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A WIDE-BAND MEASURING SYSTEM FOR STUDYING CHARGE-COUPLED DEVICE CHARACTERISTICS

Branko Leskovar and C. C. Lo*

Abstract

A wide-band four-channel measuring system has
been developed for studying charge-coupled devices and
optimizing their characteristics. The system incorpo-
rates a high-to-low frequency processor capable of
handling the 100-300 MHz high frequency clock CCD
driver and generating the 0.5-10 MHz readout frequency,
a microwave component based on a four-phase signal
generator, a four-channel phase-matched RF power am-
plifier and a wide-band CCD test fixture. The phase
error between the four low frequency channels is less
than = 5 degrees through the 1 to 10 MHz band, and
less than = 10 degrees in the 100 to 250 MHz range.

The measuring system is capable of delivering an
output voltage of 10 V peak-to-peak up to frequencies
of 280 MHz and 170 MHz into a capacitative load of
25 pF and 100 pF, respectively.

Introduction

The investigation and optimization of the char-
acteristics of high-speed charge-coupled devices is
becoming increasingly important in a multitude of ap-
plications, such as: signal processing systems, tran-
sient analog signal recording, electro-optical imaging,
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and radar systems. Theoretical calc:ulations,S and

experiments using a uniphase clock6 have projected
operating data rates of the order of 1 GHz for peri-
staltic charge-coupled devices with charge transfer
inefficiencies of about 10-%. However, these oper-
ating speeds have not been experimentally achieved
because of the present frequency limitations of input,
output, and driving circuitry.

In most applications, charge-coupled devices re-
quire a complex array of peripheral circuitry to sup-
port their operation, such as: input gates, multiple
phase clock signal generators, output gates, propaga-
tion gate drivers, reset gates, photogates and various
d.c. biasing circuits. For example, for a 128 cell
CCD analog shift register, the supporting circuitry
contains an input sample and hold propagation gate
driver, a multiphase phase generator, amplifiers and
output strobe circuits. Such a shift register is used
for both delaying and expanding the time base of quan-
tized analog data with a 62.5 Msample/second input
rate and a 100 Ksample/second output rate. The four-
phase clock signals required can be generated by using
g 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.
Bach 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 an input clock frequency of 250 MHz
is required. The Emitter Coupled Logic (ECL) is the
only logic family capable of operating at these fre-
quencies. Some new D-Flip-Flop devices can be made
to operate at frequencies up to 700 MHz, but with a
very distorted waveshape of the output signals. With
this method of four-phase generation, the clock fre-
quency can vary, preserving at the same time the quad-
rature relationship between the generator output sig-
nals.
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The CCD development programs at the Lawrence

Livermore Laboratory7 have created a need for a versa-
tile four-phase CCD testing instrument being capable
of operating at clock frequencies of from 100 MHz to

250 MHz.8 A new, special measuring system has been
designed to meet the requirements for testing CCD's

to be used for use in analog signal recorders for sam-
pling and time expansion of transient signals. The
testing instrument should have the capability of gener-
ating a high driver frequency and a lower CCD readout
frequency. It should supply, at appropriate levels,
the required signals for the input gate, the input dif-
fusion clock, the input diffusion d.c. bias, and the
reset gate. The low CCD readout frequency should vary
from 500 kHz to 10MHz. All signals necessary to operate
CCD should have waveshapes that preserve phsse integ-
rity over a wide range of frequencies. Both the high
and low readout frequency clock generators should
supply four chamnel signals which are in quadrature.
Furthermore, the switching from high-to-low frequency
and from low-to-high frequency should be very smooth,
that is without 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 should be used to insure fast
switching actions and they must be well matched over

a wide frequency range to insure smooth transitions.

Description of the Wide-Band Charge-Coupled
Device Measuring System

A block diagram of the wide-band measuring system
for charge-coupled devices is shown in Fig. 3. The
system consists of the following components: a high-
to-low frequency processor, a high and low frequency
switch with input two-channel wide-band preamplifier,

a two channel buffer wide-band amplifier, a four phase
generator, a four channel radio frequency to ECL level
translator, a four chamnnel output amplifier unit, a
charge-coupled device jig and a four chammel d.c. power

supply.

