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INTRODUCTION :

The motivation for this effort arose from a question posed by the Joint

Steering Conm-iittee of the Coninunications Standard Program . The question was -

Can a set of rules be established relative to how often a modem signal should

be reconstructed or regenerated in a large network to provide a particular

or a best level of user-to-user bit error rate performance? RADC ’s Digital

Comunications Experimental Facility (DICEF) agreed to use its resources to

answer this question as ft applies to coninercial modems operating over the

switched AUTOVON system.

Two basic areas were addressed in this effort, each of which required a

different test configuration to analyze. The first objective was to determine

the data rates at which regeneration was effective on the switched AUTOVON .

The second was to estimate the perforrnar~ce improvement which could be attained

with regeneration . The results of these tests were then analyzed using a

variety of statistical programs and recomerldations provided.

DESCRIPTION OF PROBLEM :

A block diagram is shown in Figure 1 which will help define the regener-

ator configuration used in this study . The conventional manner of transmi t-

ting data from the data source on the left to the data sink on the right

woul d be to use a single modula tor, transmi t the analog signal through the

channel , and demodulate at the receive site. For the purpose of this analysis ,

another modem (modulator-demodulator) was placed between two segments of the

AUTOVON . It will prove convenient to identify three error sources at this

time . As shown in the figure , E 1 an d E2 are the error rates associated with

each of the two segments of the compos i te. E~ is the total error rate or the

1
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error rate detected by comparing the data at the sink with that which w~s

produced at the source.* The basic question arises as to how E~ compares

wi th the error rate which would otherwise result should the regeneration be

replaced by a straight through connection .

An examination of the relationship between ET, E1 and E2 will reveal

some of the idi osyncras ies of regeneration over the switched AUTOVON . Fi rst

of all , E~ is bounded as follows :

JE i - E2~ ‘ E1~ E~ + E2

The lower bound depicts the situation in which a bit reversal (error) occur-

ring on the first channel coincides with a reversal on the second channel .

For the upper bound a bit reversal on the first channel never coincides wi th

one on the second. The relative distance between ET and either bound is

affected by the dependence , or conditional probability , of errors on channel

one with those on channel two. However , despite the fact that some parameters

of channel one and two may be dependent, especially near the regenerative

repeater , the propagation delay through the repeater is large enough to essen-

tially remove the time coincidence required by the lower bound . This is due

to the fact that sophisticated modem techniques temporarily store a large

amount of data for functions such as adapti ve equal izers and modulo two

scramblers . Only under extreme conditions do channel parameters exist which

will move E~ away from the upper bound. This interaction of E1 and E2 will be

Investigated further in the Test Results Section .

*The reason for the notation E1, E2, ET was to identify error sources. For
simplicity , these characters will be used for both bit error rates or corres-
ponding bit errors. Their usage will be obvious In context.
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The AUTOVON channels alone produce a unique set of problems . The

routing between any two points after each dial through is a random process ,

such that the channel obtained can have different sets of characteristics .

Consequently, all results must be verified for statistical accuracy . Because

of the time consuming nature of this process , use of DICEF1 s wireline simula-

tor was first considered for this effort. However, it was considered critical

to preserve any possible correlation between the analog parameters on channels

one and two. Since this is not possible using the simulator , it was not

utilized for this effort.

TEST CONF IGURATION S:

At the outset , several coninents of a general nature are appropriate .

The modem chosen for this analysis has an excellent performance record at both

9.6 and 4.8 kilobits per second. As the test program developed , the resul ts

proved to be more dependent on channel statistics rather than modem character-

istics . The testing was therefore limited to this single modem type so that

emphasis could be placed on other test parameters.

To utilize the power of the ITT 9303 processor for the analysis , the data

sour ce , regeneration node , and data sink were dli collocated in the DICEF .

Al though this configuration is not representative of a field environment , it

is ideal for this analysis because it represents the worst case situation .

Indeed , the major complication in this effort was the possible correlation

between the two channels. This possibility is maximized wits’ the aforemen-

tioned collocation. Even under these extreme conditions it will be shown that

this factor does not significantly infl uence the results .

4



Due to the statistical nature of these tests , emphasis was placed on

randomi zation to assure valid results . All possible combinations of modem

serial numbers and configurations , num ber of AUTOVON trun ks , and times of

day were equally weighted to assure that they would not bias the control

parameters.

