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ABSTRACT

The results of an expanded study and investigation of the

Pulse Pair technique for estimating the first and second

moments (mean and variance) of doppler spectra for radar :
backscatter from atmospheric phenomena are presented,

. The theory is extended tc include the effects of non-ideal
conditions, such as noise, and experimentally verified by .
extensive performance tests using simulated weather i
signals with controllable parameters. A proposed experi-
mental model of a real-time digital pulse pair processor
is defined and compared with alternate processing tech-
niques, Based on the encouraging results of the study,
recommendations are made to carry the theory into
practice; these include the construction of a real-time
digital pulse pair processor with flexible characteristics
to gather and reduce data for evaluation while operating
with real radars, and the development of additional

related theory needed to guide the experimental effort.
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1.0 INTRODUCTION

1.1 Scope
This is the Final Report on Contract F19628-71-C-0126, which is

devoted to the study and investigation of the pulse pair measurement teche
niqu. for determination of the first and second moments of Doppler spectra
of radar backscatier from atmospheric phenomena. This technique pro-
mises to greatly simplify and thereby reduce the costs of deriving quantita-
tive data from a pulse Doppler weather radar. Initial efforts in the applica-
tion of the pulse pair technique to weather radar signhals were conducted
under 2 portion of a prior contract with the Weather Radar Branch of the
AFCRL Meteorology Laboratory (F19628+-68-C-0345). The emphasis on the
present contract has been to extend the theory and to experimentally verify
the performance of the pulse pair estimating technique to include the effects
of non-ideal conditions, such as noise, that are encountered in an operational
environment with real equipment; and to prepare a design specification for a

real time pulse pair signal processor that could be utilized in weather radar

research.

In the intarests of overall continuity and perspective, and to facilitate
understanding, this report provides a unified, self-sufficient presentation of
the theory and experimental work to date, including some of the early results
from the previous contract.

1.2 Summary

Major steps forward that were taken during the present contract include
(1) establishing a theoretical foundation for quantitatively predicting the per-

formance capabilities of the pulse pair estimators under various combinations

of conditions, and optimizing the design parameters of the radar-processor

system; and (2! experimentally verifying the theory by hundreds of quantitatively

controlled performance tests conducted with the aid of the simulation system

developed for this purpose.

These studies have demonstrated a=nalytically, the feasibility of im-
plementing a real time signal processor, using the pulse pair computing
algorithm as its central core, to obtain quantitative estimates of mean velocity

and velocity spread under a wide variety of conditions and for a wide variety

of radars. This report describes the initial concepts and features of a processor

enabling experimental confirmation of its predicted performance, in a form
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suitable for performing meteorological research with Doppler radars as well.
With the instrument proposed here it will be possible to collect and reduce
data under a wide variety of conditions economically. This will make it

possible to establish a broad data base from which the operational utility of

a Doppler weather radar may be inferred. The proposed signal processor

will then provide a benchmark for sizing and designing a signal processor

for operational use.

The key features available in a pulse pair signal processor are

1.

quantitative (digital) estimates of spectral mean, spectral width

and target reflectivity in real time

large numbers of contiguous range gates may be processed

simultaneously (up to 1024 cells in the proposed implementation)

selectable dwell time may be used to adjust the block length of the
signal processor to the radar scanning requirement and to the
meteorological conditions (integration of up to 1024 samples per

ranrge cell to be provided in proposed signal processor)

range resolution may be obtained (resolution equivalent to

. ft (. 5us) in the proposed implementation)

predictable performance based on self contained data (confidence

bounds on all estimates are computable based on signal processor
derived S/N data)

sliding window operation is feasible (estimates based on the

most recent N seconds of data)

the storage required consists essentially of three complex words
per range cell (last sampie, summary crosscorrelation data,
summary power data) while the computing power required is to be
able to calculate 2 conplex multiplies and adds at the input data

rate

additional waveform flexibility (non uniform p.r.f. and pulse ~idtas--

limited frequency agility
sensitivity comparable to spectrum analyzers

independent AGC for each range bin to improve overall dynamic

range
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: as well as the features common to all digital signal processors, namely

y g

11. noncritical adjustments

i Nz el

12. long term,drift free,stable performance without calibration

13, flexibility in interfacing with a variety of radars.

; The digital outputs of the processor can be displayed, recorded, or

; remoted for further display or processing.

% To fully utilize the processor capabilities it must operate in conjunction
! with a coherent radar receiver that has a wide dynamic range and is able to
¢ accept AGC control voltages from the processor at a range cell-to-range
e cell rate. To insure compatihility, it is propcsed to incorporate in the

. processor a self-contained receiver with the required characteristics that

£ will accept 1.F. and reference signals from the radar, gain control voltages
7 from the processor, and deliver the required in-phase and quadrature complex

video signals to the processor. Since the processor measures signal amplitudes

I

to form the AGC control voltage for each range cell, this information is avail-

able as a digital output. Together with the large useful receiver dynamic

SRl e

range, as an added benefit the processor arnplitude output in conjunctioa with

PRTEE

range information can also be utilized for other purposes, such as the cal-
culation of target reflectivity.