High-to-Low Frequency Processor and
0 Channel Wide-Band Amplifier

The system requires for its operation an externmal
high frequercy clock signal generator capable of oper-
ating in a frequency region of 100 to 250 MHz and de-
livering an output of at least 1 V rms into a 50 ohm
load. The first stage of the system is a high-to-low
frequency processor capable of operating at frequencies
up to 300 MHz, A thumb-wheel switch selects the
following high-to-low frequency ratio: 20, 40, 60,
100...up to 500. Therefore, with a 200 Mz clock sig-
nal and a division ratio of 100, the low readout fre-
quency clock signal is 2.0 MHz. The output from the
frequency processor unit consists of a high frequency
clock signal, which is at the same frequency as the
input signal and a low readout CCD frequency clock sig-
nal whose 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 condi-
tions depend entirely on the external logic signal
which in turn is governed by the requirements 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 gain controls
to approximately 0.25 Woutput power level. After ampli-
fications, the high and low frequency clock signals
are processed by the four-phase signal generator which
provides a pair of four high and low frequency output
signals which are 90 degrees out of phase with respect
to each other.

Four-Phase Clock Signal Generator

Concerning the four-phase signal generation. the
ECL logic family was considered initially for a
possible application., Unfortunately, at frequencies
above 80 MHz, output signals do not have a rectangular
waveshape, but instead is a distorted trapezoidal
waveshape which approaches a distorted sinuscidal wave
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 using
microwave technology components. Hybrid junctions and
quadrature hybrids were specifically evaluated for
this particular application.

A hybrid junction is a four-port network capable
of splitting input signals into equal amplitude, iso-
lated output 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 applied to the E,
or antisymmetric port, it will split equally, but out-
of-phase, between the ports 1 and 2. This in-phase
and out-of-phase output relationship results in iso-
lation between the E and H ports, the extent of which
is an important measure of hybrid balance. The simul-
taneous application of signals of 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 ap-
proximately 4 dB, an isolation of 25 dB, a maximum
value of the phase balance of 3 degrees, and the ampli-
tude 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 com-
ponents permitting application to 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-chm quad-
rature hybrid, designed for frequency range from
50 MHz to 500 MHz, has an insertion loss of 1 dB, iso-
lation 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 1 W. The hybrid junc-
tion and 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 devel-
oped combining a number of hybrid junctions and quad-
rature hybrids. Because of the frequency bandwidth
limitations of these devices, the four-phase generator

was designed with two channels in an appropriate con-
figuration. The channel for very high frequency signal
generation uses components capable of operating in the
frequency range of 50 Miz to 500 MHz. The channel for
low CCD readout frequency generation uses components
with operating characteristics from 2 Mz to 32 Mz,

A combination of five hybrid junctions, used as broad-
band 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 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 chamnels by means of eight in-
phase linear power combiners, as shown in Fig. 6, four-
phase clock signals are obtained in pairs over a fre-
quency 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.

Four Channel Wide-Band Output Amplifier and
Radio Frequency to ECL Level Translator

One set of four-phase high and low frequency clock
signals is further amplified by four separate wide-
band RF power amplifiers having output power capabili-
ties of 3 W each. Each amplifier chamnel has at its
input a 1 dB step and a 0.1 dB step, wide-band, low-
phase error attenuator. These attenuators have phase
errors of less than #3 degrees in the frequency band
1-250 MHz. The amplifiers used were phase matched so
that the phase difference between any of the four am-
plifiers is less than # 5 degrees in the 1-250 MHz fre-
quency band. The nominal gain of each amplifier is
37 dB with a gain flatness of = 1 dB over the same fre-
quency range.

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

Charge-Coupled Device Testing Fixture

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
supplied to the CCD through four, low Q-factor, wide-
band transformer circuits. A schematic diagram of the
transformer driving stage is shown in Fig. 7. The
primary-to-secondary turns ratio of each transformer
is 4:1. The nominal 50 ohm output impedance of the
output amplifier is transformed to approximately 3 ohm
for the source impedance. With this impedance the
charging and discharging time constant is 120 ps for
a 40 pF capacitive load. The transformers are designed
in such a way that their stray and leakage inductances
do not resonate with the load capacitance at any fre-
quency range of interest. Also, 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 comnected in parallel across the primary
of each transformer for final phase adjustment and
tracking between channels. FEach driving stage is en-
closed in a separate chamber, which is properly venti-
lated. The CCD under test is mounted on a small print-
ed circuit board which is situated between the two main
transformer civcult enclosures, as shown in Fig. 8.



