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ABSTRACT 
 
The availability of spectrum has been decreasing while requirements have been increasing.  One 
way of answering the question of how much impact this has is to ask how much spectrum would 
be used in an ideal situation.  A way of getting a handle on this question is to look at how much 
data is recorded onboard test vehicles.  We can assume that, if we could, we would transmit 
everything we currently record.  This would be ideal since we could then consider the onboard 
recorders as backup and we would have all data available in case of catastrophe.  This paper 
looks at onboard recording and telemetry trends to see what percentage of data has been and will 
be telemetered. This analysis involves several levels in that telemetry requirements are not 
limited to transmission over a single frequency.  It is common to have more than one vehicle 
involved in an operation.  Thus, different scenarios are evaluated from single vehicle operations 
to larger scale test and training operations.  When considered from this point of view, the impact 
becomes quite clear: the T&E community is making significant compromises on telemetering 
data. Therefore, current efforts to obtain more spectrum for telemetry use through the World 
Radio Conference are well justified. 
 
 

INTRODUCTION 
 
This paper is motivated by efforts to quantify the lack of spectrum for use in Test and Evaluation 
(T&E).  One approach is to ask the question: How much spectrum would be used if there were 
no constraints on spectrum usage?  It is understood that this is looking at desired vs. required 
spectrum usage.  So, for the main analysis of this paper, the following assumptions are made: 
 

1. There is infinite spectrum available. 
2. The instrumentation necessary to support any level of spectrum usage is available. 

 
Of course, neither of these assumptions is true.  But this exercise will give some feel for the 
worst case scenario of spectrum usage.  Once this is quantified, an analysis of telemetry capacity 
allows quantifying the impact to T&E.  That is, we can begin to answer the question: What level 
of compromise is being made due to telemetry limitations? 
 
The fundamental approach is based on the assumption that, if possible, all the data being 
recorded onboard would be telemetered.  (At the very least, this is justified by catastrophe 
analysis.)  By looking at onboard recording capabilities, we can start to calculate an upper limit 
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on desired telemetry usage.  It should be remembered, however, that it is not necessarily the case 
that all data desired to be recorded is recorded.   
 
When talking about onboard recording capacities, there are actually two values to consider: 
recording rate and total storage capacity.  The recording rate can be directly compared to the 
telemetry rate in order to quantify real time telemetry deficiencies.  Although not directly related 
to telemetry needs under the assumptions used, the analysis will also consider total onboard 
recording capacities.  This is provided since it is directly related to the same technology 
limitations and is of interest in and of itself.   
 
 

HISTORICAL TRENDS 
 
Table 1 provides historical figures which show increasing capacities for telemetry and onboard 
recording.  The dates are approximate.  The numbers are fairly accurate since they are based on 
the abilities of the mediums used during the stated era. The last column calculates the percentage 
the telemetered rate is of the onboard rate.  The table reflects the fact that telemetry requirements 
were mostly being met prior to about 1990.  Even with increased recording capacity, modern test 
vehicles with high end data requirements are not recording all data.  Thus, these numbers are 
conservative and do not fully represent the desired data rates. 
 

Table 1 - Historical Data Capacity Trends 
 

Circa Medium 

Total 
Onboard 
Capacity 
(Gbytes) 

Onboard Rate 
(Mbits / sec) 

Telemetry 
Speed 

(Mbits / sec) 

Percent 
TM is of 
Onboard 

<1990   ~ 80
1990 14 track tape 1.7 2.5 0.256 10
1995 MARS II tape 34 12 0.8 6.7
2000 DCRSi tape 50 240 1.2 0.5
2002 Solid state 

(digital) 
69 240 10 4.2

2004 Solid state 300 960 10 1.0
2006 Solid state + 

hard drives 
4000 1080 20 1.9

 
 

SCENARIOS 
 
The following scenarios outline increasing levels of requirements.  Storage capacity and 
recording rates associated with these scenarios are presented in table 2.  The values for the 
different scenarios are certainly debatable.  The purpose here is to point out that telemetry use 
analysis must be in terms of full scale tests and not just individual transmissions or vehicles.  
These figures provide a general difference in magnitude that attempt to capture the worst cases.  
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Single Vehicle.  Just one vehicle involved in the test. 
 
Single test.  It is not unusual to have more than one vehicle in a test.  For example, there was one 
recent fighter test that used 7 aircraft. There may also be other planes involved (e.g., chase 
planes) or other telemetry needs.  Figures in table 2 are based on 7 newer fighters flying at the 
same time plus miscellaneous other requirements. 
 
