passbands do indeed coincide with wavelength 

regions of minimal absorption. 

2.3 Expected Signal Level 

From an electronics designer's standpoint, it is 

helpful to have some idea of the range of voltage levels-

expected from the PbSe detector in response to solar 

radiation, prior to starting the design process. The goal 

here is not to attempt a detailed calculation, but rather 

to produce a reasonable estimate based on manufacturer's 

specifications for the detector and known values of solar 

irradiance versus wavelength. Ignoring atmospheric 

transmission losses, the power incident upon the 

photoconductor can be written as 

pRo = foxAXfTfAr (2-7) 

where 

PRo = Power received by the detector at wavelength 

x, over filter passband Axp, for zero airmass 

Tj? = filter transmission in passband 

Ag = illuminated detector area 

The detector output voltage is related to the incident 
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optical power through the detector spectral responsivity, 

Rx, by 

Vox = PRo^X (2.8) 

where Rx is in volts/watt at the specified wavelength x. 

Lastly, any photoconductor's responsivity at x can be 

related to its peak responsivity via 

Rx = (*•/^p) ̂xp > 31 — ^p (2.9) 

where 

RXp = peak responsivity 

Xp = wavelength of peak responsivity. 

The detector used in the ISS is an Infrared 

Industries Inc. model 3746C which has the following 

relevant charateristcs: 

Active Area = .3 cm x .3 cm 

Peak responsivity = 5000 volts/watt 

Xp = 4.4pm to 4.6|im 

For calculation purposes, it is assumed that a .25 cm 

diameter area of the detector is illuminated and that peak 
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re6ponsivity is at a wavelength of 4.5 Mm. The resulting 

spectral responsivities at the filter wavelengths are 

listed in Table 2.2. Values of Fox taken from standard 

tables (Pierce and Allen, 1977) are also listed in Table 

2.2, along with the zero-airmass voltages computed for each 

filter wavelength. 

To arrive at realistic values for signal out of the 

photoconductor, atmospheric transmission losses must be 

taken into account. Since an explicit calculation of such 

losses involves considerations beyond the scope of this 

discussion (i.e., quantitative treatment of gaseous 

absorption in the atmosphere), an estimate of the spread of 

expected signal levels will be made that is large enough to 

encompass all reasonable attentuation effects. In keeping 

with this goal, an absolute worst case minimum signal level 

of 1 mv will be assumed, based on Vox for 3.6006 nm in 

Table 2.2, and an absolute best case maximum signal level 

of 30 mv will be assumed, based on Vox for 1.6784 Mm. 

Thus, the maximum spread of signal levels from the detector 

that the signal processing electronics must accommodate is 

about lmv < Vx 5 30 mv. 
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Table 2.2 Zero-Airmas6 Voltages 

2 
x (Mm) Fox (w/cm -Mm) Pr0 (watts) Rx (v/w) Vox (mv) 

1. .0305 69. . 9xl0~3 1.72xl0-5 1145 19. .7 

1. .2393 45. . 5xl0~3 l.OlxlO-5 1377 13. .9 

1. .6784 21. .4xl0-3 1.29xl0-5 1865 24. . 1 

2. .2870 7. . OxlO"3 2.2xl0-6 2541 5. .6 

3. .6006 1. .3xl0~3 6.9x10"7 4001 2. .8 



CHAPTER 3 

DATA ACQUISITION SYSTEM . 

The infrared spectroradiometer data acquisition 

system is comprised of five basic parts: the optical 

system, the detector package plus associated bias 

circuitry, the lock-in amplifier, the digital voltmeter 

(DVM) plus interface and lastly, the temperature controller 

along with main and detector bias power supplies. Figure 

3.1 shows a block diagram of the entire data acquisition 

system. The radiometer head, at the top of the figure, 

contains the optics, detector, and signal processing 

components; Figure 3.2 shows the relationship among these 

components in greater detail. The main power supply box at 

lower right in Figure 3.1 houses temperature control 

circuits for the detector in addition to low/high voltage 

supplies. A handheld commercial DVM connects to the rest 

of the acquisition system via an interface which allows 

signals from the lock-in or detector temperature, from the 

temperature controller, to be read by an operator. Each 

basic part of the ISS will be discussed with respect to 

16 
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method and limits of operation, as well as 

specifications of individual components, in 

sections of this chapter. 

3.1 Optical System 

Modulation of incoming solar radiation, definition 

of the PbSe detector's field of view and limitation of 

optical bandwidth constitute the main functions of the 

optical system. The first task is accomplished by a 

mechanical chopper which is essentially an aluminum disk, 

with four 1" circular apertures spaced at 90° angular 

intervals around its periphery, coupled to a DC motor. 

As this disk rotates, it alternately blocks and admits 

solar flux to the FOV baffle tube. Modulation of the 

signal of interest is necessary so that the signal 

processing electronics can distingush it from the IR 

background radiation emitted by internal structures of the 

spectroradiometer head itself. A nominal chopping 

frequency of 400 Hz is maintained by supplying the TRW 

model 403A159 DC motor with 11.1 volts at 250 mA from a 

drive circuit based upon a LM 317 adjustable voltage 

regulator. Details of the chopper drive are addressed in 

Appendix A. 

A reference circuit mounted in the chopper blade 

housing sends a squarewave modulated at the chopping 

noteworthy 

subsequent 
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frequency to the Bignal processing electronics as shown in 

Figure 3.3. A LED - phototransistor pair produces a 0 to 7 

volt reference signal exactly in phase with the 

modulated sunlight passed by the upper blade aperture. 

Two circular aperture disks mounted in each end of 

a 9 inch long tube serve to reduce the unobscured detector 

FOV to 2.5° as measured from the edge of the spot of 

illumination on the detector's surface. A value of 2mm or 

.079" was chosen for the spot diameter to guarantee that 

the 3mm X 3mm detector is underfilled at all times. From 

the calculations of Figure 3.4, these considerations lead 

to a diameter of .517" for the front aperture and .125" for 

the rear. Because the instrument's FOV is small the 

diffuse light contribution mentioned in Chapter 2 can be 

ignored. 

