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purely digital approaches. If the analog signal is directly compared to the reference,
only a single correlation channel is required, whereas a digital correlator requires
a separate channel for each bit of resolutio t in the analog-to-digital c’,nverter. Thus,
a reduction in part s count, with attendant improvements in size, cost and reliability,
is realized with the CCD correlator.

The correlator is an important device because correlation of binary waveforms
is a function widely used in spread spectru n systems, whi ch offe r important advaatages
for military communications and radar applicatirms. Spread spectrum advantages
include jam resistance , reduced dete ctability and improved signal—to-noise ratio for
given transmitter power . Thus , the device whose design is described here should he
broadly useful in military systems.

Speci fied and expected performance of the analog-binary progr ammable trans versa
filte r device are summarized below :

ContractPerfo rm ance Paramete r RCA Design GoalRequirement

Number of Points Correlated 512 512 . 256 , 12~ , 64

CCD Clock Rate ~ MH z 10 MH z

Reference Code Load Rate — -0. o MHz a MHz(Program Register)

Dvnanilc Range (Single Tap) 35 dB 45 dB

Signal-to-~~oise Ratio (Single Tap) 50 dB 66 dB

Charge Transfer Inefficiency (ne) 0.2 0. 1

A further objective of the program is to simplify the interface between the CCD
correlator and the surrounding system by including many support circuits on the CCD
chip. Support circuits include clock drivers, reference code load logic and TTL-MOS
level translators.

This report includes a general description of the analog-binary program m able
t ransversal filter device , designated TC1235 (Section 2) and a detailed discussion of the
design of all the circuits on the chip (Section 3). Section 2 includes: a brief description
of earlier devices , the manner in which the CCD correlato r operates , correlato r inter-
faces wi th off- chip circuits , and timing information. Section 3 includes: a description
of the hurled channel CCD/NMOS process with self-aligned diffusions , and detailed cir-
cuit designs . Pa rticular attention is given to major features which were not included in
earlier correlator design s. These are the tap structure, uniphase clocking, and a
corner-turning circuit . The tap structure is believed to he highl y significant in that it
eliminates the code-dependent bias problem . In earlier correlator designs , the cor-
relation signal is super imposed on a bias current which is independent of the signal , an
which depends on the number of ones and zeroes in the code. As a result , the bias
signal changes when the code is changed. This problem surfaced earl j  in the design
study phase of the program , and considerable subsequent effo rt was expended working
out a design that was first proposed by the MIT Lincoln Laboratory. \Vith this tap
circuit , the new correlato r wil l not be limited to balanced codes ; i.e., codes containing
equal numbers of ones and zeroes .
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The work discussed in this document was performed under Air Fo rce Contract
F 19628- 77-C- 0263, “Analog- Binary Programmable Transversal Filter”. This
is an Interim Report (CDRL Sequence Number 102, Line Item 0002) cover ing the
period from 9/30/77 through 8/31/78. RCA Government Systems Division, Ad-
vanced Technology Laboratories in Camden, NJ, Is the organization responsible
for the work. Dr. D. A. Gandolfo was the principal investigator . The work was
monitored by Dr. F. D. Shepherd and Dr. L. H. Skolnik, Electronic System s
Division, Deputy for Electronics Technology, Hanscom AFB, MA.

The repo rt was prepared by D. A. Gandolfo and J. R. Tower. The following
RCA personnel contributed to the work discussed: J. R. Tower , J .  I. Pridgen ,

D. A. Gandolfo (Advanced Technology Laboratories) ; R. Angle, D. Sauer ,
F. Shallcross (RCA Laboratories, Princeton) . A valuable contribution (a new tap
structure design) was made by S. C. Munroe of the MIT Lincoln Laboratory.
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INTRODUCTION
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SUMMARY
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The objective of this program is tc devel op a programmable CCD (Charge-Coup led
Device) circuit capable of correlat ing a var ie t - , of binar y—coded ‘.‘. , T l ve fo rrn s. This
analog—binar y correlator will  store a hinar ’;  w a — e f o r m  as a refe re~ c’e. and v i l l  t :~en
compare newly ar r iv ing signals to the i-~ ference ‘~ a~ eL i ’i~~. I~ ~ene ra1 . the s~~a~ l
will  he a binary code that has been corrupted in the  t r a n s i ~~i~-s~~a c ’harui€- 1 s~
upon arri’:al at the receivei- , it  rea l l :  has an a riaio : c-h a t ’ac tc -  r i . e . . ~he n p l i t ~ r a ’
var ies  continuous lv l . A na l o g— hi n a t corre la t ion ~e a iq 1e~ a - c  an ir po t ’~aat  t n —
vantage over pure l y  digital approaches . If the a c t - t I - a g  i g n c I  i~ direct!- : ( on .~ ai’ed -

the reference , a r i l : a single correlat ion chanac i  is ~-equi i-ed . w~~ I - r I ; . s d~~’ i t :c l cor—
relator requires a s e p a r t t e  channel for each hi t  of -

~~‘~~ c I u t i ~~. in ~ TC r~; 1- i g- t Q - r i L i t l
converter . Thus , a reduction in p a r t s  count . ~ ith ‘i~t e n d a n t  t i ~~r- e~~ent ~ in ~ lzc’ .

cost and ~e 1 inU i 1i t  is real ized ~ i~ h the CCD co c’r- !at Ir~

The correl a tor  is an it  pr il -t ari t de- :ice ,e cau se  c o r c ’ l a t i o n  of ~irLJr--: w a -
. efoi-rn s

is a function v~ide lv used in spread spectrum sv s te r s. ~‘ 1- i ch  a f fe r impo c t ; c n t  ad-
vantage s for m i l i t a r ’: communications and r ad ar  app l l ( a t i  ,ns . Sri ren cl 5 ,eC’ t t  ‘~n~ ad-
vantages include jam resistance , reduced detectability and irt~p ra . .- d s . t c l - t o - n a i ~ e
rati o f~ar ~ t . ’en tran srctit~er power . Thus . the dc iee whose d~~~~ a d c s c r i h c - d  h ere
should he broadl y use lul in mi l i t a ry  sy stems .

Specified Tad  expected perfo rmance of the ana l o g—bin a ry p~’ g r a n i n ~’~J e t r , nS —
:ersal f i l te r  device are summarized  below:

Contract - -Perfo rmance Paramete r - RC \ Des ian ~ c n lRequi rement -

Number of Points Correlated .~12 51~ . 236 , 12~ . 64

CCD Clock Ra te 
I 

~ M ’-i z 10 MH z

Re ference Code Load Rate - -
- 0. ~ MHz . MHz(Program Register)

Dynamic Range (Sing le Tap) 35 dB 43 dB

Signal-to-Noise Ratio (Single Tap) 30 dB 66 dB

Charge Transfe r Inefficiency ( n E )  0. 2 . 1

1—2
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A fu rther objective of the program is to simplify the interface between the CCD
correlator and the surround ing system by including man’: support circuits on the
CCD chip. Suppo rt circuits include clock drivers , refere nce code load logic and
TTL-MOS level tr anslators.

This report includes a general description of the anal og-binary programmable
transversal fi l ter device , designated TC 1235 (Section 2) and a detailed discussion
of the design of all the circuits on the chip (Section 3). Section 2 includes: a brief
description of earlier devices , the manner in which the CCD correlato r operates,
correlator interfaces with off-chip circuits , and timing information . Section 3 in-
cludes: a description of the buried channel CCD/NMOS process with  self-aligned
diffusions , and detailed circuit designs. Particular attention is given to major
features which were not included in earlier correlato r design s. These are the tap
structure, uniphase clocking , and a corner-turning circui t . The tap s t ruc ture  is
believed to lie highly significant in that it el iminates the code-dependent b ias prob-
!em. In earlier correlator designs, the correlation signa l is superimposed on a bias
current which is independent of the signal , and which depe nds on the num be r of ones
and zeroes in the code . As a result , the bias signal changes when the code is
changed . This problem surfaced early in the design study phase of the program ,
and considerable subsequent effort was expended working out a design that  w:t ’~
first  proposed by the MIT Lincoln Laboratory . With this tap circuit , the new cor—
relator will not he limited to balanced codes; i.e., codes containing equal numbers
of ones and zeroes.

