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Charge-Coupled Device Drivers and Testing Instruments
Branko Leskovar
Lawrence Berkeley Laboratory
University of California
Berkeley, California

January 24, 1978

In most applications, charge-coupled devices require a complex array
of peripheral circuitry to support their operation; such as: input gates,
multiple phase clock signal generators, output gates, propagation gate
drivers, reset gates, photogates and various d.c. biasing circuits. For
example, for a 128 cell CCD analog shift register, which is used for both
delaying and expanding the time base of quantized analog data with a
62.5 Msample/second input rate and a 100K sample/second output rate, the
supporting circuitry contains an input sample and hold propagation gate
driver, a multiphase phase generator, amplifiers and output strobe circuits,
(1)-(5. We will consider in some detail the four-phase generation cir-
cuitry and driver requirements for such a device. The four-phase clock
signals required can be generated by using a pair of D-type Flip Flops
comnected as shown in Fig. 1. When a clock signal with a pulse rate four
times the shift rate is applied to the generator, the four outputs will
produce the signals shown in Fig. 2. Each pulse is shifted 1/4 a cycle
in phase. The logic family used for such an operation has to be consistent
with frequency of operation. For example, for a shift rate of 62.5 MHz
the input clock frequency of 250 MHz is required. The Emitter Coupled
Logic (ECL) is the only logic family capable of operating at these

frequencies.* With this method of four-phase generation, the clock fre-

* Some new D-Flip-Flop devices eventually can operate at frequencies up
to 700 MHz, but with a very distorted waveshape of the output signals.
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quency can vary preserving at the same time the quadrature relationship
of the generator output signals.

For an operating shift rate of 62.5 Mz, the period of the driver
signal waveform is TO = 16 ns as shown in Fig. 3. The transition times,
At., and Atf9 have a maximum value which equals to T0/2=8 ns. The manu-
facturer of this particular CCD recommends a minimm transition time of 5 ns,
to preserve the device dynamic range and charge transfer efficiency. The
minimum risetime value of the driving signal determines the driver current
capability necessary for the capacitive load of the gate input.

The current requirements of the driver signal generator can be
derived from the device manufacturer's recommended gate voltage and the
gate capacitance. For the device under consideration the recommended
peak-to-peak voltage, AV$VH4VL is in the range of 12 to 15V. Because of
the high density gate structure of the device, the driver current capability
will be based on the larger voltage value of 15V. For the gate capacitance

of 25pF the requiied driver current is given by:

1=cV o g5 10712 15 5 63 mA 1

At 6.10"

where the transition time At=6 ns.

With an additional stray capacitance of 10-15pF, the driver current
requirement is approximately equal to 100 mA per CCD gate.

The four-phase output signals of the driver should remain in quadra-
ture over the entire frequency range of interest. Typically, for a set

of four drivers the stability should be better than + 1 mns.
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Concerning the driver power capability, the power at 62.5 MHz can

be approximately calculated from the equation:

P%nzvpss (2)

where n is driver efficiency, I is the required gate current, vps is the
power supply voltage and § is the duty cycle. This formula is not valid
for frequencies higher than approximately 80 MHz, For n = 80%, I = 100 mA,
Vps = 17V and & = 6/16 = 38% the P/driver output = 800 mW. For four
drivers the power required is approximately equal 3.2W. Because of capa-
citive character of the CCD gate, a very small amount of power is dissipated
by the gate. Almost all power is dissipated in the four-phase driver cir-
cuitry. Fortunately, the overall power is significantly reduced because
in the time expansion mode, the drivers operate at the 62.5 MHz rate for
less than 10% of the time. However, drivers should be designed to with-
stand peak power of 3.2W for periods of up to 10 ms.

CCD development programs in the Lawrence Livermore Laboratory (3)
have created a need for a versatile four-phase CCD testing instrument being
capable of operating at clock frequencies of from 100 MHz to 250 MHz. A
testing instrument has been designed to satisfy necessary requirements for
testing CCDs intended for use in analog signal recorders for sampling and
time expansion of transient signals. The testing instrument has the capa-
bility of switching the high clock driver frequency to a lower CCD readout
frequency and supplying the required signals at appropriate levels for the
input gate, the input diffusion clock, the input diffusion d.c. bias, and
the Teset gate, The low CCD readout frequency varies from 500 kHz to 10 MHz.