Just prior to reaching the detector surface, 

incident solar radiation passes through a narrowband 

interference filter so that only a selected 

quasimonchromatic wavelength band is passed on to the 

detector. The filter can be changed by manual rotation of 

a wheel which has positions for up to ten different 1" 

diameter filters. During a typical measurement sequence, 

each filter is positioned in the optical, path and a 

measurement is taken. 
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3.2 Detector Package 

An Infrared Industries Inc. model 3746C lead salt 

hybrid detector package serves ,as the major component 

around which the rest of the data acquisition system is 

designed. Figure 3.5 depicts the bottom view of the TO-8 

can along with schematic representation of the internal 

components. These are, counter-clockwise from pin 12, a 

2N4867A , n-channel JFET which can be used either as an 

output buffer or a preamplifier, the PbSe detector element 

capacitively coupled to the gate of the JFET, a thermistor 

for measuring the detector temperature, and a two stage 

thermoelectric cooler for maintaining the detector 

temperature at the desired setpoint. Although not obvious 

from the drawing, the detector is actually mounted on top 

of the cooler with the thermistor in close proximity. All 

components are attached to a common substrate, and the top 

of the TO-8 can is sealed by a sapphire window with better 

than 80% transmission from 1pm to 5nm. The manufacturer 

supplied data sheets covering device specifications, 

recommended external bias circuitry and test performance 

data are summarized in Table 3.1. 

During the initial design phase of the electronics, 

it was decided to use the JFET in a gain of ten, common 

source, inverting amplifier configuration, despite an 
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Figure 3.6 Detector Bias Circuit 



25 

Table 3.1 Detector Package Test Data 

Test Temperature 243 °K 

Bias Voltage 100 V 

Load Resistor 1 MQ 

Blackbody Temp. 500 °K 

Chopping Frequency 750 Hz 

2 Blackbody Irradiance at Detector 1.96 jiw/cm 

Cooler Current .6 A 

Cooler Voltage .6 V 

Measured Peak Signal 8824.4 iiV 

Measured Noise .360 nV 

Detector Resistance 2.571 MQ 

Blackbody Voltage Responsivity 1.80 x 104 V/w 

Blackbody D* 1.50 x 10*® cm-Hz^/w 

Thermistor Resistance at 243 °K 12.8 kQ 
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increase of 20 - 30% in noise over a unity gain buffer 

configuration, since the lock-in amplifier which follows 

strongly rejects broadband noise. Thus, the detector 

package is used in the manufacturer-recommended bias 

arrangement of Figure 3.6 . The 95 volt detector bias is 

provided by an Acopian model B95FT05 power supply, capable 

of 50 mA output with 1 mV RMS ripple. This unit is housed 

in the main power supply enclosure along with a custom 

built ±15 volt supply for the radiometer head electronics 

and temperature controller. A high-pa6s filter with a -3dB 

roll-on of 1.6 Hz blocks high DC voltage from the gate of 

the 2N4867A transistor. 

To promote better understanding of the radiation 

detection process, a brief overview of photoconductivity 

will be presented. The basis of the detection mechanism is 

the generation of excess charge carriers within the 

detector by incident optical radiation. For an intrinsic 

semiconductor such as PbSe, the absorption of a 

sufficiently energetic photon causes an electron to be 

excited from the valence band to the conduction band, 

leaving behind a mobile hole as depicted in Figure 3.7. 

Thus the absorption of a photon having energy greater than 

the intrinsic semiconductor's energy gap results in the 

creation of two charge carriers - one electron and one 

hole. An energy gap of Eg = .23 ev for PbSe implies 
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that photons with a wavelength less than « 5.4 nm can 

produce two exce66 carriers within the detector, and can 

thereby effect a very small decrease in the detector's 

resistance. If a sufficiently large number of photons is 

absorbed, the change in resistance can be large enough to 

detect with external bias circuitry. However, thermal 

excitation can also cause electronic transistions across 

the semiconductor energy gap which result in unwanted 

noise. It is necessary to cool the detector to between -10 

and -15 °C to reduce thermally generated noise. 

The external circuit usually used to sense a change 

in the detector's resistance, R^, in response to 

chopped IE radiation is shown in Figure 3.8. It can be 

shown by differentiation of the expression for Vo given in 

the figure that 

Vs = AVo = ARdRLVB/(Rd + RL)2 (3.1) 

as the output capacitor, C , blocks DC voltage and passes 

AC. From (3.1) it is clear that the signal voltage from the 

detector, VB, is actually equal to the peak-to-peak value 

of the AC portion of Vo; thus the RMS signal voltage from 

the bias circuit, (Vb)rms> is equal to the RMS value of 

this AC component. 
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Several useful figures of merit are commonly 

employed to assess the performance of photoconductive 

detectors. The spectral voltage responsivity, Rx, of any 

detector is defined as the ratio of RMS output voltage to 

monochromatic RMS flux incident at wavelength x, 

Rx = (vs)RMS/($x)RMS (volts/watt) (3.2) 

Ideally, the responsivity of a detector varies linearly 

with x up to the cutoff wavelength of the detector, xc. 

However real detectors tend to depart from strictly linear 

behavior in the short and long wavelength regions as shown 

in Figure 3.9. 

Spectral Noise Equivalent Power (NEPX) is the 

incident RMS monochromatic flux in watts necessary to give 

a RMS signal to RMS noise ratio of unity. In practice, 

NEPX is calculated by measuring the signal to noise ratio, 

S/N for some arbitrary spectral flux, 3>x, so that 

NEPX = ( § x ) R M S/(S/N)RMS (3.3) 

where the RMS noise is commonly taken to be the RMS voltage 

output with the detector blocked by an object at ambient 

temperature. 

Lastly, spectral specific detectivity is defined as 



Figure 3.9 Responsivity Versus Wavelength 
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the reciprocal of NEPX normalized to take into account 

detector area (Aj) and bandwidth of the signal measurement 

apparatus (Af), 

D* = (AdAf)*/NEPx (3.4) 

For sufficiently high optical chopping frequencies, the 

figures of merit defined above will begin to vary with 

frequency, the exact behavior differing from one detector 

to another. Therefore, the chopping frequency and 

measurement bandwidth, Af, used during the measurement are 

usually specified as well. 

Because blackbody radiation can be well 

characterized mathematically if the emitter temperature and 

emissivity are known, detector tests are generally 

conducted using commercial blackbody radiation sources. 

The blackbody analogs of the figures of merit defined above 

are measured, then a conversion factor which differs among 

detector types is used to convert from blackbody to peak 

spectral quatities. This conversion factor, Kc, is usually 

in the range of 2 - 10; a change from blackbody 

responsivity to peak spectral responsivity is accomplished 

via 

Rxp = KcRbb (3.5) 
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Responsivity can now be obtained at any arbitrary 

wavelength, x, by uBing (2.9): 

Rx =  (^p)^xp (^ ~ ̂ p) 

as was done in Chapter Two. 

