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ABSTRACT 

The design of BOLTS (Broad Area Lightning Telescope Sensor) is 

presented. This sensor will provide full-time (day/night) coverage of 

the continental U. S. from a geosynchronous orbit. The average ground 

resolution will be 8 km and the system will be able to detect « 107 watt 

strokes during nighttime and - 4*107 watt strokes during daytime with a 

probability of detection of 0.9. We present the system's requirements 

and projected performance, together with the design rationale. Contrast 

enhancement is achieved using a narrow band interference filter deposited 

on a curved surface inside the F/2.5, 101.7 mm optical system. Deposition 

of the interference layers on the curved surface reduce the passband wan

dering caused by off-axis bundles. The focal plane constitutes an 800x800 

element virtual phase CCD array with a multiple outputs option.. The cen

tral 800x400 elements are used for imaging while the outer 2x(800x200) 

elements serve as buffer memory for one frame storage. An additional 

2x(800x200) array serves for storing a second frame. Signal detection is 

achieved via a frame-to-frame subtraction algorithm that is hardware im

plemented immediately following the CCD arrays. An integration time of 

5 msec is used, which stems from SNR optimization requirements and from 

the fact that lightning strokes occur randomly in time and space. The 

data obtained after frame-to-frame subtraction is subjected to a thresh

old test and the resulting positive events are digitized and stored in an 

on-board digital memory using 48 bits/event. Each record contains 

x 
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intensity information over a dynamic range of 4000, location information 

and time of occurrence information. 

A prototype instrument built to perform measurements from aboard 

a U-2 plane is described. The purpose of this instrument is to refine 

some of the lightning data used in defining the system's parameters. 

A short discussion about the changes required to expand the 

design to either a global coverage instrument or a high resolution, 

smaller field instrument is presented. 



CHAPTER 1 

INTRODUCTION 

According to the statistics of the Department of Health, Educa

tion, and Welfare, an average of 125 people lose their lives annually, 

in the United States alone, as a result of lightning. This represents 

about two and one-half times more than the life loss due to snakes and 

venomous insect bites, and as much as one-third of the loss due to all 

other cataclysms. The property and capital damage during the same period 

is measured in tens of millions of dollars. Much of that damage could be 

avoided, given a short advanced warning. 

Apart from the above-mentioned practical aspects of lightning 

detection, there is considerable scientific interest for obtaining the 

global statistics of lightning. Some of the basic questions that could 

be answered via lightning detection from space are a better definition 

of the fixation of nitrogen by atmospheric discharges; verification of 

the global electric circuit of the atmosphere, and a correlation between 

lightning activity, storm dynamics and precipitation processes (Eden, 

1979). 

Because of the global and extensive statistics which are needed, 

a spacebome lightning sensor appears to be a natural platform to the re

quired data. The kind of measurements that could be performed from a 

satellite would complement data obtained from airborne and ground based 

instruments, and would thus allow a deeper understanding and a more 

1 
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accurate modeling of meteorological processes involving atmospheric elec

tricity and lightning. 

Most of the present lightning statistics have been gathered from 

ground-based stations that utilized both optical and radio frequencies 

(R.F.) techniques. The literature covering these experiments is vast but 

an account of many of them can be found in Golde (1977). The common char

acteristic of these experiments is that they were limited to local sta

tions, thus providing a very limited amount of information. Since specific 

stroke parameters depend (partially) on the geographical location and local 

meteorology, the results obtained have a very wide distribution. Moreover, 

most experiments were focused on lightning research and were thus of 

limited duration. One exception is the B.L.M. network of magnetic direc

tion finding that was developed by the staff of the Institute of Atmo

spheric Physics at The University of Arizona (Christensen, 1979; Krlder, 

1980). This network presently covers more than 85 percent of the area of 

the eleven western states and Alaska, or about 40% or the total land area 

of the United States. Each station covers a radius of some 200 miles and 

lightning locations to within a few miles are computed by triangulation. 

Due to its mode of operation, the BLM network is also able to discriminate 

between cloud-to-cloud (C-C) and cloud-to-ground (C-G) flashes. The main 

purpose of the BLM system is to help locate forest fires during the fire 

season. Because of this reason the system is operated only 6 months of 

the year, and obviously, can cover only land areas. Correlation between 

events detected by the BLM and events detected from space could provide 

an excellent means for performing ground truth experiments. 



3 

During the last decade several experiments were carried out, 

involving lightning detection from space. The first reported experiment 

was done from the Orbiting Solar Observatory (0S0) satellites (Volpahl 

et al., 1970 and Sparrow and Ney, 1971). This sensor, operated from an 

altitude of 575 km, had a field of view of 100 x 100 km, was able to 

detect Integrated Optical Lightning Powers (I0LP) of 10® to 101® watts 

and was restricted to night, new-moon illumination conditions only (the 

sensor would saturate at higher power levels). 

A second sensor able to detect lightning was the one incorporated 

in the Vela satellites system (Turman, 1979). The Vela sensor was not 

designed as a lightning detector but as an atmospheric nuclear burst 

detector. It operates from an altitude of 1.1x10s km, covering the 

earth disc. (The projection of the earth seen from one point at synch

ronous altitude.) Due to its initial purpose the detection threshold is 

at an IOLP of 3.1012 watts. Only about 0.2 percent of all lightnings are 

above this threshold. 

A series of experiments was subsequently performed on board the 

USAF Defense Meteorological Satellite Program (DMSP). The satellites in 

this series orbit sun-synchronously and, as such, can cover only limited 

fields of view for short periods of time during each orbit. The first 

experiment in this series was the special sensor lightning (SSL), per

formed by the Aerospace Corporation on DMSP Flight 33. The spatial reso

lution was about 750x750 km2 and the sensor had an IOLP dynamic range of 

108-2.1010 watts; as in the case of the 0S0 experiment observations were 

limited to nighttime only due to sensor saturation limits. 
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The Piggyback Experiment (PBE-2) (Edgar et al., 1979) was the 

next attempt to detect lightning from space. This sensor, designed by 

the Sandia Laboratories, was carried on the DMSP Block 5D, Flight 2 

satellite in June, 1977. Its circular field of view had a half cone 

angle of AO degrees (=1200 km diameter) and an IOLP dynamic range of 

4.10® to 1013 watts. The major advantage of this sensor was its ability 

to perform measurements during daytime as well as at night. 

The latest experiment performed to date is the SY/TY (Christen-

sen et al., 1979) launched in mid-1978 on Space Test Program vehicle 

S3-4, in a sun-synchronous orbit. This sensor is designed to operate 

under both daytime and nighttime conditions, has a dynamic range of 

107 to 1013 watts, and gives a high spatial resolution (on the order of a 

few kilometers). Nevertheless its capabilities are still restricted by 

the limited duty cycle over each field-of-view element. It is also very 

unfortunate that the analysis of data gathered by the SY/TY has been 

indefinitely delayed by ground processing problems. 

The above experiments, a summary of which is presented in Table 1 

proved the feasibility of lightning detection from space. The need for 

this was established as a conclusion of the NASA workshop on this subject 

held In February 1979 (Christensen et al., 1979). 

As a result of this workshop our team, with Professor W. L. Wolfe 

as principal investigator, was assigned the first-phase design of a space 

borne lightning sensor. In order to satisfy as many potential users as 

possible the design goal was a sensor that would observe the continental 



Table 1. Satellite Observation of Lightning. 

Experiment Year Orbit Height 
[kin] 

Dyn. R;tnfic 
[watts] 

IFOV 
[km2] 

Time of 
(lay 

OSO-B 1969 575 1O0-1O10 100x100 Night 

Vela 1972 1.1x10® >  i o n  World Ml Time 

SSL 1974 Sun-Synch 920 10e-2*1010 3000x2200 Night 

PBE 1977 Sun-Synch 830 4'109-1013 680(circ) Dawn-Dusk 

SY/TY 1978 Syn-Synch 830 107-1013 km's Morn-Eve. 
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U. S. from a geosynchronous orbit with an 8x8 km^ ground resolution and 

a capability of detecting 90 percent of all lightning that the IOLP is 

larger than 107 watts (this obviously implies a 24 hour/day operating 

system). This initial design was to be expandable to either a global 

coverage system or a high resolution system with as little changes as 

possible. 

As will become evident from this dissertation, the design goals 

were rather ambitious. We do, nevertheless, believe that the design 

presented in the forthcoming chapters constitute a viable option for an 

instrument fulfilling most of the design goals. 

In Chapter 2 we present the design with a full description 

of the system's parameters and projected performance, and discuss the 

necessary changes to transform the instrument into one with different 

coverages. A detailed description of how these parameters and performance 

projection were derived is left for the following chapters. 

In Chapter 3 a summary of all the physical lightning data perti

nent to optical detection from space is presented. 

Chapters 4 and 6 cover the detector and optical system problems 

focusing on extrapolation of present technology to obtain the required 

performance. 

In Chapter 5 we present a system analysis and derive the operating 

parameters, while Chapter 7 concentrates on the information processing 

required to sift the relevant data from the huge amount of raw data 

gathered. Finally, in Chapter 8 we summarize and present suggestions for 

further research. 



CHAPTER 2 

BOLTS—-A SPACEBORNE LIGHTNING SENSOR 

Introduction 

In this chapter we summarize the final design of the spacebome 

lightning sensor. We will first describe the design goals and the prob

lems that have to be solved in order to achieve these goals. A functional 

description of the final instrument will be presented, together with a 

comparison between the design goals and the projected performance. 

In a later section we describe a prototype instrument that was 

built in our laboratory to be operated in the very near future from high 

flying aircraft. The purpose of this prototype is to refine the back

ground subtraction algorithm described in a later chapter. 

At the conclusion of this chapter we discuss the changes that have 

to be made in our design in order to adapt the instrument to cover either 

the full disk of the earth or a smaller field of view with a higher resolu

tion. 

BOLTS—Design Goals 

As a result of a workshop held by NASA in early 1979, the need 

for optical sensing of lightning from space was established. A list of 

performance requirements that was synthesized from demands set by the 

different potential users indicates that the spacebome instrument will 

have to cover the same fixed surface area full time, will have to detect 

every lightning occurring within this field with a probability of 

7 
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detection, P^, exceeding 70% and a false alarm rate (FAR) of less than 

30%. The sensor will have to provide intensity information, over the 

full dynamic range of lightnings that covers lO^lO11 watts (with a very 

small percentage exceeding these limits); the location information will 

have to be restricted to - 100 km2 pixels and time of occurrence informa

tion around 1 second. The design should be such that system variants 

providing larger field of view (global), a higher resolution, smaller 

field of view could be achieved with a minimal number of changes. 

As will be described in Chapter 5, the permanent coverage of the 

same large area Imply that the sensor will have to be in a geosynchronous 

orbit. The major problems arise from the fact that lightning strokes are 

to be detected during daytime as well as during nighttime. Under most 

conditions, the solar background reflected from the cloud tops, inte

grated over the full silicon band (0.4-1.1 ym) is =* 3000 times stronger 

than the weakest lightning strokes. This indicates that some sort of fil

tering and background subtraction schemes have to be used. Another prob

lem stemming from the same strong background, is the finite signal handling 

capability of the detector to be used. The solution to this problem is in 

a tradeoff between sensitivity and dynamic range. 

One last problem to be tackled is the fact that if no on-board 

processing is performed the telemetry rate will be exceedingly and imprac-

tically high. The system will thus have to be designed so that only rele

vant information is recorded and transmitted to the ground station. 

During the first design stages it became evident that the detector 

array cannot be an off-the-shelf device and the potential of building 
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the required detector had to be evaluated in view of physical and tech

nological limitations. 

A detailed description of how the detailed system parameters 

ifere derived, and how the aforementioned problems were solved is left 

for future chapters. In the following section we will describe the final 

design and will present a comparison between the required and projected 

performance. 

BOLTS—Sensor Description 

In Figure 1 we present a drawing describing the designed Instru

ment, including the on-board memory. A block diagram description follows 

in Fig. 2. The lightning sensor that will cover the continental U. S.+ 

area will have a total field of view of 8.2x4.1 degrees with a maximal 

semicone angle of 4.65 degrees. The optical system has a focal length of 

101.7 mm with an adjustable aperture of F/2.5-F/4. The former will be 

used during nighttime while the latter during daytime. This is done in 

order to overcome the detector saturation problem due to the strong day

time background, at the expense of a slight limitation of the daytime 

sensitivity. 

An interference filter deposited on an internal spherical surface 

provides spectral filtering, restricting the transmitted radiation to a 

2.5 nm passband centered around the strong NI emission line at 868.3 nm. 

Depositing the filter on the internal spherical surface (done after a 

careful design) has the virtue of reducing the passband "field wandering" 

by 40% relative to the normal use of flat surface filters. This in turn 
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allows the bandwidth to be confined to this narrow wavelength range 

improving the spectral discrimination properties. 

The optical system was designed to, fulfill (under proper scaling) 

the resolution requirements of the initial continental U. S. coverage, 

as well as those of the global or high resolution variants. Thus, the 

resolution defined by 90% encircled energy, is 0.2 mrad at 5 deg. and 

better than 0.4 mrad at 10 deg. 

An 800x800 virtual phase CCD array serves as both focal plane 

(central 800x400 elements) and a one-frame-buffer memory [external 

2 x (200x400) sections]. This array, being a buried channel, thinned, 

backside illuminated sensor provides high quantum efficiency in the near 

IR and a high transfer efficiency even at the high data rates used. This 

latest property is due to the combination of virtual phase-buried chan

nel technology. Moreover the data rate at the detector output is re

duced by using a multiple output technique, essentially electronically 

subdividing the array into 16 x (100x200) parallel sections. The pixel 

size is 20x20 pm with a charge handling capacity of 5xl05 e . The par

allel clocking rate is 2 MHz and the serial data stream/output 4 MHz, 

resulting in a total rms noise/output of better than 200 e . 