A1l signals necessary to operate CCD have waveshapes with preserved phase
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integrity over a wide range of frequencies. Both the high and low read-
out frequency clock generators must supply four channel signals which

are in quadrature. Furthermore, the switching from high-to-low frequency
and from low-to-high frequency has to be reascnably smooth, that is with-
out excessive ringing. This is especially important during the high-to-
low clock frequency switch-over period. Hence, electronic switches with
very short on and off time must be used to insure fast switching actions
and they must be well matched over a wide frequency range to insure smooth
transitions.,

Concerning the four-phase signal generation, the MECL III logic family
was considered initially for a possible application, Unfortunately, at
frequencies above 80 MHz, output signals do not have rectangular waveshape.
The output signal has a distorted trapezoidal waveshape. The distorted
trapezoidal waveshapes approach the waveshape of a distorted sinusoidal as
the frequency increases. Therefore, a completely new approach for the
generation of four-phase signals over a wide range of frequency had to be
taken and evaluated using microwave technology components. Hybrid junctions
and quatrature hybrids were specifically evaluated for this particular
application.

A hybrid junction is a four-part network capable of splitting input
signals into equal amplitude, isolated outputs which are either in phase
or 180° out of phase. The network is recognized in the microwave technology
under various names; such as, magic tee, ring hybrids and hybrid tees.

Their low-frequency counterpart is the hybrid transformer. When a signal
is applied to the H, or symmetrical port, it will split equally and in-phase

between the collinear output ports (1 and 2), Fig. 4. When a signal is
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applied to the E, or antisymmetric port, it will split equally and out-of-
phase between the Ports 1 and 2. This in-phase and out-of-phase output
relationship results in isolation between the E and H ports, the extent

of which is an important measure of hybrid balance. The simultaneous appli-
cation of signals to both H and E ports results in their vector addition

at one collinear port and vector subtraction at the other. Typically, a
50-ohm hybrid junction designed for frequency range from 5 MHz to 1000 MHz
has an insertion loss of approximately 4 dB, an isolation of 25 dB, a maxi-
mum value of the phase balance of 3 degrees, and the amplitude balance of
0.5 dB.

A quadrature hybrid is a four-port 3 dB coupler capable of splitting
an input signal into isolated quadrature phased outputs. This type of
device is commonly known in microwave technology field as a 3 dB stripline
coupler or a "short slot" waveguide coupler. The device can also be made
from lumped components permitting applications at low frequencies. If a
signal is applied to Port 1, as shown in Fig. 5, it splits equally between
output Ports 2 and 3 with a 90° phase difference. If Ports 2 and 3 are
properly terminated,the signal applied to Port 1 is absorbed in the loads.
Therefore, Port 4 can be isolated and receive very little power from the
incident signal. The extent of this isolation is an important measure of
the coupler performance. Typically, a 50-ohm quadrature hybrid, designed
for frequency range from 50 MHz to 500 MHz, has an insertion loss of 1 dB,
isolation of 20 dB, an amplitude balance of 0.5 dB, and a maximum deviation
from quadrature of 3 degrees. Generally, for low level signal application

the device can handle input power levels of 1W. The hybrid junction and
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quadrature hybrid specifications given above are typical of the available
devices manufactured in this country as well as in Burope.

The four-phase clock signal generator was developed combining a number
of hybrid junctions and quadrature hybrids. Because of the frequency band-
width limitations of these devices, the four-phase generator was designed
with two channels in an appropriate configuration. The channel for very
high frequency signal generation uses components capable of operating in
the frequency range of 50 MHz to 500 MHz, The channel for low CCD readout
frequency generation uses components with operating characteristics from
2 MHz to 32 MHz. A block diagram of the high frequency channel is shown
in Fig. 6. A combination of five hybrid junctions, used as broadband out-
of-phase and in-phase power dividers, and two broadband 90° quadrature
hybrids generates pairs of four-phase clock signals in the 50-500 MHz
frequency range. A similar configuration, shown in Fig. 7, generates pairs
of the four-phase clock signals in the 2-32 MHz range. Finally, combining
the outputs from the high-frequency and the low-frequency channels by means
of eight in-phase linear power combiners, as shown in Fig. 8, four-phase
clock signals are obtained in pairs over a frequency range from 2 to 500 MHz.
As a self-contained unit the four-phase generator is capable of operating at
frequencies up to 1000 MHz. The front and top view of the four-phase gene-

rator are shown in Figs. 9 and 10, respectively.

