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INTRODUCTION
Protocol Testing Environment

The means for testing the effectiveness and efficiency of a given networking protocol can
be described by a variety of differing procedures with slightly different parameters and different
analysis methods. All of which can lead investigators into a position where subtle differences
are debated but these differences may be explained by statistical variations. This technical report
discusses the basics for the means of protocol testing at New Mexico State University (NMSU)
in the Space to Ground Link Simulator (SGLS). The protocol testing environment consists of a
set of computers running software to emulate conditions found in data channels. The SGLS
configuration is illustrated in Figure 1. The user can select data transmission rates, channel error
rates, channel delay, and channel drop out. All of this is done with baseband data sets and not
modulated waveforms. The computers are executing a LabVIEW Virtual Instrument (VI) to
simulate the channel conditions. The VI’s are given in the Appendix and the relative
arrangement of the VI’s is given in Figure 2. Here, Tx is the logical ground station while Rx is
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Figure 1 - SGLS link configuration.
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Figure 2 - Arrangement of the VI modules within the simulator.



the logical satellite. The /x2 module and the 2x/ module both perform rate changes between the
simulator and the source and destination computers. These modules also add delays and breaks
to the forward and return data links, respectively.

The data sets used in the protocol testing will be random data files. That is, the file is a
set of random data bytes used emulate an actual data source from a sensor. While this is not an
exact analog of text file contents, it is believe to be representative of most data transmissions.
The testing that is performed on a protocol will typically involve the following measurements:

. File transmission time: the time from the start of a data transmission until the end of the
transmission

. Relative channel throughput: this is the file length (bits) divided by the file transmission
time and normalized by the channel baseband data rate. The quantity is unitless
(bps/bps).

. Forward link: the link from the controlling entity to the subject entity. In a satellite
system, this corresponds to the link from the earth station to the satellite.

. Return Link: the link from the subject entity to the controlling entity. In a satellite
system, this corresponds to the link from the satellite to the earth station.

. Symmetric channel: a channel in which the forward link and the return link have the
same data rate.

. Asymmetric channel: a channel in which the forward link and the return link do not have

the same data rate. Unless otherwise stated, the forward link will have a smaller data rate
than the return link.

. Bit error rate: the bulk number of errors in a block divided by the block length.

. Error vector: the file containing the statistically-distributed channel errors. The file will
be characterized by the designed Eb/No and the associated bit error rate for the file
contents.

The basic theory to be used here is derived from the statistical methods of hypothesis
testing. In particular, we generally are asking the question “is there any statistically significant
difference between the results of two experiments?” In this procedure, we will have a set of
observations drawn from two different experiment conditions. In the overall experiment, there
will be only one variable of difference between the two sets of experiment runs. As the
experiments become more sophisticated, multiple factors can be added.

The protocol testing initiative at NMSU was developed to provide an independent testbed
to evaluate the performance of networking protocols in the space channel environment,
especially that found in the small satellite design environment. In particular, we were attempting
to address channels with the following characteristics:

1. Forward and return data rates from 2400 bps through 115200 bps, selectable in each
direction,

2. Bit Error Rate (BER) selection from 0 through 0.0001, selectable in each direction,

3. Data file sizes from 1 Kbyte through 1 Mbyte,

4. Short transfer opportunities, e.g., typical 5-minute ground station passes,



5. User-selectable delay times for the forward and return link up to 5 seconds
6. Channel delays up to 5 seconds in each direction, and
7. Channel outages at user-selectable times and for user-selectable durations.

We have developed a Space-to-Ground Link Simulator (SGLS) to provide the simulation
capabilities to test both protocol suites and the basic development is described in [5] - [7].

Purpose

This report is intended to describe typical ways in which the data produced in the SGLS
experiments are to be analyzed. This analysis technique is not intended to be the only method
used but provides a common starting point for the laboratory users to begin their work. The
analysis procedures developed here will allow the laboratory users to produce a common set of
measurement results that will permit a comparison between experiment data sets.

Scope

This report is intended to document the standard baseline testing performed at NMSU
and the basic analysis techniques used. This is intended to be the starting point for the students
to perform their investigations. Other analyses can be performed to expand this baseline analysis
for more sophisticated testing.

