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Summary

A discussion of the CCD basic building blocks for analog signal processing with particular
emphasis on application for telemetry. Serial in/Serial out (SI/SO) blocks provide time
base translation electrically alterable delay, and sequential TDM filters, Parallel In/Serial
Out blocks are useful in time divisions multiplexing (TDM) and Serial In/Parallel Out
blocks for variable tapped delay lines, filters and correlators. Combinations of the above
linear or one-dimensional blocks provides two-dimensional arrays for filter banks, multiple
correlators, etc. Particular telemetry applications are FM filters, Parallel Correlators,
Matched Filters, Single Sideband Modulators and Adaptive line equalizers.

1.0   Introduction

A simplification of the charge-coupled (CCD) analog shift register is shown in Figure 1.
The timing is arranged so the switch toggling frequency is one half of the four-phase clock
frequency. Thus, the input sampling switch, S1, alternately samples data and zero
reference. At the output, swithch S2 clamps during zero reference, samples during data,
and holds when it is not actually sampling. The output holding capacitor, therefore,
contains only the “time-stretched” data samples. In a shift register having N pairs of
stages, there will be N signal samples and N zero reference samples, each of duration T/2.

Figure 2 illustrates some key waveforms which are applied to the CCD analog shift
register. The waveforms 0/ 1, through 0/ 4, are the four-phase clocks whose function is to
propagate charges down the line without dispersion. Waveform S1 demonstrates the switch
functions; data is sampled in the up position and zero reference is sampled in the down
position. Vo demonstrates the appearance of the delay line output voltage with the alternate
data and zero reference outputs confined to 3/8T. S2 demonstrates the output processing
functions: the data is sampled in the up position, the zero is clamped in the down position,
and the data is held when it is not sampled (center and down). The interval from data
sample to data sample is T and the total transport time is NT where N is the number of 



Figure 1.  Charge Coupled (CCD) Analog Shift Register1

Figure 2.  Basic CCD Four-Phase Clock Timing1

CCD analog delay line data stages. Thus, the signal delay for a serial in/serial out (SI/SO)
CCD analog shift register is,

J = NT = N/fc (1)

which illustrates the electrically alterable delay feature of the CCD delay line. Since the
Shannon Sampling Theorem requires the analog signal to be sampled at least twice during
its period we may write,

(2)

and the time-delay signal bandwidth product becomes,

(3)
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The low frequency limit is set by the thermal leakage current which accumulates in each
stage, and the upper frequency limit is determined by input injection limitations and
transfer efficiency.

Figure 3 illustrates a cross-section of a four-phase electrode CCD with transfer and storage
electrode dimensions. The CCD is fabricated with MOS silicon technology and the
insulator is a dual dielectric comprised of silicon nitride (Si3N4) over thermal silicon
dioxide (Si02). The electrodes are fabricated with polycrystalline silicon and aluminum.
This structure is an overlapping electrode configuration with coplanar electrodes for
uniform charge handling capability. The overlapping electrode feature provides a “sealed”
CCD surface and stable operation over temperature-bias excursions.

Figure 3.  Cross-section of Four-Phase CCD Stage Delay

2.0   Signal Transport in a CCD

The CCD delay line2,3 provides a unidirectional transfer of signal charge qs(x,t) from one
storage cell to another adjacent cell. The signal charge is designated in cell x at time t,
where x and t assume integer values; i.e., the unit of distance is the cell-to-cell separation
X0 (center-to-center), and the unit of time is the stepping interval T (clock period).

The frequency response of the CCD delay line may be calculated from a discrete
frequency expression for the signal charge:

qs(x,t) = , qs(x,t-1) + (1-,) qs (x-1,t-1) (4)

where , is the transfer inefficiency per stage delay with typical values of , # 10-4 for
f < 1 MHz. Since equation (4) is a discrete set of signal values in the time domain, we may
transform the signal charge to the Z-domain.

Qs(x, Z) = Z1[,Qs(x, Z) + (1-,)Qs(x-1,Z)] (5)
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The transfer function of a N-stage CCD delay line becomes4

(6)

and the substitution of Z = ejTT = ej2Bfs/fc into equation (6) yields the amplitude and phase
characteristics shown in Figures 4 and 5, respectively5, for various values of N,. The
signal frequency fs # 0.5 fc as restricted by the Shannon Sampling Theroem which states
that a band-limited signal fs may be reconstructed from samples taken at time intervals
T = 1/fc. The phase deviation )0/ (fs) is the departure from linear phase shift. The insertion
loss of the CCD delay line is less than 2 dB at the Nyquist limit (fs = 0.5 fc ) if N , <0.10
and the maximum phase deviation at fs = 0.25fc is less than 3E.

