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1. INTRODUCTION

The U.S. Air Force has sponsored several programs in pursuit of the
Automatic Technical Control (ATEC) of telecommunications networks, Systems
have been developed which perform extensive "out-of-service" channel analysis
and which have a limited capability for "in-service" monitoring. "Out-of-
service" refers to channels not in use at the time of testing. "In-service”
refers to non-intrusive probing of a channel while it is transferring
information, When a channel has degraded to such a degree that it will no
longer transfer data with sufficient accuracy to maintain effective
communications, it has "falled." When a channel fails, it is necessary to
re~-route the data through a back-up channel and subject the failed channel to
out~-of-service testing. The development of in-service channel monitoring
techniques is desirable since it would minimize the number of reserve channels
required and would provide advanced warning of channel failures before
acceptable service 1is disrupted. The implementation of such an in-service
monitoring capability would probably provide more reliable service, while
reducing overall system maintenance costs, by scheduling down time on failing
channels for testing during off-peak hours.

The objective of this effort was to theoretically and experimentally
investigate the use of modem signature analysis techniques for in-service
channel-quality monitoring of voice bandwidth channels used for digital
transmission. "Modem signatures" is the term applied to any characteristic
derived from the signal source by measurement or transformation (FFT, for
example) for use by a generalized algorithm. Monitoring refers to the
determination of the transmission channel condition and, ideally, to the
identification of the type and degree of impairments affecting the channel, to
aid the operator in effectively managing available resources (channels) and
maximizing up-time.
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2. BACKGROUND

Recent developments in microprocessor and VLSI technology have reduced
modem and computer costs and have resulted in an increased utilization of

telecommunications channels for data communication purposes. In response to

, the increasing demand for enhanced in-service monitoring capabilities, the Air
Force Communications Service (AFCS), 1{in 1977, performed an in-house
investigation which showed that a "large variety" of in-service data modem

samples could be distinguished from one another. After the installation of

, the Wire-Line simulator at the Digital Communications Experimental Facility
' (DICEF), RADC, it became possible to simulate degraded channel conditions in &
controlled fashion, With ¢this capability, a fow-modem database was

A generated. The modems were each processed through the wire-line simulator

Ll

where varying degrees of impairments were added. The modems of the original
database are listed in Table 2-1, Each modem sample cut was approximately 1
1/2 seconds long and digitized at 12800 samples per second. The type and
degree of impairments collected are shown in Table 2-2.

—

. The featuwres used in the experiment were functionally equivalent to
’ calculating the autocorrelation of the signal after it had been quantized to 1
’ bit. This is shown graphically in Figue 2-1, Generally, the lowest lags of
the autocorrelation provided the best discrimination between modems,

s It was shown that the fow-modem database could be separated with

; complete reliability in the presence of noise, harmmonic distortion, and phase

Jitter. No attempt, however, was made to characterize the channel condition.

1 The problem of identifying signal features and classification algorithms to

: perform channel degradation detection and classification were the goals of the

;f"‘ : Modem Signature Analysis (MSA) effort., The remainder of this report discusses
the results of this program.
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Figure 2-1: 1Illustration of the Effects of Quantizing a
Signal to 1 Bit
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3. DATABASE OVERVIEW

Under the present effort, it was agreed to expand the original four-modem
database. As more modems were added to the database it became more difficult
to classify a modem type. Further, the problem of deducing the channel
quality had more cases of "normal" operating parameters to consider, It was,
however, decided that the original four modems did not provide a sufficient
basis for an investigation of this scope.

The seven additional modems collected under this effort, together with
the original four, are listed in Table 3-1. All of the later collections were
at a sampling rate of 17.2 KHz in contrast to the earlier collection which
used 12,8 KHz. All the signals of the first collection included cuts impaired
with varying amounts of Gaussian noise, harmonic distortion, or phase Jitter
at 10, 60 and 120 Hz. 1In addition, each signal included some cuts impaired
with a combination of Gaussian noise and phase jitter at 60 Hz.

Under this effort, there was concern that the wireline simulator's
capability to inject harmonic distortion was not functioning correctly.
Because of this, no cases of harmonic distortion were collected under this
effort. All signals were, however, collected while impaired with Gaussian
noise and/or phase jitter. The range of impairments collected for each modem
of the complete database is shown in Table 3-2.

The complete database contained a total of 311 modem samples. Each modem
type was supplied on a raw formatted tape accompanied by a log sheet
describing the 30 or so cuts on that particular tape. The cross-referencing
between the logsheets and data tapes soon became unmanageable as the database
grew larger. It was decided to eliminate the need for the log sheet
referencing by encoding the modem type and collection parameters into the name
of the file which stored each cut of data.
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Software development was performed on a VAX 11/780 and on a PDP 11/45.
The target processor was a PDP 11/40. Both operating systems (VAX VMS and
PDP-11 RSA11M) support FILES-11 disk file structure. FILES-11 allows each
file to be named by a nine-character name and a three-character extension.

The filename encoding scheme employed is shown in Table 3-3, The first
four characters include the generic code information, including the number of
bits/second, the baud rate, and modulation type. The first character is an
arbitrary, unique symbol assigned to represent each individual modem type.
Table 3-1 includes the generic code label for each modem.

Several benefits are immediately evident from this scheme. For example,
if all modems with a baud rate of 2400 are desired, it is simply necessary to
scan all the file names for those with a "3" i{n the third position.
Furthermore, reviewing the success of a processing run is simplified because
all available groundtruth is encoded into the filename of the data sample.

In addition to the generic and ID information encoded into the filensme,
the impairments present on the channel are also encoded. The fifth character
describes the nature of the impairment. As shown in Table 3~3, codes "0" and
1" refer to the raw modem signal which has not been passed through the #A
line, and to the modem signal which has been passed through the #A line with
no impairments added, respectively. The two-character field “Fi1" identifies
the amount of Gaussian noise or harmonic distortion added to the sample in
dB's, Field "F2" indicates the amount of phase jitter in degrees peak-to-
peak. This allows the encoding of combined noise and phase jitter information
in the filename. Note that whenever phase jitter oceurs in combination with
Gaussian noise, the frequency of the phase jitter component is alweys 60 Hz.
This case corresponds to an "“I" code of "i", The other frequencies of phase
Jitter each are identified by a separate "I" code of "6" through "9%; field
"F2" shows the degrees peak-to-peak.

34
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Table 3-3

MODEM ID DATA BASE FILENAME CONVENTION

T # # M I F1 F2 " WAVY
7 } \ A}
TYPE BITS/SEC. BAUD MODULATION
PARADYNE 9600 1-12900 1-~1200 F=-FSK
2-2400 2-1600 D-PSK/DPSK
LENKURT 26C 3~-4800 3-240Q0 Q-QAM
4-9600 4-2667 P-PAM
HUGHES 276 $-16000 5~-4800

CODEX LSI 9600

PARADYNE MP

CODEX LSI 48 MODE A

CODEX LSI u8 MODE B

CODEX LSI 48 MODE C

WECO

HARRIS

MD-674

(I) IMPAIRMENT

(F1) FIELD 1

W D I BN E WN BB

NO u4A 00
44 CLEAN 00
HARMONIC DIST. +dB

GAUSSIAN NOISE +dB
NOISE & PHASE JITTER +dB
CALIBRATION SIGNAL 00
JITTER € 10 hz 00
JITTER @ 60 hz 00
JITTER @ 120 hz 00
JITTER @ 180 hz 00

(F2) FIEDD 2

00
00
00
00
P/P
00
p/p°
p/p°
p/P°
p/p°

Table 3-3




Code "5", described as calibration signals in Table 3-3, includes a
variety of test signals. These are typically test tones or Gaussian noise
passed through the simulated 4A channel,

- 3.1 DATA COLLECTION

r‘ l All of the data collection was performed at the RADC/DICEF, Griffiss Air
f ) Force Base by RADC personnel. The original data collection setup is shown in
Figure 3-1. The random sequence generator provides a repetitive random stream
i into the modem under test. The modem output is fed to the wireline simulator,
The signal is digitized in the simulator and the channel characteristics and
programmed impairments are added. The resultant signal is D/A converted and
then leaves the simulator, After anti-aliasing filtering the signal is re-
digitized at 12.8 KHz for data collection and recorded on T-track magtape by
J the DICEF 9303 processor., For the purpose of this investigation, the data was
converted by RADC personnel to 9-track magtape and supplied to PAR Technology

Corporation. |

The original database for the MSA effort contained 4§ modem types:

i e CDX LSI-9600 - QAM

e Hughes HC-276 - DPSK
o Paradyne LSI-96 - PAM (Vestigual Side Band)

o Lenkurt 26-C - FSK

The second series of data collections were performed on the setup shown
in Figure 3.2 Note the 51.6 KHz sample rate into the AP120B. Data was
e resampled by three to reduce the sampling rate to 17.2 KHz before being passed
| to the PDP 11/40 processor and saved to magtape.
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From the two collections a total of 11 modems were sampled. Four sampled
at 12.8 KHz and seven sampled at 17.2 KHz. In order that features extracted
from the modem signals be comparable, it is required that all of the samples
have the same sampling rate. Therefore, it was determined that the sample
rate of the database be unified., Further, in order that minimum error be
introduced into the signals, it was decided that the 17.2 KHz sampling rate
would be resampled down to approximate the lower sampling rate, 12.8 KHz.

A method known in engineering as Sampling Rate Decimation, was applied to
the 17.2 KHz sampled selected Modem types in the MSA database to alleviate
this sampling rate discrepancy. The implementation of this sampling reduction

algorithm is fairly straight forward and is described elsewhere‘. A summary

of the method is given here.

The two sampling rates contained in the MSA database were 12.8 KHz and
17.2 KHz. Since 12.8 KHz is approximately three-quarters of 17.2 KHz, the
sampl ing rate reduction technique to be applied 1is straightforward, The
approach accompl ishes the reduction of the sampling rate from 17.2 KHz to 12.9
KHz within 0.8% of the desired sampling rate 12.8 KHz. The procedure {s
indicated below:

1. Initial Dsta is obtained at a sampling rate of 17.2 KHz.
2. Pad each sample in the Raw Input Data File with 2 zeros
3. Apply a Low pass filter with a 6 KHz cutoff and a gain of 3.0

4, Resample by a factor of U

1 Proceeding of the IEEE, Vol. 69, No. 3, March 1981 "Interpolation and
Decimation of Digital Signals -~ A Tutorial Review."™ by Ronald E.
Crochiere, Lawrence R. Rabiner.




After execution of step (2), the data stream will have an effective
sampling rate of 51.6 KHz. The 6 KHz low-pass, linear-phase FIR filter will
interpolate the padded zeros and act as an anti-aliasing filter,

Since the effective sampling rate is currently 51.6 KHz, resampling of
the data by a factor of 4 yields a sampling rate of 12,9 KHz, which is within
0.8% of our desired sampling rate, 12.8 KHz. Following the conversion of all
modem types originally collected at a sampling rate of 17.2 KHz to the 12.9
KHz sample rate, extensive tests were performed to insure the validity of the
resampled data, Figure 3-3 shows a time plot containing the first 1024
samples of the PARADYNE MP-96 modem with AGN added.

This illustration was plotted from the original modem database which was
generated at a 17.2 KHz sampling rate. Figure 3-4 illustrates a power
spe~tral density plot of the same data, Figure 3-5 shows the same data after
resampling (sampling rate = 12.9 KHz). The difference between the plot shown
in Figure 3-5 and the plot shown in Figure 3-3 indicates the error introduced
by the reduction of the sample rate. By visual inspection, it {s clear that
the plots are identical. Inspection of the Power Spectral Densities of the
same modem data at different sampling rates, Figures 3-U and 3-6, we concluded
that the carrier frequencies and bandwidths of both signals are equal, thus
showing the success of the sampling rate reduction.

The sampling reduction technique was applied to each file in the MSA j
database which has been generated using a sampling rate of 17.2 KHz. The
resul ting database currently exists with a sampling rate of 12.9 KHz.

Figure 3~7 1llustrates the frequency response of the 6 KHz low-pass
filter used in the resampling technique, Figure 3-8 lists the coefficients
which make up the 6 KHz filter.
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3.2 THE WIRELINE SIMULATOR

The wireline simulator was used to produce all of the channel impairments
which were compiled into the MSA database. Since the MSA database will be
studied to suggest possible algorithms and will also serve as a test data set
for any algorithms developed, how the simulator performs the corruption of the
channel will be described, The description will focus on the theory of
operation rather than the implementation details and will emphasize the
particular parameters used during this program rather than the myriad of
options. For further information the reader is referred to at least three
detailed technical manuals available in the DICEF on this subject.

The wireline simulator was originally installed at DICEF in 1970. In
1976 the simulator was upgraded with the addition of a special purpose
programmable signal processor and a new control minicomputer. The description
can be conveniently separated into the original simulator and the upgrade. A
block diagram of the original is shown in Figure 3.9. It comprises a
programmable digital filter, a frequency offset unit, an impulse noise
generator, and interfaces with a general purpose digital computer and with
input and output analog signals.,

The digital filter is based on a direct convolutional algorithm employing
a special high-speed arithmetic unit with a 400 nanosecond multiply/add time.
The frequency offset unit performs a digital single-sideband modulation
including Jjitter of the offset frequency. The impulse generator produces
rectangular pulses, noise bursts and damped sinusoids each with variable

parameters, Automatic amplitude scaling A/D and D/A converters provide an
input/output dynamic range well in excess of the basic converter accuracy.

A block diagram of the upgraded wireline simulator is shown in Figure 3-

10. In this figure the original simulator is represented by the large block
in the left center, It is noted that the upgrade was added in a serial
fashion to the original. That is, before digital-to-analog conversion at the

R T L B CE R . e e e l
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output port of the original, the sampled signal was interrupted and sent to

the upgrade for the addition of more parameters,

The first parameter of interest is additive Gaussian noise. An external
General Radio Type 1390-A Random Noise Generator was applied to the noise
input shown in Figure 3-9. This source was applied before the input A/D

converter and as a result was weighted by the remainder of the simulation.

The next major component applicable to this program is the programmable
digital filter wused to simulate the attenuation and delay distortion
characteristics of the wireline channel., The impulse response is represented
by 256 samples., Thus, each output sample is generated by 256 multiply/add
operations in the convolutional filter. The filter performs a multiply/add
operation in 400 nanoseconds. This resulys in a sampled rate of 1/(400 x 10-9
x 256) = 9765.50 samples/ sec. The filter employed a typical convolution
algorithm where the nth sample of the output function g(n), is given by

N

g(n) =¥ h(k)f(n - k) (1)
k=0

where h(k) is the sampled impulse response of the filter and f(k) is the input
function. Implementation of Eq. (1) requires two circulating memories, one
which stores h(k) and one which stores f(n - k), and a multiplication/addition
unit which generates g(n), Note that as n advances, a particular sample of
f(k = n) slides relative to h(k). This is achieved in practice by making the
memory which stores f(n - k) one word longer than the memory which stores
h(k). Then, when the h(k) memory completes a full cycle and a new value of

g{n) has been generated, the f(n - k) memory lacks one word of completing a
full cycle., Thus the data in the f(n -k) memory is shifted back by one
position relative to the data in the h(k) memory every cycle. The vacant
position at the beginning of the f(n - k) memory {s filled by the new input
sample,

3-20




Figure 3-11 shows a block diagram of the programmable digital filter used
in the simulator. The h(k) memory contains 256 samples of the filter impul se
response and the f(n - k) memory contains 257 samples of the input function.
The particular impulse response required for the filter is loaded into the
h(k) memory from paper tape, through a paper tape reader and control unit.

—em LT

Voice channel communications often go through carrier systems which

employ single sideband modulation techniques. Usually, the tranamitter and
receiver carriers are not exactly locked., In particular, one carrier will
drift in frequency and phase relative to the other one, producing a variable
spectrum shift in the data signal. The frequency shift unit is intended to
simulate this effect. It is capable of introducing a frequency offset in the
spectrum of the data signal. The frequency offset can be modulated by either
a square or sinusoidal modulation waveform where the frequency and deviation
: of the modulation can be controlled, This unit was used to impart phase
1\ jitter to the MSA database.

The frequency shift unit, as implemented, performs a single sideband
modul ation directly at audio frequency. The mathematical block diagram of the
i unit is shown in Figure 3-12 and a functional diagram is shown in Figure 3-13.

f et aa

The mathematics of the signal processing are outlined below,

The input to the unit, f(t), is to be shifted in frequency bywm, Since
the duration of f(t) is always finite, it can be represented over its entire
duration by a Fourier series

f(e) = Y% [ancxs n(,%t + bn sin n(%t] (2)

n

The signal f(t) is first passed through a 90° phase shift device and the
J resulting quadrature signal is fq(t), where

fq(t) =X [b, cos nt - a_ sin n(,?)t]

n
3-21
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Finally, the single sideband modulation is performed as the difference of two
products:

£,(t) = fq(t) singy t = f(t)coswot
-g [bn {:os n() € sinQy t + sin ot coswmt}
+a_ {:os N, t cos t - sin nE t sinwmt]

.E [an cos(nwo -wm)t + b sin(n(.&)o -wm)c]
n

Thus, f (t) 1is the same signal as f(t) with the spectrum shifted by an
increment w, .