There are three types of intrinsic noise which can 

limit the sensitivity of photoconductive detectors, namely 

1/f, Johnson, and generation-recombination noise. The 1/f 

noise component is not well understood physically, but is 

thought to be primarily associated with imperfect metal-

semiconductor contacts. The RMS voltage due to this source 

can be written (Wolfe and Zissis, 1985) as 

(Vi/f)RMS = bRdlDC^f/fAd)^ (3.6) 

where 

b = a proportionality constant 

Rd = detector resistance 

IDC = detector bias current 

f = electrical frequency 

Af = electrical bandwidth 

Ad = detector area 

Johnson noise is caused by random motions of charge 



33 

carriers within the detector. The RMS noise voltage 

generated across the detector due to Johnson noise is given 

by 

(Vj)RMS = (4kTRdAf)^ (3:7) ' 

where k is Boltzmann's constant with a numerical value of 

1.38 x 10"23 Joule/°K. 

Generation-recombination noise is due to generation 

of charge carriers by incident photons and thermal 

excitation, and subsequent recombination of these carriers 

(Dereniak and Crowe, 1984). The RMS noise voltage across 

the detector can be expressed as 

(VGR)RMS = 2qRdG(nEpAdAf + gthAf)^ (3.8) 

where 

q = electron's charge 

G = photoconductive gain (number of electrons out 

of the detector per photon-created electron-

hole pair) 

n = quantum efficiency (efficiency in converting 

incident photons into electron-hole pairs) 

2 Ep = photon irradiance in photons/cm -sec. 

gth = thermal generation rate of electron-hole 

pairs (gth a T3>/2) 
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The total detector noise can be expressed as 

(vT)RMS = (vl/f)RMS+(vJ)RMS+(VGR)RMS O-9) 

as RMS quatities add in quadrature. Figure 3.10 is a plot 

2 of (Vt)rms as a function of electrical frequency. The 

relative magnitudes and significant frequency regions of 

the noise components for a typical photoconductor are 

clearly evident. 

Cooling will reduce both Johnson and generation-

recombination noise since they are both temperature 

dependent. All three noises can be reduced by narrowing 

the electrical bandwidth, Af. Additionally, if the 

bandwidth center frequency, f, can be increased while still 

maintaining a small Af, 1/f noise can be decreased as well. 

An effective means of achieving very narrow bandwidths 

about an arbitrary modulation frequency is synchronous 

detection or the so-called lock-in technique. 

3.3 Lock-in Amplifier 

The modulated electrical signal from pin 11 of the 

detector package is fed over a short length of coaxial 

cable to the lock-in amplifier circuit board located 

adjacent to the detector in the ISS head. A SMB connector 

brings the signal onto the board proper so that a low 
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noise, commercial preamp can be conveniently inserted 

between the detector and the signal processing electronics 

for blackbody characterization of the data acquisition 

system. Space constraints precluded the use of a BNC 

connector. Based on the signal level estimate in Chapter 

Two, the signal should now be between 10 mv and 300 mv and 

in phase with the chopper reference, due to the integral 

preamp in the detector package. 

Various elements of the - lock-in amplifier are 

depicted in Figure 3.11, a functional block diagram which 

will form the basis of a discussion of the synchronous 

detection method. Before entering the AD 630 balanced 

demodulator, the signal is AC coupled and amplified by a 

factor of 10. It will be assumed for generality that a 

signal of the form 

VA(t) = 10Vin(t) = 10Visin(<*>^t + 0) (3.10) 

is present at point A. The reference signal, Vr(t), is a 

squarewave with a period of T = 2n/<*>r given by 

Vr(t) = Vr/2 + 4Vr/TiZ(l/n)6in(n"rt) (3.11) 
n=l,3,5... 

where (3.11) is just the Fourier expansion of a 0 to Vr 

volt squarewave in phase with V^(t). Both V^(t) and Vr(t) 
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are shown in Figure 3.12. When the reference signal is 

greater than the trigger level, VfL> of the demodulator 

comparator, a gain of +2 is selected for V^ft), see Figure 

3.11. Similarly, when the reference signal is less than' 

Vtl» a gain of -2 is selected. The net effect of the 

demodulator is to multiply V^(t) by a squarewave with zero 

DC offset, having the same period as Vr(t), but which makes 

transitions between +2 and -2. This multiplication yields 

an output at point B in Figure 3.11 of 

VB(t) = VA(t)[8/TCZ(l/n)sin(n^rt)] (3.12) 
n=l,3,5... 

or 

Vj}(t) = lOV^sinCw^t + 0) 
x 

[8/TCZ(l/n)sin(nwrt)] (3.13) 
n odd 

Use of the trigonometric identity 

sinasinP = l/2[cos(a-{3) - cos(a+f3)] (3.14) 

allows Vg(t) to be written as 

Vfi(t) = 40Vi/it2( 1/n) {cos[ («»>i-nwr)t + 0] 
n odd 

- cost (wi+n«"r)t + 0]} (3.15) 
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For the next 6tep in the signal processing 

sequence, Vg(t) passes through a second order inverting 

low-pass filter having '"-SdB << wr or wi- The filter 

transfer characteristic is shown in Figure 3.13. Thus, 

VGut i® an inverted, low-pass filtered version of Vg(t) of 

the form 

VoutC't) = -(40Vi/Tt)cos[ ("i-wr)t + 0] (3.16) 

It has been assumed that ~ "r so that - cor| < 

which insures that all terms in Vout(t) of the order «r or 

greater are heavily attenuated so as to be negligible. 

At this point, two distinct cases should be 

examined. The first case i6 when = ">r and 0 is 

arbitrary. Under these conditions, (3.16) becomes 

Vout = -(4OVi/Tt)cos0 (3.17) 

Since the ISS reference signal and detector signal are in 

phase, they correspond to this situation when 0 = 0. 

Therefore the total effect of the lock-in amplifier is 

Vout = -40Vi/K (3.18) 

for an input signal given by Vin(t) = Visin(wj_) when «»i = 
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^r. The second case occurs when ? «Jr, but |w^ - curj < 

t"_3dB and 0 = 0, so that 

vout = -('40Vi/TC)cos[ (fc»i - wr)t] (3.19) 

Here Voirt exhibits a slow cosinusoidal variation with time 

equivalent to the beat frequency of the signal and 

reference. Lastly, - wr| > w_3dB and 0 arbitrary 

result in attenuation of Vjj(t) by the second order low-

pass filter following the AD 630 demodulator. 

Consequently, the overall performance of the lock-in 

amplifier is equivalent to a bandpass filter with gain 

equal to 40Vi/Tr for inputs with 0 = 0, centered about the 

chopping frequency of 400 Hz = 800it radians/sec. The -3dB 

bandwidth of this filter is 4itf_3dB = 2w_3dB as shown in 

Figure 3.14. Thus, an arbitrarily narrow bandwidth about 

an arbitrary modulation frequency has been realized using 

the AD 630 demodulator in a lock-in amplifier 

configuration. 