The period covered by this report concluded with the completion of the cor-
relator design . Circuit design, simulation, layout and digitizing were finished,
and a computer tape was produced which contains the circuit designer ’s inputs to
the photomask fabrication process . The next report on this program will discuss
photomask fabrication , wafer processing, and device test and evaluation.

1-3/1-4 -
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GENERAL DESCRIPTION
of

ANALOG-BINARY CORRELATOR 
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2 . 1 CCD CO RRELATO R EVOLUTIO N

The analog-binary corre lator (TC 1235), designed under this contract , was
preceded by several generations of CCD correlators at RCA . The earlier devices
were : (1) TC 1IO 2 — a 13-bit , Barker-coded device with fixed (hard-wired) taps ,
demonstrating the utility of floati ng-gate taps : (2) TC 118O — the first program-
mable CCD correlato r ” 2 a 64-bit device with programmable floating-gate taps;
(3) TC122 1 — a 128-stage device with selectable code lengths (16 , 32 , 64, 128 bits)
and on-chip clock drivers , as well as programm able tap s. Each succeeding device
exhibited important growth in capability over its predecessors . The TC1235 cor—
relator , with greater length , more on-chip support circuits and improved tapping
and clocking schemes , continues this growth . The salient features of the TC11O2 ,
1180 and 1221 correlators are illustrated in Figs. 2— 1. -2 and -3 .

a. Photomicrograph. This CCD tapped delay
line employs floating-g ate taps. The taps
are hard-wired to summing buses, and the
device is not programmable. 

-=

b. Performa nce. Correlation (lower trace )
observed with 13-bit Barker-c ode input
(upper trace ). Correlation is close to
theoretica l, with near unity-level side-
lobes and a 13:1 peak-to-side lobe ratio.

Fig. 2-1. Characteristics and perform ance of TC1 1O2 Barker-coded
correlator with fixed taps .

2—2
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I -~ Al and poly Si gates NMOS technoIog~ANALOG is user) for tr:e other c ircuits. The program
INPUT CCO TAPPED DELAY LINE register operates at 5 MH z and the CCO
SIGNAL TOL tapped delay m c i  operates at

up to 20MHz
a Oevice Arch itecture These are the basic

~or emutmon m m i m o : t s  e - the elements
required for loa cmnq andsto ringaref e rence
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(THEORETICAL = 71:1)
TAP UNIFORMITY: 2% RUS
TAP LINEARITY: 2ND & 3RD HARMONICS 45 dE
BELOW FUNDAMENTAL WITH INPUT SIGNAL 60%

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . 7:1 PEAIC-TO-SIQELOBE RATIO

OF FULL WELL (PEAK-To-PEAK)
CCO OPERATION TO 20 MHz WITH LOW
TRANSFER LOSS ( 4<10 • AT 10 MHz)

. PROGRAM REGISTER OPERATION TO 5 MHz
(IS ~aSEC REOUIREO FOR CODE CHANGE)

c. Perfor mance Cqrre lat ion of a 64-bit bm
phase code at 10Mb S data rate

Fig. 2-2 . Characteristics and performance of TC118O programmable
analog-binary corre lato r .

r

m

~~~~~~~~~~~~~~; 
~~~~~~~~~~~~~~~~~~~~ 

_ _ _ _ _ _

— a Phutoenicrograph The T C t 2 2 t  a 128
stage co rre lato r The basic corr e iator C,, b Perfoerriance The upper photo shows
cs ts are similar to those 0) t i e  TC I 180 the auto correlation of a t 28 bit hiphase
In addition the Chip conta ns Cloc k code lower trace) at a 10Mb s data rate
drivers liv’ the CCD and t e  program The CCO is being operated here bY th p

registers. The two phase Shall ow buried or’ cli ii clock drmner s The reference
channel CCD ha, d ouble ci”~ Si gates code was loaded via the proqrar r- register -
Ot her C i r C u i t S  are liMOS which was driven bY tbr or’ ch m: i  clocks

- ~~
- Fig. 2-3. Characteristics and performance of TC122 1 self-contained

128-stage analog-binary correlator .
2-3
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2 .2 BASIC CORRELATIO N CIRCUITS

The correlation circuits , shown in Fig. 2-4 , are required to accept and store
a reference code, and then compare it to an incoming signal. The ci rcuits and their
functions are:

• Program register — a bina ry , serial-in/parallel-out shift
register through which the binary reference code is loaded .
To save loading time , the two 256-hit sections may be loaded
in pa rallel .

• Binary latches — flip-flops constituting a static memory , in
which the reference code is stored .

• Isola tion switches — FETs connecting the progra.rn register
to the hinar latches . They con trol the parallel shift of data
from the program register to the binary latches and, thus ,
pe rmit the introduction of a new reference code into the pro-
gram register while the correlator is still acting on the code
previously stored.

• Routing switches — two FET5 per CCD stage which steer the
output of a given tap to the appropriate summing bus. The
switches are controlled by the reference code stored in the
binary latches.

• Tap and active load — two FETs per CCD stage which together
with the routing switches convert the charge fluctuations on the
CCD floa ting gate to tap voltage fluctuations. These voltage
fl uctuations are then averaged on the summing buses.

• CCD tapped delay line — two 256-stage , buried n-channel
CCD registers coupled by a corner turning circuit (see
Fig. 2—4).

The folded structure, indicated in Fig. 2-4, Is used to facilitate packaging and
optimize uniformity. The CCD has a low-noise input structure which samples the
incoming signal and converts it to charge packets.

Figure 2— 5 is a one-stage slice showing schematically all of the MOS devices,
from the program i-egister to the CCD register. Operation of these circuits is
straightfo rward . The functions of the clocks shown in the figure are as follows:

• 
~ A’ B — shift the reference code data through the program

register

• — effects parallel transfer of the reference code from
the program register to the binary latch

RESET — prepare the binary latch to receive data from the
program register

• 0 T 
transfe r charge along the CCD register

• 
~ FG 

— reset the floating gate to a DC reference, as oft en
as once per sample Interval .

2-4 
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2 . 3 CORRELATION WITH FLOATING GATE TAPS

Each floa ting gate tap (Fig. 2-6. a) nondestructivel y senses the signa l charge
as it propagates along the CCD channel . The floating gate is one of the CCD poly-
silicon gates . One end is connected to a dc bias via a switched transistor (he nce
the designation “floating gate”), while the other end is the gate of the tap FET
(see Fig. 2-6 . a). The signal charge propagating aldng the CCD channel will charge
and discharge the capacitive network (Fig. 2—6 . h) associated with the floating gate.
The change in charge under the gate will cause a proportional voltage fluctuation
on the floating gate electrode ( Fig. 2-6 . c). This fluctuation is coupled to one of the
summing buses (~~ or ~~) as determined by the status of the routing switches . The
routing switches are set by the reference code stored in the binary latch.

The m anner in which the signals from the taps are combined to give the cor-
rela tion is illustrated in Fig. 2-7 for the case of a simple seven-bit Barker—coded
correla tor . As shown in pa rt (a) of the figure , each lap is served by a pair of
routing switches . The p resence of a “one” in the binary latch effects switch
closure to the ~~ bus , while the presence of a “zero” effects closure to the L bus .
Therefore , the signal determines the magnitude and sign of the tap contribution
(+~V or -LV), and the reference code (via the routing switches) dete rmines the bus
to which the contribution is made.

Part (b) of Fig. 2-7 illus trates the correlation outputs for two different codes:
one perfectly matched to the reference and one mismatched. As expected , the
matched code yields the correlation peak and the mismatched code yields a sidelobe
which is much smaller than the correlation peak. The operation of the tap, which
is actually more complex and subtle than the above discussion , will he more ful 1~’
treated in Section 3. 3.
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2.4  ON-CHIP SUPPORT CIRCUITS

In addition to the circuits required for comparison of input signals to refere nce
codes , the analog-binary correlator contains many on-chip support circuits which
simplify the interface between it and the surrounding system.