Two consecutive frames are transferred into two CCD buffer mem

ories similar in size and performance to the imaging section. The first 

of these two is an integral part of the imaging section allowing for a 

very short transfer time. The transfer to the next one-frame memory is 

performed while a new frame is Integrated and is thus allowed a substan

tially longer period. The frame integration period is 5 msec, while the 
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transfer between the imaging section and the first frame memory proceeds 

in 0.1 msec. 

While a third frame is integrated in the imaging section, the 

data from the two preceedlng frames is passed through a detection cir

cuit (all subarrays in parallel, each subarray in series). The difference 

between the charge accumulated at each pixel in two consecutive frames is 

taken and the resulting signal level is compared to a predefined thresh

old. A signal exceeding this threshold level is latched at the input of 

a multiplexer for further A/D conversion and on-board storage. A posi

tive event at the threshold output enables a counter to send its current 

data to the local memory for location Information. Timing data is pro

vided by a master clock controlling all the operation. The event data 

is encoded in the local on-board memory using 48 bits/event. A local 

on-board mass-memory of 370 Kb (8 bits/byte) provides storage capabili

ties for ~ 1 hour of measurements. 

The Line Of Sight (LOS) stability required is 5 urad rms at low 

mechanical frequencies and better than 4 yrad rms at 200 Hz. The total 

power requirements of the system (mass memory not included) is well under 

50 watts due to the low power consumption of the CCD array. The instru

ment's mechanical size is shown in Fig. 1 that was drawn to scale and 

its projected weight is - 15 pounds. A full technical data summary is 

given in Table 2 and a comparison between the required and projected 

system's performance is given in Table 3. 
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Table 2. BOLTS System Data. 

Optics 

Spectral: 
Speed: 
Focal Length: 
FOV (half cone angle); 
Resolution: 

2.5 nm passband centered @ 870.0 nm 
F/2.5 - F/4 (Variable) 
101*7 mm 
4.65° 
.< .2 mrads @ £ 4.65° 
< .4 mrads @ ̂  8.75° 

Detector 

Type: 

Size: 
Subarray size: 
Pixel size: 
Saturation charge: 
Noise: 
Dynamic range: 
Charge transfer efficiency: 
Peak quantum efficiency: 

CCD, buried channel, backside 
illuminated electronically sub
divided into 16 subarrays 

800x800 elements (half opaque) 
100x200 elements 
20x20 ym2 
> 5xl05_e"/px 
< 200 e rms @ 4 M Hz/output 
4000 
> 0.99995 @ 4 MHz 
0.8 (between 0.75-0.9 ym) 

Memory 

Buffer memory: 

Digital memory: 

Frame 1 - 800x400 CCD (on imaging 
part)-

Frame 2 - 800x400 CCD (separate 
chip) 

> 370 Kb (8 bit/byte) 

General 

LOS stability requirements: £ 4 yrads rms @ 200 Hz 
Power consumption: < 50 watts 



Table 3. BOLTS System Performance. 

Performance Descriptor 

Field of view 

Resolution 

Dynamic Range 

Timing Information 

Required 

Continental US+ 

10x10 km2 

107-1012 watts 

1 second 

531  

Continental US+ 

50-100 km2 

*4x107-4 1010 

5xl0~3 sec (min) 

Projected 
Night 

Continental US+ 

50-100 km2 

*107-2.5x1010 

5xl0-3 sec (min) 

Probability of Detection 
(and false alarm rate) 

> 0.7 
(<30%) 

0.9 
(<1%) 

0.9 
(<1%) 

*Remarks: Signals above upper limit still detected but exact intensity information lost. 
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We observe that in general the instrument's projected performance 

is as good or better than the initial requirements, except for the pro

jected dynamic range. During daytime the lower limit is imposed by the 

solar radiation strongly reflected by the clouds; the upper limit in 

both cases is set by the finite charge handling capabilities of the CCD 

array (nevertheless, the event is still detected but the intensity in

formation is not accurate anymore). It can thus be stated that the de

signed instrument generally meets the required performance. 

High Flying Aircraft Prototype 

Almost all of the lightning optical characteristics described in 

Chapter 3 are based on data acquired from ground-based measurements. 

These data were judiciously used in our sensor design and there is good 

reason to believe that the system's parameters will remain unchanged. 

It would nevertheless be advisable to make measurements from above the 

cloud tops (particularly concerning intracloud lightnings) before an 

expensive space qualified instrument is launched. 

A lightning sensor (a photograph of which is shown in Fig. 3) 

that will be operated in the very near future from a high flying air

craft (U2) was recently built in our laboratory. This instrument is 

composed from an F/1.6,6.5 mm focal length optics with a 50x50 Reticon 

photodiode array at its focal plane. The instrument provides a field 

of view of - 10x10 km from an altitude of 10 km above the clouds with 

an elemental FOV of 200x200 m. Data will be processed by the associated 

electronics seen in the picture and will be video-taped in flight. Fur

ther information processing will be done on the ground with the aid of 



Fig. 3. Area Lightning Detector from High Flying Aircraft. 
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computers. The measurements scheduled to start early this summer will 

cover intensity distribution at the cloud tops, spectral distribution 

and lightning time profiles after scattering in the intervening cloud. 

Moreover, a test of the background subtraction technique is planned 

using the real recorded data. We believe that this instrument which was 

already operated in our lab, will lead to a refinement of our final de

sign parameters. 

The Global and High Resolution Systems 

The design of the system giving U. S. coverage was expanded to 

fit either a global coverage or a smaller FOV, higher resolution cover

age. The redesign was done trying to maintain as many of the system's 

components in common to all three designs. The detector array with the 

2:1 aspect ratio was maintained unchanged (this is likely to be one of 

the most difficult and expensive components). This also Implies that all 

the post-detector electronics are the same. Because of this fact, full 

coverage of the projected globe area as viewed from one satellite, will 

require two equivalent detectors each covering one hemisphere. Coverage 

of the full globe can be achieved by deploying 3-5 similar detectors 

around the globe in geosynchronous orbits. From a simple geometrical 

calculation we observe that the maximal semiangle subtended by the earth 

at a geosynchronous altitude is 8.75°. For an 800x400 element detector 

the subsensor resolution is thus 9.7x9.7 km2 or 0.273x0.273 mrads. The 

resulting focal length for 20 pm pixels is 73.3 inn. The lightning sig

nal gathered from a 9.7x9.7 km2 pixel is not expected to be much larger 

than the one originating from a 7x7 km2 pixel, because the cloud area 
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Illuminated by lightning is limited and the spatial energy distribu

tion is assumed to be close to a Gaussian (or with an even sharper drop

off due to the cosine obliquity factor). The reflected background 

radiation does, however, Increase in proportion to the pixel area. In 

order not to overfill the CCD cells, additional attenuation is required, 

by a factor equal to pixel area ratio, between the two systems. The sig

nal-to-noise ratio (SNR) deteriorates in proportion to the square root 

of the transmission and the minimal detectable signal (for a 0.9 proba

bility of detection) becomes 5.5xl07 watts, during the daytime. Similar 

reasoning for a high resolution system covering a 2000x1000 ktn2 area with 

an 800x400 large array results in the parameters shown in Table A. 

In terms of power consumption, the high resolution system is 

similar to the U. S. system, while a global system requires twice as 

much due to its extended FOV. 

The pointing accuracy required is proportional to the pixel size 

and is thus much more stringent for the high resolution design, as ex

pected. 

We would also like to point out that the global system covers 

a square field of view, and the complements of the square to a full 

circle are missed. Since the latter are at a very large inclination to 

the LOS the potential information lost is minute and it does not pay to 

redesign a CCD array with circular symmetry. 

In the following chapters we shall describe in detail the system 

design rationale. 
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Table 4. U. S., Global, and H. R. Systems Comparison. 

U.S. Global High Resolution 

Focal Length (mm) 101.7 73.4 284.8 
Resolution (mrads) 0.197 0.273 0.07 
Subsensor Resolution (km) 7.0 9.7 2.5 
FOV (deg x deg) 4.1 x 8.2 2 x (6.2x12.4) 1.6 x 3.2 
Minimum I0LP* (watts) 4*107 5.5x107 **1.5xl07 

*During Daytime 
**Depending on spatial distribution at cloud tops. 



CHAPTER 3 

PHYSICAL CHARACTERISTICS OF LIGHTNING 

Introduction 

A considerable amount of work has been devoted to lightning 

research during the past century. In spite of this many of the detailed 

discharge processes are still debated in the academic community; more

over, there is no unanimous agreement concerning some of the most basic 

experimental parameters such as: energy of discharge, visible luminous 

efficiency, etc. (e.g., Hill, 1979). 

The Lightning Process 

Lightning flashes are electrical discharges in the atmosphere 

with a length greater than a few meters. These discharges produce charge 

transfers between the clouds and the ground or within clouds, and will be 

terms C-G or C-C discharges, respectively. 

An ordinal thunderstorm is composed of several individual cells 

that are in close proximity but, nevertheless, independent of each other. 

The horizontal extent of a typical mature cell is around 10 km and this 
i 

is also the extent of typical C-C or C-G flashes. The top of the cell is 
» 

at a height of up to 10 km, while its bottom Is at an altitude of 2-4 km. 

The electrical behavior of a cell is similar to a huge dipole with posi

tive charge at its top and mostly negative at its lower part (except for 

a limited region that is positively charged). The mechanism of charge 
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separation within the cloud is complex and its description is beyond the 

scope of this work. A schematic drawing showing the distribution of 

charge in a typical thunderstorm cell is shown in Fig. 4. 

When the field strength at the bottom of the cloud reaches a high 

enough value, about 0.5 MV*m~*, a luminous channel starts at the cloud 

and moves downward towards the ground. This movement proceeds at a very 

high speed (105 m*sec-1, on the average) and occurs in steps of - 50 m, 

with short stops between the steps. The visual appearance is that of a 

broken line, hence the name—stepped leader. The stepped leader estab

lishes a conducting channel due to the negative charge that is lowered 

from the cloud, and that ionizes the air column via collision. As the 

stepped leader approaches the ground within several tens of meters (the 

exact distance depends on the potential at the tip of the stepped leader), 

an upward connecting leader arises from the ground to meet the stepped 

leader. This constitutes the onset of the return stroke (RS). It is this 

RS that exhibits the strong luminosity one usually associates with light

ning. Frequently more than one return stroke occurs, but the energy 

associated with the subsequent strokes is substantially smaller (although 

for certain types of flashes the subsequent strokes can reach comparable 

peak powers). This is mostly due to the cooling of the conducting chan

nel in the time lapse between strokes. 

The description in the previous paragraph relates to C-G dis

charges only. In spite of the fact that C-C discharges outnumber C-G 

strokes by a factor of 3 or 4 at least, the current knowledge about the 

former is substantially more restricted. This is largely due to the fact 
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that C-G discharges stirred more interest because of the hazards they 

pose to people and ground structures. Measurements of C-G lightnings are 

more difficult to perform and they rely heavily on electric field proper

ties. Very few optical studies have been done on these discharges, and 

none of them contain information pertinent to our goals. 

In the following sections we summarize the optical properties of 

lightning. 

Flashing Rates 

The lightning flashing rate is a parameter of extreme importance. 

From the basic research point of view, the global average flashing rate 

is important in understanding the global atmospheric electric circuit. 

The total flashing rate over the whole earth has to account for some 5x10s 

coulombs of negative charge observed to be constantly present in the atmo

sphere. A leakage current of * 1800 amperes, known to exist over the full 

globe, from the atmosphere to the ground, would neutralize this charge in 

less than 5 minutes. Since this constant negative charge is nevertheless 

observed, there must exist a mechanism of charge transfer from the ground 

to the atmosphere. This role is believed to be played by lightning dis

charges and a theoretical estimate indicates that there should be an aver

age of 100 flashes*sec~* occurring over the full earth area. It is diff 

difficult to perform accurate global statistics since measuring stations 

would have to be located as to cover the whole globe. However, extrapola

tion of ground based measurements and satellite observations indicate a 

global rate of 30-200 flashes*sec_1 (e.g., Brooks, 1925; Turman and Edgar, 

1979; and -Turman, 1978). A much better statistic could be done as a by

product of the instrument described in this dissertation. 
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An estimate of the flashing rate over the sensor's field of 

view is necessary in order to assess the,data rate requirements of the 

lightning detection system. In Table 5 we summarize the average rates 

for the United States and the full globe under various conditions (data 

adapted from Christensen et al., 1979; Golde, 1977; and Turman and Edgar, 

1979). It should be stressed again that there might be large variations 

about these values depending on geographical location, local topography, 

time of year and time of day, and other numerous parameters related to 

the lightning phenomena. 

Most of the flashes occur within clouds. The ratio of C-C to C-G 

discharges can vary from 3-6 in the subtropical zone to almost 10 in the 

tropical zone (Golde, 1977, p. 487). This large ratio together with the 

transfer properties of a cloudy atmosphere will be useful in estimating 

the probability of detection of a lightning stroke from space. 

Another factor of interest with implications in the system data 

rate is the stroke multiplicity, i.e., the number of return strokes asso

ciated with a single flash. Again, as with other aspects of lightning 

research one finds a widespread distribution of values, depending on all 

of the aforementioned factors. We could identify no source accounting 

for good statistics over the D. S., but compilation of various data 

presented in Golde indicates that the average number of strokes per flash 

is less than 5 and probably closer to 2. In the remainder of this work 

will use a value of 3 strokes/flash. It should be stressed again that 

first RS are usually far stronger than subsequent ones and this point will 

be discussed further in the next section. 
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Table 5. Flash Rates. 

