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Telecommunication Applications for CTD Devices

C. W. GOPEN
Reticon Corporation
Sunnyvale, California

Summary. - A relatively new type of component, the CTD (Charge Transfer Device) is
now available to the commercial market. After five years in the development lab, these
parts are finding their way into many applications including telecommunications. This
paper will give a brief overview of the device theory and discuss three particular devices:
1) a transversal filter, 2) a Binary Analog Correlator, and 3) chirped transversal filter used
to implement a Discrete Fourier Transform.

Charge Transfer Devices - The CTD’s are MOS type integrated circuits which store a
sample of an analog signal on a storage site. The amount of charge stored is proportional
to the input signal. This charge packet is then shifted from storage site to storage site under
the control of applied clock waveforms. This can be thought of as an analog shift register
formed by closely spaced MOS capacitors.

Depending on the type of device, the output signal is available as a delayed replica of the
input signal at the end of the line or at a multiplicity of taps. The signal is handled as a
sequence of sampled data points and the user must be aware of the implications. The
maximum theoretical bandwidth is calculated from the sample theorem, and is limited to
one-half of the sampling frequency. The output signal has sidebands centered at the
sampling frequency which are usually removed by an output filter. The input signal must
be band-limited to below the Nyquist frequency or aliasing will occur. If a low pass filter
is used to restrict the input bandwidth, it will insure that this problem won’t occur.

There are two types of CTD’s: BBD’s (Bucket Brigade Devices) and CCD (Charge
Coupled Devices) as shown in Figure 1. The differences between them are primarily in the
details of the device structure. The BBD contains diffusions in the path of the charge
transfers and can be looked at as a series string of MOS transistors with capacitors
connected from their drains to their gates. In n-channel CCD, potential wells are formed
under the electrodes when positive voltages are applied. The potential wells are regions at
the Si - Si02 interface with minimum electron energy. When an adjacent well is formed by
the action of the clock, this well will overlap the first one because of the close physical
spacing. Charge then flows between them similar to that way fluid does. In both device
types the storage is dynamic, that is, if the signal is left too long, thermally generated



carriers will eventually fill all the storage sites. For a typical device the thermal carriers
will fill 1% of the site in 100 milliseconds at room temperature. The number of thermally
generated carriers doubles for every 7EC temperature rise.

Transfer Inefficiency - The key parameter for a CTD is the transfer inefficiency (,) . The
charge transfer inefficiency is the fraction of charge left behind on each transfer. If one site
containing 10,000 electrons is dumped into the next site, and it leaves behind a single
electron, then , = 1x10-4. Since the same fraction is left behind each time a transfer is
made, then for an entire device the total inefficiency is n ,, where n is the number of
transfers. The effect of this on a sine wave input is similar to that of a low pass filter. The
quantitative result for the amplitude attenuation is: Aout/Ain = exp [-n, (1-cos 2Bf/fc)]
where f is the input frequency (always less than the Nyquist frequency, fc/2) and fc is the
sample rate. The additional phase delay over the expected ideal value is )0/  = n, sin
(2Bf/fc) .

The main factors which determine the transfer inefficiency are the density of traps and the
device structure. The traps are locations which will hold a charge for a relatively long time
period and then release it. These traps are predominantly caused by incomplete bonds of
the atoms at the Si - Si02 interface which introduce energy states in the silicon band gap.

Free charges, which move from one site to the next, require a given amount of time
depending on geometry size and structure. If the clock frequency is continually increased,
a point is reached where insufficient time is allowed for all the charge to transfer and so ,
increases.

Figure 2 shows how , behaves as a function of the clock frequency for Reticon’s
n-channel BBD devices. Note the higher frequency response relative to a p-channel device
which has lower mobility and hence lower transfer efficiency. It is common to talk about
the charge transfer efficiency, which is defined in11-, and is typically in the .9999 to
.99995 region.

