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ABSTRACT 

Rapid advances in state-of-the-art Schottky barrier infrared 

focal plane arrays (FFAs) have made this technology a serious candidate 

for infrared system design at wavelengths out to 6 ym. Such a device 

is the Honeywell 2793 focal plane array organized as 32x64 PtSi 

detectors designed to operate at cryogenic temperatures. Since this 

device is not currently marketed, its performance specifications are not 

well known and thus, it is advantageous to have an independent 

evaluation. The purpose of this work is to measure the salient 

features of this FPA by using a universal CCD test facility developed 

at the Optical Sciences Center of the University of Arizona. 

Measurements made are charge transfer efficiency, nonuniformlty, noise, 

preamp gain, conversion efficiency, and full well capacity. 

x 



CHAPTER 1 

INTRODUCTION 

Rapid strides in advancing Che state-of-the-art of Schottky 

barrier infrared focal plane arrays have made this technology a viable 

tool for the designer of infrared systems. RCA Laboratories, in 

conjunction with RADC/ESE, Hanscom Air Force Base, began research and 

development of this technology in 1972. Recent improvements have 

convinced at least two other companies (Honeywell and Mitsubishi) to 

develop similar infrared charge-coupled devices (IRCCDs) using Schottky 

barrier devices. 

The Honeywell 2793 IRCCD is a monolithic 32x64 (detector) focal 

plane array which was specifically designed to operate at or near 

liquid nitrogen temperatures (77 K). The format for operation consists 

of one full image frame composed of two fields, each having 32x32 

pixels. The photosensitive area is fabricated with PtSi Schottky 

barrier detectors, and the CCD signal processing readout circuit is a 

32x32, two-phase, N-channel, buried channel, charge-coupled device. 

Because this device is not being marketed commercially at this time, its 

performance specifications are not well known. The purpose of this 

paper is to report the results of an independent evaluation of the 

performance of the Honeywell 2793 device made at the CCD/Detector 

Laboratory of the Optical Sciences Center, University of Arizona. 

1 
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As part of the task to test and measure the parameters of the 

Honeywell device, It was necessary to build a computer-controlled test 

facility to collect data at a high rate. Such tests would be virtually 

impossible through more conventional means (i.e., oscilloscope 

measurements). The tests made using these techniques consisted of 

charge transfer efficiency, nonuniformity, and noise measurements. In 

addition, other tests such as preamp gain, conversion efficiency, and 

full well capacity had to be performed manually. 

Chapter 2 begins by putting the IRCCD (the Schottky barrier, in 

particular) technology in perspective with other types of charge-

coupled devices. The idea is to demonstrate why this is an important 

tool for the infrared systems designer. In addition, a brief account of 

the history and present state-of-the-art is given. 

Next, Chapter 3 is a rudimentary overview of the theory of 

Schottky barrier IRCCD operation and the equations which describe its 

performance. An attempt was made to develop (or present) the equations 

which are used in later sections when measurements are actually taken. 

Chapter 4 explains the Honeywell device in detail. In this 

section, enough information is given on the necessary voltages and 

waveforms to operate the device in the lab. With this information, and 

that in Chapter 5 explaining each specific test in detail, the 

interested scientist could duplicate the measured data. The 

discrepancies in data are rationalized in the final section on analysis. 

Finally, the results of this effort are summarized and conclusions are 

drawn Chapter 6. 



CHAPTER 2 

BACKGROUND 

The concept of the charge-coupled device (CCD) was first 

reported by Boyle and Smith in 1970.1 The basic idea was to create a 

series of voltage controlled capacitors whereby a charge packet 

introduced at one end could be transferred down the series of the 

capacitors and off the device to an output circuit. The basic capacitor 

element was proposed to be of the metal-insulator-semiconductor 

structure. 

The first CCD elements were implemented using the well 

established metal-oxide-semiconductor (MOS) capacitor of silicon 

technology. This choice was a natural because of the ease in 

manufacturing the insulating layer (SK^) and the technology was well 

established. It is common practice to view the spatial region under 

each capacitor site as the location of a potential energy "well" for 

the signal charge packet. Since charge always moves to the local 

potential minimum; it seeks this site when the appropriate external 

voltage is applied to the MOS electrode. By controlling (or clocking) 

subsequent electrodes with the proper timing and voltage, charge moves 

from one spatial location to the next and ultimately off the device. 

By introducing the charge pocket at one point and detecting it 

at another point, the circuit behaves as a shift register or delay line. 

Moreover, since the potential well created may contain a variable 

3 
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amount of charge, the CCD described behaves as an analog delay line. 

When the charge pockets are photogenerated and then electronically 

manipulated to a single output; the CCD operates as a self-scanned 

imager. For this reason, a concentrated effort has been spent on 

applications to imaging since the early days of the device. The 

versatility of the CCD is due to the relatively simple device operation 

and the fact that it can be used as an imager and/or analog shift 

register. 

Initial development of the CCD imager was restricted to the 

visible region of the spectrum (0.4 to 0.7 um). Again, silicon is a 

natural choice with its responsivity in the 0.4 to 1.1 um band. However, 

it was not long before interest in military and space applications 

extended the CCD capability into longer wavelength infrared. These 

devices became known as infrared charge-coupled devices (IRCCDs), and 

often are used in the focal plane of a thermal imaging system. Thus, 

CCD imaging arrays are often used synonymously with the term focal 

plane array (FPA) in the literature. 

Image sensors designed for operation in the visible region of 

the electromagnetic spectrum rely on radiation reflected from the 

object for their operation. However, thermal imaging sensors operate on 

radiation emitted by the object in the infrared region of the spectrum. 

Since the radiant exitance of an object at night depends mainly on 

temperature and emissivlty (and not on solar reflectivity), an infrared 

sensor is particularly suited for night vision. In addition, longer 

infrared wavelengths are less affected than the shorter visible 

wavelengths by scattering particles in the atmosphere such as fog, 



5 

smoke, and aerosols. Therefore, a major thrust in the development of 

IRCCDs has been for military applications and remote sensing of the 

Earth's natural resources and/or environment. 

As a consequence, the development of IRCCDs has been to produce 

images from general terrestrial scenes around 300 K. Picture quality 

depends on both thermal and spatial resolution. Thermal differences 

between objects in the scene may be very small (typically less than 0.1 

K), and must be detected against a background radiation of 300 K. 

Therefore, the IR image is composed of very small signal fluctuations 

superimposed on a very high background photon flux. This situation is 

much more difficult than the visible image, which is characterized by 

high contrast and low background conditions. 

Many different types of infrared PFAs have been developed to 

meet the needs of the infrared system designer,^ but basically they can 

be classified as having either a hybrid or monolithic circuit 

construction. In the hybrid circuit construction the detector array is 

composed of a material which has been optimized to detect wavelengths 

in a desired spectral wavelength band (e.g., mercury cadmium telluride 

(HgCdTe)) and the CCD readout circuitry is manufactured from a material 

which is optimized for signal processing (e.g., silicon technology). Then 

the detector array and CCD readout are mated together by some method 

of processing such as indium solder bump bonding (see Fig. 2.1). 

Besides being able to independently optimize the detector and 

CCD readout circuitry; other advantages of the hybrid construction 

include allowing the system designer to mate many different types of 

detector arrays to the same universal CCD readout circuitry. In 



hv 
< 

1 SOLDER 
BUMP BONDING 

DETECTOR ARRAY 

CCD READOUT CIRCUITRY 

Figure 2.1. Focal plane array hybrid circuit construction. 
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addition, the fill factor (i.e., ratio of photosensitive are to total 

detector array area) can be quite high because the inputs to the CCD 

from the array are on the backside of the array. The penalties for 

choosing a hybrid approach, besides the obvious manufacturing 

difficulties with alignment, are thermal expansion mismatch problems 

and input noise variations through the bonded inputs. 

Many of the disadvantages of the hybrid construction are 

eliminated using a monolithic circuit construction. Here the detector 

array and CCD readout circuit are made of the same material on the 

same microelectronic chip. The most common example is silicon 

technology. Intrinsic silicon detector arrays are easily manufactured 

to operate in the visible portion of the spectrum and formed on the 

same chip as the CCD readout. Examples of other monolithic FPAs are 

indium antimonide (InSb) and Schottky barrier devices. The main 

disadvantages are that the choice of detector arrays is limited, and 

• that the fill factor is usually low because the CCD itself occupies a 

significant portion of the chip's real estate. 

Most detectors with useful sensitivity rely on photo-emission. 

Here, a photon of energy strikes the detecting material, and if its 

energy is sufficiently high (e.g., E>Eg • forbidden energy gap in an 

intrinsic semiconductor) it has a high probability of exciting the 

electron into a signal circuit and being detected. This type of 

detector is called a quantum detector because it is sensing quanta of 

energy (photons) given by the following equation: 
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(2.1) 

where: E » energy of a photon [J] 

h • Planck's constant • 6.626176xl0~34 [j-g] 

v - frequency [Hz] 

X » wavelength [m] 

c • speed of light 2.9979x10® [m s~*]. 

Quantum detectors in the visible portion of the spectrum are 

relatively easy to work with because a photon of visible light has 

sufficient energy to displace electrons from relatively stable 

materials, such as silicon. However, as wavelength increases the energy 

of a photon decreases (see Eq. (2.1)) and detector materials with 

smaller energy gaps must be used. Unfortunately, these materials also 

make it easier for electrons excited by thermal energy to jump the gap, 

and since they are indistinguishable from an incident photon; they are 

also counted as signal. Therefore, infrared quantum detectors must be 

cooled to eliminate thermally generated noise. 

Single detectors of many different materials have been used in 

the conventional IR spectrum (roughly 0.9 to 14 ym) with images being 

formed by mechanically scanning a few small individual detectors over 

the field of view. Current requirements for increased performance and 

improved sigpal-to-noise ratio (SNR) demand the use of FPAs to reduce 

or eliminate mechanical scanning. The two most promising technologies 

in this attempt are the mercury cadmium telluride (HgCdTe) compound and 

E hv • -s-
hc 
X 
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the Schottky barrier detector (SBD). The HgCdTe FPA is usually of 

hybrid circuit construction, while the Schottky barrier technology uses 

the internal photo-emission effect from a metal silicide to a silicon 

diode, and CCD multiplexing registers to provide a single serial video 

output from a monolithic circuit. 

HgCdTe is a popular choice because its spectral responsivity 

can be tailored to extend far into the IR spectrum (>14 ym) by 

controlling the relative mixtures of HgTe and CdTe. It has excellent 

quantum efficiency, n (n = number of electrons generated per incident 

photon), typically 75 to 95%, but the material requires cooling at 185 

to 77 K, depending on application of the device. 

Although this material makes an excellent single detector, it 

is not well suited for applications requiring an array of detectors. 

Primarily because the variations in responsivity among adjacent 

detectors (non-uniformity) is prohibitively high. Non-uniformities of 5 

to 40% are not uncommon with HgCdTe arrays. Thus, high thermal 

background radiation (~300 K), which is usually constant, gets modulated 

by the detector array non-uniformity and the result is the small 

variations in temperature due to the desired signal (~0.1 K) are 

swamped out. This defect is usually corrected by expensive external 

signal processing off the chip. 

The Schottky barrier technology offers a number of advantages 

over the HgCdTe technology. Perhaps the greatest advantage are its 

high defect-free focal plane arrays and reproducibility. This means 
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that the Schottky barrier FPAs have low nonuniformity and will 

ultimately be inexpensive when supply reaches production quantities. 