Measuring System Characteristics

The phase difference between the four low frequen-
cy channels (90 degrees out of phase with respect to
each other) as a function of frequency is shown in
Fig. 9. The measurement was made with a 10 V peak-to-
peak signal across a 35 pF load. The phase difference
was measured directly at the capacitive load with the
0 degree channel as a reference channel. The phase
difference between the four high frequency chammels as
a function of frequency is shown in Fig. 10. The phase
difference of high frequency channels is within * 10
degrees through the 100-250 MHz frequency band. The
available output voltage across a capacitive load, in
volts peak-to-peak, as a function for frequency for the
high frequency channels is shown in Fig. 11. With a
100 pF load, a voltage of 10 V peak-to-peak can be
obtained up to 170 MHz. For a 25 pF load, voltage of
10 V, peak-to-peak can be obtained up to 280 MHz. The
upper frequency 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 wave-
form of the high-to-low frequency switching is shown
in Fig. 12.

Conclusions

Design and characteristics of a wide-band four
channel measuring system for studying and optimizing
charge-coupled devices have been presented and dis-
cussed. A new high-to-low frequency processor, four
phase clock signal generator and charge-coupled device
testing fixture had to be developed to meet flexible
requirements of CCD testing. The system was con-
structed in modular form and can be easily modified
by increasing the power of the output amplifiers and
changing the output transformer 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 oper-
ating parameters for the CCD's have been chosen.
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Fig. 2 Four-phase generator output timing diagram.



HIGH FREQUENCY

HIGH FREQUENCY
CLOCK INPUT

100-250MHz
FROM
SIGNAL GENERATOR

100528 HIGH FREQUENCY o FOUR CHANNEL
-250MHz 160-250MH INPUT
HIGH-TO-LOW P HIGH & LOW Z TWO CHANNEL 90° WIDEBAND AMPLIFIER
; v FREQUENCY SWITCH LS FOUR PHASE 0.1d8 STEP ATTENUATOR
TWO CHANNEL WIDEBAND . GENERATOR 90° 10dB ATTENUATOR
LOW FREQUENCY PREAMPLIFIER SDOKHZ-10MHz LOW FREQUENCY 180° FOUR CHANNEL
CLOCK WNPUT ] PEAK POWER DETECTOR
HODUL 1 §00KHz ~10MHz HoDUL 2 MoouL 3
UNIT 4 MODUL 5
o°| ~90° a0| 180°
ECL SWITCH REGULATED %

DRIVER CONTROL

POWER SUPPLY

FOUR CHANNEL
RADIO FREQUERCY
10

oo -s0°l 90°f 180°
ECL LEVEL TRANSLATOR
HODUL 6
o°f ~s0°] 90°} 180°
A
FOUR GHANNEL
DC B1AS POWER SUPPLY .
CHARGE COUPLED DEVICE | OUYPUT
UNIT 6 SIGNAL
INPUT
SIGNAL

LT

Fig. 3 Block diagram of the wide-band charge-coupled
device measuring system.

TRANSFER GAYES, EYC

XBL 785-8391

rﬂs <o j St
0° é@l *CHS | ml ( o?_i”cc’7
-
INPUT IOJ‘M L__,_)'_J al/mzz l crs | éjaz?é
i &3 LT 10‘/ '
| cz =

De
INPUT

< t o0 |

' “557] lrez | *cs ’z ‘LC 18
> } -G

; INPUT f

2 lUSM 007’Pl/7'/? icieg— ;Oooofv

Pes
cro o o1V Ae | LA
LOW FREQUENCY EQUIVALENT b0 LL—_h i
L - - - = BB,
T 5. ." - | CH =
MICROWAVE FUNCTIONAL f 2y T3 1 T
SCHEMATIC 57 IP@3{ *C}-,- e LC/? CIEIEN
L it = -
XBL 789-11454 INPUT GGEND/X ‘

Fig. 4 TFunctional schematic of a hybrid junction and
its low-frequency equivalent.

’80°
/A/FUT’!

INPUT
O~

PCOZA-10-98P

ISOLATED

|

|

|

l

|

i

FeuR CHAMNEL ‘
De BIAs PowER SUPPLY

10X 2481P4 | _|

DutPer

Nore :
J. CAPACITORS O.IuF S0V Ckos CERAMIC,

X2, C5-~C8 ARE 470pF CHIP CAPACITORS.
3, CAPACITIVE Loal €

XBL 789-11455

Fig. 5 PFunctional schematic of a quadrature hybrid.