0

It should be noted that although there are other methods of estimating

i
E
i

spectral mean, the pulse pair technique provides quantitative estimates of

this parameter in digital form, and is the only known method for estimating
spectral width in real time.

The balance of this report is devoted primarily to the technical aspects
of the pulse pair program. The technical background is presented in the
“ succeeding purtion of this Introduction; the theory of Pulse Pair Estimation,
including original analyses performed on the present contract, appears in
Section 2; Section 3 deals with the methods and results of Experimental Eval-
uations of the pulse pair technique, including that performed with real radar

data on the prior contract and that utilizing simulated radar return on the

At

present contract; Section 4 describes the proposed Hardware Realization
of a Pulse Pair Processor capable of operating on real radar data in real

time; and Section £ presents the conclusions that have been drawn and the :

SR e g e
:}

Recommendations that have been formulated as a result of the Study and
Investigation.
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Detailed Analyses, Computer Programs, and Spectral Plots are in-
cluded in the Appendices in support of the main text of this report.

1.3 Technical Background

A commonly occurring problem in radar measurements is to estimate
the spectral mean and variance of a unimodal Gaussian signal irnbedded in
white Gaussian noice. The classical technique used is to form spectral
estimates from the time sequence, and then form estimates of the spectral
mean and variance by standard formulae. It is not difficult to show that these
techniques are not optimum and result in signal processor dependent bias

errors which affect the system sensitivity.

When hoth mean and variance are unknown, the optimum spectral para-
meter estimates can only be obtained implicitly from the solution of a trans-
cendental equation in which the form of the underlying spectrum is known.
To overcome these defects, various investigators have resorted to threshold
tests to reject the noisy frequencies, in order to apply classical mean and
variance estimators to the residue after thresholding.

This report describes a new technique, known as pulse pair analysis,
which bypasses the stage of spectrum analysis, and directly estimates spectral
mean and variance. Not only does this technique result in a less complex set
of calculations to be made by the processor, but it has a form which is based on
an optimum estimation theory and as such is relatively free of arbitrary choices.
Furthermore, the technique is robust with respect to underlying spectral

shape, and permits more flexibility in the choice of radar waveform.

Its major disadvantage with respect to classical spectral parameter esti-
mation is the fact that the technique does not indicate the presence of multi~
peaked spectra. When the full spectral analysis is available clutter regions
may be identified and possibly rejected, and separated non-standard spectral
shapes may be detected. Pulse pair analysis, being a spectral shape inde-
pendent estimation technique, requires a clutter rejection device preceding it
{where necessary), and yields only indirect evidence of peculiar spectrum
conditions (abnormally broad widths) for indicating the presence of multiple

lobed spectra.

As for sensitivity, simulation evidence, to be presented in a later sec-
tion, indicates that the sensitivity of the pulse pair estimation is comparable

to that of the shape independent spectrum processing techniques.

. ’
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2.0 THEORY OF PULSE PAIR ESTIMATION

2.1 The Pulse Pair Estimators

It may be shown“) that the optimum estimate of the spectral mean and

variance o¢f a sequence of pairs of measurements which are uncorrelated is

given by
{ £ jenf
Arg 1 f S + e demiT 4l - arg X (2-1)
& &
1 (f i'\ ) -j2nfT | XI
fs ~ af | = (2-2)
® Y -oy
where N
= 1 *
k=1
N
1 2 2
Y = 3N k§ [‘rlkl oyl ] (2-4)

T is the observed signal, S(f) is the underlying spectral density

function, and N is the mean equivalent noise cross-section (see Figure 1),

It is possible to rewrite these equations in a more illuminating form by
defining

R(t) = [S(f)ejant dt (2+5)
We get
. A A
arg %eJﬂfT R(wT){ = argX (2-6)
IRy = XL : (2-)
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Thus the latter equation alone determines v’&\r, and furthermore, if R(T) is real,
A

the first equation is independent of w.

? Esserntially this result says that if the underlying spectral density function ?
: of the signal is characterized by a spectrum whose shape is invariant to frequency
2 shift and broadening in the specified manner, then these two parameters may be

estimated from the pair wise measurement directly by estimating the complex

I , Wb . o )
S b e N il

correlation function of the data.

o ! bl Lt b

It is important to note that for small T

e IER L

A " z

- R@T) T R(0)-1/28R"(0) (2rT)? (2-8)
; (No first order term is present because S(f) by definition has mean zero.) Also by defi- ;
§ nition R(0) ‘and R'" (0) are both unity (the first to have unit energy, the second %
L to define the parameter \/w\r, i. e., unit variance for the underlying signal shape). ;
As a result, in this case, the estimator of spectral width parameter is given
by j
,
: A 2 - 3
w = T PR S (2-9) 3
(2nT) Y - g 3

and the estimator of the spectral mean is given by

YT
1

A
f « arg X.

(2-10) o
2nT :j

s
T P ————— P
I

These are the pulse pair spectral parameter estimators suggested by
. Rummler. (2)(3)(4)

The approximations made in arriving at these results indicate that no P

. difficulty in utilizing these estimators should arise beyond that expected from
sampling considerations. Thus frequencies in excess of % will be ambiguously i

folded by the mean estimator, and the variance estimator will be degraded when

the underlying spectral width begins to approach the sampling frequency.