Intrinsic quantum detector technologies specify a definite 

cutoff wavelength by tailoring the energy band gap. The Schottky 

barrier detectors, however, are given a specific wavelength cutoff by 

changing the metal used for the metal silicide photodiodes. Longer 

cutoff wavelengths require metals with a lower electron-work function. 

Figure 2.2 shows the cutoff wavelength versus cooling temperature for 

various Schottky technologies. Notice with platinum, for example, the 

detector gives a cutoff below 6 urn; with palladium, it cuts off at 3.5 

lim. 

Regardless of the metal used, SBDs have increasing quantum 

efficiency as the wavelength gets shorter peaking around 1 ym when the 

detectors are back-illuminated through the silicon substrate. For 

wavelengths shorter than 1 iim, the incident photons are blocked by the 

low transmission of silicon. 

A summary of the advantages and disadvantages of the Schottky 

barrier focal plane array is shown in Table 2.1. Historically,^ the 

work on Schottky barrier 1R CCD imagers began at RCA Laboratories in 

June 1973. This was a joint effort with the Air Force Systems Command 

RADC/ESE, Hanscom Air Force Base, Massachusetts. The results of this 

effort brought the first operating Schottky barrier IRCCD array with 

palladium silicide (Pd2Si) detectors. The first platinum silicide (PtSi) 

Schottky barrier IRCCD arrays followed in 1977. These were 256 linear 

arrays and 25x50 element area arrays. These devices gave a promising 
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Figure 2.2. Cutoff wavelengths for various Schottky barrier 
technologies.3 
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Table 2.1. Schottky barrier FPA tradeoffs. 

Advantages Disadvantages 

•Compatible with standard IC processing 
•Easily manufactured 
•High yield 
•Inexpensive 
•Reliable 
•Low nonuniformity (0.2 to 0.5% rms) 
•Monolithic construction 
•No-blooming 
•Low crosstalk 
•Easy to operate 
•IR spectral responsivity (1 to 6 um) 
•Operate as staring imagers with optical 

integration times of 10 to 100 ms @ 80 K 
•Linear over dynamic range of 10^ or 10^ 

•Operate at 80 K 
•Low quantum efficiency 

(typically 1 to 9%) 
•High thermally generated 

dark current 
•Low fill factor in 

monolithic package 
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performance with a response non-uniformity of about 1 % rms and a noise 

equivalent temperature of less than 1 K. 

These early devices were fabricated with "thick" Pd2Si and PtSi 

detectors. By making the detectors thinner, RADC/ESE was able to 

manufacture PtSi Schottky barrier array with an improvement in 

responsivity by a factor of two (in 1978) over previous thick devices. 

To further improve the responsivity of the thin Schottky barrier 

devices, it was proposed in 1978 to manufacture thin PtSi detectors 

with an aluminum reflector separated from the thin PtSi film by a 

layer of silicon dioxide (SK^). A dramatic improvement of a factor in 

ten in responsivity resulted with an area arrays of size 25x50 

elements. 

Therefore, the two Schottky barrier devices that have received 

the most attention are the relatively mature thin PtSi technology and 

the developmental thin Pd2Si technology. Although the PtSi devices 

will outperform Pd2Si at any given wavelength up to 6 um, the PtSi 

requires more stringent cooling. 

The most current devices which have the highest fill factor are 

produced by Honeywell System Research Center in Minnesota. Besides 

Honeywell, developmental work is being pursued by the Mitsubishi 

Corporation of Japan.-* Table 2.2 summarizes the current 

state-of-the-art in Schottky barrier FPAs. 



Table 2.2. Important state-of-the-art Schottky barrier focal 
plane arrays. 

Type of Size of Fill 
Manufacturer SBD FPA Factor 

RCA thin PtSl 64x128 221 
thin Pd2Si 64x128 22% 

Honeywell thin PtSl 32x64 43% 

Mitsubishi thin PtSi 32x64 



CHAPTER 3 

THEORY 

The Schottky Barrier Detector Array 

Operation 

The basic sensor cell consists of a metal electrode deposited 

directly onto a silicon substrate to form a Schottky barrier having the 

energy-band structure shown in Fig. 3.1(a). In operation, the Schottky 

barrier is first reverse biased (or reset) and then disconnected from 

the bias circuit. This forms the depletion region shown in Fig. 3.1(b). 

The sensor cell is then back-illuminated through the silicon substrate 

with IR radiation. The infrared radiation with photon energy less than 

the bandgap of silicon (Eg-1.1 eV) is transmitted through the substrate. 

If the infrared radiation has a photon energy, hv, greater than the 

metal-semiconductor work function, tms» then it will be absorbed in the 

silicide layer and result in the excitation of photocurrent across the 

Schottky barrier (tpms) by internal photo-emission. These "hot" holes 

are injected into the silicon substrate and neutralize the ionized 

donors in the depletion region. This results in a reduction in 

depletion width and a corresponding reduction in voltage across the 

structure which is proportional to the intensity of the optical signal. 

Hence, the silicide electrode has a net negative charge. Finally, the ' 

detection of the IR optical signal is completed by the transfer of this 

negative charge into a CCD readout circuit. This transfer to the 

15 
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Figure 3.1. Basic operation of a SBD. 

(a) Energy band diagram. 
(b) Corresponding Schottky barrier cell. 
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readout circuitry is accomplished by resetting the cell to its original 

depletion level at the end of the field time. The electrons dumped off 

the PtSi electrode into the CCD register during reset provide the video 

signal. 

The spectral energy window of a back-illuminated SBD is given 

by 

< hv < Eg (3.1) 

where Eg is the energy bandgap for silicon (1.1 eV), i|>ms is the Schottky 

barrier or metal-semiconductor work function and hv is the incident 

photon energy. 

Construction 

Figure 3.2 shows the basic construction of the PtSi Schottky 

barrier detector cell. The aluminum reflector is separated from the 

silicide layer by Si02* This reflector provides a significant 

improvement in quantum efficiency by coupling IR radiation into the PtSi 

layer. 

As mentioned earlier, the original SBDs had a relatively thick 

silicide layer. The reason for going to a thin silicide layer is to 

reduce its thickness to be less than or equal to the attenuation length 

of the hot holes, thereby improving the injection or emission 

efficiency. This implies that the injection of the hot holes across the 

silicide-silicon Interface is enhanced by scattering (reflection) from 

the silicide-Si02 interface. The reduced thickness was also expected to 
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Figure 3.2. The basic Schottky barrier sensor cell construction. 
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reduce the reflection of the Infrared radiation at the aillcon-sillclde 

interface. 

The transfer gate shown in Fig. 3.2 is used to reset the 

Schottky barrier and form the initial depletion regions underneath the 

silicide electrode. This occurs by pulsing the transfer gate once per 

field time. Then during the optical integration time, the surface 

channel transfer gate is biased into accumulation. This isolates the 

SBD from the buried channel charge-coupled device (BCCD) register and 

also provides a blooming control mechanism for this detector. After 

the integration time, the transfer gate is again pulsed-on, which 

transfers the detected charge signal (electrons) from the PtSi 

electrode to the BCCD register and simultaneously resets the detector 

again. 

This procedure has a "built-in" blooming control because a 

strong radiation signal forward-biases the SBD and no further negative 

charge is accumulated at the PtSi electrode; thus the photocurrent is 

self-limited by a reduction in bias potential. The small negative 

voltage developed at the PtSi electrode is not sufficient to forward 

bias the N+ diffusion of the detector (see Fig. 3.2) to inject a negative 

charge into the CCD register through the silicon region under the 

transfer gate driven into accumulation. 

Responsivlty 

The spectral responsivlty of a back-illuminated SBD is 

determined by the spectral energy window given by Gq. (3.1). The lower 
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wavelength cutoff of the detector is a function of the energy bandgap 

Eg of the substrate. This means that photons with short wavelengths 

are not transmitted by the substrate, but absorbed within it; therefore, 

they never reach the detector silicide. The short wavelength cutoff 

can be calculated with the aid of Eq. (2.1) 

xcs - x - ¥ - TT* tw®] (3.2) 
Eg Eg 

where: Eg • bandgap energy of substrate [eV] 

X - wavelength [ w]. 

for a silicon substrate Eg»l.l eV which corresponds to Xcg = l.l urn. 

The long wavelength cutoff in spectral responsivity is 

determined by the Schottky barrier, i|/m8. As the wavelength of a photon 

gets longer, it simply does not have enough energy to "jump" the 

Schottky barrier and participate in the subsequent photo-emission 

process. Therefore, the long wavelength cutoff is found by 

XCL - tMm). (3.3) 
Yms 

The Schottky barrier is a function of the type of metal used in the 

silicide and also its thickness. Typical values are <|>ms~0.2 eV 

(Xcl~6 Jim) for PtSi and ij/ms~0.3 eV (X(jl~4 ym) for Pd2Si. 
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The responsivity R between the cutoff wavelengths can be 

approximated by a modified Fowler equation: 

R " °i (l * TW OA) 

where: Cj « the emission coefficient [eV~*] 

A • wavelength [ ym] 

i|»ms " Schottky barrier [eV] 

R • responsivity [A/W]. 

A detailed discussion of the barrier emission coefficient is 

described in elsewhere.^ 

Quantum Efficiency 

Quantum efficiency n for this type of detector is defined as 

the ratio of the number of photoelectrons generated per incident 

photon. Its value is somewhere between 0 (0%) and 1.0 (100%). It is a 

measure of a detector's ability to convert optical energy into 

electrical (electronic) energy. 

The equation for quantum efficiency is also derived from a 

modified Fowler response^ and is given by 

Ci , . 2 
v « — (hv - ̂ m8J [electrons/photon] (3.5) 
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where: C} - the same emission coefficient of Eq. (3.4) 

hv - incident photon energy 

•ms " Schottky barrier 

ti - quantum efficiency. 

Relating Eq. (3.4) to Eq. (3.5) we can arrive at the following 

relationship between quantum efficiency and responsivity: 

n - R(hv) - (3.6) 

where X is in urn. 

Examples of spectral responsivity. curves for typical state-of-

the-art PtSi and Pd2Si Schottky barrier devices are shown in Fig. 3.3. 

The data used was obtained by RCA Laboratories, Princeton, New Jersey** 

with a 100° C source, with an aperture diameter of 1.25 cm, and at a 

distance of 15.8 cm from the detectors. 

Equation (3.4) was used to plot responsivity versus wavelength 

where: 

PtSi: Cx - 0.542 eV"1, ipms - 0.208 eV 

Pd2Si: Cx - 0.191 eV"1, ij>ms - 0.337 eV. 

On the same plot, quantum efficiency n is shown using a rearranged form 

of Eq. (3.6). 
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Figure 3.3. Typical responsivity curves. 



R " (nk)x 
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(3.7) 

where: n • a constant 

X - wavelength in [ ym] 

R « responsivity in [A/W]. 

Notice that the PtSi detector has a quantum efficiency ranging 

from 7 to 1 % in the spectral range of 3 to 4.5 ym. The most useful 

quantum efficiency of the Pd2Si detector seems to be from 1 to 3 ym 

where it has 10 to 0.2 % quantum yield. Clearly, the PtSi detector 

outperforms the Ps2Si for longer wavelengths. 

Uniformity 

Because the background radiation is so high (T~300 K) and the 

scene variations are so low ,(AT~0.1 K) for an infrared terrestrial 

scene, non-uniformity of the photoresponse across the FPA can 

completely mask the desired image. Therefore, the detector-to-detector 

nonunlformity is a very important parameter of the IRCCDs specification. 