A detailed circuit schematic of the lock-in 

amplifier electronics appears in Figure 3.15 where the 

input high-pass filter, the gain of ten amplification 

stage, the AD 630 chip and the output low-pass filter are 

shown. Precision Monolithics Incorporated OP-07 EN 

operational amplifiers are used in the gain and low-pass 



43 

20dB 

|VOUt/Vin| 

lOdB 

Figure 3.14 Semi-Log Plot Of Lock-in 

Transfer Function (0=0) 



10k 
.47 pF 

+15 +15 
100k 

-15 .022 

100k 100k 
AD 630 BD 

2.2 |iF 
SUB 

DNC 
100k 

-15 -15 

-15 

BYPASS CAPACITORS NOT SHONN 

CHOPPER REFERENCE ALL RESISTORS U HF 100 PPH/'C 

Figure 3.15 Lock-in Amplifier Circuit Schematic 



45 

filter stages; they feature low noise (typically 0.35 pv 

peak-to-peak, 0.1 Hz to 10 Hz) plus low input offset 

voltage (typically 30 pv). The Analog Devices AD 630 BD 

balanced modulator/demodulator is configured as a gain of 

two demodulator with the comparator switching level 6et by 

the input voltage on pin 9. Relevant specifications of 

this 20 pin, DIP device are presented in Table 3.2. The 

output low-pass filter utilizes a second order Butterworth 

design having a maximally flat passband and a -3dB radian 

frequency of w-3dB = 1 radian/sec., or equivalently f-3dB = 

0.16 Hz (Wait, et al.,1975). A 100 Q resistor on the 

output decouples the BNC cable capacitance of approximately 

30 pF per foot from the operational amplifier feedback loop 

to ensure stability. 

As mentioned previously, the performance of the 

lock-in amplifier corresponds to a bandpass filter centered 

about the chopping frequency. Two figures of merit can be 

applisd to this type of filter. The first, equivalent 

noise bandwidth (ENBW), specifies the width of a perfect 

"brickwall" filter that passes the same total noise voltage 

as the filter under consideration. For a second order 

Butterworth LPF, ENBW can be calculated (Horowitz and Hill, 

1986) by 

ENBW = 1.llf_3dB = 0.18w_3dB (3.20) 
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Table 3.2 AD 630 BD Specifications 

Operating Temp. Range 

Open Loop Gain 

Gain=2 Closed Loop Error 

Closed Loop Gain Drift 

-25 °C to +85 °C 

120 dB 

0.05 % max. 

2 ppm/°C 

Input Offset Voltage 

Input Bias Current 

Input Offset Current 

160 nv max. 

300 nA max. 

50 nA max. 

Channel Separation @10 kHz 100 dB 

Unity Gain BW 

Slew Bate 

Settling Time to 0.1 % 

2 MHz 

45 v/nsec. 

3 Msec. 

CMRR 

Power Supply Rejection 

110 dB 

120 dB 
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For the lock-in amplifier bandpass equivalent filter, this 

produces ENBW = 2.22f_3dB = 0.36 Hz. The second figure of 

merit, selectivity or Q, measures the sharpness of the 

filter transfer function. It is defined as 

Q = f0/Af_3dB (3.21) 

where fQ is the bandpass center frequency and Af-3dB "the 

width of the passband. For the ISS lock-in, Q = 400/.36 

= 1111, a value which would be difficult to achieve with 

conventional active bandpass filter designs. 

3.4 Digital Voltmeter And Interface 

The DC signal voltage from the lock-in amplifier is 

output from the ISS head by an isolated BNC connector on 

the rear housing, then travels over a six foot length of 

RG-58 coaxial cable to the DVM interface box that mates 

with the banana plug receptacles of a commercial, handheld 

DVM. The interface unit enables the operator to select 

between the lock-in output signal and a voltage 

representing detector temperature which is coupled over a 

multiple twisted/shielded pair cable from the temperature 

controller in the main power supply enclosure. A schematic 

of the interface unit can be found in Appendix A. 

At the present time, the aforementioned signals are 
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read by a BK Precision model 2907 3% digit multimeter set 

to the "DCV" scale. On this scale, the meter is rated at 

0.1% accuracy. According to the original estimate in 

Chapter Two, and taking into accout all gain stages, the 

signal into the DVM should be between 100 mv and 3.000 v. 

Thus gain switching is necessary to achieve maximum 

resolution. As the BKP model 2907 does not feature 

autoranging, this is accomplished manually. The detector 

temperature is represented by a DC voltage level of 10 

mv/°C. For example, -12.5 °C would be displayed as -.125 

volts on the DVM. 

3.5 Temperature Controller 

To maintain the detector temperature at a setpoint 

between -10 °C and -15 °C, it is necessary to incorporate 

the detector package thermistor and thermoelelectric (TE) 

cooler in a feedback loop control system. The detector 

temperature is sensed by means of the thermistor resistance 

(Rth)> compared to a constant setpoint, and the current 

supply to the TE cooler is changed to reduce the difference 

between setpoint temperature and actual detector 

temperature. The entire temperature controller can be 

divided into four sections as shown in Figure 3.16 - the 

input stage, the temperature comparison stage, the output 

stage and the thermometer circuit. 
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The controller, as a whole, utilizes linearization 

of the manufacturer-suppplied thermistor calibration curve 

shown in Figure 3.17. A linear fit of the slope of the 

calibration curve is implemented at the desired detector 

temperature setpoint of Tj) = -12.5 °C to give ARth/ATd = 

240 Q/°C for small deviations in T]). The input stage 

generates a DC voltage level dependent upon ARth/ATd which 

is used by the'temperature comparison stage to produce two 

voltages (VheaT an<* vC00L) drive the output stage. A 

linear fit of the semi-log calibration curve between -10 

°C and -15 °C occurs in the thermometer circuit to 

transform R^h into a voltage output directly proportional 

to detector temperature. The curve fit equation employed 

is 

logRTH = m(TD - 30 °C) + b (3.22) 

where 

m = slope in (°C) ^ 

Tj) = detector temperature in °C 

b = y-intercept value at Tj) = 30 °C (unitless) 

Equation (3.22) can be manipulated into a more convenient 

form to yield 
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Tj) = (l/m)logRTH - b/m + 30 °C (3.23) 

In terras of the thermometer circuit output voltage, this 

becomes 

Vf = k[(1/m)logRTH ~ b/m + 30 °C] (3.24) 

with k = 10 mv/°C. Specific values of m and b required to 

give a good fit will be discussed later. 

The thermoelectric cooler relies on the Peltier 

effect (Kittel, 1976) for operation and can be considered 

a p-n junction diode from a circuit designer's standpoint. 