2-2
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It is also important to note that the axplicit estimators do not depend
directly on any particular spectral shape. This is not true of estimators of oS

these same parameters based on spectral measurements,

my
a4 ninitln ERRR Lt

2.2 Estimation Accuracy

f { Since (2-9) and (2-10) are explicit functions of the data, it is straightforward
oo to analyze the expected performance of the estimators. The analysis is com-
plicated by the nonlinearity of the estimator functions.

Appendix A gives an approximate analysis of the performance of both the
mean and the width estimators. It is shown there that the estimator is unbiased
and that when the per pulsce signal to noise ratio is useful, the variance of these
estimators is given by

[aad
AP AT A 1

2 2
'1 £ 2rwT NN =2{2nwT .
| | 2M Var (2nf T) = e2™WT) §(?+ Z(I-e (2w ))) t2ewT (7| (2-11
‘ and
E 2M (anT)z Var (2m9T) = %_ si{ (1 + ze-(Z*Z'n'wT) + z(l_e-(ZTer) ) (2=12)
3 3
h + 8 (2mwT) ‘,ﬂ
i where
g M = aumber of paira in the estimate (= number of data points in the
g sample)
i N/S = per pulse noise to signal ratio .
b
! These formulae were derived for Gaussian random variables with Gaussian
f shaped spectra. More general formulae are available in Appendix A.
{

The general formulae were derived for a uniform train of samples and
account for all correlations in the data.

(4)

Figures la and 2 show plots of these functions. Comparable figures

e e L R

derived for the case of independent pulse pair measurements, (i.e., from
! a nonuniform pulse train, with successive pairs spaced so far apart that the

echoes are completely decorrelated) are shown in Figures 3 and 4. Comparison
of these figures, which show negligible differences at useful signal to noise

ratios, are indication again of the robustness of the technique.
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Figure la. Standard Deviation of Pulse Pairs
- Center Frequency Estimate (%\o) vs Spectral

- N Width (wT) with per pulse S/N a Parameter,
for Uniform Pulse Spacing
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2.3 Hardware lmplications

The pulse pair technique calculation in essence requires 2 complex pair
multiplies and adds for each new data point in order to form X and Y as indicated
in (2-3) and (2-4). Tha conversion of these to mean and variance estimates is
an operation which need not be carried out at the input data rate. To bring this
into sharp focus, a digital spectrum analyzer capable of processing up to 1024
complex samples at a single range, would require 5 times the number of com-
parable arithmetic operations and up to 500 times the data storage of a com-
parable pulse pair processor.

This efficiency in signal processing makes it possible to consider im-
plementing a real time signal processor which can obtain spectral mean and
variance estimates in real time with selectable dwell time per gate of up to a
1000 complex samples per dwell, with as many as 1000 range cells processed
simultaneously. Available technology currently permits these calculations
to be made at a 2 MHz data rate, thereby permitting range resolution 0. 5.8

(i.e., 250 ft.) and even higher thruput rate processors are being developed
now.

In a later section we describe a candidate signal processor implementing
this technique to the above performance specifications. That section details

the flexibility and performance which may be expected of a relatively modest
signal processor,

2.4 Waveforrn Flexibility

The restriction of the processor to consecutive pairs makes possible
a great deal of waveform flexibility which can be used to advantage to
overcome certain inherent radar limitations. Prime among these are the

range=Doppler coupling which makes the unambiguous Doppler intarval of the
radar vary inversely with its unambiguous range interval. For weather

radars, this amounts to a reduction of the Doppler analysis band of the radar
as its range is extended,

The pulse pair technique makes it possible to use the waveform shown in
Figure 5a to change the range-Doppler coupling relationship to

(2-13)
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This makes it possible to increase the Doppler coverage band on relatively
small cclls located at greater distances from the radar. Selection of T1~
and '[‘2 permits the radar to operate with an unambiguous Doppler spread
reciprocally related to the dimension of an isolated cell. In weather radars
such a technique might permit the unambiguous Doppler measurement

of such conditions as severe convective cells and possibly local CAT con-

ditions at low angles and long ranges.

The second waveform possibility, shown in Figure 5b, is available with
both equally and unequally spaced pairs. The accuracy equations, (2-11) and
(2-12), reveal that a key perfcrmance parameter is the per pulse signal to
noise ratio. The equations indicate that there is an optimum S/N per pulse
which minimizes the measurement errors for 2 fixed radar energy. That is,

if S/N and M are related by the equation

& = M (S/N) (2-14)

(which indicates that a fixed energy is available to the measurement that
may be distributed in any way between the number of pairs processed and the
S/N used per pulse) then either equation @-11)or @-12 has a minimum at a

definite value of M.