The next impairment function to be considered is the harmonic distortion
generator. This device presented a unique design problem since for high
distortion levels it is possible to produce spectral widening with its
associated aliasing. The inputs to the distortion generation elements are
band limited so that the distorted output signal will not contain significant
aliasing. This is accomplished as shown in Figure 3-14, All low-pass filters
are compensated for 2zero delay and zero delay distortion,

The input signal which is sampled at 9765.63 Hz, is first band limited to
2500 Hz and then squared. The output of the squarer will contain second
harmonic components which have a maximum frequency at 5000 Hz. Thus, no
inband aliasing is produced. That output will in turn be band limited to 2500
Hz and again squared to produce components with 4th harmonic components. The

3-25
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second and the filtered Uth harmonic components are multiplied to produce 6th
harmonic components, The odd harmonic comiwnents are generated by mixing even
harmonic components with the fundamental. Examination of the figure will
reveal that no signal component used will have a spectrum wider than half the
sampling rate., This will avoid all aliasing problems., It should be noted
that none of these components is pure, but the appropriate harmonic energy is
present and by combination of the components, it is possible to generate
arbitrary harmonic distortion. This capability is provided by the weighting
network which implements the coefficients of a Taylor series expansion of the

distortion characteristic to produce the desired harmonic energy. The

operator enters harmonic amplitude and the PDP-8 computes the coefficients.
When the harmonic distortion signal has been generated, the result is then
added to the original, undistorted, signal.

The harmonic distortion process is performed by combining the terms in a
Taylor series expansion,

Distortion Component = a, + aj S(t) «+ azsz(t) + a3s3(t)
+ aus“(t) + asss(t) + 3656(t)

where S(t) is the input signal to the distortion generator., The 6th order
term in the expansion also contains 4th and 2nd harmonic energy in addition to
the 6th harmonic energy. The PDP-8 OPCOM program is designed to operate on
operator inputs specifying harmonic levels to create the set of coefficients
for the Taylor series which cancel undesired harmonics. Note, this procedure
can function only when signal level is known and S(t) is a sine wave, It is
possible to generate pure 6th harmonic by requesting the OPCOM program to
generate only a 6th harmonic component. The 3rd harmonic was utilized for the
MSA data collection,
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4. A HIERARCHICAL APPROACH TO PERFORMANCE MONITORING OF VOICE FREQUENCY CHANNELS

It is desired to develop simple and reliable techniques for performance
monitoring of voice frequency communications channels, The prodblem s
consideradbly simplified if the performance monitoring unit can observe modem
outputs, In particular, a number of existing techniques are available in this
case for predicting bit error probability, which is often the single important
measure of channel quality. Unfortunately, in the present application it
cannot be assumed that the modem outputs are available. This severely
compl icates the problem and requires a careful hierarchical approach if the
design objectives are to be achieved. 1In this section, such an approach is
outlined.

The decision hierarchy is illustrated in Figure 4-1. On the basis of
observations taken on the voice frequency (VF) line, and without knowledge of
the modem type, a preliminary and obviously gross assessment must be made
concerning whether or not the channel has suffered a catastrophic failure.
This might be the result of total loss of signal, or even the SNR ratio
falling to an unacceptably low value. Here in the first step (Phase 1) of the
hierarchy, some tests dealing with estimates of the channel SNR, or possibly
tests using spectral analysis techniques may be considered,

Assuming that there is no indication of gross channel failure, the next
phase (2) is the task of specifically identifying the modem type in service on
the VF communication channel, This level of identification is necessary in
order to be able to predict what is the "normal®™ channel activity for this
modulation type. The classifier need not be completely effective. The
classifier may fail to identify the correct modulation format with a
sufficient degree of certainty. In this case the classifier may be directed
to repeat the classification attempt on successive channel samples a fixed
number of times. If a confident decision has not been achieved in this
period, it can be declared that a degradation in the modem signal structure

LT
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has occurred, rendering the signal unrecognizable, or that the actual modem
type is not a member of the established set which the classifier is prepared
to recognize.

i Assuming the confident classification of the modulation format in Phase
: _ 2, it is then required to provide some quantitative evaluation of the amount
l and type of degradation affecting the channel., Phase 3 of the hierarchy is
the quantitative evaluation of degradation and is by far the most difficult of

i the hierarchical tasks to be performed. It may require replication of typical
: modem receive functions such as bit synchronization, phase tracking, data
demodulation, and in some cases adaptive equalization. It should be noted

i that the actual implementation of the modem receive functions may differ from
that of any specific modem types. That is, if a correct identification of the ! 4

modulation format has been made in Phase 2, then it is possible in principle

to construct (in software) a generic modem which is functionally equivalent to 1

4 the actual modem on the VF line under test. While in principle this
replication of modem receive functions is possible, it is potentially complex

in terms of implementation. Nevertheless, we proceeded under the assumption

; that any implementation can be achieved, so that the direction of the 4

investigation would not be biased toward the readily realizable solution,
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5. ALGORITHM INVESTIGATION

Throughout the course of this effort, a variety of algorithms were
investigated for all phases of the hierarchical approach described in Section
4. It is frequent that algorithms overlap the boundaries between hierarchical
tasks, being able to contribute to more than one phase of the problem, For
this reason, the algorithms investigated will be presented here without strict
observance in identifying the precise hierarchy. Rather, the choice of
algorithms to be demonstrated, and the structure of the demonstration system
will be the subject of Section 6.

5.1 MODEM SPECTRAL PROFILE ANALYSIS

The goal of the spectral analysis investigation was to evaluate the use
of signal power spectra for use as a feature space from which decisions
concerning the channel traffic type and/or channel quality could more readily
be performed. One member of each modem group was selected., The spectral
estimates of these signals are shown in Figures 5-1 through 5-11., Each plot
represents the average of ten 1024-point power spectra. Hanning weighting has
been applied and the plot is clipped off 40 dB down from the spectrum maximum,
The horizontal divisions each mark 10dB. The frequency range {s from 0 to 6400
Hz, or 256 Hz per vertical tic mark. Any DC component has been removed.

The first two spectra illustrate the FSK modulation type. The familiar
carrier frequencies are easily detectable, The three DPSK, 1200 baud modems
are shown in Figures 5-3 through 5-5. The lower edge of the pass band region
for each sample contains spurious channel data, such as noise. The roll-off
of the lower-edge for the three modems is not identical, which is required if
any feature measurements are to be made in this region for the purposes of
generic type identification., A potentially valuable feature is shown in the
PAM, 4800 baud signal spectrum (PARADYNE LSI-96) shown in Figure 5-10. Here
the 2853 Hz carrier is apparent above the other pass band components.

5-1

-- i el .
b — ., e "?’f}-'m”»c'di"\.;»'f Vo

———

PSS s e e e




9eds 607 gp op e uo pajybioap
buluuey *saul] Q| 40 abeudAy wnajdadg jeubis 9-92 I¥MINIT :1~G danbiy

)
= v ;
-
N %!
1 ,»ﬁs. K
[Te] .,».ﬂ‘
x
r«x
I g
=
i
)
i
T8 LT 00e20RE001°0- © NIV S0+D00vIL0°0 © WU D¢ 00°00e0 O 0°0 Mo "0 o0 0 Nl 3
. A A A a N a PO PSP S i " A A P A N a PP R S 3
4
PIIBING  BE-NT-08 AU ODONRATT 1 00 DONNENINY AN DWS K
. y
i
d




T
et e ettt e .

ke i - it

9|eos 607 gp O © uo
pajybiam bupuuey “saui O} jo abeuaaAy wnuydads |eubis $/9-gW :2-G d4nbi4

50 DMIT OTCUOENT 0. « NIW BORIPIOTLO © W DA o o0

e "0 w0 0 M2
A Y A A A A A A e Y a A A A A e A, re re —y e omdt . e
CO0L0100 TE-INF-58 OUN'O0BIRAIIX 00 00 P91 $914NT I IWISY
a1 E -~ hd

e

. ‘ L3
‘a

.

5-3

VAt s 41




a|edg 607 gp Op © uo p3aIy6(aM
Buguuey *saut] 0| Jo abeuary wnuajoads (eubis 9/2-IH SIHONH :€-G aunbj 4

A
U0 TNIT DOoB0G0NI 0~ ¢ HIV BOeJILONEN0 © XVt 2N 30000 0L 070 Mo "0 020 Wb
SHI00100 BE-NVE-06 AV"OIPNCEIEN 00 O SONENIGY $94WIBWISe
T ) — B S e S
: ¥
‘a
»
e — o r——— - -

AR A AL

'.““.

e

¥

&
v

5-4

— e & e~



a|eds 607 gp oy © uo pajybiap
bujuuey °saulq of Jo 3b6eudaAy wnuidadg |eubis 2y02 03N  :p-S 34anbi4

0 BILY POOTRELLET 0~ « NIN DO+DCPOSN0 = MW 2% 00°OND 9L 00 eme "0 100 NI

A e 4 A Py A "y i iy e > A i A . Y A A A A oo o en

0158100 FU-HV-08 AV OOBNCOION 00 00 0T IR 1Ml Wity




ajeos 607 gp Oy e uo pajybiam bujuuey
‘saui] Q| J0 IbesdAy una3dads (eubis g 3pow 8¥-1S7 X3000

:G-G 34nbi 4

5-6

T 0 INIT QOeIBLOVET - o NIK BODELILIN'G © W BM 00°00D e Mo 0 10 10 Nl

A " A . A " A i ek M i A A e a A -
8100100 DE-ANC-08 AVAQOSICEING OF O BOLtiandNY 124NN MWiIsd
T T - e e
3 LW o
v

. -
T o - -~ e o o

Famlar a2 St U0 Ta s - Som ol




a(eos 6o gp Op e uo paybiayM bupuuey
‘saui] Ol 40 abeaaAy wna3dadg |eubis y apow 8p-1ST XIA0) :9-G d4nbiy

T 0 IMIT DOSTIENCI 0~ o NIV FODEINELH'E o« XV DN 00°0SK9 0L O°¢ eng o 10 ¢0 ¢ BML
— A A a —k A - . - “ - N A a a a A N P -— e
SICIION BE-NF-08 AAOCOMLEREY 06 8 0TI 3NAWTIIWIte
< -~
- Mhinnd el
\

.1":“‘ A

ol

5-7

§ -

®




e gpen L

apeds 607 gp oy © vo pajybiaM bupuuey
‘saut QL 4o abedaay wnaydads (eubys ) apow gy-1S7 X300) :L-G d4nbyy

5-8

T 0 DIIT SODTOONEL 0= o NIN DO+ ICOCR0°0 « W TN 000D &4 00 L. K J 00 0 M

A A A T P

" i A A A A

" A A A

PEIDNINN DE-HN-08 AWR-00OITONEE 06 00 SOVNENIN! SHIANNTIBWeEe

v

. R -




AR N e e

aleds 607 gp Op © uo pajybiap

fujuuey saulq Q| 40 9beuaAy wnaldads (eubis 96-1S7 X3A0) :8-§ d4anbi4

/
o
P
[+2]
]
[T
S0 ININ DOIBLINNI‘O- o NiM DUoDOLIEINO o XV DN 00°00eD OL 0°¢ onl o ¢ 00 0 WL
P SR A PP PR S — A A IPUR - s - - P IPRIGUEEN S
IS0 DE-WIF-BE WA OIPITICID 08 00 BOTNNIG THWIIIWES

et RE Ll - ~

—_— - ———— - e e e e e
A o' A Y 7
L3
‘o
.
e —— ——— . -~ - — - R ARt s - - e o




TG g

mcvccuz ‘sauyq 4]

9le35 6oy P 0 e ua

40 9bey

9AY wnua3dadg Leub)g gg

P31ybay

~dW 3INAGWYVY *6~S 3unb) 4

e ————— ﬁ ——
L} ‘!J’c.-’-.fnéggo MR IR I o ¢ ‘Mo 0w an,
3109009 30-r-p9 A°000003cry g9 » Mnmneg 1NNty
— -~ I
ok 3
~
.
{‘..; gt — - - -, ul

5-10




, e - ” ks - R A et Sl ma B0 5.5 pon. i e
o R .1: .

aLedos 607 gp O © uo pajybiam
bujuuey *saul ol jo abesaAy wna3dads |eubiS 96-1S7 INAGVYV :0L-G 34n6i4

¥ 0 DHIT 100BSITINR"0 o NIW U0eBLISNIEG o W DM 90°00rd W 0°0 . .i [} 0 0 0 B

b e, A A A - A A A . P Py " 5 & A P A A A Py A . -

TEIENIN BO-IF-0U AW OORTLAINE 08 00 G0THHIG: $3eaMNDweRe

sl ) ¥ - - - g
e ) ST T t.i,:.!..f!.., AT T T T
i
‘A
L3
—— e ——————— (oot e - . s e - PN - —————— e




=

IV

aLedg 607 gp Oy © uo pajybjap

bujuuey saui QL 40 abeuadAy wna}dads (eubyS 8E2S SIYYVH :LL-G 34nby 4

5-12

§ 0 DNIT BUeTRPOeRt 6= o WIN B0o3e00810°0 - Vi D 00°ODND 6L 0°0 *Mo 0 00 Ml
A A A . PN A A " a N - A N -~ A - A -
CO0000 BE-INE-08 AR O0OCOMSE 08 60 0010N3G0 1900 DWISH
——— iy, SENS = T i \:.vt.vl.“. TR TR T T
. . .
_ A
‘a
1
o~ T - e - ———— e



-

T R Ay A8 TSR W et

Another technique used to reveal signal properties was to apply full-wave
rectification prior to the spectrum computation. This process was shown to be
very effective in enhancing the spectral component at the baud rate., Figures
5-12 through 5-15 show the power spectral average for the FSK 1200 baud, DPSK
1200 baud, DPSK 1600 baud and QAM 1600 baud signals, respectively. No baud
component enhancement occurred for the higher speed modems,

5.2 AUTO-CORRELATION ANALYSIS

As a prerequisite to the determination of the type and degree of
impairments affecting the channel under study, an 1identification of the
channel traffic to a level of generic type must be performed. Without such
information, it is not kmown what signal parameters represent a "normal" low-

error operating mode.

Previous attempts at classification of the modems used an equivalent to
the autocorrelation function generated from a 1-bit quantized version of the
modem signal. Based on the previous success of these features, the
autocorrelation function was used as the feature space in which the generic
modem type separation would be investigated, The classification problem has
become greatly complicated since the work performed on the original four modem
database. The 11 modems studied represent seven unique generic signaling
strategies, The goal of this investigation 1is to design a practical
classifier for the seven generic classes to determine the modulation type,
baud rate, and carrier location information required in the forthcoming
channel impairment characterization.

The training set for the classifier corresponded to the first 30 lags of
the autocorrelation function given by

M-m-1

C(m) = A(mtq) * A(q)
Q=9
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where:

m is the desired lag

M is the number of data points in the correlation window

A is the input modem signal waveform

Clearly, lag (#) corresponds to the input signal squared, or the total
power for the zero-mean input signal. 1In order to minimize the effects of
collection gain variations, lag () was always used to normalize the feature
] vector (of the first 30 lags).

i After much preliminary investigation, it was decided to narrow the scope
of the investigation to two autocorrelation window lengths, 3,000 samples and
8,000 samples., Both the un-quantized signal and the 1-bit quantized signal
were considered; where the 1-bit quantization i{s defined as:

—

; IF A (1) > &, then A (i) = 1; else A (1) = &

* It was concluded that both the 1-bit quantized signal waveform autocorrelation
and the full 12-bit quantized version showed merit. These four cases will be
explored in the remainder of this section.

Figures 5-16 through 5-26 show a plot of the autocorrelation function of
, each modem for the case of an 8,000 sample correlation window of 1-bit
quantized signal data. Also contained in these figures is the signal spectrum
estimate obtained from performing an FFT on the autocorrelation function,
During this investigation, only the autocorrelation functions were used as
. features, The signal spectrum is provided for inspection purposes only.

f
-
!
- f ‘ 5-18
L !
E | l
- { t
o FUS : i s AT e -~
! :; ’»-75‘ e - ‘ - X ~'~7“Q}MWWF* s .. -~; ———
Mt ® B e T




WRPOW J-9¢2 LUYNNNIT
3yl J40j UO13dUNJ UOLIR|IUA0)-03NY BY] jO sbeq p9 3sal4y :9i-G dunbi4

o HN
0005y 00°0RY  00°OLN  SETORE  00°BYY 8.3..28..% ._.Pu.zu:u.uﬁ~ 8..18.3.8.2.8... l

'l'&.

