"/lD"AOQI. ‘333 RCA GOVERNMENT SYSTEMS DIV MOORESTOWN N J MISSILE AND=-=ETC F/6 17/9
CCD SIGNAL PROCESSOR STUDY.(U)
DEC 77 L W MARTINSON: B P GAFFNEYr 6 J MAYER F30602-76~C~-0280

NL

UNCLASSIFIED RADC=TR=77=422




e s

o

22
]

| KX

o
e

L2 e

N
O

MICROCOPY RESOLUTION TEST CHART

NATIONAL BUREAU OF STANDARDS-1963-4




RADC-TR-77-422
Final Technical Report
December 1977

CCD SIGNAL PROCESSOR STUDY

ADAOS1333

Lloyd W. Martinson
Brian P. Gaffney
Gerard J. Mayer

RCA/Government and Commercial Systems

FILE COPY]

™A

1 | i

Approved for public release; distribution unlimited.

ROME AIR DEVELOPMENT CENTER
Air Force Systems Command
Griffiss Air Force Base, New York 13441




This report contains a large percentage of machine-produced copy
which is not of the highest printing quality but because of economical
consideration, it was determined in the best interest of the government
that they be used in this publication.

This report has been reviewed by the RADC Information Office (OI) and is
releasable to the National Technical Information Service (NTIS). At NTIS it
will be releasable to the general public, including foreign nationms.

RADC-TR-77-422 has been reviewed and is approved for publication.

APPROVED: UJ&OM\ZIA 52 ‘ /9‘

WILLIAM LEE SIMKINS, JR.
Project Engineer

APPROVED: M;@ﬂ%

JOSEPH L. RYERSON
Technical Director
Surveillance Division

FOR THE COMMANDER:

JOHN P. HUSS
Acting Chief, Plans Office

If your address has changed or if you wish to be removed from the RADC mailing
list, or if the addressee is no longer employed by your organization, please

notify RADC (OCTS) Griffiss AFB NY 13441. This will assist us in maintaining
a current mailing list.

Do not return this copy. Retain or destroy.




b,

UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

REPORT DOCUMENTATION PAGE

READ INSTRUCTIONS
BEFORE COMPLETING FORM

3 'z GOVT ACCESSION NO.

3. RECIPIENT'S CATALOG NUMBER

PR SN

—

LED

=SIGNAL PROCESSOR STUDY' {

Finalfféchnical epert,
May @076 = May 877 —~

RADCHTR-77-422

Sk - m"?ﬂmszn

7. AUTHOR(s)

v,

Lloyd W. /{4art1nson Brian P. ﬁ ffue/

Gerard JJﬁayer

‘ CONTRACT OR GRANT NUMBER(s)

ﬁ;de/z 76- c/za//f‘”

%*Psaroaumc. ORGANIZATION NAME AND ADORESS @, "m

RCA/Government and—Gemmerciat Systems é’ /
Missile and Surface Radar Division ) &
1 08057 HOSF /

10. PROGRAM ELEMENT PROJECT, TASK

AREA & WOR s
62702F
45

11. CONTROLLING OFFICE NAME AND ADDRESS

Rome Air Development Center (OCTS) /4/

12.
27k

Griffiss AFB, New York 13441

. NUMBERO™SRTES

314

14, MONITORING A different from Controlling Office)

15. SECURITY CLASS. (of this report)

UNCLASSIFIED

Same \i-/ % /O.

15a. DECLASSIFICATION/ DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Approved for release; distribution unlimited.

O
O
9]

Same

17. DISTRIBUTION STATEMENT (of the abstract entered in Blcck 20, if different from: Report)

18. SUPPLEMENTARY NOTES

Project Engineer: William L. Simkins (OCTS)

19. KEY WORDS (Continue on reverse side if necessary and identify by block number)

%

Charge Coupled Devices, Signal Processing, Radar, Satellite, Surveillance,
Matched Filters, Coherent Integrators, Spectrum Analyzers, Signal-to -Noise
Ratio, Dynamic Range, Sidelobes, Computer Simulation, Performance Level,
Delay Lines, Storage, Corner Turning Memories, Bandwidth, Programmability.

‘f& ABSTRACT (Continue on reverse side If necossary and identify by block number)

25,000 NM.

computer simulation of their operation

This report presents the results of a study of the application of charge
coupled devices (CCD's) to radar signal processing systems.
radar problem considered was the detection of satellites at ranges of up to

A CCD baseline design and tradeoffs are given for this problem.

CCD devices were characterized in sufficient detail to construct an accurate
The simulation included all known
noise effects in CCD's in addition tc the basic functional properties such as _|

The particular

DD Cin s 183

EDITION OF | NOV 65 IS OBSOLLTE

UNCLASSIFIED

ECURITY CLASSIFICATION OF THIS PAGE (When Data Entere |

YPES A%

|
i
{
g
.|
q

iy




L A A VN 54 K RSN A X RN O Wl it (TR M HI o i AN s s e —————————

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

N

charge transfer inefficiency and dark current. Delay line and matched
filter configurations were then synthesized from the CCD model and perform-
ance of various CCD subsystems ascertained as CCD parameters were varied.
Parameter variations included CCD length, clock rate, gate size, tapped
weight accuracy, charge transfer inefficiency, and temperature. Results
are presented relating study results to achievable performance for various
signal processing subsystems. Programmability, bandwidth limitations,
sidelobe levels, dynamic range and signal-to-noise considerations are
addressed.

A

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS FASEWhen Data Enfered




PREFACE

This report was prepared by RCA/Government and Commercial Systems Division,
Missile and Surface Radar, Moorestown, NJ under USAF contract F30602-76-C-
0280, Project 4506, Task 01 in response to contract item A002. This work
was administered under the direction of Rome Air Development Center, OCTS,
W. Simkins, Project Engineer.

o *"“’r"‘\ﬁﬂ%"m-im ]
|

Contributions to this final technical report were made by F.P. Papasso and
G.R. Stevens in addition to the listed authors.

~

&
5
&t
#
i
o
&
&
.




TABLE OF CONTENTS
SECTION

INTRODUCTION . .
PROGRAM SUMMARY
STUDY GOALS AND APPROACH
Study Goals . . . :
Objective .
Background . . .
Specific Areas of Study L
Study Approach
Study Elements .
General CCD Signal Proce<s1ng Applications
BASELINE RADAR SIGNAL PROCESSOR
Radar System Parameters
Baseline CCD Signal Processor .
CCD CHARACTERISTICS .
Signal Sample Storage . .
Transfer Inefficiency . . .
CCD Noise Sources . .
Dark Current
CCD Input Sampling
Dynamic Range . .
Signal Isolation Between Cells
CCD Summary Characteristics .
CCD SIMULATION
CCD SIMULATION
General Conclusions .
CCD Programmability
CCD Bandwidth Limitations
Post Processing Functions
On-Chip CCD Controls i
Sub-System Performance Levels
CCD Cost/Performance Tradeoffs
RECOMMENDATIONS .
Device Developments .
Analysis
Subsystem-System Development
RADAR SYSTEM AND SIGNAL PROCESSING REQUIREMENTS
RADAR PARAMETERS
Long Range Radar System Requirements
Radar System Considerations . . .
Satellite Orbits
Satellite Velocity Limits
Radar Power Management
Range Walk
Ionospheric Dispersion
Faraday Rotation
Clutter Considerations
SIGNAL PROCESSING FUNCTIONS
Sampled Data Characteristics
Sampling of Real Low Pass Signals

—
N =t w N —

£\) et

DN & W) —

._.. &
NN — e el e et et 4 S = OO TNV NINNUNUPBWWLWWWWWWWNNRN — — — — o —

NN NN —

1

2
2.
&
2.
2.
2.
2.
2.
2.
2.
Z.
o
2.
2.
2.
2.
2.
Z.
2.
2
e
2

Z.
2
2.
2.
2.
2.
2.
z.
P
2

[

3.
S1
3.
3.
3.
3
.
3.
3
3.
3.
3.
3.

— —
.

iv




A B o R 30 G e S NN S N B i

TABLE OF CONTENTS (CONTINUED)

SECTION PAGE
3.2.1.2 Complex Signal Sampling . . . ¢ v a s v vie w o mie o oo 38
3.2.2 Signa) Processing FUNCEIONS . . i v e s o s oo 2 5 5 & » 41
3.2.3 Parameter Ranges of Key Signal Processing Elements . . . 41 j
3.3 CCD SIGNAL PROCESSING IMPLEMENTATIONS . . . . . . . . . . 41
3.3.1 Pullse COMPLESSTON & s o wiin fa ahhiishie: sicios ise ol miethe. = 4 a 45
3.3k Tapped Delay Line Pulse Compression Filters . . . . . . . 45 ]
3.3.1.2 Matched Filtering Using Spectral Multiplication . . . . . 46 '
3.3:2 Corner Turning Bulk Memory Storage . . . . . . . . . . . 48
3.3:2.1 Serpentine Bulk Memory . . . . . . . . . .. . . .. .. 48
3.3:2.2 Multiplexed CCD Memory Cells . . . . . . . . « . « . . . 50
3.3.3 SpecEral ANaLYSTS S0 s ro i i et ol Beams ol SR o r ¥ 50
gu3ed ] U o e AR b U e R R R e M 5 i - R 50
3.3:3.2 Delay Line Time Compressor (DELTIC) Spectrum Analyzer . . 54
33433 Stored Coefficient CCD Spectrum Analyzer . . . . . . .. 54
3.3.4 Extended Time Bandwidth Applications . . . . . . . . .. 54
3.3.4. Step Transform (Sub-Aperture) Technique . . . . . . . . . 59
3.3.4.2 Extefided TW=CZT 2 v v boin s o s e Sl e e s 6 s 59
3.3.4.3 Sub-Aperture Convalution: . & « . o « s o o s G s s 59
3.4 BASELINE CCD SIGNAL PROCESSOR . . . . . . . . . . . . .. 65
3.4.1 Baseline System Approach . . . . . . . . . . . . . . .. 65
3.4.2 Waveforms for the Baseline System . . . . . . . . . . .. 67
3.4.2.1 EirstErStapNave oM i o e e o e et e e e 68
3.4.2.2 Second :Step Waveflorm! <0 5 o o Il in Wi e Lo falterie e s 68
3.4.3 st Step Process St e tsmnmis, (ot e wanny doin oy e o w5y 68
3.4.4 Second Step Detection Process . . . . . . . . . . . . .. 72
3.4.5 Baseline Processor Requirements and Implementation . . . 73
3.4.5.1 InputibopplientBrhEerIng, Sl o o ot i s e s 73
3.4.5.2 Corner Turning - Bulk Memory . . . . . . . . . . . . .. 77
3.4.5.3 PUllse Compression « v i vl h s e tatdt b usme o mnts v . . i7s
3.4.5.4 Coherent  Integration vl 2o s o s 1ol e slieiis mietle o & - it
v CEDR EHARNCTERISITRICS 0t Lok AW L s dinad s Ui id S ol o o o 83
4.1 GCDHOPERARINGEPRINCIRIEESE Sl sttty aid e sl < . s 83
4.1.1 Backgrotndt i u s Sl g o e B T e e e 83
4.1.2 Basic CCD0peralioniiis ey s on s T Tuii iy il T v s 83
4.1.3 PhysicaliDeScRiptaon: Jiatelsy ittt soslaulngats wla Wih 5 84
4.2 SEGNAESAMPLES STORABE . & 0 Ts i - 1ot haiiilaiie a0 o o & 90
4.2.1 DESERIDEEOM: feiiviine el e o va s sl et Tae Sau 8oL mle’ o w s 90
4.2ve Typical Parametevs o . Ol esi v i tdsn et owic & v s 91
4.2.3 Simulation = Modell o s e v il Tl e el Rt v s 92
4.3 TRANSFER EFFICIENCY AND BACKGROUND CHARGE . . . . . . . . 93
4.3.1 DeaSeriipiaofiefssiietitoe rulaliitirn i Tuts . Scadmed > au blv s & s 93
4.3.2 Fypical Parameters (o, .« fwle tolv bl scd daie sdis % i« s 93
4.3.3 Simulation = Mogel. .. & rnuers b il 0aie Srt e vl vl s 94
4.4 NOESE SSOURBES fre e ia e s it 10wt s el o s SR T BT & & s 96
4.4.1 REANSEOY NSUSE v vo'elih o oiin v cn bo @ dmtaty WA o« o 96
4.4.2 hermal Shoe Notse |, W82 v s te i e s doie & « s 97
4.4.3 FPAPUNOISE: v ivien v v b in W s ST ke e LT R g
4.4.4 Input Noise . . . . g Sy e S T SRR -
4.4.5 Qutput Noise . . . . . A AR A A - L PR