In particular, it may be shown that for the measurement of mean

velocity, the optimum per pulse S/N is given by

a-1/2
S/N), = 2nwT ™Y (2-15)
opt
and at that point the measurement variance is given by
2
(27 wT) _ 2 ~\1/2
var (2rfT) ., = _e [l-e 2 @rwI) ) (2nwTyw /
o ‘opt
€ (2-16)

Figures 6 and 7 indicate the sensitivity of this condition to nonoptimum
conditions for mean Doppler and width measurements respectively. It is
important to note that minimum error for both measurements does not occur
at the same value of signal to noise ratio. Indeed, the curves show that sub-

stantially more per pulse S/N is required to minimize width errors.




e = MxS/N wT
where M = no. of radar pulses transmitted

per pulse signal to noise ratio
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Figure 6. Tradeoff Characteriatic of Pulse Pair Mean Frequency
Measurement for Fixed Radar Energy ¢
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The tradeoff characteristics may be used to establish the benefits to
be obtained by the frequency modulation waveform of Figure 5b as follows.
Suppose that the radar and meteorological parameters are such that only normalized
widths of 0.05 or greater are of interest. Then Figure 7 indicates that the data
should be collected at the signal to uoise ratio of 7.5 dB per pulse. Suppose

then that it were required to make that measurement to an accuracy of 10%.

Then

I . 1‘}“ . i ‘
st e b it o il it

2 2
an o ', 4
2 = f?-_"XT_Z__ = 0.01 (2-17) P

For wT = 0. 05, F'igure 7 indicates that

2€ (zwwr)2 & 2ndT = 0.8 (2-18)
so that 3
£ = —— (2-19) o
(2nwT) 2 3

= 36 dB
Thus,at least M = (36 - 7.5) dB

930 pulses must be processed to achieve the requisite

1]

accuracy.

If the peak power in the pulse were such that 13.5 dB per pulse were '

available for the measurement, this theory suggests that transmission of
four frequency coded subpulses each with (.5 dB per pulse signal to noise
ratio for a total transmission of 250 groups of four might result in bette
overall accuracy than would the same length of uncoded transmission. Tie

improvement in performance would be negligible at wT = .05 for the con-

ditions given, but at wT = 0.1 the frequency modulation would improve the
accuracy by 40% = (‘{ 2-1).




C e

AT AR SRS T T

N U

o YN

o/

v v A U YA Rt

g

e

L) S0 T A

There is an important caveat which must be considered in this regard;
namely, that additional receivers may be required to implement the frequency
modulation system for extended targets.

2.5 Summary
The pulse pair technology offers new potential for Doppler weather radar

systems. It permits the economic implementation of a real time signal processor
which can produce prodigious data reduction, reducing the enormous amount
of data produced by such a radar to more manageable dimensions. It does so

without a sacrifice in sensitivity in cases of interest.

It makes it possible to consider new radar modulation techniques per-
mitting the radar to collect the data more efficiently. Thus a frequency and pulse
pair spacing agile radar,which has merit in both increasing the data rate
(number of pulse pairs available) and suppressing some of the range-Doppler

ambiguities,can be processed without penalty in a pulse pair analyzer.

The pulse pair technique produces estimates which have predictable
accuracy and are free of arbitrary parameter selection (such as the threshold
level in the spectrum analyzer technique), In a digital processor, the block
length of the analysis interval may be varied on command so that the processor

can easily be properly matched to the radar operating conditions (p. r.f. and
scan rate).

If data rates were not a consideration, it is clear from the structure of the
processor, that it could be implemented as a sliding window processor, so that
running averages of the most recent N1 pulse pair data could be used to obtain
continuously updated mean and variance estimates.

In short, it appears that the pulse pair processing technique offers an
efficient means of automating pulse Doppler weather radar processing with a
technique which is accurate, sensitive and flexible. The equipment used in
conjunction with clutter cancelling techniques should permit operation in a
significant background of ground clutter.

Its ability to signal the presence of unusual spectral shape is perhaps
its ultimate limitation.
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3.0 EXPERIMENTAL EVALUATION

This section describes several efforts to date to experimentally verify
the theoretically predicted accuracy capaoilities of the pulse pair estimators
of spectral mean and spread and to compare their performance with other
methods of estimation using identical input data. The initial experiment, which
was conducted on the previous contract, compared the results of pulse pair and
conventional spectral analysis processing of real Porcupine Radar weather
return(s' 6). The limitations encountered with this approach to evaluation moti-
vated the more extensive and precise experimental evaluations accomplished on
the present contract using simulated radar return. Although all of the experi-
ments to date have involved non-real time pulse pair processing of the tape
recorded radar output data, real time processing is both feasible and advan-

tageous; a proposed real time hardware nrocessor is described in Section 4.

3.1 Porcupine Radar Weather Return

A sequence of 10240 consecutive raw complex video samples (both in-phase
and quadrature) were tape recorded from the output of the Porcupine weather
radar during a light rain. The PRF was 3300 pps, the antenna elevation angle was
40°, and the data was obtained from the range cell with the maximum S/N,

The analog data was then quantized for subsequent processing on a digital com-
puter by the ''pulse pair' method, with conventional spectral analysis as a
control. The latter was required since the true spectral parameters of the

radar doppler return from the rain were unknown.