It also appears to be the most salient advantage of the Schottky 

barrier FPA. Typical values of non-uniformity for a Schottky barrier 

are 

0.2 ^ TISBD ^ 0.5 

and for the HgCdTe detector array 
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5< ^HgCdTe < 40 

where n is Che percent rms nonunlformlty. Therefore, we can see the 

Schottky barrier FPA is better by at least an order of magnitude than 

the HgCdTe FPA. 

Figure (3.4) illustrates clearly how the performance of an IR 

imaging system is related to FPA nonunlformlty.^ Here we have plotted 

the noise equivalent temperature difference, NEAT, versus nonunlformlty 

for an IR system imaging a 300 K background scene in the spectral bands 

of 3 to 5 ym and 8 to 14 urn. NEAT is defined as the temperature 

differential between two adjacent elements in the scene that give a 

signal equal to the system noise. 

The shaded region in the curves show the range of typical non-

uniformity for HgCdTe arrays (top) and Schottky barrier arrays (bottom). 

As we can see from this graph, excellent thermal sensitivity (~0.1 K) 

can be realized in both the 3 to 5 ym and 8 to 14 ym atmospheric 

windows with Schottky barrier arrays without the use of video 

processing for nonunlformlty correction. 

The primary contributions due to nonunlformlty in a detector 

are: 

(1) Photolithography problems - errors in fabricating uniform 

size detectors 

(2) Stoichiometry - doping variations across the device produce 

a different response to radiation 

(3) Material defects in the substrate, 

with (2) being the worst offender. Schottky barrier FPAs are inherently 
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Figure 3.4. IR focal plane array performance. 
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uniform because the free carriers are generated In the metal electrode; 

thus the generation rate is independent of variations in the Impurity 

concentration and minority carrier lifetime in the silicon. 

Although the Schottky barrier IRCCD technology represents the 

only FPA that can be used without uniformity compensation. To achieve 

performance limited only by the temporal noise of the array, some form 

of electronic (or software) compensation for fixed pattern noise is 

required. 

Basics of CCD Signal Processing 

To understand the operation of the charge-coupled device and 

the evaluation of its performance, it will be necessary to review some 

of the basic theory essential to its operation. This will begin with a 

brief explanation of how it operates followed by some background on 

charge storage and charge-coupling—the two most fundamental concepts 

of CCDs. This will be followed by an explanation of charge transfer 

efficiency which is the most important parameter for specifying the 

performance of a CCD. In addition, the characteristics of the output 

circuitry will be explored to find the relationship between the input 

signal (in electrons) and the output video (in volts). 

It will be necessary to realize that there are two basic types 

of CCD structures. In one the charge packets are stored very close to 

the surface or interface between the insulator and the semiconductor. 

Since the signal charge moves along at this surface as it is 

transferred, this device is known as a surface channel charge-coupled 

device (SCCD). Two years after the SCCD was invented, an important 
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variant was developed in which charge packets are stored and 

transferred some distance away from the surface of the semiconductor. 

Such devices are now known as buried channel charge-coupled devices 

(BCCDs). 

Operation 

Charge-coupled devices operate by transferring packets of 

signal charge from one potential "well" to another. The potential 

wells are formed by deep-depleted MOS capacitors whose value depends 

on an externally-applied voltage to its electrodes or gate. The MOS 

capacitors are arranged in a linear array either on a uniformly doped 

substrate (surface channel, SCCD) or on a substrate with a thin 

depleted layer of opposite conductivity at the surface (buried channel 

BCCD). Figure 3.5 shows the basic structure of both the SCCD and BCCD 

with a p-type substrate. 

In either case, the minimum potential energy of these wells is 

determined by the voltage applied to the gate electrode, and the proper 

manipulation (called clocking or phasing) of these voltages which 

causes charge packets to transfer along the line, since charge always 

moves to the local potential minimum. 

Although many CCD configurations and clocking schemes have been 

developed, our primary concern will be the two-phase N-channel BCCD. 

In order to implement two-phase clocking, some mechanism must be 

designed to cause charge to transfer in one specific direction. Figure 

3.6(a) shows a typical gate structure used with three- or four- phase 

clocking. Since the potential minimum is relatively flat, it has no 
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Figure 3.5. Two-phase N-channel charge-coupled devices. 

(a) SCCD. 
(b) BCCD. 
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preference over which direction it moves. Compare this structure with 

the stepped oxide used in two-phase construction shown in Fig. 3.6(b). 

Here we see the charge carrier has a preference to move to the right 

because the potential minimum is in that direction. 

Figure 3.7 illustrates two-phase clocking using stepped oxide 

construction. Figure 3.7(b) shows typical clock waveforms for a two-

phase device. Figure 3.7(a) shows the potential minimum profile in the 

substrate which corresponds to time (tj, t2> etc.) shown on the 

waveforms. At time tj, the clock is on and $2 clock is off, and 

charge is sitting under gate 1. At time t£, all gates are on and no 

charge movement is observed. However, at tg, <j>j is turning off, 

collapsing the potential well under gate 1, while ^2 *s still on. Thus, 

charge flows to the right under gate 2. Finally, at time t4, $1 is 

completely off, $2 is on> and t*ie charge now resides under gate 2. This 

complete one gate-to-gate transfer. 

SCCD versus BCCD 

The basic MOS capacitor is shown in Fig. 3.8 for a p-type 

silicon substrate. Here we see that the applied gate voltage Vg sets 

up a depletion region in the substrate with an inversion layer charge, 

QlljV> at the Si-Si02 interface (or surface). Since the substrate is 

grounded, it follows that the potential dropped across the depletion 

layer is equal to the surface potential Vs. The depletion region can be 

thought of an a capacitor CD whose value is a function of the gate 

voltage. 
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(a) Potential minimum curves. 
(b) Clocking waveforms. 
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Figure 3.8. Basic MOS capacitor. 



34 

Figure 3.9 shows the potential profile (l«e., potential versus 

distance into the substrate) when a gate voltage, Vg is applied to the 

structure. Notice that the highest voltage (i.e., minimum potential for 

an electron) occurs at the surface of the substrate (or S1-S102 

interface) and this is where the inversion layer charge Qmv resides. 

In addition, if externally generated signal charge (electrons) are 

introduced in the MOS capacitor cell, they will also reside at this 

surface. The greater the gate voltage Vg, the greater will be Vs and 

more signal electrons can be stored at this spatial site, thus, the term 

potential "well." 

Beynon and Lamb*® have shown that the surface potential can be 

approximated by 

vs a vg + 7^* (3*8) ® uox 

To a first-order approximation, the surface potential is a linear 

function of the applied gate voltage. Therefore, by increasing the gate 

voltage, Vs increases and the signal handling capability (full well 

capacity) increases accordingly, until saturation exists. When this 

happens, Eq. (3.8) is no longer valid. 

This is the basic structure of a surface channel CCD. For a p-

type substrate, the inversion layer charge is negative and, since signal 

charge is also negative and transferred at this surface, the device is 

called an N-channel SCCD. 
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(a) 

(b) 

Figure 3.9. SCCD basic cell. 

(a) MOS structure. 
(b) Potential profile. 
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This structure is attractive because it is inherently simple and 

relatively easy to manufacture. However, it is not without problems. 

Surface traps occur at the S1-S102 interface, robbing the device of the 

efficient transfer of signal charge and speed. For this reason, it is 

desirable to move the charge carrying channel (i.e., potential minimum) 

further down into the bulk semiconductor where surface trap effects 

can be ignored. Devices with this structure are classified as buried 

channel charge-coupled devices (BCCDs). 

This type of structure greatly enhances the maximum transfer 

speed at the expense of fabrication complexity. For a p-type substrate, 

a BCCD can be implemented by adding a thin layer (~1 ym) of N-type 

semiconductor between the oxide layer and the silicon substrate as 

previously shown in Fig. 3.5. A positive voltage is applied to N+ source 

and drain diffusions (thus, reverse biasing the N-buried channel), which 

draws off all the free conduction electrons leaving behind the uniform 

positive space charge of the donor sites. This creates a parabolic 

potential profile with a minimum near the middle of the N-type buried 

channel. It is at this depth in the bulk semiconductor that the signal 

charge is stored and transferred. In this device, the signal charge 

carriers are now majority carriers in the buried channel as opposed to 

minority carriers in the surface channel case. Figure 3.10 shows the 

potential profile in the substrate for a BCCD. 

Charge Transfer 

Several driving mechanisms cause free charge to transfer from 

one gate to another, some of which ultimately limit the maximum speed 
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at which a CCD can operate. The primary mechanisms are: (1) self-

induced drift, (2) thermal diffusion, and (3) fringe field drift. 

Self-induced drift is caused by the repulsion of like charges 

and its effects are unimportant after most (~99%) of the charge has 

transferred. Therefore, limitation on device speed is determined by 

either thermal diffusion or fringe field drift. Both of these 

mechanisms cause an exponential decay of charge under the transferring 

gate. Since clock frequency determines the time available for transfer, 

the time constants for the exponential decay governs the efficiency of 

transfer. 

The equation for thermal diffusion of charge is given by 

Ns(t) - N_(0) exp(-t/xth) (3.9) 
irz 

and 

4L2 

where: Ns(0) • charge density before transfer 

Ns(t) - charge density after time, t 

Tth " thermal diffusion time constant 

L - gate spacing 

Dn • diffusion constant. 



The effect of potentials on adjacent gates to which a well is 

emptying its charge is called fringing fields. Charge transfer is 

enhanced by carrier drift in these fields because they tend to smooth 

out the potential wells, making them monotonic. Therefore, the maximum 

clock speed, predicted as being limited by the thermal diffusion time 

constant, is actually better than expected. 

Charge Transfer Efficiency 

The most important figure of merit for a charge-coupled device 

is the charge transfer efficiency, CTE. This is defined as the fraction 

of original charge packet that is transferred from one storage site to 

the next. The fraction that is lost in this gate-to-gate transfer is 

defined as the charge transfer inefficiency, e. Since the potential 

well, used to store and transfer minority carriers, also serves to 

repel majority carriers, recombination is negligible. Therefore, 

minority carriers are lost from the original charge packet only by 

being left behind. Since charge carriers are either transferred or not, 

it follows that 

CTE + e - 1. (3.10) 

The effect of an imperfect transfer is to deteriorate the amplitude 

(voltage) of the original signal packet so that after n transfers, the 

ratio of the signal level Vn to the original level VQ is given by 



v 
-2. - (CTE)n. 
vo 
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(3.11) 

Figure 3.11 shows the effect of transfer inefficiency on a 

group of ten charge packets injected into one end of a linear CCD array 

(nxl) and their amplitude at the output after n transfer later. The 

transfer loss manifests Itself by smearing the charge across the gates 

with charge trailing the ten original packets. Notice the first pulse 

is the one which carries the transfer efficiency information because it 

is the only one which does not have any charge smeared into it from a 

previous gate. Therefore, the first pulse amplitude gives us Vn and a 

later pulse, say fifth, gives VQ for the variables in Eq. (3.11). 

Rearranging this equation, we get 

A useful approximation to this equation for quick laboratory 

calculations, accurate for the parameters of almost any real properly-

functioning CCD is 

CTE - (3.12) 

(3.13) 

where: AV • V„ - Vn. 
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Figure 3.11. Effect of charge transfer loss after n gate 
transfers. 