The on-chip support circuits fall into four functional categories: (1) CCD
tapped delay line operation; (2) reference code entry; (3) re ference code storage ;
(4) TTI-to-MOS level translation. Each of the first three categories conta ins
logic for timing and control , and clock dri vers. Figure 2-8 is a chip block diagram
showing a breakdown of these fun ctions and their interrelationship . Figure 2-9 is
a checkp lot of the metal and poly-Si levels of the chip .

Six TTL/MOS translators serve as interfaces between the TC1235 and the
master oscillator , reference code generator , and load command generator. The
translators shift the pulse amplitudes from the TTL level (4 V) to an MOS level of
approximately 8 V (dependent on VDD).

The CCD requires clock logic , a transport clock predr iver , an input sampling
circui t , a floating gate reset driver , and a floating diffusion reset driver . The
clock logic circuit accepts an input from the master oscillator (via a TTL-to-MOS
translator) and amplifies it for input to the CCD predriver. It also provides tim ing
pulses for the input sampling circuit. The CCD predriver further amplifies the
wavefo rm to a level sufficient to drive the off-chip buffer . The off-chip buffer pro-

~‘ides a transport clock waveform capable of driving the capacitive load of the CCD
register gates. The buffer permits a significant reduction in on-chip power dis-
sipation at the cost of a slight increase in off-chip circuit complexity. The floating
gate reset driver controls the FET , which couples the FG to its bias bus. (The
bias is required to establish the CCD channel potential profile , but must be removed
so that the gate will be floating when the signal charge arrives.) The floating dif-
fusion reset driver controls the reset gate at the CCD channel output and permits
removal of signal charge which has propagated the length of the channel .

The input sampling circuit controls the low—noise , fill- .and.. spill inputt ing of
signal charge into the CCD register. It generates the input sampl ing pulse (stro be)
in synchronism with the CCD register transport clock.

The code entry section includes the program register clock logic and drive r.
It accepts a low level input from the master oscillator (via an off-chip divide-b y-N
circuit and on-chip TTL-to-MOS translator) and provides: (1) the higher level
clocks required to run the program register , an’~ (2) tim ing signals for the load
logic.

The code storage circuits are: load logic , isolation switch driver and latch
reset driver . Collectively, these circuits control the parallel transfer of the
reference code from the program register (a dynamic shift register) to the binary
latch (a static memory). The load logic circuit accepts inputs from the internal
program register driver and the external load command generator. These circuits
provide timed outputs , through drivers , to the isolation switches and the binary
latch reset transistors.
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2 . 5 TIMING

The signals required to operate the TC 123 G correlato r are depicted in Fig. 2-10
and summarized in Fig. 2-11.

The signals employed in loading a code into the binary latches fall into tvvo pro-
cedural categories. The first step in the code loading sequence is to shift the serial
reference code completely into the 512 stages of program shift register. The shift
regi ster is clocked by the ~A and D B clock signals generated by the on-chip program
register driver. The input to the driver is the program oscillator (2 po)~ The
second step is to perform a parallel transfer from the program register to the bin-
ary latches . All that is needed to perfo rm this function is an exte rnal load command

~~LOAD~ 
to the load logic/driver . The on-chip circuitry generates the properl y

timed pulses to the latch reset transistors (
~REsET) and the isolation switches (

~ so)~
The CCD register requires input and output clock signals , as well as signals

associated with charge transfe r down the register . The inp ut structure requires a
sampling pulse (~si) that is properl y timed with respect to the transport clock (

~7r).
The CCD flo ating gates are transisto r-coupled to a bias bus , so that a properly timed
floating gate reset pulse is needed to enable the coupling FET ’s (

~ FG). The output
floating diffusion must he swept clear of charge between charge sampling periods,
and this function is controlled by the float ing diffusion reset clock (-

~RG~• All of
these signals are generated on-chip 

~~~ 
is externall y buffe red) and controlled by

the master oscillator
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3. 1 P ROCESS TECHNOLOGY

The self-aligned-gate BCCD/NMOS process is a pro ven , RCA process. It
produces CCD and MOSFET structures of the type shown in Fig. 3-1. The parasitic
gate capacitance due to drain/source overlap is reduced by 70% compared to that
obtained with the non—self-aligned process. This reduction in parasitic capacitance
will increase the maximum operating frequency and reduce the per-stage power
consumption of the TC 1235 , as compared to earlier correlator chips .

The mask levels used for the fabrication of the TC1235 are listed in Table 3-1,
and the process flow chart is shown in Fig. 3—2 . This is a double polysilicon gate
process, wi th a harrier implant unde r the second level gates. Due to the barrier
implan t (N D = 3. 5 x 10 11 cm 2), the second polysiicon gate FET ’s are depletion
devices wi th a th reshold voltage VT —8 volts. * The first polysilicon gate FET ’s
are enhancement devices with a threshold voltage VT ~ °~ 9 volt. *

The barrier implant creates a 4. 0 volt decrease in the VMB** potential under
the second level gates in the CCD buried channel. This potential offset between
second and first level CCD gates creates the necessary charge flow directionality
for the pairs of transfe r gates and the pairs of dc gates (one second level and one
firs t level in each pair). -

The shallow buried layer of the CCD channel has an effective profile depth of
0. 48 ~m , typical ly. Measurements on other devices fabricated with this l)roCeSS
indicatQ that the transfer loss (

~
) at a 1—MHz clock frequency will he between

1 X 10~~ and 2 x 10~~ per transfer . At a 10-MHz clock frequency , the transfe r lo Ts
will be less than 5 x ~~~ per transfer . The CCD channel unifo rm ity and noise
characteris tics have been very good on the devices measured . It is expected that
the TC 1235 performance will further substantiate the advantage s of the self-aligned-
gate IICCD/NMOS process .

TABL E 3-1. MASK LEVELS USED IN SELF-ALIGNED-GATE
BURIED CHANNEL PROCESS

Mask Level Description

MS BCCD channel

M6 MOS channel

M9 Poly I.

M10 Poly 2

Mu Contacts

Ml2 Metal

M13 Pads

* Threshold voltage at zero-reverse-gate bias .
** VMB is defined as the buried channel potential minimum with respect to the

bulk (substrate) potential .
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3. 2 CH ARG E CAPA CITY AND T RANSFER IN THE CCD CHANN E L

The CCD channel was designed to pro vide the maxim um dynamic range for the
CCD/floating-gate-tap structure . Extensive SPICE* simulations of the tap structure
revealed that the floating gate/tap source follower can accommodate a maximum
signal voltage of the order of 800 my peak-to-peak without appreciable distortion
appearing in the current swing of the switching FET. These results pertain to the
optimum operating potentials for the tap structure (see Section 3. 3). To optimize
the dynamic range of the CCD and stay within the limit of the signal sw ing of the
tap structure , the channel was designed to produce a 750-mV change in floating gate
voltage between the levels of maximum and minimum signal charge.

To achieve the best linearity of CCD register operation , it was decided that
the maximum signal level should correspond to 70% of full well capacity and the
minimum to 10% of full well capacity. The amount of charge corresponding to 70%
of full well was determined by examination of typical barrier implant potential off-
sets and VMB plots (see Fig. 3—3) for the particular process to be used in fabricat-.
ing the TC 1235. The slope of the VMB plots (V MB vs. gate potential) empirically
determined from processed wafers was 0.91 v/v , as compared to 0.895 V/v corn-
puted by theoretical modeling using process parameters. This shows a good agree-
ment between theory and empirical data , which adds credence to subsequent modeling.

Figure 3-3 shows VMB plots for the two polysilicon gates. Note that the
polv-2 gates have implanted barriers beneath them, which lowers VMB by 4 volts.
With the VMB plots and the estimated operating potentials contained in Table 3-6,
one can construct a typical operating potential profile for the CCD register (as
shown in Fig. 3—4).

The amount of charge corresponding to full well capacity, for a 4-volt VMB
barrier implant , was computed to be 0. 198 picocoulombs/mil of channel width ,
for a register with 0. 4-mil storage gates. This amount of charge can be accom-.
modated with a great degree of latitude in register operating potentials without
encountering significant trapping states or pinning conditions , accord ing to theo-
retical modeling. Using these results , the signal charge levels were computed to
be a maximum of 0. 139 picocoulombs/mil (70% full well) and a minimum of
0. 020 p icocoulomhs/mil (10~ , full well) . To compute the corresponding change in
floating gate voltage, another modeling program was wr itten.

* SPICE is a circuit analysis program developed at the University of California,
Berkeley, and now used widely, especially where harmonic analysis is required.
It was the primary simulation tool for analysis of the tap structure.
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The bur ied channel mode l depicts the CCD storage area as four series ca-
pacitors (see Fig. 3-5). The capacitors are: 1) the oxide capacitance, 

~~~~~~~~~ 
2) the

capacitance from the Si02-Si interface to the charge centroid , C22; 3) the capac-
itance from the cl~ rge centroid to the edge of the buried layer , C21; 4) the depletion
capacitance, C11. All of the capacitances (except the oxide capacitance) are non-
linear functions of floating gate potential and channel charge. To determine the
change in floating gate voltage as channel charge is varied , the CCD model was
augmented with appropriate stray capacitances. The dynamic capacitance of the
tap source follower FET was determined using RCAP , * and the nonlinear model
equations were solved by an iterative procedure.