3. 1.1 Estimates of Mean and Spread by Conventional Spectral Analysis

The recorded data was processed by conventional spectral analysis in

three different block lengths: one block of 8192 complex samples; two blocks

of 4096 samples; and ten blocks of 1024 samples. A typical plot of the amplitude
of the spectral components of one of the ten blocks of 1024 samples (representing
approximately 1 second of weather data) as analyzed by a digital computer pro-
grammed to execute a Fast Fourier Transform is shown in Figure 8, "Typical
Dat; Spectrum for a Sequence of 1024 Samples. ' The rag. ~” appearance of the
spectrum is due partly to noise and partly to the distributeua nature of the weather

target.
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The computer was programmed as follows to estimate the first moment
(f‘o) of the doppler spectrum and the second moment (v’G") about ?o‘

Letting z(n) = x(n) + jy(n) denote the nth sample in a block of length N,
the spectral amplitudes

N-1 -j2rkn | 2

} 1 %

P(k) = Fl \ a(n) z(n)e N vk =0,,.., N-| (3-1)
n:=0

are computed, where the a(n) are 60 dB Dolph Chebyshev weight coefficients
for a block of length N,

The unambiguous frequency interval is then shifted from 0< k < N-1

to - -? +lsms g = 1 by the transformation

P(m-1), l<m=N/2
Z(m) = (3-2)
P(miN), -

.
-+
A
3
A
(o]

as shown in Figure (4).

The spectral mean and width couldbe calculated in accordance with

on = -——PI%F m, wherems= ~_(__)__2r21:\i(1m) (3-3)
and
-_
& = PRF(z(m - m"” Z(m) 1/2 (3-4)
~ N 2 (m) '

However, these classical algorithms for the mean and width of the distribution
make no provision for the effects of noise, although i\ is ev'dent from Figure 8
that portions of the spectral plots are predominantly 1.._se, which would tend to
obscure and degrade the estimates of the spectral parameters. Neither is there
a developed theory for the effects of noise on their accuracy for spectra derived
data. Nevertheless, despite the lack of guidance from theory, it is necessary
to employ some additional (though not necessarily optimum) technique together
with the spectral analysis estimators to improve their accuracy so that they

may serve as standards of comparison for the pulse pair estimators. A common

I, BTl o B S o AN B

e a3 il A M B

N B s S s




method is to select & threshold level referenced to the noise level or to the .
peak of the sps~trum, and to use only those spectral components whose ampli-

v laiade 1

tudes exceed the threshold in the computation of spectral mean and width as a
special set, which falls within the general class of spectral analysis estimators.

Lok i sty

Such a preliminary computational step, prior to the above calculation of the
mean and width, has been introduced into the spectral analysis estimator com-

puter program.

Rather than restrict the results of the spectral analysis estimates to a

i TR, MY

single, possibly poor choice of threshold, the estimates for ’f\o and w were

computed for each block of data over a range of assumed noise thresholds from
20 dB to 30 dB below the spectral peak, and are shown in Tables 1 and 2 respec- - i
tively. It will be noted that the estimates of ,f\o vary with threshold level within
each block over a range of from 5. 5% to 12. 9% of the nominal value, depending

upon the specific block,

The spectral analysis estimatec of W% are even more sensitive to the
value of threshold. They vary with threshold level within each block over a
much larger range of from 51% to 68% depending upon the specific block. The
potential problem of using such measurements as a standard of comparison for

evaluating the performance of the pulse pair estimator is noted here in passing,

and will be discussed further later on.

Il ol bl o

3.1,2 Estimates of Mean and Spread by Pulse Pair Processing

kil .l

The identical Porcupine radar data processed by spectral analysis were 7
also processed by the pulse pair technique, The ten blocks of digitized se- X
quences of 1024 samples were inputted to a computer programmed to imple-

ment the pulse pair estimators of equations (2.9) and (2. 10), These results 7
. b are also shown in Table 1 and 2 respectively. The estimate of w includes a .
correction for noise, the level of which was deduced from the experimental

vt B ol St 4 sl s

data by assuming that the peaked portion of the spectrum was composed of

T

signal plus noise, while the flat skirts were noise alone.

din

3. 1.3 Comparison of the Estimators

Numerical comparisons of the pulse pair and spectral analysis estimates

et sl il 1

A
of fo and W obtained from the Porcupine weather return data may be made from

the results in Tables 1 and 2.
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These tables show the values of f and \00 as estimated block by block
by pulse pairs and for each threshold level for the spectral analysis method.

The blocks of 1024 samples have been numbered sequentially to identify the
data from which the estimates were derived. The different estimates for a

given block of data appear on a horizontal line alongside that block.

A

As was noted above, the spectral analysis estimate of fo varies with the
threshold, T. It agrees best with the pulse pair estimate of ?o when T = 20 4B,
for which case the agreement is within better than 1% when the block length, !

N, is 4096 or greater. Since the spectral analysis estimates of lf\o. which were

used as the control, do not vary too widely, it was generally concluded that

- . A C . . .
the pulse pair estimate of fo was definitely satisfactory under the conditions
for which the data was taken.

On the other hand, the spectral analysis estimates of doppler spread,
W, are quite sensitive to the value of T. Varying as they do over a range of
about 60%, they do not provide a satisfactory standard of comparison for
evaluating the performance of the pulse pair estimates of w. Without a know-
ledge of the true doppler spread of the weather radar return, it was impossible

to draw any conclusions as to the effectiveness of the pulse pair method for
estimating W with this particular data.