(a) Input signal. 
(b) Output signal. 
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The loss mechanisms which cause low charge transfer efficiency 

are: (1) incomplete free charge transfer during a clock period, (2) 

surface state traps, (3) bulk state traps, and (4) inter-electrode gaps. 

For the situation of incomplete transfer of charge during a 

clock period, we can write the CTE using Eq. (3.9) as 

N8(°)-Ng(t) 8 
CTE " ».<0* " 1 • % ».14) 

_ if we assume that self-induced drift and fringe field drift are 

negligible. From this equation, we can see that the more time allowed 

for the transfer to take place, the better the CTE. For example, if we 

have a gate spacing of 10 Mm and Dn-10 cm2/s, then Ttha^° ns* If we 

require a CTE-0.9999, then we must allow a clock period of T«10 

(because, 1-(8/tt2) e~^a0.9999). This corresponds to clock frequency of 

fc-l/T-l/(400 ns)-2.5 MHz. 

In surface-channel devices, trapping and the subsequent loss of 

charge during transfer occurs in fast interface states at the Si/Si02 

junction. These states are distributed evenly across the bandgap. They 

all fill at the same rate, depending on the number of carriers in the 

conduction band at the surface (within ~100 A of the surface). However, 

their emptying rate depends upon the energy difference between the 

conduction band and the trap level. Thus, many states fill faster than 

they can empty, resulting in a net loss of signal carriers into trap 

states during transfer. 



This loss mechanism can be minimized by continuously adding a 

small amount of charge to the CCD to keep the fast states filled so 

that no states are empty to trap charge when a full well signal 

arrives. This DC bias charge is often called "fat zero." Obviously, the 

price paid for adding fat zero charge is loss in dynamic range (or full 

well capacity). 

The surface state traps are the primary reason for designing 

the buried channel CCD. This gets the signal charge away from the 

Si/Si02 surface. Trapping also occurs within the bulk semiconductor; 

however, these bulk trap sites occur in numbers an order of magnitude 

less than the surface traps. 

Generally, BCCDs can achieve very high efficiencies without fat 

zero charge, but CTE is improved with a small amount indicating that 

some trapping losses are present. 

Thus far, charge transfer mechanisms have assumed that there 

are no potential barriers existing between the two potential wells. 

However, due to inter-electrode gap (i.e., finite gate spacings), it is 

possible to get a barrier as illustrated in Fig. 3.12. When such a 

barrier exists, a reservoir of charge is held behind in the transferring 

well and the amount of charge actually transferred at low clock 

frequencies is determined by the barrier height. A high transfer 

efficiency (CTE-0.9999) requires a channel potential variation with no 

barriers to that complete charge transfer occurs. This can be achieved 

by manufacturing techniques such as overlapping adjacent gates. 

Table 3.1 summarizes the advantages and disadvantages of SCCD 

versus BCCD for IRCCD design. A careful evaluation of the needs of a 



44 

Table 3.1. SCCD versus BCCD performance. 

Item SCCD BCCD 

Full well capacity 

Charge transfer 
efficiency 

Maximum clock 
frequency 

Fabrication 

Cryogenic operation 

4x10" elec/cm^ 
limited by 
oxide breakdown 

Requires fat zero 

15 MHz 

Simple 

Yes 

10" elec/cm^ 
limited by Si 
breakdown 

Little or no 
fat zero 

25-300 MHz 

More complex 

Freezes below 77 K 
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Figure 3.12. Potential barrier between gates due to lnter-electrode 
gap. 
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given application is required to determine the most desirable CCD 

approach. 

Conversion Efficiency 

The basic parameter describing the performance of the CCD's 

output circuit is conversion efficiency. It is defined as the number of 

volts produced by the output circuit per electron into this circuit. 

This parameter is found by measuring the change in voltage AV 

caused by a change in electrons Ae~. But Ae~ is related to a change in 

current by the equation 

Ae~ - — (3.15) 
q 

where: AI - change of input current during clock period T 

T • 1/f • clock period of CCD 

g - charge of an electron • 1.6x10"*® coul. 

Therefore, it follows that Av/Ae~, the conversion efficiency CE is 

C E  -  | q f  ( 3 . 1 6 )  

where AV/AI is the slope of the Vout versus I^n curve. 

Noise 

Many noise sources limit the performance of a system using a 

CCD focal plane array. These noises can be classified as being due to: 

(1) photon flux (background and scene), (2) optics, (3) detector array, 
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(4) signal processing CCD, and (5) electronics. However, the best 

possible performance is obtained when all other noise sources are 

suppressed to the point where only photon flux noise (due to Mother 

Nature) dominates. Figure 3.13 shows a breakdown of these noise 

components for a typical IRCCD system.** Tables 3.2 and 3.3 define and 

give equations for the various noise sources, respectively. Some values 

of typical noise terms are summarized in Table 3.4. 

If the individual noise contributions are truly independent, 

then the total noise of a system is found by taking the root sum 

squared (rss) value of the individual contributions. 
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Table 3.2. Types of noise in CCD focal plane array. 

Photon Noise: This manifests itself as shot noise due 
to the random arrival and emission rate 
of photons. Approximated by a Poisson 
process, which results in a standard 
deviation equal to the square root of 
the mean number of photons. 

Input Noise: Random injection of charge from a 
diffusion into a potential well. Often 
called fat zero noise when a fat zero 
is put in electrically. 

Transfer Inefficiency 
Noise: The noise associated with the random 

amount of charge lost by a signal upon 
transfer and the amount of charge 
introduced to a signal upon entering a 
well. 

Trapping Noise: A noise arising from random trapping and 
emission from interface states or bulk 
states. 

Dark Current Noise: Also called thermal generation noise. 
This noise is associated with carriers 
which are thermally generated to bring 
the potential well into thermal 
equilibrium. 

Clock Feed-
Through Noise: This noise is due to capacitance 

coupling from the array gates to the 
output diode. It becomes more important 
at high frequencies. 
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Table 3.2. (Continued) Types of noise In CCD focal plane array. 

Floating Diffusion 
Reset Noise: This is a noise associated with the 

reset circuit on the output 
preamplifier. This noise is the thermal 
noise of the MOSFET channel resistance 
in parallel with the floating diffusion 
capacitance, often called kTC noise. 

Amplifier Noise 
of Output: This noise is associated with a MOSFET 

of a given transconductance. 

Fixed Pattern Noise: This noise is the variations across the 
video output for a uniform radiation 
flux input. It can be caused by dark 
current generation being spatially 
varying. 



Table 3.3. Expressions In number of electrons for noise sources 
associated with FPA. 

Type 
Expression rms 

Carrier Fluctuation Terms 

Photon, Np 

Input, Nj 

Transfer 

Inefficiency 
Noise, Ne 

Trapping Noise, 

Dark Current, N4 

UGZnEpAjTi]172 

[kT*Cln*q~2]1/2 

[2 eN3] 
1 / 2  

[nkT AdN88An 2] 
1 / 2  

P4̂ 4] 1/2 

6 • photoconductlve gain 

n • quantum efficiency 
Ep - photon irradlance 
A,j • pixel area 
T^ - integration time 

k - Boltzmann constant 

T • temperature 
Cfn • input capacitance 
q • charge of electron 

e " transfer 

inefficiency 
Ns - number of carriers 

in signal packet 

n * number of gate 

transfers 
Nsg * density of surface 

states 

Jj • dark current 

density (for silicon 
~10"8 A/cm2) 

q - elemental charge • 
1.6x10""*® coul. 

Aj - detector area 
T^ • integration time 



Table 3.3. (Continued) Expressions in number of electrons for 
noise sources associated with FPA. 

Floating 

Diffusion, Ng£ 

Preamplifier 
Noise, NpA 

[kT CFDq~2] >2,1/2 

Co 

i 
8 kT Af 

^ 8m 

CFD - floating diffusion 

capacitance 

Af - electrical 
bandwidth 

8m transconductance 



Table 3.4. Typical noise level of various contributors. 

Noise Source Level (Electrons) 

Input Noise 500 

Transfer Inefficiency 50 

Trapping 
Surface Channel 1000 
Buried Channel 100 

Dark Current 100 

Floating Differential Reset 500 

Amplifier 500 



CHAPTER 4 

THE HONEYWELL DEVICE 

1 

Architecture 

The Honeywell 2793 chip Is a monolithic FPA with 2048 

Individual PtSl Schottky barrier detectors organized into 32 rows and 64 

columns. Half of the optical sensors are designated "A" detectors, and 

the remaining half are called "B" detectors. Figure 4.1 shows the 

detailed architecture of this device. 

Integrated on the same 'chip is a 32x32 two-phase N-channel 

BCCD arranged into 32 vertical shift registers which assist in reading 

the optical information from the detectors to a 64x1 two-phase N-

channel BCCD horizontal output register, sometimes called the output 

multiplexer (MUX). From here, the signal goes to a reset circuit on 

chip preamp and ultimately off the chip in serial data format. 

The device was designed to operate with two fields, A and B, 

composing a frame. Field A is a 32x32 pixel field-of-view (FOV) 

interlaced in time with Field B, also a 32x32 pixel FOV. Figure 4.2 

illustrates the sequence of events in a full frame transfer. First, the 

A sensors are allowed to detect optical radiation during the field A 

integration period, after which time the Field A information is 

transferred simultaneously onto the vertical shift registers. Then the 

entire detected image of Field A is shifted down, row by row, in unison 

onto the output MUX. The horizontal lines are transferred out by a 

54 
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Figure 4.1. Architecture of a 32*64 PtSi array. 
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high frequency clock before the next horizontal line is shifted in. 

Since the output MUX has 64 bit positions and a row is 32 bits, only the 

even numbered bit positions are loaded during the vertical transfer. 

The odd numbered bit positions are called "dummy" or "blank" positions 

and are necessary to allow for the spacing between vertical shift 

registers. Therefore, the serial data out of the device will have 

signal interlaced with blank pixels of no information. 

The Field B integration time begins halfway through the Field A 

integration time and follows the same sequence of events previously 

described. The transfer gate timing showing this relationship is 

illustrated in Fig. 4.3. 

The Honeywell 2793 was nominally designed to operate with a 

frame time of 1/30 second. Therefore, its transfer rate or multiplexer 

clocking frequency is: 

30 frames „ 2 fields „ 32 rows „ 64 transfers _ ,nnnon transfers ————— x —- x x ————— • 1ZZOOU _ 
s frame field row s 

MUX clocking frequency • 122880 Hz 
(for 30 frames/sec) 

Transfer rate = 8.138 ys ! 
Specifications 

Since the Honeywell 2793 FPA is a proprietary device and not 

marketed at this time, its specifications are not well known. 

Table 4.1 lists the specifications acquired through verbal 

communication with Honeywell. Since the device was designed to operate 
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Table 4.1. Honeywell 2793 FPA specifications (T - 77 K). 

Parameter Value 

Size of FPA 

Detector Size 

Fill Factor 

Nonuniformlty 

Spectral Responsivity 

Quantum Efficiency 

Schottky Barrier 

Dark Current 

Charge Transfer Efficiency 

Conversion Efficiency 

Full Well Capacity 

Preamp Gain (AC) 

Floating Diffusion Capacitance 

32x64 pixels 

35 umx35 urn 

43% 

0.2% rms 

1 to 5 um 

1% @ \ - 4 ym 

\|(m8 - 0.25 eV 

1 picoamp 

0.9999 (>2% fat zero) 

0.2 to 0.3 uv/electron 

10^ electrons 

0.8 

0.42 pf 



at cryogenic temperatures (liquid nitrogen), these parameters are given 

at 77 K. 