- The results of the calculation of floating gate voltages for gate dimensions
similar , but not identical , to those used in the final design are summarized in
Table 3-2. The voltages are given as a function of the charge in the channe l . The
maximum deviation from a linear fit to the data in the range from 10~ to 70~ of a
fu il well is 0. 001 V. This is comparable to an error in the calculation , so that
firm conclusions regarding linearity can not be drawn. Still, we note that the
deviation is quite small (about 0. 3%) compared to the maximum voltage swing cor-
responding to either a one or a zero.

Upon exercising the CCD/floating gate model , it was found that a 2 . 2-mU
wide CCD channel would produce a change in gate voltage of 753 mV.for charge
swings from 10% to 70% of full well . The layout for one stage of the CCD register
is depicted in Fig. 3-6. The channel area and the floating gates are indicated on
the drawing, as are the source, gate, and drain areas of the reset coupling
transistors.

* RCAP is an RCA circuit analysis program. It was used to corroborate the
SPICE results in tap design and to analyze all other circuits.
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TABLE 3-2 . FLOATIN G GATE VOLTAGES - — -
AS A FUNCTION OF CHANNEL
CHA RGE - 

FLOATING
— — — —  GATE

Q Q~~u Li. ~~F~~1 
- V F~~2~ V FG2 - 

~~FG1 U(Volts)  (Volts) ____________________

0, 1) 6 . (100 6.002 +0. 002 
—
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m) 2 5. T s S  3 . T~~ 0.000 U
“.3 5 .681 3.650 —0 . 001 — —
9 . 4 3 . 3T 3 3 . 573 0.000
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- ______- TRANSI STOR
(I~ These values were computed from the circuit equations .
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3. 3 FLOATING-GATE-TAP DESIGN

The floating-gate-tap structure, consisting of four FETs per CCD stage, is
the heart of the correlator. The other circuits are Important in operating the
device, but the tap structure is where the fundamental operation of comparing the
signal to the reference occurs. Theoretically, the 512-stage correlator should
provide 27 dB of processing gain and an autocorrelation function with a peak-to-
sidelobe ratio determined only by the code structure. Less than theoretical per-
formance by the correlator will cause a decrease in processing gain and could
nullify some of the advantages of the CCD approach . We are not concerned here .
with temporal noise, since it has been shown that CCDs in general are low-noise
devices, with the CCD correlator being no exception. Instead , the concern is with
the effects related to the correlator architecture and, specifically, with those re—
lated to the large size and high density of the correlator. The effects are: code
dependent bias , harmonic distortion, and tap-to-tap nonuniformity. The design
challenge is to hold these effects at tolerable levels while keeping tap power dis-
sipation low.

3. 3. 1 Tap Operation

The tap structure produces the multiplication functio n at each stage of the
device. The signal charge is linearly sensed by the floating- gate-tap source fol-
lower , and a proportionate signal is coupled via the routing switches to either the

or E~ bus. This routing operation , in effect , creates the product of the signal
multiplied by +1 or -1, depending upon the reference code stored in the latch.
(Latch function and operation is described in Section 3. 13.) The completion of the
correlation function occurs when the summation lines are differentially summed
off—chip.

At a time when the signal completely fills the correlator , so that all stages
are contributing, the correlation peak signal is given by:

Correlation Signal = -

512
=

‘
~~;0~ ~~~~~

where E~ , ~~ = summed contributions of all taps connected to L~ ~ 4
buses, respectively.

Sj = signal contribution at the jt h stage.

W1, Wj = tap weights at the jth stage. (If the reference code at
the Jth stage is 1, then Wj = 1 and Wj = 0, and vice-versa. )

= tap gain at the jth stage.
Ideally, all the 

~~
‘s are equal . In practice they may vary over the array and this

variation must be minimized to avoid degradation in the correlation,
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3. 3. 2 Tap Circuit and Code-Dependent Bias

The tap structure3 bonsists of: 1) a source follower FET with the gate floating
over the CCD channel ; 2) an active load FET; 3) two routing switch FETs . The
source follower and active load FETs are biased in saturation. Together they pro-
duce a replication of the floating gate voltage at the common node (see Fig. 3—7).
This voltage swing at the common node is coupled to one of the summing buses
by the latch-enabled switch FET.

This tap configuration ensures that there is no code-dependent bias4 product
present in the correlation signal. Earlier correlator designs, in which the tap
structure lacked the active load device , did exhibit code-dependent bias. This prob-
lem manifests itself as a large dc offset in the correlation . The offset is diffe rent
for codes with different ratios of ones and zeros. It may be adjusted out for any given
code , but it returns whenever the code balance is changed. In the present design if
there is no signal , i.e., no charge differing from fat-zero , under the floating gate
of a given stage the re will be no contribution by that stage to the E~ or ~~ bus dur ing
the valid correlation interval of each clock period .

SIGNAL
CHARGE Q

V81~~ FLOATING GATE _ _ _ _ _ _ _ _ _  
TAP I 

+

T COMMON ROUTING
I NODE SW ITCHES

I ACT IVE
VGG S 1 LOAD

0
E V 5s

FIg. 3-7. Details of the floating gate tap structure. . —
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3. 3. 3 Harmoni c Distortion and Power Dissipation

Simulation using SPICE and RCAP led to a tap structure design with large
dynamic range, large bandwidth , low distortion and low power dissipation. The
design goal was 500 mW , or less than 1 mW per tap. With the ~ VDD voltage
restricted to the 6 to 7 volt range due to CCD register constraints, the current
level in the tap source follower is limited to a maximum of approximately 150-
160 MA.

Because of the low quiescent current in the unloaded source follower , even
small currents deviated from the active load to the switch FET can increase dis-
tortion in the source follower . However , analysis and SPICE simulation indicate
that it is possible to select FET dimensions and biases wh ich will cause the cur-
rent through the switch FET to have a much lower distortion than the voltage on
the common node which drives it. The result is a linear transfer function between
the floating gate voltage and the switch FET current .

The calculated distortion of the tap structure is indicated in Fig. 3-8. Total
harmonic distortion (THD) and peak signal current are plotted against switch FET
gate voltage. The SPICE results are for a single tap with 800 mV peak-to-peak
sinew ave (corresponding to the largest expected signal) applied to the floating gate
node , and the active summation bus appropriately biased.