Flash rates [flash•kra~2*sec"1] 2x10" 7 Global 

2.3xl0-7 U.S. (Average) 

4x10"5 Storm complex 
(Average) 

1.7xl0-3 Severe storm 
(Average) 

Lightning Energy 

It is very probable that the most important lightning parameter 

relevant to the problem we were set to solve, is the energy dissipated 

in a single stroke. Unfortunately the lightning energy is not a directly 

observable quantity and it must be inferred from other measured quanti

ties such as the action integral J l2(t)dt, the charge lowered in a single 
stroke or the measured optical output. Many such estimates have been done 

in the past and for obvious reasons there is a widespread difference in 

the quoted values. A summary of the current knowledge was recently pub

lished (Hill, 1979). A typical value for the energy dissipated in a 

single stroke is - 2xl08 J. Most of this energy is spent on heating 

the air surrounding the discharge column and is perceived as thunder. 

Only about 0.7-0.8 percent of the total energy is found in the visible 

and near infrared portion of the spectrum between 0.4 and 1.1 ym (Krider, 

1968). Since this project concentrates on optical detection of lightning 

we will be concerned mostly with the power emitted in this region of the 

spectrum. 
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In 1966, Krider (1966) used a fast silicon photodiode to measure 

the total intensity of a return stroke in the 0.4-1.1 jjm band. Using a 

simplified model of the lightning channel, he derived a radiance of 

5x10s watts m-1 of channel, with risetimes on the order of 40-100 ysec 

and duration of - 300-400 ysec. For a 2.0 km long channel this would 

correspond to an optical energy of-7.2xl05 J. In a later paper (Krider, 

1968) this value was corrected following the experimental observation 

-2 
that the distance dependence of the measured irradiance follows an R 

law (within 15%) and not an R ^ law as was assumed in the first report for 

an infinite cylindrical source. The new adjusted value is thus 6.2xl06 

watts m-1, corresponding to 1.6xl06 J for the respective stroke. The 

total observed peak power was l.lxlO10 watts. In a 1965 study performed 

at the Los Alamos Scientific Laboratory, in conjunction with the feasibil

ity of detecting nuclear bursts from space, two separate experiments were 

carried out by Connor and Barash (Connor, 1967; Barash, 1968; Barash, 

1968; Barash, 1970). Connor used a spectrographic method to obtain time 

resolved spectra from 18 strokes within a spectral region covering 390-

690 nm. The energy observed per meter of channel ranged from 2x10^ to 

3xl05 J'ln-1, and the estimated electrical-to-optical conversion efficiency 

was 0.7%. Barash performed photometric measurements at several wave

lengths characteristic of lightning discharges. By integrating over the 

total spectral band used (390-890 nm) he found an average optical energy 

density of 400 J*m-1, i.e., 8x10s J for a 2 km long channel. The average 

peak power was 4xl09 watts. The difference between this value and the 

one obtained by Krider might be explained by the reduced spectral band 
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used by Barash, and by the fact that Barash's sample Included both sub

sequent return strokes and C-C strokes which would reduce the mean energy 

value. We find support for this statement in a statistical study per

formed by Berger in Switzerland that the action integral of subsequent 

strokes to be - 10 times lower than that of first RS (Golde, 1977, p. 

317). 

A more recent measurement was carried out at Patrick AFB, Florida 

in 1975 (Turman et al., 1976). The I0LP observed in the 0.4-1.1 ym band 

ranged between 107-2xl011 watts with a median value of 10® watts. For an 

average stroke duration of 10"3 sec, the total energy is on the order of 

5x105 J. Figure 5, reproduced from Turman's paper, shows a cumulative 

distribution plot of lightning peak power over the silicon response spec

tral band. The fact that this curve covers a range of lO^lO*1 watts is 

due to the limited dynamic range of the measuring system. Although not 

very common (less than 0.2% of all lightning), strokes have been observed 

{Turman, 1979) whose peak power exceeds 3xl012 watts. These '-'superbolts" 

are attributed to positive charge discharges between the cloud tops and 

the ground. 

Temporal Signature 

When dealing with the temporal signature of lightning, one should 

distinguish between several time scales. The duration of a multiple stroke 

flash can be over 1 second (if the stroke multiplicity is large enough). 

In a statistical study performed in 1958, Kittagawa et al., conclude 

that the average duration of a 10-stroke flash is 0.9 seci with a mean 

interval between strokes of 90 msec (Golde, 1977, p. 133). The 
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intervals between strokes were increasingly larger starting at a mean of 

32.6 msec for first RS and ending at 220 msec for the last two. A more 

recent measurement was performed at the Langmuire Laboratory for Atmo

spheric Research in New Mexico (Clifton and Hill, 1980). Using a SEC 

vidicon camera with an S-20 cathode response, a mean of 2.6 strokes/ 

flash was measured with 33 ± 16 msec time lapse between the first return 

strokes and 83 ± 16 msec mean interval between all strokes. 

Since the goal of this project is to detect individual discharge 

elements or strokes, a more meaningful parameter is the diration of a 

single stroke. Several optical measurements have been made of the single 

stroke risetime and duration. In 1966, Krider measured risetimes between 

40-100 ysec; he points out that his result depend largely on the geometrical 

growth of the channel and its ramifications within the detector field of 

view. The observed duration was = 250 ysec. A more accurate statistic 

was obtained by Turman (Turman et al., 1976). From his data we observe 

that the median rlsetime is 75 ysec and the median duration (defined be

tween threshold points) is 0.4 msec. Graphs from this publication are 

reproduced in Figs. 6 and 7. It should be pointed but that these measure

ments were performed over the full silicon band; individual spectral lines 

exhibit a time evolution within each stroke. 

Spectral Characteristics 

The information that can be extracted from spectral measurements 

of lightning is invaluable in understanding the physical processes involved 

in the electrical discharge. Lightning spectra have been measured for 

more than a century using various methods. The results were hard to 
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analyze and difficult to be presented in a consistent form, because light

ning is a dynamic process that evolves very rapidly in both space and time. 

Another difficulty arises when one attempts to perforin absolute measure

ments due to instrument calibration problems and a different atmospheric 

attenuation factor for different wavelengths and atmospheric path length. 

From the very first spectral investigation of lightning (Hershel, 

1868) it was established that the lightning spectrum consists of many 

emission lines superimposed on a weaker continuum, and several papers on 

this subject were published in the first half of this century. During 

that period, the occurrence of spectral lines due to ionized and neutral 

nitrogen, oxygen, and hydrogen was established, ranging from the U.V. into 

the near I.R. 

Revival of the technique of slitless spectroscopy and the advent 

of fast detectors and streak cameras during the last two decades has pro

duced much valuable information. These techniques permit the observation 

of spectral intensities along the channel length and the time dependence 

of the different spectral components within a narrow portion of the spec

trum. 

So far the spectrum of lightning has been analyzed in the range 

of 280-900 nm. Most of the lines in the visible part of the spectrum 

are due to singly ionized atomic nitrogen. Some of the most prominent 

lines are Nil lines at 333, 399.5, 500.1 and 568.0 nm (Orville and 

Salanave, 1970). These lines are very bright during the first 20-40 
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psec of the return stroke, but decay rapidly as the temperature of the 

channel decreases from its peak value of ~ 35000°K (Orville, 1968). In 

the near IR all of the lines are due to neutral nitrogen and neutral 

oxygen. Some of the stronger examples are: NI @ 744.2, 822.3 and 868.3 
i 

nm, and 01 @ 777.4, 794.7 and 844.7 nm. One of the strongest lines ob

served was the H line at 656.3 nm. This line (as well as all other near Q* 

IR emissions) peaks later than the lines originating in ionized atoms, 

and persists for a longer time, for up to 0.1 sec (Orville and Salanave, 

1970; Krider, 1973) throughout the continuing luminosity following the 

RS. Similar results were obtained by Connor (1967), whose findings in

dicate that the Ha emission is common to first RS, subsequent RS, and the 

continuing luminosity. This was found to be the most conspicuous emission, 

except for the case of first RS, where a blend of four Nil multiplets 

around 500.0 nm were at least as strong. Connor's measurements covered 

the visible spectrum up to 700.0 nm. An optical multichannel analyzer 

slit spectrometer was used by Orville (1980) to analyze the lightning 

spectrum in the 370.0-690.0 nm band and the Hq line proved to be the 

strongest (over 150 msec integration interval) emission. 

Barash (1970) performed comparative measurements of several spec

tral lines extending into the near IR. He concludes that on the average 

the NI(2) line at 822.0 nm is about 2.3 times more intense than the H a 

line. It should be mentioned that his sample included some C-C dis

charges. These proved to have a spectrum that is substantially more 

biased towards the IR due to either better atmospheric propagation at 

longer wavelength or to cooler channels (or both). It is also true that 
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C-C discharges appear to have longer durations than C-G pulses, thus again 

indicating an average lower channel temperature. 

During the 1975 measurements performed by Turman in Florida, 

several narrow bands were examined and compared to the full silicon band 

between 500.0 and 1100.0 nm. They found that 15% of the total power is 

concentrated in a 3.0 nm wide band between 776.0 and 779.0 nm, centered 

about the 01(1) line at 777.4 nm. Another 15% were found to be in the 

866.0-871.0 band centered at the 868.3 nm, NI(1) line. 

Not very much has been published concerning the spectral widths 

of the aforementioned emission lines. A sole analysis of the pressure 

broadened line was performed (Uman and Orville, 1964, and shows a 1.5 

nm full width at half maximum (FWHM). No other lines have been analyzed 

but all the neutral lines in the near IR can be expected to exhibit 

similar characteristics, due to the similar power broadening process. 

As the conclusion of this section we present in Table 6 a list of 

several strong lines that might serve as spectral disciminators between 

lightning and reflected solar background, in particular for daytime obser

vations. Particular emphasis should be given to the Hq line at 656.3 nm, 

the 777.4 01 line and the 822.0 and 868.3 NI lines that are relatively 

intense. 

Table 6. Prominent Spectral Lines of Lightning. 

Spectral term Nil(22) Nil(3) Ha NI(3) 01(1) NI(2) NI(1) 

Wavelength (nm) 333.0 568.0 656.3 744.2 777.4 822.3 868,3 
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The Intra-cloud Discharge 

Almost all of the measurements mentioned in the previous sec

tions were ground based and pertain to C-G discharges only. Most of the 

information concerning the C-C discharge is obtained from electric field 

measurements and is thus not directly applicable to optical detection. 

Some clues to the optical characteristics of Intra-cloud lightning can 

be found in several publications. Krider (1966) measured C-C time dura

tions and found that these are 3-5 times longer than C-G discharges. 

This can be attributed to a time broadening of the pulse due to multiple 

scattering in the intervening cloudy atmosphere but can also originate 

in a truly time-extended stroke. 

No systematic spectral analysis of C-C discharges was performed 

but the sample used by Barash (1970) included these discharges as well. 

His conclusion was that the radiation originating within the cloud is 

substantially biased towards the IR. This, again, might be a true char

acteristic, or an artifact due to preferred scattering at shorter wave

length in the atmospheric pathway. From his measurements we also learn 

that the optical power of C-C discharges is about 2 orders of magnitude 

lower than C-G discharges, a fact that can also be connected to the 

attenuation of light originating within the clouds. 

At the present time we could identify no conclusive features 

that might help in discriminating between the two types of lightnings, 

as observed from space. We do, however, believe that such features are 

likely to be found if measurements from above the clouds are performed. 

The basis for this belief is the different chemical distribution in the 
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atmosphere for different heights, and the fact that the two processes do 

show different electrical features. A coordinated research on this sub

ject might be beneficial in understanding the physics of intracloud 

lightning. 

Summary 

In Table 7 we summarize the properties of lightning that are 

relevant to optical detection from space. As stated in the previous sec

tion, the uncertainty of the C-C parameters reflects our current knowl

edge of their optical signature. With these source parameters in mind, 

we can proceed with the design of the optical lightning sensor. 



Table 7. Lightning Optical Characteristics. 
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Cloud-Ground. Lightning 

Optical energy range [Joules] - 10^ - 109 

Optical peak power [watts] - 107 - 1013 

Stroke risetime [ysec] - 10 - 100 

Stroke duration [msec] - 0.1-2 

Flash duration [sec] - 0.5 

Flash multiplicity [strokes/flash] - 3 

Inter stroke interval [msec] - =80 

Intense spectral lines - Nil @ 

NI @ 

OI @ 

HI @ 

3330, 3995, 5001, 

7442, 8223,* 8683* 

7774,* 7947, 8442 

6563* A 

(Median = 106) 

(Median - 4^109) 

(Median - 75) 

(Median = 0.5) 

(Average) 

(Average) 

(Average) 

* 5680 A 

A 

A 

Flash rates [flash*km 2*sec~2] 

Energy 

Duration 

Spectral 

Rate 

2x10"7 

2.3x10"7 

4x10"5 

1.7x10"3 

Cloud-Cloud. Lightning 

- 10 times less than C-G 

> 1 msec 

Strong lines in near IR 

- 3-6 times more than C-G 

Global 

U.S. (Average) 

Storm complex (Average) 

Severe storm (Average) 

*Very intense 



CHAPTER 4 

THE DETECTOR ARRAY 

Introduction 

The purpose of the system we have designed is to detect lightning 

over a very large area, with high spatial resolution and a high probabil

ity of detection. These requirements are the principal factors in the 

detector selection. A scanning device is immediately excluded due to its 

very low duty cycle over each elemental field of view. This leaves us 

with a choice of either one of the "staring" detector options: photograph 

ic film, an image tube or a solid state array. Among the three the only 

two viable options are the image tube or the solid state array. The photo 

graphic film lacks the capability of performing on-board processing, and 

periodically changing the film in a geosynchronous satellite is not a 

practical thing, to say the least. 

Different types of imaging tubes have been used in the past for 

space imaging applications. This situation is changing and is likely to 

do more so in the near future. Imaging tubes have some advantages over 

solid state arrays, but these advantages originate in their more mature 

technology and are thus likely to disappear as more work is done in the 

industry on CCD and CID arrays. Some of the current advantages are 

their better uniformity, larger image size and better image quality. 

