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ON-BOARD HIGH FREQUENCY DATA PROCESSING

ROBERT H. MASCHHOFF
Data Systems Division

Gulton Industries
Albuquerque, New Mexico

Summary.   On-board processing of high frequency analog data, such as that derived from
vibration and acoustic sensors, offers the telemetry engineer three highly significant
advantages over traditional fm/fm transmission of such data. When combined with PCM
techniques the result is (1) bandwidth compression, (2) single rf data link, and (3)
substantially higher data accuracy. In this processing technique only data representative of
the power spectral density of the sensed waveform is transmitted to the ground station. By
shifting the data processing function to the on-board telemetry system and transmitting
only the processed data, the required transmission channel bandwidth is greatly reduced.
As a result of this bandwidth compression the high frequency data can be pulse code
modulated. Two significant advantages thereby ensue. The first is that data from multiple
sources may now be transmitted over a single rf data link. The second advantage is that the
data accuracy is greatly increased.

Statement of the Problem.   On-board high frequency data processing is a technique
which has been developed in response to certain problems arising out of the telemetering
of high frequency data derived from such sources as vibration and acoustic sensors.
Through the implementation of this technique, the telemetry engineer is able to avoid
certain basic problems which greatly hamper, and can even frustrate, his efforts to obtain
high frequency data when traditional fm/fm telemetry techniques must be employed. There
are three interrelated factors at the source of these problems. They are (1) transmission
bandwidth, (2) number of data sources per rf data link, and (3) data accuracy. In fm/fm
transmission, the engineer, in order to satisfy IRIG requirements, is restricted to a small
number of subcarriers (per rf link) each of which can carry the data of only one data
source. The higher the frequency of the data is, the smaller will be the number of available
subcarriers per rf link and the greater will be the number of rf links required. At the same
time the accuracy of the data transmitted will be reduced since more of the non-linear
portions of the subcarrier frequency response characteristic will necessarily be utilized.
Due to the limitations of onboard space, weight, and power, it is frequently necessary to
reduce the number of telemetered data sources to a level below the quantity desired and/or
to compromise the required accuracy of that data which is transmitted. Even where the
number of high frequency data sources is small and all of the desired data can be



transmitted over one rf data link, the data accuracy permitted by fm/fm transmission
techniques is often quite poor, and the telemetry engineer is faced with the necessity of
making the best of a bad situation.

One possible solution to this problem is to directly sample and digitize this high frequency
analog data prior to transmission. Through the utilization of pulse code modulation (PCM)
techniques, the engineer may seek to realize two highly significant advantages. The first is
to transmit all of the data over a single rf data link since all data is time-multiplexed in the
PCM approach. The second is to increase data accuracy by virtue of the higher accuracies
which digital techniques afford. Although this approach has been successfully employed,
its scope of application is greatly restricted. This results from the fact that with a PCM
encoding process, individual analog data input signals should be sampled at a rate which is
at least four times the highest frequency contained in the original waveform in order to
avoid excessive aliasing errors and to satisfy IRIG recommendations. The high sampling
rates which these data sources impose upon a PCM system which must also encode a
considerable number of low frequency analog data sources result in a high system bit rate
and consequently a high data transmission bandwidth. The number of high frequency data
sources which a PCM system can encode in this manner, without exceeding the practical
limits of bit rate and transmission bandwidth, is thus primarily determined by the frequency
of the high frequency data sources under consideration in conjunction with the number of
low frequency analog and digital data sources. In practice the result is that very little high
frequency data can be transmitted with this approach. Where such sources are handled by
a PCM system they are the factors within the system which are usually responsible for the
hardware problems deriving from high bit rates.