Ty el

01V SECEY  e°YE  seqs S0y BeUqy S.Mt:ow..ﬁ 00°§T  eeqr eyl eecqu .’ 0"

Wiy ¥F

L nuﬁ'hzuuﬁ'

‘9
N

]

"’
Jont!

AYN 920084117

B ey, e e

BTSSR ST MR S SES

o
L
6




WIPOW H/9-QW 24} 40J UOLIJUNJ UOEIR|IUL0)-03NY 3Y] JO sbey $9 ISUy /|-G dunb}y

ooy oo ooy oo ooy ooope' ol "NAIENE o LI T ¥

N

WY e s s wp g ...mm..:.w..ﬁ 0 @ st eeq ”s "

i}

e

5-20
ko TGRS e -

ot i

* 001 1%eh ol rsuuldioy T

AUM*0022€41 11X




ﬂ; f ” NS e S A —— - inielydiat: o s 25

WOPOW 9/2-IH
| SIHINH Y1 404 UOEIIUNJ UOEIR|ALA0)-03INY 3YY JO SBOY §9 ISAL4 :gL-G 24nbid n
oo ooy oep owors oo o Vol "SR o o aw  ww .y
Fl
r :
]
e
sz
!
3 o ]
[ ] 0'e eyt Lol L3\ 00°qr S.Hut:h...n.w 0y L J [ U X U ) LK M m
3 -
&
P2
2
s
2
3
8
AUN °0092E012H :
| f
L
| . —— o llt!liivu - e
l’.aa [y
i " L - o " . ) " o ) i. : f




/ o
\ s
wapoW 2vZ02 0D3IM 3yl 403 uoLIdUN4 UOLIR|DAA0)-03Ny BY] JO sbe) 9 3ISAty :6|-G d4nbi4
] L U IV N L\ 3.’-........%8 8.—-. uzé 00°0e 00 gt [ X 00
! 2
!
| -
m ; uw
ez
T |
*
L &
sy egr My e ey eege wa 'l ey s eegt s s een & _,w
( B 4 v e
g i)
5 E:
s L
2
= )
=2
Ll
wm .
| AbM 0022E012M i
i
b
! 2
- -~ ‘. - — - ———— - - - - i W i II]!A“
a . v _




i e BAA/R e by ol P R P——— S SR ” —

WIPOW § SPOW 8H-1S1
X300) 3Y3 403 UOLIDUNJ UOLIR|DUA0)-03Ny Byl JO Sbe] pg ISuLy :0Z-G d4nbi4

oy osgy ooy oy seop ovep'lnont AR RO sw wey e g e

9%°31%
d

Poaanditioy B 7 99 W9, 1
’ah i‘t

5-23
¥

SR SeTEY  00°Y3  95°QS ey Mgy 86 0098 00§ ez segt  esqt nws »

[~
z
o
o2
g
AYM@021€Q129 L
{
> Vg
M\
e e as e ere s T K e e s R A AN ;
- .,\, - — T E ) - oo ..‘.v.w...l! wﬂ. e
\., -.’
——— il.zn(\'!”l'.l’.lAV.' .- B . e 3 - v e e - ——a— = —




X3000 343} 40j UOIIIUNJ UOLIR|3JIU0)-0INY 3y} 3O SBe] 9 3S4L4

Lol K. S

UBPOW ¥ 3poW 8H-151

112-G dunbyy

0°048  00°0) 8.3..2-.-..%: :-...Pwaug“- 000 000y ee°sqs

oy e

Lt ]

00°q 00y ee'qey 8.“:.—%«..« wy

LA L

n-?!’ N-Hﬂ mn'su

TZT ]

3
-
3
'

AUN " 9€BBL02EY

e — - - ST e oV .. -

diny

L/
3

Y -

X

"’y
N

5-2u4




e emth v T e - ASA AT = vt o o

WIPOW I 3POW 8Y-1S1]
X300 8Y3 404 UOEIDUNY UOLIR|3U40)-0INY By} JO SBeY p9 ISaly :22-G unbjy

[ ]
wop oo wop oo sy sop ! RARTONE wop wep e ww w

t
0039  00°8Y  Ge°ys QS eeyt Mgy S.am..:-w...ua L X U XU ”'s [ X%
2
2
=1
rﬂlm
2
~
r.'
=
2
o2
e
R
AUMN " 9081ED2ET s
L o Ak AR e AL re I S ) (O
—_ - e A T
‘.

7




Wapow 96-1S1
X300D 943 40) UOEIJUNY UOEIR|BAU0)-0INY By} JO SBey p9 ISAby :£2-G unbiy

S0°O%Y  BBTRY  0RORS  00°0QS  BROYY 8.3.........«-: :._.».u...u:n.uum- 00°0Q3 0004l el Mg o
e
»
2
33
?
3
2
INIL W
Yy S0y 09°Y  89°qS M SE°Qv  00'HE  60qE 06 et segl  eeqt ”'s g

? o’
1

e’

*Sons %l nofié

AYN "90991E0EY)

Yl
M‘ L
]
ol
' 1
o
'y
;
& 1
) 3
uwy s
i
:
W
s
nt
w




wapow 96-1S7 INAGVYYd
9yl 40j UOEIOUNJ UOLIR|BA40)-03NY 3Y] JO SBe 9 ISaLy :H2-G dunbi4

YL O N ) 8.3..-..... :z._.»nwzgw.uum- "oqr  seegt  seegr  ee'ge 0"

*

WYy 00°EY  MYY  eeqs Ty MRy S.h..:.amh 'R g segt s ws ey

5-27

* 5001 1 Tebu wallé 120l ¥

AYM "0081EJSYd

e VI SO

J— —— - C e o s s L - o - . _




UWRPOW 96-dW INAGVYVd
3y} J0j UOLIOUNJ UOEIR(|BAA0)-03NY Y] JO SBe] $9 IS4}d :GZ-G danby4

00°05Y  00°PRY  D0°HYS  00°0qE  00UOYY l..-..-_....}wz .....Pu.z u:n-# 00°0F  00°0%)  Gn'eqt  ee'gs

TR u'#

O]

Y 05°QY 083 Sees  eeyy 00y 8.“.. .-hﬁ Mg gz ey eeqh 00's e

¥

l!mu no'F vz o

1ree’

%
14

wol

’e

* han1 1Tt

AYUM "B00O2EDEYH

5-28




WOPOW BE2S SIYYVH Y3 J0j UOLIOUNY UOLIR|3U40D-03NY Y3 JO sBey §9 ISuly :92-G d4nby4

[ 1] (]
. R ..:m. z....»nwzu:”u.u.u- L U U U Y ”:

00U 00y 08y 00°gS 08y eeQy S.Mu..:o“..ﬁ MK ez sy e o'

*n1 1Tt w0l 1o 1auedbdiny ® P e

AUM *00BEEDYSY

—— - - VN e oA s

L

5-29

ek

-,




5.2.1 OLPARS Investigation Of A Practical Generic Classifier

The pattern recognition problem of the MODEM Signature Analysis effort is
i composed of feature extraction, that is, the definition of measurements, and
! of pattern classification. The objective in selecting features for the MSA ;
' ' data base is to provide a set of measurements which yield information to aid
in discriminating among the various modem generic types, even in the presence J
! of severe channel distortions. The features used for discriminating among ‘
i different modem types in the OLPARS analysis are the lag amplitudes of the
autocorrelation function of the raw time waveforms and the 1-bit quantized
waveforms of the MSA data base. The analysis of the MSA data base was aided
by use of the OLPARS system which helped perform both the pattern analysis and
pattern classification for the MSA effort.

—.{ After computation of the featwe vectors from the autocorrelation
functions, we were ready to begin a pattern recognition and classification
. analysis on the data. The OLPARS system uses a structured vector filing
u system for data handling. A tree structuwe was created from the MSA data base
' which included 7 classes, each class being a particular modem generic type. ]
Figuwe 5-27 illustrates the 7-class tree structure., Each class such as
C1200PSK and C1600PSK represent the modems with modul ation strategies of PSK
at 1200 and 1600 baud, respectively. Following each class name is the assigned
class symbol and the total number of vectors for each sub-class are printed,

i S - amkar

The modem naming convention seen throughout the OLPARS analysis is that
presented in Table 3-3. The right-most column of names in Figure 5-27 is the
f list of vector file names. Each of these names represents one modem type for
! all cases of particular impairment. For example, the first vector file name
! of the right-most column of Figure 5-27 is "L11F2", Table 3-3 decodes this as
"LENKURT 26-C, 1200 bits per second, 1200 baud, FSK, harmonic distortion
“ added". This file contains all cases of harmonic distortion for the LENKURT
[ 26-6 modem. Vector file name "L11F3" decodes as "LENKURT 26-C, 1200 bits per
second, 1200 baud, FSK, Gaussian noise added", and contains all cases of
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additive Gaussian noise for the LENKURT 26-C modem. ™"L11F6" contains all
cases of added phase jitter for the LENKURT 26-C modem. Note that for the
OLPARS analysis, all cases of added phase Jjitter for a particular modem,
regardless of the frequency, were combined into a single vector file and
labeled by the impairment code "6", (Table 3-3 identifies impairment code "6"
as 10 Hz phase jitter). Next vectors files L11F2, L11F3 and L11F6 which
contain cases of harmonic distortion, Gaussian noise and phase jitter,
respectively, are combined into "L11F" (on Figure 5-27). "L11F" decodes as
PLENKURT 26-6 1200 bits per second, 1200 baud, FSK" and contains all cases of
all impairments for the LENKURT 26-C modem. Similarly, "X11F" contains all
cases of all available impairments for "MD-6T74, 1200 bits per second, 1200
baud, FSK", "L11F" and "X11F" are combined into "C1200FSK" which is all cases

of 1200 baud FSK for all impairments. This class has been assigned the plot
symbol "F", In a similar fashion, Table 3-3 can be used to decode any of the

generic name information of Figure 5-27 and the remainder of the OLPARS
analysis.

With the class structure defined, the next step is to perform a structure
analysis on the data. Structure analysis is performed as a prelude to
classifier design in order to verify that the specified tree structure (of 7
classes) is actually present in the data as defined by the extracted features.
The second reason for structure analysis is to detect the presence of multi-
modality in the data. Since classifier design is usually dependent on the
class statistics, multi-modality can cause gross classifier errors depending
on the particular modality. OLPARS supports a variety of options to aid the

user in this investigation. A subset of that investigation will be discussed
here.

After the means and covariance matrices are computed for each class, the
two eligenvectors corresponding to the two largest eigenvalues of the
convarience matrix are used as a projection basis into a two-dimensional
space., This 2-D subspace has the property of being the optimal subspace in a
least-squares sense (best fit to the current data). This projection (shown in

b

-
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Figure 5-28) is displayed as an indication of the class clustering and
separation between different classes in the modem data base.

It is apparent from the projection that the separation between the seven
classes 1s quite good based on the features used., The features which were
used in the eigenvector projection shown in Figure 5-28 are lags 1,2,3,4, and
6 from the computed autocorrelation function of the modem data. An 8K sample
window size was applied coupled with a 1-bit quantization of the data in order
to compute the autocorrelation function,

The features Leing used in the current analysis of the modem data, in
OLPARS, were selected from a total of 30 possible lags of the autocorrelation
functions computed on the MSA data base. An in-depth analysis was performed
on all of the features. This was accomplished by using the discriminant
measure analysis frame in OLPARS, The 6 features used were chosen for their
ability to discriminate between the different modem classes,

Figure 5-29 illustrates the discriminant analysis output from OLPARS.
The analysis 1s broken down into 3 categories: rank by logic file, rank by
class-alone and rank by class-pair. The ranking of the features is based on
the Fisher direction of all possible class pairs in N-space, The class-alone
ranking is derived by summing all Fisher direction components involving the
class chosen. The rankings of all features are listed in order from the
largest summed Fisher direction magnitude to the smallest. The class-pair
ranking is computed in the same manner, but by considering only the Fisher
directional component for the specified class pair, Finally, the logic file
ranking is derived from the sum of all possible class pairs listed from the
largest Fisher direction magnitude to the smallest,

From Figure 5-29 it is seen that the best features for discriminating
among modems are 1,4,2,6,and 3, respectively. The best features for
discriminating class C or the CODEX 9600 modem from all other classes are 1,4,
2,3, and 6, while features 4,1,3,2, and 5 are the best choices for
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discriminating the CODEX LSI-9600 from the PARADYNE LSI-9600, based on the
Fisher directions. While investigating the discriminant analysis for best
features, other classes and class-pairs were chosen as projection planes in
the analysis, Features 1,2,3,4, and 6 were always ranked as the most

discriminate for the classes.

Figure 5-30 illustrates the Fisher pairwise logic evaluation for modem
generic type separation using features 1,2,3,4, and 6. Shown in Figure 5-30
13 a confusion matrix for classifying each class correctly. Choosing class A
(HARRIS 5238 modem) as an illustration, it is shown that five QAM 2667 baud
feature vectors were incorrectly claesified as QAM 2400 baud. None of the QAM
2667 baud data was rejected thus giving a correct classification of 91.23
percent and an incorrect classification of 8.77 percent, An overall
per formance is also given for discriminating between all classes for the logic

evaluation.

The Fisher logic evaluation shows that 98.8 percent of combined design
and test set data was classified correctly and 1.20 percent was misclassified,
An extensive analysis was performed on the logic evaluation of the MSA data
base, Figures 5-31 and 5-32 show the Eigenvector projection and Fisher logic
result for the same features (lags 1,2,3,4, and 6) but using a 3X sample
window for the autocorrelation estimation. Note the increased class overlaps
and slight decrease in overall percentage correct. Analyzing different
combinations of window sizes and quantization of the data, it was determined
that quantizing the data to 1-bit resolution and using an 8K window size
resulted in best discrimination and modem separation for features 1,2,3,4, and
6. Using a 1-bit quantization apparently removes the amplitude of the data as
a feature while keeping the zero crossing information intact. The resulting
data {s easier to separate due to more discrimination in the computed lags
extracted from the autocorrelation function,
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A similar investigation to the above generic typing study was performed
on the data which was structured by baud rate (1200, 1600, 2400, 2667, and
4800) and then structured by modulation type (QAM, PSK, PAM and FSK). The
respective tree displays are shown in Figures 5-33 and 5-34.

’ The results of the three investigations are summarized in Table 5-1. The
design set corresponds to ten randomly selected vectors of each lowest sub~
class, for example, all LENKURT 26-C modems with noise added. The test set
includes all of the isolated impairment cases together with the cases of
combined noise and phase jitter added.

— o " ————

5.3 LATTICE FILTERING

| Lattice filtering 1{s an adaptive linear prediction algoritm, An

’*{ adaptive lattice filter attempts to set prediction coefficients in such a way
that the difference between a sampled time signal's new value and the linear

- prediction based on its N previous values is minimized, The lattice filter
chooses the coefficients in a time-symmetric fashion, so that {t predicts

equally well the sample N+1 units in the past, given the most recent N

samples,

LT < - Al -t

Another interpretation of the lattice filter is that it models a signal's
i power spectrum., It does this by placing zeros in the z plane (the sampled
data equivalent of the frequency domain) so that if the zeros were replaced by
poles, they would represent a good model of the signal’s power spectrum. The
lattice filter's zeros then tend to cancel the peaks in the signal's power
. spectrum, For this reason the adaptive lattice filter is a spectrum whitener.

v o enrare

_ £ Figure 5-35 gives a schematic diagram of a lattice filter. The signals
‘ ; . along the upper line of the lattice are known as the forward residuals,
because each represents the difference between the actual input signal and a
“ linear prediction of it. Similarly the signals along the lower line of the
lattice are backward residuals with each representing the difference between a
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} Bits Window Features Data Fisher Fisher Fishen Mahalanobis !
: Res Size Used Tree All Design Test All Design Test
1 8K 1,2,3,4,86 MODTYP 98,55 99.6 97.96 99.57 100. 99.32
1 8K 1,2,3,4,8 BAUD 97.32 97.53 97.2 97.11 97.2 97.05
1]
R 1 8K 1,2,3,4,6 BAUDMOD | =eccc | ceeas 97.28 | -==~- ———— 98.64
)
: 1 3K 1,2,3,4,6 MODTYP 97.73 98.84 97.56 98.36 98.§5 G8.29 3
] \! 1 3K 1,2,3,4,6 BAUD 95.3 95.86 95.25 94,62 ——ee | evee-
4
z 3K 1,2,3,4,6 BAUDMOD 95.9 93.8 95.74 | cwwwa - 96. 34
'@ 12 3K 1,2,3,4,6 MODTYP 72.13 | 67.20 | 72.88 |emmee | coce | oeee- '
{ ]
3
‘ Table 5-1 OLPARS Classifier Design Summary
H
{
;
] &
L
Sy
L g
; i
| f.’ %
£
£

IS S

.
-




weaBerq XOOTH 193[}d 99731391 oAfidepy uy ge-g dandyy
=
=
]
[T2]
L. . - — T A e T S St
w f‘.v .
‘~
T e = M S AR L T s e - S L RERRRRY o - ~ A e e i




[

3 v -

delayed version of the input signal and an estimate of it based only on the
recent past.