Construction 

Figure 4.4 shows the construction of the PtSi Schottky barrier 

detector cell of the Honeywell 2793 chip. In this structure, a thin 

(~150 A) and very uniform layer of PtSi is formed on the p-type silicon 

substrate and is separated from an aluminum reflector by a layer of 

deposited Si02 dielectric. This forms a Fabry-Perot cavity which serves 

to couple IR radiation back into the PtSi layer, where the silicon 

substrate stops all radiation below 1.1 pm. Thus, only longer 

wavelengths are allowed to enter the photosensitive area. Performance 

is improved by adding an anti-reflection (AR) coating to the substrate. 

Figure 4.5 shows the cross-sectional diagram of the Honeywell 

2793 FPA. The transfer/reference gate indicated in the figure allows 

the signal carriers (electrons) to move from the photosensitive 

detector area through the N+ diffusion and into the buried channel 

region, where it is clocked off the device with a two-phase CCD. 

The dynamic range limiter is a special gate, that is 

common to every pixel and allows excess signal charge from saturating 

the detector. By turning on this gate signal, charge above a certain 

level (defined by the gate voltage) is allowed to transfer off the 

device through the N+ diffusion and will not be counted as signal. 

Thus, it limits the signal handling capability or full well capacity of 

the CCD cell. 
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Figure 4.4. Schottky barrier sensor cell. 
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Circuit Description 

The 2793 FPA has 22 inputs to control clocking, gates and DC 

bias voltages. These inputs are shown schematically in Fig. 4.6. In 

addition, there is one serial output for the detected image (sometimes 

called the video). 

The image readout begins with transfer gate (Ji^ (<t>Tg) being 

pulsed to a high potential which allows the simultaneous transfer of 

the Field A image (Field B image) onto the vertical shift registers 

where the second clock phase, <|>2SR> is also at a high potential. Then, 

the signal packet of each pixel is moved down the columns, one row at a 

time, by the alternating <|>isr an<* $2SR c3-oc^ voltages. Transfer from 

the vertical shift register to the output MUX is accomplished with the 

<t>TM gate. This happens at a time when the second phase of the output 

MUX, <|>2m> is at a high potential and ready to receive the signal charge. 

Again, the signal packet is moved along with two-phase clocking, <|>im 

and <|>2m' but this time it is at least 64 times faster. The charge is 

moved horizontally along the output MUX, where it is transferred off 

the array by the SCR1 gate to the output circuitry. 

The charge transfer efficiency can be greatly enhanced by the 

addition of a DC bias (or fat zero) which partially fills the trapping 

states in the bulk. For the vertical shift registers, this function is 

performed by pulsing the VFZsr diffusion with negative going pulses. 

The amount of fat zero introduced into each column is controlled by the 

positive voltage applied to the I}SR and/or I£sr gate. The more 

positive the voltage, the more fat zero injected. Moreover, fat zero 
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can be introduced independently into the output MUX by using the VpZM 

diffusion, Ijm and l2m in an analogous manner. 

The output circuitry is shown in Fig. 4.7. When the last output 

MUX phase-two clock, $2m» goes off, the electrons are transferred to 

the output gate node through the output transfer gate, SCRI. The SCBI 

gate has a low DC bias to allow transfer only when $2m 8°es off. The 

output gate node was previously reset to about 46 volts stored on the 

floating diffusion capacity at this node, Cpp. The electrons 

transferred in cause the node to go negative toward ground potential 

and the output follows. Therefore, the output signal is the difference 

between the reset level and the negative going pulse. After the signal 

is read, the reset gate, <j>£g, is pulsed on and the electrons are 

transferred to the reset drain, V^g. The reset transistor has a dual 

gate to eliminate miller coupling capacitance. The other gate, SCRI, 

has a DC bias (412 volts) and is not pulsed. 

In addition to the reset circuitry, the chip also has a preamp 

circuit whose gain is a function of Vgg (or the active drain resistance 

rjj). The AC gain, G, of the circuit is given by 

G " gm rD/(1 + «m rD) (4*1} 

where: gm • transconductance of the transistor 

rj) • AC resistance active load • f(Vgg). 

Also, an external buffer circuit is added off the chip to protect this 

device from extraneous voltages. It is an emitter follower circuit 

with a voltage gain of approximately unity and wide bandwidth. 
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Operation 

Output Multiplexer Waveforms and Voltages 

Often for test and evaluation of an IRCCD focal plane array it 

is desirable to operate the output multiplexer independently of the 

rest of the device. For example charge transfer efficiency 

measurements are often done only on the output MUX because these 

clocks are the fastest in the system and CTE decreases as clock 

frequency increases (see Theory section on CTE). 

The following waveforms and DC voltages were successfully used 

to operate the Honeywell 2793 FPA output MUX independently in 

subsequent measurements. 

DC voltages where ground = 0 voltage: 

I1SR"I2SR"+TM 

*lm - 2 v 

^m • 10 v 

SCR1 • 6 v 

SCR2 - 12 v 

Vgg • 4 v 

VSUB 

a o
 

• 00
 

<
 

VDD - 12 v 

VRS - 20 v 
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AC Waveforms 

The four pulsed input waveforms are shown in Fig. 4.8. All 

clock voltages are 0 to 12 v and the device was run with a MUX 

clocking frequency of 125 kHz at temperatures, T, of 77 K (liquid 

nitrogen) and 300 K (room temperature) 

Array Waveforms and Voltages 

Operation of the array must be done at cryogenic temperatures 

(liquid nitrogen). Otherwise, the detectors will simply saturate due to 

thermal noise. The following waveforms and voltages were used to 

operate the device at T • 77 K and a MUX clocking frequency of 125 kHz. 

DC Voltages 

I1SR 
9B 3 v SCR1 - 1 V 

^SR - 10 v SCR2 - 12v 

VSS 
m 0 v Vgg - 4 v 

*lm - 4 v VSUB - -0.9 v 

*2. - 10 v VDD - 12 v. 

VRS " 20v 

^DRL * 0 v 

AC Waveforms 

The output MUX waveforms (Figs. 4.9 through 4.11) are the same 

as Fig. 4.8. The waveforms for $74 and are shown in Fig. 4.3. The 

pulse period for $TA and is 42 ms, the pulse width is 64 us. The 

pulse height is 0 to 1.5 v for <j>TA and 0 to 1 v for 

Notice that all clock waveforms with the exception of and 

<j>TB are pulsed with amplitudes of 0 to 12 v. This is convenient when 



Figure 4.8. Output multiplexer waveforms, (a) (b) <j>2m» 
(c) 4>rs» and (d) Vf2m* All voltages are 0 to 12 v. 
Time base: 2 ys/DIV. 



Figure 4.9. Array waveforms, (a) 4>XSR» (b) <J»2SR> (c) VFZSR» and 
(d) All pulses are 0 to 13 V. Time base: 0.1 
ms/DIV. 



Figure 4.10. Array waveforms, (a) <J»xa vertical scale 2 V/DIV, 
(b) <(>1SR» and (c) <|>2SR. <(>1SR and <I,2SR are 0 to 12 V 
pulses. Time base: 0.2 ms/DIV. 



Figure 4.11. Array waveforms, (a) <f>2SR> 0>) and (c) ̂ m-
All waveforms are 0 to 12 pulses. Time base: 
0.5 ys/DIV. 
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dedicated hardware must be built to drive the FPA. <t>TA and 

however, must have adjustable amplitudes because their amplitudes reset 

the Schottky barrier detector depletion depth and must be optimized 

independently. 

Finally, Fig. 4.12 shows the video output of a 300 K background 

image. This figure shows a full frame. 



Figure 4.12. Video output of 300 K background. 



CHAPTER 5 

EVALUATION OF THE HONEYWELL FPA 

The purpose of this thesis is to evaluate the Honeywell 2793 

Schottky barrier FPA by measuring some of the most important 

parameters that describe its operation. In order to accomplish this 

task and assist in the evaluation of other similar CCDs, a general 

purpose test facility for automatic data collection was proposed and 

subsequently built at the University of Arizona's Optical Sciences 

12 
Center. 

The Test Facility 

Figure 5.1 shows a block diagram of the present test facility. 

A commodore PET 2001 microcomputer is the heart of the system 

controlling the test setup (and subsequent generation of data) from its 

keyboard. It was chosen because it is programmable in BASIC, has a 

standard IEEE 488 bus, and is low in cost. The PET controls a printer, 

floppy disk storage, and a pattern generator. Moreover, it controls the 

transfer and storage of raw data from a test and performs data 

reduction functions through an interface coupler box. 

The pattern generator is an Interface Technology Inc. model 

RSM-432. Its function is to set up the timing sequence used to clock a 

CCD. It is a general purpose Instrument that has 32 parallel output 

ports driven at TTL logic levels. The RSM-432 is programmable by 
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putting a logic one (or zero) into its internal memory for each clock 

cycle that an output port is desired to stay high (or low). The clock 

cycle may either be chosen by an internal clock or by applying an 

external clock up to frequencies of 10 MHz. Therefore, by loading the 

RSM-432 memory with the proper "0"s and "l"s and assigning a clock 

period, waveforms can be generated for any CCD to be tested. The PET 

13 computer performs this function with interactive software control by 

assisting the operator to set up the timing blocks for the RSM-432. 

Figure 5.2 shows a simple timing block sequence for three parallel 

waveforms. Actual timing blocks used to set up the 2793 FPA waveforms 

shown in Chapter 4 are given in Appendix A. 

Once the desired timing has been generated for a particular 

CCD, each TTL level waveform goes to a separate Pulse Instruments 

model PI-451 MOS/clock driver. These drivers essentially shift the high 

and low level of the TTL input waveform to the proper voltage to drive 

the CCD. This can be set manually or under computer control (digital-

to-analog converter) to any voltage between ±25 volts. In addition, the 

PI-451 can control the rise and fall time of the waveforms. 

The timing generator also controls a very high speed special 

purpose analog-to-digital (A/D) model 2015, built by Tustin Electronics. 

This instrument accepts two external pulse inputs which trigger the A/D 

for double sampling of an analog waveform and then perform a 15 bit 

(14 bit plus sign) conversion in less than 2 Us. The analog waveform is 

the video output of the CCD and by sampling, we can determine the 

noise, nonuniformity and CTE of the CCD under test. 
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The Interface coupler box was designed to use the memory 

expansion port of the PET to condition the raw data from the A/D 

converter so it could be accepted into the computer's memory, where it 

can be processed. In addition, this box assists the PET in setting up 

the PI-451 driver voltage levels (and also reading them) when they are 

in the DAC mode. 

Finally,' one feature of this instrumentation worth noting is 

that the block timing diagrams and voltage levels can be stored on 

floppy disk and recalled at a later time, saving the user expensive set 

up time and ensuring reproducible testing conditions. A picture of the 

test facility is shown in Fig. 5.3. 

Dewar 

The Honeywell 2793 FPA was mounted in a special 28 pin dual-in

line (DIP) package with a window machined in the bottom of the ceramic. 

This package, in turn, was mounted on to a "cold finger" inside a Janis 

Research Inc. model RD dewar, as shown in Fig. 5.4. Copper wire leads 

were then soldered directly to the DIP pins and brought out through a 

32 pin connector at the rear of the dewar. The emitter-follower buffer 

circuit shown in Fig. 4.7 was mounted in the vacuum region. However, it 

is not shown in this figure. Besides protecting the device, this circuit 

provides the drive to handle high capacitance coax cable. 