There are, however, several very acute disadvantages that will rule 

imaging tubes out from our detector selection list. The main drawback 

38 
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of electron beam devices are the lower dynamic range, higher noise levels, 

lack of geometric fidelity, and above all, image lag. All of these and 

image lag in particular will render an imaging tube very inconvenient in 

an application where spikes of light appear randomly in both time and 

space, and have to be discriminated against a strong background. 

Our choice thus narrows to one of the solid state Charge Trans

fer Devices (CTD) that emerged during the last decade and are very prom

ising for space applications. CTD's have a much larger dynamic range, 

lower noise, do not suffer from image lag, have high geometric definition, 

are compact and require low voltages and low power. It is because of 

these advantages that we will choose a CTD for our focal plane. 

In the initial stage of this project, a survey of the commercially 

available CCD's and CID's was performed. It became evident that a detec

tor that would satisfy all- of our requirements was not an off-the-shelf 

device. We thus had to analyze the potential of building the required 

array, in view of the technological and absolute limitations. This 

analysis is the subject of this chapter. 

The heart of a CTD is the metal-oxide-semiconductor (MOS) capac

itor that accumulates charge in proportion to the amount of photons ab

sorbed. This charge can be transferred in a serial manner between adjacent 

capacitors by manipulating the voltage on each capacitor. The amount of 

charge transferred can be measured by various means at an output port. 

A detailed description of solid state array operation can be found in 

numerous recent publications (Sequin and Tompsett, 1975; Barbe, 1975; 

Howes and Morgan, 1979; Beynon and Lanib, 1980, etc.), and will not be 
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repeated here. We will, however, tackle some of the crucial parameters 

and examine the possibility of manufacturing a CCD array with specifica

tions meeting our needs. 

Array and Pixel Size 

The number of required elements In a staring sensor is directly 

determined from the FOV and resolution requirements. In our case, the 

field of view is an area covering more than the continental U. S., i.e., 

a projected area of about 5600x2800 km. This area can be covered with 

pixels covering no more than 100 km2 with an 800x400 element array having 

a 7x7 km2 subsensor resolution. The involved geometry is described in 

Chapter 5. 

The CCD pixel size is a compromise between two contradictory 

requirements: total charge storage capacity per pixel versus readout 

speed. Since the CCD's basic element is a capacitor, its charge handling 

capability is directly proportional to its area. A large capacitor is 

thus required for extensive charge storage capability. On the other 

hand, a large pixel size implies a large array, i.e., high capacitance 

of the clocking lines and more charge at each pixel, both of which result 

in a lower operating frequency. For a typical buried channel CCD (sur

face channel devices are inherently noisier due to surface state trap

ping and are thus discarded), the theoretical value for maximal charge 

capacity is = 6750 e~ ym*"2 (Barbe, 1975), but 3000 e pm~2 was found to 

be a more realistic value (Bradley, 1978) when area usage efficiency is 

accounted for. Using these numbers we find that a 3-phase BCCD with 
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6 ym gates will have a saturation charge of = 106 electrons for a total 

pixel size of 20x20 ym . As will become evident from the next section 

this is an upper limit size, if the right operating frequency is to be 

achieved. 

Fabrication of an 800x400 array with a comparable size on-chip 

storage area requires a total chip size of 18x18 mm2 (where allowance for 

the driving circuitry was made). The silicon chip must be of adequate 

flatness and homogeneity over its full size. These requirements together 

with the current photolithographic printing techniques are at the very 

limit of the now available technology. Nevertheless, arrays of similar 

size and adequate quality have been produced and successfully operated 

(Blouke et al., 1978; Landauer et al., 1978) and 1024x1024 arrays are cur

rently under production at Texas Instruments (Blouke, 1980). 

Operating Frequency and Transfer Efficiency 

The transfer of the accumulated charge between adjacent cells, 

towards the output port is done via a periodic manipulation of the clock 

I 
voltages on the gates defining the CCD wells. As any other physical 

process, charge transfer occurs at a finite speed. If the voltage over 

the transfer gate does not persist for a long enough time, not all the 

charge is transferred to the next well. The parameter defining the 

amount of charge not transferred is termed transfer inefficiency and 

will be described by the symbol e(fc). Thus, if is the clocking 

frequency: 

N(Tc) N(j^-) 
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where N(t) is the amount of charge left behind after t seconds measured 

from the onset of the clocking pulse. If the charge from a certain pixel 

has to travel through n different pixels to an output gate, and if there 

are p transfers per pixel (i.e., p-phases), the charge packet at the out

put will have: 

NQut(n) = N(n)(l-e)n̂  carriers (2) 

As an example, for a 3-phase, 800x800 pixel device operating in a parallel-

serial mode, as displayed in Fig. 8, the charge from the upper left.cor

ner has to travel through 4800 transfers to the output. If a total loss 

of no more than 5% is allowed, the permitted transfer inefficiency is 

0.00001, i.e., 10 electrons for each 106 electrons accumulated. Actual

ly, the calculation is more complicated since as charge transfers to a 

new well it indeed leaves behind a fraction e of its initial value, but 

also finds carriers left behind from the charge that resided prior to the 

transfer under the receiving gate. An exact calculation of the MTF and 

PTF due to imperfect charge transfer reveals that (Tompsett, 1972) 

MTF(f) = exp{- ne[l - cos(2irf/fc)]} (3a) 

PTF(f) = - ne[2Trf/fc - sin(2Trf/fc)] (3b) 

Results from these calculations are shown in Fig. 9, for different nE 

products. It is clear that a spatial impulse of light such as the signal 

expected from a lightning burst will be smeared out between several adja

cent cells and might even appear in the incorrect location if the ne 

product is too large. 
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The above discussion emphasizes the need for a very high trans

fer efficiency, in particular for the case of a large array, as the 

average number of transfers for any pixel is very large. 

mate connection between speed of operation and charge transfer inefficien

cy. Charge transfer occurs via three separate processes: 

a. self-induced drift 

b. thermal diffusion 

c. fringing field induced drift. 

An extensive analysis of these processes is given by Howes and Morgan 

(1979.)- The bulk of the charge, representing more than 95% is trans

ferred in a very short time via the self-induced drift process. This can 

be pictured as a drift created by self-repulsion between the electrons in 

the charge packet. This repulsion creates a charge density gradient under 

the transfer gate. The approximate time dependence of charge transfer 

under this process is given by: 

At the beginning of this section we stated that there is an inti-

N(t) = N(0) (4) 

with 

t o 

where 

CQx L2 - gate capacitance 

- mob ility 

n - initial carrier concentration 
o 
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It is evident that the smaller the gate and the larger the mobility, the 

faster the bulk of the charge is transferred. 

In a very short time (- 1 nsec), however, only little charge re

mains tinder the transfer electrode and the self-induced field becomes neg

ligible. If a lateral gradient in the potential under the electrode can 

be induced, the remainder of the charge will be transferred by the field 

created by this gradient. This can be achieved in a buried channel device 

with closely spaced electrodes. It is this last fraction of charge that 

determines the transfer efficiency. The improvement in transfer efficien

cy that can be achieved using the fringing field can be seen from Fig. 10 

(Howes and Morgan, 1979). It is evident that with an appropriately small 

gate length and a burled channel device, operating frequencies of 

tens of M px*sec~* can be achieved with very high transfer efficiencies 

(e.g., from McKenna (1974) we calculate a frequency above 500 MHz with a 

low CTE of = 10~6). Devices have been operated at frequencies of up to 

135 MHz (Esser, 1973; Esser, 1974) where the upper limit was set by the 

measuring instrumentation. The measured CTE was 5*10~®, in spite of the 

rather large gates used (10 ym and 7.5 ym respectively). A careful de

sign and fabrication can thus provide data rates of up to 1 GHz. 

Spectral Sensitivity and Quantum Efficiency 

CCD arrays based on silicon substrates have the normal silicon 

response extending between 0.4-1.1 ym with a peak quantum efficiency 

(QE) of n - 0.8 around 0.7-0.8 m (for carefully designed and fabricated 

devices). One problem arises with front Illuminated devices due to the 

fact that light has to cross thin films of transparent polysilicon 
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electrodes. The thin films act as interference filters and the trans

mission is strongly wavelength dependent with a comb-like structure over 

the detector spectral range. This problem does not exist with backside 

illuminated devices. These, however, have to be thinned or otherwise 

most of the incident photons will be absorbed in the bulk, far from the 

depletion region, and thus lost. Large area devices thinned to 8 ym have 

been built (Blouke et al., 1978) and successfully operated. The spectral 

quantum efficiency of such a device is reproduced in Fig. 11. 

Another problem related to the spectral sensitivity curve of a 

CCD is related to the MTF degradation due to diffusion of carriers. A 

photon absorbed away from the depletion region produces carriers that 

have an increased chance of drifting to adjacent cells. The MTF degrada

tion due to that effect is quantified in the following formula: 

MTF^^ = cosh (d/LQ)/cosh (d/L) (5) 

Lq - characteristic diffusion length 

L = [Lq2 + (2irf )2]'h (5a) 

f - spatial frequency. 

The parameter d is wavelength dependent due to different absorption 

coefficients for different A's. The longer wavelengths are less ab

sorbed and a backside illuminated device is again of advantage if near 

IR operation is required. The lower absorption coefficient for IR radia

tion will permit these photons to penetrate further into the bulk and 

be absorbed closer to the depletion region. Blouke et al. (1979) found 
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(Adapted from Blouke et al., 1978.) 
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no MTF changes for their backside illuminated device in passing from 

412.5 nm to 700.0 nm. 

We conclude this section by stating that a thinned, backside 

illuminated CCD array operating in the region of peak response (0.7-0.9 

ym) can achieve a quantum efficiency of 0.8 with very little image spread 

due to diffusion. 

analyzed. Detailed description can be found in any of the references 

mentioned at the beginning of this chapter. The main noise sources occur

ring in a CCD array can be categorized in one of the following: 

a. photon noise 

b. input noise 

c. array noise 

d. transfer noise 

e. output noise. 

These will be described shortly in the following subsections. 

Photon Noise 

Noise 

The noise in CCD arrays has been extensively measured and 

Photon noise is part of any optical system and originates in the 

Poisson distribution of photon emittance. N , the root mean square 
^rms 

number of photons impinging on a detector given by 

N 
P rtns 

(6) 



51 

where âj.g = num̂ er °f signal photons 

= number of background photons 

Input Noise 

The input noise can be divided according to whether the charge 

is introduced to the CCD cell optically or electronically. 

For optical input, the rms noise expressed in number of electrons 

generated in a well is still given by Eq. (6), with the only difference 

being that and N^g are now the number of carriers generated in the 

well and thus taking into account the less-than-perfect quantum efficiency. 

The noise due to electronic signal injection into the CCD channel 

can originate from several processes depending on the exact method used 

for signal injection. Without going into the details, we will mention 

fluctuations in the dynamic setting of the charge, fluctuations in the 

voltage levels applied to the input gate and variations in the length of 

time these voltages are applied, as possible noise sources. The input 

noise can be modeled as the charging of a capacitor through a resistor 

having Johnson noise. » the calculated rms number of noise elec-
rms 

trons is thus: 

i rms 

(kTC)^ 
e 

(7) 

with k - Boltzmann constant 

T - temperature in K 

C - receiving well capacitance 

e - elementary charge 

For C - 0.1 pF at room temperature 
'rms 

a 130 e 
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Array Noise j 

I 
The array noise is due to local inhomogeneities in the array j 

structure. The result is nonuniform quantum efficiency and different j 

dark current generation rates. The response nonuniformlty can be fll- | 

tered out by a single initial calibration measurement. If a frame-to-

frame subtraction scheme is used (as will be described later) even this I 

calibration is unnecessary and the fixed pattern noise is filtered out 

automatically. j 

The dark current is a limitation mostly for applications where 

long integration times are required. During integration periods on the j 

msec scale, the amount of dark current charge generated in a well is 

negligible for any reasonably designed and manufactured array. In any 

case the dark current can be reduced drastically by moderately cooling 

the array (a factor of = 2 in noise reduction is expected for every 8°C ! 

of cooling). If a dark current of 5 nA-cm"2 (typical for silicon CCD's)! 

is measured at room temperature, the number of "dark carriers" accumulated 

in a 20x20 ym2 pixel during 1 msec integration time, at 0°C is = 15 e 
rms | 

negligible when compared to other noise sources. j 

; 

Transfer Noise 

The noise sources enumerated to this point are frequently encoun

tered in many E-0 systems and are not particular to CTD's only. On the 

other hand, transfer noise is a unique property of CCD's. The origin of 

transfer noise is in the imperfect charge transfer between adjacent wells. 

One reason for that was already described in an above section, and its 

effects on the array transfer function were analyzed. 
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Another source for the transfer noise is in trapping centers due 

to surface states and bulk states. Since we are concerned with a buried 

channel device, i.e., a device where the charge transfer occurs away from 

the semiconductor-oxide interface, the surface states are of no concern, 

and it turns out the effect of bulk trapping is negligible, too. The 

transfer efficiency for a bulk channel device is expected to be high and 

the trapping noise low. Due to the frame-to-frame subtraction scheme 

this noise will be further lowered and its effect is expected to be minor. 

Output Noise 

In modern CCD's the charge detection is done at an on-chip gated 

amplifier. Several possible noise sources can be expected at the output 

port: capacitive pickup from the clocking voltages, reset noise (KTC), 

variations in the DC voltage on the floating gate amplifier, etc. A com

mon technique that largely reduces the output noise levels and altogether 

offers on-chip amplification is the usage of multiple stage non-destructive 

charge sensing known under the name of Distributed Floating Gate Ampli

fier (DFGA). Using this technique with 12 DFGA stages, Amelio (1974) and 

Wen et al. (1975) measured output noise levels as low as l')-20 e and rms 

claimed that similar results can be achieved up to 7 MHz. Assuming a 

square root dependence of the noise on the bandwidth, less than 200 e 

can be expected at 350 MHz and even less if more DFGA stages are used. 