In the figure each box merked D is a unit delay. Each triangle
represents an amplifier. The two amplifiers for a given stage have the same
gain, Circles containing pulses are summers. Given the ith forward residual
fi(t) and the ith backward residual b1 (t) the gain k“_1 is computed according
to

P -
-2t fi (t) b, (t-1)

I 22 +I,2 -1
£ (t) by (¢t )

t

Then, given ki+1' the next forward and backward residuals are computed
according to

In its capacity as a spectrum whitener, the adaptive lattice filter is
useful for the present effort in that it can help identify the type of modem,
based only on the observation of a noisy signal coming from i{t. Whitening the
spectrum of a signal has two distinct effects, It reduces pulse trains into
impulse trains, narrowing and sharpening the pulses. It also decorrelates
noise, so that the total result is approximately white noise with short, sharp
pulses mixed in.

The whitening of a PSK signal then tends to produce a Series of pulses
oceurring at the btaud rate, Each pulse represents the transition of the
carrier signal from one phase to another., Some pulses will be positive,
representing one polarity of phase transition, while others will be negative
representing the opposite polarity. Then, rectifying the lattice forward
residual output (for PSK input) will result in a pulse train of positive
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pulses with varying amplitude, with the repetition rate of the pulses matching
the baud rate.

The whitening of an FSK signal tends to a similar result, In an FSK
signal, a tone frequency is turned on and off while a tone at a second
frequency is turned off and on., This {s done so that one or the other tone,
but not both, is on at all times. The adaptive lattice filter will tend to
respond (in its forward residual) with impulses at the points where the tones
are turned on and off and will tend to block out the tones elsewhere. Again,
rectifying will result in a series of pulses at the baud rate,

Theoretical study indicates that two stages of lattice filter suffice for
PSK, and four stages suffice for (two tone) FSK. A sinusoidal signal has two
poles in the z plane, while a signal composed of two sinusoids has four poles,
A lattice filter has one zero per stage, so it can fit a PSK signal with two
stages and an FSK signal with four,

Experiments were performed applying lattice filtering to the modem
signals in the data base. Zero, two and four stages of lattice filtering were
applied, usually followed by rectification and then power spectra were taken.
Table 5-2 gives the results. Line height refers to how high in dB a line
(spike) in the power spectrum stood ocut above its neighbors. All but two -f
the 11 modems tested could be distinguished by generic type, including all the
lower speed modems. While the initial tests were run on low noise and
distortion signals, later tests which were run on noisy and distorted signals
confirmed the results.

Figure 5-36 through 5-43 illustrate the power spectra that resulted from
the processing. For example, Figure 5-36 jilustrates the result of four
stages of lattice filter followed by rectification and then taking a power
spectrum, applied to the CODEX LSI-96 modem signal, The spectrum is plotted
on a logarithmic scale with 10dB per division. A spike or line is clearly
visible at 2400 Hz, extending about 5dB above its surroundings. In some of
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the plots the lines in the spectrum do not fall exactly at their nominal
frequencies, but in all cases they are within 16 Hz of their nominal
frequenciea,

Lattice filtering was found to be useful in identifying modems or modem
generic type. As a result, it is useful in a go/no-go decision process to
determine if a received signal is degraded or not through the identification
of spectral components at the known baud and/or carrier associated locations.
Lattice filtering and the required spectral estimation are both
computationally complex and potentially non-realizable in a real-time system.

5.4 EYE PATTERN ANALYSIS

The hardware eye-monitor has long been a standard industry tool in the
assessment of the quality of analog data communications links. In this
section, we consider the aspects of a software implementation of an eye-
monitor and its application to channel quality monitoring of digitized
signals. The form of eye-monitor investigated was the I/Q monitoring
technique.

The received VF line signal is assumed to be of the form
r(t) = ¥2 Re{ n(t) o3 2¥WTct3,
where fc is the carrier frequency and
r(t) = rc(t) -J rs(t)

is the complex envelope represented in terms of the I/Q components re(t) and
rs(t). respectively, The I and Q components are plotted against each other as
shown in Figure 5-44 (a). Bit synchronization with the input data stream must
be achieved and used to sample the I/Q components at the mid-baud interval

point. This is the point where a decision as to the symbol sent would
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actually be made in the receiver poi'tion of the modem. The I/AQ plot for a
good data channel is shown in 5-44 (b). The effect of adding noise to the
channel is shown in Figure 5-U44 (c). Note that as the clusters disperse, the
likelihood of a sample crossing the boundary into an adjacent region and
causing a symbol decision error increases. As phase jitter is introduced into
the system, skewing of the plot occurs as illustrated in Figure 5-44 (d). The
effects of transient noise and phase hits is shown in Figure 5-44 (e). In
order to maintain stability in the I/Q plot, it is necessary to impl ement some
form of carrier phase tracking to prevent random phase walk or mistuning from
rotating the 1/Q plot.

For the purposes of this investigation, several assumptions were made to
expedite the determination of the effectiveness of this approach to
performance monitoring. First, in lieu of carrier phase synchronization, it
was assumed that the carrier was constant in frequency over a short period of
approximately 60 ms. With this assumption, we can eliminate the requirement
for carrier phase tracking if we know the precise short term carrier
frequency. This was determined using the Interactive Digital Recelver
Simul ator (IDRS). The signal was demodulated for the phase waveform, The
complex heterodyne frequency was adjusted to show a phase waveform drift of

zero over the time window being monitored.

The problem of achieving bit synchronization for establishing a mid-baud
interval strobe was accomplished in the following manner. The signal segment
was demodulated for the FM component and displayed to the user. Using the
cross-hair input of the graphic terminal (Tektronix 4014), the user marked the
mid-baud point on the FM waveform. Since the baul rate was known, the
software could sync a strobe to the user-specified point., It was assumed that
the baud clock of the modem was stable over the 60 ms window being considered,

Figure 5-45 shows the I/Q plot for the CODEX LSI-48 Mode B modem (DPSK,
1200 baud). As the signal is passed through the 4A line simulator, the IAQ
plot degrades as shown in Figure 5-46, The non-linear phase response of the
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Figure 5-45 shows the 1/Q plot for the CODEX LSI-48 Mode B modem (DPSK,
1200 baud). As the signal is passed through the 4A line simulator, the I/Q
plot degrades as shown in Figure 5-46. The non-linear phase response of the
channel characteristic is the primary cause for the distortion. The other
DPSK 1200 baud signals are comparable,

Figure 5-47 shows the I/Q ploc for the CODEX LSI-48 Mode A (DPSK, 1600
baud) for the no 4A line case, Figure 5-48 shows the CODEX LSI-48 Mode C
(QAM, 1600 baud) also for the no U4A case. For both of these modems, the
distortion introduced by applying the H4A characteristic was sufficient to
distort the I/Q plot beyond recognition. Further, none of the higher speed
modem signals could be processed to present a stable I/Q plot using this
technique.

Several conclusions result. The requirement for some form of
equalization of the signal as the baud rate increases is indicated. The
severity of the group-delay characteristic is sufficient to distort the phase
plot. Further, the stability of the 1I/Q plot relies on carrier
synchronization. For longer term monitoring, carrier phase tracking appears
to be required. Also over a longer sample duration, bit synchronization is
required as a strobe indicating when to sample the 1/Q components,

The next section of this report proposes an alternative method of
extracting the information available in the I/Q plot.

5.5 ORBITAL VELOCITY

One possibility for signal analysis is to make use of features extracted
from the polar coordinate representations of the in-phase/quadrature (INQ)
components of the received VF line signal. For want of a better name, we will
refer to this polar plot as a phase trajectory. In the present subsection, we
describe an approach to performance monitoring or evaluation which exploits a
feature derived from the phase trajectory.
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Figure 5-47: 1/Q Plot of the CODEX LSI-48 Mode A Modem Signal Without
the 4A Line Simulator
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The received VF line signal is assumed to be of the form

r(t) =92 Re {;' (f)ejzﬂfct} )

where f . is the carrier frequency and ¥(t)=r,(t)-jrg(t) is the complex
envelope represented in terms of the I/Q components !'c(t) and 's(t)°
respectively. The phase trajectory is then an appropriately normalized
version of r (t) plotted against r,(t). It is important that this plot be
f' appropriately normalized to avoid coloration by an unimportant scale factor,.
) Specifically, we consider plotting the quantity ¥'(t) = ¥(t)/o , where

o L E(¥ o) 1B = B (r2 (0)) 4ELEL (1)), (@)

is the mean-square value of the complex envelope F(t). 02 {s also the mean-
‘ square value of the real process r(t). The quantity qz can be estimated from
3 the received 1line signal as the corresponding sample mean-square value
( computed over some finite data window.

There are several features that can be extracted from the phase
trajectory that should prove useful in performance monitoring. In Figure 5-49
we 1illustrate a typical phase trajectory associated with the normalized
complex envelope F'(t). Here the point 'r\"'(t) on the trajectory |is
parameterized in terms of its polar coordinates:

T RS & -~ ol

‘ a(t) = | £ ()| , (3)
: o(t) = arg rot (ti (%)
‘ ' (t)
! z—tap =18

; ré (t)

The negative sign here follows from the- fact that, to be consistent with
previous work, we have used the representation r"(t) = r;(t;) - jr's(t).
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Figure 5-49: Typical Phase Trajectory Associated with
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In Figure 5-49 we have illustrated only one circuit of the complex plane,
whereas the phase trajectory associated with a particular observation interval
will exhibit many such circuits, which will differ from each other for
different transmitted data sequences and/or channel conditions. The phase
trajectory appears to be useful since it avoids all problems of phase

synchronization and/or timing recovery.

Qne of the features readily extracted from the phase trajectory which one
might consider use ful in performance evaluation is the
instantaneous orbital velocity of the point represented by r'(t) as it
traverses the trajectory. We define the orbital velocity as

s (t) = 95 INEME3]

at
o) o) he)
AJaT (et (167 (0 ()

Here, a(t) is merely the time derivative of the instantaneous AM waveform

while

"

0(t) = wi(t)

is the instantaneous FM waveform. Both of these quantities are easily
extracted from the normalized complex envelope r'(t). It was hypothesized that
second-order statistics extracted from s(t) would prove useful in performance
evaluation. This would include lagged products obtained from autocorrelation
functions and/or spectral properties obtained from the power spectral density
function. Note that if the phase trajectory is along an arc of constant
radius, then s(t) is merely proportional to the magnitude of the instantaneous
radial frequency. The use of orbital velocity in this sense is to recognize
that motion is not generally along an arc of constant radius but along a
highly variable and sometimes erratic path. This might be due to filter

transient effects, intersymbol interference, channel noise, etc.
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It should be noted that in making use of orbital velocity we have assumed %
implicitly that any residual frequency offsets have been removed. This
requires some form of frequency acquisition and track{ng scheme which should
not be too difficult to implement,

The parameter s(t) was calculated for several modems of the database
using equation (5). Spectral analysis of the orbital velocity showed
essentially those characteristics seen in the FM power spectrum,

5.6 AM/FM ANALYSIS

We have seen that carrier phase instability results in drift in the modem
signal's phase related waveforms and I/Q plots. As an alternative, the FM and }
AM signal components were thought potentially useful features in the analysis
of line quality due to the immunity to mistuning and carrier drift. The
mistuned receiver creates a drift in the demodulated phase waveform, The FM J

e sanat oo 0 o

component, however, being the derivative of the phase waveform, shows the
mistuning as a DC offset of the FM signal component., The AM of course 1is
;i determined by the signal envelope and is not effected severely by mistuning.

’ The problem of carrier drift can be quite severe. The specifications for
most modems require carrier accuracy nominally to be +3 Hz. It is not
uncommon to find a +5 Hz range in practice,

The synchronous demodulation investigﬁfglion was performed using the
o Interactive Digital Receiver Simulator (IDRS). The result of the demodulation
; of the WECO 207A2 modem which has not passed through the 4A simulator is shown
in Figures 5-50 through 5-56. A frequency shift of 1800 Hz was used with a
Chebyshev 1200 Hz 2-pole low-pass complex filter, No smoothing filter was
F : applied, Figure 5-54, showing the AM power spectrum average with Hanning
,,: weighting, clearly shows the 1200 Hz baud rate component and harmonics. The
1 : power spectrum average of the rectified FM signal shown in Figure 5-56 also
' i displays the baud rate,

-
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It was desired to investigate the effects of the degrading channel on the
demodulated AM and FM components. Using the spectral average of the AM and
the rectified FM power average as features, the baud rate components were
monitored while impairments were added. In the case of the DPSK 1200 baud
modems, no significant variation in the AM and FM spectrums were observed,

With the higher baud rate modems it becomes difficult to perform
demodulation without the benefit of line equalization., No unique spectral
components were observed for the HARRIS 5238 or PARADYNE MP-96 modems, The
CODEX LSI-96 AM shows a 2400 Hz (baud rate) component which varies as a
function of noise added. The two 1600-baud modems (CODEX LSI-48 Modes A and

C) both showed the baud rate components and varied only slightly with
impairments added.

The demodulation analysis of the FSK modems, however, provided some
valuable insight. Although no stable relationship between the channel
impairments and the AM and FM spectral behavior was observed, an interesting :
_ case was discovered, Figures 5-57 through 5-60 show the time waveform, '
* demodul ated phase waveform, FM waveform and FM power spectra, respectively,

for the LENKURT 26-C modem with phase jitter added at 10 Hz, 80°P/P. Observe
that the phase waveform (Figure 5-58) shows a single cycle of phase shift over
a period of 1024 samples (10 Hz)., The amplitude of the shift is estimated at
roughly 90° P/P from the vertical axis. The FM waveform and FM spectrum show

no such contents, however, because the 10 Hz modulation is masked by the
intentional data transitions of the signal. In the next section we shall
examine a technique to extract this unintentional phase jitter modulation,

ot In summary, the spectral analysis of the AM and FM derived without
carrier phase tracking or equalization are affected by channel impairments,
but not to a degree which is readily exploitable or exceptionally stable,
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5.7 RESIDUAL FM ANALYSIS

In the previous section we observed how the phase jitter impairment is
i seen in the phase waveform. Since the FM is the derivative of the phase, the
* derivative of the sinusoidal variation seen in the phase waveform must be

‘ | present in the FM also as a sinusoidal component. The FM recall is largely
§ insensitive to carrier drift and mistuning, making a much more attractive
!
i

basis for feature extraction than the phase waveform.

Figure 5-61 shows the histogram of the demodulated FM component of the

! unimpaired LENKURT 26-C modem. Since most time is spent at the extremes in
the FM signal, we expect the "U" shaped profile. The means of the histogram

extremes,/l1 and 4,, are marked. The thresholds T, and T, are defined as/’1/2
and/“zlz. respectively.

Based on the histogram information, it is possible to effectively remove
the intentional data transition. Monitoring the FM signal amplitude, we can

! detect whenever threshold T, is crossed and subtract out the expected value of
the data t.ransitions,/“‘. Similarly, a FM transition crossing T, is detected
‘ by thresholding the signal at T, and subtracting out the expected value of

that transition, 4, . This is shown in Figure 5-62.

Figure 5-63 shows the effect of removing the intentional data transitions
on the LENKURT 26-~C sample which has phase jitter at 60 Hz, 80°P/P. Low-pass
filtering this residue 1leaves much of the undistorted, unintentional

‘ modulation seen as five periods/1024 sample line as illustrated in Figure 5-
, 64, The signal is resampled by 4 and a high resolution power spectrum

’.i generated (Figure 5-65). The 60 Hz jitter component is enhanced by 13dB above
o the noise floor. Figure 5-66 shows the spectrum of the LENKURT 26-C sample
- for the unimpaired case which has undergone the same signal processing steps.

Note the total absence of 60 Hz spectral components,
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.

This technique was applied to all modem types. It was effective in
enhancing the Jitter component in almost all cases, The results for the

'higher speed modems (4800, 9600 and 1600) usually produced a measurable

spectral component for cases of 50-60° P/P and above. Sample FM histograms
used for the determination of the detection thresholds for the DPSK 1200-baud
and DPSK 1600-baud are shown in Figures 5-67 and 5-68., For the DPSK 1200-baud
modems, the detection threshold was approximately 30° P/P, For the FSK
modems, phase jitter at 10° P/P could generally be seen.

A shortcoming of the algorithm, however, is its lack of sensitivity in
the detection of the 10 Hz phase Jjitter except at the most severe cases of
60°-80° P/P.