The device is then enclosed with a radiation shield containing 

an interference filter with a spectral bandwidth of 3.4 to 4.2 Mm; see 

Fig. 5.5(a). Then the dewar is closed up with a lid containing a 

germanium (Ge) vacuum window (TSQ.6); see Fig. 5.5(b). Finally, a three-



Figure 5.3. Photograph of test facility. 



Figure 5.4. Honeywell FPA mounted on cold finger. 



Figure 5.5. The Dewar system showing (a) radiation shield and 
filter. 



Figure 5.5. (Continued) The Dewar system showing (b) Ge window. 



Figure 5.5. (Continued) The Dewar system showing (c) Ge lens system. 
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element, f/1, 50 mm, t»0.3 Ge lens system Is mounted over the window to 

image the infrared scene on the FPA; see Fig. 5.5(c). The dewar holds 

liquid nitrogen (N2). 

A list of equipment used in the evaluation of the Honeywell 

2793 FPA is given in Table 5.1. 

Measurements 

The following parameters were measured on the Honeywell 2793 

FPA in order to characterize its performance: 

•Preamp gain 

•Conversion efficiency 

•Full well capacity 

•Charge transfer efficiency (output MUX and array) 

•Uniformity 

•Noise. 

The parameters of the output MUX were measured first in order to 

establish the optimum operating conditions of this device. Once the 

output MUX is optimized, then those voltage settings were used for 

subsequent array measurements. 

The format that follows for describing each measurement will 

be to first state the test conditions under which the measurements 

were made and then present the data in reduced form. That is, the raw 

data will not be shown. Instead, it will be put into the proper 

equations and displayed in graphical or tabular form. Analysis of the 

results will follow in the final section of this chapter. 
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Table 5.1. Equipment used for evaluation tests. 

Item Specification 

Commodore PET 2001 computer 32 K memory, 4.0 Basic 

Commodore 4040 floppy disk dual disk drive 

Epson Mx-80 printer IEEE 488 BUS 

Interface Technology 

RMS-432E pattern generator 10 MHz, 32 channels 

Pulse Instruments, Inc. 

PI-451-002 drivers TTL inputs, ±25 v outputs 

Tustin A/D converter, 

2015-1-2S 14 bit plus sign, 2 ys 

Keithly model 602 Solid state electrometer 

Tektronics 475 Scope 200 MHz, dual channel 

Interface coupler 

(built in house) Controls 24 drivers 

Janis model RD dewar Liquid N2 

Ge lens system 15° FOV, f/1, three-element, 

T-0.3, f«50 mm 

Barnes Engineering blackbody aperture 5 mm diameter, T-500 K 
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Freamp Gain 

This measurement was made by first turning off the vertical 

shift registers and the output MUX. (See Fig. 5.6.) This is 

accomplished by setting the inputs at the following voltages: 

VFZSR " VFZM " +12 v and Ilm " X2m " I1SR " X2SR " +TM " 0 v* 

This isolates the output circuit. The input voltage is a 125 kHz, 1 

volt peak-to-peak sinewave (riding on top of 10 volts DC for bias). The 

output is the peak-to-peak value of the sinewave as it passes through 

the preamp. The gain, 6, is 

_ _ v0UT v0UT 
Vg " 1 volt pK-pK* 

The test was also run at 1 kHz with no effect on the gain. The 

temperature of the chip was 77 K. Since gain is a function of the 

active load resistance, G is plotted against Vgg in Fig. 5.7. 

Conversion Efficiency/Full Well Capacity 

Conversion efficiency is determined by measuring the current 

flowing into the output circuit, IK« and the voltage out of the preamp 

(see Figs 5.8 and 5.9). From Eq. (3.16), 

CE » AVqut qf / AIR» 
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where f - 125 kHz. By grounding the Vp2M diffusion through the Keithly 

Electrometer, we are injecting charge electrically into the output 

circuit. The output MUX clocking is run in the normal fashion. Also, 

we can calculate 

CpD " q G/CE 

full well capacity, FWC « vsat/CE, 

where vsat - saturation voltage. 

Data 

Temperature CE AC Gain CFD FWC* 
(Kelvin) (yv/electron) (pf) (electrons) 

300 0.26 0.59 0.36 0.92xl07 

77 0.30 0.70 0.37 

*Vgat - 2.4 v @ T - 300 K. 

Charge Transfer Efficiency 

This important parameter is often measured for the output MUX 

and the array. However, the CTE of the output MUX is the most 

important because it should be the worst case CTE of the FPA. This can 

be seen by recalling the output MUX must clock at least 64 times 

faster than the vertical shift register clocks; and from Eq. (3.14), CTE 

gets worse as clock period gets smaller. 
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Therefore, the output MUX CTE measurement is performed by 

injecting electrical pulses into the MUX fat zero input and measuring 

CTE per Eq. (3.13) on the output. 

The CTE can also be measured optically by imaging a blackbody 

point source at four places on the array as shown in Fig. 5.10. This 

measurement assumes: 

(1) responsivity of each detector is identical (or can be 

normalized) 

(2) irradiance on each detector due to the point source being 

identical 

(3) A and B are in the same row, m pixels apart 

C and D are in the same row, m pixels apart 

A and C are in the same column, m pixels apart 

B and D are in the same column, m pixels apart 

(A) vA, vfi, vc, vD • voltages at points A, B, C, D, 

respectively. Then theoretically, CTE for the output MUX 

can be found by either 

/vc\l/4m /v*\l/4m CTE • {£) • \i) C5-i: 
and CTE for the vertical shift registers, columns, 

CTE . fe)1'2" . feY/2n. (5.2) 



94 

M PIXELS 

-i 

T 
M PIXELS 

i 

A B 
H K i h 

f 

* * 

3 ? 

VERTICAL 
SHIFT 

REGISTERS 

OUTPUT 
CIRCUIT 

X. 
1 
T 

B 

JL 

OUTPUT MUX 

Figure 5.10. Optical CTE measurements. 



95 

The measurement of CTE was attempted both ways (i.e., 

electrically and optically) for the Honeywell 2793 FPA. 

Electrical CTE (Output MUX) 

•Array clocks and diffusions are all turned off 

•T - 300 K, 77 K 

•f - 125 kHz 

•Fat zero; 0%, 8%, 12% 

•Pulsed waveforms (all voltages 0 to 12 v) 

oput ten pulses into Vp2H diffusion, read them out 0.72 ms 

later 

•Negative going pulse injects charge into Vp^H diffusion. The 

amount getting into the CCD is controlled by either I^m gate 

and/or pulse depth. 

Data 

CTE - 0.9998 (0% fat zero, T - 300 K) 

CTE - 0.99995 (8% fat zero, T - 300 K) 

CTE - 0.9998 (12% fat zero, T - 77 K) 

(each CTE value represents average of 100 measurements). 

Figure 5.11 shows the test setup and Fig. 5.12 shows the input 

and output waveforms of this test. Figure 5.13 is an expanded view of 

the output illustrating that portion of the waveform where the data 

was measured. 
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Figure 5.11. Output MUX test configuration. 



Figure 5.12. Waveforms for CTS measurement, (a) Input VpzM» and 
(b) VOUT* Vertical sca;e: 5 V/DIV. Time base: 
0.1 ms/DIV. 



Figure 5.13. Expanded view of output, (a) TPl and TP2 sample test 
points for A/D converter. Vertical scale: 5 V/DIV, 
(b) Vout vertical scale: 2 V/DIV. Time base: 
10 ys/DIV. 
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Optical CTE (Vertical Shift Registers) 

A Barnes Engineering 500 K blackbody with a 5 mm aperture was 

used as the source. The image of the source was focused and maximized 

at points B and D and the measured values are: 

Point B - row 7, column 20; vB • 0.7 v 

Point D « row 29, column 20; VJJ • 0.5 v 

.*• n - 2m - 2(29-7) - 44, 

and from Eq. (5.2) we get 

/o 7\l/44 
CTE - (~) - 1.0077! 

Data is not valid because Vb>Vq. 

Nonuniformity 

Test Conditions. This measurement was made on one column of 

the A array of detectors. The detectors were staring into a 77 K 

background created by soaking a sponge with liquid nitrogen and placing 

it in front of the lens. The test points for the A/D converter were 

set up to measure the voltage from each pixel in the column eight 

times. This gave a sample of 256. The mean and standard deviation 

were found. The nonuniformity is simply the mean divided by the 

standard deviation. 
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Data. 

Test Run //I Nonuniformity " 7.1% rms (=21% pk-pk) 

Test Run //2 Nonuniformity « 7.5% rms (=22% pk-pk>. 

Photographs showing the nonuniformity for a room temperature 

image are given in Fig. 5.14. 

Noise 

Test Conditions. Noise in a CCD array has been defined^ as the 

standard deviation, a, (or rms variation) one gets when measuring the 

same pixel voltage, AV, many (say n>50) times, with the same nominal 

irradiance on that pixel. The equation used in the computer algorithm 

is 

This noise measurement is made with the classical correlated 

double sampling techniques which samples the output video during reset, 

then takes another sample during the signal. The difference voltage 

(AV in the above equation) is digitized with 15-bit resolution (14 bit 

plus sign) and stored in the computer memory. This task can be 

performed by the Tustin A/D converter in less than 2 us. Once 256 

samples have been gathered, the computer finds their standard deviation 

via Eq. (5.3). 

1 / 2  

(5.3) 
n-1 
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Figure 5.14. Non-uniformity of Schottky barrier 
FPA showing (a) field A, and 
(b) typical row. 
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The noise measurement for this test was made on the "B" 

detector of row 2 and column 5. The FPA was operated at 77 K and 

looking through the above-mentioned Ge lens system. 

Equation (5.3) gives the noise in rms voltage. However, it can 

be converted into noise electrons by knowing the conversion efficiency 

of the device. Thus, 

N - Vrms/CE 

where: N - total noise in electrons 

Vvms " noise voltage. 

This test was run four times with unity gain on the Tustin A/D 

converter. 

Data. 

Test # Vrms N 
(mV) (electrons) 

1 1.293 4310 
2 1.238 4127 
3 1.338 4460 
4 1.162 3873 

Average. 

Vrms • 1.258 millivolts rms 

N -.4193 electrons. 
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Analysis 

Analysis of the measured data indicates more than an order of 

magnitude higher nonunlformity than expected from the manufacturer's 

specifications of Table 4.1. This could be due to (1) photolithographic 

errors, (2) low cold stop efficiency, (3) vignetting, or (4) cos^ falloff. 

First we will examine the masking errors. Suppose the 

photolithographic error is ±0.1 urn. Then for a square detector, the 

area A is 

A • xy 

where x • y • 35 ym, Ax • Ay • ±0.1 p and 

^ " ft dx + §7 dy * H Ax + f? *y " yAx + xAy* 

But nonuniformity • dA/A » Ax/x + Ay/y 

A x y 35 35 

But this is a worst case (peak-to-peak) error. If the error follows a 

normal distribution, then the rms error would be a factor of 3 lower, 

or non-uniformity, dA/A • ±0.2% rms. Therefore, the nonuniformity 

measured in this experiment is not due to photolithographic errors. 
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Careful observation of the output waveform in Fig. 5.14(a) shows 

the signal drops off at both ends with respect to the middle. Cos^ 

falloff will manifest itself in this manner. Since the field angle is 

15°, cos^(15°)-0.87 and this accounts for about 13 Z (peak-to-peak) of 

the non-uniformity. Thus, the remainder must be due to vignetting 

and/or an inadequate cold shield. 