It is obvious that the DC voltages used on the floating gates must be 

reasonable stable. The operation of the output node at that high frequen

cy must be further investigated in situ. 
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Detector Noise—Summary 

We conclude this section by stating that the output port is 

likely to be the major noise source of a well designed and manufactured, 

moderately cooled, buried channel CCD array. According to the noise 

estimation presented, an rms noise level of less than 300 s . ^ can be 

achieved at 350 MHz readout rates (if a DFGA is used at the output port). 

If the signal and background noise exceed ~ 10®e the detector is thus in 

the BLIP conditions. 

BOLTS—Detector Array 

The review presented in this chapter indicates that a large, 

two-dimensional CCD array, operating at a high output rate (= 350 MHz), 

with high quantum efficiency, a large dynamic range (= 5000 as limited 

by detector noise) could be built. This description does not take into 

consideration the post detector electronics. Even though there are no 

fundamental limitations to building fast, low noise electronics, this is 

by no means a trivial problem. A well-matched array-detection system 

will have to restrict the major noise source to the array, or, better 

yet, to the unwanted background illumination (BLIP conditions). This 

problem could be tackled by reducing the output data rate. This would 

both reduce the array noise (see previous section) and largely simplify 

the post-array electronics. 

In our case the output data rate in pixels/sec is determined by 

the total number of pixels within the field of view and by the required 

integration time. The integration time is derived from signal-to-noise 

ratio (5NR) and probability of detection considerations in.a later 
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section. A field with.800x400 pixels that has to be read out at 1000 

frames sec-1 In a serial manner Implies a prodigious data rate of 320 

Mpx'sec"1. If the field could be reduced to 100x200 pixels the result

ing data rate would be 20 MHz only, which is fairly common with current 

CCD's. This lower rate would mean a significant reduction in the post 

array electronics requirements and in the array output noise. This 

could be achieved, 'without reducing the total field of view by using 

multiple outputs to the one single large array, and eventually if neces

sary, driving each 100x200 subarray by a separate synchronized clock. 

Such an array has yet to be built. 

In the following sections we describe three existing CCD struc

tures a combination of which could result in an array satisfying our 

needs. 

T. I. 800x800 CCD Array 

An 800x800 element CCD array was developed and built by the 

Central Research Laboratories of Texas Instruments, Inc., in Dallas 

(Landauer et al., 1978; Blouke et al., 1978; Blouke et al., 1979). This 

is the largest existing array and it will be used by Jet Propulsion Labs 

in several space projects (Galileo, Space Telescope, etc.). The array 

is a three-phase, buried channel with polysilicon gates. It is intended 

to be used with backside illumination and was thus thinned to - 8 ym. 

The pixel size is 15.2x15.2 pm2, organized in 4 sections 800x200 elements 

each, that are electronically independent (Fig. 12). The array can be 

used as a frame transfer device with a clear Imaging size of 800x400 
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Fig. 12. Schematic Drawing of 800x800 CCD Array by 
Texas Instruments. 

(a) Top view; (b) side view (not to scale). 
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and pixels (that can be any combination of the four independent section) 

an opaque storage area of 800x400 elements. Alternatively, the array 

can use all the 800x800 elements for imaging and operate as a line trans

fer device. 

Two serial readout registers are symmetrically positioned atJ oppo

site sides of the array, and are 850 pixels long in order to remove the 

readout amplifier from the thinned area as to minimize noise problems due 

to heating. A summary of the array properties is given in Table 8. 

Table 8. Texas Instruments 800x800 CCD Array. 

Description: 

Imaging Size: 

Pixel Size: 

Charge Handling 
Capacity: 

Noise: 

Dark Current: 

Dynamic Range: 

Quantum Efficiency: 

MTF: 

Charge Transfer 
Efficiency: 

Upper Frequency Limit: 

3 phase - 3 level polysilicon, buried channel 
backside illuminated 

800x400 px (Frame transfer mode) 

800x800 px (Line transfer mode) 

15.2 x 15.2 ym2 

105 e" 

15 e rms @ -40°C, 10 KHz output rate, 
CDS readout) 

5 n A*cm"2 @ room temperature 

* 5000 

0.8 @ 780.0 nm 

0.52 @ Nyquist freq (33.Sfc-mnT1) 

0.999975 @ 1.25 MHz serial readout rate 

- 10 MHz (limited by clock lines length) 
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Itek/BNR 719A CCD 

A 10240x96 element CCD array operating in the time-delay and 

integration (TDI) mode was developed by Itek and Bell Northern Research 

(BNR) to be used in a reconnaisance camera (Bradley et al., 1979). This 

array operates as a line Imager that achieves a high SNR via the TDI 

operation mode. The 5 inches long array is obtained by butting together 

5 separate chips each 2048x96 pixels. The lost imaging area between 

arrays is only 2 pixels wide. Even though this is not an area imager it 

could be used as such with only slight modifications. The main interest 

we have in this chip is the readout mode that employs multiple taps. 

This permits very high rates of up to 80000 lines/sec or 20 Mpx/sec/ 

output. A detailed description of the main building block of this 

detector, the 719A 256x96 element array, is described by Ibrahim et al. 

(1978). A summary of its performance is given in Table 9. 

Table 9. Itek/BNR 719A CCD Array. 

Description: 

Imaging Size: 

Pixel Size: 

Charge Handling 
Capacity: 

Noise: 

Dark Current: 

Dynamic Range: 

Quantum Efficiency: 

MTF: 

Frequency Limit: 

2 phase - 2 level polysilicon buried channel 
frontside illuminated 

256x96 elements (TDI mode) optional output at 
128 and 256 ̂  element 

13x13 Jim2 (with 8 phase ripple clock) 
26x24 vim2 (with 2 phase operation) 

1.25 105 electrons 

70 e" @5 MHz rms 
2 nA'cnT2 

2000 

0.55 @ 900.0 nm 

0.25 @ 40 Ap/nin 

20 MHz/output 
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T.I. 490x328 Virtual Phase CCD 

Recently a new type of device which is a variation of a two-

phase CCD was described (Hynecek, 1979). The main interest we have in 

this type of CCD is the high data rate that could be achieved due 

to its structure (Blouke, 1980). Clocking rates of 50 MHz at least 

could be achieved with low noise levels and high transfer efficiency. 

A complete description is given in the cited reference and a sunnnary of 

its properties is given in Table 10. 

Table 10. T. I. Virtual Phase CCD Array. 

Description: 

Imaging Size: 

Pixel Size: 

Noise: 

Dark Current: 

Dynamic Range: 

Quantum Efficiency: 

Virtual phase, single electrode technology 
Buried channel, frontside illuminated 

328x245 px (Frame transfer mode) 
328x490 px (Line transfer mode) 

24.4x24.4 ym2 

Charge Handling Capacity: 4-105 e 

NA 

< 0.4 n A cm-2 @ RT 

= 2000 (est.) 

- 0.75 @ 0.78 ym (est.) 

Charge Transfer Efficiency: 0.99997 @ 5 MHz 

Upper Frequency Limit: > 50 MHz (Blouke, 1980) 
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BOLTS—Focal Plane 

We conclude this chapter by presenting the focal plane structure 

derived for this project. A large 800x800 element array can be built 

using virtual phase technology and multiple output taps. The array will 

be electronically subdivided in 16 subarrays as shown in Fig. 13. This 

array will combine the advantages of large size, high transfer rate, high 

transfer efficiency and low noise characteristics of the T.I. arrays de

scribed in above sections and the multiple output of the Itek/BNR array 

also described in an above section. This will allow a high output data 

rate without requiring sophisticated post array electronics due to the 

lower bandwidth at each output port. This will obviously come at the 

expense of total system's physical size, power requirements and develop

ment cost. We do, however, believe that all these penalties will not 

constitute prohibitive factors. Such a large area fast CCD array could 

also be beneficial to many other commercial and military applications. 
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CHAPTER 5 

SYSTEM PARAMETERS 

Introduction 

In this chapter we shall derive and describe the system's opera

ting parameters. These parameters result from constraints imposed by 

the sensor's geometry and from the ambitious goals in the initial require

ments. The major limitation stems from the fact that strokes are to be 

detected during diurnal daylight as well as at night. Most of the design 

is thus dedicated to solve the problem of detecting bursts of light occur

ring randomly in both time and space and being superimposed on a strong 

background of solar radiation reflected from the cloud tops. An analysis 

of the various constraints and proposed solutions follow. 

System Geometry 

A sensor designed to provide full-time coverage of the same area of 

the globe is constrained to be in an equatorial geosynchronous orbit at an 

altitude of 35600 km. A projection of the geometry involved is shown 

in Fig. 14. The effect of the earth being spherical is readily seen 

from this figure: a detector element of a fixed size covers earth areas 

of increasing size, away from the subsensor point. At the same time the 

normal to the earth at the viewed element makes a larger angle with re

spect to the LOS direction. The former limits the useful field of view 
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for a specified resolution area, while the latter has implications in 

the SNR calculation due to the fact that the stroke illuminated area 

starts appearing as a point source. 

The exact shape of the area viewed by a square detector element 

can be found from a simple geometrical calculation. A plot of the area 

ratio between the observed off-axis element and the fundamental subsensor 

element is shown in Fig. 15, If the observed pixel area on the ground is 

allowed to vary by less than a factor of 2, the radius of the focal plane 

projection, tangent to the earth at the equator should not exceed 4800 km. 

From an altitude of 35600 km this represents a maximal semicone angle of 

7.7°. A sideview of the geometrical arrangement is shown in Fig. 16, and 

a schematic computer plot of the total field of view superposed over the 

continental U. S. is shown in Fig. 17. Full coverage of the required 

field can thus be achieved using an 800x400 element array with 7x7 km2 

subsensor resolution (i.e., 0.197x0.197 mrads2). The maximal resolution 

area in this case would be less than 100 km2. The sensor will have to 

be pointed close to Kansas City, i.e., an elevation offset of 5.6° rela

tive to the subsensor point. The total FOV is 8.2°x4.1°. 

Solar Background 

During daytime operation the sensor will collect a large quantity 

of solar background reflected from the cloud tops. The diffuse reflec

tivity of clouds is about 0.75 over most of the visible portion of the 

spectrum dropping to 0.7 in the near IR and to about 0.5 at 1.2 ym 

(Wolfe and Zissls, 1978, p. 3-44). The solar irradiance peaks to a value 

of 2076 W'm^'ym-1 at 0.48 ym dropping to 950 W*nf at 0.87 pm. 
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Fig. 16. BOLTS—Side View of Sensor Geometry from a 
Geosynchronous Orbit. 
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Fig. 17. BOLTS—U. S. Coverage with 800x400 Detector 
and 7 km Subsensor Resolution. 
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If a broadband silicon detector is used, the spectral intensity 

due to reflected sunlight from a pixel element of projected area Ac is: 

IB - „ P° Ac (8) 

while the spectral intensity due to a lightning stroke, integrated over 

the full area and full spectral band is: 

h - -T -k [B sr_1i <9> 

The bars over the quantities represent averaged quantities and the various 

variables are defined as follows: 

I - signal radiant intensity from pixel at cloud tops 
s 

I - background radiant intensity from pixel at cloud tops 
B 

$ - total optical lightning power (integrated over space an 
optical passband) 

E - average exoatmospherlc solar irradiance 
s 

Pc - average cloud tops diffuse reflectance 

AA - sensor spectral band 

Ac - pixel projected area 

Using the typical values: 

E = 1250 W'nT^'pnf1 
s 

p" = 0.7 
c 

A = 5xl07 m2 
c 

4> = 107 watts 
if 

AX = 0.7 ym 
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we obtain: 

Ig = 1.39x10*0 watt•pixel~l*sr~1*urn""1 

X = 4.55xl06 watt•pixel"1»sr~1'ym-1 
s 

It is evident that at the source itself, for the case of broadband detec

tion, the lightning signal is swamped in a background 3000 times 

as strong. Since the dynamic range of the detector is on the order of 

5000:1, as shown in Chapter 4, the background radiation will use up most 

of the CCD well capacity before any signal can be detected. This fact 

indicates' that means to reduce the relative proportion between the back

ground and the signal have to be found. The most straightforward 

approach is to use a spectral band that will contain a large amount of the 

lightning energy but drastically reduce the background. This spectral 

band will be chosen to maximize the SNR. 

As described in Chapter 3, the lightning radiance varies rapidly 

in time within each spectral line. The transfer of radiation from the 

lightning channel to the cloud tops has never been analyzed or measured 

in detail. The same is true for the stroke's temporal profile over the 

full radiation band, or over any spectral band. Because of these reasons 

averaged quantities will be used throughout the following SNR calculations. 

The numerical values used are justified by the data described in Chapters 

3 and 4 and the beginning of .this chapter. We assume the clouds to act 

as a Lambertian diffuser for the lightning radiance and as a Lambertian 

reflector for the solar irradiance [same assumptions used in Eq. (8) and 

Eq* (9)]. This is a reasonable assumption in particular as multiple scat

tering occurs in both reflection and transmission* Support for this 
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assumption can be found in Stotts (1978) and Ito and Furutsu (1980), and 

we will return to this point later. We also assume that due to this scat

tering all of the viewed pixel is illuminated. Although this i§ not 

essential for our results [unless the lightning acts as a true point 

source, which might happen at the edges of the field where a direct view 

of the stroke might be possible through the clouds (Turman, 1979)], this 

will greatly simplify the calculations. 

number of carriers generated in a CCD well by the stroke signal and by 

the solar background is: 

A simple radiometric calculation reveals that Ng and Nfi, the 

N = JL . _L . n* n eL 
S 4F2 he A c 

T (10) 
o 

(11) 

where: 

6 = detector pixel size 

F = optics F// 

X - central passband wavelength 

Ti^ = detector quantum efficiency (@ X) 

n = lightning spectral efficiency (@ X) 

At = integration time 

T = optics transmission 
o 

eL = total lightning energy in silicon band 

h = Planck's constant 

c = speed of light 
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and all other quantities as defined previously. In Eq. (10) we used the 

total lightning energy e^» rather than using • At, as the lightning 

stroke duration does not necessarily coincide with the integration time. 