The curve shows a minimum in THD as a function of switch FET gate volt-
age. Within a 1-volt window (e . g ., 7 . 7 to 8. 7 V) THD of 0. 40% can be obtained,
whil e within a 0. 5-volt window (e. g., 7. 9 to 8, 4 V) 0. 20% TH D is possible. This
perfo rmance is possible even though the peak current in the switch FET is more
than 20% of that in the source follower active load. The ranges of these windows
suggest that good immunity to switch FET threshold and dimensional variations
can be obtained .
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Fig. 3-8. Harmonic distortion in the tap structures as a function
of routing switch gate voltage.
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3. 3. 4 Process Parameter Variations

Further simulations predicted tap performance over the rang e )f process para-
meter variations . The major varian t from process run to process run is the ion
implant level in the enhancement YMOS channels. Since the SPICE model has no
provi sions to accommodate a channel ion implant. the sIm ul a~!.)n ~ . as done with two
values of unifo rm substrate doping . The first corresponded to ;h ’~ l : i !ge st  implant
dose in the channel implant profile , the second to tl ~~ actual ~u~ s t r a t c  LHog .
Threshold voltage as a function of back gate bias  is expected to r i i ffe r in L~€~ t~ . .
cases . The variation corresponds to movement o f the depletion- la . er h o  o an
i mplanted region to a region of substrate doping. C a l - a t i o :~s -~~sed - . n the t wo

cases should sandwi ch the actual results . \\e fou nd , however. ~-~a: ~~it i ~ mmor
adjust ments in the VDD and active load gate vol tages , SPICE p i -ed ict s the same
perfo rmance in either case. Thus , the tap circui ti should attain the character-
i stics predicted by t~ie simulations wi t h  small adj ustments from nominal b ias volt -
ages. The estimated perfo rmance characteristics are give :- in Table 3—3 .

T.\ D LE 3-3. TAP STRUCTURE PERF ORMANCE ESTIM .VF1-~

Bandwid th 40 M lI z

Peak Signal Current ±30 ~A

To tal Harmonic Distortion <0 . 5~
Power Dissipation 1. 0 mW/stage

I
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3. 3. 5 FET Dimensional Variation

The design for the tap structure considered not only process parameter
varia tions , but al so FET dimensional variations caused by photomask nonuniformity ,
photom ask misalignment and process geometry va riations . Large FET dimensions
diminish the impact of registration errors and photomask runout effects , hu t are
inconsistent with the goals of low power dissipation and high operating frequency .
Implementa tion of moderately large FETs , together with the use of electron beam
lithogr aphy in photomask fabrication , is an attractive compromise .

Electron beam lithography is superior to the conventional photo-optical
technique. it results in masks which give better device performance as well as
better hield . The Manufacturing Electron Beam Exposure System (MEBES ) pro-
duces photomasters directly from magnetic tapes , eliminating several steps . each
of which re .sults in some error . MEBES mask production is not subject to the
usual opt :cal distortions , resulting in positional accuracy and line size unifo rmity
an orde r of magnitude better than those obtained with conventional photolithographv.
Emp irically , it appears th at the defect density in the MEBES masks is lower than
in conventionally produced masks . This , coupled with the superior alignment
properties (associated with the greater precision) , should result in higher fabrica-
tion Jeld, as well as greater tap uniformity.

The sel f-aligned silicon gate process also contributes to dimensional uni-
fo rmity . The N’5 diffusions and gate regions are defined by two masks , the MOS
channel ‘thin oxide mask and the first polysilicon mask . The channel length , gate-
to-drai n overlap and gate-to-source overlap are defi ned by a single mask. The
channel width is defi ned by the MOS mask alone , since it defi nes the area for the
channel implant and the field oxide step. This method of FET definition greatly
reduces the effects of mast- o-mask misalignment as compared to the non-sel f-
aligned processes.

A mino r process modi fication contributing to greater unifo rmity is the use
of thicker metalization . This modification is necessary because the resistance
of the standard Al buses would result in significant voltage drops along the 2 VDDand = VSS buses . The ~v l t age  gradien t along the VSS bus is especially
impo rtant , because it affects the (2 V~y~ - 2 Vss - VT) quant ity in the current ex-
pression for the tap active load . To minimize voltage gradient s along these buses ,
the Al deposition for the TC1235 will be 24, 000.!, twice that usually employed .
This , and the large metal line widths and multipl e bonding pads employed on either
side of the array, should lead to the tap- to-tap unifo rmity required of the correlator.
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3. 4 CORNE R DIFF’1.’~ ICN

The TC12d5 wash designed in a folded configuration in -i~i’der to achieve better
aspect ratio . The correlato r is divided after the 256th stage. Continuity is achieved
between the 256th and 2 5Tth  stages by a corner d i f fu s i on ,~

The corne r di f fus ion and the associated gate structure are sho~~n in Fig . h-9 .
The corner d i f f u s i o n  consists of two N dif fus ions  connected by an aluminum l a s ,
The ac t u a l  register d i v i s i o n  occurs in the n i i dd le  of the ~econd poh si l icor .  clocked
t r an s f e r gate ( T21 and :122 ) of the  25 th stage . Because of the ~dh ~ceat f i r s t
polv sil i con gate r- .’er lap s and the -~~ . O — mi l  lateral d i f f u ~ ion of the N~ d i f f u s i o n s i n
the )ur ied s i an n e l , ti ~e ef fec t i v e  gate lengt h of this t i’  os fe r gate ~t~’u ctu re is
~~~. 5 m: l , ; l  - 25 greater than that of the f i r s t  pCi . s l l i c - , rL  -u’oae s’ates.

The . ,nerat ;im of the corner diffusion vec ’~ a - ~isn’ can be understood by re-
ferring to Fig. 3 - t i . \\‘hen T goes hig h , the p.~te~ t . a .  well under the T21 gate
accepts cha rge from the f l oa t ing  gate well  ~f t he  ~~ st ar e . The c~ a ~‘re flo~ s

n t - )  th~ fl i a t i ng  diffusion s :ruct ’:re . is sp illed into :y e wel l  under th e  2 T2~ gate ,
and is f inal l  - rece ived by the f i rs t  pol vsil icon t . ’uu.s fer ‘~ell 1 the  25~ th s rg e
(
~ T11 ~ate ~. This mode of operation is a mo d i f i e d  bucket i’ .a - de . Inc om p lete
charge transfe r operation .

The corner diffusion and the 2 T9~ and : Til  gates . t ahen  togethe r , can be
modeled as an 1 F ~T. The dep letion potenti al of :T11 i s the e l f e c :tive d r a i n , 2 T°2
is t i e  gate . and the corner d i f fus ion  is the source . The FET is biased as a
source follower , with the corne r diffusion capacitance as its  load . Under the se
condit ions the charge remaining on the d i f fus ion  alter a tr nsfer period is:

~ r ~~ 0 ~4 fc cCD2 ]  

-1

where Q0 is the initial charge , If the device is operated wi th  a fat zel’- i (Q ) and
a signal charge (Q ), then Q + Q .  and t i e  transfe r inef f ic ien cy  for t~e
corner stage is given by:

= L = 11~ 
8(Qb~~ Qs) 

-2

corner dQ5 L 
- 

‘~ f~

where 
~~r 

is the charge remaining , I~ is the CCD clock frequency . CCD ~s ~he
corner dif fusion capacitance , and 3 is the ~ ET gain fa cto r , WMC~ ‘L .  Here , ~V
and L are the FET channel width and length , ~ is the electron mo~ ilitv , and C is
the channel capacitance. Measurements on devices processed u s in g  R C A ’ s BCCD
process yield a typical ~~~ value of 13. 5 x i0~

6 .\/v 2 . The upper l imit  on the
equation occurs at the lowest va lue  for 

~ h + The lowe r operating l imi t  for the
CCD register ma~’ he taken as l~ 

- full well capacity (Q = 0. 440 x i0~~’~ coul .) .
Us ing th is charge valu - t -~ r ~~s’ 1c 10 MH z , CCD = 0. 091 pf , and c (corner—
max) = 0. 007 . Thus . ftc corner does not have an adverse impact on device
perfo rmance.
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Fig. 3-9. Structure of corner diffusion and associated gate .
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3. 5 UNI PFIASE CLOCKIN G

Uniphase clocking of the CCD register enhances the operating characteristics
of the floating gate tap. In the uniphase configuration , the floati ng gate is not
clocked with a large transfer clock (~ 8 volts) as in two-phase operation (see
Fig. 3-11). Instead, the floating gate is reset to a dc bias potential during the
tran sfer period high) (see Fig. 3-12). The reset action is accomplished by
use of a coupling transistor, which is clocked by the floating gate reset clock

~ F&~ 
The bias potential is adjusted to produce the desired floating gate level

corresponding to 0% signal charge . This level should be chosen to bias the tap
source followers in the saturated mode.

When the signal charge is transferred under the floating gate 
~~~ 

low) , the
potential is changed by an amount proportional to the charge present. After the
signal sensing period , 