Description of the Wide-Band Charge-Coupled

Deyice Measuring System

Block diagram of the wide-band charge-coupled device measuring system

is shown in Fig. 11. The system requires for its operation an external
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high frequency clock signal generator capable of operating in a frequency
region from 100 to 250 MHZ and dellverlng an output signal of at least IV
into 50 ohm load. The first stage of the sytem is a high-to- 1ow frequency
processor capable of operating at frequenc1es up to 300 MHZ A thumb-wheel
switch selects the high-to-low frequency division ratio in the increments
of 20, 40, 60, 100....up to 500, Therefore, with a 200 Mz clock signal
and a divisiqn‘ratio of 100 the low readout frequency clock signal is
2.0 Miz. The output from the frequenc& @roCeSsor mit consists of a high
frequency clock signal, which is at the same frequency as the input signal
and a low readout CCD frequency clock signal which frequency is determined
by division ratio selected by the switch. Both the high frequency and low
frequency signals are gated on and off by a dual radio-frequency high
speed switch. The gating conditions depend eﬁtirely on the external logic
signal which in turn is governed ﬁy thé‘requireménts of the CCDs under test.
Only one channel is on at any given‘time, The output signals from the switch
are amplified by wide-band amplifiers, with adjustable wide-band frequency
gain controls, to approximately 1W output powér level. After amplifications,
the high and low frequency clock signals are processed by the four-phase
signal generator which provides a ?air of four high and low frequency output
signals which are 90 degrees out of phase with respect to each other.

One set of four-phase high and low frequency clock signals is further
amplified by four seperate wide«bandARF power amplifiers having output
power capabilies Qf 3W each. FEach amplifier channel has at its input a 1 dB
step and a 0.1 dB‘step Qideabandvlow—phase error attenuator. These atten-

uators have phase errors of less than + 3 degrees in the frequency band
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1-250 MHz. The amplifiers used were phase matched so that the phase dif-
ference between any of the four amplifiers is less than + 5 degrees in

the 1-250 MHz frequency band. The nominal gain of each amplifier was 37 d§
with a gain flatness of i11 dB over the same frequency range.

The second set of four-phase high and low frequency clock signals is
applied to a four channel radio frequency to ECL level translator. The
translator module supplies ECL level signals to other logic devices required
for the CCD operation.

The output signals from the four-channel wide-band amplifier are applied
to the test fixture where the CCD will be tested. The final driving signals
are provided to the CCD thru four low-Q factor wide-band transformer circuits.
A schematic diagram of the transformer driving stage is shown in Fig. 12.
The primary-to-secondary turn ratio of each transformer is 4.1. The nomimal
50 ohm output impedance of the output amplifier is transformed to approxi-
mately 3 ohm for the source impedance. With this impedance the charging
and discharging time constant is 120 ps for a 40 pF capacitive load. Trans-
formers are designed in such a way that their stray and leakage inductances
do not resonate with the load capacitance at any frequency within the fre-
quency range of interest. The transformer core material was selected to
be lossy at high frequencies to make the Q-factor of the circuit low. At
very high frequencies additional loss is introduced by the eddy current
loss of the enclosure walls. A small high-Q capacitor is connected in
parallel across the primary of each transformer for final phase adjustment
and tracking between chammels. Each driving stage is enclosed in a separate

chamber. Chambers are provided with ventilation holes. The CCD under test
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is mounted on a small printed circuit board which is situated between the
two main transformer circuit enclosures, as shown in Fig. 13.