Topic Development

The remaining chapters in this report are developed along the following lines:

> The Methods chapter will discuss the methods for running the simulator and collecting
the data

> The Results chapter will discuss means for analyzing the results and interpreting the
results

> The Conclusions chapter

> The Appendix chapter will contain the LabVIEW VI’s for the SGLS and the generation
of the test data files

There is also a listing of references and an acronym listing at the end of the report.

Intended Audience

This document is intended for the students and faculty using the NMSU SGLS laboratory
facilities. This document will be the basis for the investigations and the analysis of the data.



Naturally, individual variations for other analysis and experiment needs are to be developed as
required for each scientific investigation.



METHODS, ASSUMPTIONS, AND PROCEDURES

Investigation procedure

Protocol performance will be measured using either the average time to complete an operation or
the percent of available bandwidth for an operation. In the typical case, “an operation” will be
the time to correctly transmit a data file of a specified size. Other parameters can be measured
based upon the experiment nature.
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Figure 3 - IP addresses for SGLS computers.

The nominal experimental procedure will be to

I.

Configure the protocol under test. This can include header options, compression options,
etc. Source and destination IP addresses may need to be entered. Refer to Figure 3 for
current [P addresses for the various laboratory computers.

Configure lower layers (framing protocol) for any special options.

Configure the test data file sequence. This can be done either manually or via a script,
depending upon the type of test being run and the software being tested.

Set the forward and return data rates on the respective links. The value will depend upon
the nature of the test and if a symmetric test or asymmetric test is being conducted.

These values can be independently set.

Set the forward and return delay values to model the link delay. These values can be
independently set.

Set the time of a link break and the duration of the link break if that is part of the
experiment configuration. If no break is desired, set the link break time to a large value,



e.g. 1,000,000 seconds.

7. Select the channel error file for the forward and return data links. These files can be
chosen independently.

8. Start the SGLS VI’s.

9. Start data flow and measure the associated timing information. If other analysis tools are
required for the experiment for simultaneous data capture, they should be started as
appropriate.

Typical data files for various white gaussian noise Eb/No designs are given in Table 1. Typical
link delay values for specific link types are given in Table 2.

Table 1 — Typical data files for designated link BER
File BER # errors in the file
infinite.dat 0 0
a1050d.dat 10° 10
a950c.dat 107 100
a825k.dat 10 1000

Table 2 — Typical One-way Link Delays

Delay Link Length Link Type
2.5ms 750 km LEO
120 ms 35,700 km GEO
1.28 s 384,000 km lunar
5s Triana

The test data set will typically be a data file composed of random data. Other files, such
as voice or video data can also be used in specific experiments to investigate how the channel
errors affect the data structures in addition to the effects of channel conditions on the protocol
itself. The random data files can be taken from a standard set of random data files of length 1
kB, 10 kB, 100 kB, 1 MB, and 10 MB. In practice, these individual file sizes are not exactly the
length given in the name. Rather, a length that is a prime number close to the desired length is
used. This will keep interactions between the file length and the channel error vector length to a

minimum. In the standard set, the following file sizes are available:




1 kB files are 997 bytes long

10 kB files are 1,007 bytes long

100 kB files are 99,991 bytes long

1 MB files are 1,000,001 bytes long
10 MB files are 10,000,007 bytes long

vV vV v v VY

The standard set has 16 different files of each size. Other sizes and numbers of files in the set
can be generated if desired. These standard data files are generated using the LabVIEW VI
given in the Appendix.

When performing the test with the random data files, it will be assumed that varying file
sizes are required as one of the test variables. To achieve proper randomization of results and to
ensure that the results are not order-dependent, the data files should be transmitted in a random
order as well. That is, proper procedure is not to send all of the 1-kB files followed by all of the
10-kB files, etc. Rather, a randomized listing like that shown in Table 3 should be used. In this
list, the file size is the first part of the designator, e.g. 1KB means a 1-kb file size while a 10MB
indicates a 10-MB file size, and the second part of the designator is a number form 1 through 16
to indicate which file in the set to use. If a certain file size is not part of the experiment design,
that file can be eliminated from the list. Naturally, this is not the only possible random
assortment for how the list should be constructed but is a typical way for running the test
program.