XBL 781-6917

Fig. 7 Schematic diagram of the transformer driving
stage.



st il B 7S it
| Hz He. | Fel outreuy
o 4 I8~ PHASE
BROADBAND 90 BROADBAND IN-PHASE l <
q HYBRib by |-0LLEYL. POWER DIviBER i Power & 3
| Awznc JH-15 -90 Y . ANZAL Kot re3
P <
| " o T e [ )
,& (4
! z 4 - LA pPez
BROADBAND SOn. BROADBAND 1N~ PHASE ¢
I 4, OUY~ OF - PHASE PoweR biviDER /K- PHASE ey
' Power DIvibER ANEAE H-8-4 Lo A OWER sop—Ee{
per |1 anzac ware i ANTAC H-8-4 P64
s0-s00mnz | s | ;
| H3 He I
BROADBAND 90° BROAD, ) ol L
5 @ varip 5,1 297201 POWER DIVIBER v M- PHASE e
! 2 -
| Awzac JH-is -0 ANBAC H-8-&  pghnt A 0 POWER P 3 |-s0°
2. 5 N ANEAE - —
| e e H-&-4 Pes =
QUTPUT I
| 0° H7 [}
505 b4
IN-PHASE PCg
[ B; POWER DWIDER | A
' ANEAC H-g-4 7 1N-PHASE B —
£ - 58 | POWER » =
oo s Umiy | T e ac Hg-a L 90
s e e o o o i e oo oma s i e oo o o Dir P& E
PLS
. IR-PHASE . o
WER COMBINER _‘..__{3
e e e e e s e Aurac H-g-4 90°
! Lz L4 | 5 67
i BROADERND §0° ! 8
IH~PHASE
| Ay a‘f:::z”jlfg‘_’:’” ‘f%’f," POWER DivioER | M PCE
‘ & ¢ MERRIMAC PB-20-50 i IN-PHASE . —
TRGLATED POWER 8,LL _@ 3
L P gurer & [ ANEAC H-B-4
Tow I ’ ! lé} P68
Soq IN-PHASE
FRE. { BROADBAND POLER DIVIDER J
NPT | bttty OUT-0F - PUpSE N 5
Fer POWER DIVIDER MERRIMAC PD-20-50
[-¥4 l ANBAC DH-5Q T Ler
2-szms | s ! I~ PHASE . e
- = POWER C B -
180 L3 Le ! Angac H-8-4 M 180
| 2re Pg9
BROADEAND 907 or IN-PHASE 16
| o QUADRATURE HyBRID 0 -LT0UT g, POWER DIVIDER
ANEAS JH-6-8 -90 MERRIMAC PD-26-50 1emn). £
| B cto y e g
| N | IN - PHASE .
7 POWER Compmer .._.__{ 3
i ” I 8 ANRAC H-8-4 B / "
IN-PHASE s 76 10
] oy 1Pt POWER DIvIBER ]
MERRIMAC PD-20-50 4 8
! 2-32 mMHe UniT o
L mmmmmmmmmmmmmm T s e oo o e l&;iuﬁ&
o XBL 781-6921

Fig. 6 Block diagram of the four-phase clock signal
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Fig. 8 Top view of the testing fixture.

+158°
PHASE DIFFERENCE VS FREQUENCY
0° CHANNEL USED AS REFERENCE
[1X] +10° . LOW FREQUENCY OPERATION 1-10MHz
% SIGNAL ACROSS 35pF LOAD 10Vpeas.to.poak
s
5 +5°R:
e
& goh \M,@.ng:,:_eﬁ,_ms R
= e
& 5
~10° | |
1 2 5 10
FREQUENCY (MHz)
XBL 781-6920
Fig. 9 The phase difference between the four low-

frequency channels.



+20°

PHASE DIFFERENCE VS FREQUERCY
0° CHANNEL USED AS REFERENCE
+15° EAe c =35F

with 10V pk-to-pk
DAch%w

A 180°
s % /
O A

PHASE DIFFERENCE

-10° | | | |
1060 150 200 250 300 400

FREQUENCY (MHz)

XBL 781-6918

Fig. 10 The phase difference between the four high-
frequency channels.

10V /div

0.5usec/div

XBB 7855167

OUTPUT VOLTAGE ACROSS CAPACITIVE LOAD

14

(vpeak—m-peak)

2 |

CAPACITIVE LOAD VS FREQUENCY

OUTPUT VOLTAGE ACROSS

Gy = 25pF

Cp =35pF
Gy = 40pF
Cy = 70pF
€, = 100pF

/
E ;/;/////
| ///////’

| | ] N O T O

50 100 200 300 500 1000

FREQUENCY (MHz)

XBL 781-6919

Fig. 11 Available output voltage as a function of
frequency for the high-frequency channels.

10V /div

20nsec/div
XBB 785-5157A

Fig. 12 The waveform of the high-to-low frequency

clock switching.