.,

e ——

A T I SIS WY o SR

TABLE OF CONTENTS (CONTINUED)

e e e

T —

I ——

SECTION PAGE
4.4.6 Miscellanggus Noise . . « . 0 5 hia o o o o wie & SORTETE
4.4.7 St TN MO o - A s 99
4.5 G2 RGO D ) e AR e N e I ey i Ll L S 100
4.5.1 Beseription: . .- e % e e e ok mletena s L MSEEA s T h s 100
4.5.2 Simalation — Model . . o o . N i 102
4.5.3 Reduction of Dark Current . . . . . S ol S X v PR 103
4.5.4 Radiatieon Effects . & o @ L i o R 103
4.6 CCD 'INPUT SAMPLING " . . . & . . & A A I Lkt S 105
4.6.1 Input Steuetiure and Lineariby o0 v b oie o o w 5 s a 105
4.6.2 Sampling Aperture . oo oo RN el SRl i L 105
4.6.3 CCD Input Model . . . = . & & e At 106
4.7 EMNAMEC SRANGE. St A b s 5 e e A s e e R 108
4.8 TAP WEIGHT ACCURACY . . . . . . . . B AN Rt Ll 108
4.9 SIGNAL ISOLATION . . . . . e S S e 2 109
4.9.1 Potential Welllsaliabvon o L8 b dol o e . o 109
4.9.2 Input-Output Faedthrodgh = o -0 % « v o o o o = & w o 109
4.9.3 ClackiFeedEhrotgh -0 = o e e e e S e e o 109
.10 PARTERNENOESES S S i e s i e e s L 110
4.10.1 Dark Gurrent Variation Withim CCO . . . . .. s 4 < . .+ 110
4.10.2 Pattern Noise From Device to Device . . . . . . . . . .. 110
4.1 CEDCHARAGTERTSTERCS = SUMMARY =" 2 . = o are 2s D melrhiss
GUOSSARY" OF COU EBRMS « oo e iial o PRRSENES M S0 a5 114
v SIMUEAFIONBEVEEORMENT = = & e e e e s e 117
5.1 SIMULATION SOFTWARE ORGANIZATION . . . . . . . . . . .. 117
5.2 SIMULATION OPERATIONAL CAPABILITIES . . . . . . . . . .. 135
VI SIMUEAREONSRESHIE RS SU8, S e e e o e S e e e 137
6.1 DELAY LINE TESTS - STORAGE AND CONTINUOUS MODES . . . . . 137
6.1.1 Effects of Charge Transfer Inefficiencies onr Device
NoR<LYHearIbies v n L n O R R R R e e e 137
6.1.2 Non-Linear Effects of Dark Current . . . . . . . . . .. 137
6.3 Delay Line In Storage Mode . . . . . « . ¢ & ¢ « & o « 140
6.1.4 belay Line “In Continuous. Mode Wl o i v & e b s« s 140
6. 1.5 Number of Stages, Temperature and Clock Rate . . . . . . 145
6.2 LINEAR FM MATCHED FILTER SIMULATIONS . . . . . . . . .. 145
VII CCD COST/PERFORMANCE IMPLEMENTATION PROJECTIONS . . . . . . 195
£ PROGRAMMABILITY - ADAPTIVE, FLEXIBLE WAVEFORM PROCESSING. 195
a8 Objectives of Programmability . . . . . . . . . . . . .. 195
7.1.2 Programmability With CCD's . . + o & v v o v v v o o o 195
hioie BANURED RN EMEFARIUNS o . v o v d ol i e D e A e s 198
1.20] CCD Bandwidth Limitations . i'c ¢« . v o o o o v v v = o o 199
Tl Clock, Control and Packaging Considerations . . . . . . . 199
T POST PROCESSING EUNGIRIONS (v v v v B vis 6 mi v w6 & = 200
Pl Processing Rate Requirements . . . . . . . . . . . ... 200
132 ENCErPOlatION ul v e iase vise v nie ot e e e 200
TS o A s o e e A R o R T SN R 202
7.4 PRAGVICAL (CECD IMPLEMENTATIONS . a6 © ilv e te « o 203
T4 % Peripheral CEEEIFCUITRY. v v v v v v e e s e s 203
7.4.2 ORECh - CODLCORRRONS v v v wid v e L el 8 i v v 206
i, IMPACT OF CCD ON NON-CCD PROCESSOR COMPONENTS . . . . . . 208

vi




TABLE OF CONTENTS (CONTINUED)

SECTION PAGE
7.6 SUB-SYSTEM PERFORMANCE LEVELS . . . . . . . . . . .. .. 208
7.7 CCD COST/PERFORMANCE TRADEOFFS . . . . . . . . . .. .. 208
LT i S S MU R e g o G Nl e 217
APPENDIX A - COMPUTER LISTING OF DELAY LINE . . . . . . . . Al
APPENDIX B - COMPUTER LISTING OF MATCHED LINEAR FM FILTER . B1

vii




FIGURE

O UNOO O H WhN —

LIST OF ILLUSTRATIONS

CCD Signal Processor Study Elements o s civiain o @ 4 = @
Generalized Radar Signal Processing Functions . . . . . . . .
Radar Signal Processing System . . . . . . . . . .. . ..
Technology CAtegorIes: o v = =« o 5 se = s e mosob e
Technollagy- Costulirendsy sl s vl soiaaiainniin . 0 et sl
Satelllite Orbiit v N s et ol hior g s & E 6L BEpeiar b, oo
Maximum Velocity Profile For A Satellite . . . . . . . . ..
Basic Sampled Data CharaCtepriSties . s & o = s = o o o & =
Baseband Converter . . . . . . R Sy e B
Noise Aliasing'Bue To Sampling: < - . ¢ il 5 5 o 5 = & & 5
Generalized Radar Signal Processing Funct1ons e e
Radar Signal Processing System . . . . . . . . . . . . . ..
Tapped Delay Line Matehedl Fillter . . o : ¢ & = .« & v « & » =«
Split Gate CCD Weighting Technique With 3-Phase Clocking . .
[1Tustration of Convolution by Spectral Domain
Multiplication with Sampled Data . . . . . . . . . . . ..
CCD Spectral Multiplication Matched Filter . . . . . . . . .
Serpentine BulkeMemory o« & « sww w owite s @ wiw @ s a e
Simple Multiplexing Bulk Store . . . . . . . . . . . . ...
Bulk Memory Using Multiple Laram . . . . . . . . . . . . ..
EnikppEZE DEIConce Rt e et L e s e e e e e
Processing Steps of the Chirp Z-Transform . . . . . . . . . .
Functional Diagram of the Chirp Z-Transform . . . . . . . . .
Circuliar Convolution Technique . « o < « v o o o o o « = ©
CCD Ehirn Z-Teanstorm IR . . - = s0i <« 2 v % o & o o o o «
Delay Line Time Compressor (DELTIC) Spectrum Analyzer . . . .
Stored Coefficient CCD Spectrum Analyzer . . . . . . . . . .
Step Transform LFM Pulse Compression Processing . . . . . . .
Functional Block Diagram of CCD Step Transform Processor . .
CEDE Reorder MemMORY o vt tetior o no v o % o o %, 5 e e el w
24,000 Point Chirp Z-Transform . . . . . . . . . . « . « . .
Sub =Aperture Convolution . . v o o o = & 4w . b s e s e ow
Implementation of Sub-Aperture Convolut1on £ R e SR
Summary of Baseline Waveforms . . . . . . ST SR Sl
First Step Waveform Characteristics . . . . . . . . . . . ..
Specteim of o PulSeiiTrain o = . v v o 5 s o e s oeie o m o wms em
First Step Detection Process . « = o « + w v & o o & & S
Second Step Detectyon Pracess . .« « « & « s s & o 5 o o & & o
Low Freaguency IF Input Filtering . . . . . . . . . . . . ..
I/Q Baseband Sampling with I/Q Filters . . . . . . . . . ..
CHALGE TranSTer o v e w6 v afh o s &5 5 5 e N e e e B
Two-Phase Clock Charge Transfer . . . . . . . . . . . . . ..
Cross Section of Surface Channel CCD . . . . . . . . . ...
Cross Section of Buried Channel CCD . . . . . . . . . . . ..
o B G R S A e S e LN A
] 0 o o e L L N
Charge Transfer Inefficiency Versus Background Charge . . . .
Dark Current Density as a Function of Temperature . . . . . .
Dark Current Density and Electrons Per Well Versus
Temperature and Clock Frequency . . . . . . . . . . . . ..

viii




FIGURE

LIST OF ILLUSTRATIONS (CONTINUED)

Typical CCD Input Structure

Measured Input Transfer (haracteristics . .

CCD Channel Isolation

Block Diagram of Overlay Structure for Simulation Model of
Delay Line and Tapped Delay Line

Block Diagram of Linear FM Matched Filter

Block Diagram of Overlay Structure for Simulation Model of
Linear FM Matched Filter . . .