Moreover, the radiation transfer through the clouds is believed to 

be conservative (Krider, 1979), but the exact temporal signature of the 

pulse at the cloud tops will probably be smoother and broader than the 

original stroke, which indicates again that total energy rather than 

power should be used. 

One can now calculate values for Ng and Ng. Using: 

6 <= 20 ym 

X = 0.87 ym (NI line) 

A - 5x107 m2 c 

eT = 10** J 
L 

=  0 . 8  

n = 0.15 

pc = 0.75 

Eg = 950 watt*m~2*Mm-1 

we obtain: 
T 

Ns = 1.05X104 e" • px—1 (10a) 

T 
N- = 2.5xlOn -4 At • AA e" • px"1 (11a) D "p 

where AX is in ym and At in sec. 

The parameters used were chosen on the basis of data described 

in previous chapters. In particular, the strong NI line at 868.3 nm was 
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chosen since the lightning stroke is intense at this wavelength, and the 

solar background shows a marked decrease from its average value. This 

line also closely matches the peak quantum efficiency of the silicon re

sponse curve. A slightly higher n can be achieved around 750.0 nm and 
4 

this is close to the strong OX emission line at 777.4 nm. However, in 

this case the solar background is about 22% higher than at 870.0 nm, 

while the single photon energy is only 12% higher. Thus about 8% more 

background photons are expected at the lower wavelength and 12% less 

lightning photons for the same lightning spectral efficiency. This argu

ment indicates that the 868.3 nm line is a better choice. 

The procedure for selecting the spectral line to be used can be 

generalized by observing that the SNR ratio for two spectral lines choices, 

under BLIP conditions is given by: 

sfc • esyesr fe)1 
(assuming that the same spectral width is used for both spectral selec

tions). We can now test another possible spectral selection that appears* 

advantageous at first sight—the Ha line at 656.3 nm [this was pointed 

out in several previous papers, e.g., Orville (1980)]. The main advantage 

of this selection would be the strong lightning line at this wavelength 

versus the decreased solar irradiance in this Fraunhofer C line. The 

solar background is reduced by a factor of 4 around 656.3 nm relative to 

its value at the surrounding wavelength; its value thus dropping to 375 

W'm^'ym"1 in a 1A band around the line (Slater, 1980). Assuming that this 
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narrow bandwidth can be maintained over the full field of view (an ex

tremely, if not impossible thing to do), and assuming that the lightning 

spectral efficiency is the same 0.15 at 656.3 nm as it is at 868.3 nm 

(the NI line at 868.3 nm is at lea3t twice as strong as the line) we 

calculate an SNR gain of 38% favoring the line (we assumed that the 

detector quantum efficiency and the cloud diffuse reflectance is the same). 

This gain is minimal when compared to the problems introduced by the nar

row spectral band required in order to take full benefit of the reduced 

solar radiation at 656.3 nm. The original choice of the 868.3 nm still 

appears to be an optimal solution. 

Under the assumption of AC coupling (that is achieved in our case 

via frame-to-frame subtraction), the SNR is: 

of electrons. As described in Chapter 4, the array noise can be reduced 

to less than 200 e"",rms. For practical integration times and spectral 

bandwidth it turns out that during daytime the background is the domi

nating factor while during nighttime we have a detector limited situa

tion. We can thus approximate Eq. (13) to be: 

SNR = 

<NS+HB + '5,o1S>'* 

(33.) 

where N e,rms 
is the root mean square array noise at the output in number 

(14a) 

N, S 
SNR 

n N 
(14b) 

e,rms 
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(the subscripts d and n stand for day and night, respectively). Using 

Eqs. (10a) (11a) and the fact that N - 200 e we obtain: 
^ ' v e,rms 

h 
t , 

SNR = 0.021 • (15a) 
d F (At*AX) 

T 
SNR * 52.5 (15 b) 

n 

where again At is in seconds and AX in ym. The four parameters in Eq. 

(15a,b) are the free design variables. It is evident that the SNRj will 

increase with the optical transmission tq and will be Inversely propor

tional to the optical "speed," the integration time and the system's pass-

band. There are, however, other constraints influencing the choice of 

these parameters, unfortunately in a direction that will decrease the SNR. 

The CCD well capacity for a 20x20 ym pixel is restricted to less 

than 5xl0se . In order to make efficient use of this capacity the back

ground will have to be reduced to less than 0.2 of this value as not to 

drastically reduce the dynamic range. This can be achieved by restricting 

the optical transmission, increasing the F//, reducing the integration 

time, and the spectral passband or a combination of all of the above. 

The Interrelationship between these variables will be analyzed in the 

remainder of this chapter. 

Spectral Width 

The width of the spectral band to be used should be chosen as 

to closely match the width of the lightning spectral line, which is a 

few Angstroms. The most common solution for restricting the spectral 
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passband in an imaging system covering a field of finite size is an 

interference filter. One of the principal drawbacks when a narrow pass-

band is sought, and is to be constant over the full FOV, is the fact 

that rays impinging at different angles on the filter encounter transmis

sion bands centered at different wavelengths and also, as a secondary 

effect, see a transmission band of different width. This second effect 

is negligible for our region of interest and will be neglected. 

As the angle of incidence upon the filter increases, the pass-

band center wavelength is shifted towards shorter wavelengths. A good 

approximation to this shift is (Wolfe and Zlssis, 1978): 

A0 = I [1 - \ Csin(0)/neff)2] (16) 

where: 

= central wavelength for normal incidence 

Xa = central wavelength for incidence at 0 W 

nej£ = effective filter index 

From Eq. (16) we get: 

A*0 = \ " = Sln!9 I U7) 
0 0 0 2 n2 ° 

£ eff 

If a high refractive index is used (e.g., ZnS, a commonly used'coating 

material has n = 2.3) we get a shift of = A , even in the case of a 
DOU 0 

global system with 8.75° semicone angle. A plot of AXg as a function of 

0, in units of the central wavelength is shown in Fig. 18. We observe 

that the shorter the wavelength, the larger the allowed field angle is 
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Fig, 18. Relative Shift in Fassband Center as a Function 
of the Angle of Incidence upon the Filter 
(Small Angle Approximation). 
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for the same passband. For the U. S. system the maximal angle is 4.6°. 

For X = 868.3 nm the corresponding shift is 5.25&. For a wide enough 

transmission peak this can be insignificant and tolerances in the coat

ing thickness might be the dominant effect. 

We conclude this section by stating that a judicious choice of 

the spectral transmission band and its width can render an almost uni

form transmission over the full field. A discussion about the filter's 

location and parameters will be presented in a forthcoming section. It 

is obvious from our analysis here that the passband should not be less 

O 
than about 2QA. 

Integration Time 

The integration time dictates the readout data rate. Its choice 

is crucial to our detector selection, having a tremendous impact on sys

tem complexity and cost. 

The time during which information is acquired should be optimized 

in a manner that will maximize the SNR, subject to the conditions that 

sufficient room is left for accumulating charge from lightning over a 

dynamic range of = 1000, and that the probability of detection is not 

reduced by the fact that almost equal lightning power might appear in two 

consecutive frames. If the only consideration would have been maximiza

tion of the SNR and the saturation level of the CCD well, it is evident 

that one would aspire to match the integration time with the stroke dura

tion. Although this would result in very high data rates, we have al

ready shown that a viable solution exists (i.e., multiple output taps). 

The choice of the integration period is thus dependent on the method 



77 

employed to make a decision whether a stroke actually occurred or not. 

For the case where frame-to-frame subtraction is used to get rid of the 

constant background, the integration period should be substantially 

longer than the signal's duration, if a high probability of detection Is 

to be maintained. In order to substantiate this claim, we shall assume 

the lightning signal to have a Rect (t) shape, with TL the stroke's 
L 

duration. This is obviously a major oversimplification, as the actual 

time profile should be closer to a skewed Gaussian due to the fact that 

the signal originates from a light pulse with a fast risetime and expon

ential decay, which iB further smoothed by scattering in the atmosphere. 

The results will nevertheless be useful in assessing the required inte

gration time. The situation is schematically depicted in Fig. 19. Let 

us assume that a signal is detected by subtracting the charge stored at 

a certain pixel during a first frame from the charge stored at the same 

pixel during the next frame, and comparing the difference to a preset 

threshold. The background level is assumed to be constant throughout the 

two integration periods, except for the naturally occurring photon noise. 

Depending on the location of the stroke centroid relative to the integra

tion periods the signal obtained after subtraction is shown in Fig. 20. 

TL If the signal occurs within -y from the start or stop of the integration 

interval T^, part of it will appear in frame I and part in frame II, such 

that the output signal which Is the difference between the two is lower 

than the case where a stroke completely falls within only one period. 

In the figure we also plotted the expected signal for a Gaussian shaped 

TL pulse with a = -j- (i.e., with a width of T^ at the 13.5% points). 
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Frame H  Frame I  

(n +  2)T ,  (n  +  l )T ,  nT,  

Fig. 19. Schematic Drawing of Rect Shaped Lightning Stroke 
Relative to the Start/Stop of One Integration Period. 

Tl is the stroke duration and T. the length of one inte
gration period; t is the time from the start of the 
integration periocl at which the time centroid occurs. 

Rect  

"e 
0.135  

SNR 

2T 

Fig. 20. Relative SNR Obtained after Frame-to-frame Subtraction 
for (a) rect (T/T^) pulse; (b) Gaussian Pulse. 
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Since the Gaussian Is a more peaked function than the Rect the transition 

periods are faster. For the Rect shaped pulse the signal in the transi

tion region is given by 
2 l TO' TL TL 

I I ;N° tL " 2 4 ~ 2 
|N̂ to>I s \ Tt as) 

'o - ~2 N t > L 

o 

while for the'Gaussian shaped signal: 

1 "2 erf l-r- I I (19) N'o> l  " No ft) I 
The SNR will follow a similar curve except for a small region at 

the intersection points where the array noise and the- signal noise start 

being significant, thus further lowering the SNR. For the simple case 

of a Rect shaped signal the average SNR measured over the integration 

period is: 

< SNR> = SNR U-FM TL > Ti (20) 

where SNRq is the signal-to-noise ratio that is obtained when a stroke 

is fully contained in one and only one of the two consecutive integration 

periods. It is thus obvious that the integration time should be sub

stantially longer than the stroke duration if a high enough probability 

of detection is to be achieved. If SNR - 7 and T. = 7 T, we obtain 
O 1 L 

< SNR> = 6 for which the probability of detection is = 0.98. Since 

for a more peaked function the region of dropping signal is narrower a 

smaller ratio of the integration time to stroke duration can be used. 
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Because of lack of knowledge of the exact time profile and under the 

assumption previously made, that a stroke signal will appear - 0.8 msec 

long when viewed from space we shall choose an integration time of 

At = 5*10~3 sec. Equation (IS) then becomes: 

T ^ 
SNR, - 0.3 ° . • /2 (21) 

o F AX 

The factor in Eq. (21) arises from the fact that SNR^ is calculated 
o 

after subtraction of two consecutive frames was performed. The photon 

fluctuations between the two frames are assumed to be uncorrelated, hence 

the rms noise level is reduced by a factor of Jl. 

In order to obtain a numerical value we shall now assume an opti

cal transmission of TQ = 0.5. This is a reasonable value, allowing for 

enough reflection losses at each surface of an optical system with even 

a large number of surfaces, and in particular for the less than perfect 

transmission of the aforementioned interference filter. We thus obtain: 

SNRd = <22a) 
o F AX 

SNR = 26'2l ̂  (22b) 
n p-z 

In Figure 21 we present the results of Eq. (22a and b) as a function of 

AX for several F numbers. It is evident that an increase in the spectral 

passband during daytime operation must be compensated by an increased 

aperture. This is not true for the nighttime when the background is very 

weak (* 105 times less than during the day, even with full moon 
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Fig. 21. Peak Signal-to-Noise Ratio After Frame-to-frame 
Subtraction During Daytime (Solid Lines) and 
Nighttime (Broken Lines). 
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illumination). In Figure 22 we present the spectral passband as a func

tion of the Fif for the case SNR^ • 6 and = 10** J. We thus conclude 
o 

that based on this criterion alone an F/l system with a 25A passband 

will achieve the required performance during daytime and a much superior 

one during nighttime. A comparison with Fig. 18 indicates that a pass-

band shift of less than 20& is obtained even at the largest field angles. 

An F/l, 25& passband system can thus be built so that the lightning emis

sion line will stay within the high transmission region over the full 

field. The same system will perform as well or even better during the 

nighttime as the background problem disappears. 

Optical Transmission 

Up to this point we have completely overlooked the fact that the 

CCD wells have a finite charge capacity. To assess this problem let us 

calculate the number of electrons accumulated due to the solar background 

for a system with the selected parameters: 

T =0.5 
o 

F# = 1 

At = 5»10~3 sec 

A\ = 25*10"^ ym 

We substitute these values in Eq. (11a) and obtain: N0 = 1.56*106 e . 

We already mentioned that the maximal charge handling capacity of a 

20x20 ym2 CCD pixel will not exceed 106e , and is probably around 5*105e". 