When the diode is forward biased, thermal energy flows 

inward from the detector package case, thereby heating the 

detector. When the diode is reversed biased, the direction 

of thermal energy flow reverses, thereby cooling the 

detector. Provisions for both heating and cooling have been 

incorporated in the temperature controller for 

completeness. The method of operation of each stage of the 

controller will be described below. 

The input stage serves to generate three voltage 

outputs as shown in the circuit schematic of Figure 3.18. 

A National Semiconductor LM 399 precision voltage reference 

produces 6.950 volts with a maximum temperature coefficient 

of 2 ppm/°C as specified in the manufacturer's data sheets. 
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An LM 310 bipolar voltage follower buffers the output of a 

voltage divider, supplied by the LM 399, to give Vrej? = 

2.500 volts which was found to have a drift with ambient 

temperature of under 0.2 mv/°C during tests in an 

environmental chamber. This reference voltage, along with 

the thermistor resistance, RtH> are used by a CA 3140 op 

amp operating in a non-inverting configuration to output 

VA, where 

VA = (Rth/28.7 kQ + 1)VREF (3.25) 

Va = 2.995V at TD = -12.5 °C 

and 

AVA/ATD = (ARTH/ATD)VREF/28.7 kQ (3.26) 

AVA/ATD = -21 mv/°C 

Both VA and the LM 399 reference voltage are sent 

to the temperature comparison stage schematically 

diagrammed in Figure 3.19. Here VA, which represents 

detector temperature, is compared to two setpoint voltages, 

VgR and Vsc by two PMI AMP 01 EX differential-mode 

instrumentation amplifiers which feature a high CMRR of 115 

dB minimum and a low input offset voltage of 80 nv maximum. 

Although higher input offset voltage could be tolerated in 

this circuit, the high differential-mode gain of 182 

requires the use of instrumentation amplifiers to reject 



55 

+15 97.6k 

+15 

PHI 
AHP 01 

LF 356 

-15 

-15 

6.950 v FROM INPUT 
—J— STABE 

750 1! 

200 fi 200 fi 

0.1 |iF_ _ 

510 

+15 97.6k 
W>— 

+15 
9.09k 
WW 

PNI 
AHP 01 

LF 356 

-15 

-15 
2.995 v 

Figure 3.19 Temperature Comparison Stage 



56 

common mode signals. The setpoint voltages are 

independently determined by voltage dividers driven by the 

LM 399 reference in the input stage. During testing, both 

^SH an<* ̂ SC exhibited ambient temperature drifts of less 

than 0.2 mv/°C. At the present time, the heating function 

of the temperature controller is effectively disabled by 

having Vgjj set to 3.040 volts and so will be omitted from 

further discussion. The cool 6etpoint voltage, VgQ, is set 

to 2.995 volts, which causes the output of the lower AMP 01 

to go increasingly positive as decreases below Vgc> or 

equivalently, as the detector temperature rises above -12.5 

°C. To understand how thi6-works, it is necessary to 

recall that AV^/ATa = - 21mv/°C near the setpoint. The 

lower AMP 01 output voltage of 182(Vgc - V^) is amplified, 

inverted and low-pass filtered to produce an output given 

by 

VCOOL = 1955(VA - VSC) (3.27) 

When Va decreases as Td rises, VcoOL becomes increasingly 

negative and this correspondence is necessary for proper 

functioning of the output stage. 

The output stage of the temperature controller, 

shown in Figure 3.20, receives both Vfjg^T an(* ^coOL as 

inputs from the temperature comparison stage. The base of 
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a NTE 270 NPN darlington power transistor is driven by 

VreaT" while the base of a NTE 271 PNP darlington power 

transistor is driven by VQQOL- These power transistors are 

equivalent to standard transistors having a very high (3 

(BSAT = 500) in this DC circuit, so a minimum amount of 

drive current is required. The output cooler current, 

ICOOL' can be written for VcoOL < ~2.1 volts as 

ICOOL =(VBE " VTE " vC00L)/rL (3.28) 

where 

Vjje = NTE 271 base-emitter voltage of -1.5 v 

VfE = reverse biased TE cooler voltage of +0.6 v 

Rl = load resistance of 12.1 Q 

Using these values for Vgg and Vje gives 

ICOOL = ("2.1 v - VC00L)/rL 0-29) 

The output cooler current increases as VQQOL becomes more 

negative with increasing detector temperature, consequently 

the flow of heat outward from the detector increases to 

effect thermal stabilization. When VcoOL - -2.1 volts, the 

COOL transistor goes into cutoff and ICOOL = 0-

Because no temperature control system is ever 
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perfect, it is useful to monitor the detector temperature 

for deviations form the ideal setpoint with a thermometer 

circuit which converts thermistor resistance into a voltage 

representing detector temperature. Using Vref and from 

the input stage, the thermometer circuit implements the 

equation 

VT = kTD (3.30) 

where 

k = .010 v/°C 

Td = (1/m)logRfH " b/m + 30 °C (3.23) 

Values of m = -0.01834/°C and b = 2.9740, corresponding to 

the slope and y-intercept, respectively, of the thermistor 

calibration curve, were empirically determined to give at 

least a ± 1 °C fit for 0 °C 2 Tp S -20 °C and at least a ± 

0.5 °C fit for -10 °C > TD > -15 °C. 

The operation of the circuit can be understood by 

analysis of the circuit schematic in Figure 3.21. Here 

VgEF an<* VA = (RTH/28.7kQ + l)Vj}gp are both input to a 

differential amplifier which produces 

Vi = (R2/RI)(VA ~ Vref) (3.31) 
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or 

Vj = (R2/Rl)(RTHVREF/28.7kQ) (3.32) 

Next, Vj and Vrejt are then fed into a Burr-Brown LOG 100 

JP amplifier which takes the base 10 logarithm of its 

current inputs to yield an output 

Vn = log(I1/I2), (3.33) 

where 1^ = Vj/IMQ and 12 = Vrejt/IMQ as resistors on 

pins 1 and 14 of the device are matched. Using (3.32), Vjj 

can be written 

Vn = log[R2RTH/Rl28-7kQ] (3.34) 

or 

Vn = logRfH " log[Ri28.7k/R2] (3.35) 

The LOG 100 JP output, Vjj, passes through an inverting 

amplifier to establish V? as 

VT = _(R4/R3)logRTH " (R4/R3)logCRl28.7k/R2] (3.36) 

Using m = -0.01834/°C and b = 2.9740, equation (3.30) can 

be expressed as 
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. 54531ogR"TH + 1.9216 volts (3.37) 

Comparison of (3.36) and (3.37) enables the ratios R4/R3 

and R1/R2 to be determined: 

Values of R4/R3 = .5454 and R1/R2 = .1162 were 

realized in hardware using standard 1% resistors. 