Amplitude Versus Clock Rate of the Output of a CCD Delay
Line with a Sinusoidal Input for a Large Charge Transfer
Inefficiency (CTI = 0.001)

Amplitude Versus Clock Rate of the Output of a CCD Deley

Line with a Sinusoidal Input with Dark Current Build-Up . .

Mean Value of Output Noise Normalized to Full Well Versus

Temperature for a CCD Delay Line in Storage Mode
Variance of the Output Noise Versus Storage Time Versus
Temperature for a CCD Delay Line in Storage Mode
Mean Value of Qutput Noise Normalized to Full Well Versus
Temperature Versus Clock Rate for a CCD Delay Line in

Continuous Mode

Variance of Qutput Noise Versus Temperature Versus Clock
Rate for a CCD Delay Line in Continuous Mode

Mean Value of Qutput Noise Normalized to Full Well Versus
the Number of Stages and Clock Rate for a CCD Delay
Line in Continuous Mode

Variance of Qutput Noise Versus the Number of Stages and
Clock Rate for a CCD Delay Line in Continuous Mode

Block Diagram of Linear FM Matched Filter

Sidelobe Level of Linear FM Matched Filter Versus
Temperature and Clock Rate

Sidelobe Level of a Linear FM
Coefficiency Inaccuracy

Qutput Amplitude
For Clock Rate
Qutput Amplitude
For Clock Rate
Qutput Amplitude
For Clock Rate
Qutput AmpTlitude
For Clock Rate
Output Amplitude
For Clock Rate
Qutput Amplitude
For Clock Rate
Qutput Amplitude
For Clock Rate
Output Amplitude
For Clock Rate

Linear FM
100 Hertz
Linear FM
100 Hertz
Linear FM
100 Hertz
Linear FM
100 Hertz
Linear FM
100 Hertz
Linear FM
100 Hertz
Linear FM
100 Hertz
Linear FM
300 Hertz

Matched Filter Versus Time
and Temperature of -55 C
Matched Filter Versus Time
and Temperature of -25°C
Matched Filter Versus Time
and Temperature of +5°C . .
Matched Filter Versus Time
and Temperature of +35°C
Matched Filter Versus Time
and Temperature of +65°C
Matched Filter Versus Time
and Temperature of +95°C
Matched Filter Versus Time

and Temperature of +125°C . . .

Matched Filter Versus Time
and Temperature of -55°C




LIST OF ILLUSTRATIONS (CONTINUED)

FIGURE PAGE

74 Qutput Amplitude of Linear FM Matched Filter Versus Time
For Clock Rate of 300 Hertz and Temperature of -25 C . 160

75 Output Amplitude of Linear FM Matched Filter Versus Time
For Clock Rate of 300 Hertz and Temperature of +5 C 161

E 76 Output Amplitude of Linear FM Matched Filter Versus Time
For Clock Rate of 300 Hertz and Temperature of +35 C . . . 162

77 Qutput Amplitude of Linear FM Matched Filter Versus Time
3 For Clock Rate of 300 Hertz and Temperature of +65 C . . . 163

3 78 Qutput Amplitude of Linear FM Matched Filter Versus Time
3 For Clock Rate of 300 Hertz and Temperature of +95 C . . 164

79 Qutput Amplitude of Linear FM Matched Filter Versus Time
For Clock Rate of 300 Hertz and Temperature of +125 C 165

80 Qutput Amplitude of Linear FM Matched Filter Versus Time
For Clock Rate of 10,000 Hertz and Temperature of -55 C 166

81 Output Amplitude of Linear FM Matched Filter Versus Time
For Clock Rate of 10,000 Hertz and Temperature of -25 C . 167

82 Qutput Amplitude of Linear FM Matched Filter Versus Time
For Clock Rate of 10,000 Hertz and Temperature of +5 C . 168

83 Qutput Amplitude of Linear FM Matched Filter Versus Time
For Clock Rate of 10,000 Hertz and Temperature of +35 C 169

84 Qutput Amplitude of Linear FM Matched Filter Versus Time
For Clock Rate of 10,000 Hertz and Temperature of +65 C 170

85 Output Amplitude of Linear FM Matched Filter Versus Time
For Clock Rate of 10,000 Hertz and Temperature of +95 C 71

86 Qutput Amplitude of Linear FM Matched Filter Versus Time
For Clock Rate of 10,000 Hertz and Temperature of +125 C . V2

87 Qutput Amplitude of Linear FM Matched Filter Versus Time
For Clock Rate of 30,000 Hertz and Temperature of -55 C 123

88 Qutput Amplitude of Linear FM Matched Filter Versus Time
For Clock Rate of 30,000 Hertz and Temperature of -25 C 174

89 Qutput Amplitude of Linear FM Matched Filter Versus Time
For Clock Rate of 30,000 Hertz and Temperature of +5 C . 5

90 Output Amplitude of Linear FM Matched Filter Versus Time
For Clock Rate of 30,000 Hertz and Temperature of +35 C 176

91 Qutput Amplitude of Linear FM Matched Filter Versus Time
For Clock Rate of 30,000 Hertz and Temperature of +65 C 17

92 Qutput Amplitude of Linear FM Matched Filter Versus Time
For Clock Rate of 30,000 Hertz and Temperature of +95 C 178

93 OQutput Amplitude of Linear FM Matched Filter Versus Time
For Clock Rate of 30,000 Hertz and Temperature of +125 C . 179

94 Qutput Amplitude of Linear FM Matched Filter Versus Time
For Clock Rate of 300,000 Hertz and Temperature of -55 C . 180

95 Output Amplitude of Linear FM Matched Filter Versus Time
For Clock Rate of 300,000 Hertz and Temperature of -25 C . 181

96 Qutput Amplitude of Linear FM Matched Filter Versus Time
For Clock Rate of 300,000 Hertz and Temperature of +5 C 182

97 Output Amplitude of Linear FM Matched Filter Versus Time
For Clock Rate of 300,000 Hertz and Temperature of +35 C . 183




L

FIGURE
98
99

100
101
102
103
104
105
106
107
108

LTST

Qutput Amplitude
For Clock Rate
Qutput Amplitude
For Clock Rate
Output Amplitude
For Clock Rate
Qutput Amplitude
For Clock Rate
Output Amplitude
For Clock Rate
Qutput Amplitude
For Clock Rate
Qutput Amplitude
For Clock Rate
Qutput Amplitude
For Clock Rate
Output Amplitude
For Clock Rate
Output Amplitude
For Clock Rate
Output Amplitude
For Clock Rate

Conceptual CCD Charge Tap

OF

ILLUSTRATIONS (CONTINUED)

Linear FM Matched
300,000 Hertz and
Linear FM Matched
300,000 Hertz and
Linear FM Matched
100 Hertz and CTI
Linear FM Matched
100 Hertz and CTI
Linear FM Matched
100 Hertz and CTI
Linear FM Matched

1,000 Hertz and CTI = 0.1

Linear FM Matched

Filter Versus Time
Temperature of +65°C .
Filter Versus Time
Temperature of +95°C .
Filter Versus Time
SO So i e o e
Filter Versus Time
o 0] e S
Filter Versus Time
S OROO S e e
Filter Versus Time

Filter Versus Time

1,000 Hertz and CTI = 0.01 . . . . . . .

Linear FM Matched

1,000 Hertz and CTI = 0.001

Linear FM Matched

Filter Versus Time

Filter Versus Time

10,000 Hertz and CTI = 0.1 . . . . . . .

Linear FM Matched

10,000 Hertz and CTI = 0.01

Linear FM Matched

Filter Versus Time

Filter Versus Time

10,000 Hertz and CTI = 0.001 . . . . . .

......

...........

Target Straddling with Sampled Data System . . . . . . . ..
Straddling Loss Versus Sampling Rate for Hamming Weighted
Compressed Linear FM Pulse of Bandwidth, B . . . . . . . .

4-Point Polynomial Interpolator
Variable Threshold Environment
Typical CFAR Implementation
Layout of CMOS/CCD Test Chip
CCD - Analog - Digital Interface
Technology Categories
Technology Cost Trends

Xi

-----

........

-----------

...........

-----------

-----------

e bt ad s o s b Lo c g o e

B s o g Al Caaciade B aiind L biiey



TABLE

oo WM —

LIST OF TABLES

PAGE

Parameter Ranges of Signal Processing Functional Elements . . 7
Baseline Radar Parameters . . . . o + « « = « o« o = s s o » » 8
Baseline Subsystem Requirements . . . . . . . . . . . . . .. 10
First Step Input and Doppler Filtering . . . . . . . . . .. 11
Bulk Memory Requirements . . . . . . . . . . .. ... ... 12
CCD Parameters for TW = 10,000 Pulse Compression

TG R S e S e et o R s e S S 13
Coherent Integration Alternatives . . . . . . . . . . . . .. 14
Typical Values for CCD Noise Sources . . . . . . . . . . .. 15
Summary of Reported CCD Characteristics . . . . . . . . . .. 16
CCD Simulation Noise Sources . . . . . . . v v v v v « « . . 17
CCC Programmability Considerations . . . . . . . . . . ... 19
Low Frequency Limitations of CCD Delay Lines (Dark Current

FAlFIng 208 af Well) ) i viis o w0 x o 5 w oo W N 20
Post Processor CCD Candidates . . . . . . . . . . . . . ... 21
Expected CCD Delay Line Performance Based on Measurements,

Literature and STmUlation . . « « = = .« « o 5 2 « s 5 & & s 22
Expected CCD Storage Register Performance Based on

Measurements, Literature and Simulation . . . . . . . . . . 25
Expected CCD Transversal Filter Performance Based on

Measurements, Literature and Simulation . . . . . . . . . . 24
Long Range Radar Requirements . . . . . . . . . . . . . . .. 29
Raday Pardameter Bounds < & < = o i s E e e v e s s e 29
Range Equation Tabglation . « « o' ¢ & 4 » = « = 5 = & o & = 31
Baseline Radar Parameters . . . . . . . . . . . . ... ... 2
Parameter Ranges of Signal Processing Functional Elements . . 43
Baseline Subsystem Requirements . . . . . . . . . . . . ... 4
First Step Input and Doppler Filtering . . . . . . . . . .. 79
Bulk Memory Requirements . . . . . . . . . . . . ¢ v ¢ ... 80
CCD Parameters for TW = 10,000 Pulse Compression

Altermativies ot ol L I e R e e e e 81
Coherent Integration Alternatives . . . . . . . . . . . . .. 82
Ny B e el = VA e S o T e e Lo e o T o % 96
Summary of Reported CCD Characteristics . . . . . . . . . .. 111
CCD Noise Sources in Simulation . . . . . . . . . . . . . .. 111
Summary of Reported CCD Characteristics . . . . . . . . . .. 112
A Brief Description of the Subroutines Referenced in