Speci fically, the two basic test configurations used consisted of oper-

ation wi th the ITT 9303 processor and operation wi th a hardware psuedo-random

sequence comparator. The 9303 processor has the capability for recording the

exact posit ion of every error that occurs for multiple digital channels. The

features of this machine will not be enumerated here since literature on this

subject is available at the DICEF .* The 9303 configuration used for this

study is depicted in Figure 2. The processor detected errors in the data on

channels A and 8 based on the 33,264 bit PN sequence from its output port.

It is noted that this corresponds to the E1 and E
~ 

bit error rates , respec-

tively, of Figure 1. These errors were recorded on magnetic tape for sub-

sequent computation of E2 and statistical post processing.

The first step in the computation of E2 was the proper alignment of the

E1 and E~ error patterns to assure examination of corresponding data bits.

E2 was then generated by performing the following comparison :

no error no erro r no erro r

no error er ror erro r

error no error error
error error no error

*DICEF..pJ~DCI s Digital Comunicatlons Experimental Facility , SIGNAL (Journal of
the A rmed Forces Coninunicatlons And Electronics Association) by James McEvoy
and Norman J. Sturdevant.
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The basic algori thm in this comparison was the fact that E~ 
is the modu lo 2

addition or exclusive-or of E1 and E2. In conclusion , it can be seen that

the 9303 configuration provides an excellent data source for the exami nation

of correlation between errors on channel one and two of Figure 1.

Many tests were performed wh i ch did not require the power of the 9303

processor. These tests were concerned wi th simply determining the composite

bit errors (ET) with the data output of the regenerator
1 s demodulator connec-

ted directly to the modulator for retransmission over the second channel .

For these tests a modified commercial PN sequence generator and comparator

were used to compute bit errors and the results were logged along wi th ex~eri-

mental parame ters. The operation of these PN sequence tes t sets is so common

that reader familiari ty is assumed .

In many instances , a compari son was required between operation of a data

link (Figure 1) with and wi thout regeneration at the intermediate node. How-

ever correct power levels could not be obtained by simply connecting the

output of AUTOVON channel one to the input of channel two. To assure a valid

comparison , the analog loo pback mode of the regenera tion modem was used . In

this mode the receive telephone line is connected through the receiver AGC to

the transmit output amplifier. Using this method all balancing , impedances ,

and l evels were carefully controlled.

Finally, besides the post-processing of error positions recorded on mag-

netic tape , statistical processing was performed on most of the data to deter-

mine statistical validity . For each of the confidence irterval computations

presented in the Test Results Section , a double sided student ’s t—distributio n

was used based on the computed sample varian ce of the appropriate data . In

7
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each case the computation was based on a 95% confi dence level . Details could

be obtained from any basic statistics text such as Design and Analysis of

Industrial Experiments by Owen L. Davies .

TEST RESULTS :

Over 30 test runs were performed using the 9303 processor and the test

configuration shown in Figure 2. The average run length for these tests was

over an hour and the data rates used were both 9.6 and 4.8 KB/S. Twenty-nine

of these runs were successfully compiled and used in this analysis. One

characteristic examined was the relationship between E1, E2, and E~. The

genera l conclus ion was the E~ essen tially equals the sum of E1 and E2. Thi s

is based on observations from several points of view .

First , a statistical examination was made of the following ratio:

E1 +
ET

where all values are the associated bit error rates for a particular test run.

When 29 samples of these ratios were averaged , the resulting sample mean was

1.010 wi th a sample deviation of 0.0289. The corresponding 95% confi dence

interval is 0.999 to 1.02. Thus , the conclusion that E~ essentially equals
K E1 + E2

There were several other interesting observations made . It was noted

that out of a total 34,348 errors logged by the 9303 processor for this por-

tion of the analysis , 362 errors were cancelled due to a co inc idence of an

E1 and E2 error. This represents about a 1% cancellation rate which is cer-

tainly not statistically significant.
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It is also noteworthy that cancellation did not  seem to be ~iepen~ent

on data rate but on error rate. Out of 29 test runs only 4 runs produced

— more than one cancellation . Each of these sour runs exhibited two chdracte r-

istics , a high bit error rate and a large number of errors per burst. These

four runs were four of the worst five bit error rates recorded (on the order

of 1O~~). The fifth of these 1O~ error rates did not satisfy the other

important factor -- a large number of errors per error burst. A necessary

consequence of this correlation between the cancellation rate and high bit

error rate (and large number errors per burst), is the continued maintenance

of a low cancellation rate since the number of errors is so high for these

runs. In fact , even during these four runs the cancellation rate was never

greater than 4.5%.

