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ABSTRACT 

The expected efficiency of network-based telemetry systems vs. the tried and true PCM-based 
approaches is a debated topic.   This paper chooses to use a lighthearted voice to pull the two 
sides of the “war” to a table of negotiation based on metrics.  Ultimately, focusing on metrics 
that truly define efficiency is the key to understanding the varying points of view.  A table of 
these metrics along with the “why and when” criteria for their use is presented based on historic 
mathematical information theory, true flight test data requirements, and lab analysis.  With these 
metrics, the negotiation and reasonable compromises in the war may become clear.  In other 
words, this paper attempts to provide a methodology that can be used by the community to aid in 
choosing the appropriate (or good enough) technologies for current and future telemetry testing 
demands. 
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INTRODUCTION 

“I don’t really care about this project; I’m here to make sure it fails.” This is the way a meeting 
attender privately introduced himself in the back of the room. He was practicing classic Sun Tzu: 
“All warfare is based on deception. Hence, when able to attack, we must seem unable; when 
using our forces, we must seem inactive; when we are near, we must make the enemy believe we 
are far away; when far away, we must make him believe we are near. Hold out baits to entice the 
enemy. Feign disorder, and crush him.” [1]  
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No more deception!  The secret is out; it is a full scale battle.  Whose side are you on? 

 

For the past half century, modern flight test instrumentation systems have largely been based on 
the Inter Range Instrumentation Group (IRIG) 106 pulse code modulation (PCM) standards, 
which have provided stability, simplicity, and commonality to the flight test community, despite 
some key limitations.  In more recent years, network-based flight test instrumentation systems 
were introduced, which provided new capabilities to the flight test community, particularly when 
it comes to handling asynchronous data.  Now we have two approaches to supporting 
instrumentation needs.  So, which approach is better: PCM or networking?  While proponents on 
each side promptly provide voluminous arguments, we believe that both approaches have their 
advantages and disadvantages, and choosing the most suitable one (or even both) for a given 
system depends heavily on the requirements for that system.  It is necessary to analyze the 
metrics of each approach and then, based on the requirements of a given system, decide which 
approach is best suited for that particular system. So what are the key measures that should be 
considered when analyzing PCM and network-based systems? 

The first key measure is efficiency. “Efficiency” is a broad term; it is easy to fall into the error of 
arguing over efficiency without defining it for the telemetry context. Two efficiencies of interest 
are: link spectral efficiency and information-based spectral efficiency.  Link spectral efficiency is 
the “efficiency” often discussed when the topic is raised. However, information-based spectral 
efficiency is what ultimately matters when it comes to measuring the “efficiency” of an 
instrumentation system. 

Another key metric of instrumentation systems is information content.  Because the term 
“information” is also an overloaded term, it needs to be clearly defined with respect to the 
content of the information.  Information content has to do with the entropy, that is, the quantity 
of information contained in a message.  As an example, suppose the data being acquired by an 
instrumentation system was a square waveform.  One approach would be to periodically sample 
that signal and store/transmit each sample.  Another approach would be to detect where the edges 
of the square waveform happen and only send the timings associated.  The second approach 
could have significantly less samples than the first; however, the information content of both 
approaches would be the same.  Simply put, most of the samples of the first approach are 
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uninteresting (repetitive data, no information content) from an entropy perspective. Finally, 
reliability is another key measure when comparing PCM and network-based systems, ensuring 
that the data is acquired and delivered without losses.   

This paper examines each of these measures and the metrics associated with them with the 
ultimate goals of providing an unbiased analysis of PCM and networking and a possible 
methodology to aid in choosing the appropriate (or good enough) approaches for current and 
future telemetry testing demands. 

MEASURES FOR METRICS  

What would winning really look like? 