The large background will then saturate the detector even in the absence 
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Fig. 22. Fassband Width Required to Achieve the SNR = 6 
for a Lightning Energy of e_ = lO1* Joules as a 
Function of the F//. 
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of any signal. This means that during the time that a strong background 

prevails we will have to further attenuate this radiation and together 

with it attenuate the signal. This can be done by either stopping down 

the lens or introducing a neutral density filter. Assuming that the lens 

aperture is reduced to F/4 we obtain: Ng = 9.75x10^ e*px-1 and a signal-

to-noise ratio of 1.5. But this only means that the minimum detectable 

signal (for a 98% probability of detection) is now 4x10^ J instead of the 

required 101* J. This is the price one has ro pay in order to achieve day

time operation with the same high probability of detection. 

The attenuation of radiation by either stopping down the lens 

or by introducing a filter can be achieved automatically by having an 

auxiliary detector and lens that will monitor the radiance originating 

at mid-field and controlling the main system's transmittance. This is 

a trivial nonexpensive system and will not be dwelt on. 

We can also make some estimation of how far we depart from the 

initial requirements by raising the detection threshold. The most dif

ficult situation occurs during the summer at noontime when the sun is 

behind the satellite and at almost normal incidence to the earth at low 

latitudes. However, most of the lightning activity in the southern part 

of the U. S. is concentrated during the late afternoon or early evening. 

By that time the sun's rays are at a large obliquity to the clouds and 

the reflected sunlight is largely reduced. Moreover, from Fig. 5 we 

note that about 90% of all lightning has peak power of more than 5xl07 

watts which, under our calculation, means more than 5X1011 J. This fact 

suggests that even though we have to raise the detection threshold 
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for a fraction of the time our departure from the 90% probability of 

detection is not large. 

We can now combine together the effects of the integration time 

and the necessary attenuation. We rewrite Eq. (15) and Eq. (11a) 

h 
SNR, - 0.021 * S2 • — 

do P Lt* 
(15) 

Nb = 2.5-10" • AX TO (11a) 

We now assume tq = 0.5; AX = 0.0025 ym and obtain: 

SNR, = 0.42 -±r (23) 
o FAt 

_ A 4-2 
Nr = 3.125*10 ^— (24) B F2AT ' 

or, by expressing SNR^ as a function of Ng and At only: 
o 

h 
q  V SNRd = 2.376»10-5 (25) 

o 

If Ng is limited to 105 e*px~* and we choose to express At in msec we 

obtain 

SHRd = ^ (26) 
o 

Equation (26) allows us to evaluate the effect of the integration time 

choice while, at the same time keeping the CCD well far enough from 
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saturation and with a useful dynamic range for lightning detection. It 

should be remembered, however, that the values shown in Eq. (26) are 

based on an assumed lightning energy of 101* J. Since the SNRq is 

linearly dependent on the signal strength, the minimum detectable signal 

will have to be multiplied by 6/SNRq in order to achieve the same 0.98 

probability of detection. We can further express the integration period 

At in units of Tt (where T in msec is the stroke's length as previously 
L L 

defined). We thus obtain: 

SKR = SNR 
o 

1 - 2 erf 

(27) 

where: 

At At 

Ti. 4oL 

is the integration period to stroke's length ratio. In Fig. 23 we pre

sent the results of Eq. (27) for different x ratios; the time interval 

tQ which the location of the centroid is relative to the beginning or 

end of the integration period is marked on the abscissa and is also mea

sured in units of o . Throughout the calculation a. was assumed to be 
Li Li 

0.25 msec. It is apparent that a short integration period results in 

a high peak SNR but that the variations of the SNR are larger than in 

the case of long integration periods. Combined with the fact that short

er integration periods result in proportionately higher data rates an 

optimum is found around 5-6 msec as already chosen. The minimum detec

table IOLP with = 0.98 is just the inverse of this graph with the 
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required adjusted scaling and is shown in Fig. 23. In Fig. 24 we show 

the serial data rate for each output as a function of the integration 

time T^. A judicious choice has to be made involving all these factors 

and the graphs can be used to readjust the parameters if the need to do 

so occurs. We can also use these data to calculate the required attenua

tion factor such that the background will not saturate the pixel. As 

already mentioned, the attenuation can be performed by either stopping 

down the lens or by introducing an adequate neutral density filter. 

Choosing 5 msec as the integration period we find that for a 4*107 watt 

strong signal we obtain the required SNRq of 6 and maintain NQ under 

105 e*px-1. We thus conclude that during daytime a slower lens has to be 

used in order to maintain the detector under saturation level and con

sequently the detection threshold is raised to 4*107 watt strokes. 

We have already, stated that the required performance can be ob

tained during nighttime using an F/2.5 system. We thus conclude that 

the system's aperture will have to be varied automatically between F/2.5-

F/4 according to the prevailing illumination conditions, while an unavoid

able raise in the detection threshold will occur during the daytime. 

System's Parameters—-Summary 

We summarize the derived system's parameters in the following 

table (Table 11): 
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Table 11. System's Parameters. 

Field of View: 8.2°x4.1° (Continental U.S.+) 

Resolution: 0.196x0.196 mrads2 

Speed F/2.5-F/4 (adjustable) 

Focal Length: 101.7 mm 

Wavelength: 868.3 mm (NI line) 

Fassband: 2.5 nm 

Optical Transmission: 0.5 

Integration Time: 5 .10-3 sec 

Detector Size: 800x400 px (CCD) 

Pixel Size: 20x20 ym2 

Saturation Charge: 5*105 e" 

Quantum Efficiency: 0.8 @ A . peak 

Performance: 0.95 probability of detection for 10tt-4^10It 

Joules lightning energy (night-day) 



CHAPTER 6 

OPTICAL SYSTEM 

Introduction 

The optical requirements set for the system are summarized in 

Table 12. The last, the flat field requirement, stems from the fact that 

the CCD is a flat focal plane array. 

A solution that will satisfy those requirements can be approached 

in three different ways: all-reflective system, all-refractive system 

or catadioptric system. An all-reflecting system cpuld be beneficial in 

the sense that no spectral considerations have to be taken into account 

and also that the system could be made lightweight (in particular if 

aluminum or beryllium substrates are used). A major disadvantage would, 

however, be the fact that a flat focal plane is very difficult to design 

over a 4.6° semicone angle, in particular for a fast system. Moreover, 

in order to keep the system uncomplicated and easy to manufacture, 

a central obscuration is likely to be incorporated in the system, which 

would unnecessarily reduce the SNR. A different approach would be a 

design with nonaligned elements (Cook, 1979) but again an F/2.5 sys

tem over that big a field angle is a very hard constraint. 

On the other hand an all-refracting system can be relatively 

easily designed and built fulfilling all of the above requirements, 

largely due to the fact that more variables are available. The price 

we would have to pay is in system's weight (although not a prohibitive 

91 
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Table 12. Optical Requirements. 

Focal Length: 

F// 

Field of View: 

Resolution: 

Wavelength: 

Fassband: 

Special Requirements: 

101.7 mm 

F/2.5-F/4 adjustable 

8.2ex4.1° 

> 0.196 mrad 

868.3 mm 

2.5 nm 

flat field 

increase) and flexibility in spectral region selection. Since we assume 

that a final decision on the exact spectral region will be made in the 

near future and will not be altered while the instrument is in orbit, 

this appears to constitute no real problem. In spite of the finite glass 

dispersion, the narrow spectral band required implies that no color cor

rection has to be made. The lens design thus appears to be much easier 

than for an all-mirror system. 

A catadioptric system will have no significant advantage over the 

all-refracting configurations, while still likely to suffer from all the 

drawbacks of the all-mirror configuration. 

Spectral Passband 

One of the major problems in the optical system design is the 

need to maintain a several-Angstrom-wide lightning spectral line within 

a fixed passband over the full field of view. ( The problem stems from the 

fact that light rays incident at angles other than normal to the 



interference filter, have different transfer characteristics.through the 

filter. The overall result, described quantitatively in Chapter 5 is 

a shift of the passband towards shorter wavelengths as the angle of inci

dence increases. 

There are three possible ways to solve this problem. These will 

be discussed in the following subsections. 

Filter on Curved Surface 

The idea underlying this solution is to deposit the interference 

filter on a cujved surface such that the angle of incidence of all rays 

within the aperture and the field of view is as close to the normal as 

possible. A good way to achieve this, in particular with wide angle, 

low aperture systems, is to choose a curved surface which has its center 

of curvature at one of the system's pupils, as the filter location. A 

schematic drawing of this situation is shown in Fig. 25. It is obvious 

that this approach will result in a front surface that is much larger 

than needed and is particularly useful for very wide FOVs (possibly fish-

eye lenses) as was shown by McKenney and Slater (1969). 

In the initial stages of this research an F/2.5, 100 mm focal 

length lens was designed for a 10° semifield. This lens, the computer 

layout of which is shown in Fig. 26, was designed in such a manner that 

the angle of incidence of any ray with surface no. 3 was less than 8°, 

i.e., a reduction of 20% relative to the case where a straightforward 

approach is used. From Eq. (17) 
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Fig. 25. Schematic Drawing of Spherical Surface with Center 
at System's Stop. 

If the system's aperture is small enough the collimated 
bundle at each field angle is almost normal to the 
surface. 

I I 
20 HM 

Fig. 26. Lightning Sensor Lens: F/2.5, 100 mm Focal Length, 
10° Semifield. 
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*•» T sin20 
6 ° ° 2 "Iff <2 > 

we calculate: 

S "V " "e  i f f  < 2 9 )  

which for small angles becomes 

S< AV AH 

T X f  -  *  2  f  < 3 0 )  

i.e., the relative reduction in the passband shift is double the relative 

reduction in the angle of incidence. In our case we thus expect the pass-

band shift to be reduced by 40% and this is verified by inspection of 

Fig. 18. Except for some 30% vignetting that was allowed at the edge of 

the field (for improving the performance) this lens fully meets the re

quirements of both the U. S., global and high resolution system (with 

proper scaling). The vignetting will be a problem only at the edge of the 

field in the global system. 

Reverse Telescope Configuration 

The rationale behind this approach is to use a system composed 

of an afocal system used in the angular demagnification mode and a focus

ing lens behind this system. A flat interference filter could be posi

tioned in the image section of the afocal space. A schematic drawing of 

this configuration is given in Fig. 27. The angle of incidence upon the 

filter is reduced by a factor of m—the angular demagnification of the 

telescope. Unfortunately, by looking at the Lagrange invariant of the 

system we note that any reduction in the angle of incidence is 
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accompanied by an increase by 1/m in the filter's size. Moreover, the 

overall F// of the full optical system, for the same detector pixel de

creases by the same factor of m, resulting in very low F numbers. It is 

clear that for the focal length and apertures required in our case this 

is a nonpractical solution. 

Object Space Filter.. 

This is the simplest solution to the problem. The Interference 

filter is deposited on a flat surface positioned in front of the optical 

system, and the region of high transmittance is indeed allowed to move 

with the field angle. For the U. S. system the maximal field angle is 

A.6° resulting in a 5.3A shift (for n = 2.3), while for the global system 

with a maximal semicone angle of 8.75° the shift is 19A. Since the shift 

is independent of the sign of the field angle, depending only on the mag

nitude, the filter should be designed such that at normal incidence the 

lightning line is off-center within the passband such that even at the 

largest field angle as the passband shifts about the line, the latter is 

still within the high portion of the transmission peak. The idea is 

schematically depicted for both the U. S. coverage instrument and the 

global instrument in Fig. 28a and b. A FWHM of 5A was assumed for the NI 

lightning line at 869.3 nm and 2.5 mm for the filter's FWHM. In the case 

of the global system we might observe a slight degradation of the overall 

SNR at the field's edge, but we must also remember that the SNR calcula

tion was performed for the most extreme conditions of normal sunlight. 

The total degradation in the system's performance will not be as large. 
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Fig. 28. Shift of Spectral Fassband about the Lightning 
Line as a Function of Field Angle for a Flat 
Surface Filter in Front of Lens. 

(a) U. S. System; (b) Global system. 



99 

Since this last method is the simplest to implement and warrants 

acceptable results we recommend it as the means of defining the system's 

passband. It is nevertheless clear that deposition of the filter on a 

curved surface is a competitive solution which might lead to even better 

results in particular for the global system and both should be equally 

considered from the cost and complexity points of view. 



CHAPTER 7 

DATA ACQUISITION 

Introduction 

At this point we have all the necessary building blocks of the 

spaceborne lightning sensor. An F/2.5, 101.7 mm lens with a spectral 

passband of 25& images the full 8.2°x4.1° field of view onto an 800x400 

CCD array. Information is accumulated during a 5 msec integration period. 

This information consists of background light reflected from the cloud 

tops and lightning signals that appear randomly in time and space. A 

final step in the system would be to separate the significant 

events from the undesired background. A short calculation indicates that 

this information extraction step should be integrated as part of the sys

tem so that at the system's output only relevant events are present. And, 

indeed, if the raw data out of a 3.2*105 pixel array is to be sent out at 

a rate of 200 fr»sec_1 the resulting data rate is 6.4x107 elements, or at 

= 12 bits/pixel (dynamic range of 4000) a 7.68x10® bits/sec, definitely 

a prohibitive data rate. On the other hand with an average flash rate 

of 2.3x10"*7 flash-km"*2•sec*"1, an average stroke/flash of = 3 and a covered 

area of « 2.5 107 km2 the resulting expected event rate is 16.5 str-sec"1. 

Even if = 50 bits/px are required to transfer all this information to the 

ground station the transmission data rate is less than 1 kbit*sec *. 

Even under the unlikely event that the full U. S. area is covered by a 

ino 
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storm, i.e., an average flashing rate of 4xl0~5 flashes km-2 sec"1, the 

data rate will not exceed 150 Kbit*sec-1, which is still substantially 

lower than brute-force transmission. 

The above estimates indicate that on-board processing must be 

performed in order to achieve reasonable rates. Moreover, since the 

high raw-data rate is not compatible with existing computer rates, this 

processing must be done before any digital processing or memory storage 

is used. Two different approaches can be taken to this problem: frame-

to-frame subtraction (FFS) or analog filtering. We shall discuss the 

former in this chapter and analog filtering in the concluding one. 