The complete measuring system with the test fixture is shown in Fig.
14. The test fixture is in the right hand lower corner of the photograph.
The phase difference between the four low frequency chamnels (90 degrees
out of phase with respect to each other) as a function of frequency is
shown in Fig. 15. The measurement was made with a 10V peak-to-peak signal
across a 35 pF load. The phase difference was measured directly at the
capacitive load with the O degree channel as a reference chammel. The
phase difference of the low frequency channels is within + 5 degrees through
the 1-10 MHz frequency band. The phase difference between the four high
frequency channels as a function of frequency is shown in Fig. 16, The
phase difference of high frequency channels is within + 10 degrees through
the 100-250 MHz frequency band. The available output voltage across capa-
citive load, in V peak-to-peak, as a function for frequency for high fre-
quency channels is shown in Fig. 17. With a 100 pF load a voltage of 10V
peak-to-peak can be obtained up to 170 MHz. For a 25 pF load, an available
voltage of 10V peak-to-peak can be obtained up to 280 MHz. The upper fre-
quency limits are determined by the power available from each driver for
the various capacitive loads. A very important characteristic of the
tester is its performance when switching from high-to-low frequency and
from low-to-high frequency. The waveform of the high-to-low frequency
switching is shown in Fig. 18.

The wide-band measuring system was designed to meet flexible require-
ments of the CCD testing. The system can be easily modified by increas-

ing the power of the final amplifiers and changing the output transformer
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stages to accommodate larger capacitive loads. Furthermore, the size
and cost of the system can be significantly reduced using high Q-factor
output circuitry once the optimum operating parameters of the CCDs have

been chosen.
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Figure Captions

Four-phase generator logic diagram.
Four-phase generator output timing diagram.
Typical drive signal waveform of a charge-coupled device.

Functional schematic of a hybrid junction and its low-frequency
equivalent.

Functional schematic of a quadrature hybrid.

Block diagram of the high-frequency channel of the four-phase
clock signal generator.

Block diagram of the low-frequency channel of the four-phase
clock signal generator.

Block diagram of the four-phase clock signal generator.
Front view of the four-phase clock signal generator.
Top view of the four-phase clock signal generator.

Block diagram of the wide-band charge-coupled device measuring
system,

Schematic diagram of the transformer driving stage.
Top view of the testing fixture.

The wide-band charge-coupled device measuring system with the
test fixture in the right hand lower corner.

The phase difference between the four low-frequency channels.
The phase difference between the four high-frequency channels.

Available output voltage as a function of frequency for the
high-frequency channels.

The waveform of the high-to-low frequency clock switching.



=13=-

LBL 7586

= PHASE 1

—s PHASE 2

> PHASE 4

INPUT
glock—&

XBL 789-11451

Fig. 1



“14-

181 7586

INPUT cLOCK sicNAL [
PHASE 1 _

PHASE 2

PHASE 3
PHASE 4 _

XBL 789-11452

Fig. 2



-15-

LBL 7586

XBL 789-11453

Fig. 3



«16-

L8l 7386

OAD

H O -0 E

29

$ LoaD

LOW FREQUENCY EQUIVALENT

MICROWAVE FUNCTIONAL
SCHEMATIC

XBL 789-11454



~17-

Fig. 5

L8L 7586

e

OUTPUT -3dB

XBL 78911455



§
[o¢]
o==g

8

9sH1T-68L T8X

SiNdino

¥3QIAlQ ¥IMOd L8 O
ISYHJ-NI GNVEQVOuE indino
LH
a3iviosi|
€D €8
HIAIAIG ¥IMOd g f e <06~ | gqiugaH 3univaavnd . 4
ISVHI-NI GNVEAYOYSE indino .06 ANVEQYOUE
9H
€H
o0
At G
¥3QIAIG ¥3IMOd ¢ g |l
3SYHd-NI GNVEAYOus 1ndino
SH
Q31vi0st )
(2] (4
¥30IAI0 ¥3MOd va 06— | QIMEAH 3dniviavnd , |
ISYHJ-NI ONYEQYO0UE 1indino .06 GNvaavoua