The transfer time measurement is intended to measure the time between when a user commands
the file transfer to begin until the user is notified that it has been successfully completed. This
time includes any negotiation or handshaking that the protocol requires. This can be measured in
several ways:

> Having the protocol report the time based upon its internal measurement. Notice that this
is inaccurate for protocols such as £tp when the file being transmitted is a short file.

> Measuring the time between SYN and FIN using a file analysis program such as
ftpdump. This method may require additional software to be running during the
experiment.

To make the testing program repeatable, a log file such as that illustrated in Table 4
should be used. This log file can be customized for the individual test parameters. For example,
steps 17 and 18 indicate individual files entered by hand. This can be replaced with a script file
that sends all of the data files. The script file name would be entered here. The goal of the log
is to allow other experimenters to recreate the exact test configuration at a later date.

System of measurement

The system of measurement is time. The elapsed time will be expressed in either seconds (s) or
milliseconds (ms).



Table 3 — Randomized File Sequence List

Sequence Number File Identifier Sequence Number File Identifier
1 100KBO1 41 10KBO03
2 1KB12 42 10KB12
3 1KB08 43 10MBI11
4 1IMB02 44 10MBO08
5 100KB15 45 10KB10
6 10MB12 46 10MBO02
7 100KB14 47 10KB14
8 10MBO06 48 10KB04
9 100KB10 49 10KB09
10 10MB10 50 100KB13
11 10MB16 51 10KB02
12 100KB12 52 10KB07
13 IMB04 53 10MB15
14 10KBI15 54 IMB13
15 10MB13 55 1IKBI16
16 1KB13 56 IMB12
17 IMBO08 57 10MBO07
18 IMBO07 58 100KB06
19 10KB08 59 100KB09

20 10KB11 60 10KBO5
21 IKB15 61 100KB12
22 1KB06 62 10MBO05
23 1KBO03 63 IMBI15
24 IMBI11 64 IMBO1
25 10MB09 65 10KB06




Table 3 — Randomized File Sequence List
Sequence Number File Identifier Sequence Number File Identifier
26 1KB10 66 IMBO05
27 1KBO05 67 100KB04
28 IMB14 68 10MBO03
29 10KB13 69 IMBO06
30 100KBO05 70 IMB10
31 1KB02 71 10KBO1
32 1KB09 72 1KB07
33 1KB04 73 1KB11
34 100KBO08 74 IMBO03
35 100KBO07 75 10KB16
36 IMB09 76 100KBO03
37 1KBO1 77 10MB04
38 100KB02 78 10MB14
39 100KB16 79 1IKB14
40 IMB16 80 10MBO1

Investigation Statistical Analysis

When comparing the file transfer time, the initial measurement is the average transmission time,
L, for each file size in terms of the time, ¢, it takes for each file in the set of N measurements to
be transmitted. This is computed in the standard way using

1 N

,U=NIZ::,E 1)

Associated with the average time is the standard deviation in the time, s. Again, this is computed
in the standard way using the following equation:



Table 4 — Log File for the Experiment

Step

Description

O

Date:

Test Conductor:

Test Protocol:

O

Protocol Options: (enabled/disabled)
1. Header Compression
2. Time Stamps

Source IP address:

Destination IP address:

Data rate of source computer:

Data rate of destination computer:

o <IN BEN B = NN IRV, T N

(I I R R

Framing protocol :

Frame size:

Forward Link Rate:

Set on:

1. 2x1 module
2. SGLS module
3. 1x2 module

10

Return Link Rate:

Set on:

1. 2x1 module
2. SGLS module
3. 1x2 module

11

Forward Delay time:

Set on:
1. 1x2 module

10




The normal experiment goal is to determine if there is any statistically meaningful difference
between two experiment runs. This may be between two different protocol under the same

Table 4 — Log File for the Experiment
Step v Description

12 O | Return Delay time:

Set on:

1. 2x1 module
13 O Forward Break Time:

Forward Break Duration:

Set on:

1. 1x2 module
14 O Return Break Time:

Return Break Duration:

Set on:

1. 2x1 module
15 O Forward Error File:
16 O Return Error File:
17 O Transmit File 1:
18 O Transmit File 2:

1 ’

=yl 4)

2)

conditions or between two different configurations of the channel for the same protocol, or for
the same channel but different protocol options within the same protocol. In all cases, we will
need the average time and standard deviation in the average time for the statistical comparison.