 

If all else is held constant, efficiency is simply putting more bits per second through a fixed 
bandwidth.  However, when bandwidth is reserved for one telemetry event but not used, it is 
wasted.  Link spectral efficiency of a digital communication system is measured in bit/s/Hz, or, 
less frequently but unambiguously, in (bit/s)/Hz [2].  But, each telemetry event only needs to get 
its test data to be successful.  The rate of useful information is what really matters when 
retrieving data from a telemetry event.  Dead air, error-correcting codes, framing words, and 
networking protocol items of overhead are only helpful when they increase the useful 
information that is captured from a telemetry event.   

As previously alluded to, information content is closely linked to efficiency.  But what exactly is 
information content?  In information theory, information content is referred to as entropy, or 
Shannon Entropy, which quantifies the expected value of the information contained in a 
message, usually in units such as bits [3].  Put in a different manner, entropy is the measure of 
the average information content that is unknown when one does not know the value of the 
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random variable, where the random variable can be a measurement, for example, in an 
instrumentation system.  As such, the less predictable a measurement is, the higher its entropy.  
The entropy of a random variable is shown in equation (1) (in units of bits). 

𝐻(𝑋) =  𝐸�𝐼(𝑋)� =  𝐸(− ln𝑝(𝑋)) =  −�𝑝(𝑥𝑖) log2 𝑝(𝑥𝑖)
𝑛

𝑖=1

            (1) 

where H = entropy 
 X = random variable 
 E = expected value of random variable 
 p(X) = probability mass function of random variable 
 I = information content of random variable 
 
As an example, let us consider the entropy of a language (textual), which is the “statistical 
parameter which measures, in a certain sense, how much information is produced on the average 
for each letter of a text in the language.” [3]   English, for instance, has low entropy - not much 
information is contained in each letter of an English text.  “Even if we don't know exactly what is 
going to come next, we can be fairly certain that, for example, there will be many more e's than 
z's, or that the combination 'qu' will be much more common than any other combination with a 
'q' in it and the combination 'th' will be more common than any of them.” [3] 

But why is it so important to consider information content (i.e. entropy) in data being acquired in 
an instrumentation system?  Many instrumentation systems have a telemetry link with 
significantly limited bandwidth.  As a result, it is only natural that we must make the best, most 
efficient use of that constrained channel.  Based on equation (1), a data source that periodically 
produces the same value has an entropy of zero, since the next measurement value will always be 
known.  Examples of such data sources could be ones that monitor measurements for which 
values remain unchanged for long periods of time, such as auto-pilot engaged/not engaged, 
landing gear deployed/not deployed.  If we were to send these types of measurements across the 
constrained link, would we want to keep sending every single value generated by it?  Most likely 
not, since no new information is being conveyed by its multiple samples. Only a few samples are 
necessary to convey all the information about that “measurement” (i.e. timings for when the 
measurement changes states). Sending all other samples would be a waste of not only the 
available bandwidth, but also of the system efficiency, since information content and efficiency 
are directly related, as we will see next. 

Both sides of the battle lines use time to share the bandwidth allocated among measurements of 
interest.  Both schedule the time of bandwidth access for which a particular measurement 
(hopefully one that provides information) is telemetered.  This scheduling can be dynamic or 
static.  In dynamic scheduling, the measurements to be telemetered are decided on a moment by 
moment basis.  In static scheduling, the time slots are chosen as part of the telemetry event 
planning.  For example, the chosen structure of a PCM frame (including super commutation and 
sub-commutation) for a particular telemetry event is a static schedule.  Time slots for 
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asynchronous information are explicitly prescheduled by the frame structure.  Various methods 
are used (e.g. stuff bits, rate conversion, current value tables, and repeated values), but if the 
schedule is static and there is no new information for a time slot, bandwidth is wasted.  
Scheduling is backed by well-established mathematical techniques.  The static schedule period is 
related to the least common multiple of the interesting data rates.   Choosing a static schedule 
period that is too short usually results in loss of information.  Choosing too long of a period 
inevitably results in wasting bandwidth.  While the math is well established, imprecision in 
knowing the asynchronous information rates and the mix of data that actually occurs further 
challenges optimization.  Dynamic scheduling requires more complex protocols.  And, as we 
have seen, protocol bits are not information; they are wasted bandwidth.  Asynchronous 
schedules can lead to more efficient solutions when information is primarily asynchronous.  
Static schedules can lead to more efficient solutions when information timing is primarily 
predictable ahead of time. 