R A T e O o e 121
A Brief Description of the Subroutine Referenced in

B e S e e e R s et i b o b et gy 123
Questions Asked by the Delay Line and Tapped Delay Line

ST N S 007 e ie s o e B b e e i G e vl v e 125
Questions Asked by the Linear FM Filter Simulation . . . . . 130
CCD Programmability Considerations . . . . . . . . . . . .. 197
Low Frequency Limitations of CCD Delay Lines (Dark Current

PRI - E0% OF (ROEL) 4 'y W i T A s 199
Post Processor CCD Candidatos . o « « « o o s s o« & = 5 % s 201
Expected CCD Delay Line Performance Based on Measurements,

Literature and STmulation « « « « & « ¢ % & s« = s & ©« « & 210




LIST OF TABLES (CONTINUED)

TABLE PAGE
39 Expected CCD Storage Register Performance Based on
Measurements, Literature and Simulation . . . . . . . . .. 211
40 Expected CCD Transversal Filter Performance Based on
Measurements, Literature and Simulation . . . . . . . . . . 212

xiii




EVALUATION

The CCD Signal Processing Study has investigated the applications,
capabilities, and limitations of Chérge Coupled Device (CCD) technology
in long range radar signal processing systems. To be cost-effective,

a long range radar system must be highly flexible in terms of power
budgeting and waveform generation and processing. New technologies are
being investigated for use in flexible and adaptable signal processors
not only for new radar systems but also for cost-effective upgrading

of existing systems. This effort has shown that CCD technology has
promise in this area and has evaluated the fradeoffs for various signal
processing applications and implementations. This work is in support of
TPO R1C, "Surveillance Sensor Technology.

Ehll a o riidion )

WILLIAM L. SIMKINS, Jr.°
Project Engineer/OCTS
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1.0 INTRODUCTION

The rapidly evolving technology of charge coupled devices (CCD's) holds
promise for substantial reduction in the size, power consumption and ultimate
cost of radar signal processors. The CCD Signal Processor Study, Contract
F30602-76-C-0280, had the overall objective of ascertaining the capabilities
and limitations of CCD's to signal processors for long range satellite
detection radar systems. A radar system concept was developed which used a
two step detection process. Initial detection with coarse range and doppler
was determined on the first step with high resolution range and doppler
estimates being made on the second step. The radar system was used to develop
alternative CCD signal processor concepts from which a baseline, or preferred
approach was selected. These results are given in Section 3.0 of the report.

In the initial phases of the program it was apparent that a determination of
the state-of-the-art of CCD technology was necessary for identification of
realizable CCD parameters in specific applications. The results of this
study together with internal RCA measurements were used to characterize CCD
operating parameters which are discussed in Section 4.0. A detailed computer
simulation of CCD operation described in Section 5.0 was then constructed
which included all of the CCD noise sources in addition to the basic charge
transfer process. The CCD device was used as the building block for the
synthesis of more complex CCD structures such as on delay lines, storage
registers and transversal filters. The performance limitations of CCD's as
a function of operating parameters were then determined by iteration of the
computer simulation. The results of the parameter variations are provided
in Section 6.0.

A11 of the program results are brought together in Section 7.0 which
summarizes specific application and projected performance of CCD processors.
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2.0 PROGRAM SUMMARY
2.1 STUDY GOALS" AND APPROACH

2.1.1 Study Goals
2.1.1.1 Objective

The objective of this study was to determine the capabilities and limitations
of Charge-Coupled Devices (CCD's) as components of very long range pulsed
radar signal processing systems. .

The effort on the program was to be primarily theoretical with the emphasis
placed on the analysis and simulation of device and processor characteristics.
Specific orientation was to be placed on the processing of waveforms suitable
for the very long ranges and Doppler frequencies involved in satellite detection
and tracking.

2.1.1.2 Background

To be cost-effective a long range radar system must be highly flexible in
terms of power budgeting and waveform selection, among other things. Both of
these requirements imply flexible transmitters and sophisticated computer
hardware and software. They also imply flexible and/or adaptable signal
processing schemes.

Recent studies have indicated that the cost of building new radars with all
of the desired capabilities is probably prohibitive. A viable alternative is
to investigate ways and means for updating existing systems. This approach
will provide at least some of the needed capability, at reasonable cost. One
way to increase range capability is to improve the transmitter. Another way
is to improve receiver and/or signal processing components or subsystems.
CCDs appear to have promise in this area.

2.1.1.3 Specific Areas of Study

The investigation of the application of CCDs to signal processing for the long
range radar included virtually all of the basic signal processing functions
for the extraction of range, velocity and angle information. These include:

o Components - tapped delay lines, integrators and filters.

o Functions - adaptive matched filtering, coherent and non-coherent
integration, correlation and convolution.

o CCD System Parameters - signal storage or integration time, signal-to-
noise ratio, dynamic range, instantaneous bandwidth, insertion and
processing losses, pattern noise and clock noise, stage isolation,
waveform flexibility or adaptability, CCD imposed constraints.

o Cost/Benefits Tradeoffs.

7 The study goals as given here are contained in the CCD Signal Processor
Study statement of work, RADC PR No. A-6-1063, October 22, 1975.
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A baseline system specification was provided for the study which is given in
Table 17 in Section 3.0.

2.1.2 Study Approach

2.1.2.1 Study Elements

The study effort elements are shown in Figure 1. A review of the long range
satellite detection radar requirements was made and converted to alternative
signal processing system architectures. These were then broken down to
alternative CCD techniques for each functional subsystem such as pulse
compression and spectral filtering. Also feeding into this effort was a
review of the CCD state-of-the-art and the development of a CCD model for
computer simulation. Key elements of the baseline CCD architecture were
selected for parametric performance tradeoffs with the CCD simulator, and the
results provide system performance levels as a function of the CCD parameters.

Feop STaiE-] = " toD }
OF-THE- . MODEL |
. ART g |
L I Sahbay e RO
cco s 760D . [ CCD SYSTEM |
SIMULATION . PARAMETRIC PERFORMANCE
SOFTWARE " PERFORMANCE™ ™ LEVEL
EBTaY :_."_.__T S T SSECE ‘- s fig '-...___Ar_
isses Mo Sy i o Sl il s ot
RADAR ! CCD SIGNAL | BASELINE |
SYSTEM ___p. PROCESSING | CCD ' :
,REQUIREMENTs_L“‘ IMPLEMENT- '~ D™ ARCHITECTURE
| ION i ,

FIGURE 1. CCD SIGNAL PROCESSOR STUDY ELEMENTS

4




2.1.2.2 General CCD Signal Processing Applications

A broad spectrum of signal processing functions is shown in Figure 2 together
with an indication of which ones are felt to be potential CCD signal processing
applications. In general, CCD's are suitable for storage functions and

those which have fairly high data rates and computational requirements such

as most types of filters. Figure 2 shows that the potential applications of
CCD's are broad. Most of the given applications involve delay, storage and
transversal filtering. These functions are listed in Table 1 with the range
of performance parameters which can be encountered in current or developmental
radar systems. This parameter range is of course much larger than is required
for a long range satellite detection radar. It is, however, useful to consider
CCD applications from a broader viewpoint. Many of the requirements which

have been derived for the long range radar do not stress the CCD technology.
The study has concentrated on the performance of CCD's in the basic functional
elements and these results can be applied to other specific applications in
addition to the long range radar.

2.2 BASELINE RADAR SIGNAL PROCESSOR

2.2.1 Radar System Parameters

Representative parameters for a long range satellite detection radar are given
in Table 2. These parameters were derived from the characteristics of
existing long range radars and are thus achievable within todays technology.
To maximize detection performance at 25,000 NM, the system losses were

reduced by eliminating range and doppler sidelobe weighting on receive and
eliminating the CFAR function.

A general radar signal processing system is shown in Figure 3 for the long
range radar. A two step detection process was developed for the radar. An
uncoded 500 usec pulse was transmitted on the first step with sixty to eighty
pulses integrated. On the second step, a 200 kHz linear FM pulse was employed
which increased the range resolution from 40 NM to less than 1.0 NM. One
hundred twenty 250 usec pulses were coherently integrated in this case. These
parameters differ somewhat from the baseline radar parameters. The final
baseline parameters were revised and the system tradeoffs were completed

with the given two-step parameters. Any differences are not significant in
the consideration of the application of CCD technology.

2.2.2 Baseline CCD Signal Processor

The signal processing functions implemented in the baseline system included
input doppler filtering, corner turning memory, pulse compression (up to
10,000 to 1) and coherent integration. A number of CCD implementations for
these systems were considered and the following approaches were selected.

o Input Doppler Filtering - An approach is used which minimizes
the number of separate CCD doppler channel filter designs by
using a separate demodulating frequency source for each filter.

iy
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TABLE 2. BASELINE RADAR PARAMETERS

Peak Power: 32 MW
Average Power: 300 kW
Maximum Energy/Pulse: 10000 Joules
Maximum Pulse Length: 500 usec
3
| PULSES ' TARGET INTE- (
’ INTE- CROSS | SYSTEM GRATION PULSE
| RANGE I GRATED SECTION i LOSSES TIME PRF i LENGTH
« ' i ; i
3,440 NM 7 ioa.0wt i M d8 . .35 Sec ! 20 Hz - | 500 usec !
Case i i ! i
t \
7,000 \M© 80 1.0m® 11 dB ¢ 4 Sec | 20 Hz | 500 usec !
Case i ; | ? | :
; q | { ;
25,000 M ° 180 ' 12 m® ! 7.5dB 110 Sec | 30 Hz | 312 usec |
" Case ; " | ! ] !
; e | :

0 Bulk Memory - The length of the CCD memories (up to 36,000
samples) ruled against a serpentine design and dictated an
approach which employs input and output multiplexing to
moderate length CCD memories. The storage time requirement
of 6 seconds or more for these memories is a critical
requirement.

0 Pulse Compression - For moderate length pulse compression
< 500:1, a basic quadrature tapped delay line filter can be
used. However, for the alternate wideband requirement of
10,000:1 pulse compression the step transform algorithm was
most appropriate.

o Coherent Integration - The basic simplicity of the CCD trans-
versal filter makes the chirp-Z transform technique preferable
for implementing a coherent integration, or spectrum analysis,
function.

The baseline subsystem parameters are given in Table 3 while the tradeoff
summaries for the input, bulk corner turning memory, pulse compression and
coherent integration alternatives are summarized in Tables 4-7. 1

2.3 CCD CHARACTERISTICS

The CCD physical and electrical characteristics interrelate to determine the -4
performance of the device in a signal processing application. In the analysis
and simulation, electrons per CCD storage well have been used as the common

measure of CCD performance. That is, the maximum signal level to which all 1
other measures can be normalized is the maximum capacity of a storage well in

8
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electrons. Similarly, noise sources are also given in terms of rms electrors
and the maximum dynamic range of a CCD, the peak signal to rms noise, can be
calculated by taking the ratio of the well capacity in electrons to the total
rms noise electrons. Other factors will act to reduce the operating dynamic
range of the CCD. These include charge transfer inefficiency, input sampling
non-linearities and dark current. Dark current effects are especially import-
ant in applications which require charge to be stored for extended periods of
time in a CCD or moved slowly through a CCD.