Figure 4.  Amplitude attenuation characteristics as a function of fs/fc

for various values of N,

2.1   Frequency Dispersion

This dispersion can be viewed in the frequency domain as a shift in the filter response
frequency with the maximum shift at one-half the clock frequency.
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Figure 5.  Phase Deviation as a function of fs/fc for various
values of N,.

2.2   Amplitude Dispersion

The signal is “dispersed” or spread-out in time as a result of the finite transfer inefficiency
, and the number of cell N. The dispersion of a single data sample of unit height (i.e., one
propagating storage cell through the delay line) may be determined by the binominal
expansion theorem:

(8)

(9)

Figure 6 illustrates the effect of N, product6 on the shape of a single data sample of unit
height. The total area under the output waveforms is identical to the area under a single
sample at , = 0. The peak of the signal lags by one clock period when N •1/, and
dispersion is minimal for N,# 0.10.
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Figure 6.  Degradation (Amplitude Dispersion)6 of a Single
Charge Packet as a function of N,.

3.0   CCD Basic Building Blocks for Discrete Analog Signal Processing (DASP)

Any signal processing system that involves the linear transformation of analog signals such
as correlation, discrete Fourier transformation (DFT), filter banks, matched filters,
multiplexing/demultiplexing, array scanning, orthogonal scan transformation, time base
translation, etc., can be realized with combinations of CCD basic building blocks. In
discrete analog signal processing (DASP), analog data samples are stored, transferred, and
operated upon by analog means, whereas in conventional digital signal processing (DSP),
digital or quantized samples are handled with binary logic. A major advantage of DSP is
retained by DASP, namely the precise transport delay, particularly in relation to coherent
signal processing. The dynamic range of an analog bit in DASP may be thought of as
composed of 6-dB equivalent DSP digital bits. Thus, a typical example of 100 Stage
(N = 100) CCD delay line with 60-dB dynamic range and transfer inefficiencies of ,• 10-4

at 1-to-2-MHz clock rates will provide the equivalent of 1K bit of digital shift-register
memory with an overall signal degradation of 1 percent (i.e., less than 0.1-dB insertion
loss).

One-dimensional basic building blocks7 (linear arrays) are shown in figure 7 and may be
classified according to the characteristic information flow patterns:
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(1) Serial in/Serial out (SI/SO)
(2) Parallel in/Serial out (PI/SO)
(3) Serial in/parallel out (SI/PO)

Figure 7.  CCD Basic One-Dimensional Building Blocks7

These fundamental linear arrays may be combined to form area arrays (2-dimensional
matrices) with increased signal processing capabilities. Table 1 provides a partial listing of
applications for these basic building blocks.

3.1   Serial In/Serial Out (SI/SO)

The SI/SO block is a simple CCD shift-register with the characteristics discussed in
sections 1 and 2. In a linear array configuration the SI/SO block provides pure analog
signal delay with the ability to provide time base translation. Typical dynamic range for
present-day SI/SO blocks is 60-80dB with ±1 percent linearity and clock frequencies from
1KHz - 1.0MHz for a 64 analog bit delay line. The clock requirement may vary from
device to device with voltages varying from TTL to MOS compatible. In general, MOS-
type voltage swings are needed (e.g. typically 15-20V, although 10v operation has been
achieved) to obtain dynamic range and frequency response. The capacitance loading for
the drivers is typically 0.2pF/mil 2 of active bit area and for bit areas of 1.5 mil we have
0.3pF/analog bit. Thus, a 64 bit delay line will offer a loading of à20pF/driver. In general,
CCD structures have not been build with interface/buffer circuits, on the chip because of
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Table 1

the advanced development nature of the work; however, CCD chips can be fabricated with
MOS, CMOS, or bipolar interface circuits. In order to test SI/SO blocks without on-chip
buffer circuits, a so-called “open collector” driver may be employed. This driver is
relatively inexpensive and provides clock voltage swings of 30V up to 2 MHz clock
frequencies. Clock shaping may be accomplished if desired by the use of a series resistor,
which also protects the drivers in the pull-down transient. A CCD chip should have
protective resistor/diode combinations, similar to MOS-type circuits, to limit the
displacement current and prevent shorting of the input electrodes.

A time multiplexed CCD filter bank1 which used SI/SO blocks is shown in the block
diagram of Figure 8. The Filter-Bank Characteristics are illustrated in Figure 9 for the case
of a uniform filter spacing. Storage and sequencing of the constants is accomplished
digitally using programmable read only memories (PROM) or electrically alterable ROM’s
(EAROM’s). Weighting of the analog signals by the filter constants is accomplished by
means of multiplying digital-to-analog converters. The serial output data is multiplexed
onto N lines by the output sampler which stretches each sample to a width, Ts = NT.
Timing circuitry provides the CCD clock waveforms, the PROM addresses, and the
sampler address.