Western Range.  It is sometimes desired to have planes of similar bandwidth requirements on 
more than one range.  Figures in Table 2 are based on 7 newer fighters at Edwards AFB and 3 
equivalents at Naval Air Warfare Center Weapons Division, China Lake, California.  Again, add 
in chase planes and other support requirements.  Finally, some additional requirements are added 
for a missile test out of Naval Air Station Point Mugu, California, and various other tests at 
different ranges.  All of these vehicles may or may not be involved in the same test. 
 
Large Scale Test and Training Exercise.  There is a push towards doing testing at the same time 
as training.   Large scale scenarios might include 100 aircraft of different types, battleships, 
carriers, tanks, troop carriers, tens of thousands of troops, etc.  All of these have telemetry and 
recording requirements.  An extreme case would include transmission of simulated vehicles, 
which could far exceed real vehicle telemetry requirements.   
 
The last column in table 2, TM Deficiency Factor, is the factor needed to obtain the desired 
telemetry rates beyond current telemetry capabilities.  The current amount of spectrum available 
for use is about 210 MHz [1].1  This is reduced to about 130 MHz usable spectrum due to 
scheduling limitations.2  As defined by [2], emerging modulation technology (known as tier 1) 
provides 0.7 bits/s/Hz.3  This provides about 91 Mbits/s available telemetry capacity.4  Thus the 
TM Deficiency Factor is the Total Onboard Recording Rate divided by 91 Mbits/s. 
 

Table 2 - Scenario Recording Requirements (Present Day) 
 
Scenario Total Onboard 

Recording Capacity 
(Tbytes) 

Total Onboard  
Recording Rate  
(Gbits / sec) 

TM 
Deficiency 
Factor 

Single Vehicle 4 1 11
Single Test 28 8 88
Western Range 43 11 120
Large Scale Test and Training 1000 500-1000 5500-11000
 
 

                                                 
1 If we limit spectrum to that available for manned flight, then the available spectrum is only about 120 MHz. The 
available spectrum is continuing to decrease due to a variety of reasons. 
2 This reduction in usable spectrum is based on a to-be-published internal report by the author.  Note that the 2004 
Mitre report [1] does not take this into consideration. 
3 What is in most use today, tier 0, provides 0.4 bits/s/Hz. 
4 This figure and those in Table 2 are conservative.  Taking into consideration the previous footnotes, it could be 
argued that the available telemetry capacity is only 43 Mbits/s which would more than double the deficiency factors 
in Table 2. 
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VARIANTS OF MOORE’S LAW 
 
Moore’s Law has become the standard by which people judge the rate of advancement of 
technology.   Although Moore originally analyzed the density of components in processors, it has 
often been associated with a doubling of ‘something’ every 18 months.  The statement that 
something doubles for every constant amount of time is another way of saying that the growth is 
exponential with respect to time.  That is, some capacity, Y, is related to time, T, by an equation 
of the form:  Y = bmT where b and m are constants. Throughout, T will be in years and Y will be 
in Kbits/s or Gbytes as appropriate.   For example, the line overlaid on Figure 1 is defined by 
 

)313105.1)(1083.9( 237 TxY −=  
 
which implies telemetry rates double about every 2.5 years. 
 
In order to make projections, estimates for b and m and, equivalently, of how long it takes to 
double capacity, will be made (Table 3.)  However, in order to have confidence in these 
projections, it is necessary to argue that these capacities actually do grow exponentially – and 
you have to be careful about this.  For example, Burleson points out in [3] that access rates for 
rapid access memory (RAM) have leveled off and disk access speed is starting to level off as 
well.  This is partly because transfer of data is limited by the speed of light (or speed of 
electricity in a cable.)  New approaches to these technologies may again increase transfer rates, 
but at the moment there is certainly not an exponential growth in these areas.  That memory 
access speeds are stabilizing might be of concern to our projections.  However, these speeds are 
for a single medium and, just like with 14 track tapes, we are once again seeing the use of 
multiple mediums for storing data so that the aggregate rates are, in practice, limited by cost and 
size. 
 
For the purposes here, we need to look at whether telemetry rates, onboard storage capacity, and 
onboard recording rates are growing exponentially.   
 
Figure 1 plots the telemetry rates from Table 1.  The overlaid line on this logarithmic plot shows 
a fairly good confidence in an exponential rate of growth.  Even better, Figure 2, reproduced 
(with permission) from [1], provides a very high correlation for exponential growth of maximum 
telemetry rates.  The points plotted in Figure 2 are telemetry rates from actual projects and 
represent a more complete analysis across the T&E community (in contrast to Figure 1 which 
represents projects locally to Edwards AFB.)   
 