We will also need to know the desired confidence level for the comparison. The experiment
analysis then becomes a testing of the hypothesis that the mean transfer time, p,, of

Configuration A is statistically the same (or statistically different) as the mean transfer time, g,
of Configuration B at a given confidence level, a.. Typically, the 95% = (1 - a) confidence level

is chosen but other levels can be chosen as well depending upon the experiment design.

11



The hypothesis testing problem can be written as [1], [2]:

o H,: The mean of the first configuration, p,, is the same as the mean of the second
configuration,
o H,: The mean of the first configuration, p,, is not the same as the mean of the second

configuration,

For an experiment testing the difference in the means of two configurations, we can use the basic
confidence level method of discriminating between two means.

/uA_/uB:fA_fBiZa/zSE()?A_)?B) 3

In this process, we are looking at the equation for the difference in the means assuming that a
large enough set of measurements is available that the normal distribution can be used. If a
small number of measurements is available, the critical value for the ¢-distribution is used in
stead of the critical value for the normal distribution, z. The critical values are given in tables in
the Appendix. In this test procedure, if the 95% confidence level includes 0, then the hypothesis
H, is accepted. For a 95% confidence level, o = 0.05 and o/2 = 0.025 and the number of degrees
of freedom, v, is v =N, + N, - 2 where N, and N, are the number of data points in each
configuration. In equation (3), the standard error is computed using

S = 1 1
SE(X,-X,)=s_, |[—+— @)
( 4 B) pool NA NB
Here, the pooled variance is computed using
(VDS "
poct N,+N,-2

The standard deviation for each of the two groups is computed using Equation (2).

An alternative statistic for telling if the difference in the means is statistically significant
is Tukey’s Honestly Significant Difference. This method can also be used when the differences
between more than two populations are being made. In this method, the hypothesis H, is
rejected if

‘fz - fj‘ Z G aa(n-) MTSe ©6)

Here, the quantity # is the number of measurements made in each experiment set (assumed to be
the same), o determines the confidence level, and a is the number of different experiment sets
being compared. The critical value of the studentized statistic is given in the Appendix for
various range values, a, and the number of degrees of freedom. The quantity MS, is computed
using

12



MSe:T—A
N—-a

(7

where T and A are summations over the number of points ( 1 <;j <n) and the number of
populations being compared, m (1 <i <m):

T:Z,-:Z,-“t; ®

2| 2 ©)

Both of these analysis techniques can be used to see if the results are consistent.

Precision of instruments

The general goal is to resolve the performance difference between the experiment runs so that a
1-second difference can be determined in the throughput. This leads us to an estimate for the
number of measurements required to achieve the required discrimination power in the results.
As is shown in [2], we can estimate the required number of measurements, #, to achieve a (1 - o)
level of confidence in the results by knowing the standard deviation in the measurement set, s,
and the desired maximum error, €, by solving the equation

n=-—>*2- (10)

Generally, the actual number will be chosen to be a convenient value that covers all of the
experiment conditions the be tested. Equation (10) is strictly valid for a normal distribution. If
a small number of measurements is used, the 7-distribution critical value may be a better
estimate. Usually, the experimenter uses a value that is larger than the one indicated by either
estimate to be safe.

13



RESULTS AND DISCUSSION
Data Throughput Measurements

The data throughput measurement can be done in terms of the timing for the file transfer or the
effective channel utilization. The first method tells the absolute time for the file transfer. The
second given an indication of channel usage efficiency for the protocol. The data timing for a set
of protocol experiments is illustrated in Figure 4. In this figure, the time to complete the file
transfer for various file sizes is plotted as the dependent variable against the channel bit error
rate as the independent variable. In this plot, we can see that the channel error rate greatly
increases the transfer time as the channel error rate increases.

10000

m
S
c -
8 —”’
f/i 100 —_—
o
S
= 10 —

L e | |

0 0.000001 0.00001 0.0001
BER
10MB ===+ 1MB
------------- 100KB === 10KB

Figure 4 - MDP data throughput timing results.

The experiment throughput can also be measured in terms of the channel data rate. The
normalized throughput, 7, is computed in terms of the file size, F, the channel data rate, R,, and
the average time to complete the file transfer, y, via the equation

T =(FJ/R1, 1)
MU

The normalized throughput is unitless (bps/bps) and includes all of the protocol overhead time as
well as the actual time transmitting the actual data files. The normalized throughput for the data

set shown in Figure 4 is illustrated in Figure 5. In this case, the channel data rate was 115200
bits per second.