Another problem with the measured data was the erroneous 

results of the optical CTE test. Clearly, if all the assumptions made 

for the test were true, the first pulse off the CCD would have to have 

a greater amplitude than trailing pulses. But we have just shown that 

the nonuniformity is a significant problem. In fact, the following 

reasoning can be used to demonstrate that optical CTE measurements are 

not appropriate unless each measured pixel is normalized. 

Consider the expression for CTE given by Eq. (3.13) 

CTE - 1 -
nV0' 

but since CTE-l-e, it follows that 

ne - (5.4) 
vo 

where AV/Vq is the peak-to-peak variation or nonuniformity in pixel 

response. Therefore, if we are trying to measure e"10~^ (-> CTE -

0.9999) over n«64 transfers, which is typical for a BCCD, then 



AV/V0 « ne - 64xl0"4 - 0.64%. 
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But since this is a peak-to-peak measurement, nonuniformity «0.2 % rms. 

A good rule of thumb is ten times less, so we require the nonuniformity 

to be about 0.02% rms, which is clearly not achievable without 

responsivity normalization due to photolithography errors alone. 

Several facts should be brought up concerning noise 

measurements with the Tustin A/D converter. It is a 15-bit (14 bit plus 

sign) converter with an analog swing of 20 volts (-10 to +10 v). It has 

a resolution of (20 v/2^5) 0.61 mV. Since a worst case conversion 

efficiency is ~0.1 pv/electron, the A/D converter resolution could be as 

bad as 6000 electrons. However, the Tustin A/D converter has an 

internal amplifier circuit that yields a gain of ten which would give a 

resolution of 600 electrons. Therefore, if it is desired to measure 

noise in the hundreds of electrons, at least one more bit of resolution 

is necessary in the A/D. 

For the case of the Honeywell 2793 FPA, we measured the 

conversion efficiency to be 0.3 uv/electron, and since a gain of one was 

used, the uncertainty is 

uncertainty in noise measurement - , 0*61 mv a 2000 electrons. 
0.3 yv/electron 

Moreover, the noise measurement performed also contains internal noise 

of the Tustin instrument itself which is not known. This noise source 

should be measured and subtracted out per the equations 
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2 2 2 
NT0T " NCCD + NTUSTIN 

or 

nCCD (2 2 \ 1/2 
NT0T ~ NTUSTIN ) • 

From Table 3.4, the expected noise should be on the order of 

( 2 2 2 2 2 2\l/2 NI + Ne + NT + ND -rtlRS + Npa J 

NTOT - (50°2 + 5°2 + 10°2 + 10°2 + 50°2 + 5002̂  1/2 - 878 electrons. 

Therefore, the measured noise was much higher than expected and should 

have been made with more gain and/or more bits of resolution in the A/D 

converter. 



CHAPTER 6 

SUMMARY AND CONCLUSIONS 

Table 6.1 shows a summary of the results measured on the 

Important parameters of the Honeywell 2793 FPA. Although most of the 

measurements agree with the manufacturer's specified values, the 

nonuniformity and noise measurements did not. The problem with the 

nonuniformity measurement appears due to a lack of an inadequate cold 

stop, vignetting of the FPA and cos* falloff. This measurement could 

be improved by carefully designing the radiation shield within the 

dewar to eliminate vignetting and improve the cold stop efficiency. 

Also proper lens design can reduce cos* falloff to cos^ by introducing 

coma into the entrance pupil of a lens. Also the field angle can be 

reduced. 

The large uncertainty in the noise measurement can be reduced 

by increasing the bit resolution and increasing the gain of the Tustin 

A/D converter. In addition, a measurement should be taken on the Tustin 

electronics to determine its contribution to the total noise measured 

and subsequently subtracted out using Eq. (5.5). 

107 
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Table 6.1. Measured Parameters for Honeywell 2793 Type Focal Plane 
Array. 

f - 125 kHz, T - 77 K -

Parameter 
Manufacturer's 
Specifications 

Measured 
Value Dimensions 

Nonunlformlty 0.2 7.3 [ % rms] 

Charge Transfer Efficiency 0.9999 0.9998 I— ] 

Conversion Efficiency 0.2 - 0.3 0.3 [yV/electron] 

Full Well Capacity 107 0.92*107 [electrons] 

Preamp Gain 0.8 0.7 [—] 

Floating Diffusion Capacity 0.42 0.37 [pf] 

TOTAL Noise — 4193 [electrons] 



APPENDIX A 

Timing Block for 2793 Waveforms 

The following pages show the timing block for the 2793 wave

forms. 
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MUXTEST 2793 
BLOCK # 1 BLOCK * 2 
CHANNEL I I I I I I I CHANNEL I I I I I I 
CH 1 0000001111110000 CH 1 0000001111110000 
CH 2 1111000000000011 CH 2 111 1000000000011 
CH 3 1100000000000000 CH 3 1100000000000000 
CH 4 1110111111111111 CH 4 1111111111111111 
CH 3 oooooooooooooooo CH S oooooooooooooooo 
CH 6 oooooooooooooooo CH 6 oooooooooooooooo 
CH 7 oooooooooooooooo CH 7 oooooooooooooooo 
CH 8 oooooooooooooooo CH a oooooooooooooooo 
CH 9 oooooooooooooooo CH 9 oooooooooooooooo 
CH 10 oooooooooooooooo CH 10 oooooooooooooooo 
CH 11 oooooooooooooooo CH 11 oooooooooooooooo 
CH 12 oooooooooooooooo CH 12 oooooooooooooooo 
CH 13 oooooooooooooooo CH 13 oooooooooooooooo 
CH 14 oooooooooooooooo CH 14 oooooooooooooooo 
CH IS oooooooooooooooo CH IS oooooooooooooooo 
CH 16 oooooooooooooooo CH 16 • oooooooooooooooo 
CH 17 oooooooooooooooo CH 17 oooooooooooooooo 
CH 18 oooooooooooooooo CH IS oooooooooooooooo 
BLOCK REPEATED 10 TIMES BLOCK REPEATED 80 TIMES 

MUXTEST 2793 

LOOPING OF BLOCKS 
NESTED LOOP # 1 FROM BLOCK # 0 TO BLOCK. # 0 REPEATED 0 TIMES 

CHANNEL IDENTIFICATION 
CHANNEL 1 PHI 1 MUX 
CHANNEL 2 PHI 2 MUX 
CHANNEL 3 PHI RS 
CHANNEL 4 V F2 MUX 
CHANNEL 5 -

CHANNEL 6 -

CHANNEL T -

CHANNEL 8 -

CHANNEL 9 -

CHANNEL 10 -

CHANNEL 11 -

CHANNEL 12 -

CHANNEL 13 -

CHANNEL 14 -

CHANNEL IS -

CHANNEL 16 -

CHANNEL 17 -

CHANNEL 18 -

OC 1 
DC 2 
DC 3 
DC 4 
OC S 
DC 6 
DC 7 
DC 8 
OC 9 
DC 10 -

OC 11 -

DC 12 -
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ARRAYTEST 2793 
SLOCK # 1 BLOCK » ft  
CHANNEL 1 I I X I I I CHANNEL I I I I I 
CH 1 11100000 CH 1 11100000 
CH 00001110 CH 00001110 
CH •Jf 00000010 CH 3 00000010 
CH 4 10111111 CH 4 10111111 
CH 3 00000000 CH 3 oooooooo 
CH 6 11111111 CH 6 11111111 
CH 7 11111111 CH 7 oooooooo 
CH 9 00000000 CH a oooooooo 
CH 9 00000000 CH 9 oooooooo 
CH 10 00000000 CH 10 oooooooo 
CH .11 00000000 CH 11 oooooooo 
CH 12 00000000 CH 12 oooooooo 
CH 13 00000000 CH 13 oooooooo 
CH 14 oooooooo CH 14 oooooooo 
CH IS 00000000 CH IS oooooooo 
CH 16 oooooooo CH 16 oooooooo 
CH 17 oooooooo CH 17 oooooooo 
CH IS oooooooo CH 18 oooooooo 
BLOCK REPEATED 8 TIMES BLOCK REPEATED 8 TIMES 
BLOCK # 3 BLOCK # 4 
CHANNEL I I I I I I I CHANNEL I I I I I 
CH 1 11100000 CH 1 11100000 
CH 00001110 CH 00001110 
CH T 00000010 CH 00000010 
CH 4 10111111 CH 4 10111111 
CH S oooooooo CH 5 oooooooo 
CH 6 11111111 CH 6 11111111 
CH 7 oooooooo CH 7 oooooooo 
CH 8 11111111 CH 8 11111111 
CH 9 11111111 CH 9 oooooooo 
CH 10 oooooooo CH 10 oooooooo 
CH 11 oooooooo CH 11 oooooooo 
CM 12 oooooooo CH 12 oooooooo 
CH 13 oooooooo CH 13 oooooooo 
CH 14 oooooooo CH 14 oooooooo 
CH IS oooooooo CH IS oooooooo 
CH 16 oooooooo CH 16 oooooooo 
CH 17 oooooooo CH 17 oooooooo 
CH 13 oooooooo CH 18 oooooooo 
BLOCK REPEATED 8 TIMES BLOCK REPEATED 13 i TIMES 
BLOCK * 3 BLOCK # 6 
CHANNEL I I I I I I I CHANNEL I I I I I 
CH 1 11100000 CH 1 11100000 
CH 2 00001110 CH 00001110 
CH 00000010 CH -f 00000010 
CH 4 10111111 CH 4 10111111 
CH 3 00001100 CH 3 oooooooo 
CH 6 11111111 CH 6 11111111 
CH 7 oooooooo CH 7 oooooooo 
CH a 11111000 CH 8 oooooooo 
CH 9 oooooooo CH 9 oooooooo 
CH 10 oooooooo CH IO- oooooooo 
CH 11 oooooooo CH II oooooooo 
CH 12 oooooooo CH 12 oooooooo 
CH 13 oooooooo CH 13 oooooooo 
CH 14 oooooooo CH 14 oooooooo 
CH 13 oooooooo CH 13 oooooooo 
CH 16 oooooooo CH 16 oooooooo 
CH 17 oooooooo CH 17 oooooooo 
CH IS oooooooo CH 18 oooooooo 
BLOCK REPEATED 1 TIMES BLOCK REPEATED 8 TIMES 
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ARRAYTEST 2793 
BLOCK # 7 BLOCK # 8 
CHANNEL I I I I I I I CHANNEL I I I I I 
CH 1 11100000 CH 1 11100000 
CH 00001110 CH 2 00001110 
CH 3 00000010 CH 3 00000010 
CH 4 10111111 CH 4 10111111 
CH S oooooooo CH 3 oooooooo 
CH 6 11111111 CH 6 oooooooo 
CH 7 11111111 CH 7 11111111 
CH a oooooooo CH a oooooooo 
CH 9 oooooooo CH 9 oooooooo 
CH 10 oooooooo CH 10 oooooooo 
CH 11 oooooooo CH 11 oooooooo 
CH 12 oooooooo CH 12 oooooooo 
CH 13 oooooooo CH 13 oooooooo 
CH 14 oooooooo CH 14 oooooooo 
CH IS oooooooo CH 13 oooooooo 
CH 16 oooooooo CH 16 oooooooo 
CH 17 oooooooo CH 17 oooooooo 
CH ia oooooooo CH 18 oooooooo 
BLOCK REPEATED 4 TIMES BLOCK REPEATED 4 TIMES 
BLOCK # 9 BLOCK #10 
CHANNEL i i r I I I I CHANNEL I I I I I 
CH 1 11100000 CH 1 11100000 
CH 00001110 CH 2 00001110 
CH 3 00000010 CH 3 00000010 
CH 4 10111111 CH 4 10111111 
CH 3 oooooooo CH 3 oooooooo 
CH 6 11111111 CH 6 11111111 
CH 7 11111111 CH 7 oooooooo 
CH a oooooooo CH a oooooooo 
CH 9 oooooooo CH 9 oooooooo 
CH 10 oooooooo CH 10 oooooooo 
CH 11 oooooooo CH 11 oooooooo 
CH 12 oooooooo CH 12 oooooooo 
CH 13 oooooooo CH 13 oooooooo 
CH 14 oooooooo CH 14 oooooooo 
CH 13 oooooooo CH 13 oooooooo 
CH 16 oooooooo CH 16 oooooooo 
CH 17 oooooooo CH 17 oooooooo 
CH 18 oooooooo CH ia oooooooo 
BLOCK REPEATED 7Z ! TIMES BLOCK 1 REPEATED 8 TIMES 
BLOCK *11 BLOCK #12 
CHANNEL r i x i r i i CHANNEL I I I I I 
CH 1 11100000 CH l 11100000 
CH "J 00001110 CH 00001110 
CH •ml 00000010 CH 00000010 
CH 4 10111111 CH 4 10111111 
CH 9 oooooooo CH 3 oooooooo 
CH 6 11111111. CH 6 1U11111 
CH 7 oooooooo CH 7 oooooooo 
CH a 11111111 CH 3 11111111 
CH 9 oooooooo CH 9 oooooooo 
CH 10 oooooooo CH 10 11111111 
CH 11 oooooooo CH 11 oooooooo 
CH 12 oooooooo CH 12 oooooooo 
CH 13 oooooooo CH 13 oooooooo 
CH 14 oooooooo CH 14 oooooooo 
CH 13 oooooooo CH 13 oooooooo 
CH 16 oooooooo CH 16 oooooooo 
CH 17 oooooooo CH 17 oooooooo 
CH ia oooooooo CH 18 oooooooo 
BLOCK REPEATED 3 TIMES BLOCK REPEATED a TIMES 
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ARRAYTEST 2793 
BLOCK #13 BLOCK #14 
CHANNEL I I I I I I 
CH 1 11100000 
CH 2 00001110 
CH 3 00000010 
CH 4* 10111111 
CH 3 00000000 
CH 6 11111111 
CH 7 00000000 
CH a uiiiiii 
CH 9 00000000 
CH 10 00000000 
CH 11 00000000 
CH 12 00000000 
CH 13 00000000 
CH 14 00000000 
CH 13 00000000 
CH 16 00000000 
CH 17 00000000 
CH 18 00000000 
BLOCK REPEATED 7 TIMES 
BLOCK #13 BLOCK #16 
CHANNEL I I I I I I 
CH 1 11100000 
CH 2 00001110 
CH 3 00000010 
CH 4 10111111 
CH 3 00000000 
CH.6 11111111 
CH 7 00000000 
CH a oooooooo 
CH 9 OOOOOOOO 
CH 10 OOOOOOOO 
CH 11 OOOOOOOO 
CH 12 OOOOOOOO 
CH 13 OOOOOOOO 
CH 14 OOOOOOOO 
CH 13 OOOOOOOO 
CH 16 OOOOOOOO 
CH 17 OOOOOOOO 
CH IA oooooooo 
BLOCK REPEATED 9 TIMES 
BLOCK #17 BLOCK #18 
CHANNEL I I I I I I 
CH 1 11100000 
CH 2 00001110 
CH 3 00000010 
CH 4 10111111 
CH 3 OOOOOOOO 
CH 6 OOOOOOOO 
CH 7 11111111 
CH 8 OOOOOOOO 
CH 9 OOOOOOOO 
CH 10 OOOOOOOO 
CH 11 OOOOOOOO 
CH 12 OOOOOOOO 
CH 13 OOOOOOOO 
CH 14 OOOOOOOO 
CH 13 OOOOOOOO 
CH 16 OOOOOOOO 
CH 17 OOOOOOOO 
CH 13 OOOOOOOO 
BLOCK REPEATED 4 TIMES 