2.3.1 Signal Sample Storage

The storage capacity of a CCD is proportional to gate area and clock voltage.
This parameter, which determines the maximum signal dynamic range, varies
from 105 to 10é electrons for typical gate areas and clock voltages.

2.3.2 Transfer Inefficiency

The small percentage of charge which is left behind with each charge transfer
sets the CTI or charge transfer inefficiency level. This varies in the
general range from 3 x 10-4 to 2 x 10-5 with the buried channel CCD's (BCCD)
performing somewhat better than surface channel CCD's (SCCD).

2.3.3 CCD Noise Sources

Table 8 lists typical values of rms electrons for the CCD noise sources
identified as being significant in CCD operation.

TABLE 8. TYPICAL VALUES FOR CCD NOISE SOURCES
RMS ELECTRONS

o TRANSFER NOISE (aCTI) SCCD ~ 100
BCCD - 20

o THERMAL SHOT NOISE 1-13

0 TRAP NOISE (o TEMPERATURE AND AREA) ~ 50

o INPUT NOISE (a TEMPERATURE AND INPUT TECHNIQUE) ~ 35

0 OUTPUT NOISE (« TEMPERATURE, BANDWIDTH) 100 - 200

2.3.4 Dark Current

The dark current is primarily dependent on temperature and accumulates in a
given well to reduce well capacity. A typical well will fill due to dark
current in about 10 seconds at 25°C to 50°C.

2.3.5 CCD Input Sampling

The sampling aperture requirements are not firmly established. If the CCD
input sampling structure acts as a true averager over the aperture time, the
aperture width can be larger than if a random noise is introduced as is
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assumed for A/D converter operation. The input structure is the main source
of non-linearity in CCD's and can limit the dynamic range to as much as
20 dB less than a full well.

2.3.6 Dynamic Range

Using the definition of dynamic range as the ratio of peak signal to rms noise,
the dynamic range of a typical CCD delay line is about 65 dB. Dynamic range
will depend on temperature, bandwidth and clock rate.

2.3.7 Signal Isolation Between Cells

Signal isolation between cells is controlled by potential charge barriers
used in the physical construction of the CCD and is generally not a problem.

2.3.8 CCD Summary Characteristics

Table 9 summarized CCD characteristics which have been achieved with CCD
devices.

TABLE 9. SUMMARY OF REPORTED CCD CHARACTERISTICS

0 Maximum Number of Stages 910

o Minimum Transfer Inefficiency = 10'5

o Maximum Sample Rate 180 MHz

0 Minimum Dark Current Density 15 352 @ 25°C
0 Maximum Dynamic Range 5 dgM

0 Minimum Harmonic Distortion -45 dB

2.4 CCD SIMULATION

The CCD simulation was written in FORTRAN IV using a modular programming
structure for a PDP-11/40. The CCD noise, dark current and CTI are
introduced as the electron packets are transferred from one potential well

to the next. The CCD noise sources were modeled as Gaussian noise with
non-standard variances. The dark current electrons are added to each
potential well as an average with a Rayleigh distribution. The CCD functions
which were modeled are a delay line, tapped delay line filter, storage
register and linear FM matched filter. Table 10 summarizes the noise
parameters used in the simulation.

The CCD's were varied in their operation as a function of clock rate,
temperature, CTI, tap weight error and number of stages.
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TABLE 10. CCD SIMULATION NOISE SOURCES

NOISE SOURCE _ MEAN VARIANCE DISTRIBUTION
Input/Qutput 0 2K3 KT Ci/qz Gaussian
Shot 0 JD A K2/q fc Gaussian
Trap 0 JKT NSS A Gaussian
iFi]ter Tap Weights | Weight Value (Percent Error)2 Gaussian
ITransfer 0 2e NS Gaussian
| park Current” =3t o | 2 (n/2) Rayleigh |
S o - (J.. term only) ?
.
|

* See Section 4.5 for expanded equation.

2.5 CCD SIMULATION |

2.5.1 General Conclusions

Specific device characterization results are given in Section 4.0 and
simulation results are provided in Section 6.0 and excerpted in Section 7.0.
General conclusions of the program include the following points.

o The performance capability of CCD devices provides usable
3 dynamic ranges of from 50 to 70 dB which is satisfactory
for most applications.

o The clock rate capability of up to 10 MHz for surface
channel CCD's and over 100 MHz for buried channel CCD's
provides wide application potential.

o The storage time of CCD's should be held to less than 1 1
second unless cooling is used and can be extended well
beyond 10 seconds if the temperature is held to less than
0°C.

0 The simulation program revealed unique results relative to
CCD performance in the presence of dark current. In the
operation of a linear FM matched filter, the dark current
build-up creates an output dynamic range floor which first

, encompasses the region outside the matched filter response

. followed by the sidelobes nd finally envelopes the main-

lobe as the dark current increases.
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o Charge transfer inefficiency (CTI) will be stable and at levels
which do not degrade performance over the full clock rate of
CCD devices provided that the control and clock levels are
properly maintained. In the event that the CCD is operated at
a high CTI, the bandwidth capability is reduced and amplitude
dispersion of signals will result.

o Programmability is a desirable feature to be incorporated in
CCD's because it eliminates chip design costs for special
applications and can permit signal processor parameter variations.

o A digital microprocessor rather than a CCD is most appropriate
for the post detection processing functions which do not include
delay and storage and which do not operate with a 100% signal
sample duty factor.

o The external control and amplification circuitry in a CCD system
in large measure limits the CCD performance and application.
The development of on-chip controls is therefore of primary
importance and should be included in any new CCD chip develop-
ments.

2.5.2 CCD Programmability

Table 11 Tists the CCD programmability functions, the means for achieving
them and the status of the technology. The most important feature is the
achievement of electrically programmable weights which can be held for

an extended length of time (seconds). Industry effort is being concentrated
on this area and some success has been reported.

2.5.3 CCD Bandwidth Limitations

There is both a high and Tow frequency bandwidth limitation of CCD's. At
the high end they are limited by the clock rate at which the devices can
be operated. A useful rule of thumb is that surface channel CCD's can be
operated at clock frequencies up to about 10 MHz while buried channel or
peristaltic CCD's have usable clock frequencies beyond 100 MHz. No
discernible frequency dependent degradation in performance has been
measured below the maximum clock frequencies.

The low operating frequencies of CCD's are limited by dark current which
increases with temperature. Assuming dark current filling 20% of the well
as being the Timiting threshold the maximum storage time versus temperature
is given in Table 12.

Another important factor in the operation of CCD's at high frequencies is the
design of the peripheral circuits and packaging. The practical application of
CCD's is probably limited more by these problems at very high frequencies

than by basic device capability.

18




S,144 pue saa3|t4 |e3LbLQ se yons
suoijouny pautiadid 40j 3iqeins ,
abe3s Auojedoqe] ul aq Aey

S1043u0) (JJ YItM pajuawd|du]
suorjoung ajey e3tbig oiLseg

yoroaddy
21607 e31bLg

jJuawdo | 3A3Q dALSu3lIX3] Sautnbay

dryy 40 uotjeunbijuoday ,

329335 uotjouny

sjybLap
9| qewweaboud 40 BuLlys3LMg saatnbay

Burydyims £q yibusy (oaju0) ,
0437 03 s3ybtam buillas ,

y3bua7 aqetJep

paysi|1qe3s3 30N ABojouydoa] bojeuy ,
s|eubis Aaeutrg 40y padoanag ,

$1043U03
J3jJdeg pue S33PY UISSURA] JO IS

abuaeyy but3jtus
pue Buiyslimg

pado|aAag 30N anbtuydal (q)
3| qeutueaboay
ALnag 0N Ing payst|qeds] (e)

sjybLaM juauewuaadd
paumreabosq A[ed2t4329(3 (q)

Burybiam a3eg 311ds (e)

sjybLap
9| qeuwesboad- LWaS

pado|aaag aue sde] ajey burjeo|y§ ,
wa[qo4d St 43LdLILNKW ,

abeuao3s boeuy .
S43}|dLINW pajeabaju]

s3yblay a|qetaep

pajtwiy st awty abeaoys , sdey ajeg burjeoly , AL1estua3ds8y3
SNLYLS AD0T0NHI3L SINDINHIIL AY¥0931V)
INDINHIIL

SNOILYYIQISNOD ALITIEYWWYN90¥d 2D "Ll 318yl

19




TABLE 12. LOW FREQUENCY LIMITATIONS OF CCD DELAY LINES
(DARK CURRENT FILLING 20% OF WELL)

TEMPERATURE MAX STORAGE TIME (SECONDS)
= 65-C >12 Seconds

= 25°€ >12 Seconds

+ 5C >12 Seconds

+ .35 € 6 Seconds

+ 65°C 0.75 Seconds

+ 95°C < 0.1875 Seconds
+125°C < 0.1875 Seconds

2.5.4 Post Processing Functions

The post processing functions in a radar signal processor generally refer to
those following the basic matched filtering operation. Doppler processing

is generally considered with the pulse compression system since it forms a
matched filter for a target with a specific doppler. Post processing
functions include: thresholding, range and angle estimation, bulk filtering,
constant false alarm rate (CFAR) processing, interpolation, predictors and
various pattern recognition procedures. Many of the functions are identified
in Figure 2. The application of CCD's is possible in those cases where

the computations can be pipelined. Implementation of many post processing
functions with CCD's is even more dependent on achieving programmability and
adaptability than the pre-post processor functions. An important consideration
relative to the appropriateness of CCD processing is the processing rate
requirements of specific functions and whether digital microprocessor based
techniques will ultimately be the best approach.

Table 13 summarizes the principle post processing functions and rates CCD's
and microprocessors as to the most appropriate implementation.

2.5.5 O0On-Chip CCD Controls

The feasibility of incorporating on-chip clocking and controls to CCD devices
has been demonstrated. This technology step is a key to the practical
implementation of CCD's in many applications. It is expected that develop-
ment of on-chip peripheral circuitry will continue and lead to CCD's with
stable performance characteristics which will permit their application in

the field. An important facet of this is CCD replaceability. CCD performance
must be characterized and predictable to permit field replacement without
readjustment of the operating timing or control values.