~T goes high , signal charge is transferred out of the float-
ing gate storage well , and the floating gate may he reset to its bias pote ntial again .
Thus , the floati ng gate experiences only signal induced fluctuations and transfer
clock 

~~~ 
feedthrough . The signal fluc tuations , as the charge fills and empties

from the floating gate well , induce the same polarity of voltage fluctuation as the
transfer clock coup ling . The two combined cause a maximum 1, S volt fluctuation
on the floating gate for 

~T = 18 volt swing, Th us, the tap sou rce followers are con-
tinually operating in a small po rtion of their saturated regions . This is a marked
improvement over t l e  two-phase configuration used in earlier devices , where all
the source followers switch from cutoff to saturated operation on each clock cycle.
This, together with th~ elimination of the coupling capacitor array greatl y improves
the uniformity characteristics of the correlator array.
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Fig. 3-11. One stage of two-phase structure with barrier implants.
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Fig. 3-12. One stage of uniphase structure with barrier implants.
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3. 6 CCD TRANSPORT CIJ)CK AND DRIVER

The CCD transport clock is developed on—chip to ensure proper timing of related
clocking waveforms , then buffered and clamped off-chip in order to reduce on-chip
power dissipation (see Fig. 3-13). The logic section of the transport clock drive r
supplies a signal to the strobe driver , and the output of the driver is used in
conjunction with the buffered transport clock to develop the other CCD clock signals.

The input circuitry of the drive r is a four-transistor TTL—to-MOS level
translator (T23-T26 on Fig. 3— 14). The translator produces a 13-volt swing
(VDD = 16 volts) with rise and fall times of 10 nanoseconds each , for a TTL input
with rise and fall times of 10 nanoseconds. The next two stages of the driver are
employed to produce the higher drive capability, complementary waveforms
required to drive the predriver stages. The predrivers are each two-stage,
bootstrapped inverters . The pull-down predriver (T10-T14) produces a 12. 5-
volt output swing. The pull-up predriver (T5-T9) produces a 16-volt output swing.
This predriver exhibits rise and fall times of 10 nanoseconds each.

The output drive r stage consists of an enhancement pull-up transistor and
an enhancement pull-down transistor, The output transistors are driven by the
complementary outputs from the predriver sections. The driver is designed to
drive a 130-pf load and produce a 10-volt swing w ith rise and fall times of 20 nano-
seconds each , This drive capability is more than sufficient to drive the intended
bipolar buff er .

The buffe r has been breadboarded and tested with the TC1221 Ø~ driver as
an input . The TC1221 driver has a slightly smaller drive capability than the
TC1235 on-chip 

~T driver. With the buffer loaded at the 0T design load of 220-pf
(CCD gate capacitance plus package capacitance) a good 20-volt clock waveform
‘was atta ined at a 10-MHz rate.

r — —
p TC1235 CHIP

I~ATOR :~
;1—’~ 1 s~o::

I REGI STER

L~ — —

Fig. 3-13. CCD clocking process.
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3. 7 FLOATING GATE RESET CLOCK

The floating gate reset clock driver develops a critically timed pulse to reset
the floating gate between signal sampling periods . The reset pulse resets each
floating gate to a dc bias potential by drivi ng the gate of an enhancement FET , whose
drain is connected to the dc bias bus , and whose source is tied to a floating gate.
The reset pulse must occur at a time when valid sampl ing of the signal by the floa t-
ing gate is not possible , and when charge is not being transferred into the floating
gate well (see Fig. 3-15). The last criterion is important , since if the floating
gate is not truly floating when the charge is entering the well , the charge will not
cause a voltage fluctuation commensurate with the size of the charge packet.

The schematic of the reset driver is shown in Fig. 3-16. There are two input s
to the driver; the transport clock signal derived on—chip (S T’ ) and the transport clock
waveform that appears on the CCD gates (this is the buffer output (2 T)) • The high
clock period (coupling transistors on) occurs when both 

~T ’ and 2 T are high . Thus ,
the reset action does not start until the charge is beginning to leave the floating
gate well (2T going high). The low period occu rs when 

~T ’ goes low, This tran-
sistion occurs slightly before ‘

~~ T starts going low due to the effective delay of the
buffe r . Thus, befor e the signal charge begins filling the floating gate well (

~ T at
mid swing), the reset clock has completed its high-to-low transition and the floating
gate is floating. (The reset clock is appropriately dc—biased with respect to the

~
7
BIAS potential to assure that the coupling FETs turn completely on and off .)

The floating gate reset driver is designed to prod uce a nominal 6-volt clock
swing, which meets the aforementioned tim ing criteria , when driving the design
load of 70 p1 (coupling transistor gates , buses, clamps , and package capacitance).
Simulations show that the reset clock driver will operate satisfactorily over a wide
variation in amplitude and pulse positioning of 

~T and 
~
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Fig. 3-15. Timing relationship of transfer clock to floating gate reset clock.
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Fig. 3—16 . Floating gate reset clock driver circuit.
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:i~. M F’ ) •\TING DIFFUS ION RESET CLOCK

The reset gate clock driver produces a clock pulse that may be employed in
resetting the floating diffusion at the output of the CCD register. The drive r creates
a clock pulse (~ Rcf ) which may be coupled into a single DMOS FET inverter to produce
the reset gate clock (~ RG). The clock ~ RG ’ is complementary to T ( Fig. 3—17) .
The importan t criterion for the reset gate clock is that it start going low before the
transfe r clock reaches the midpoint in its transition from a high to a low level . This
as sures that the floating diffusion will he floating when the signal charge from the
‘~12th stage is available for sensing.

The schematic of the floating diffusio n reset driver is shown in Fig. 3-18.
There are two inputs to the circuit : the transport clock signal 

~ T ’ and the buffe r
output i~T, A NOR gate (T3-T5) drives the output pull-up FET Ti . The pull-down
FET is enabled by T’~ 

The driver develops an 8-volt swing for VDD = 16 volts and
V CC = 10 volts , when driving the expected external load of 17 p1. The selected
DMOS FET inve rter will produce a nominal 10-volt clock that may he biased to an
appropriate dc level ,

The use of this driver is an alternate method for resetting the floating dif—
fusio n. The most straightforward method is to employ the transfer clock (j ~r ) with
an appropriate bias .
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Fig. 3-17, Timing relationship of transfer clock to floating diffusion reset clock.
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3.9 INPUT SAMPLIN G (STROBE) CIRC UIT

The input sampling~ or strobe , circuit provides an optimum sampling pulse
to the input structure of the CCD register. The circuit generates a sampling pulse
(Si) designed to accommodate a buried channe l input structur e, employ ing the fil l
and spill inpu t technique . 6 , 7 , 8 The Si pulse is introduce d to the input structure on
an N~ di ffusion at the beginn ing of the CCD channel . The N” diffusion is followed by
the first polysilicon gate , Gi , on which the input signal is introduced . The Gi
gate is followed by two more polysilicon gates , G2 and G3. These gates , in turn .
are followed by the gates of the first stage. The gate structure is sho~ ’n in
Fig. 3— 19.

The fill and spill technique for this input gate configur ’ition is controlled by
the relative potentials applied to the N” diffusion , the input gate s , and the f i rs t

~T transfe r gate (second polysilicon gate). The G2 and G3 gate~- are dc-biased so
tha t there is always a greater well depth under them than under the signal—mod ulated
gate , Gi. Thus , when the input structure is flooded with electrons and then drained ,
the G2 and G3 wells wi l ihe filled to the level determined by the Gi harr ier  height.

The N+ diffusion is a source of electrons whenever its potential (with respect
to the substrate) becomes less than the VMB potential under the adjacent Gi gate .
Conversely, the N”’ diffusion becomes a sink for electrons when its potential is
grea ter than the VMB potential under the Gi gate . The strobe (Si) pulse is de-
signed to reach a minimum potential sufficient to ‘flood’ the input wells with
charge, yet not go so low that charge is spilled down the channe l over the barrier
of the Z T gate (when 

~T is low), Subsequently, the strobe pulse reaches a great
enough ai.tpli tude to assure that the excess charge will flow hack into the diffusion .
In this manner , the input structure will ‘ fill ’ with carriers and then ‘ spill’
hack across the Gi harrier in an equilibration operatio n that will leave an amount
of charge under the G2 and G3 gates proportional to the modulated Gi harrier
height.

The strobe circuit is shown in Fig. 3-20 . The signal inputs to the circuit
are• 1) 1~T”~ a logic pulse from the transfer clock driver logic: 2) 

~T’ the transfer
clock from the external buffer; and 3) Gi , the dc-biased data appearing on the Gi
input gate. The Gi input to the circuit enables the strobe signal to track a variety
of input biasing conditions . The minimum level of the Si signal is adjusted com-
mensurate with the Gi bias level . The circuit produced a swing from +4 . 4 volts
to +12. 8 volts under simulated load for Gi = -3. 5 volts and VDD = 16 volts .

The timing of the Si sample pulse with respect to the 
~T transfe r clock is

critical to accurate sampling of the input signal . The sampling aperture occurs
between the time that spill hack starts (Si controlled) and the time that the charge
in the G3 well starts to flow into the first stage (~‘r controlled). This aperture
period should be short in order to assure good data sampling , yet long enough
to complete the equilibration operation befo re transfer into the first stage occurs .
The TC1235 circuit has been simulated under a variety of operating conditions ,
includi ng 

~T delay variation . These simulations show that the circui t will ac-
complish the required timing, and will come close to the 12-nsec aperture period
deemed optim um ( see Fig. 3-21).
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Fig. 3-20. Strobe circuit.

Fig. 3-2i . Inpu t sampling pulse .
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3. 10 CCD REGISTER OUTPUT

Improved , low noise CCD register output circuitry greatly improves the
register monitoring capability. The CCD register output gate structure, shown in
Fig. 3-22 , is an improved version of the traditional floating diffus ion output con-