Noise - The minimum detectable signal will be determined by the noise generated in the
device. There is noise associated with the method of signal injection, charge transfer and
output signal detection. The dominant source is usually related to the charge transfer and is
due to the surface traps which have time constraints in the order of the transfer time. The
number of noise electrons in a charge packet due to traps will be directly proportional to
the density of surface states and typical values are in the order of a few hundred
microvolts, rms. The expression for the noise at the input/output has a KTC dependence,
which is due to the statistical variations of charging a capacitor from a noisy source.
Typical devices have signal/noise ratios in the 60 to 80db range.



Transversal Filters - The general state diagram for a transversal (FIR) filter is shown in
Figure 3. This type of filter contains only zeros, no poles. Because no feedback is
involved, it is unconditionally stable.

Transversal filters are formed in CTD’s by using split electrodes to form capacitors whose
size is related to the desired tap weight function (see Figure 4). As the sampled signal
moves down the line, it induces current in these capacitors which is proportional to the
product of the tap weight and the signal amplitude. All the signals from each half of the
electrodes are summed together and then both sides are subtracted in a differential
amplifier. The weighting functions which are realized as the difference of the area of an
electrode, are programmed onto the device during fabrication by the electrode pattern on
the processing mask.

A standard family of low pass, bandpass and special functions will be available from
Reticon as part of the R5602 series. This is a 64 stage BBD device with on-chip drivers
and output circuitry. In addition, custom devices can be designed by simply changing the
electrode pattern on the mask.

This type of filter is easy to implement in the CTD technology and is quite powerful
compared to the equivalent digital implementation. In general, these filters can be made
with linear phase with no additional complexity and have skirts greater than 100db/octave.
They will operate to sampling rates of 1 MHz and have ultimate rejection in the stopband
of typically 50db. The end of the pass band for low pass filters and the center frequency
for band pass filters will be a function of the input clock. Varying the clock frequency
gives easily tuneable filter characteristics. Figure 5 shows some preliminary results from
three different filters in this family.

Commercial applications are beginning to appear on the market. A recent new CB radio
used a CCD transversal filter in a triple conversation single sideband application. It fills a
real need, as there are no good low cost alternatives. In the TV area, work has been
reported on devices to eliminate ghosts. Using a 64 stage transversal filter, ghost reduction
of 30db has already been achieved.

 Binary Analog Correlator - A Binary Analog Correlator (BAC) does a real time
correlation between a two value reference signal and an incoming analog signal. Several
different CTD architectures are possible for this type of device. The one described here
uses a static shift register to control the outputs from a tapped analog delay line (see Figure
6).

The tapped analog register is a BBD device with the analog signal non-destructively read
at each stage by a source follower (see Figure 7). The signal is transferred from stage to



stage by a two phase complimentary clock. The digital reference signal is stored into its
register by another single phase clock and can either be permanently stored or updated.
This digital signal controls which switch applies power to one of the two drains of the
source followers at each stage. The outputs of the source followers are summed on a
current basis to yield a value which is the sum of the products of each analog sample with
its corresponding binary weight or the correlation function. Each clock cycle there is a new
correlated output.

One of these devices was programmed with a thirteen bit Barker Code and both a clean
and noisy analog signal were applied. The output signals shown in Figure 8 show that good
discrimination was achieved in both cases. Typical applications for this type of device are
in p-n sequence modulation of radar signals and spread spectrum type communications.
One effort presently underway is to produce an anti-jamming radio using spread spectrum
for military communications. Using a 1024 bit code for this system would give 30db signal
to noise improvement.