Figure 3 plots onboard recording rates from Table 1.  Again, the overlaid line on this logarithmic 
plot shows a fairly good confidence in an exponential rate of growth.   
 
The lines overlaid on Figure 4 for total onboard capacity provide less confidence in a strict 
exponential growth rate.  As such, a range of growth rate estimates is generated.  The lower line 
represents a very conservative growth rate while the higher line is less conservative.  For 
recording capacity, we may also look to industrial trends.  For example, in [4], Dix presents data 
that shows disk capacity doubles about every year. 
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Figure 1 - Telemetry Rates from Table 1 
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Figure 2 - Maximum Telemetry Data Rates from [1] 
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Figure 3 - Onboard Recording Rates from Table 1 
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Figure 4 - Total Onboard Capacity from Table 1 

 
Table 3 captures the growth estimate equations.  For telemetry rates it appears that the growth 
rate at Edwards AFB has recently been faster than for the larger community, but this may simply 
be an artifact of the time frames over which the data was collected.  It is interesting to note that 
recording capacity has grown more slowly within T&E than in industry. 
 

Table 3 - Exponential Equations and Doubling Rates 
 

 b M Years to Double 
Telemetry Rate    
Figure 1 9.83x10-237 1.313105 2.5 
Equation 4 from [1] 6.43x10-151 1.194465 3.9 
    
Onboard Recording Rate    
Figure 3 4.07x10-328 1.461227 1.8 
    
Onboard Capacity    
Dix From [4] 1.7 2 1.0 
High Line Figure 3 7.70x10-420 1.624522 1.4 
Low Line Figure 3 3.19x10-267 1.361549 2.2 

 
 

PROJECTIONS 
 
Rather than show projections for all of the growth rates in Table 3, arguments are made for 
choosing a particular growth rate.  For onboard capacity, the compromise rate of doubling in 1.4 
years is chosen.  This is not the extreme conservative estimate but still represents a conservative 
growth rate in relation to industrial trends.   
 
For the telemetry rate, the slower growth rate of doubling every 3.9 years is chosen.  There are a 
variety of reasons for this.  For example: 
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1. Telemetry rates are already falling behind the projected rates. The recent availability of 
Tier 1 technology will probably allow increasing a single vehicles rate to 20 Mbits/s.  But 
there is no technology currently anticipated in the next 5 years that will quadruple this to 
the predicted 80 Mbits/s. 

2. The United States is about to request an additional 650MHz of spectrum at the World 
Radio Conference. Even with the lower growth rate, and even with obtaining this 
augmented spectrum, the predictions for a single vehicle will exceed the available 
spectrum (conservatively estimated at about 875 MHz) by 2020 or 2025. 

3. It is unlikely that the full spectrum will be assigned for use to a single vehicle. 
 
This does not mean that programs will not continue to ask for telemetry rate growths as 
projected, but that the technology does not appear to be able to keep pace. 
 
Table 4 shows the projected capacity based on the chosen growth rates. 
 

Table 4 – Projected Growth (Years to Double) – Single Vehicle 
 

Year 

Onboard 
Capacity 

(1.4) 
TBytes 

Onboard 
Recording Rate 

(1.8) 
Gbits/s 

Telemetry  
Rate 
(3.9) 

Gbits/s 

Percent  
TM  
is of 

Onboard 

Required 
Spectrum 

Tier 1 
MHz 

Required 
Spectrum 

Tier 2 
MHz 

2010 28 5 0.08 1.72 118 68
2015 315 33 0.21 0.63 288 164
2020 3568 219 0.50 0.23 699 400
2025 40366 1456 1.21 0.08 1700 972

 
If we assume that an additional 650 MHz of spectrum is available, then the total spectrum 
available might be as much 875 MHz.  Thus, using Tier 1 technology, in 2025 the telemetry rate 
shown in Table 4 will be reduced by about one half because of lack of spectrum.  For Tier 2 
technology the reduction is only by about one tenth.  So the actual projections for how much the 
percent TM is of onboard for 2025 would be reduced to about 0.04 percent for Tier 1 and about 
0.07 percent for Tier 2. 
 
Assume that large scale test and training scenarios have 1,000 times the onboard recording rate 
of a single vehicle (table 2.)  Then by 2025 the aggregate onboard rate would be 1.4 Petabits/sec.  
Again consider that the available spectrum will be limited.  This means that the projection for a 
large scale scenario is that about 0.00007 percent of data being recorded will be telemetered. 
 