2.5.6 Sub-System Performance Levels

The expected performance levels of the key CCD elements; delay lines,
memories, and transversal filters is summarized in Tables 14 - 16. These
results are based upon measurements the published literature and the
simulation. The simulation results in Section 6 provide a large number of
specific cases demonstrating the operation of the CCD functions. In the
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examples in Section 6.0 examples were generally chosen which show performance
variation with a parameter such as temperature. Thus many examples involve
low clock rates and high temperatures which begin to show adverse CCD
performance. Many, if not most, applications of CCD's will not see these
problems simply because dark current will not be significant.

Noise figure will depend upon the application of the CCD. We can consider
the delay line case for an example. The factor kTB yields an output voltage
level into a 1000 ohm resistance of about 6.3 x 10-7 volts for a bandwidth

of 100 kHz. A CCD peak output voltage with a full well measured at the

drain of 0.05 volts gives a maximum dynamic range of 98 dB relative to thermal
noise or about 92 dB relative to receiver noise. Thus the effective CCD
noise figure is about 1.5 dB in this case since the delay line CCD self noise
is -95 dB relative to a full well. On the other hand in those applications
such as the storage mode the operating dynamic range of the CCD is severely
reduced due to dark current build-up. Thus the noise figure is increased
accordingly. In these applications, the operating range of the system would
be set to minimize system losses while operating over the dynamic range.
Setting the receiver system noise 10 dB below the CCD noise level gives an
effective noise figure of 0.3 dB. 1In the CCD operation, generally the CCD
self noise is greater than the thermal noise level.

2.5.7 CCD Cost/Performance Tradeoffs

General projections on CCD system costs relative to other technologies can
be made, but specific tradeoffs will depend on the application and the
competing technology. For low data rate applications, microprocessor
techniques will prevail as most cost-effective. As the data rates and
processing requirements increase to the hundreds of kilohertz up to 10 MHz,
CCD's will find increasing application. Buried channel CCD's operate up to
and beyond 100 MHz. Figure 4 indicates general speed performance categories
for various technologies. The line of demarcation between different
approaches will fluctuate depending on the specific application. Note that
every category of processor can be built with special purpose digital
hardware. This involves paralleling at the very high rates.

Costs can be expected to follow the basic pattern of Figure 5. A standard
implementation using MSI digital technology will be relatively low in cost
but as the number of units to be constructed increases, the parts cost will
become dominant. Thus initial investments in either LSI or CCD development
will produce substantial savings in the end. Since fewer chip designs are
required for CCD's and fewer parts will be required in the system, the CCD
unit costs will be lowest for large volumes. The crossovers of "break-even"
costs indicated in Figure 5 can not be assumed to hold in general. Each
application will produce a different tradeoff.

2.6 RECOMMENDATIONS

2.6.1 Device Developments

On a device level programmable features should be emphasized. A need exists
for improvement of the linearity of the input sampling structure. CCD
clocking, control and amplification functions should be incorporated on the
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CCD chip. Tests are necessary to more completely characterize CCD's in terms
of reliability and temperature stability.

2.6.2 Analysis

The CCD sampling process should be studied to determine the required aperture
time requirements versus performance. This should be backed up with a
measurement program. The CCD simulation effort on this program should be
extended to include peripheral controls and amplifier circuits.

2.6.3 Subsystem-System Development

The state-of-the-art of CCD's is presently sufficiently advanced that
prototype or demonstration hardware can be constructed for selected
applications.
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3.0 RADAR SYSTEM AND SIGNAL PROCESSING REQUIREMENTS

The stated objective of this program has been to determine the major
capabilities and limitations of CCD's as components in very long range pulsed
radar signal processors. This objective has served as a base from which the
application of CCD's to a broad range of signal processing functions can be
derived. It will be shown in this section that possible signal processor
subsystems for the long range radar applications comprise a representative
set of the subsystems of general interest for wider applications.

3.1 RADAR PARAMETERS

3.1.1 Long Range Radar System Requirements

The contract Statement of Work lists a set of radar characteristics for
meeting long range satellite detection requirements. These are listed in
Table 17. The bounds on key radar parameters of several long range radars
currently in use is listed in Table 18.

TABLE 17. LONG RANGE RADAR REQUIREMENTS

Target Altitude 100 NM to 25,000 NM
Target Radial Velocity + 10,000 ft/sec to + 35,000 ft/sec
for Elliptical Orbits
Transmission Frequency 435 MHz
Target Cross Section 1.0 Sq. Meter @ 435 MHz
Probability of Detection 50% to 90% @ 3440 NM
50% @ 7000 NM, Max. Range 25,000 NM
Range Resolution 1 NM for Two Targets with Up to
10 dB Differential Amplitude
Velocity Resolution < + 50 ft/sec
Angular Accuracy + 1/10 Beamwidth
False Alarm Probability 10-6 (Assumed)

TABLE 18. RADAR* PARAMETER BOUNDS

Peak Power 1.2 MW to 32 MW
Average Power 25 KW to 300 KW
Transmitted Energy Per Pulse 2400 to 10000 Joules
Transmission Frequency Around 435 MHz
One of the Systems at 1300 MHz
PRF 20 to 30 PPS
Pulse Lengths (Coded) 250 usec to 2000 psec
Waveform Bandwidths 500 Hz to 5 MHz
Range Resolution 200 Feet to + 1 NM

The foregoing radar requirements and radar parameter bounds can be combined
by use of the radar equation to define a baseline satellite detection radar.
The radar range equation can be expressed for the signal-to-noise ratio
(S/N) of a single pulse.

S Based on FPS-17, FPS-49, FPS-79, FPS-80, FPS-85 and Cobra Dane.
29
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The equation is diagrammed in Table 19 to derive a set of appropriate radar
parameters. The table indicates that a 1.0 square meter target has a S/N of
4.71 dB for a single transmitted pulse 500 psec in length using a peak power
of 20 MW and antenna gains of about 42 dB. The S/N required for Pq = 90%
and Pgy = 10-6 is about 13 dB. Thus the coherent integration of 7 pulses is
required to meet the 3440 NM range requirement.

At 7000 NM the single pulse S/N is -7.69 dB. To achieve a Pd of 0.5 with a
false alarm probability of 10-6 requires a S/N of 11.2 dB. Thus a S/N
enhancement of 18.83 dB is required, or the integration of 78 pulses. An
integration time of about 4 seconds provides the 78 pulses. The losses used
in the range equation are estimated, and probably on the hiah side. Thus
the 4 seconds of integration time specified is more than adequate for the
7000 NM detection range and 1 square meter target.

To reach a range of 25,000 NM requires 20.06 dB more gain than the 7000 NM case.
The duty factor for the 20 Hz PRF and a pulse length of 500 usec is 100 to 1.
Thus a peak power of 32 MW matches the 300 kW average power limitation. How-
ever, the energy per pulse in this case is 16,000 joules, or more than the
10,000 1imit of the bounds in Table 18. In order to stay within the average
power limitation of 300 kW and the maximum energy per pulse of 10,000 joules
with a 32 MW peak power, the pulse length must be 312 psec and the PRF
increased to 30 Hz. The only variables left are the target size, losses and
the number of pulses integrated unless the basic radar parameters are improved.
The loss budget in the long range search mode can be altered in the signal
processor. In the 11 dB total loss budget 1.3 dB is typically due to matched
filter weighting, 1.6 dB may be due to doppler (coherent integrator) filter
weighting and 0.6 dB may be due to a CFAR function loss. All of these losses
totalling 3.5 dB can be eliminated in a mode change if the radar has
sufficient programmability. If a limit of 1Q seconds of integration time is
placed on the system due in part to dark current build up in a CCD storage or
integration device the maximum number of pulses per dwell at a PRF of 30 is
300. This represents a signal integration improvement over the 78 lower power
longer pulses used in the 7000 NM mode of 5.8 dB. Under the foregoing
assumptions, the baseline radar can detect a target with a cross section of
20.06 - (3.5 + 5.8) = 10.76 dB or 11.9 mZ,

In summary, the baseline radar parameters for the system incorporates the
radar parameter bounds of Table 18. The overall baseline parameters meeting

$h§1minimum performance goals at 3440 NM and 7000 NM are summarized in
able 20.

3.1.2 Radar System Considerations

The baseline CCD signal processor will be used for long range satellite
detection and tracking radar applications. A basic characteristic of these
radars is a very low PRF along with very high pulse energy. The satellites
of interest are often non-cooperative and in non-powered flight. Thus the
satellite path will follow predictable orbits.

A signal processor configuration for these satellite radars will have
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TABLE 19.

RANGE EQUATION TABULATION

EQUATION (+) (-) QUTPUT
PARAMETER |SYMBOL VALUE dB dB S/N dB
Transmit Pt A,B:
Power 20x106 73.01
(Watts) C: 32x106 75.05
Antenna GT - 42.10
Gain
! (Transmit)
Antenna | GR - 41.70
Gain { 1
(Receive) ; i !
- i § {
| Wave- A2 .69 36.77 ;
length i !
! (cmg : :
x i !
t Target o4 i 1.0 0 i
. Cross E | !
! Section ' i f
{(mZ) i ! i i
z Almie- 1
| System ‘ w, | 2.3 | 375 |
{ Noise z 5 i
; Factor | ; : ;
] ! : .
I Pulse T {A,B: ! 5
' Length . 500x1076 3301 |
! (sec) 1C:312x10-6 35,05 |
{ i : i
. Range R 'A: 3440 A 1814 |
;(NM? 'B: 7000 B: 153.8
C: 25000 C: 175.9 i
Losses L f 11 !
 Constant 1.07 0.29 ;
| |
i I
TOTALS 195.91 ‘A 189.16 4,71
B: 201.56 l -7.69
C: 223.66 | -27.75
|
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TABLE 20. BASELINE RADAR PARAMETERS

Peak Power: 32 MW

Average Power: 300 kW

Maximum Energy/Pulse: 10000 Joules

Maximum Pulse Length: 500 .sec

TARGET
PULSES CROSS SYSTEM | INTEGRATION PULSE

| RANGE INTEGRATED | SECTION | LOSSES TIME PRF ! LENGTH
r 2
! 3,440 NM 7 1.0 m 11 dB .35 Sec | 20 Hz| 500 psec
| Case
| 7,000 NM 80 1.0 m2 11 dB ; 4 Sec | 20 Hz| 500 usec
i Case , '
| 25,000 NM 300 12 m® | 7.5 | 10  Sec | 30 Hz| 312 usec
| Case J
|
constraints imposed by the satellite environment. These constraints
include: .