Because cancellation occurred only when the error rate was high , the

possibili ty that the probability of a cancellation could be predicted simply

by treating the E 1 and E2 error rates as independent Poisson processes was

investigated. That is , if we assume independence , the probability of an error

mechanism from channel one and channel two affecting any one data bit is:

Prob (cancel lati on) = Prob (e 1) Prob (e2)

However if we take one of the questionable four runs as a typical example

we find :

number of cance lla tio:s 
~ (bit error rate J)(bit error rate 2)

13,146,840 ~ 3.38 x 1O~ (3.61 x 10~~)

1.01 x iO~ / 1.22 x lO~~

9 L
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The discrepancy of about two orders of magnitude indicates some dependence

between errors on channe l one and two when the error rate i s l arge enough

and/or the errors occur in bursts . Error dependency on AUTOVON as well as

other channels is an extens i ve continuing study at DICEF and any superficial

treatment here would not affect the conclusions and may in fact be misleading.

Thus , the conclusion of this investigation is that the composite bit error

rate on a channel with regeneration can be assumed to be the sum of the bit

error rates that would be measured on each of the composite links. Further,

this result held for either 4.8 or 9.6 KB/S.

The next area of investigation was a comparison between digital trans-

mission wi th and without regeneration. The regenerator configuration was set

up as shown in Figure 1 wi th the data source and sink a commercial PN sequence

generator and compara tor , respectively. Once a bit error rate computation

was made in this mode , the regenerator modem was switched to analog loopback

as described in the test configuration section of this report. This effec-

tively removed regeneration and provided a measure of the performance of a

single modem operating over channel one and two in tandem. A comparison was

then made of the bit error rate obtained in each case.

Before a quantitative analysis Is made on the results , attention is

drawn to Figure 3 which gives a bar graph representation of the results of

135 test runs. It is noted that the abscissa Is on a logari thmic scale and

a darkened square indicates an occurrence of one data point in the range of

bit error rated indicated. The presentation is made so that the reader can

gain an appreciation for the distribution of bit error rates which were

10
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obtained at 4.8 and 9.6 KB/S over the AUIOVON.* Although there is not a one

to one correspondence of data points in each of the two modes with this type

of presentation , it can also be seen that regeneration is not profoundly

affecting the distribution of 4.8 KB/S. A sharp discrepancy however is

observed between the average bit error rate with and without regeneration

for operation at 9.6 KB/S.

To place a quantitative measure on the above results , a program was

written to compute statistics on the ratio of analog loopback bit error rate

to regeneration bit error rate for each test link. Results were obtained as

a function of a variety of test parameters such as routing and modem serial

numbers . The only test parameter that produced signifi cant results was data

rate. Specifically, at 9.6 KB/S 29 ratios yielded a sample mean of 48.090,

sample deviation of 28.025 and a resulting 95% confidence interval between

37.051 and 59.129. At 4.8 KB/S , 27 ratios yielded a sample mean of 2.123 ,

sample deviation of 2.843, and a 95% confidence Interval between 0.967

and 3.279. That is , at 9.6 KB/S regeneration improved performance by a factor

of 48 (on the average) while at 4.8 KB/S there was no signifi cant improvement.

CONCLUSIONS AND RECOMMENDATIONS:

The major conclusion of this effort is that regeneration does not provide

a performance improvement when operating at 4.8 KB/S over the switched CONUS

AUTOVON. This Is based on the experimental evidence presented in the report

and In turn leads to the following rationale. The state-of-the-art in wi re—

line modulation techniques at 4.8 KB/S is such that these devices are not

~~ is noted that the subject test configuration , on the avera ge , Is tw ice
the length of a typical connection for CONUS and as a result the bit error
rates are about an order of magnitude higher than a one-way connection .