Another key measure to be considered in the battle between PCM and networking is reliability.  
What is meant by reliability in this context?  “In computer networking, a reliable protocol is one 
that provides reliability properties with respect to the delivery of data to the intended 
recipient(s)…” where reliability properties “specify the guarantees that the protocol provides 
with respect to the delivery of [data]”. [4]   So how do PCM and networking compare when it 
comes to reliability?  In this specific battle, networking clearly wins.  For instance, networking is 
able to deliver data reliably using a variety of different protocols (e.g. Transmission Control 
Protocol, or TCP).  In the event data transmission is compromised, such as during an outage in 
the telemetry link (e.g. test article out-of-sight scenario), networking provides the tools to 
retrieve the data that did not reach the ground processors from the test article recorder seamlessly 
and instantaneously.  In the case of PCM, such flexibility is not present.  If data transmission is 
ceased, such as during a telemetry link outage scenario, that data cannot be automatically and 
seamlessly retrieved while the test is in progress.  As such, networking provides significantly 
more guarantees with respect to delivery of data than PCM.  In effect, data is never lost using a 
network-based approach. The same cannot be said about PCM-based approaches. 
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WHAT DO THE METRICS LOOK LIKE IN REAL SCENARIOS  

Win-Win doesn’t really need to be compromise. 

 
 

Now that the key measures for comparing PCM and networking systems have been defined, the 
next step is to evaluate the metrics for those measures, starting with information content.  For 
this analysis, three typical types of instrumentation data will be considered: synchronous data 
(e.g. analog sensors, such as thermocouples and strain gauges), asynchronous data (e.g. bus data, 
such as MIL-STD-1553 and ARINC 429 buses) and pseudo-constant data, that is, data that 
remains unchanged for long periods of time (e.g. auto-pilot and landing gear state sensors). 

Synchronous data can be high-frequency (vibration sensors - kHz) and low-frequency 
(temperature sensors – few Hz) and are usually sampled and transmitted at a fixed sampling rate, 
usually five to six times the highest frequency of the signal to avoid aliasing.  Let us assume a 
signal is being sampled at a fixed sampling rate and requires six bits to be encoded, which means 
the signal can have 64 possible states (i.e. quantized values).  Let us further assume that the 
probability p(xi) of a sample having value xi is the same for all values.  That means that p(xi) = 
1/64 for each of the 64 possible values of that signal.  Using equation (1), the information 
content (or entropy) of each sample is six bits.  That means that for every 6-bit sample acquired, 
six bits of information content is present in those samples.  In other words, each sample contains 
100% of information content.  Consequently, a system (PCM or networking) sampling and 
transmitting that measurement at a fixed, appropriate rate will provide 100% information content 
for that measurement!  

While that sounds promising, reality is that the assumption that the probability p(xi) of a sample 
having value xi is the same for all values is quite unrealistic. As such, we need to consider a more 
probable measurement such as altitude, where the altitude can vary from 0 – 35k feet in steps of 
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1k feet, using six bits to encode the measurement.  For all practical purposes, let us further 
assume that once the flight has reached cruising altitude, the probability of the altitude being 
below 28k feet for an extended period of time is zero.  In this case, using equation (1), the 
information content (or entropy) of each acquired sample during flight cruise is about three bits.  
That means that, for each 6-bit sample transmitted, only three bits actually have information 
content. That results in a 50% rate of information content per sample, which will ultimately drive 
the system’s efficiency down.  In this example, a fixed transmission rate system (i.e. PCM 
system) would provide a low overall system efficiency. A better approach would be to transmit 
data only when a state/value changed (something a network-based system can support), which 
would raise the information content close to 100%.  Nevertheless, a PCM system can still 
achieve high levels of information content with synchronous data (e.g. if altitude changes 
dramatically and frequently during a test); it all depends on the properties of the data being 
acquired.  In fact, PCM systems perform best from an information content perspective when 
acquired data is synchronous in nature and has the “optimal” properties. 