The Burr-Brown LOG 100 amplifier features less than 

0.37% full-scale output error over five decades of input 

current, with a unity gain accuracy of 0.3%. A lOkQ 

trimpot on pin 2 of the device allows the output offset to 

be nulled when the input currents are equal. The 

thermometer circuit was found to model the thermistor 

calibration curve fit equation (3.37) with better than 1% 

accuracy during tests (Zielinskie, 1986). 

R4/R3 = .5453 (3.38) 

Ri/R2 = "(l/28.7k)log"1[1.9216(R3/R4)] (3.39) 

R1/R2 = .1163 (3.40) 



CHAPTER 4 

SYSTEM NOISE AND ERRORS 

In this Chapter, factors which can reduce the 

performance of the finished instrument are discussed. 

Measurements of system noise versus frequency and signal-

to-noise ratio for blackbody radiation are presented. The 

signal-to-ratio measured for a blackbody source is used to 

calculate a signal-to-noise ratio for solar radiation 

measurements. The last section of the Chapter addresses 

sources of error which have been identified during the 

course of field work with the ISS. 

4.1 System Noise 

The ideal situation in any optical radiation 

detection system is to have the overall system noise 

dominated by intrinsic detector noise; e.g. , generation-

recombination noise or Johnson noise for the PbSe 

photoconductor in the ISS. In such a case, the signal 

processing electronics introduce a small amount of noise 

into the output signal in comparison to the noise 

contribution from the detector itself. To ascertain 
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whether the ISS data acquisition system is actually 

detector noise limited, the system output noise was 

measured for two situations. 

First, a blank aluminum aperture disk was inserted 

into the optical path in lieu of an interference filter so 

that the detector was exposed only to room temperature 

background radiation from the radiometer head itself. To 

eliminate stray light, the front entrance aperture of the 

radiometer head was covered, and the room lights were 

darkened. The ISS output signal was fed directly into a 

Hewlett-Packard 3581A Wave Analyser which is essentially a 

variable bandpass filter followed by a sensitive, true RMS 

voltmeter. Measurements of RMS output noise voltage, 

(^n)RMS' were made with the chopper in operation and the 

detector cooled to -12.5°C with high voltage bias applied, 

for different HP 3581A -3dB bandwidths (Af) and center 

frequencies (fQ). The results are presented in Table 4.1 

where a conversion factor of 1.12 given in the Wave 

Analyser Operating Manual has been used to convert from Af 

to ENBW. Noise voltage density appears in the last column. 

Only low frequency noise was measured, since during normal 

operation, the ISS output will be sent to a DC voltmeter 

which typically has a low-pass filter with f-3dB - 20 Hz 

preceding the A/D conversion stage. 

The second measurement involved isolating the 
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Table 4.1 

ISS Output Noise With Detector 

Af ENBW (Vn)RMS (vS)rms/(enbw>^ 

* 5 Hz 10 Hz 11.2 Hz 

15 

25 

35 

45 

55 

60 

65 

75 

85 

95 

105 

36. mv 

1 0 .  

2 .  

0.51 

0 . 2 8  

0 . 6 2  

0.90 

0 . 6 6  

0 . 1 6  

0.09 

0 . 0 8  

0 . 0 8  

10.8 uv/Hz2 

3.0 

0 . 6 0  

0.15 

0 . 0 8  

0. 19 

0.27 

0 . 2 0  

0.05 

0.03 

0 . 0 2  

0 . 0 2  

* 15 30 33.6 

* 50 100 112. 

30, 

42, 

5.2 

4.0 

* : Lower -3dB Frequency = 0.1 Hz 
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Table 4.2 

ISS Output Noise Without Detector 

Af ENBW (Vn)RMS (VS)RMS/(ENBW)"2 

* 5 Hz 10 Hz 11.2 Hz 

15 

25 

35 

45 

55 

60 

65 

75 

85 

95 

105 

1.4 nv 

0 . 2 8  

0 . 1 0  

0 . 0 8  

0 . 1 1  

0 . 6 6  

0.90 

0.69 

0.17 

0 . 0 6  

0.05 

0.05 

0.42 nv/Hz2 

0 . 0 8  

0.03 

0 . 0 2  

0.03 

0 . 2 0  

0.27 

0 . 2 1  

0.05 

0 . 0 2  

0 . 0 2  

0 . 0 2  

* 15 30 33.6 

* 50 100 112. 

1.3 

1.5 

0 . 2 2  

0.14 

* : Lower -3dB Frequency = 0.1 Hz 
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detector package from the data acquisition system so the 

output noise of the lock-in amplifier alone could be 

characterized. This was accomplished by disconnecting the 

SMB input connector from the lock-in circuit board. An 

inspection of Figure 3.15 reveals that this has the effect 

of placing a lOOkQ resistor between the non-inverting 

terminal of the first OP-07 op amp in the lock-in amplifier 

and ground. The results of noise measurements for this 

setup are given in Table 4.2. It should be noted in both 

sets of data that the HP 3581A lower frequency for all 

measurements is 0.1 Hz, therefore, part of the lock-in low-

pass ENBW of .18 Hz has been excluded. Consequently, the 

measured noise levels are somewhat lower than the actual 

noise levels for the starred entries in Tables 4.1 and 4.2. 

However, this shouldn't present a problem if the starred 

entries are used for comparison purposes only. 

The data in both tables 6how a common trend. The 

noise densities show a decreasing magnitude with frequency 

roughly consistent with the -40 dB/decade rolloff of the 

lock-in Butterworth LPF for 15 Hz £ fQ £ 45 Hz and Af = 10 

Hz. For 55 Hz ̂  fQ < 65 Hz, the noise is dominated by a 

peak corresponding to 60 Hz AC line interference; for fQ £ 

75 Hz, the noise density decreases asymptotically toward 

% 
.02 mv/(Hz) . A comparison of both data sets indicates 

that for 5 Hz 5 fD £ 50 Hz, the noise from the signal 
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processing electronics is considerably less than the dark 

noise from the detector package. Also, the low noise 

values at 60 Hz imply the absence of ground loops in the 

data acquisition system. 