98BS L 19T

9 bty

P H

TH

ZHWO006-08
- 40- -
mz%@g%% Y AN3n0344
13
TH
-0




~19-

L9%1T-68L g

Y3AIAIDG HIMOd
ISVHI-NI

{ °bid

J€

—i o1

HdIQIAIC HIMOd
ISYHI-NI

§LNdLN0

P85 £ 181

—= €9

dAICIATC ¥WIMOd
ISYHI-NI

1We

—(¥1

YIAIAIG ¥IMOd
ISYHd-NI

8a
Y3JIAIC ¥IMOd

ASYHd-40~-1n0 8v -

aNvEdvoue
89

ZHWZE-2
¢9d  ngn
AONINGINI
Yo}

7 o0
Lndnt LNdino
L1
@m%qéamf
012 018
206~ QIYEAH Funivyavnd
-B. 3 & Z w S ———
Indino .06 aNvgavoug °'Y
91
€1
o0
NN el
S
Quh@ggmf
69 68
o @ @ - @
LNdNI o0 | QI¥BAH Jdnivyavnd
inding .06 ONVEQYOUE
s

Z7

| 17



«20-

1269-1824 19X

HiBHTT

HaDpp
TS e e e e o e o
L ez ]
v t 25-02-Gof ST w
0t B ] YBGIAIG WIMDe] Ll [ |
P-G-H ovany @ DS - F
<08/ B brrs—"% ampigies yamog ot ‘ ! |
VM - 1 | L7 I
&2l e osoz-ao svwinys !
& ) 06~ P-D-4f DR
w@ = FIGA1Q WO o 2 oq avaay sumsyaavmy v |
&5 ] 7 e IOV el -/ <06 THVFTVONG |
f ) P-G-4 VEny
E Bl womawos womoy #ojw m 77 E7 082
IS VHA ] m = | =wwze-z
£ Ief OF-HG DVENY
5] m 05-08-0d DVWIVE TN YIQAIG BIMOL | 2%
YRGAIG YOS ISVHd A0~ L20 ) i e
9 Py DEVH T 97 - THYBTVONE BAY
55 T ¢ o iy = m s
-G~ DVE A "
o06 | El——s—ig o %m@w& o, m 57 204100 o0 7
FSWH S ~pr m Py - @2Ly7052 ) m
v OE-Ged DY 402020 DO .
Sod g ¥G18ia sy o208 Ly P-9-HI 2yENY |
. PV H S i) L0eLR0 " QINBAH IINLYH QYT
@ 2 | 06 ANVBTYONE ]
£ By EZ +7 z
7
B-8-4 DwEay }
1,06 E}—5—" yamswos wongy o rl!i.ll!.l.l..llalllalclnilnallsi..allll.!'!lt.m
ISYHD N
5 oef
D Bl e —— — — e
,V ,, $-8-H DYENY e e
.06~ Bl—s5—e vemawos ysmey 3 ml. \.m
EE ) v 9 S-G-i DWEHY
55T ] YIGIAIG BB |
7 m 3 TS~ GRYBSYONE
L : ZH w
5D otg
T=8-H WENY
06= BEl—s—17 yamawed yosog 03w ; _ s |
@ 5 7 e TG4 OWBNY -
BEVHS ~Hf WIGIAIG wIMA T » 06 Sl-Hp OV ENY .
+ FSHAR) INVEGHOHT Zhazng ||| WSK SRl evay i w
&2 7 l hd L6 owFavory |
§
% H DH 37 .
24 #-@ a& m o | 2mwoos-os
I ! -G-H 2VERY 4 8-
{0 Bl yowmwos wamoq o= ot PG OVENY g voaey 11t
I3V #] ; HIGIAIG HEMOS 35 - 40 400 7 lﬂ:l@ Loart)
& el 7 |5 BSuHe NI GRYETYONE CHYEIYOST m t.vih
P ‘3
% m SH 104400 0 75
-G FyENY | Po§-H ovENY 2 , M
S § e - -
5 WIIGHOD HFROS 9\ o w5ainiq ¥zmod  tela—2 0o e il onivdens I
ASVHS -] T FSYHS -] GNYEGYONT 4 .06 aNPEaVeNg |
1 od A K EH
b |