5.8 ADAPTIVE CHANNEL MODELING

In adaptive channel modeling, a mathematical model having a number of
adjustable parameters is formulated to represent the physical transmission
facility. The free parameters are then adjusted by adaptive algoritms to
provide a close fit to the observed signal. Then the values of the adapted
free parameters describe the channel., The parameters are adapted using
decision feedback. That is, the received signal is demodulated, the data
sequence 1s estimated, and the result is fed back to reduce data-dependent
effects and to better reveal channel effects.

Appendices A and B present studies of the adaptive modeling concept,
Appendix A derives a linear filtering model of the channel, while Appendix B
derives and describes a nonlinear model. The 1linear filtering model 1is
basically an adaptive equalizer combined with a demodulator and remodulator.
The demodulator determines the data sequence, and the remodulator determines
what a noise-free undistorted version of the signal would look like, Then the
adaptive equalizer estimates what linear filtering would best make the
original signal resemble the received signal., The linear filtering is modeled
with a tapped delay line. Once the linear filtering is determined, then the
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difference between the filtered original signal and the received signal {s
considered additive noise.

The adaptive equalizer can be replaced with a non-linear adaptive device.
A method for doing this is derived in Appendix B. The method is based on the
Volterra series method of handling nonlinearities. The resulting adaptive
‘ nonlinear device 1is shown in Figure 3 of Appendix B, It consists of two
tapped delay lines, One 1s used to model linear filtering effects of the
channel, as before. The other has its output squared and is used to model
quadratic nonlinearities.

The adaptive channel models, while theoretically interesting, turn out to
be highly complex compared to the requirements of the present application.
Each requires a model of both the modulator and demodul ator sections of each
modem, in addition to adaptive 1linear or nonlinear devices., One possible
method of implementation might then be to use a bank of one each of all the
modems whose signals might be received. An alternative would be to model all
the modems using software. Due to complexity constraints, the adaptive

—

channel models were not implemented in the present effort.

5.9 CHANNEL SIGNAL TO NOISE ESTIMATION

The ability to estimate the signal to noise ratio (SNR) of the VF line
would potentially be valuable in the Phase 1 go/no~go decision as well as in
the Phase 3 impairment characterization, Certainly a VF line which exhibited
an exceptionally poor SNR has degraded beyond being able to supply acceptable
service.

- Two approaches to estimating the channel SNR were considered: spectral
' analysis and statistical analysis. The spectral approach traditionally
operates on a sufficient average of spectral estimations of the VF line, A
region of the spectral average is identified as being within the passband of
the observed process but not as being used by the system for data

] ‘ 5-90
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transmission. An estimate of this idle passband region power is formed by
averaging the spectral components in the region. A similar estimate {is
performed in another region which i{s also known to be in the passband of the
system but which also is known to be active with signal transmission. Since
the latter estimation contains both signal and noise, the estimate of the
noise power is subtracted out before forming the SNR as

Ps - Pn
Pn

SNR =

where Ps and Pn represent the signal power and noise power estimates,
respectively,

Examination of the typical signal spectrum from Section 5.1 shows that

all of the VF line bandwidth is utilized by the signaling strategy. There is
typically no idle band in the VF data communications system.

This suggests the requirement for statistical estimation of the channel
SNR. If the modem input is assumed to be a random sequence (R(t)) then over
some sufficiently long interval At we expect the modem transmitter output
(S(t)) to exhibit the same output amplitude profile,

As noise (N(t)) is added, the composite output signal C(t) is formed as
illustrated in Figure 5-69. We now define the peak to average ratio of the
composite signal over the N sample window ‘l'.1 as

= R
PA; A

[+]

where/‘c is defined as the mean of the full wave rectified signal;

_1
AN

N
c T fe(i)|
i

=1

and Cp the peak value of C(t) over the N sample window.

-
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The average peak to average ratio over all N sample windows of the signal
sample is L

_I'LpA:l L ra,

N ooy 3

over the L available N sample windows. The variance of the rectified peak to
average ratio.”PA. is given as

2
(”‘pA - PA].)

Opa = i E
N T
J_

1

As Gaussian noise is added to the system, the expected value of the rectifled
signal, K, is unchanged. The peak value of C(t) over the observation window
is increased by the peak amplitude of N(t). The increase in PAJ is therefore
a direct function of the amount of noise added to the channel. The average

value of the peak to average ratio #PA is expected to be a stable measure of
the noise present on the channel, This {s {llustrated in Figure 5-T0.

If the N sample observation window is not of infinite duration, then /'”
will vary in proportion to the probability of experiencing a maximum value of
N(t) over the observation window. In the absence of noise, however, “PA is
qQuite stable, Therefore we expect that the variance of “PA' Oppe will also

vary in proportion to the amount of noise present on the line,

Let us now consider how impairments other than additive Gaussian noise
will affect the parameters ";A and %;,. Referring to the wireline simulator
functional diagram in Figure 5-71, it is observed that phase jitter can de
considered to be low frequency FM of the entire signal spectrum. The
parameter phase jitter frequency controls the oscillator frequency. The gain
in degrees peak to peak of phase jitter controls the amount of FM at the
specified frequency, FM modulating the signal directly alters the signal zero
crossing information, The signal amplitude is affected only by a small amount
of residual AM which accompanies the intentional FM modulation.
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The parameters ”’PA and 0” are dependent only upon the signal amplitude
information. Variations in the zero crossing information of the signal should
not affect the measurements. Therefore, the signal parameters ‘u’PA and OPA
are largely immune to the presence of phase jitter on the channel,

The effect of harmonic distortion on “PA and Op, 1is not as clear.
Referring again to the functional block diagram of the wireline simulator
shown in Figure 5-71, we observe how the harmonic distortion is achieved. The
signal S(t) is passed through a series of nonlinear devices which raise the

input signal to the power of 2,3,4,5, etc,, each added with a specified gain
to the input signal. The resultant composite signal C(t) is of the form

+

C(t) = 5(8) + a52(8) + 2,83(8) + a sh(t) + 8,87V,

where a, are the desired gains for the power series components.

For the MSA database collection, odd harmonic distortion was specified,
the effect of which {s typical of the application of a soft-limiting device,
The composite output signal C(t) is of the form:

c(t) = S(t) + azs3(t) . auss(t)

Each of the terms, ais"(t) can be shown to contain the component S(Nwt).

The odd harmonic distortion which occurs during soft limiting of the
signal through typical telephone exchanges is illustrated in Figure 5-72.

Viewing this distortion as a series of the form
C(t) = S(W t) + aS(3wyt) + ayS(5w,t),

the resultant waveform is being squared off due to the addition of the higher
in-phase odd harmonics. The more severe the odd harmonic distortion, the more

5-96
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constricted the resultant waveform and the lower the peak to average ratio,

”{,A as well as the variance OPA'

From the above discussion, we expect that the effects of adding noise,
phase Jjitter and odd harmonic distortion to the signal will affect the

parameters K., and Opy as follows:

PARAMETERS GAUSSIAN NOISE PHASE JITTER ODD HARMONIC
DISTORTION
Fpa increase no change decrease
Opa increase no change decrease

An extensive experimental investigation of the MSA database has shown this to
be the case.

Software was developed which would calculate, for each waveform file of a
specified list, the parameters “PA and O py for a specified window length. A
list of waveform filenames corresponding to all samples of a single modem was
generated for each of the 11 modems. Recalling the file naming convention
described in Section 2, the 1list of all LENKURT 26-C modem cuts, for example,
is simply all files beginning with the character "L", The modem waveform list
included all impaired cuts for that modem as well as any "clean™ cuts
avalilable., The list of modem samp.e cuts was processed to produce two output
files, one containing the estimated values of “PA for each cut, and the
second containing the Jp, estimations. A separate program accepted these
files, ordered the data points by degree of impairment, and produced an output
plot for each parameter,




Figure 5-73 and Figure 5-T4 show these plots for the HUGHES HC-276 2400
bit/ second DPSK modem using a window length of 256 samples. The left axis
corresponds to the degree of impairment, either Gaussian noise or harmonic
distortion added. Harmonic distortion is represented on the plot by the
symbol ", For the HC-276, harmonic distortion was added over a range from
-30dB to a worst case of -4dB in 8 steps. Gaussian noise in isolation added
to the signal is represented by the symbol "A", and is present from -30dB to
-6dB in 7 steps. The symbol "U" denotes cuts which have a combination of
Gaussian noise and phase jitter added., Since we expect that the phase jitter

will not affect the parameters under investigation, the cuts containing both
impairments are plotted only by the Gaussian noise content. Recall that any
time phase jitter occurs in combination with Gaussian noise, the frequency of
the phase jitter is 60 Hz.

The right hand axis corresponds to the isolated phase jitter cases of all
frequencies, The range for the HC-276 1is from 10°P/P to 80°P/P., All
frequencies of phase jitter are denoted by the same symbol, "O",

Two other symbols may be present, First, the symbol "#" yhich indicates a
cut passed through the wireline simulator 4A characteristic but with no
impairments added. Secondly, the symbol "+" which is a direct modem sample
by-passing the simulator.

Examining Figures 5-73 and 5-74 we observe the "root" of the function on
the plot base-line corresponding to additive Gaussian noise (AGN) at -30dB and
harmonic distortion (HD) at -30dB. We are considering a channel with -30dB of
HD or AGN to be completely acceptable, Note that as HD increases on the line
(the symbol [J ), the parameters “PA and Op, decrease in a regular fashion.
Similarly, as AGN on the line increases, the parsmeters o pa andﬁn increase
regularly regardless of the frequency or amount of phase jitter (PJ) combined
with the noise.
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Figure 5-73: Peak to Average Ratio of the Rectified Signal
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Figure 5-75 and 5-76 show the “PA and Op, plots for the WECO 207A2 2800
baud, DPSK modem. No HD was collected for the WECO modem; however, the
profile of the plot is as anticipated. The increased AGN raises the Gn and
pl"A parameters. The PJ cuts are within a small range corresponding to "good
data®.

The CODEX LSI-48 mode B 2400 baud DPSK modem is shown in Figures 5-77 and
5-78. Again, no HD was collected. The PJ and AGN points exhibit the same
characteristic profile., The three modems, HC-276, WECO 207A2, and CODEX LSI-

48 Mode B shown in Figures 5-73 through 5-78 are the same generic modem type;
DPSK 2400 bits/ second, 1200 baud with a 1800 Hz carrier. We would hope that
the characteristic p'PA and Opa functions would occupy the same range for
each modem. Figure 5-79 and 5-80 show the three modems on the same plot for a
256 point sample window. The characteristic profile of each modem is slightly
offset from the rest., Varying the length of the window used in the
calculation from 128 samples to 1024 samples did not improve the result., It
was decided that some subtle variation in the modem signaling format or the
collection process caused the disagreement. Software was developed to
normal ize the input signal by first removing any bias inadvertently added in
the collection process, and second by normalizing the total power to unity in
an attempt to remove any discrepancies in collection gain, Some improvement
was shown. The best attempt at removing the offset between the functions is
the plot of the normalized signals shown in Figures 5-79 and 5-80,

Figures 5-81 and 5-82 show the “PA and 0'1,A plots for the LENKURT 26-C
modem respectively, Figures 5-83 and 5-84 show the Po" and Op, for the
MD-674 modem, Both modems belong to the same generic group: FSK modulation
with carriers at 1200 Hz and 2400 Hz and with a baud rate of 1200, The LENKURT
26-C plots show cases of harmonic distortion which were not collected for the
MD-6T4 modem,
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The cases of severe harmonic distortion for the LENKURT 26-C modem are
interesting. Both the “PA and Op, functions reverse direction for cases of
severe harmonic distortion. The overall characteristics of both modems,
however, are as expected.

Figures 5-85 and 5-86 show the two FSK modem parameters, shown previously
combined on the same plots., Note the excessive offset between the "roots" of
the functions, There are several possible explanations for this, First, the
duration of the sample MD-674 waveform is approximately 1.9 seconds, as
opposed to 3.5 seconds for the LENKURT 26-C modem. All of the waveform {is
used in the calculation of the statistics so the longer wave will produce more
stable measurements. Secondly, the MD-674 signal has been re-sampled down to
12.9 K Hz from 17.2 K Hz. Although care was taken in the resampling process
to prevent coloration of the data, the possibility exists. Finally, the
histogram of the time domain LENKURT 26-C signal, shown in Figure 5-87, shows
an anomaly in the symmetry of the signal. The specific cause for the offsets
of the roots of the functions of Figures 5-85 and 5-86 has not been
determined.

In actuality, all of the original four modems suffered a bias level of
approximately 20 units. Further, those modems had a dynamic range
corresponding to only 6 or 7 bits out of the 12 available from the A/D
converter. In the later collection of 7 modems both of these problems were
corrected.

The peak to average related statistics for the CODEX LSI-48 Mode A modem
(4800 bits/sec, DPSK, 1600 baud) are shown in Figures 5-88 and 5-89., Although
the characteristic plots are not as well defined, they are evident.

The same statistics for the CODEX LSI-48 Mode C modem (4800 Dbits/sec,
QAM, 1600 baud) are shown in Figures 5-90 and 5-91. The measurements #PA
and Op, are unstable for this modem,
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Figures 5-92 and 5-93 show the plots for the CODEX LSI-96 modem (9600
bits/second QAM, 2400 baud)., Note that even at 9600 bits/second harmonic
distortion is readily detectable, the phase jitter region is bounded, and the
average of the noise samples tends to the upper right.

] The PARADYNE LSI-9600 modem (9600 bits/second PAM, 4800 baud) is shown in
Figures 5-94 and 5-95. Harmonic distortion for this modem is detectable at 18
! dB and greater. Also, the phase Jjitter samples are well behaved while the

i noise samples branch off in the 16dB and greater region. f ,

[ ‘ The plots 1llustrating the PARADYNE MP-96 (9600 bits/second, QAM, 2400

baud) and HARRIS 5238 (16000 bits/second, QAM, 2667 baud) modems are shown in
. Figures 5-96 through 5-99, For these two modems, as with the CODEX LSI-U8
Mode C, the measurements are largely ineffective,

The findings of this investigation appear to provide valuable insight !
into the estimation of channel quality. The two features identified are,
first, the peak to average ratio of the rectified signal waveform, and second,
the variance of that measurement over the duration of the signal waveform
sample. The effectiveness of these measurements in a demonstration system
shall be discussed in the next section,
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' J Figure 5-94: Peak to Average Ratio of the Rectified Signal Wave-
i form for the PARADYNE LSI-96 Modem
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6. ALGORITHM IMPLEMENTATION

Based on the investigations described previously, several algorithms have
been found which appear valuable in support of the hierarchical approach to
channel quality monitoring. In this section we describe the implementation of
selected algorithms into a demonstration system capable of performing gross
channel characterization, generic modem traffic <classification, and
determination of the type and degree of degradation present on the channel,

The system is implemented in a modular fashion, a single task performing
a specified operation., The sequence of tasks is directed by the Indirect
Command File Processor capability under the RSX11M operating system.

Figure 6-1 shows the block diagram of Phase 1, the gross channel
characterization., Phase 1 is broken up into two distinct operations. Phase
1A is the peak/average (*PA) and peak/average variance (°PA) estimator of the
rectified input signal. For all the modems in the MSA data base, these two
measures fall within a given range. This range information is stored on the
disk in a user-adjustable file. When an input is processed, the parameters
}py and Op, are estimated for a 256-sample window and compared against the
stored range information. If both measures fall within the given range, the
channel is declared "acceptable"; otherwise it is rejected. It is interesting
to note that test tones, voice, and most noise will not pass because of the
excessively low and high parameter values,

Phase 1B is not used in the go/no go channel decision; rather, it
represents a collection of signal processing algorithms which have been shown
to be generally effective in enhancing generic parameter information (baud
rate and/or carrier frequency) in the input signal. They are implemented in
an optional execution mode so the user can elect to receive this output in
graphic form for his analysis purposes., The phase 1B output includes the raw
and rectified signal power spectrum, lattice filter 2-stage rectified and not
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rectified power spectrum and lattice filter U-stage rectified and not
rectified power spectrum. These 3ix sSpectrums are summarized in a peaks
analysis report.

Given the "acceptable" channel decision, Phase 2 is executed to classify

the generic modem type. In Phase 2 (Figure 6-2) the lags 1, 2, 3, 4, and 6

’ are generated for the autocorrelation of the 1-bit quantized input signal. An
8000 or 3000 sample correlation window is used. For each window available

from the input signal, a feature vector of the 5 lags {s generated and stored

in a disk file. The vector file is then processed by a Fisher discriminant

PP RS

2
POy

pair logic classifier against 3 logics, the outcome of which are the BAUD,
MODULATION, and combined MODULATION/BAUD class indicators. For each logic, }
the majority class is declared the result. Given that either of the first two
classifiers agrees with the combined modulation/baud logic result, the signal
" parameters are confirmed. If disagreement in the logics results, the decision
{ is that the signal represents either a bad channel or an unknown modem. In
this case, no further analysis can be done on this signal, In an operational {
system, another input sample could be requested before making a final

determination,

’ Given a decisive output, the modulation type, baud rate, and carrier
frequency (via table look-up) are available for further signal processing.
The classifiers used are those developed previously with OLPARS support. The
average overall percentage correct is approximately 97+%. Multiple vectors
and multiple classifiers with a degree of certainty weighting in the review of
- the three logic results provide an overall generic identification of high
. reliability.