12 
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operating In tight decision regions. That is , there is a large perfo rmance

margin for relati vely steady state channel perturbations such as amplitude

and delay vs frequency , harmonic distortion , phase jitter , frequency offset,

and additive Gaussian noise because even with the additi on of a tandem chan-

nel modem operation is not signifi cantly affected. It is probable that chan-

nel parameters of a trans ient nature such as phase hits , ampl itude hits ,

and impulse noise are predominant. Parameters of this type saturate even a

conservatively designed modulation system whether or not the signal was

regenerated at an intermediate node. -

The results of this effort have shown that regeneration may be helpful

at 9.6 KB/S. At present, operation at 9.6 KB/S over the switched AUTOVON

does not enjoy the wide performance margin mentioned above for 4.8 KB/S. On

the contrary, operation at 9.6 KB/S is minimally acceptable and the addition

of any channel perturbations (whether steady state or not) can quickly render

the channel useless for data commun ica tion. The resul ts for a typi ca l

~AVTOVON ci rucit may not be as dramatic as those shown on page 12 for the

unusually long circui ts tested but regeneration may be practi cal in special

cases . The system designer should be cautioned , however , against indiscrim-

inate use of regeneration at higher data rates. There must be assurance

that the process of reducing the signal to baseband from carrier and up

again even with regeneration did not do more harm than good.

Finally, it has been determined that the total bit error rate for a chan-

nel with regeneration is simply the sum of the bit error rates of the two

constituent channels. That is , the modulation techniques essentially remove

all error coincidences between the two paths even when the underlying channel

13 



perturbations may be dependent. This concl usion may be of Interes t to a

system designer requiring an estimate of performance imp rovement wi th

regeneration at 4.8 and 9.6 KB/S on the swi tched AUTOVON , given bit error

rate performance between nodes .
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length metre m
mass kilogram kg
time second s
electric current ampere A
thermodynamic temperature kelvin K
amount of substance mole mol
luminous intensity candela cd

SUPPL~~WJTA&Y UNITS:
plane angle radian rad
solid angle ste radian

D~~IVTh UNITS:
AcceleratIon metre per second squared IT%15

activity (of a radioactive source) disintegration per second ... (disintegratlonYs
angular acceleration radian per second squared ... radls
angular velocity rr4ian per second . .. rad/i
ares square metre m
density kilogram per cubic metre .. - kg/rn
electric capacitance farad F A.alV
electrical conductance siemens S A/V
electric field strength volt per metre - Vim
electric inductance henry H V.a/A
electric potential difference volt V W/A
electric resistance ohm VIA
electromotive force volt V W/A
energy joule I N.m
entropy joule per ke lv in .. .
force newton N kg.m/s
fre quency hertz Hz lcycle)ls
illuminance lux lx lmlm
luminance candela per square metre ... cdlm
luminous flux lumen im cd.ir
magnetic field strength ampere per metre ... A/m
magnetic flux websr Wb Vs
magnetic flux density teals T Whim
magnetomoilve force ampere A
power watt W JIs
pressure pascal Pa N/rn
quantity of electricity coulomb C A.s
quantity of heet jou le J N.m
radiant intens ity watt per steradia n . .. W(sr
specific heat joule per kilogram-kelvin . - -  JIkg4(
stress pascal Pa NIm
thermal conductivity watt per met re -kelv in .. - WIm.K
velocity metre per second .. . m/s
viscosity, dynamic pascal.s.cond Pea
viscosity. kinematic square metre per second m/s
voltage volt V WIA
volume cubic metre ...  m
wavenumber reciprocal metre - - -  (weve llm
work j oule I N.m

SI PK~~~ ES:

Multiplication Factor s Prefix SI Symbi’l

1000 00(1000000 = 10” T
I 000 000000 = 10’ Mii(~

1000000= 1 O~ meg. M

~ 000 10’ kilo k
100 = 10’ hecto h

10 = 10’ deka di
0.1 — 1 0 ’  deci~ d

0.01 1 0 ’  centl
0001 — 1 0 ’  mliii m

II 0041 001 = 10’ micin $
0.000 000 001 1 0’  fl$flO fl

0.000 00(3 (100 001 - TO-”  pico
0.000 000 000 000 001 - l O ”  lnmtn

(1.004) 000 000 (XX) (100 001 1(1 “ situ S

- - -- 
‘To be avoided whues pessible. 

. 
- - ~~~~~~~~~ ~~~~~~~~~