CHANNEL I I I I I 
CH 1 11100000 
CH 2 00001110 
CH 3 00000010 
CH 4 10111111 
CH 3 00001100 
CH 6 11111111 
CH 7 OOOOOOOO 
CH a liiuooo. 
CH 9 OOOOOOOO 
CH 10 OOOOOOOO 
CH 11 OOOOOOOO 
GH 12 OOOOOOOO 
CH 13 OOOOOOOO 
CH 14 OOOOOOOO 
CH 13 OOOOOOOO 
CH 16 OOOOOOOO 
CH 17 OOOOOOOO 
CH 18 OOOOOOOO 
BLOCK REPEATED 1 TIMES 

CHANNEL I I I I I 
CH 1 11100000 
CH 2 00001110 
CH 3 00000010 
CH 4 10111111 
CH 3 OOOOOOOO 
CH 6 11111111 
CH 7 11111111 
CH a oooooooo 
CH 9 OOOOOOOO 
CH 10 OOOOOOOO 
CH 11 OOOOOOOO 
CH 12 OOOOOOOO 
CH 13 OOOOOOOO 
CH 14 OOOOOOOO 
CH 13 OOOOOOOO 
CH 16 OOOOOOOO 
CH 17 OOOOOOOO 
CH 18 OOOOOOOO 
BLOCK REPEATED 4 TIMES 

CHANNEL I I I I I 
CH 1 11100000 
CH 2 00001110 
CH 3 00000010 
CH 4 10111111 
CH 3 OOOOOOOO 
CH 6 11111111 
CH 7 11111111 
CH 8 OOOOOOOO 
CH 9 OOOOOOOO 
CH 10 OOOOOOOO 
CH 11 OOOOOOOO 
CH 12 OOOOOOOO 
CH 13 OOOOOOOO 
CH 14 OOOOOOOO 
CH 13 OOOOOOOO 
CH 16 OOOOOOOO 
CH 17 OOOOOOOO 
CH 18 OOOOOOOO 
BLOCK REPEATED 32 TIMES 
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BLOCK #19 BLOCK #20 
CHANNEL I I I I I I I CHANNEL I I I I I 
CH 1 11100000 CH 1 11100000 
CH 2 00001110 CH 00001110 
CH 3 00000010 CH 3 ooooooio 
CH 4 10111111 CH 4 10111111 
CH 3 00000000 CH S 00000000 
CH 6 11111111 CH 6 11111111 
CH 7 00000000 CH 7 00000000 
CH 8 00000000 CH 8 11111111 
CH 9 00000000 CH 9 00000000 
CH 10 00000000 CH 10 00000000 
CH 11 00000000 CH 11 00000000 
CH 12 00000000 CH 12 00000000 
CH 13 00000000 CH 13 00000000 
CH 14 00000000 CH 14 00000000 
CH IS 00000000 CH IS oboooooo 
CH 16 00000000 CH 16 00000000 
CH 17 00000000 CH 17 00000000 
CH 18 00000000 CH 18 00000000 
BLOCK REPEATED 8 TIMES BLOCK REPEATED 16 TIMES 
BLOCK #21 BLOCK #22 
CHANNEL I I I I I I I CHANNEL I I I I I 
CH 1 11100000 CH 1 11100000 
CH 2 00001110 CH 00001110 
CH 3 00000010 CH •-» 00000010 
CH 4 10111111 CH 4 10111111 
CH 3 00000000 CH S 00001100 
CH 6 11111111 CH 6 11111111 
CH 7 00000000 CH 7 00000000 
CH 8 11111111 CH 8 11111000 
CH 9 00000000 CH 9 00000000 
CH 10 00000000 CH 10 00000000 
CH 11 00000000 CH 11 00000000 
CH 12 00000000 CH 12 00000000 
CH 13 00000000 CH 13 00000000 
CH 14 00000000 CH 14 00000000 
CH IS 00000000 CH IS 00000000 
CH 16 00000000 CH 16 00000000 
CH 17 00000000 CH 17 00000000 
CH 18 00000000 CH 18 00000000 
BLOCK REPEATED 7 TIMES BLOCK REPEATED 1 TIMES 
SLOCK #23 BLOCK #24 
CHANNEL i r i I I I I CHANNEL I I I I I 
CH 1 11100000 CH 1 11100000 
CH 2 00001110 CH 00001110 
CH 3 00000010 CH 00000010 
CH 4 10111111 CH 4 10111111 
CH 3 00000000 CH 3 00000000 
CH 6 11111111 CH 6 11111111 
CH 7 00000000 CH 7 11111111 
CH 3 00000000 CH 8 00000000 
CH 9 00000000 CH 9 00000000 
CH 10 00000000 CH 10 00000000 
CH 11 00000000 CH 11 00000000 
CH 12 00000000 CH 12 00000000 
CH 13 00000000 CH 13 00000000 
CH 14 00000000 CH 14 00000000 
CH IS 00000000 CH IS 00000000 
CH 16 00000000 CH 16 00000000 
CH 17 00000000 CH 17 00000000 
CH 18 00000000 CH 18 00000000 
BLOCK REPEATED 8 TIMES BLOCK REPEATED 4 TIMES 



ARRAYTEST 2793 
BLOCK #23 BLOCK #26 
CHANNEL I I X X X I I CHANNEL I I I I I I 
CH 1 11100000 CH 1 11100000 
CH 00001110 CH 00001110 
CH 3 00000010 CH 3 00000010 
CH 4 10111111 CH 4 10111111 
CH 3 00000000 CH 3 00000000 
CH 6 00000000 CH 6 11111111 
CH 7 11111111 CH 7 11111111 
CH S 00000000 CH 8 00000000 
CH 9 00000000 CH 9 00000000 
CH 10 00000000 CH 10 00000000 
CH 11 00000000 CH 11 00000000 
CH 12 00000000 CH 12 00000000 
CH 13 00000000 CH 13 00000000 
CH 14 00000000 CH 14 00000000 
CH 13 00000000 CH 13 00000000 
CH 16 00000000 CH 16 00000000 
CH 17 00000000 CH 17 00000000 
CH 18 00000000 CH 18 00000000 
BLOCK REPEATED 4 TIMES BLOCK REPEATED 3 TIMES 

ARRAYTEST 2793 

LOOPINS OF BLOCKS 
NESTED LOOP # 1 FROM BLOCK » 4 TO BLOCK # U REPEATED 32 TIMES 
NESTED LOOP # 2 FROM BLOCK # 13 TO BLOCK * 20 REPEATED 32 TIMES 

CHANNEL IDENTIFICATION 
CHANNEL 1 PHASE 1M 
CHANNEL PHASE 2M 
CHANNEL 3 PHASE RS 
CHANNEL 4 PHASE FZMUX 
CHANNEL 3 PHASE TM 
CHANNEL 6 PHASE FZSR 
CHANNEL 7 PHASE 1SR 
CHANNEL 3 PHASE 2SR 
CHANNEL 9 PHASE TA 
CHANNEL 10 PHASE TB 
CHANNEL 11 -

CHANNEL 12 -

CHANNEL 13 -

CHANNEL 14 -

CHANNEL 13 -

CHANNEL 16 -

CHANNEL 17 -

CHANNEL IS -

DC I 
DC 2 
DC 3 
DC 4 
DC 3 
OC 6 
DC 7 
DC S 
DC 9 
DC 10 
DC 11 
DC 12 
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