figuration . The signal charge is shi fted into the floating N~ diffusion in the buried
layer when 

~T goes low , and the electrons charge the depletion capacitance of the
diffusio n , wh ich causes a voltage change on the diffusion , The diffusion is , in turn ,
connected to the FET gate of the first stage of the output amplifier . Afte r the sig-
nal charge is sensed , 

~ T goes high , followed by the floating diffusion reset gate
clock (~ RG) going high . This resets the floating diffusion , sweeping out the signal
charge to the reset drain and preparing the floating diffusion for the next sample.
The reset gate clock goes low again before the ~T clock goes low , ensuring that
the floating diffusion will be isolated from the reset drain before signal charge
arrives at the diffusion .

The improvem ents incorporated on the TC1235 are: 1) a minimum geometry
flo ating diffusion; 2) a two-stage FET output amplifier: 3) dc isolation gates on
both sides of the floating diffusion , The floa ting diffusion node has a total capac-
itance of only 0, 20 pf at 12 volts reverse bias . This was achieved by na rrowing
the CCD channel from 2 . 2 mils down to 0, 7 mils to meet the minim um geometry
N”' diffusio n. Furthermore, the two-stage FET amplifier employs a small
0. 4 mil X 0. 6 mil first stage source follower FET which contributes a relatively
small capacitive load to the floating diffusion node. The two-stage amplifier
(see Fig. 3-23) consists of the first stage enhancement source follower with a
depletion load , driving a second stage enhancement FET designed to drive a 1K ,
6-pf external load in a source follower configuration . The output amplifier will
produce a signal swing of 370 mV for a 10% to 70~ sample-to-sample charge
fluctuation at the floiting diffusion.

The third improvement , the addition of dc isolation gates on both sides of
the floating diffusion , greatly reduces the clock coupling to the floating diffusion.
There is now a smaller capacitive feedthro ugh path from the diffusion to the reset
gate clock and the register transfer clock than was previously attained, The re-
sult is a TC1235 CCD register output signal with a large signal component and a
small clock noise component.

3. ii PROGRAM RE GISTER

The program register design allow s h igh speed serial-to-parallel loading
of the latches , Each stage of the register consists of a two-phase six-transistor
dynamic shift register . There are two clocked inverters and two transmission
gates per stage, as shown in Fig. 3—24 . The data level for parallel transfe r is
sensed at the node indicated .
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The 512 stages of the program register are part itioned into a top and a
bottom set of 256 stages each . This partitioning allows parallel loading of the
two sets . The parallel lo ading option results in a -5O~ decrease in the time
required to load all the latches , compared with the time required if serial load-
ing were employed .

Each of the 256-s tage registers has a TT L—to—MO S translator at the inpu t
and a two-stage buffe r at the output . The input allows standard TTL logic elements
to generate the reference code to he shifted in the registers. The output buffers
al low cascad ig of the program registers (fo r serial loading) and facilitate moni-
toring of the program register outputs , The buffers are designed to produce a
7 , s-vol t swing (one bit to adjacent hit) when driving a l0-pf load (~~DD = 10).

The program register is designed to operate at a 5-MHz clock rate , when
driven by complementa ry clocks of 9 volts amplitud e at VDD = 10 volts . These
operating voltages ensure both valid data transmission down the program register
and proper loading of the reference la tches ,

I ~ TO AMPLIFIER V OC
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1 
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—‘..l ( 
_______________
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Fig. 3-22 . Register output Fig. 3—23. Two—stage
gate structure, output amplif ier.
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Fig. 3—24 . One bit of program register.
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3. 12 PROGRAM REGISTER DRIVER

The program register driver provides the complementary 5-MHz clocks
(~~ and ,B ~ 

required for opera tion of the program registe r . The driver has a
TTL-to-MOS level t ranslator (T43-T4~ ) to accommodate a TTL generated
oscilla tor clock signal (see Fig. 3— 25 ). Thus , a TTL oscillato r ~zigna l to the
progr am register driver and TTL reference code data inputs to the program
registers are the only signals required to shift the refe rence codes through the
program registers.

The driver is configured about two NOR gates (T9-T13 and T3 1—T3 5~ which
ensure that 

~A and ‘~B are complementary and nonove~’lapp~:ig. Th e output driver
stages for each phase have a Vcc supply L~ s sepa:’ate from the VDD supp ly to
allow maximum fiex i }- i l i t v  in operating characterirtics . The output stage pull—up
transistors are driven by delayed bootstrap circuits (T25-T30 and T3-T~ ) , which
develop drive pulses of high amplitud e and fa st  rise and fall times . The other
stages of the driver are depletion l :’ad or hootstrapped inver t ers  that develop the
pulse timing required by the circuit i’v .

The driver is designed to generate 5— M Hz , 9—volt  cic~~~wave fo rm s “.h eI ~
rlT’i’;ing the anticipated load of “ I )  pf per phase at V DD = = 10 volts , (It is
expected that thi s is a conservat i e estimate ot performance , and higher clock
rates should he possible.
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3. 13 BINA RY I .A TCIIES

The binary latches provide complementary. stable logi c voltage levels to the
tap switches . Each la tch is composed of a 4-transistor flip—flop with reset and
isolat ion transistors (see Fig. 3—2 6). The latch is set according to the respective
reference code levels present in the program register stages . The actual latch
loading sequence requires a combination of a reset action and an isolation switch
enal) ling action .

The load scenario starts with a reset pulse on the gate of the reset transisto r
( i ’G ) . This pulse pulls the Q node low , causing the Q node to go high . The next
action is to selectively pull Q low commensurate with the data level in the respective
stages c ~ the program regis ter . The re ference code level in the program register
is sensed by T7 and transmitted to the latch via the isolation switch , Thus , if a
high level appears on the gate of T7 (a 0 data level at the program register stage
inpufl . enab ling of the isolation switch will pull the Q node low . Similarl y, if a
low level appears on the gate of T7 (a 1” data level at the stage input) , the Q
node will rerr ain in its high state when the isolation switch is enabled . This two—
step process sets the latch to a logic level representative of the data level in the
program register .

To ensure rapid acquisition of the same high logic level on all enabled tap
switches. the VGG is adjusted above the VDD voltage . The Vss level is adj usted
to he as high as possible without turning on the tap switches which shoul d he
disab led . This adju stment is employed to decrease power dissipation in the
latches . When VDD 10 volts , VGG = 16 volts , and vss 3. 5 volts, the above
criteria are met .
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3. 14 LOAD LOGIC

The load logic and drivers greatly reduce the off-chip support circuitry re-
quired to load the reference code. The load circuitry accepts a single TTL pulse
of duration equal to one bit of data , and generates the required load signals
(~ RESET and 

~i~~ )’ The input signal (~ LOAD > should occur at a time when the
reference code has completely filled the program register. The load enable
signal should be a negative going pulse w ith its leading edge coincident with the

~B falling edge (see Fig. 3-27).

The circuitry used to generate the ~iso pulse is identical to that used to
generate the ~ RESE T pulse, with the exception of the input signals . The
pulse enables the isolation switches that act as transmission gates between the
program registers and the latches , The 

~RESET pulse enables the reset tran—
sistors on the latches. The circui t for the 

~ RESE T pulse is shown in Fig. 3-28 .
The output is high when the load enable is low and the B clock is low, This is
ensured by the NOR gate (T7-T9), which is driven by the translated load enable
signal and the 

~B clock. The output goes low when 
~B has gone high and 

~A is low ,
The output remains low when the load enable signal (~ LOA D) attain s its high level .

The ~rso and 
~RESE T drivers are designed to produce 10-volt pulses at a

5-MHz program register clock rate , when VDD = 16 volts and V~ C 10 vol ts.
Each driver is designed to drive a load of 160 pf with the proper timing relation-
ship to assure correct loading of the latches.
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3 . 15 POWER DISSIPATION

The estimated on-chip power dissipation for the TC1235 is detailed in the
accompanying tables . Table 3-4 gives the power dissipation for continuous oper-
ation of the CCD at 10 MHz w ith the program register at 5 MHz . This table is
based on a reference code load sequence once every 154 microseconds. * The
sections of the chip that change in power consumption based on load rate are the
flip— flops and the 

~ RESET and 
~iso load logic , Of these , the dominant te rm is

static dissipation in the flip-flops . Thus , power dissipation during code load will
be essentia lly the same even if codes a re loaded more frequently than every 154
microseconds . This incl udes the case of simultaneous load and correlate when
codes mig h t be loaded as frequently as every 51. 2 mic roseconds (with the CCD reg-
ister opera ting at 10 MHz).

The power dissipa tion can be reduced if the circuits utilized only for refer-
ence code loading are switched off when not needed, The portions of the chip that
may he switched off are the program register inputs , program registers, program
register outputs , ~t A and ~B program clock drivers , and tIIe~~RESE T and ~iso
load logic. In this regime , wi th a load sequence once every 154 microseconds ,
the power dissipation could he reduced from the 2. 1 watts to 1.6 watts . The
power breakdown in this case would be as shown in Table 3-5.

* The 154-microsecond period is thought to be the shortest optimum load
sequence cycle time. This period would be allocated as follows:

(256) (200 nsec) + 500 nsec + (2)(5 12)(100 nsec) = 154 j .j sec
Reference Code Load/Settle Autocorrelation
Shif t Period Period Period

_ _  
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TABLE 3-4, TC1235 ON-CHIP POWER DISSIPATION
P (mW)

Central Ar r ay

CCD Input Structure 0
CCD Register 40
CCD Output Amplifier 13
Tap Structure 502
FIip - ’ Flons t 250
Isolation Switches 0
Program Registe r Inputs 20
Program Registers 181
Progra m Register Outputs 18

Subtotal 1024

Clock Logic and Drive rs

T and Strobe (Si ) 425

~FG (Float ing Gate Reset ) 92

RG (Floating Diffusion Reset) 21
:A and 2.~~ Program Clocks 190

~RE SET and 
~~~~ 