._:r" ’ Phase 3 of the system actually performs the channel quality assessment
‘ , (Figure 6-3). Given the generic ID information, the signal is FM demodulated
R and applied to a data transition threshold device appropriate for that modem
type. The residue is 200 Hz low-pass filtered and a high resolution power
spectrun is generated. A specialized peaks search routine detects phase
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Jitter components and reports them to the user.

In addition, the signal parameters by and dp, are used in a look-up
fashion into a file containing a template of those parameters for this modem.
The template look-up returns the type of impairment, if any, (from Gaussian
noise or harmonic distortion) and the estimated degree of the impairment,
Figure 6-4 shows the format of a template file, either for Hpy oF c", For
any calculated measure of W, or Op,, there is only one corresponding value
in the template file which directly indicates the impairment (HD, GOOD DATA,
or AGN) and the amount present, The results of the demonstration system
implementation are discussed in the next section.
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7. RESULTS OF THE DEMONSTRATION SYSTEM

The demonstration system described in the previous section was
implemented under the MSA effort. The results of the system should be
considered separately for each of the three phases of the system operation.

Phase 1 of the system performed a gross channel-quality analysis on the
unknown modem signal, The peak-to-average value of the rectified signal and
the variance of that measurement over approximately two seconds of input data
were sufficient to make the decision. The range of these parameters was
caiculat.ed for the entire database and was used as an acceptable range for the
channel. Although the "classifier" would (by design) declare all of the MSA
modems as "acceptable,"” it does reject test tones, voice, and most noise.

Phase 2 of the system performed the modem generic type ID by applying
three Fisher classifiers to sample vectors consisting of lags 1,2,3,4 and 6 of
the signal auto-correlation function calculated over either a 3000 or 8000
sample window on the 1-bit quantized input signal. The individual accuracy of
these classifiers was described in Section 5.2. The three classifiers,
together with the degree of certainty logic built into the syst-—-. form an
exceptionally accurate ID capability for the signal modulation strategy and
baud rate independent of the type and degree of impairment affecting the
signal.

The most difficult aspect of the channel monitoring problem, however, is
the third phase of the hierarchy; the determination of the type and degree of
impairment degrading the line. The peak to average ratio of the rectified

signal and the variance of that measurement serve as a basis for the
determination of AGN or HD on the line. Although this technique was developed
to identify impairment at the generic modem level, it was found that the
variations in collection parameters and the post-collection processing
required for some modems introduced sufficient coloration into the database to
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mask out the "fine-grain" measurements required in the {impairment

characterization., It was shown that generically identical modems possess the

same behavior pattern with regari to the measurements extracted but that they

are slightly inconsistent in range. For this reason, a fourth classifier was

added to Phase 2 to provide the actual ID of the modem. The ID is used in
r selection of a template for that modem, which {is then used in the
‘ determination of the impairments present,

P ——r

To evaluate the effectiveness of the AGN and HD impairment classifier,
the assumption as made that -25dB and less AGN present or -25d4dB HD present
still represented a "good" quality line. The decisions of the two classifiers
were treated separately when counting incorrect decisions. Table 7-1 shows
the ability of the demonstration system to detect AGN or HD on the in-service

‘ data channel to the accuracy specified. For the 1200/2400 bit/second modems

( the overall ability to detect AGN or HD to within 3dB was 95.3%. For the 9600
bit/second CODEX LSI-96 modem, AGN and HD were identified within 4dB of the
actual value 84,0% of the time. For the PARADYNE LSI-96, PARADYNE MP-96 and
HARRIS 5238 modems, the demonstration system was not able to accurately
declare the impairments present.

i The system was successful in demonstrating the potential usefulness of
! the phase jitter detection algorithm. The detection of phase jitter was
accompl ished by demodulating for the FM component, threshold detecting for
data transitions and removing them by subtracting out the expected transition
value, smoothing the residue and generating a high-resolution power spectrum.
: The phase jitter component is increased up to 15dB. Although contract time

‘ did not allow the mechanism to translate the spectral result to actual degrees

‘; of jitter developed, a high resolution peaks analysis routine does locate the
! P peaks and provide all necessary amplitude and spectral noise measurements.

' i Table 7-2 shows the detectable levels of phase jitter for the
ol demonstration system even in the presence of noise., For the amount specified,
approximately a 3dB increase over the noise floor for the tone or {its
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Table 7-1 (a) Combined AGN/HD Classifiers Overall Percent Correct
by Range for 1200 and 2400 Bit/Second Modems

Total
MODEM + 1dB +2dB | + 3dB Decisions
Lenkurt 26- C 84.4% 84.4% 90.6% 64
MD-674 87.0% 92.6% 98.2% 54
Hughes HC-276 96.6% 96.6% 98.3% 58
Code LSI-48 Mode B 71.9% 78.1% 90.6% 32
Weco 207-A2 85.4% 91.7% 97.9% 48
Overall 86.3% 89.5% 95.3% 256

Table 7-1 (b) Combined AGN/HD Classifiers Overall Percent Correct
by Range for 4800 Bit/Second and up Modems

Total
MODEM + 2dB + 3dB + 4dB Decisions
Codes LSI~48 Mode A 67.9% 75.0% 89.32 28
Codex LSI-48 Mode C 46.4% 50.0% 50.07% 28
Codex LSI-96 73.0% 81.0% 84.0% | 100
Paradyne LSI-96 * * *
Paradyne MP-96 * * * i
Harris 5238 * * *
. *below S0Z

e
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Generic Modem Type Detectable Jitter Level
1
, FSK 1200 bits/sec. 10°
' DPSK 2400 bits/sec. 30°
f DPSK 4800 bits/sec. 30°
‘ QAM 4800 bits/sec. 50°
QAM 9600 bits/sec. 40°
‘ PAM 9600 bits/sec. 80°
QAM 16000 bits/sec. 60°

Table 7~2 Detectable level of phase jitter for a 3dB component above
the background noise of the FM residual spectrum.
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harmonics was generally evident. The exception was 10Hz jitter which was
nearly undetectable by this scheme,
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8. CONCLUSIONS AND RECOMMENDATIONS

Throughout the course of this effort, PAR Technology Corporation has
developed and demonstrated algorithms effective in the monitoring of in-
service VF data lines. A hierarchical approach to performance monitoring was
presented and implemented in the form of a demonstration software system.
Through demonstration, it was shown that reliable performance monitoring can
be achieved for 1200 and 2400 bits/second modems. Not only could the type of
impairment be recognized from among Gaussian noise, odd harmonic distortion,
and phase jitter, but the degree of the impairment was also indicated. Some

success was also shown for the higher speed modems although the accuracy
decreased.

The results of this effort form the basis for further investigation and
show the practicality of an eventual hardware implementation. = It must be
realized, however, that the results shown under this effort are based on a
limited database. First, there were several problems with the database
collection. The early collection effort suffered from poor dynamic .range and
misadjusted A/D converter. The overall length of samples was not consistent,
nor was the impairments available per modem sampled. Finally, two different
sample rates were used: 12.8 KHz and 17.2 KHz. Although the latter was much
more desirable for the "fine-grain" information being sought, it was necessary
to down-sample that data to facilitate using the entire database at a single
sample rate.

The next step toward an operational performance monitoring capability is
the evaluation and expansion of the current algorithms on a more complete
database. The collection must be performed under controlled conditions,
greatly expanding the depth currently available to include duplicates when
possible. In addition, when a sample modem is collected, perhaps the signal
could be put over an actual telephone loop back circuit and then collected.
This would illustrate immediately the effectiveness of algorithms under test

|
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on actual data.

In review of the algorithms developed, let us consider each phase
briefly. The go/no go channel decision performed in Phase 1 is quite accurate
and easily computed. The generic type classifier of Phase 2 is based on the
1-bit quantized signal autocorrelation function. This is simply a 1-bit A/D
converter in a hardware implementation. The classifiers are computationally
efficient as well as accurate. The Phase 3 AGN and HD detection as
demonstrated here is computationally simple; in fact, it is the same
computation performed in Phase 1. The accuracy can probably be improved upon
simply by increasing the sample rate of the collection. The phase jitter
detection as presented here is rather complex and computationally difficult.
A more suitable approach is carrier phase tracking. The error signal from the
tracking device (which could be a phase-locked-loop or PPL) will show the
phase jitter component. Although more difficult to implement, the impairment
in accuracy should well be worth the effort. Further, in a hardware
implementation, the utilization of a PPL is fairly standard. The PPL is
equally sensitive to low frequency jitter (10hz) as well as higher frequency
Jitter. It is not difficult to see how this technology could readily be
implemented to service a network whose population was 4800 bit/second and
slower modems. We have demonstrated the first step. The expansion and
validation of che current algorithm foundation on an extensive and reliable
database is the bridge toward an operational capability.
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£ Modeling of Voice Fregquency Tigitel
. Communication Facilities for Performance Monitoring Purposas

‘ J. W. Modestine
! Electricel, Computer ané Systems Engineering Department
Rensselaer Polytechnic Institute
Troy, New York 12181
v i. Intreduction:
There are several teckniques available for pexformance monitoring ¢f voice

l ; frequency (VF) digital communications channels as &iscussed iz [1]. Ome such

technique is the use of adaptive chanrel modeling techniques 2s describded, for
exemple, ir [2]=[3] for use oz the microwave line-cf-sight (LOS) channel.
Specifically, ¢ finite-parameter model of the physicel tracsmission facility

{ is constructed. The Iree parmneters of this model are then adjusted by an apprro-

priste adaptive algorithm to provide a close £it to a given channel chosen

for performance evalustion. In the preseat note we will attempt to develc:

————

% an appropriste finite-parameter model for the digital VF channel where the
‘ f use of the word channel in this context is intended to include toth the modex
i

transmitter es well as actual transmissicn facilities., That is, we are inter-

f
€ e — gy et T

ested in degradations introduced by the modem itself as well as the physical

propagation channel. The issue of bow the Iree jaremeters are to be adapted
to a particular channel are described only briefly here.

II. Prelimisaries:

In vhat follows ve make extensive use of complex narrovband represextations
of all signal &nd noise processes. Specifically, the received signal ¢o be used
for adaptive chaanel estimation is given by

o r(t) = /2 Refi(2)e? 275t} (1)
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vhere :'c is an gs3uzmed known carrier freguexzcy ia Ez, and

E(r) =z (t)=gr (2) , (2)
is the cczplex anvelove expressed in terms of lowpass waveforms rc(t) and
r’(t) representing the inphase and guadratire (I/Q) cocponents, respectively.
The cocplex eavelcpe #(t) is furthermore assi=ed of the form

2(t) = 8 () + a(e) (3)
vhere so(t) is <he complex eavelcpe of the received sisal compenent and A(t)
is a complex 20Zst process representing ediitive chaznel noise as vell es
possible adjacezt chennel interference effects. The recelved sigral coxpon-
ent !o(t) is assu=2é modeled as the compler response of the channel to the
treasmitted sigma- 3(t) at its input. For pusposes of <he preseat discussion,
the channel is —oisled as a lineer time-inmTerient narrcwbend filter with complex
impulse respoase function ic(t) as indicate2 in Pig. 1. In reality, the chanmel
might well be ncnlinesr and/or time varyirs. RNevertheless, the channel can at
least be expected to be time-inveariant over intervals that are long relative
t0 typical meesitrezernt intervals. The guertion of chanmel nonlinearities is
somewhet Zore &122icult to address. However, since most of the modulation

Tategies of i-terest possess constant exvalopes the rresence of narrowband
ponlinearities s 20t expected to have g lerge influence on the performance of
the digital data link. At any rate the question of channel nonlinearities
remains to be mcre fully explored in ongoint work.
We assume the: the transmitted signel 3(%4) is normslized so that
E, = r'll(t)lzdfc, ()
0

represents the sig-al energy vhere ’1’. is +tte baud interval. Furthermore, we

restrict attentisr to digital signaling formats such that 23(t) has the




sezresexzation

3(e) = [t Ie B, (¢~17 -v)ed® ()
s

Sere, hn(t) is a complex weveform wvazishing outside the interval [0,'1"3 and

{!i} is a cemplex sequence which depends upon the data to be communicated in
: & Zanner specific to the modulation strategy employed. For example, the case
L{ &= 2 axd h‘(t )'uo(t) wvith uo(t) the Teal besetand pulse wavelorn

1 ‘ 1 i oss s

0 H elsevhere ,

\lo(t). (6)

ccrresponds to conventional cohereat BPSK modulgtiosn. Similexly, ar'bif.ru-y !
{ MPSK can be handled by appropriate cholce of {!1)' The quantities T and & in
(5) xre random timing epoch ahd phase offset, respectively. Generally these

wiil de fuactions of time. For the time being ve will sssume that doth t and
€ sre known &t the receiver to arditrary accuraey. Without loss ¢f geaerality
then ve assume both T and & are zero in (5).

The recelived signal coxponent can then be resresented over the measuremexn:

intervel [-m'.,m,] ss

: E K
B (t)e [2 T
0 Ts isX _
where h(t)ﬁn'he(t) is the convolution of the cozplex modulator waveform hn(t)

T39O T S e T S

&, h(t-ﬂ.) (7
and 4the complex impulse response l.xc(t) of the chamnel. The overall impulse
respense h(%) is, of course, not known since the channel respcnse ic(t) is in
gezersl uzknowvn. Nevertheless, it may be possidle to sdaptively estimate this

quantity vhich should provide useful information oa the present state of the
chasnel. A scheme for sccomplishing this is 11ustrated ia Tig. 2. EeTe the

complex eavelope £(t) is passed through & filter with a coxplex impulse respcnse
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’.:.r(t) and thexn saopled at the output iz synchreonisz with tze deud rase. Thae
timing information will presuzably cecme Zrom & bit symshronizer whic: zust
be replicated as part of the 2odem. The sazpled output {fi} is then ccxpared
to an estimated sequence {;:L} obtained ty applying the estinmated data sequence
{81} to a finite parameter model of the channel. The esiimated <date sejuence
{éi} will be assumed to come from the modem output vhich is replicated as pact
of the perfcrmance monitoring unit. It is shown ia Fig. 2 as being cbtained ot
tae output of an appropriately defined decision device. Ve sssume tkhet the
erzor rate is reasonadly small 80 that the occasiozel ersaors €9 not have & Pro-
found effect on overall systez performanmce. Assuzing that an eppropriste finmite.
parameter nmodel of the channel is svailable, the expected outhut sequexze {;1}
is campared to the actual seguence {’1} tc geaerate the error sequence {!1}.
An appropriste adaptive algorithm is thez employed +o estimate end tracz changes
in the channel parsmetars. Clearly, the reason for incluiing the receiting filter
in Fig. 2 is to obtain a SKR advantege iz the cozparison of expected ani gctual
channel outputs.

In order to determine an appropriate Zinite-parsmeter ma.l for <ke channel,

note thaet the sampled output sequence is given by

2, -r f(t)ir(t-t)dtl 7 im0,21,22,..., (8)
=it

or in normalized form

i 1 o i (9)
2, = [—min b, , +8, |, 9
VIR, b P th |

vhere {ai} is & complex zero-mesn Gaussias sequence vhose 1/Q ccmponents are

each of unit variance,

A-4
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is tze equivalent rectangular tandwidth cf the receiving filter? in ¥z, az2
finally

] B(t-17,)B (JT ~t)es, 4,3m0,21,... (1)

b, 3

The sa=pled ocutput sequence can be rewrittez {n the form
/ o / =Y (12)
i NOB'.L'. i NOBT‘ g ki-k "4 °*
i

vhere we assuze 50-1 which is merely a cozservation of energy constraint. The
second term i3 (12) 4s a distortion term resulting frem ISI produced by co-
channel distertions on the channel.

Trom the preceding it is clear that a reasonadble model for the chaznel is
the tapped delsy line (TDL) illustrated in Tig. 3. Specifically, we assunme tae
channel caxz te modeled as & TDL with a total of 21L+1 taps and corresponding
tay velights ‘.‘.’ i=0,%1,22,...,2L., In the next section we describe how the tap
wveigats may be adjusted to estimate and track the instantaneocus state of tze
chaanel.