Now it is one thing to employ a telemetering system which encounters design problems but
which nevertheless works well once these problems are solved. It is quite another thing to
be faced with the impossibility of telemetering all of the necessary data. The former is the
case where it is possible to employ a PCM system to transmit the desired high frequency
data. In addition, it should be noted here that since many telemetering systems employ
PCM techniques for transmission of other data not suitable for fm/fm techniques, it is
highly advantageous to include this high frequency data on the same rf data link. Thus
where the PCM approach can be implemented, not only will the data be transmitted with
substantially higher accuracy than with fm/fm but it will all be transmitted over one rf data
link. However, this straightforward PCM approach cannot be implemented where the
number of high frequency data sources and their frequencies rise above the minimal levels
established by the overall PCM system requirements. Since the highest frequencies
contained in the original data waveforms generated by vibration and acoustic sensors may
be as high as 3 kHz and 15 kHz respectively, the limitations of this PCM approach are
quickly encountered by the telemetry engineer seeking to transmit such data. In fact, it may
be difficult to satisfactorily telemeter even a single acoustic data source.



A simple example can readily display the impact which even one such high frequency data
source can have on the PCM system bit rate. Neglecting the complications arising from the
necessity of synchronization, assume a 10-bit PCM system which telemeters only one
acoustic data source with a 15 kHz maximum frequency component in conjunction with
100 low frequency analog data sources. Then the minimum required PCM sample rate /
channel would be 60 kHz and the minimum system output bit rate would be 1.2 MHz
(assuming other word in the prime frame is acoustic data so that bit rate = 60 kHz x 200
channels x 10 bits/word), which results in excessive bandwidth. Of course a lower
frequency acoustic data source or a small number of vibration data sources could possibly
be telemetered under these conditions, But even here, where the low frequency inputs,
both analog and digital, are more numerous and the requirements which they impose more
complex, the limits of this straightforward PCM approach will be very quickly
encountered.

Solution to the Problem.   Thus we have quickly run through the limitations which the
telemetry engineer encounters in his attempts to telemeter, via either fm/fm or
straightforward PCM techniques, high frequency data sources with a high degree of
accuracy over a single rf data link. The purpose of the remainder of this paper is to present
a solution to this problem which combines the high accuracy of PCM transmission
techniques with on-board processing of high frequency data. The result is a high accuracy
telemetry system which can handle several high frequency data sources in conjunction with
literally hundreds of low frequency analog and digital data sources and under some of the
most complex overall system data format requirements which are likely to be imposed.

The design rationale behind on-board high frequency data processing is quite simple and is
based upon the normal practical objectives of the telemetry engineer seeking to obtain
vibration and acoustic data. Now the initial objective in sampling source data with PCM
encoding techniques is to have the capability of reconstructing an original waveform to a
high degree of accuracy with a minimal amount of transmitter bandwidth., However,
vibration and acoustic data measurements impose the necessity of high bit rates and hence
wide bandwidth transmissions, as explained above, in order to reconstruct original
waveforms. But the point is that, as a practical matter, it is frequently not necessary to
reconstruct the original waveform of this high frequency source data. That is, in many
cases the primary information of interest is in the power spectral density of the original
waveform rather than in that waveform itself. For these cases there exist techniques for
processing the information prior to PCM encoding which greatly reduce bandwidth
requirements but still preserve the power spectral density information which is of primary
interest. On-board high frequency processing is one such technique. The ensuing
discussion will be an explanation of the basics of this technique as it has been developed
and constructed at the Data Systems Division of Gulton Industries on a reentry vehicle
program for McDonnell Douglas Aircraft Corporation.



Since the power contained in any selected frequency band of the source data waveform is
proportional to the square of the average voltage of the waveform within that frequency
band, the rms value of this voltage can be used as a measure of the power density. Thus
the design objective of onboard high frequency processing (hereafter designated as HFP) is
to present pieces of information to the PCM encoder proper which are accurate
representations of the rms voltages contained within the frequency bands into which the
original data waveform has been analyzed. These processed pieces of information can then
be transmitted to the ground station via PCM techniques with practically no further error.
It is a simple matter for the ground station equipment to extract these rms voltage values
and then construct the power spectral density of the original high frequency data
waveform.