14
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Figure S - MDP throughput as a percentage of available channel
capacity.

Example Analysis of Results

We can use the experiment data given in Tables 5 and 6 to illustrate how the analysis can be
done. Table 5 contains experiment results for the ftp protocol while Table 6 contains experiment
results for the Multicast Dissemination Protocol (MDP). By using Equations (1) and (2), the
average values and the standard deviations for the measurements are given as the last row for
each experiment. At this point we can start investigating a number of questions.

For example, is there an effect due to channel error rate for each protocol? That is, let us
compare the 100 K file transmission time for O channel errors and a channel error rate of 0.0001.
The null hypothesis, H,, is that there is no difference. For the ftp results, we use Equation 5 to
find the pooled variance:

, (16-1)(168.93)" +(16-1)(0.133)°
poot 16+16-2
=14268

S

From this, we obtain the standard error using Equation 4:

15



Table S -- Experiment results for ftp testing

BER: 0 BER: 0.000001 BER: 0.00001 BER: 0.0001
File Size File Size File Size File Size
IM 100K IM 100K IM 100K 100K 10K
91 7.3 95.9 7.93 142 11 233 17.2
91.5 7.57 97.3 8.38 132 13.4 304 5.76
91.6 7.59 95.4 7.58 137 11.6 197 11
91.5 7.56 95.3 7.74 135 10.4 675 14
91.5 7.33 96.8 7.97 135 12.9 251 6.31
91.2 7.34 94.8 7.34 139 11.3 310 15.8
91.1 7.32 99.1 8.44 144 11.9 272 7.55
91.8 7.3 96.1 7.81 144 10.9 209 13.4
91.7 7.31 96.6 7.52 138 12.9 199 10.6
91.6 7.32 95.4 8.24 134 10.9 697 11.8
91.8 7.3 97.9 8.12 139 12.9 285 16.4
91.8 7.33 96.3 7.74 151 10.9 426 8.71
91.5 7.33 96.9 8.06 143 132 203 13
91.7 7.63 96.7 9.25 131 11.6 248 9.04
92 7.6 100 8.44 139 12.7 598 16
91.1 7.29 99.9 7.64 146 10.7 318 9.37
u 91.525 7.40125 96.9 8.0125 139.3125 11.825 339.0625 | 11.62125
s 0.290975 | 0.13286 | 1.596246 | 0.470199 | 5.424866 | 1.017513 | 168.9266 | 3.670818
(Z t)z 2144467.36(14023.2964|2403740.16( 16435.24 | 4968441 | 35796.64 | 29430625 | 34573.68
Z tz 134030.48 | 876.7208 |[150271.98 | 1030.5188 | 310969 2252.82 | 2267457 |2362.9788

16




Table 6 -- Experiment results for MDP testing

BER: 0 BER 0.000001 BER 0.00001 BER 0.0001
File Size File Size File Size File Size
IM 100K IM 100K IM 100K 100K 10K
96 9 98 10 108 13 51 8
95 9 100 11 107 12 36 5
95 10 101 11 107 13 40 8
96 10 99 11 108 12 40 5
95 10 98 10 108 12 38 7
95 10 99 11 107 11 35 6
95 9 99 11 107 11 39 4
96 10 99 12 107 12 36 6
95 10 100 11 107 11 39 6
95 10 98 11 108 11 38 9
95 10 100 11 108 11 37 7
95 9 99 10 108 12 22 9
96 10 98 10 107 11 43 12
95 9 99 11 107 11 37 8
95 9 99 11 108 11 35 7
96 98 12 107 11 42 10
u 95.3125 9.6 99 10.875 107.4375 | 11.5625 38 7.3125
s 0.463512 | 0.489898 | 0.866025 [ 0.599479 | 0.496078 | 0.704339 | 5.612486 1.991
(Z l‘)2 2325625 20736 2509056 30276 2954961 34225 3696064 13689
Z £2 145355 1386 156828 1898 184689 2147 23608 919

17




SE = [14268 i + L
16 16
=42.23
The hypothesis test at a 95% confidence level gives

U, — s =T7.4-339.1£2.145(42.23)
=-241 (plus)
=—422 (minus)

Since the region does not include the origin, there is a significant difference between the two
cases.