Frame-frame Subtraction 

This approach was previously mentioned and partially analyzed in 

context with the selection of the integration time. The basic underlying 

idea is to integrate one full frame, transfer the recorded information to 

a buffer memory, integrate another frame and subsequently subtract the 

two frames pixel by pixel. The absolute value of each difference is 

passed through a comparator that has been set to a predefined level. All 

signals above this threshold are further A/D converted and full informa

tion about the event (i.e., intensity, location, time of occurrence) is 

stored in a local digital memory for bunched transmission, or, if a full 

time ground receiving station is allocated, immediate transmission. 

The buffer storage area is chosen to be a CCD array similar in 

size and performance to the imaging array. A schematic drawing showing 

the imaging and buffer memory organization is shown in Fig. 29. The need 
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Fig. 29. Schematic Drawing of CCD Imaging Array and CCD Buffer 
Memories. 

The central imaging portion and memory for one frame 
are on the same silicon wafer while an additional 
frame is stored on an extra chip. 



103 

to physically split the array Into three parts (although the two addition

al memories could be on the same chip) arises from the difficulty in making 

large-size arrays with 20 pm pixels. The format of the central array con

taining the imaging area and two memory sections is similar to the TI 

800x800 CCD. By driving each half of the imaging area in opposite direc

tions, a reduction by a factor of 2 in the parallel clocking rate is 

achieved. The transfer of charge from the imaging area to the first 

memory area has to be much faster than the integration time. Assuming 

that this transfer is to occur within 0.1 msec, i.e., 1/50 of the integra

tion time, the required parallel clocking rate is 2 MHz. The transfer of 

charge from the first memory area to the second one has to occur through a 

serial output-serial input register. However, since these areas are 

opaque to photons no image smearing takes place and the full 5 msec (the 

time during which a new frame is integrated in the imaging area) can be 

used. If no array subdivision is used (see Chapter 4), the serial pixel 

rate for each half is 32 MHz. This rate is by no means prohibitive for 

the serial registers but puts a heavy burden on the post-array electronics. 

The major gain in subdividing the array would be in the reduction of noise 

levels at each of the separate output amplifiers. A division of each half 

into 8 subarrays each 200x100 elements will result in a serial rate of 

4 MHz and will also ease the operation of each parallel section at 2 MHz. 

A block diagram of the data acquisition and processing electronics is 

shown in Fig. 30. A timing sequence is schematically depicted in Fig. 31. 

A first frame is integrated in the imaging area and subsequently shifted 

down into the first buffer memory in a time much shorter than the 
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integration period (.02T). While a second frame is integrated, the 

information now in the first memory area is transferred to the second 

memory area. During the next 0.1 msec the new frame is moved to the 

now empty first memory. While a new, third frame accumulates in the 

imaging section, the information from the first two frames is passed in 

parallel, pixel by pixel through the detection circuit. The differen

tial amplifier subtracts each signal accumulated during the first frame 

from its counterpart in the following frame. The counters appended to 

each separate section and working in synchronism with the array clocks, 

keep track of the pixel number, i.e., location information within each 

subarray. The output of the differential amplifier is squared and 

passed through a comparator for thresholding. A signal above threshold 

activates the counter to pass its location information to a digital mem

ory and at the same time is latched at the input of a multiplexer con

nected to all subarrays. A single A/D at the output of the MUX digi

tizes the intensity information. Since at the output of each threshold 

circuit only significant events are present, the operation rate of the 

A/D is very low compared with what is currently offered commercially. 

A synchronized clock supplies timing information to whatever resolution 

is needed down to the 5 msec integration time. 

Memory Allocation 

The information arriving at the system's output consists of each 

stroke's intensity, location and time of occurrence. Since the full FOV 

is covered by 800x400 pixels the full location specification requires 19 
r- , f 

bits. These can be divided such that 4 bits represent the array number 
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(there are 16 subarrays), while the remaining 15 bits represent the serial 

number of a pixel within the subarray. Assuming that the full dynamic 

range of the CCD, i.e., «= 4000 can be used during nighttime operation, 12 

bits are required to specify the stroke's intensity. The total number of 

bits for specifying the time of occurrence depends on the total amount of 

memory allocated for on-board storage, which is in turn dependent on how 

often information is transmitted to the ground station. We assume that a 

time resolution of 1 sec will satisfy all potential users and that memory 

for 60 minutes of recording is available on board. An event has to be 

located with 1 sec resolution out of the total of 3600 recording times, 

i.e., 12 bits are required. Allowing 5 more bits for "housekeeping" we 

obtain a total of 48 bits/event (Fig. 30). The total number of bits re

quired for information storage from strokes during 1 hour is thus = 3 M 

bits or 400 K bytes (at 8 bits/byte). This is a very modest memory allo

cation. The whole data set could be transmitted to a ground station in 

less than a minute at a low transmission rate of 50 KHz. The data re

ceived can be further processed on the ground for identification of severe 

storms, storm advance direction and speed, general statistics and basic 

research. 

Probability of Detection 

In order to calculate the absolute probability of detection of 

a lightning stroke we have to consider the combined probability of a 

lightning to have a too low power, to occur too close to the border be

tween two integrating periods and to be undetected even it its power does 

satisfy the SNR condition. In order to perform this calculation we 
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combine the data already presented in Figs. 5 and 23, together with the 

cumulative distribution of stroke's time centroid (which derives from a 

uniform probability law). Let us assume that the probability of detecting 

a 108 watt stroke is required. We use 1 msec as the stroke's duration 

(a = 0.25 msec) and 5 msec as the integration time. From Fig. 23 we 
L 

observe that the nominal SNRq that was calculated for 4x10** J is 6, hence 

the nominal SNR for a 108 watt stroke should be 15. In other words a 
o 

reduction by a factor of 2.5 is allowed before the detection probability 

falls under 0.98. This means that the stroke will not be detected if its 

centroid occurs within =0.2 msec from the integration start. The chance 

of that occurring is 0.2/5 = 0.04, hence the probability of missing this 

stroke is 0.06, i.e., the probability of detection is 0.94. In Fig. 32 we 

show the curves for day and night operation. The actual probability of 

detection should also take into account the probability of a 108 watt 

stroke to occur, hence the actual probability of detecting a stroke is 

even higher than the one calculated. An even more involved calculation 

that was mentioned earlier should also take into account the variations 

in lightning frequency with the seasons and the time of the day. This, 

however, is of a more speculative nature and beyond the scope of this work. 

False Alarm Ratio (FAR) 
and Line of Sight Stability 

The false alarm ratio was inherently reduced by choosing a high 

goal of 6 for the SNR. The initial requirements was FAR = 0.3. The false 

alarm rate for one pixel is given by 
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Fig. 32. Probability of Detection as a Function of 
Lightning Power. 
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(from RCA Electro Optics Hdbk, p. 110). There are 3.2x10s pixels in a 

frame and the nominal frame time is 5 ms. Thus for an SNR value of 6 

and for 15 events per frame the FAR is 0.02. However, in performing this 

calculation the physical limitations of the system's stability were over

looked. As in any spaceborne system, instrument vibrations are likely 

to occur. If between consecutive frames the system moved by more than a 

specified amount enough charge at the output is expected that the presence 

of a signal might be detected even in the case where no signal actually 

occurred. An exact assessment of the permitted vibration amplitude and 

frequency should involve the statistical properties of the background dis

tribution including the spatial correlation between adjacent FOV elements 

and also the correlation of temporal fluctuations (scintillations) origi

nating at different times from the same element (see, for example, Liang, 

1979). Since a model numerically describing these parameters is not 

available, we will again proceed with a worst case analysis. We thus 

assume that two adjacent elements are completely uncorrelated in both 

time and space. Furthermore, we assume that the reflectivity from one 

element is 0.8 (clouds) while the one next to it is 0.1 (dark soil). If 

the lateral shift between the two consecutive integration periods is 

Ax (Fig. 33), the background signal accumulated during the first period 

is 0.8 Ng, while during the second period it is (0.8 Ng (1-Ax) + 0.1 Nfi Ax). 

After subtraction the resulting signal is 0.7 Ng Ax. This value is not to 

h t: 
exceed the threshold set at 6 Ng. With Ng = 1.3x10s electrons (for the 
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perfectly reflecting case) we obtain Ax < 1/50 IFOV, which for a 0.197 

mrad pixel becomes A0 < 4 rad, which is not a very unusual requirement 

for spacebome instruments. It should also be stressed that the current 

analysis implicitly assumes a vibration frequency of 200 Hz which is 

quite a high value for mechanical vibrations. We emphasize again that 

this was a worst case analysis. It is not very likely that adjacent pixels 

are completely tincorrelated and that the contrast difference will be that 

large. Even under these conditions the stability requirements can be met. 

We would also like to point out that since the vibration is coherent over 

the full FOV, the result will be an unusually large number of strokes 

detected from one single frame and this can be easily detected and dis

carded from the statistics. We thus conclude that a LOS stability of 

= 5 prad at 200 Hz or lower is safe with a decent if undefined margin. 



CHAPTER 8 

CONCLUSION AND SUGGESTONS FOR FURTHER RESEARCH 

The purpose of this research was to design a spaceborne light

ning sensor that will provide extensive statistics and advanced warning 

about incoming lightning activity. A comparison between the initial 

requirements and the projected performance of the designed instrument 

was shown in Chapter 2. We concluded that the general design goals were 

achieved or bettered. The only exception was a slightly higher detec

tion threshold during daytime operation whose origin was In the finite 

charge handling capability of the CCD array as opposed to the strong 

solar background. This is a fundamental limitation as the finite satur

ation charge of the CCD array originates from physical constraints and 

we certainly cannot do anything about the solar background. It therefore 

appears that the design fulfills as much as could be achieved of the 

design goals, in view of the physical limitations. 

We do, however, see the possibilities of further improvement that 

could be made if additional lightning data should be made available. 

An attempt to gather this new data or to refine our current knowledge 

will be made using the high flying aircraft instrument described in Chap

ter 2. In the remainder of this chapter we describe the areas where we 

believe that our knowledge is deficient as relevant to the design devel

oped. 

113 
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We already mentioned the fact that most of the optical data 

gathered about lightning were the result of ground based experiments. 

Due to this fact there is very little or practically no available data 

on the optical signature of C-C lightnings. Moreover, even the data 

that was measured for C-G strokes describes their signature aB seen 

from underneath the clouds and not from the cloud tops. Although the 

process of radiation transfer through the atmosphere in the spectral 

region of interest is believed to be conservative as there are no major 

absorption lines within the visible portion of the spectrum, the sig

nature of C-C and C-G lightnings can be expected to be different due to 

a different scattering path. We can also expect to find a different spec

tral signature for C-G lightnings than the one obtained from ground mea

surements. We thus suggest that measurements should be made from above 

the clouds that will cover the spectral temporal and spatial signature 

of C-C and C-G lightnings. The expected benefit can be a better defini

tion of the working wavelength, integration time and maybe required pixel 

area. The possibility also exists to obtain a way of optical discrimina

tion between C-C and C-G strokes. 

One particular measurement that should be emphasized is spectral 

measurements as a function of time. It was already observed from ground 

based experiments that there is a time evolution of the different spec

tral lines with the short wavelength components evolving very rapidly 

at the beginning of a stroke when the channel temperature reaches 

= 32000 K while the longer wavelength components appear later and last 

longer as the channel cools off. It might thus be that a lightning stroke 



115 

will appear to be longer when viewed through a narrow filter at 868.3 

nm than when viewed at 500.0 nm, and this effect might alter our choice 

for the integration period. 

Although not directly relevant to this project we would like to 

point out that no spectral measurements of lightning strokes were per

formed in the near UV or beyond 1.1 pm. Such measurements can be per

formed with the current technology (in particular in the thermal IR) and 

much could be learned from this additional data about the lightning 

process. 

In Chapter 7 we stated that an approach different from frame-to-

frame subtraction can be taken in order to filter out the strong background 

during the daytime, and we termed this approach analog filtering. It is 

common practice to use AC coupling of detectors in systems where the signal 

of interest is a small variation superimposed on a high DC plateau (e.g., 

in thermal imaging systems). This cannot be done directly with CCD arrays 

due to the fact that they are integrating detectors. A filter could, how

ever, be used following the output of the CCD array. The two-dimensional 

image is transformed into a one-dimensional time signal and a high pass 

filter could be used to filter out the background composed of low spatial 

frequencies. Since lightning signals will appear as spikes superimposed 

on a much smoother signal they will be little affected by the filtering. 

The advantage of using this method as opposed to the frame-to-frame sub

traction technique will be in a simplification of the processing electron

ics and in particular removal of the requirement for an additional CCD 

memory as used here. 
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In order to implement this Bcheme we would have to have a good 

knowledge of the spatial power spectrum of the background image. Several 

publications described the background power spectrum as seen from space 

(e.g., Mason, 1977) but none of them concentrated on the particular wave

length proposed here, and none of them was done in the region of spatial 

frequencies used here (the highest spatial frequency that should be used 

in our case is - 0.07 km-*). Enough data is available from space photo

graphs of the globe to do a meaningful research on this matter. A further 

improvement of the method would be to use a combination of analog high 

pass filtering with frame-to-frame subtraction: first the background is 

removed by the high pass filter and the resulting events are stored in a 

digital memory to be compared later with the same measurements from the 

following frame. Doing this will reduce the probability of false alarms. 

Since the number of relevant events is about the number of strokes occurring 

during each frame, the memory size can be very small and, consequently, the 

full operation can be done while a new frame is integrated. We suggest 

that this approach should be given serious consideration in future research. 

The list of possible measurements could be further extended almost 

indefinitely. We hope that the near future U-2 flights will answer some 

of the opened questions leading to a refinement of the present design. 

With this additional data in hand and proper funding an operational space-

borne instrument could be launched in the mid-eighties. 
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