IIT. Adsvtiive adjustiment Procedure:
Define the performance criterion as
() = B2, |2 (13)
where g’-(g_n,g_ml,...,go,....zn) represexts the tap gain vector of dimensica
(21+1) sad 2, represeats the TDL filter outyut according to

. L
S 2.2 . (k)
i JZ-I. J 1=

+ Eere i (Jw)is the_system transfer fumectica of the receiving filter vith
izzulsé respozse B (t).
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vhere “o5r simplicity we assume that & -E g i.e., 0o decisica errors made.
The jerfsrmance criterior, which is to be ninimized through choice of g,

ca be expressed as
J(g) = E{l!i Z 3.1 1_Jl }

= B{|#, |2)-2Re{ 2 R LD

J=-L
% lf" { } (15)
+ g E{& 3 34 . =5
R 58 B8 480y

This last result car de revritten in vector mesrix form according to
sget|e, |2-8'g w2 el Tgla-g el 16)

vhere S is a (2L+1)x(21+1) matrix with (k,%) component

L]
G o= B2 L8, =23, (27)
and v is & (2L+1) vector vith k'th component

z{riai k} s k=0,%1,...,tL (18)

The "+" in (16) indicstes complex conjugate transpose. It is easily seen tiha*
the optizum tap conrection vector is that which minimizes the quadratic form
in (16) with the result '

Bope ™ 5'11 . (19)
This solution can be determined by an iterative gradient procedure provided the
gradient of the functional J(g) can be determined. Specifically, we proposc use
of the steeggst descent procedure vhere £ i{s an initisl guess and the successive

estimates are determined asccording *o

B . "B - 8(8,) ; is0,1,..., (20)
witz h <he step size at each iteration and the gralient 1(3) is detarmined

accordinag to
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3J(g)

g & i 2lg-g7 v ()
er ejuivalently,
Ug)m2lga-p) = -2ECE,E} (22)

. : T
voere @,°f,-f, is the error signal and gi-(eiﬂ,eiﬂ_l....ei.....ei_L)
is the transnitted data sequence.
The difficulties witk i=plementing the steepest descent algorithm as
describved by (20) is that the gradient in (22) requires an exsextle average.

As an alternate we propose use of the "noisy" sradiest estimate

- 4
wg,) = -2082,1, (23)
vhich is the typical approaci used in prectice.

IV. Suzmery ané Conclusions:

We have described one approach to modelirg and adaptive estimation of the
charscteristics of VF comunication lines. Several %aings are rejuired <o 2¢==-
plete tais work. Pirst, techniques should be levelcied for estizating perfora-

snce analytically in terms of the estimated parameter vector R. Also psttern

‘rocosnition techniques should be explored for 2lassifying the degraiatics usizg

the vector 2 &8 a pattern vector. Some experineztal results should e cttained
using this approschk. Finally, we should inves=igate zore accurate =odelling
spproaches to include nonlinear effects in s finite-parameter chaanmel mofel.
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Further Results on Modeling of Voice Frequency
Digital Communicatica Links for Performance Monitoring Purposes

J. W. Modestino
Zlectrical, Computer and Systems Zngianeering Department

Rensselaer Polytechnic Institute
Troy, New York 12181
I. Introduction:

In previous work (1], an adaptive approach to performance momitoring
of digital communication systems operating on voice frequency (VF) lizes
a8 described. This approach, which was an initial attempt at formulating
and solving the problem, is limited in a number of ways. Most important
spong these limitations are the fact that the modulation format must be
known & priori and a replica of the actual receiver modem be comstructed,
and the fact that only linear channel distortions can be treated in this
way. It is of scme interest to devise alternative techniques, adaptive or
otherwvise, which remove either or both of these limitations. In the pre-
sent note we describe one such technique which at least allows nodeling of
aonlinear distortion effects.

II. Preliminaries:

The Volterra series expansion can be used to represent the output of a
ponlinear system with memory in powers of the input. This fact has bheen very
useful in the analysis of the input/cutput behavior of nonlinear baseband
systens as described, for example, in {2]-{5]. The extemsion to narrowband
signals described in terms of imphase and quadrsture (I/Q) components is
relatively straightforvard. In psrticular, suppose that x(t) and y(t) are

parrovband signals representing the iaput and cutput respectively of a

B-1
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narrowband, although possibly nonlinear, systeas as illustrated in Fig. 1.
Here we assume that x(t) azd y(t) can be represented in the form

x(t) = /2 Re(2(t)e?%"} | (1a)

and

y(t) = /2 Re{p(t)ed"} | (1)

with @, the carrier frequency in radians/second and 2(t), #(t) the corres-
ponding complex envelopes. The input/cutput behavior of this system is

assumed described by the complex Volterra series

- - a
p(t) = J J.dtl ]. ar, --~[.d1nh (=t ,8=T2,...,8=T_ 7] | 2(z,), (2)
w0 a Biey

-l
where the hn(tl,tz,...,tn) are called Volterra kernels. For a linear system
all terms except the first vanish and we have

#(t) = E‘L.L(t't)z(t)dt s (3)

in which case k-al(t)'a(t) is simply the complex envelope of the impulse re-
sponse h(t) of the linear narrowband filter. The impulse respoase h(t) then

has the represeatation
B(t) = 2 Re{n(t)el%"} . (8)

Ancther speclal case occurs vwhen the system is nonlinear bBut memoryless.

It follows that the Volterra kermels are described by

- a
ha(t—tl s B=T20es ,t-rn) =a Lll G(thti) (s)

vhere §(+) is the delta functicn. From (2) then wa have

pe) = [ agfie) (6)

a=l

wviiich is merely & representation of the cutput as a power series expansion
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of the input ccmplex eavelope. One cazn concieve other iastantanecus or

2ero-pamory 2onllinesrities whick distort tie axmplitude and phase iz decid-

edly dilfferexnt wvays. These izpor<axt special cases will be trested i3 later

work.

Finally, consider the 3-fold Fourier transfora

E (ul,mz,...,u ) :J‘-d;g rdt ..-J‘dt -3 (tl,c ,...,u )exp{-,j(ultl*uztz
*.0e (llntn)} . (T)
Cleaxly Hl(u) is the familiar camplex transfer functicn of a narrowband lineer

systen givea by

éi(u) = r E,_(t)e‘“’%t ) (8)

By analogy, the quantity L;.n(ul,uz,...,un) wvill be called the n'th-order com-
plex Volterrs transfer function.

III. Applicetion to Adaptive Performance Monitoring:
As iz (1] we shall asswme the received signal to be of the fora

r(t) = /2 Re{r(t)e?"%"} , (9) ]
with

#(t) = 3,(e)+(e) (10) i
where !o(t) is the complex envelope of the rsceived sigmal compoment and J

f(t) is a complex ncise process representing additive channel zoise as well

as possible adjacent channel interference effects. The received signal
ccmponext !o(t) is assumed zodeled as the complex response of the channel

to the transmitted sigmal 3(t) at its input. We assume the transmitted signal
is of the fora

3(e) = [22 ] eiin(e-m'-r)e” , (11)
s i

B-3




with & (¢) & complex waveforz vanishing outside the intsrval (0,7 ], asd
s

(ci) s complex Sequence which depends upon the data to be communicated in o
manner spesific to the modulation strategy employed. The quantities Tt and

8 in (11) are random timing epoch and phase offset, respectively. As i{n

(1], we will assume for the time being that both t and & are kuowa to arbit-
TArY accuracy at the receiver. Without 1loss of generality then ve assume

, that both t and 6 ia (11) are zero.
The channel behavior will be modeled in terms of a truncated complex

; Volterra series. Specifically, we assume that

: - -
rd-flj-dfz"" dt_h (t-fl,t-‘l’z,...,t-tn) R s(ti), (12)

£
3,(¢) = |

sl B ¢c,a ial

-l
; for scme choice of h.xc n(t)’ o*1,2,...,K. For esse of exposition we take the
. yhb

"{ case X=2 in what follows. The case of finite K follows in similar fashion

except the algebra is a vit tediocus. Thus

2,(t) = j‘ ‘;c(t-r);(r)dr«t-r f B (£~7,5=v)3(1)8(v)axay , (13)
’ -t - on

vhere we have suppressed the dependence wponf o in writing hc( +) and h.c(-.-)
tor hc.l(') and hc,z(',-), respectively. The overall VF channel model is
then as illustrated in Fig. 2.

i . The received signal ccmponent can then be represented over the measure-

zment interval [-n’,(xm.)'r'] as

3 - E § § -
<& 1.(¢) -f-; & h(t-iT ) + =2 & & h(t~iT ,t=JT ) , (1k)
¢ o] T. 12_3 i s '!' iz-ll JZ-! 173 s s

+ This should cause no comnfusion since tke linear and quadratic filtering
functions are resadily identified by whether it is a function of one or
t70 arguments.
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vhere k() & hn’hc(t) is the cocavolution of the camplex medulator vavefsrs
h,(t) and the complex impulse response l;c(t) of the chazrel. Similarly, <ke
quantity i(t,s) is the two-dimensicnal (2-D) comvolzticn 1:.1(‘:.,3)A ;.n";c(t,s)

defined by
ha(t,s) = r J- hn(t-r)hc(r,v)hn(s—v)dtd.v . (15)
-t om i
It should be obviocus howv additiczal high-order comvolution products arise i h

the Volterras series of (12) is truncated Zor scme value X>2. In the case i

under consideration neither h(+) or }.1('-,-) i3 lowvn and zust be adaptively

estimated from the output of the VF channel.
As in (1], wve assume that the channel cutput 2(%) is passed through a
parzovband filter with complex impulse response l.:r(t) and sampled in synchron-

ism with the baund rate to generats the sequence

51 - J- 2(?)‘;.:(t-r)d.r

P

; im0,21.22...., (16)

+=1iT s

or in normalized form

[Z, 5 . [Z,_ 1 § .
s -2 kz_, i TV T T, kZ-N :.Z.n SPrar,1-2%0 B0 (a7)

Here, {i’i} is & complex zero-mesn Gaussian sequence vhose I/Q components are
each of unit variance,

83 %;J- |'Br(,ju)|2dm . (18)
is the equivalent rectangular bandwidth of the receiving filter in Hz,
B, 4 r B(=JT, )b (1T ~t)ds, 1,3%0,21,22,..., (19)
- L4
acd finally, |
B-5
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It should be noted at this point that we have written these last two express-
icns caly in terms of i« in the case of (19) and the double index i-k, i-g
in the case of (20). Justification for this, which is not i=zmedistely apper-

ent, is relatively straightlforward.
‘ Prom the preceding, it is clear that a reascnable finite-parameter model
of the chaznel is of thc form

L L
JE—L ‘J i-J .‘z_r‘ lg—ﬁ éi—kpk,léi-l ¢ (a)

— e st

The first tarm has an iaterpretation as a conventionmal tapped delay line (TOL)
as in (1], wvhile the second term cn the right-hand side of (21) represents a

;; . quadratic operation on the data sequence which i3 g bit more difficuls to

£ ‘ { intezpret.

One interpretation to be given to the quadratic operstiom in (21) is to

. ; express it in terms of vector matrix notatiom according to

. L L -
: & 8, = <8 g,>

‘ kZ-L L_Z_.L 1k, 08020 G0 B &2 (22)
B

vhere & = (8,008, 0 0heeendy,end 008, o), vhile b is & (2Del)x(2L41)

{ T
matrix with (k,%) component ’k 2 k,2=0,21,22,..., L. Ve will assume that g
9

is positive definite and symmetric in which case it can be factored.in the
form P = 5'3 viere § is an wpper trienquler metrix. It follows that

|

| =<2 = ] &2, (23)
} kz-t. ,_E_L & fx,1%1-1 Z L 71-3

. .

l

1

|

vhere gi = B Si. . Im rm, under the preceding sssumptions we aave

k"™ Z hkz:.-z ’ (2b)

i
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Foiech is {n general a_tine-varying filtering operation. ror example, with

k=0 e have i

L -

g = b, & (25)
i ,_Zo 0,2 i-2 |
% ]

= 1,8
gm0 T,
where ‘9. 4 ;0 e We will assume that the filtering operation represeznted by
*

the matrix B csn be approximated by the input/output relaticmship in (25).

This 7111 be the case, of course, if ‘c:k :.'bo 2k vhich we assume to be
L ] ]

approximately tzue. The sequence {ll} then has an interpretaticn as the

impulse resyonse sequence asscciated with a linesr, causal and time-invariant
#{nite~izpulse response (TIR) digzital filter, which caz again be realized as

a TDL. Indeed, the overall channel model can be realized as a parallel com-

vination of two TDL's with a squaring device and an accummulator associsted ‘

with the quadratic branch. A possible reslization of this stzucture is

1llustrated in Pig. 3. As indicated, there are a total of (3L+2) coefficients
L L

o be specified, (2L+l) coefficients {31:}1:-1. and (L+l) coefficients u’k}k-O

In the next section we Prepose an adaptive procedure for estimating these

coefficients on the basis of past transmissions.

IV. Adarptive Adjustment Procedure:

As indicated in the preceding section, the ocutput of the nonlirear chazrel

nodel can dYe expressed iz the tomf

L [¢L 2 .
Z 8351 Jz_nm‘kei-,j-k =R vy (26)

+ Ve are implicitly sssuming a decision directed scheme & as discussed
previcusly in (1]. Alse (!"} represents the output of ého“l.nur branch
vh.ﬁ.t (25'} represents the Eutput of the quadratic branch as illustrated




Now define the Derformance measurs
J(g.0) = 2|22, |2}, (21
T
vhere 3 = (3 o8 ppys---sdgreeeeody) 0 & = (&5, &,...,4 ) represent tie
tad gain vectors in Fig. 3 of dimensicn (2L+l) and (L+l), respectively. This
performance mesasure is to be minimized by simultanecus choice of 3 and 5, and
can be revritten as L
. ‘ - 2
| J(3,4) z{lril }-zne{JZ&LgiE(r;ai_J}}
L L L L
» -
! +2Re J.Z._Lg J-n-z-o ngo ara? kZaL:.{e AN I
. E b e
' + 8. 2¥e{s, 2
} Jo=L kel 5% Ti-j i~k
{ L L _ L
-2Re nEa nzoznan Jz_nz(r;e tgeaioga’
- ' (28) !
L L L L L L 3
* z Z ‘n‘; Z X "ua: z Z E(ei-J-nei-J-ua;.-k-ne:-k-v} *

=0 n=Q usQ v=Q Jnal, k=l
While this expression locks quite complicated, it is shown in Appendix A that
it can bYe simplified scmevhat and rewritten in vector matrix notation accord-

' ing to T

.
- <IN~ MR & AN ¥

3(g.0)=EC |2, |21-(p-2(0) 1" g2 (a)]

+(g-472(s-2(2)) 17504 2 (s-2(a))]

-am{er{yus’ | leertaa’ j(a)} (29)

)

Each of the tarms in this last expression are defined explicitly iz Appezdix B,
to which the reader is referved to for details. Turthermore, it follows easily !

+ Here the dagger "' izdicates complex conjugate transpose.
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that tie optimum choice for § and I are found as solutions to the sizultanecus

equations
W(g.4) . eg,e s
v .r(g,a)ﬁ — - el =0, (30e)

W(g.1)

70@3 §— T

= LRe{g(3)d}-bRe(3u}

+ LRe{j(d)a} =0 . (300)

In general, these simmltanecus ponlinear equations are difficult to solve.
Nevertheless, the solution can be determined by an iterstive gradient pro-

cod:ﬁ-c. Specifically, ve propose use of & stespest descent procedurs vhere
‘0 and 50 are initial guessaes and the successive estimates are determined
sccording to

§41 * 3,073 08;) 5 100.1,..., (31a)

L, %8, -000(3,,8,) 3 1=0,1,... (312)
whare h is the step size at each iteration snd the gradients are determined
trem (30).

To provide scme physical interpretation to this procedure, consider the
eadient 7 .r(;,x) ot (30e), t.e.,
v J‘(l.l) a mfﬂ-(b—k(s))}' -Re{2(3, 52)} (32)
vhere &, = 25!1 1s the ervor sigmal and, as previcualy, & =(&, .. .8 . .

“"!1.”"’51-&1’&1-5) is the transmitted data sequence. Similarly, we have

95(8) = AEE(E(8, 500}, (33)
vbare oow b, is aa (L+l)-vector witi k'th element

B-9
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L .
5 * Jz_aei-dai-d-k ; ®m0,l,...,L , (3b)

k with {E;__J} the sequence of ocutputs of the upper tapred delay line in Fig. 3

I with componexnts generated according to (25), i.e.,
L

. I nZO 8.8 a5 m0,L,2, ... . (35)

‘ The difficulties with implementing the steepest descent algoritim as

described above is that the gradieats in (32) and (33) require ensemble

averages. As an altermate we propose use of the "nolsy" gradient estimates

v,J(3.4) * -2Rele 2t} , (36s)

o vJI(3,4) T LRe(sB2} (36b)
i which is the apprcach usually adopted in practice.