Next, we apply the Honestly Significant Difference between the two protocols to the case
of zero channel errors and a channel BER of 10°. The results of the necessary computations
from Equations 7, 8, and 9 can be summarized in Table 7. If we next apply equation 6, we can
see that in the case of zero channel errors, the difference in the means, 2.20, exceeds the
designated value so there is a significant difference between the two experiments. For the case
of a large channel error, the difference in the means is now 0.26 which is less than the designated
value 0.64 necessary to reject the null hypothesis so we accept the null hypothesis and conclude
that there is not a significant difference in the means for this experiment.

Table 7 -- Example computations for Honestly Significant Difference
BER T A MSe q ILa - Wgl
0 2262.721 2172.46 3.01 2.888 2.20
0.00001 4399.82 4376.35 0.78 2.888 0.26
0.0001 2291065 1862518.063 14284.9 2.888 301.06

Finally, let us look at how both of the techniques compare when comparing the performance of
100 K file when the channel error rate is 0.0001. The null hypothesis, H,, is that there is no
difference in the ftp and MDP protocols. Fist, we compute the result using the confidence
interval method. Here, the pooled variance is computed using Equation 5 and is found to be
14268. Using Equation 4, the SE is found to be 42.23. With these numbers, the 95% confidence
interval is between 429.65 and 248.48. Since this interval does not include the origin, the two
protocols are seen to have significant differences. The HSD method has its computations
summarized in Table 7 as well. Using these numbers, the criterion for the difference in the
means to exceed in order to reject the null hypothesis is 86.29. Since the difference in the means
is 301, the null hypothesis is rejected using this test as well for this experiment.

18



Discussion

In the first case examined, the large difference was significant as would be expected because the
difference in the means was larger than the standard deviations. In the second example, the
clean channel showed that we can see a statistically meaningful difference in the means while
the corrupted channel showed no significant difference. In the first case of the second example,
the user would then need to determine if the small difference was operationally significant. In
the second case of the second example, the benefits of the protocol was removed by the channel
variation and the two results are statistically the same. Again, the user needs to place this in the
operational context to determine how to apply this result.

19



CONCLUSIONS

The statistical methods can be used to assist the experimenter in determining if the mean values
of experiments are significantly different. These techniques are relatively easy to compute.
However, the results cannot be applied blindly and will need to be checked for applicability to
any given experiment set. Additionally, the user will need to determine how to interpret the
results in an actual operational environment. The statistics will not determine if an operational
consideration, that cannot be captured in the measurement statistics, out weighs the statistical
differences.

20
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Source: [4].

Appendix 4 — Critical Values for t-Distribution

Prob. 0.8 0.9 0.95 0.98 0.99 0.995 0.998
a 0.2 0.1 0.05 0.02 0.01 0.005 0.002
n \ a2 0.1 0.05 0.025 0.01 0.005 0.0025 0.001
1 3.078 6.314 12.71 31.82 63.66 127.32 318.29
2 1.886 2.920 4.303 6.965 9.925 14.09 22.33
3 1.638 2.353 3.182 4.541 5.841 7.453 10.214
4 1.533 2.132 2.776 3.747 4.604 5.598 7.173
5 1.476 2.015 2.571 3.365 4.032 4.773 5.894
6 1.440 1.943 2.447 3.143 3.707 4.317 5.208
7 1.415 1.895 2.365 2.998 3.499 4.029 4.785
8 1.397 1.860 2.306 2.896 3.355 3.833 4.501
9 1.383 1.833 2.262 2.821 3.250 3.690 4.297
10 1.372 1.812 2.228 2.764 3.169 3.581 4.144
11 1.363 1.796 2.201 2.718 3.106 3.497 4.025
12 1.356 1.782 2.179 2.681 3.055 3.428 3.930
13 1.350 1.771 2.160 2.650 3.012 3.372 3.852
14 1.345 1.761 2.145 2.624 2.977 3.326 3.787
15 1.341 1.753 2.131 2.602 2.947 3.286 3.733
16 1.337 1.746 2.120 2.583 2.921 3.252 3.686
17 1.333 1.740 2.110 2.567 2.898 3.222 3.646
18 1.330 1.734 2.101 2.552 2.878 3.197 3.610
19 1.328 1.729 2.093 2.539 2.861 3.174 3.579
20 1.325 1.725 2.086 2.528 2.845 3.153 3.552
25 1.316 1.708 2.060 2.485 2.787 3.078 3.450
30 1.310 1.697 2.042 2.457 2.750 3.030 3.385
40 1.303 1.684 2.021 2.423 2.704 2.971 3.307
50 1.299 1.676 2.009 2.403 2.678 2.937 3.261
100 1.290 1.660 1.984 2.364 2.626 2.871 3.174