There are three basic functions which the HFP subsystem performs in processing the high
frequency data in this manner. They are (1) frequency division of the original high
frequency data waveforms, (2) squaring, and (3) integration of the voltage values
representative of each frequency band resulting from the division in (1). The first function
is accomplished with a parallel array of active bandpass filters whose quantity and
frequency ranges for each high frequency data source are established in conjunction with
the dynamist. This division is arrived at on the basis of known and expected signal
waveform characteristics so that the amount of desired data transmitted to the ground may
be maximized. Thus, for example, in one PCM system built by Gulton which utilizes a
HFP subsystem, each of the two vibration data waveforms were divided into 12 frequency
bands (up to a maximum frequency of 2.83 kHz), while each of the two acoustic data
waveforms were divided into 7 frequency bands (up to a maximum frequency of
11.3 kHz). It might also be noted here that in addition to these four high frequency data
sources, the overall PCM system in question encoded over 400 low frequency analog data
inputs.

The output analog signal from each filter is squared to yield a positive number. The
squared number is then successively integrated over intervals of time T, where the value of
T is established such that synchronous operation of the HFP subsystem with the overall
PCM system is enabled. Immediately following interrogation of a specific frequency band,
that associated integration is reset in preparation for a new integration period of time T.
Thus each band is interrogated once every T seconds and the output data is represented as

f 2 (t) dt 
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where fn(t) = the time domain waveform which appears at the output of filter band n
and T = integration period.

From the above data, ground station data reduction equipment can calculate

which is the rms value of the voltage appearing at the output of filter band n.

While function (1), frequency division, is implemented in the same manner for all high
frequency inputs, the bandpass filter outputs are not all squared and integrated in the same
manner. The filter outputs with maximum frequencies of greater than approximately 3 kHz
are processed with analog squaring and integrating techniques, while the lower frequency
filter outputs (which are in the majority even for the acoustic data sources alone) are
processed via time shared digital squaring and integration techniques.

Briefly, these two squaring and integrating techniques are implemented as follows. In the
analog approach, the outputs from the filters whose highest frequency is greater than
approximately 3 kHz are routed to individual analog squaring circuits on a continuous
basis. The squared outputs are then routed in turn to individual analog integrators which
each have a reset field effect transistor (FET) connected across their respective integrating
capacitors. At the completion of each integration interval T, the analog outputs are then
routed, in accord with their assigned location in the PCM system data format, to the PCM
system analog multiplexer. There they are treated as low frequency (1/T) analog data
inputs and digitized along with all of the other low frequency analog data inputs. The
capacitor is then discharged, through the FET, to reset for the next integration interval.

In the digital approach, an analog multiplexer sequentially presents each filtered output to
an analog to digital converter at a very high sample rate satisfying the Nyquist criterion
(i.e., sampling rate is at least four times the highest frequency contained in the sampled
data). The digitized outputs address a read only memory (ROM) using the digitized
magnitude as address. Since the content of each addressed location is the binary square of
its corresponding address, each ROM output is the binary square of its input.

The digital integration is actually performed as an accumulation of a fixed number of
squared samples (determined by the multiplexer sampling rate just described in
conjunction with the integration time interval T) by a random access memory (RAM).
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Each filter output being digitally processed has a corresponding totally dedicated location
in this RAM where this fixed number of samples is accumulated. At the completion of
each integration (accumulation) interval, whose duration is synchronized with the PCM
system prime frame rate, the integrated output is routed in digital form to the PCM system
digital multiplexer. There it is treated as a specific number of digital data inputs (equal to
the number of bits/word in the PCM output bit stream) and appropriately inserted into the
PCM system output data format along with all the other bandpass filter outputs undergoing
digital squaring and integration.