1 V. Summary and Comclusions:
3 Ve bave described an approach to modeling and adaptive estimation of the

characteristics of VF commmication lines. subject to scnlinear distortion

effects. As noted previcusly in [1], it remains to develop analytical teck-
giques for estimating error rate performance in terms of the estimated pars~
Beter vectors § aod & . Also to be investigated are pattern recogaition
techniques for classifyiag the degradation using the vectors g and 1 as
parsmater vectors. Floally, we note that the approach described here is limit-
ed to linesr modulation strategies. It remains to determine bow adaptive

!
|
{
| , estimation teciniques can be used with ncalinear modulaticn forzats.
| |
1




Appendix A

Vector-MatTix Tormulation of Performance Critarion

Consider the performance criterion J (2,4) as given by (28) of the zext.
This can be written as

vhere J'l(g,g) depends uponr hoth g and 3 and is obtained as the sum of the
first four terms iz (28), i.e.,

J (s,a)sE{I? |2}-23e[ Jg_lsiv{rici‘.i}}

L
&e {;Z 2 Z Z a0z Z E{éi -1 et k_n}}

], n-o p=0 2 a.,

L L
+ 2.2 E(&, ,2* ) . (A=2)
JZ_L kE_L 180 ¥

Similarly, the tera Ja(i) depends only upon E and consists of the last twm

ter=s of (28), i.e.,

L
Jo(2)= - 2Re ¥

L

L
Paa

meQ n=g = 2

L

)

Z“'Z

Z E(s%a
J=L

Z 342

i i=- J-ni J-n}}

L

L
I =(a

13 —mai-J - I—k-ne;-k-v} . (4-3)

- A

D=0 =0 * Dymg v=q © Ja..L k=
We concentzrate upon esch of these terms separstely.

After scme algebra it is easily shown Shat
A R RaeE | 21-(geA (@)1 g e (0) To1g-g 7L (-2(0)) 113 (g5 2 (pr(a)) ] . (ab)

Here, ;T 8 (w;b’;-L+l""";O""’;L) is & (ZL+l)-vector with k'th ccmponent

Fradiiit ~ - '

I

- e INedewemi




~——

¢, = 22,23 .} =0, ... 2L (A=5)

Similarly, 3 is a (2L+1)x(2n+l) matrix with (k,2) componmesnt

I LY o 4§ ¢ 3 E.2m0,=l,... .80 (A=6)
Finally, ?(;)'d-n’*-nw rveeesdgaees ,/\.L) is a (2L+l)-vector with k'th com=-
ponent

- L L

A=l olag Z B(ar_ &, , o8 o 15 em0,s,. L e, (AT)

£ w0 n=0 2 Zge.g

and we have written é(i) as an explicit function of i to emphasize this depex
ence as indicated by (A-T). It should be noted iz perticular that the zradi

with respect to g is givea by

cJ (3 i) - - = =
7, (80 & =2 = ametglag @) ) (4-8)
Similariy,’
s 39 (8:8)
7.9, (8.2 I 35 (a-9)
- LRe{g(3)d} |, (A=5) ;

with 5(3) an (L+1)x(L+l) matrix depending upon g with (m,n) :lemenmt

JE_L‘JKE_LE{ei-J"'i'-a—-ﬁi.k-a} ~op o(8) . (A~-10)

Nov from the definition of Jz(g) in (A-3) we can Tewrite this in tkhe

fora

2(1)- - zaa{tr[vu 1} +ex{aa A(a)} . (A=11)

Here ¥ is & (Lel)x(L+l) zatrix #ith (2,3) element

- L -
vn,n. JZLL “(’1‘51-44 1-4.,1} - wn,z y B,a=0,21, ... 2L . (A-12

+ EHsre it is easier to go back to tie definiticn of ‘71(5’5) given in (A-2).

B-12
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Finally, the zatrix A(d) is an (L+l)x(L+l) matrix depending explicitiy upez

& vith (z,n) element

L L L . |
A a z Z 3 a* Z z E(& & aw at )} = \# . (A~13)
it u=Q v=Q e VJO—L =], i=j=t"i=j-u"i-k-n"i-k-v -8

It follovs after some elementasy algebra that . i
W, (a)
ad

= - LRe{JL}+ LRe{j(a)a} . (A-14)

Vo ) =

B-13
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Appendix C

Modem Signature Analysis Demonstration System Users Guide

‘ C.1 Overview

The MSA demonstration system is implemented as modular tasks 1linked
together with the RSX11M Indirect Command File processor, This facilitates

the removal of certain modules for other applications without code modifica- I
tion. :

; On the DICEF PDP 11/40 system, the MSA directory is (3,3]. Command files
exist together with the sources in that directory so that a complete rebuild
of the software system can be effected with the command;

—

@ MSABLD

cation,

In order to operate the MSA demonstration system, the user must be in the
‘ MSA directory and have the desired input waveform files in the same directory.
* The waveform is expected to be in a fixed (IDRS) format file which has the
following attributes:

i

i

: The rebuild would only be necessary in cases of operating system modifi-

i |
]
H
i
'
t
1

-

' - unformatted

- - - direct access organization

= 512 bytes per record

: Record 1 of the file is a header containing the information shown in Table C-
f z 1. This data format is harmonious with most A/D collection systems. Data is

} C-1
|
{
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stored from record 2 on, 1 sample per two-byte integer word. Also it is
assumed that the waveform is sampled at 12.8 Kc.

C.2 Operation of the MSA Demonstration System

|
‘ . With the 12.8Hz sampled waveform in the MSA directory, [3,3], the MSA ‘
. command file is invoked with the command }

@ MODEM.

e e e ————_

The interaction is now explained.
; *DO YOU WISH TO SKIP PHASE 1B? [Y/NI:

{ Optionally the generation of the raw and rectified signal spectra and the

power spectra for the 2- and U4-stage lattice filtered signals, doth rectified

. and not, can be omitted from the experiment. Since none of this output {s
5 used in the phase 1 go/no go decision these calculations are not required,

‘ ®AUTOCORRELATION BUFFER LENGTH (3K OR 8&K):

Here the user specifies the correlation length as "3K" or "8K" points,
Note that more vectors result for the "3K" decision.

SAUTOMATED [Y/N]:
' The system can process in batch mode if the data is located on magtape

:"f "mounted” on the tape drive and a 1list of the desired magtape files is con-
o tained in "WAVENAME.LST" in the format illustrated by the command fille prompt.

SWAVEFORM FILE TO BE PROCESSED?

e | T T T B i B
T . - x .:.,.;m:i‘«?‘:tbm&.u""’i.z. oo A TR L

T

S L



This requests the name of the input signal to process, assuming that
automated mode was not selected. This is the end of the user interaction.

Output from a sample run is shown in Figures C-1 through C-11 for the
CODEX LSI-48 Mode B modem with 60 Hz phase jitter at 64° P/P added. The out-
o put is self-documenting with the possible exception of the peaks detector sum-
maries which are described in the next section,

PP

Cieenat B

i C.3 MSA Demonstration System Program Reference Manual
! The Command File Structure

' The 'MSA Command File' is divided into 3 main phases:

{ 1. Gross Channel Quality Analysis
v 2. Modem Generic Type ID ‘
i »
p ' 3. Channel Impairment Characterization P
| ‘
9

’ Each of these phases is further subdivided into smaller tasks, all linked

by the RSX11M Indirect Command File Processor. The structure is detailed in
the following section,

C.3.1 Phase 1: Go/No Go Decision

C.3.1.1 Phase 1A: Gross Channel Quality Estimation }

The Go/No Go decision of the channel is performed using time domain

; ) statistics:

-~ Rectified Peak/Average Signal Ratio




P

= Rectified Signal Peak/Average Ratio Variance

Programs:

NORMALIZE

EVLSTS -

normalize inputs the specified raw IDRS formatted waveform,
converts to R#4 data as required, removes any residual bias
caused by the A/D Converter, and normalizes the waveform to
unity power. The output waveform has the extension " . NRM",

accepts the (" .,NRM") normalized waveform and computes the rec-
tified signal peak to average ratio and rectified signal peak
to average ratio variance,

A reference file "EVLSTS.DAT" contains the user-settable
acceptable limits for each of these (2) tests. The output from
the program is the PHASE IA summary and a flag passed back to
the Indirect Command File Processor signaling either 'CHANNEL
ACCEPTED' or 'CHANNEL REJECTED'.

C.3.1.2 Phase 1B: Signal Spectral Enhancement

Phase 1B is a collection of signal processing algorithims deemed promising

in enhancing certain spectral components, such as baud or carrier, to a point

where they are suitable for classification features for generic typing or

impairment characterization, This phase consists of (3) major algorithms

linked as shown in Figure C-1,

Programs:

RECT -

accepts an input waveform and creates a full wave rectified

output waveform, Input and output filenames are specified.

Cc-i
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MSLFLT -

PWRSPT -

PEAKDT -

is the multi-stage lattice filter, Input and output waveforms
are specified with the desired nuaber of filter stages,

is the spectral estimator, The input waveform is specified and
successive 1024-point real-to-complex FFT's are performed and
averaged to a maximum of 10, The output is in waveform format,
512 points (bins) long.

is the peaks detector which operates on the spectrum created by
PWRSPT. Only specified frequency ranges of the spectrum are
considered as noted on the output listing. Each of the 6 spec-
trums generated in Phase 1B are processed concurrently, and the

results are consolidated onto a single output summary page.

A sample cell from the peaks detector has the following format
and fields:

M 2170, Hz
c 0. Hz
es-db’o Hz
where:
"M" = maximum frequency in band
"C" = center of valid spectral spike
"@€" = minimum clear pulse height above noise in order

that a spike be declared valid
n " 2 BW of the valid component "€@"dB down.

NOTE: If no acceptable spike was found,
"C" and "," values will be zero.
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C.3.2 Phase 2: Modem Generic Type Classifier

Five lags of the autocorrelation (1,2,3,4 and 6) of the 1-bit quantized
i signal are generated for the user-specified window of 3K or 8K samples. All
of the normalized signal is processed and the output vector file (.VEC) con-

w tains one vector of 5 lag measurements each for each non-overlapping window

available in the input waveform,

The vectors are run through four Fisher classifiers:

Modulation Type
Baud Rate
Combined Modulation Type - Baud Rate

Modem ID

Programs:

; ACORR - generates specified lags of the autocorrelation of the normalized
: input waveform. Lag O is used for normalizing the vector (other
* lags). The program creates a ",VEC" file suitable for input
directly into the Fisher classifier (or OLPARS). The length of
each correlation window is user-specified at 3000 or 8000 samples.

FHREXE - is the Fisher Discriminate pair classifier, Input files are
", VEC" vector files and a summary is produced together with flags
signaling the ,AT processor as to the outcome, The logic library
is user specified.

R PHASE2 - - Phase2 is the executive program which compiles summary and effects
final Phase 2 logic decision of modulation and baud,

If the baud rate or modulation type classifier rejects the input,
the EXEC will recover provided that the combination classifier and
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as

the remaining baud or type classifier agree.

The Modem ID classifier is not used in this decision, rather it is

required in Phase 3 in lieu of consistent database collection
parameters,

C.3.3 Phase 3 - Channel Impairment Characterization

Phase 3 consists of two sub-phases; the statistical channel characterizer

for the estimation of channel S/N and harmonic distortion, and the phase
jitter detector.

Programs:

EVLIMP

DEMODI

the peak-to-average ratio and the peak/average ratio variance of
the rectified signal are calculated and used to index into a tem-
plate file identified by the modem ID classifier of Phase 2. The
requirement for the fingerprint level ID of modem is imposed by
the unexplained discrepancies in the signal formats due most
likely to the inconsistent collection parameters, sample rate,
etc,

The result of the template search is the classification
result for the presence and degree of HD or AGN on the line in the

form of the Phase 3A executive summary.

is the IIR filter demodulator. The generic identification indi-
cates a da.sk file (for example, DPSK1200.PRM) which contains the
mix frequency and proper filters for the demodulation of this gen-
eric type,

C-~7




RESAMP

PWRSPT

MODPEAKDT

For the three cases of bits/symbol 1, 2, and 3, the FM tran-

sition removal tasks are:

REMBIT 1
REMBIT2
REMBIT3

The actual ID of the modem is used here to indicate the proper
thresholds for the operation., The thresholds are stored on disk
under the name S",PRM" where 'S' is the symbol of the modem sig-
nal. The input extension ".FM" is assumed and ".NFM" (No FM) file
is produced for specified input waveform file,

Applies a 200Hz low-pass Butterworth 2-pole filter to smooth the
" _NFM" input file. The signal is resampled by 4 and stored back on
disk.

As described earlier, the power spectrum generator operates on the
specified input, the resampled no-FM signal in this case, and pro-
duces a single line power spectrum. This is plotted for the user,

is the modified peaks detector which operates on the FM spectrum.
The output 1s as shown below:

Cc-8
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line

line (2)

line (3)

line (4)

line (5)

S IR e R

_ (1) M
- )
" (3) c

1 (1) €2dB, Oz
. (5) MP

E 6) M 19Hz
(7 6. 14dB
]
where
‘{ line (1) 1s the maximum frequency component in the specified band

is the power of the line (1) component

is the center frequency of the component or is 0 if no
unique spike is found

is the component bandwidth at 2dB below the peak, or is
0 if no component is found

is the cause for rejection of the spike (if it is
rejected):

MP = multiple peaks

PO = peaks overlapping band edge

c-9
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line (6) 1is the maximum frequency of the second highest spectral
component in the specified band

line (7) 1is the maximum power 1level of the second highest
spectral component in the specified band.

l In addition, an estimate of the noise floor for the 0-200Hz band is given
. in the leftmost column., This serves as a reference when examining spectral

power levels of the peaks detector output,

C=10
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WORD DESCRIPTION ﬂ
.
, 1 No. of Channels
! | 2,3 Sample Rate (I*4)
;e 4 Start Time (Hours)
, 5 Start Time (Minutes)
\ 6 Start Time (Seconds)
7 End Time (Hours)
8 End Time (Minutes)
4 9 End Time (Seconds)
l 13 Run Number
, 14 Data Type (0; Integer 9
{ 32-bit Floating Point)
’ 17,18 Number of Data Records (I*4)
: A1l Words are I*2 unless otherwise specified. Only |
é the sample rate and data type are used by the MSA
‘; software.

RoR Table C-1 IDRS Waveform Header

c-11
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eeececeoee PHASE 2: EXECUTIVE SUNMARY ¢eeececose

DATA FILE: B21D70064.VEC
NUMBER OF DATA VECTORS:
LOGIC FILE: MODTYP.F3K
F P D Q *
e o 8 o o
MODULATION: PSK/DPSK

LOGIC FILE: BAUDRT.F3K
1 2 3 4 5§
8 6 0o e o

BAUD RATE: 1200

e

LOGIC FILE: MODBRT.F3K
F D 4 Q q A P °
9 8 0 ©6 0 0 o e

MODULATION, BAUD RATE: PSK/DPSK, 1200
LOGIC FILE: MODEMID.F3K
a b ¢ d h 1 n r
o 7 ©0 ©6 ©o o o 8 (]

MODEM TYPE: CODEX LSI-48, MODE B

—
[~1 ]
©e

FINAL DECISION:
MODULATION, BAUD RATE: PSKX/DPSK, 1200

Figure C-9

Phase 2 Executive Summary
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eooececsse PHASE 3A EXECUTIVE SUMMARY ®eececccece

REFERENCE LIBRARY: b

0000000000000 000000000000000000000000000000000000000

PROCESSING B21D70064.NRM'

i ‘ #¢-—— RESULTS OF THE PEAK/AVERAGE RAT10 CLASSIFIER ---¢¢

———

#¢ NO SIGNIFICANT HARMONIC DISTORTION OR GAUSSIAN NOISE DETECTED e¢

#¢—-~ RESULTS OF THE PEAK/AVERAGE RAT!OQ VARIANCE CLASSIFIER ---o¢e

[

®¢ NO SIGNIFICANT HARMONIC DISTORTION OR GAUSSIAN NOISE DETECTED e¢
; seseeeseee PHASE 3B: EXECUTIVE SUMMARY ¢e¢eececcee

FILE: B21D70064

18. h2z 60. hz 120. hz 189. hz

] 25. hz | N 63. hz |\ N 135. hz | 185. hz
7.22 db 13.33 db 5.04 db 5.38 db

NOISE
4.05 db

C 0. hz : C 0. hz
@ 2.db, ©.hz.@ 2.4b, O.hz

MP
|

C 9. hz C 60. hz
@ 2.4b, O.h2:@ 2.4b, 6.hz

NP
M 195. hz
3.95 db

MP
) | 19. h2z

. hz
6.14 db

1
5.04 db

cmmmtcavcanscnnee-
cremvmcs e o=~

i i Figure C-10

Phase 3 Executive Summary
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