The 2-D Matrix SI/SO array may be configured in a series-parallel-series (SPS) or
serpentine configuration. The SPS is configured of Series in/parallel out (SI/PO) and
parallel in/series out (PI/SO) register in addition to SI/SO registers. If we have N bits in
the input and output high speed registers and M bits in the low-speed registers, then each 
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Figure 8.  Block Diagram of N-channel CCD Filter Bank1

Figure 9.  Uniform Filter Characteristics1
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input signal sample sees N+M delays before reaching the output. Thus, a N = M = 100
configuration with 0/ c (high) = 1MHz and 0/ c (low) = 10 KHz can provide a total time delay
of 10 msec with only 200 delays; 100 delays at 1 MHz and 100 delays at 10 KHz. If the
transfer inefficiency , = 10-4 at both clocking rates, then the loss for each signal sample is
200 x 10-4 (2 percent).

3.2   Parallel In/Serial Out (PI/PO)8

The PI/SO block may be used to time division multiplex a number of low data rate signal
channels into a higher date rate output channel. The variations in electrical input may be
minimized with the use of a stabilized charge injection circuit. An N-channel multiplexer
converts N parallel input channels into a single-channel pulse amplitude modulated (PAM)
signal. The input signals are synchronously sampled and the sampler information is entered
into a unique spatial and temporal position in the CCD delay line. Applications include the
multiplexing of many sensor input channels (e.g. electro-optical sensors, acoustical
sensors) into a single video output channel.

3.3   Serial In/Parallel Out (SI/PO)

The SI/PO block can be used for extracting the signal unweighted after a specified number
of delays to provide beam forming in sonar systems, acoustical imaging systems, etc. In
general the tap positions are weighted to provide such functions as filtering, correlation,
transformations, etc. In linear arrays, the SI/PO block is a linear or one dimensional filter
in matrix arrays it becomes a filter bank or multiple correlator.

The tap weights of a transversal filter describe the impulse response of the filter in the time
domain. This is shown in figure 10, where a delay line with 10 cells is tapped and
weighted by resistors summed in an operational amplifier. If a single unit amplitude signal
pulse is introduced into the delay line, the signal will be transferred through each of the 10
storage cells on successive clock pulses and the output signal will be the successive values
of the weights, as shown in figure 11. It is clear that the output is zero before the signal is
introduced and zero again after the signal propagates through the delay line. The duration
of the response caused by an impulse is a number of clock pulses equal to the number of
cells in the delay line. The filter shown in figure 10 is thus a finite impulse response (FIR)
filter.

The discrete Fourier transform of the impulse response is the frequency response of the
filter, thus the Fourier transform of the tap weights shown in figure 10 for the impulse
response shown in figure 11 is the frequency response of that transversal filter. The
function described as an example is the well known Hamming (window) weighting
function which has a frequency response as shown in figure 12. The phase characteristic is 



Figure 10.  11-Point CCD Transversal Filter with Hamming Weights 5

Figure 11.  Hamming Weighting Impulse Response5

Figure 12.  Hamming and Uniform Weighting Frequency Response5
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another aspect of frequency domain response which may be important in some
applications. In transversal filters with taps conjugate symmetrical about the center of the
array, the phase is a linear function of frequency.

4.0  Telemetry Analog Signal Processing with CCD’s5 

There are many and varied potential applications for CCD’s in communication equipment.
However, CCD’s in the following applications seem to offer the greatest possible
advantages

1. FM telemetry filter banks
2. Parallel correlation
3. Single Sideband Modulation
4. Adaptive line equalizer.

4.1   FM Telemetry Filters9

Of the many potential applications for the CCD transversal filter in communication
equipment, its use as a FM telemetry filter (bank of filters) is perhaps the application
where it provides the greatest advantages. Its key advantage over a conventional filter is its
linear phase characteristic in the passband which results in a “distortion free” FM output.

The FM bandpass filter selects the subcarrier to be demodulated and rejects the other FM
subcarriers in the multiplex. The typical filter represents a compromise between the
selectivity required to minimize cross-talk and bandwidth phase characteristics required to
minimize distortion. Since amplitude limiting is used in the FM channel, distortion depends
only upon the phase characteristics of the network. That is, if the network (filter) is linear
phase such as a CCD transversal filter, then the output signal is free of distortion.