Load Logic t 362
Subtotal 1090

TOTAL 2 . 114 W

TABLE 3-5. POWER DISSIPATION \VITH RE FE RENCE CODE LOADING CIRCUITS
SWIT CHED OFF WHEN NOT IN USE

P (mW)
Central Array

CCD input Structure 0
CCD Register 40
CCI) Output Amplifier 13
Tap Structure 502
Flip- Flops~ 250
Isolation Switche s 0
Progra m Registe r Inputs 6 .7
Program Registers 60.6
Program Register Outputs 6. 0

SubtotaL 878.3
Clock Logic and Drivers

T and Strobe (Si) 425

~ FG ( Floating Gate Reset) 92
Z RG (Floating Diff usion Reset) 21

~A and ~~ Program Clocks 63.7
‘ REsET and Load LogIct 121.3

• Subtota L 723. 0

TOTAL 1.601 W

L *If a reference code load sequence occurs every 154 jssec,
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Th e TC1235 was designed to minimize not onl y the num ber of signals required
fo r operation , bu t also the number of power supply voltages. There a re 61 i/o
pads on the chip. They are lis ted in Table 3-6 in the orde r in which they are to be
bo nded out to the Kyocera package . A diagram of the pad locations, showing the
metal pattern , is given in Fig. 3-29 .

The asterisks in the table indicate pads requiring signa l inputs from the
external system . The required system input signals are:

(12) Program Register Input #2

(32) G2 (Variabl e dc Input Gate)

(33) G3 (Variable dc Input Gate)

(3S) Program Register Input #1

(40) Gi (CCD Signal Input)

(41) 
~~~ 

(CCD M~1ster Oscillato r)

(50) LOAD (Program Load Enable)

(55) ~ ~~ (Program Master Oscillator)

The other signals in the table are generated on-chip, to he fed back to the chip in
response to the eight input signals ,

The required power supply voltages are:

Pin Nos. VDC
20 28 volts

19, 42, 52, 61 16 volts

8, 9, 15, 24, 36, 37, 43, 46, 54, 57 10 volts

2, 3, 4 6 volts

18 —2 volts

3-36 . 
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TABLE 3-6 . TC1235 I/O PADS

Pad Desi gnation Voltage Pad Designation Voltage

1. ~~~~ GRD 33. G3~ +3. 1

DC 
((‘CD Register )  +6 34. L~

3 V +8 35. ~~BIAS
4 . V~~ --6 36 . V DDFF2 ~10

5. ~~ 37 . +10

6. ~~~~ 38. PRINI t 0 to -i-4

~SSFF GRD 39 . SI

~~ ‘
~DDFF3 +10 40 . Git 3 to -0. 5

9. ~~~~~~~ +10 41. ~ MO (CCI)) 0 to +4

10. N C 42 . VDD (~ T~ Si) +16

RESE T (in) 0 ~ +~ 
43. VCC ~ r) +10

12 . PR EN2
t 0 to +4 4~ . ~T’ (Out)

13. ~~~ 0 to +9 45. ~ RG ’ (Out)

14 . \ (In) O t o +9 46. VDD (~ FGR) +1.0

15. V~Jj~ ( Prog. Reg. ) +10 ~~~ . ~T (In) -3 to +15

16. N C 4~. 0 FGR (Ou t~
17 . GRD GRD 49. 0j~~ (Out)

is . SUB -2 50 , ~~~~~~ (In) t +4 to 0

19. ~~ (Output Amp. ) +16 ~~ °RESET (Out)

~~~~
‘ ‘

~DD (0~1tpt1t Amp. , Output Drain) +28 52. vDD (Logic) - +16

21. 1
~~OUT2 0B (Out) (In) 0 to +9

!2 . ~~~ 
(In) 0 ~ +g 54. V~~~ ( Prog. Dr. /Load) +10

23. N ‘C 55. O p~ (Program)t 0 ~
24 . ‘DDFF5 +10 56. 

~A (Out) (In) 0 ~
25 . L~ 57. ~~~~ ( Prog. Reg. /Dr.) +10

26 . ~~~
‘ 58. ~~ OUT l

27 . Vss ORD 59. Ø 1~~~(In) O t o +9

28 , RG~
1
~~ 

-6 to +12 60. 0 RESET (in) 0 to +9

29. S0 E9 10 
,~ 61. 

~ GGFF +16

30. T UG) —3 to +15 62. ~~~
‘

31. 4FGR~
1
~

) 6 to 12 63. ~~

32 . G2t +6 64. ~ VGG +2.4

1

~~~ 
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~
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Fig. 3-29. Metal and poly-Si levels of TC1235 correlator chip.
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