1. Satellite Orbits

2. Satellite Velocity Limits

3. Radar Power Limits

4. Range Resolution Requirements

3.1.2.1 Satellite Orbits - Satellites in non-powered flight follow an orbit
that is a conic section with one focus at the earth's center. A simplified
derivation of the equations of motion developed by C. S. Lerch [1] will be
used. Figure 6 shows a typical orbit and gives the applicable equations of
motion of this orbit. It can be shown that the maximum range rate at the
radar occurs when the radar is in the plane of the orbit and when 8 is plus
or minus 90°. It follows that:

Sin y = RE/Q
The maximum range rate (VRM) at the radar is:
= .n == -
Vam = Veos (z* v * v ) = Vgpy (v + )

3.1.2.2 Satellite Velocity Limits - Satellites can have very elliptical
orbits particularly if the prevention of detection of the satellite is of
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primary concern. Thus a satellite that is to elude detection could have an d
apogee that is well beyond the skin detection and tracking range of radars
and would speed past the earth with a very low perigee. There are practical
limits to the apogee and perigee that can be obtained. If the satellite is
to maintain an orbit for a large number of revolutions, the perigee must be
at least 100 NM above the surface of the earth. A maximum value for the
apogee seems to be about 60,000 NM above the earth. The more elliptical the
satellite orbit, the higher will be the range rate at a given range. The
maximum range rate at the radar was computed as a function of range for a
satellite with an apogee 60,000 NM and a perigee of 100 NM above the earth.
These results are shown in Figure 7. This satellite has a period of 42.7
hours.

To meet this worst case elliptical orbit, a satellite radar must be able to
detect and track targets with range rates up to + 35,000 feet per second at
short ranges (100 NM). It must also be able to detect and track targets
with range rates up to + 10,000 feet per szcond at a range of 25,000 NM. A
less eccentric orbit would obviously provide less demanding requirements on
the radar.

3.1.2.3 Radar Power Management - A satellite surveillance radar must provide
detection of targets from 100 to 25,000 NM. Existing satellite radars can
detect one square meter targets at ranges between 2500 NM and 3000 NM. These
radars use PRF values between 20 and 30 pulses per second which result in an
unambiguous range coverage of 2700 NM to 4050 NM. If these radars are
modified using a CCD signal processor, the same average radar power must be
used to provide detection at longer ranges. To increase the detection range
of a fixed power radar, the scan rate must be reduced to increase the dwell
time at a given angle position. The returns during these extended dwells
must be coherently integrated to provide the maximum range increase.

Coherent integration over six seconds (at a PRF of 30) results in a detection
range increase of up to 3.31 to 1. This would result in a detection range of
about 7000 NM for a 1 square meter target. A 100 square meter satellite
could be detected at 25,000 NM using 6 seconds of coherent integration.

3.1.2.4 Range Walk - For very long integration times the range of a target

may move from one range cell to another. A satellite at 25,000 nmi would b
move up to + 50,000 feet or about + 10 NM in 6 seconds. An analysis :
was made of the Toss in S/N with respect to the ideal integrator for the case

in which no correction is made for the range walk. For a transmission band-

width of 200 khz and a target velocity of 1000 ft/sec. a 3 dB loss is

incurred for an integration time of .68 seconds. However, with range walk

correction, (matching the movement of the range cells to the target velocity)

a loss of less than .5 dB will occur if the error in the correction is 250

feet/sec or less. The range walk correction is accomplished by the two step

detection process described for the baseline signal processor in which the

doppler frequency obtained on the first step is used as a velocity

correction on the high range resolution second step.

3.1.2.5 Ionospheric Dispersion - Refraction of UHF frequencies through the
ionosphere are frequency dependent and vary as a function of time. For
wideband waveforms the effect is akin to passing the signal through a filter 3
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with a non-Tinear phase, thereby causing signal distortion and degradation

of the range estimation. A programmable pulse compression system has the
capability of modifying the internal reference functions so as to synthesize

a non-linear transfer phase. An approach for adjusting the reference function
constants is to use a known, well behaved, space object as a reference, and
manipulate the constants until the best range resolution is obtained (the
narrowest video envelope). The process must be performed periodically to
accommodate the changing dispersion characteristics.

3.1.2.6 Faraday Rotation - At UHF, the Faraday rotation of the polarization
vector can be several revolutions. Thus transmitting and receiving a single
polarization can result in large echo signal loss. It can be assumed that
linear polarization is transmitted and both vertical and horizontal
polarizations are received. Hence two reference channels are processed with
all the attendant doppler filtering and integration needed to detect long
range targets. After the signal-to-noise ratio is enhanced the signal levels
in the two channels are compared and the largest used for detection and range
estimation.

3.1.2.7 Clutter Considerations - Earth surface and weather clutter are
problems predominately when the range of the target is beyond the unambiguous
range as determined by the PRF. For a low angle search beam the significant
ground clutter can extend out to 30 NM and for rain, which is normally below
10,000 feet, the return can extend out to 130 NM. Targets beyond the
unambiguous range of the radar may fall in the clutter region. A simple two
pulse canceller performs an adequate job of eliminating the ground clutter.
However, because of the motion of rain clutter a clutter-locked cancellation
scheme is required for attenuation of the clutter.

3.2 SIGNAL PROCESSING FUNCTIONS

The signal processing functions in a radar generally refer to those operations
required to translate the received wide bandwidth, noisy RF or IF signals

from the antenna to detected, measured, labeled target signals of low data
rates suitable for handling by the control center. These functions which

were historically performed with analog hardware have been increasingly
implemented with digital techniques. The advent of CCD's has combined the
sampled data nature of digital systems with the continuous amplitude structure
of analog hardware. This section summarizes the characteristics of sampled
data systems and the manner they are related to key signal processing
functions. The important qualitative and quantitative measures of signal
processing systems are discussed.

3.2.1 Sampled Data Characteristics

3.2.1.1 Sampling of Real Low Pass Signals - In the implementation of

signal processing systems with CCD's the analysis and design must first
consider the special requirements of sampled data systems. A brief overview
of sampled data systems is presented as background to the development of
performance characteristics for various CCD subsystem and systems
configurations.

Figure 8 depicts the time waveform %nd spectrum of a number of sampled data
6
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situations. In Figure 8a, a simple Tow frequency video signal with its

Tow frequency signal is shown. A single impulse in the time domain produces

a flat frequency spectrum. However, a train of impulse functions representing
an idealized sampling function creates a series of line spectra at

frequencies which are integral multiples of the sampling frequency. In

order to sample a signal of low pass bandwidth B the sampling rate must be
greater than or equal to 2B. This is usually referred to as the Nyquist
sampling criterion. The spectrum of an ideal sampled real signal is shown

in Figure 8c. The sampling process creates sideband replicas of the

sampled signal about the harmonics of the sampling frequency.

The sampling function will generally not be ideal but will have a finite
37




aperture. This finite aperture will limit the frequency content of the
sampled function. The line spectrum of the sampling frequency harmonics will
follow a sin x/x function in frequency as indicated in Figure 8d. Vhen

this sampling function is applied to a real input signal the result will be
as in Figure 8e. The aperture size is a primary criterion on the
performance of analog to digital converters and the same requirements should
be applied in the application of CCD's.

If a signal is sampled below the Nyquist rate the effect will be aliasing
in the spectral domain as indicated in Figure 8f. The aliasing of noise
is often a problem even when the signal spectrum itself is adequately covered.

3.2.1.2 Complex Signal Sampling - The aliasing effect is important when a
complex signal at IF is down-converted to its in-phase and quadrature

components prior to sampling. The process is illustrated in Figure 9. In

the baseband conversion process, if the input bandpass function is S(t)=A(t) cos
(wct + P(t)), then the in-phase component can be recovered by mixing with the

IF frequency as follows.

tet T(t) = S(t) cos w.t
2 Aét) [cos (w .t + B(t) + wt) + cos (w t + B(t) - w t)]
_ A(t)
1(t) owpass FiLTERED = 2 <os A(t)
Similarly,
Qu)=ﬂﬂ-unmw

2

=

If S(t) is band limited, Fe~7st 5-fc + g»then I(t) and Q(t) are band
limited, 0 < f < W |

v

If the amplitude of the bandpass function A(t) is a Gaussian random variable
and 8(t) is uniformly distributed (0 - 27) then I(t) and Q(t) will be
independent with a normal amplitude distribution.

Error sources can occur in the baseband demodulator which can degrade system
performance. Quadrature errors are caused by the two mixing IF signals not
being precisely shifted in phase relative to each other by 90 degrees.
Amplitude and phase tracking errors and low pass filter distortion can also
degrade performance.

One can calculate the noise increase from aliasing due to the low pass filter

* characteristics. An example is shown in Figure 10 for Butterworth and

elliptic filters employed with sampling rates close to Nyquist. The noise
increase varied up to 0.4 dB for Nyquist sampling and 0.1 dB for a sampling
rate 1.1 times Nyquist. This example also assumed the signal spectrum was
Hamming weighted in the signal processor. In this example a limit was placed
on the phase distortion so that the higher pole filters which have higher phase
distortion are used only at the higher sampling rates. The curve indicates the
regions where the filters can be used without compensation while supporting
sidelobes greater than 40 dB down. It should be noted that appropriate phase
compensation will eliminate this limitation.
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3.2.2 Signal Processing Functions

A generalized block diagram of a radar signal processing system is shown in
Figure 11. Virtually all of the functions listed can be implemented with
CCD's as indicated by the dotted items. If one extends the CCD applications
to digital logic implementation, CCD's can be used for all functions. The
functions in Figure 11 can be implemented with a basic set of signal
processing elements. These are:

Delay Elements

Storage Elements

Integrators

Arithmetic Functions (Add, Subtract, Multiply, Divide)
Tapped Delay Lines

Transversal Filters

Recursive Filters

Switches

9 H 0.0 0 O O O

These elements can either be implemented as part of a CCD or implemented in
an analog technique on a CCD integrated circuit. The primary effort relative
to CCD performance evaluation for this study has been to identify the key
functional elements which are implemented as CCD's and determine their
performance as a function of the CCD parameters themselves. The performance
level of a full CCD signal processing system can be extrapolated from the
constituent elements.

3.2.3 Parameter Ranges of Key Signal Processing Elements

Depending on the radar application, the signal processing functions listed

in Figure 11 will have widely varying requirements. The requirements imposed
on a signal processor by the long range satellite search radar will not

cover the full gamut of potential CCD hardware specifications. Table 2]
lists the parameter variations which may be encountered in a large variety
of radar systems. Regardless of the level of achievement in a technology
toward the implementation of radar signal processing, there will be new
applications which cannot be practically met. Thus, the bounds given in
Table 21 represent typical requirements rather than extreme. The application
of CCD's therefore can bast be assessed on an individual case basis. The
performance level of CCD's as a function of basic operational parameters as
given in Section 6.0 will provide a useful tool in this assessment.