4.2   Parallel Correlation

In voice and/or data secure communication systems employing encoded transmissions, the
receiver must be “synchronized” to the transmitter for the reception of information. In
these applications, parallel or serial correlation is used for initial synchronization. Serial
correlation is a search mode of operation and is considerably slower than parallel
correlation. However, parallel correlation, which simultaneously compares (multiplies) a
rather large section of the in-coming signal with its replica, requires typically a more
complex circuit. Therefore, in many applications, serial correlation is selected over parallel
correlation. However, a CCD as a matched filter is ideally suited for use as a parallel
correlation in those applications where data rates and therefore receiver IF frequency is not
beyond the capability of the CCD.



4.3   Single Sideband (SSB) Modulation

Single sideband (SSB) modulation is often accomplished by first forming a DSB (double
sideband) signal and then rejecting one sideband by filtering. However because the SSB
filter design requirement is often so difficult, other methods of SSB modulation are
necessary. One of the most useful methods for representing SSB modulation involves the
use of a constant phase delay network (Hilbert transform). Since a CCD transversal filter
or a derivative therefrom can be designed to provide essentially constant delay, it is ideal
for use in SSB modulation.

A block diagram of the constant phase delay SSB modulation is shown in figure 13. The
SSB modulator employs three delay networks; however, only one is constant phase. The
delay network D1 is used to cancel the inherent delay D3 associated with the constant
phase network. The delay D2 provides a phase coherent sin Tct for a cos Tct input. It is
important to note that since ein is an arbitrary function, T is not constant. The constant
phase network must provide the same phase delay for all input values of T. For simplicity,
it will be assumed that the constant phase delay will be       and J3 is an arbitrary delay.
Now, for harmonic functions (voice) and unity gain for each component in the diagram
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Figure 13.   Block Diagram of the SSB Modulator

The delay J1 represents a uniform time delay for all input signals, therefore, except for
system time response it can be neglected. The output is therefore

e 0 = A(t) cos (T - Tc)t (15)

which is the desired SSB output with Tc the carrier frequency. Although it was assumed
that this SSB modulation design was intended for voice signals, the design is not limited to
voice signals. The limiting factor is the bandwidth of the constant phase network. Analysis
has shown that CCD constant phase networks with a video bandwidth of a couple of MHz
are practical.

Figure 14 illustrates a simulation of 21 tap Hilbert Transformer which is used for SSB
modulation. Figure 15 shows the relative response over the passband. The Hilbert
transform consists of convolution with t-1 and may be written as

(16)

The principle feature of this transform is the phase characteristic of the output signal which
is +     for negative frequencies and  -      for positive frequencies. The selection of tap
weights is determined by an optimization routine which considers in-band ripple, skirts,
and reject band characteristics.

'ff 

Z. 

., 

I Constant 
I Phase 
I 

0,11v 03 Plus 
Con111nt Ph1S11 ( ,r/2} 

1 

Mixer 

Otlay Dz 

Mi1ter 

Im[f{t)]= -- f Re [f(T )] 
11' t - 1" 

.oo 

'ff 

2. 

•1 

•2 

74-0462-VA-79 

d 1" 



Figure 14.  Tap Weights for Hilbert Transformer - 21 Taps

4.4   Adaptive Transversal Line Equalizer

The electrically programmable transversal filter is well suited to perform many adaptive
filtering functions, especially those employing the least mean square, LMSE, algorithm.10

As an example, the CCD implementation of an adaptive line equalizer for a data
communication system will be described briefly.

The functional block diagram is shown in figure16 . The signal vector sn is a set of signal
samples taken at each bit clock interval from the tapped delay line. The weighted sum of
each signal vector forms the filter response, un, which is used to obtain data
synchronization and to regenerate the “desired” signal, dn. There are many schemes for
generating the desired signal ranging from receiving a test signal of known form to a
decision feedback system which uses the best estimate of each signal bit.11



Figure 15.  Single Sideband Modulator

Figure 16.  Basic LMSE Adaptive Loop for Adaptive
Transversal CCD Equalizer
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The operation of the adaptive loop proceeds as follows. The nth set of signal samples sn

are conjugate weighted by the nth data sample output un, which is compared with the
desired signal dn. The difference is multiplied by the feedback gain factor (a)(where “a”
can typically by 0.005). This result then multiplied each received sample to form the nth
updating vector, 4wn. Thus, the n+1th weight set is

(17)

Stability and adaptive loop noise constrain the loop feedback factor to be much less than
unity (see reference 2); however, it is not critical in system applications where
transmission characteristics are slow functions of time. In fact, many practical equalizers
are implemented by simply incrementing or decrementing the weights a fixed amount in
accordance with the size of each component of )wn. Aside from the synchronization
function, the DASP programmable filter device constitutes the bulk of the adaptive line
equalizer, i.e., the tapped delay line, the weighted signal summer, the storage of the current
weights, and their updating.
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