4.2 Signal-To-Noise Ratio 

While the data in Tables 4.1 and 4.2 convey an idea 

of the detector and electronics noise frequency spectrum, a 

more realistic measurement of noise expected under actual 

operating conditions is needed. Accordingly, the lock-in 

output signal-to-noise ratio was measured for incident 

blackbody flux at the filter wavelength of minimum output 

signal for solar radiation, 3.6006 jim. The radiometer head 

was positioned so that the front FOV aperture was 15 inches 

from a commercial 500 °K blackbody source; the blackbody 

aperture was adjusted to its maximum diameter of 1 inch to 

produce a reasonable signal level from the lock-in 

amplifier. The ISS output signal was input to a Keithley 

model 619 electrometer and the output voltage was recorded 

every 15 seconds, for a time period of 15 minutes, with the 

room lights darkened. The sixty data points so obtained 

had a mean of 2.190 mv with a standard deviation of 73 mv. 

The signal-to-noise ratio for the entire data set can be 

considered as the mean value divided by the standard 

deviation, or 
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(S/N)BB = 2.190 mv/73 nv = 30 (4.1) 

To arrive at a S/N value for data taken in the 

field, it is not necessary to calculate the 

quasimonochromatic flux incident upon the detector at 

3.6006 urn , as the ISS output signal is a linear function 

of incident spectral power according to (3.2). Rather, the 

blackbody signal-to-noise ratio, (S/N)BB> can be scaled by 

the field-measured output signal via 

(S/N)Fieid = C(S)Fieid/(S)BB3(S/N)BB (4.2) 

Expression (4.2) assumes that the detector noise is not a 

function of incident signal power and holds true if the 

detector is either Johnson noise limited or background 

photon noise limited. The minimum signal of .201 v at 

3.6006 nm, observed for solar radiation, gives, a minimum 

signal-to-noise ratio of 2753. Although 500 °K blackbody 

signal-to-noise ratios for other filter wavelengths will be 

smaller, the increased solar signal at these wavelengths 

will tend to compensate. Thus the minimum (S/NJpiei^ at 

other wavelengths should be comparable. 
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4.3 System Errors 

Non-ideal characteristics of the ISS data 

acquisition system, as well as noise, can reduce the 

accuracy of measurements made with the prototype. This 

chapter will address sources of error identified in the ISS 

optics, signal processing electronics and temperature 

controller during several data collection runs made from 

the middle of June to early July 1988. 
o 

Any discussion of optical system errors must also 

include errors in solar tracking since the two are closely 

interelated. Ideally, the ISS output signal should be 

insensitive to small deviations from perfect alignment of 

the optical system with the sun, provided it is within the 

2.5° clear FOV of the instrument. However, the author 

found while taking data with the ISS, that the output 

signal seemed overly sensitive to alignment. Three factors 

factors can be identified that could contribute to this 

effect - operator error, sun finder alignment error, and 

insufficient detector underfilling. 

During data runs, the radiometer head is mounted on 

a commercial 35 mm camera tripod and aligned with the sun 

by means of a sun finder which consists of a pinhole at the 

chopper end of the FOV baffle tube that produces a bright 

spot on the front surface of the filter wheel housing. 

White cross-marks are etched onto this surface, and the 
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solar spot is positioned at their center for correct 

alignment. The position of the pinhole at the front of the 

FOV tube can be adjusted to only a limited extent to ensure 

parallel alignment between the radiometer optical axis and 

the sun finder axis . The instrument is aligned just prior 

to the start of data collection, but movement of the sun 

during data collection is unavoidable. Should the ISS be 

initially aligned with the solar disk near the edge of the 

FOV, it is very possible that the sun could become 

partially obscured in the course of a measurement sequence, 

leading to erroneous data. 

The author found the alignment procedure somewhat 

difficult due to lack of familiarity with the position 

locking controls on the tripod and compensated by leaving 

the controls slightly loose to facilitate last second fine 

tuning. However, doing this may have allowed the 

radiometer head to move when the filter wheel was rotated, 

resulting in operator induced error. The alignment of the 

sun-finder is also somewhat suspect owing to the lack of up 

and down adjustment. 

Finally, it is conceivable that the 2mm solar spot 

size on the detector provided by the ISS optics is not 

sufficiently small to guarantee underfilling for all 

positions of the solar disk within the 2.5° FOV. As a 

result, a portion of the solar spot could spill off the 
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edge of the detector, giving erroneous signal readings. 

For debugging purposes, both operator error and 

finder alignment error can be effectively eliminated by 

mounting the ISS head on an automated active tracking mount 

available in the ECE Atmospheric Remote Sensing Lab. Any 

remaining optical system error could be reduced by changing 

the FOV tube aperature diameters. 

At the present time, the primary source of error 

associated with the signal processing electronics is offset 

voltage from the lock-in amplifier. The offset value of 

400 (jv can currently be considered negligible in comparison 

to the 2.10 to 0.201 volts observed range of output signals 

encountered so far as it represents less than one least 

significant digit on the most sensitive DVM scale ( 2.000 

v) used. However, it is anticipated that filters for water 

vapor measurements may be installed in the ISS and, due to 

increased atmospheric attenuation, this would likely 

require the use of the 200 mv DVM scale. Because 400 pv of 

offset represents an error of 4 least significant digits on 

this scale, it would be desirable to reduce the offset to 

less than 100 mv for optimum resolution. 

The majority of the lock-in output offset appears 

to originate from the gain of ten preamplifier preceding 

the AD 630 demodulator. The situation is puzzling because 

only the combined output offsets of the AD 630 and the low-
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pass filter should appear with the signal. According to 

the analysis of Section 3.3, a DC voltage, Vjjq, input to 

the demodulator should appear ideally as a 4Vdc peak-to-

peak squarewave with zero average value at the demodulator 

output. After low-pass filtering, only the average value 

of zero volts should remain, excluding any AD 630 and LPF 

offsets. Isolation and solution of this problem will 

necessitate a high resolution DVM with true RMS capability 

to troubleshoot the lock-in electronics as sub-millivolt 

signals are virtually impossible to measure with a 

conventional oscilloscope alone. 

Two error sources have been observed in field 

operation of the temperature controller, namely, setpoint 

offset and setpoint drift with ambient temperature 

variation. A data run on the morning of June 22, 1988 will 

be used for illustrative purposes. At the starting time of 

6:50 AM, the detector temperature read -12.6 °C and drifted 

downward to -12.9 °C by the final measurement at 9:00 AM. 