3.3 CCD SIGNAL PROCESSING IMPLEMENTATIONS

Figure 12 shows a typical radar signal processing system with the elements
which are candidates for CCD implementation in dark outline. From a hardware
viewpoint in typical radar systems, these elements constitute a major part

of the signal processor size and cost. This section describes alternative
CCD implementation techniques for the principal hardware function of pulse
compression, storage and spectral analysis. Details of the CCD structure

b itself in relation to developing a model for simulation are developed in
Section 4.0.

e
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3.3.1 Pulse Compression

3.3.1.1 Tapped Delay Line Pulse Compression Filters - The output y(t) of a
matched filter implemented via convolution of an input signal s(t) with the
impulse response of the matched filter h(t) = x(-t) where x(t) is the
transmitted waveform;

The signal and filter functions are generally represented as complex in-

phase and quadrature samples for sample data operations. Thus a physical
realization of the filter function must accommodate the complex multiplication
operation, which, for a matched filter is

(a + jb) (c -~ jd) = ac + bd + j(bc - ad)

A tapped delay line matched filter, therefore, takes the form of Figure 13.
CCD's are ideally suited for implementing this function because of their
serial structure. The variable weight tapped delay 1ine can be implemented
on a CCD using the well known electrode weighting technique [2] shown in
Figure 14. In this method, the filter weights are built into the basic
physical structure of the CCD gates.

An alternate method for constructing a CCD transversal filter is to place a
weight on a CCD floating gate tap output. This latter technique is more
amenable to the development of programmable transversal filters.
Programmability is a desirable feature in a radar pulse compression system
since it permits the tailoring of a transmitted waveform to a specific
operational requirement.

TAPPED DELAY LINE
CONVOLVERS

—{ IREF CONVOLVER

2 mEa Lour

’| Qe CONVOLVER

QREF CONVOLVER

—_—M
‘ .‘ IREF CONVOLVER

FIGURE 13 . TAPPED DELAY LINE MATCHED FILTER

Qut
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The performance level of CCD transversal filters will depend on the transfer
efficiency and noise associated with the charge transfer process and on the
realizable tap weight accuracy.

3.3.1.2 Matched Filtering Using Spectral Multiplication - If a convenient
method is available for transforming a signal to the frequency domain,

the use of the Borel convolution theorem becomes practical. That

is, the product of the Fourier transform of two functions is the Fourier
transform of the convolution of the two functions. Stated mathematically,

F1IS(f) HIF)] =/ x(7) hit-t) dr = y(t)

-0

where S(f) = F[s(t)] and H(f) = F[h(t)].

The operation with sampled data functions and the discrete Fourier transform
is illustrated in Figure 15. Sampled input and filter reference data are
periodic at the interval of the sequence length. Thus if a convolution of

N sample signal points and N filter points is desired, the transform aperture
must be greater than N to the extent of the number of convolution points.

For N convolution points, transform apertures of length 2N are necessary.

The convolution of sampled data in this manner is often referred to as
circular convolution.

The fast Fourier transform (FFT) algorithm has provided an efficient method
for calculating the discrete Fourier transform (DFT) of a set of sampled data
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using digital techniques. The serial structure of CCD's does not

lend itself to the use of the FFT algorithm. However, the chirp-Z transform
[3] technique for DFT computation does lend itself to the use of CCD's. The
chirp-Z algorithm is discussed in Section 3.3.3. Figure 16 shows a CCD
implementation of a matched filter using the spectral multiplication technique.
A particularly desirable feature of this method is that the filter can be
changed simply by changing the spectral reference function.

SPECTRAL
REFERENCE
AND
WEIGHTING
H(f)
S |COMPLEX | cco I
P CHIRP-2 P LT IPLICA- CHIRP-7
s(t) |TRANSFORM S(f) |TION TRANSFORM ye)
s | 0
S(F) H(f)

FIGURE 16. CCD SPECTRAL MULTIPLICATION MATCHED FILTER
3.3.2 Corner Turning Bulk Memory Storage

Many of the very large memory storage requirements in signal processing
systems involve what is called a corner-turning requirement. That is
while data is received as a sequence of range samples for each pulse
transmitted the output must be a sequence consisting of the same range
sample from 10 to more than 500 pulses. The largest memory requirements
can be found in some synthetic aperture radar systems where over 106
samples must be stored to moving target detector (MTD) processors where
the storage requirement may be of the order of 10% samples. The baseline
long range search radar has a storage requirement of 60 pulses of 600 range
samples each for a total of 36,000. This example will be used in the
discussion of alternative CCD storage options.

3.3.2.1 Serpentine Bulk Memory - The serpentine CCD storage technique is
illustrated in Figure 17. This method may be the simplest from the point
of view of CCD structure, but it has one serious difficulty. The data is
loaded in one Tong serial shift register in the device. With 36,000 samples
to be loaded in sequence any transfer inefficiency wi]l seriously degrade
the samples passed through the entire device. A 10°" transfer loss which is
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typical for surface channel CCD will result in the loss of 97.2 percent of
the leading edge sample of a step function loaded into the CCD. A buried
channel CCD will have a transfer inefficiency of 107° and would result in
the loss of 30.2 percent of the leading edge sample. The amplitude
distribution across the 60 output points would be skewed with the most
recent samples having close to their exact value.

3.3.2.2 Multiplexed CCD Memory Cells - Either an input or output multiplexing
method can be used to eliminate the very long serial registers. The two
approaches are shown in Figure 18. In the input multiplexing approach, the
input is sequentially switched into 600 separate CCD registers, one for each
range cell. The data is then read out serially from one 60 sample register at
a time. This arrangement is similar to the 32K CCD digital memory design of
Fairchild in which the memory dimensions are 256 by 128. Performing a
multiplexing operation at the output simply reverses the size and number

of CCD register elements. The result is 60 registers of 600 samples each.

The principal problem of long term storage in CCD's is the dark current
build up and neither of the multiplexing approaches nor the bulk memory
using multiple line addressable random access memories (LARAM's) as
indicated in Figure 19 solves it. LARAM's have been developed for use as
digital storage mechanisms and a design such as the 64 x 256 Intel 2416

has the required functional operations to perform corner turning. However,
these units are currently only viable for digital storage. The Intel design
has a very high 2800 pf canacitive load on the chip for the clock input. This
high clock capacitance should be avoided if possible in the CCD design as

it greatly increases the amount of clock driver power. In this instance,
the peak clock power required to operate it using 75365 TTL-CMOS clock
drivers is 12.5 watts if the chip is operated at 10 volts and 10 MHz.

3.3.3 Spectral Analysis

3.3.3.1 Chirp-Z Transform - In concept, the CZT [ 3] performs spectral
analysis with sampled data identically to an old standard method used with
analog dispersive delay lines. The received signal whose spectra is to be
analyzed consists of a number of sinusoidal signals. If a received CW
signal is mixed with a 1inear FM ramp, a linear FM resultant will be
produced which is offset in frequency in proportion to the input signal
frequency. If this resultant signal is passed through a dispersive line
(or linear FM convolver) with a frequency coverage equal to the sum of the
frequency analysis range and the linear FM ramp range, a pulse will be
outputted at a time proportional to the frequency of the input CW signal.
Figure 20 illustrates the principle with sampled data.

The input bandwidth has a range, Af, which is also the bandwidth

of the LFM function in this case. The total frequency band of a dispersive
Tine must be 2af. The relative time outputs of the line with frequency
inputs of -af/2, 0, and +Af/2 are indicated. If the convolution is done via
a sampled function, a circular convolution will accomplish the task. Recall
that a sequence of N samples is periodic in N and in the frequency domain

at the sampling frequency. Thus, extension of a linear FM waveform occurs
in both time and frequency and a circular convolution over 2N samples will
provide the desired spectral output.

50




XdW 1Nd1Nn0

09

340LS AN ONIXITILINW ITdWIS

1337135 LNdNI

XdW 1Nd1Nn0

‘gL JdNII4

(821 x 952) @22 z¢

QTIHJYIV4 40 N9IS3IA 0L ¥VIIWIS SI ITdIININd
009
o
w 665 _ frere
= R 1
£ |
s | :Ilq
In.._ ! 1—.m
- 7 .
' m r
R s | j et
ik ) |
: | I 1 i
B e SR s BRRE AP
| B s
09 _
XdW LNdNI

I S R TS N = RS SRR S AR

i e e e e A



WYYYT 3TdILTNW INISN AYOWIW XN ‘6| JAUN9I4

ZHW 0" L @ MW 009 (dIHD NO) ¥Md

ZHW 0°¢ 31V Y1VQ XVW

(dIHD/QY0T 4d 0082) SY3MOd ¥I01D HOIH
N3Y ONIWIL WIJ3dS S3IHIND3IY

J404S TVYLIYICQ Y04 3¥Y SNOISIQ

e

952 X $9 _ 952 X 49 952 X $9

91vZ 13UINI | _9L¥Z 13INI | 9Lve ._m.FzH_,

.-3 [ z




FREQUENCY

£
P
d
sELE - Ak b
¥ ,
/
/
o, 0 TIME
t(-af/2) t(0) t(af/2)
. 15 -Af/2 1 e b :
/
£
4
L
e N —
- 2N 1

TIME SPAN OF LFM FUNCTION
SUM OF N PLUS RELATED TIME SPAN OF FREQUENCY BAND, af

N
2N

"nou

FIGURE 20. CHIRP-Z DFT CONCEPT

The CCD is ideally suited for the computation of the discrete Fourier transform
(DFT) via the chirp-Z transform (CZT) because the implementation of the CZT
makes use of Tinear FM convolvers. The basic processing steps of the CZT are
shown in Figure 21. The complex input signal (Xp) is mixed with the chirp
signal A-P-BP2/2 which proguces an offset chirp signal output. This signal
(Yp) is convolved with B-P4/2 in the convolution filter. The convolution

peak at the output of the filter occurs at a time corresponding to the frequency
of the input signal. The complex multiplication after convolution cgrrects

the phase bias by multiplication with the reference chirp signal (BK¢/2). If
the phase information is not required, then the output of the convolution can
give the power spectrum. Figure 22 shows the CZT process in more detail. The
complex CZT requires real and imaginary baseband processing (I and Q).

The circular convolution can be performed in the CZT using a tapped CCD delay
line of 2N stages, where N is the number of samples for which the z-transform
is evaluated. Therefore, to increase the number of points that the CZT

53




CONVOLUTION

y ® B'Pz/z
p

APgP2/2 8k2/2

FIGURE 21. PROCESSING STEPS OF THE CHIRP Z-TRANSFORM

evaluates, the CCD delay line must be increased by a factor of 2. RCA has
developed another approach to circular convolution shown in Figure 23. This
patented technique performs the circular convolution using an N stage tapped
CCD and an N stage CCD delay line. The full CZT implementation using the
technique is shown in Figure 24.

3.3.3.2 Delay Line Time Compressor (DELTIC) Spectrum Analyzer - A CCD can,
in principle, be used to implement the standard delay line time compressor
spectrum analyzer shown in Figure 25. In this system, all of the signal
samples are recirculated in the delay line during each input sample interval.
Thus, as in the example of Figure 25, if 60 spectral coefficients are
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