It appeared clear from the above results, that real radar weather
return of opportunity did not provide a promising source of data from which
the behavior of the pulse pair estimators could be quantitatively explored.
Not only is there no assurance of obtaining data with the range of spectral
and S/N parameters required for a valid exploration, but the accuracy with
which the true values of the parameters embedded in the data (which are
ne~ded as a basis for comparison) can be established is in itself a function

of the parameters. Since we cannot reasonably evaluate one unknown against

another unknown, the alternate approach of using simulated radar return with
prescribed parameters was indicated.
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3.2 Simulated Radar Return

3.2.1 Purpose, Capabilities and Advantages

In view of the limitations encountered in attempting to evaluate the pulse-~
pair estimators by mean# of real Porcupine Radar weather return data, (see
3.1 ahove) more extensive experimental verification of their theoretically
predicted perforr;nance was undertaken on the preesent contract using simulated
radar weather return,

The use of simulation techniques to generate the input data for evaluating
the performance of the estimators provides many advantages which overcome the
principal limitations of the use of real radar data for evaluation purposes. Pri-
marily, it makes possible the generation of statistically significant numbers of
simulated complex radar samples with prescribed spectral distributions (mean
frequency and width)and S/N, This permits the generation of data tapes with
controllable parameters rmade to order and in gsufficient quantities per case to
suit the evaluation needs. Since the true parameters are known in advance, a
direct and precise determination of estimator performance accuracy can be made
at all times, The ensemble of precise results can then be analyzed by the com-
puter to determine the statistical behavior of the estimators against the synthetic
distributed weather targets as a function of the controllable parameters, number
of samples entering into the estimate, etc., and the results compared with the
theory.

The particular cases chosen for the simulation tests were tailored to facilitate
comparison with the theoretical performance predictions derived in Section 2.
A PRF of 3300, the highest available for the Porcupine Radar was used for all
cases. A spectral mean of 300 Hz and width of 78 Hz were selected for the
initial cases. These values are equivalent to a weatherstarget velocity mean
and spread of approximately 8 meters per second and 2 meters per second
respectively, as observed with the Porcupine Radar., To vary the S/N para-
meter, two extreme values of S/N were chosen, including 0 dB and ©dB (no
noise present) and two cases closer to the poor S/N condition. To conveniently
vary the theoretically significant wT parameter, several multiples of the initial
mean and spread were selected to yield target velocity distributions with 16 meters
mean, 4 meterg spread; and 24 meters mean, 6 meters spread. Each of these

cases was varied over the range of four S/N values established initially.

3-8




AU ]

o L T o S T

o

An overall block diagram of the software simulation system utilized for
investigating the pulse pair technique appears in Figure 9. The system
is capable of generating sequences of simulated radar doppler rcturn signals
with controllable parameters; estimating the mean and width of the spectral dis-
tributione by both pulse pair and spectral analysia tecnniques; performing statis-
tical analyses of estimator accuracy; and plotting and/or printing out the results.

The simulation system is programmed in FORTRAN and was run on the
CDC 6600 Computer at AFCRL, To conveniently suit the capacity and capabilities
of the computer, the simulation system was divided into separable steps, which
could be run at different times, To facilitate such division into steps, the se-
quences of simulated radar doppler return which were to be used as input data to
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the signal processors under investigation were recorded on magnetic tape for
later processing and reference. A library of such input data tapes was generated
_ to provide desired numbers of statistically independent sequences of simulated
return, with desired combinations of epectral parameters and S/N. The signal
processing schemes, and modifications thereto, could thereby be statistically
evaluated and compared on the basis of identical input data. Provision was also

made to visually verify the validity of the simulated data; designated sequences

of returns from among thos2 generated could be selected for spectral analysis

by conventional FFT and automatically plotted for visual check.
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The forthcoming sub-sections deal in greater detail with the generation of

K LT o, 1

the simulated doppler returns; the comparative performance of the pulse pair

and spectrum analysis estimators against the simulated input data; and a com-

‘
Lo iR W i

parison of pulse pair estimator performance as experimentally determined by
simulation with that predicted from theory. KExcellent correlation between theory 7

and experiment are shown,

e o o £ R s OB O 1 T

3.2.2 Generating Sequences of Simulated Doppler Radar Target Return

with Controllable Parameters

vy =y

In the real Porcupine Radar case, a uniform PRF was used to generate
sequences of uniformly spaced coherent echces reflected from distributed

meteorological targets as observed in a fixed range gate., The uniformly spaced

e L i e ), ler i

echoes, in the form of digitized complex numbers derived from the phase detected

S TR S g

coherent video output,were then processed two at a time to yield the pulse pair

estimates of the target spectral parameters.