Now consider data archiving.  For a single flight, the projection is 40 Petabytes of data recorded.  
Using the assumption in Table 2 that a large scale test and training scenario will generate about 
250 times a single vehicle, a single large test could generate 10 Exabytes of data.  Similarly, 
consider the amount of data generated over the life of a test program.  For example, if the 
program is for 5 years with 1 flight per week for 50 weeks a year, then a single test program 
could generate in excess of 10 Exabytes of data by 2025.  Expanding this projection across all 
T&E facilities and including simulation data, wind tunnel data, training data, etc., then the 
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community at large needs to start considering how to manage a Zetabyte of data in the next two 
to three decades. 
 
 

DISCUSSION 
 
When reviewing the results presented, it is important to remember that this paper purposely 
looks at worst case scenarios under the ideal assumption of infinite bandwidth.  That is, this is a 
‘nice-to-have’ analysis, not a ‘required’ analysis. It should also be noted that these are not 
thoroughly researched numbers but are based on local expertise.   
 
On the other hand, the numbers produced are conservative since the following assumptions have 
been made (most of which are probably not true): 
 

1. The onboard capacity growth rate is less than the industrial rate for recording capacity. 
2. Existing spectrum is not diminished and augmentation of the spectrum is obtained. 
3. Tier 2 modulation technology is obtained. 
4. The entire available spectrum can be scheduled. 
5. The telemetry rate will continue at historic rates. 
6. All data desired to be recorded is being recorded. 

 
The data supports the assertion that, as of today, for a relatively normal (albeit high end) test 
scenario, using 100 times the current available bandwidth is not out of the question.  For an 
extreme case, this rises to 1,000 or possibly 10,000 times available bandwidth.  Assuming 
continuing rates of growth, for even the normal high end requirement, a factor of 500,000 is not 
out of the question in the next 20 years. 
 
There is perhaps a mitigating factor to the growth represented here.  Unmanned air vehicles 
(UAVs) currently do not use as much bandwidth or recording capacity as fighter jets.  More 
specifically, the need to analyze avionics data is a primary driver for the high end data 
requirements and manned fighter jets are at least on the decline even if they will never be 
eliminated completely.  However, it is not unthinkable that avionics abilities on UAVs will grow 
over time.  So this may only delay the long term requirements. 
 
Another possible mitigating factor is packetized telemetry as envisioned by the integrated 
Network Enhanced Telemetry (iNET) program.  One application of iNET technology is to 
transmit additional data in between actual test points.  That is, a normal test flight consists of a 
series of test points interspersed with time spent setting up for the test point.  An informal 
discussion with several engineers suggests that the time spent setting up for a test point is less 
than 10 times (probably closer to 4 times) the amount of time implementing the test point.  Thus, 
if data were continuously transmitted at the maximum rate during setup up time, about 17 
percent of the recorded data could be telemetered for a single vehicle now and about 0.8 percent 
in 2025 (Table 4.) 
 
On the other hand, there are a couple of data requirements that could easily offset these 
mitigating factors.  Full scale, in-the-loop, simulations of vehicles require large quantities of data 
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to be passed around.  Consider a test where one or more simulated vehicles (either friend or foe) 
are being treated as actual vehicles in the test.  Not only do you have to transmit simulated radar 
data to any vehicle that would be scanning the simulated vehicle, but you also have to be passing 
full situational and environmental information back to the simulation.  Another data growth area 
is video.  We may not be there yet, but the idea of spherical (every direction) video for every 
participant in a test is not unthinkable – and the higher the definition, the better. 
 
The numbers presented argue for an increase in telemetry abilities by several orders of 
magnitude.  The only technology on the horizon that shows any promise of doing this is laser 
telemetry which may provide on the order of 100 Gbits/s per channel.  However, if this were 
implemented by 2025 then we would still only be back up to telemetering about 8 percent of the 
data recorded.  Also, laser telemetry has problems of its own including issues of safety and 
infrastructure.  Eye safe lasers tend to have lower data rates and there is currently no 
infrastructure at all to support this technology. 
 
 

SUMMARY 
 
Currently, only about 1 percent of data being recorded is being telemetered.  For large scale test 
and training scenarios this is probably closer to 0.004 percent.  Conservative projections suggest 
that by 2025, only about 0.07 percent will be telemetered for a single vehicle and about 0.00007 
percent for a large scale test.  This translates into deficiency factors on the order of half a million.  
In terms of overall data capacities, the terms Petabyte and Exabyte will enter everyday 
vocabulary. 
 
The T&E community is already making significant compromises in terms of telemetering data.   
The rate of growth of telemetry is significantly less than that for recording technology, so the 
situation is only going to get worse.  This paper attempts to quantify how much worse.  
Telemetry will never again be able to support the nice-to-have scenario. Developing methods to 
deal with this shortfall need to continue to have high priority. 
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