9854 187

K



~21-

CEREL IR




=@ @

0T 614

T8Z-TLL 88X

2854 18"



16€8-984 TaX

243 °S3LVD BBISUVEL

1

LRI

@ LiNR

TUENS
{2

MOD HIAIYG
SV E]

TYNBIS 20¢
)
IRING 1| 39IAZG GI1IABD g
el 14ANS UMD SVIG 20
e, TINNYHD HOGE
PP
& & &
3
)
od 4
081
9 noon |
¥OLVISNYLL TEATT 103
LOET .06 |06~ lo0 o1
ADNENDIWS DIOVH
TENNYHD 004
o A1ddNS WIHOS
T A34YINDTE
f
00T 006 (006~ |00
» L0
D W H s 40U
- < TRt A0NAN0RYS MO
- 4 AT LNGLE
USIYRMBLLY BPOT 5E BOLYEIND - %«@@%&g a
UOLVANILLY JBAE BPTD I8V BROS Tanavas on
e O T——
YBILVIAWY THVSIGIN =08 ndN
IBNHTED BNOI - ADKINOBEL HOIK

PREL TET

THROEE-ROT

GUYDIO TINNYHD DML

WDLEAS ASNARDIND
WO T HDM

1 Meon

ZHWOGT-BOT
UOUTD
A2NINDIVS HDM

HOSSAHOUA
n

ANID WD
ZRBOGL-BOT

BOL

AQW

AOTOL-WB

AhdN DO
ADMINOTRS WOW



-24..

- SHIELDED CHAMEBERS

06
INPUT
r) D¢
=90 INPUT
INPUT '
/7&5;
A A\'
B B,
CH =~
DiDI |
90° IEJE
INPUT “Bewpix |
PLOZA-10-98P
I
I
|
780° |
INFPUT l
l
|
FeuR CHANNEL ’
DC BiAs PowER Supriy ;
10X2481P-1 , | |
OdTPsy
Nore @

Jo CAPACITORS O.IufF K0V Ckos Ceramic.
2, C5=C8 ARE 470pF CHiP CAFPACITORS.
3. CAPACITIVE LoAL (s = 50pF -100pF (cch Loap)

TRANSFORMER T1-Td = | Inbians Gern. M
“CEII Anp T TNDIANA GEN. Q2 CFI7] STACKED
ToGE THER (EXPOXY) 3 TURNS COppPER STRIP
WINDING TAPPED OFF AT | Tukw,

XBL 781-6917

Fig. 12



w25

Ve6Liv-SLL 882

sgss 181

€T "bi4

o
B
) @
L




26

CBB 775-4413A

Fig. 14



27~

w726

+18°
PHASE DIFFERENCE VS FREQUENCY
0° CHANNEL USED AS REFERENCE

wl +10° - L0¥ FREQUENCY OPERATION 1-10MHz
% SIGNAL ACROSS 38pF LOAD 10Vpooek-te-peat
el
2 v
B8,
b
@ @9
fad
@
T
g 9

-10° ] ]

2 ) 10
FREQUENCY (MHz)
¥BL 781-6920

Fig. 15



PHASE DIFFERENCE

+20°F

+15°

+10°-

«28=

PHASE DIFFERENCE VS FREQUENCY

0° CHANNEL USED AS REFERENCE
= 35pF WITH 10V e ak-to-poak

150 200 250 300 400

FREQUENCY (MHz)

XBL 781-6918

Fig. 16



~29-

aaaaaaa

2 ] L
50 100 200 300 500 1000

FREQUENCY (MHz)

()

)

14

Lad OUTPUT VOLTAGE ACROSS

2 CAPACITIVE LOAD V§ FREQUENCY
= 12 '

(&)

=L

S 10

© <

0 2

%) e CLZZBPF
o % 8 —

% o ¢, = 35pF
<2 o ¢, = 40pF
% 6 ‘ /Ct:7DpF
g ?CL:lOOpF
el 4

3 ;

=> |

b=

=2

o,

=

=D

&)

XBL 7816919

Fig. 17



w3

LBL-75886

/ / div

ec/div

X B8

785-5157

LBL-75686

B 785-5157A