The object of the simulation program is to generate similar sequences of
uniformally spaced complex numbers equivalent to radar echoes reflected from a
distributed target with a given radial velocity distribution, as sampled at a given

uniform PRF and with a given output S/N, The problem is mathematically equiva-

lent to that of numerically generating a sequence of sampled values of a stationary

Gaussian process having a specified correlation function or power spectrum, The

(7)

method employed is adapted from Levin
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A, Theory
The following parameters of the desired sequence must be controllable:
Term Symbol o Units
MEAN DOPPLER fo Hz
SECOND MOMENT m, = W Hz?
SAMPLING RATE PRF Hz
S/N RATIO (per pulse) B ’ dB

1. Spectral Distribution -~ An approximation to the desired spectral

distribution of the radar video data is achieved by playing Gaussian
noise of zero mean and unity variance through a filter consisting of
two cascaded, low-pass networks., The transfer function of the

filter is given by:

. 2
H(s) = —2-— where a = 2nw and (3-5)
(s+a) s = complex frequency (rad/sec)

From this ex:pression it is_possible to derive the second moment and

half power point of the filter. The second moment is given by:

2 +j
1
(2_1;) S H(s) H(-8)(-8%) ds (3-6)
.)'°° _ wz
mZ = +j0 e .
3‘ H(s) H(-8) ds
-jco

The half power point (-3dB) occurs at

g a[N2-1 e (3-7)
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By w-transform theory, the recursion relation for the equivalent digital
filter is given by the impulse invariant transformation; namely, if

2
H(s) = —2
(s+a)
then,
Z-la e aT
H(zZ) = R 1 (3-8)
(Z) 0. e'WTz" " where T = BEF

The resulting recursion relation is then

i 2 -aT, , -aT _ -2aT
Yo *n® Te € Ypa~Ff Yn.2 - (3-9)

Simulation of radar quadrature data is achieved as illustrated in

Figure 10. The sequences [x;, x;} are two independent Gaussian segucnces

. which are then played through the same filter, H(Z), specified by (3-8) an;.i

(3-9). : jent _nT
Complex multiplication of the output sequences (y,. y,) by e

shifts the mean frequency fromzero tof .
- o

Transient effects of the filter are minimized by discarding a nunber

of initial 'terms. This number has been sct at three times the fractional

bandwidth of the filter (with respect to the PRF) and it is given by:

3. (PRF)™
w

No, of discarded initial terms = {(3-10)

2. Signal to Noise Ratio = When Gaussian noise is added to sequences

[y: - Y'z] (See Figure 10 ), the per-pulse signal to noise ratio (S/N) is
specified by:
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.2t - B [dB] N (3-11)

where O'Nis the variance of the added. zero mecan, Gaussian noise. A given

S/N ratio is then achieved by specifying a;las

. -B/
2 2-4--1\2 (3e aT+ ea'I‘) 10 B/10

N T T aT -aT (3-12)
(z -e )?

where B is the desired S/N ratio in dB,

Mathematical derivations relating to the above processes appear in
Appendix B.

B. Description of Computer Program

The program developed for generating the simulated doppler target return
on the AFCRL CDC 6600 is called DOPGEN. The flowchart for DOPGEN is shown

in Figure 11, and the program statements coded in FORTRAN appear in
Appendix Cl.

Input to the program is in the form of data cards on which are specified:
(1) mean Doppler frequency;
(2) standard deviation of Doppler frequency;
(3) per-pulse signal-tommoise ratio;
(4) FFT plot control; and,
(5) number of blocks (N) of 1024 complex samples.

Upon reading the first data card, the program generates 1024 complex samples
which simulate Doppler return (a PRF of 3300 is used throughout), The

data block it then written on magnetic tape along with twelve ancillary words
containing information about the data, This procedure continues until N inde-
pendent data blocks are written with the specified Doppler mean and standard
deviation.* A second data card can be used to change the mean and the width

of the Doppler spectrum or to change the S/N ratio. If no more data blocks

* Since each data block occupies about 3.5 ft. of magnetic tape, 685 data blocks will
fit on a standard 2400 ft. long tape.
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are to be generated, as indicated by a blank data card, the program rewinds
the tape and reads each block to verify the readability of the tape. In addition,
for those data blocks on which the FFT plot control parameter (one of the
ancillary words) is set to one, the program performs an FFT on the data and
plots the transformed data on a Calcomp Plotter (available at AFCRL). This
is used as a check to verify the validity of the simulated data - a sample plot
is shown in Figure 12,

A library of 390 separate sequences of 1024 complex samples was generated
by the DOPGEN simulation program and recorded on magnetic tape for use as input
data, Each sequence of 1024 samples constitutes a data block. Three pairs of
mean doppler and doppler standard deviation were run, each at four conditions
of S/N; a PRF of 3300 pps, representative of the Porcupine Radar, was used in
all cases. Thirty independent data blocks with specific parameters as shown in
Table 3 were generated for each combination of parameters. A sample
spectral analysis plot for each of the twelve combinations is prerented in
Appendix E.

fo w ]

Mean Std. Dev.
Block No, Doppler Doppler S/N Tape

(Hz) (Hz) (dB)
4]1-70 300 78 5 RPKuU7
101-130 600 156 0 RPK08
131-160 600 156 0 RPK08
161-190 600 156 5 RPKO08
191-220 600 156 15 RPKO08
221-250 900 234 o0 RPKO08
251-280 900 234 0 RPKO08
251-280 900 234 5 RPKO08
311-340 900 234 15 RPKO08
341-370 300 78 -] RPK09
371-400 300 78 0 RPKO09
401-430 300 78 5 RPKO09
431-460 300 78 15 RPKO09

Table 3. List of Recorded Snquences of Simulated Doppler Return
Generated, with Parameters as shown.
(PRF = 3300 pps in all cases)
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3.2.3 Performance of Pulse Pair Estimators

A, Computer Program

As shown in Figure 9 of the overall simulation system, the tape
recorded sequences of simulated doppler return are processed by the pulse
pair algorithms to yield estimates of spectral mean and width as a function of
the number of pulse pairs entering into the estimate. The resulting estimates
are then compared with the known given spectral parameters of the input data
and the performance of the pulse pair estimators is statistically analyzed and
summarized to produce printouts of estimator accuracy versus number of pulse
pair samples for each simulated test condition.