Appendix 5 — Critical Values for a Normal Distribution

Source [4]
Critical Values of the Normal Distribution
P 0.8 0.9 0.95 0.98 0.99 0.995 0.998
o 0.2 0.1 0.05 0.02 0.01 0.005 0.002
o/2 0.1 0.05 0.025 0.01 0.005 0.0025 0.001
1.282 1.645 1.960 2.326 2.576 2.807 3.090
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Appendix 6 — Critical Values for Least Significant Studentized Ranges

Source: [3], page 587. The number of degrees of freedom is v while the range (number of
experiments being compared) is r.

v\ir 2 3 4 5 6 7 8 9 10

1 17.97 26.98 32.82 37.08 40.41 43.12 45.40 47.36 49.07
2 6.085 8.331 9.798 10.88 11.74 12.44 13.03 13.54 13.99
3 4.501 5.910 6.825 7.502 8.037 8.478 8.853 9.177 9.462
4 3.927 5.040 5.757 6.287 6.707 7.053 7.347 7.602 7.826
5 3.635 4.602 5.218 5.673 6.033 6.330 6.582 6.802 6.995
6 3.461 4.339 4.896 5.305 5.628 5.895 6.122 6.319 6.493
7 3.344 4.165 4.681 5.060 5.359 5.606 5.815 5.998 6.158
8 3.261 4.041 4.529 4.886 5.167 5.399 5.597 5.767 5918
9 3.199 3.949 4.415 4.756 5.024 5.244 5.432 5.595 4.739
10 3.151 3.877 4.327 4.654 4912 5.124 5.305 5.461 5.599
11 3.113 3.820 4.256 4.574 4.823 5.028 5.202 5.353 5.487
12 3.082 3.773 4.199 4.508 4.751 4.950 5.119 5.265 5.395
13 3.055 3.735 4.151 4.453 4.690 4.885 5.049 5.192 5.318
14 3.033 3.702 4.111 4.407 4.639 4.829 4.990 5.131 5.254
15 3.014 3.674 4.076 4.367 4.595 4.782 4.940 5.077 5.198
16 2.998 3.649 4.046 4.333 4.557 4.741 4.897 5.031 5.150
17 2.984 3.628 4.020 4.303 4.524 4.705 4.858 4.991 5.108
18 2.971 3.609 3.997 4.277 4.495 4.673 4.824 4.956 5.071
19 2.960 3.593 3.977 4.253 4.469 4.645 4.794 4.924 5.038
20 2.950 3.578 3.958 4.232 4.445 4.620 4.768 4.896 5.008
24 2.919 3.532 3.901 4.166 4.373 4.541 4.684 4.807 4915
30 2.888 3.486 3.845 4.102 4.302 4.464 4.602 4.720 4.824
40 2.858 3.442 3.791 4.039 4.232 4.389 4.521 4.635 4.735
60 2.829 3.399 3.737 3.977 4.163 4314 4.441 4.550 4.646
120 2.800 3.356 3.685 3.917 4.096 4.241 4.363 4.468 4.560
0 2.772 3.314 3.633 3.858 4.030 4.170 4.286 4.387 4.474
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LIST OF SYMBOLS, ABBREVIATIONS, AND ACRONYMS

AWGN

H
HSD

NMSU

SGLS

VI

-

Additive White Gaussian Noise

Hypothesis
Honestly Significant Difference

the number of measurements in a data set
New Mexico State University

Critical value for a studentized distribution

standard deviation in a set of measurements
Space to Ground Link Simulator

Critical value of a ¢-distribution
time measurement for an experiment run

Virtual Instrument
Critical Value of a Normal Distribution

significance level
mean value for a set of measurements
number of degrees of freedom

36