Another typical type of instrumentation data is asynchronous data, such as MIL-STD-1553 and 
ARINC 429 buses.  As the name implies, asynchronous data is not periodic.  However, fixed 
transmission rate systems, such as PCM, are limited to their periodic nature so that they transmit 
aperiodic data using periodic methods.  Network-based systems, on the other hand, provide the 
ability to transmit data asynchronously, e.g. only when bus data is detected.  How does the 
information content between PCM and networking compare? Consider a signal with the 
asynchronous pattern shown in Figure 1, where six bits are required to encode the signal (where 
the measurement in this example is the time ti when a bus measurement is detected).  Assuming 
a PCM system is sampling and transmitting this signal at a fixed rate, the probability mass 
function p(xi) will be discontinuous.  In other words, the probability that a bus measurement is 
detected during a transmission period of the PCM system is zero at times and higher at other 
times.  As such, assuming a certain probability mass function p(xi) and using equation (1), the 
information content (or entropy) of each sample is about 0.9 bits.  This means that for each 6-bit 
sample transmitted, only 0.9 bits actually have information content.  That results in a 15% rate of 
information content in each sample, ultimately driving the system’s efficiency down.  In this 
case, a fixed transmission rate system (i.e. PCM system) provides low overall transmission link 
efficiency.  A better approach would be to transmit data only when a bus measurement is 
detected (something a network-based system can support), which would raise the information 
content close to 100%. 

 

Figure 1. Signal with Asynchronous Pattern 

Finally, in the case of pseudo-constant data, such as auto-pilot state sensors, the information 
content can be shown using equation (1) to be below 15%, which again highlights that fixed 
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transmission rate approaches, such as PCM systems, are not well suited for this type of 
measurement, whereas network-based systems can more adequately support the efficient 
transmission of this type of measurement. 

While the examples provided in this analysis are artificial, they should clearly communicate the 
differences in information content between PCM and network-based systems.  The periodicity 
and inflexibility of PCM systems result in a significant decrease in the information content of 
transmitted data.  Conversely, the flexibility of network-based systems opens the doors to 
“tuning” the transmission of data to achieve optimal measurement information content.  The 
bottom line is that there is no “one-size-fits-all” approach if we are to maximize the efficiency of 
instrumentation systems. 

CONCLUSION  

“He will win who knows when to fight and when not to fight.” [1] 

 

There really is not a “best”.  The information rate and reliability are the king-makers.  Table 1 
below is based on heuristics developed through experience across time.  It looks at relative 
measures of efficiency we have discussed in this paper.  The rightmost column is a summary 
based on system level efficiency.  
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Table 1. PCM vs. Networking Information Content and Efficiency Comparison 

Type of Measurement PCM Systems: Information-
Based Spectral Efficiency 

Network-based Systems: 
Information-Based Spectral 

Efficiency 

Synchronous High and always higher than 
network-based 

Anywhere between low and 
high depending on the 
measurement to protocol 
overhead ratio 

Asynchronous Low to high depending on 
wasted time slots 

Anywhere between low and 
high depending on the 
measurement to protocol 
overhead ratio but usually 
higher than PCM 

Pseudo-constant Depends on synchronous to 
asynchronous ratio 

Depends upon asynchronous 
to synchronous ratio 

Latency delivery critical High for synchronous data;  
Low for asynchronous 

Higher than PCM when 
asynchronous 
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