Chirped Transversal Filters - The power spectrum density of a waveform can be
calculated using the CZT (Chirped Z Transform) algorithm. This algorithm is performed by
premultiplying the sampled signal with a linear FM signal (a chirp) , then convolving that
product with another chirp waveform, squaring the outputs and finally summing them (see
Figure 9) . If the actual Fourier coefficients are required, which would provide both the
amplitude and phase information, then the two outputs are postmultiplied by the same
chirp waveform used in the premultiply. The Reticon R5601 contains four 512 point split
electrode transversal filters which perform the complex convolution and the summing as
indicated by the dotted portion in the block diagram. There are two devices available; the
R5601-1 which has linear chirped coefficients of COS                                               and
the R5601-2 which is a linear chirp multiplied by a Hanning window:

where n is the tap number varying from 1 to 512. The R5601-1 can do either the total DFT
or the power spectral density, while the R5601-2 (see Figure 10) can only do the power
spectral density. Multiplying the tap weights with the Hanning function distorts the phase
information, but it reduces the side lobes and eliminates the need for external windowing.
Each R5601 contains two 512 stages, 4 phase split electrode delay lines. Two different
filter functions are implemented on each delay line by splitting two of the four electrodes
in each stage (see Figure 11) . Each R5601 device contains 512 time samples and outputs
512 Fourier coefficients. In the case of real input signals, the output from the system is 256
unique frequency points plus the DC component. These devices are capable of sampling
the input signal at rates up to 2 MHz.



Data has been taken in a spectrum analyzer similar to the one in the block diagram in
Figure 9 at a 100 KHz sample rate. The thermal noise was more than 70db below the
maximum output signal. Another indication of the system’s performance is obtained with
two tone measurement. Using two sine waves, a few bins apart in frequency, signals up to
50db in amplitude difference can be detected (see Figure 12) .

Comparing this type of analyzer to a digital FFT, there are several significant advantages.
In general, a digital system is more flexible and can have more accuracy while with the
analog CZT has fewer components, smaller size, lighter weight, lower power, improved
reliability, and in larger volume has lower cost. For an analyzer which uses a larger
number of samples, the errors to the CZT can become less than for the FFT. This is
because the sources of error in the CCD CZT; thermal noise, quantization of the multiply
chirp waveforms, weighting coefficients and charge transfer efficiency are constant with
increased number of samples (N) while in the FFT the errors go up as the square root of N.

Frequency spectrum signal analysis can be used in many applications. Some of the
common applications are signature analysis, transient studies and use a speech recognition
system. More exotic processing, such as bandwidth compression and signal coding are
also possible. Many of these applications have now become practical due to the size and
cost reductions this device offers.

While this paper discusses these specific CTD devices, many other devices are either in
development or are already available. These include both general purpose devices and
devices dedicated to particular applications. As designers in the telecommunications
industry get more familiar with these devices and their capabilities, the device
manufacturers can expect requirements to emerge for many new applications.
 (a) Bucket Brigade Device  (b) Charge Coupled Device

(a) Bucket Brigade Device (b) Charge Coupled Device

Figure 1 - CTD device structures.



Figure 2 - Charge transfer inefficiency versus clock
frequency for BBD devices.

Figure 3 - General state diagram for transversal (FIR) filter.

Figure 4 - Conceptual diagram of split electrode structure
CTD transversal filter.



(a) Low pass filter (b) Narrow band pass filter

(c) Wide band pass filter

Figure 5 - Frequency response of three different 64 stage BBD
transversal filters. Clock frequency of 100KHz.

High spikes are DC response of spectrum analyzer.



Figure 6 - Block diagram of a Figure 7 - Equivalent schematic
binary analog correlator. of BBD binary analog

correlator.

(a) Input signal contains (b) Input signal contains code
only code. buried in noise.

Figure 8 - Correlation output obtained by correlating analog input
signal with same Barker code stored in the digital register.

Top trace of each photo is input signal,
bottom trace is correlation output.



Figure 9 - Block diagram of CZT Figure 10 - Photomicrograph of
algorithm for power spectral R5601, quad CCD split

density output. electrode filter.

Figure 11 - Pictorial representation of a portion of one CCD split
electrode filter of the R5601. Illustrates how two filter

functions are achieved in one structure.

Figure 12 - Output waveform from CZT spectrum analyzer for two sine wave inputs
at 10 KHz and 20 KHz and a sample clock of 100 KHz.