Although the digital method is preferable in terms of accuracy, and particularly in terms of
hardware implementation, it has to date been found more satisfactory to employ the analog
method for the higher frequency outputs on the basis of size, cost, and power tradeoffs. As
a result of the time sharing of the filter outputs in the digital technique, the recurring
channel to channel hardware is minimized. Basically, only the multiplexer need be
enlarged. However, this holds true only at the lower frequency ranges. For the higher
frequency channels, recurring analog to digital converters (and possibly ROM’s and
RAM’s) would be required in order to handle the high sampling rates which would be
necessitated in order to avoid aliasing errors on this high frequency data. On the other
hand, since time sharing is not employed in the analog technique, each data channel
requires a separate squaring circuit and integrating circuit. Now where the frequencies are
low enough to allow for implementation of the digital technique (and are of sufficient
quantity to absorb the nonrecurring hardware which this approach requires) without
incurring any substantial increase in the channel to channel hardware, the digital technique
is preferable. But where the frequencies are higher so that this no longer holds true, then it
is preferable to begin employing the recurring channel to channel hardware required by the
analog technique so long as an excessive number of analog channels are not required. Thus
in the HFP subsystem referred to earlier, only 4 out of 38 bandpass filter outputs are
subjected to analog processing. By setting the dividing line between digital and analog
processing techniques at approximately 3 kHz, this tradeoff is optimized.

Conclusions.   A solution to the telemetering of high frequency analog data sources has
been presented in the form of on-board high frequency processing (HFP) techniques. Some
of the advantages as well as the limitations of this approach have been rather briefly
discussed. The basic position which has been presented in this paper is that HFP
techniques, which are now a reality due to recent advances in the technology of monolithic
and hybrid active filters and of large scale semiconductor arrays, can provide significant
advantages, and, in many cases, solutions to real dilemmas, for the dynamist and the
telemetry engineer who have heretofore relied upon fm/fm transmission techniques. In this
shift of the data processing function from the ground station to the airborne PCM system,
the telemetry engineer gives up the possibility of reconstructing the original high frequency
data waveform. Where it is essential that such reconstruction be performed on the ground,



then the HFP techniques presented here provide no solution. But where the original
waveform need not be reconstructed, where power spectral density information is, or can
be made to be, sufficient for one’s data needs, then the benefits of HFP techniques can be
significant indeed. Gulton’s efforts in the development of HFP hardware reflect the strong
conviction, based upon extensive telemetry experience, that a significantly large proportion
of high frequency data source telemetering can benefit greatly from the utilization of these
techniques.

To recapitulate, the immediate effect of the HFP approach is transmission bandwidth
compression to the extent that PCM techniques can be employed even where several high
frequency data sources are to be telemetered together with literally hundreds of low
frequency data sources. As a result of PCM transmission of the data, the accuracy of this
data can be maintained at the high levels which digital techniques afford. Perhaps an even
more significant result is that so much data can be transmitted over a single rf data link.
Where airborne size, weight, and power are important factors, as they almost always are,
the significance of using only a single rf data link can be great indeed, particularly when
the impact of the size and weight of additional batteries are included. But perhaps an even
more effective way of stating the case for on-board high frequency data processing (HFP)
is to point out that it can often provide the telemetry engineer with the opportunity to
obtain important high frequency data which would otherwise, as a result of various
practical limitations beyond his control, be inaccessible to him.

A further advantage which can be derived from PCM HFP techniques is the ability to
telemeter the critical data which occurs during the rf blackout interval on vehicle reentry
with greater accuracy and less hardware than with comparable fm/fm techniques. Through
the implementation of a digital delay unit, this data can be maintained in digital form (so
that there is no reduction in accuracy) and then transmitted with the subsequent PCM data.
This approach does not require an additional tape recorder, whereas one is required in
fm/fm transmission. In addition, where the normal transmission bandwidth is not already
quite high (e.g., over 400 kHz), an additional rf data link may not even be required since
the delayed data could be incorporated into the original PCM output data format. These
further improvements in cost, power, size, and accuracy are highly significant in the light
of the critical nature of this reentry data.