During the course of the data run, the ambient air 

temperature rose 9 °C from 26 °C to 35 °C. Thus a setpoint 

offset of -0.1 °C, versus the -12.5 °C room temperature 

setpoint, and a setpoint drift of -0.3 °C, versus the 9 °C 

increase in ambient temperature, occurred. The origin of 

the observed setpoint offset is probably due to the 

difference between ambient temperature at the time the 
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setpoint was initially adjusted and the ambient temperature 

at the start of the data run. The cause of the -0.3 °C 

setpoint drift is most likely the « 0.2 mv/°C ambient 

temperature drift of the setpoint voltage, Vgc, generated 

in the temperature comparison stage (Figure 3.19). Because 

the temperature controller circuit board resides in the 

main power supply enclosure, which is forced-air cooled, it 

was assumed that the board components would be subject only 

to minor variations in ambient temperature. Consequently, 

carbon composition resistors with relatively poor 

temperature drift characteristics were employed in the Wqq 

and Vsh voltage divider. Replacement of the 750 and 510 

carbon resistors by precision metal film resistors should 

substantially reduce drift in the detector temperature 

setpoint. 



CHAPTER 5 

RESULTS 

Although the main thrust of this thesis is 

electronic hardware design, atmospheric measurements were 

made in an effort to verify proper functioning of the ISS. 

Data taken the morning of 6/22/88 was processed with the 

existing ATTEN7 software for visible radiometer data. The 

program performs a standard Langley analysis without the 

modifications necessary to account for gaseous absorption 

in the 1 - 4 ^im spectral region, yet the error incurred by 

omission of such modifications should be acceptably small 

for wavelengths less than 3 nm. 

Data were collected for wavelengths of 1.2393 nm, 

1.6784 pm, 2.2870 jim and 3.6006 pm at five minute intervals 

between 6:50 AM and 9:00 AM, corresponding to airmasses 

between 3.357 and 1.435. At approximately 8:40 AM or 

airmass = 1.557, diffuse clouds began to cause noticable 

fluctuations in the ISS output signal for the last five 

data points at each wavelength. In Figures 5.1 through 

5.4, the spectral Langley plots show a large deviation from 

the line of a least squares fit of accepted data points for 
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LANGLEY PLOT FROM 6/22/88 am 
UUBDAs 1.2393 MICRON 
Taus.0338V0s2.1006 

oecapltd points 
rajaelad points 

0.9 

0.8 

0.7 

+ *" 

0.6 

0.5 

0.5 0.0 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

airmass 

Figure 5.1 Langley Plot For x = 1.2393 jim 
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LANGLEY PLOT FROM 6/22/88 am 
UUBDAs 1.6784 MICRON 

Tou=.03B1 V0&2.9B38 
occcptad points 
r*|»ct«d points 

W O < 
•-

O > 
o o 

0.9 

0.6 

0.5 0.0 1.5 1.0 2.0 2.5 3.0 3.5 4.0 

airmass 

Figure 5.2 Langley Plot For x = 1.6784 mid 
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LANGLEY PLOT FROM 6/22/88 am -o.i 
UUBDAS2.2870 MICRON 

Tau=.0519 V0=.66174 
occspltd points 
r«|sct«d points 

-0.6 

-0.5 

0. 4  

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

AIRMASS 

Figure 5.3 Langley Plot For x = 2.2870 Mm 

(Vertical Scale Is Inverted) 
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LANGLEY PLOT FROM 6/22/88 am 
UUBDAsS.6006 UlCROH 

Tou=.09E2 V0=.30305 
aeetptad points * 
rtjtelad points + 

\ 

X 

* \ \* * X 
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0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
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Figure 5.4 Langley Plot For x = 3.6006 Mm 
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Table 5.1 Expected IR tx Values 

x (nm) 

1.030 

1.2393 

1.6784 

2.2870 

3.6006 

Tx(Clear) 

0 . 0 2 8  

0.019 

0 . 0 1 1  

0 . 0 0 6  

0 . 0 0 2  

Tx(ISS) 

0.0338 

0.0381 

0.0519 

0.0962 

Tx(Hazy) 

0 . 2 0 8  

0.183 

0.148 

0.119 

0.087 

Tx(Clear) = (1.030 jim/ x)^(0.028) 

Tx(Hazy) = (1.030 pm/x)^^(0.208) 
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airmass £ 1.50. All the plots also show a noticeable 

oscillation of the data points about the least squares fit 

line. At the present time, it is unclear whether this 

phenomenon resulted from operator error, instrumentation 

problems or atmospheric effects. More data must be 

collected and processed to isolate the cause. The 2.2870 

urn plot in Figure 5.3 has an unacceptably large number of 

rejected data points. The filter should be scanned with an 

IR monochrometer to check for defects. 

A quick computation can be used to verify whether 

the measured values of total optical depth are physically 

realistic for the atmospheric conditions encountered in 

Tucson. It has been demonstrated that atmospheric 

0 7 
scattering obeys approximately a l/(x) ' power law for 

2 moderately hazy conditions and a l/(x) law for clear 

conditions (Curcio, 1961). Total optical depths should 

show the same wavelength dependence. Average values of 

total optical depth at 1.030 nm, measured in Tucson for 

hazy and clear conditions between August 1975 and December 

1977 (King, et al., 1980) have been used to compute 

expected optical depths for ISS filter wavelengths in Table 

5.1. All measured values of optical depth, rx(ISS), fall 

well within the expected range, except at x = 3.6006 nm 

where the error due to lack of gaseous absorption 

correction in the ATTEN7 program becomes appreciable. 



CHAPTER 6 

CONCLUSIONS 

The objective of this project was to develop a 

functioning IR spectroradiometer prototype capable of 

producing data which can be successfully analyzed by the 

Langley method. This goal has been achieved, although 

system performance may not yet meet the desired accuracy 

level of 1% in computed optical depth values. Additional 

data must be collected and analyzed in order to identify 

and resolve any remaining hardware problems. Correlation 

of ISS data with visible spectroradiometer data at a 

wavelength of 1.0305 pm will prove useful in this regard. 

One future refinement to the ISS is the addition of 

optical filters with wavelengths coinciding with absorption 

peaks for atmosperic water vapor at approximately 1.5 pro 

and 1.8 nm. Because water vapor is a highly variable 

component of the atmosphere, computer calculations of H2O 

absorption are subject to significant errors. With 

additional filters, the ISS will be able to directly 

characterize water vapor absorption, which can then be 

employed as a correction factor in a modified Langley 

82 
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analysis of remaining filter wavelengths. As mentioned in 

Chapter 4, a substantial reduction in the output offset 

voltage of the lock-in electronics is necessary to make 

such measurements practical due to the decreased signal 

levels anticipated. 

An improvement to the data acquisition system will 

be the addition of a custom-built, auto-ranging DVM capable 

of interfacing to a computer driven radiometer control 

system (Sutton, 1988) recently completed in the ECE 

Atmospheric Remote Sensing Lab. The DVM is currently in 

the design phase. 



APPENDIX A 

SCHEMATIC DIAGRAMS 
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NOISE FILTER 
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Figure A.l Chopper Drive Circuit 
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Figure A . 2  DVM Interface 
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