The program for pulse pair processing and statistical evaluation is called
PPSTAT. A flowchart of PPSTAT appears in Figure 13, and the coded
FORTRAN statements for this program may be found in Appendix C-2. As
shown in the flowchart, before reading the magnetic tape generated by DOPGEN,
PPSTAT reads from a data card two data block numbers (the numbers are assigned
by DOPGEN and are contained in the ancillary data associated with each block).
Pulse Pair estimates are then made on consecutive data blocks starting with the
first block rumber and continuing to the data block with the second block number.
The estimates are made on samples of size 16, 32, 64, 128, 256, 512, and 1024,
After operating on the variable sample sizes from each data block, the program
performs a statistical summary of all the Pulse Pair estimates to yield estimator
accuracy versus sample size,

B. Results

The hundreds of pulse pair estimates of spectral mean and width produced,
analyzed, and printed out by the simulation system are presented in a manner
intended to facilitate comparison with theoretically predicted performance capa=-
bilities. The close correlation shown between theory and experiment in the
Figures that follow confirms the validity of the theory under the practical condi-
tions of noise background, correlation between pulse pairs, etc. Analytic predic-

tions of pulse pair estimator performance for particular sets sf conditions can,
therefore, be made with confidence.

The following comparisons between pulse pair experimental data and theory

have been calculated and plotted from the results of the simulation tests.
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Figure 13, Flowchart of PPSTAT
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Data Compared

Accuracy of Mean Frequency Estimates ve Number of Pulse Pairs
Accuracy of Mean Frequency Estimates ve Spectral Width
Accuracy of Spectral Width Estimates vs Number of Pulse Pairs
Accuracy of Spectral Width Estimates vs Actual Spectral Width

Accuracy of Spectral Width Estimates vs Signal-to-Noise Ratio
(for fo = 300 Hz; w = 78 Hg)

Accuracy of Spectral Width Estimates vs Signal-to-Noise Ratio
(forf°= 600 Hz; w = 156 Hz)

Accuracy of Spectral Width Estimates ve Signal-to-Noise Ratio
{for fo = 900 Hz; w = 234 Hz)
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Figure 14. Theoretical Accuracy of Pulse Pair Eatimates of

Mean Frequency (fp) vs Number of Pulse Pairs
Compared with Similation Reaults
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Theoretical Accuracy of Pulse Pair Estimates
of Spectral Width (#) vs Actual Spectral Width (w)
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3,2.4 Performance of Spectral Analysis Estimator

A. Computer Program

In order to provide a standard against which to compare the performance of
the pulse pair estimators under varying conditions of signal to noise, the simulated
doppler return generated by DOPGEN was also analyzed by the conventional spectral
analysis method, As in the case of real Porcupine radar data (Section 3. 1.1 above),
the spectral parameter estimates were obtained in two steps, First, a spectral
analysis is performed on an entire data block to yield its spectrum; then the mean
and spectral width parameters are calculated from all spectral components above a
given threshold level, for a range of threshold levels, The resulting estimates are
printed out as functions of threshold level. This spectral analysis program is
designated SPEC. As shown in the flowchart, Figure 21, the Spectral Analysis
program searches the tape generated by DOPGEN and reads the data block whose
number is specified on the input data card. The 1024 complex samples are then
weighted using 60 dB Dolph-Chebyshev weighting coefficients and input into the FFT
sub-routine. If desired, the FFT output will be plotted. Next, the mean aud
standard deviation are calculated based on all FFT output points above a specified
threshold level. The threshold level is automatically incremented in steps of 2 dB
starting at 2 dB below the maximum FFT output point and continuing to 40 dB below
the maximum point. The mean and standard deviation values are printed on the
line printer as a function of threshold level. The above procedure is repeated for
each input data card until a blank card is encountered. SPEC coded in FORTRAN
appears in Appendix C3.

B. Results

It was concluded in the discussion of results with Porcupine Radar input data
A
(Section 3.1 above) that the spectral analysis estimator of fo was definitely satis~
factory. Therefore, no further analysis and evaluation of the performance of this

estimator was done with the results of the simulation tests.

On the other hand, there was interest in how well the thresholded spectral
analysis estimator of spectral width (Cv) would show up against the simulated input

data.
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Typical results are plotted in Figures 22, 23, and 24, Each figure
depicts the width estimates produced by a single block of samples for
different combinations of input data parameters, fo‘ w and S/N , as a
function of threshold level. As was indicated earlier, no claim is made
that the thresholdec estimator of Eq.(3-4) is optimum. It is, however,
straightforward and readily implementable by computer. To preclude
possible bias effects from aliasing, the spectral width was calculated about
the true mean, fo. Despite these precautions, the width estimates again are
shown to be very sensitive to the value of the threshold. Only in the cases
of very high S/N do the estimates asymptotically approach the true width.
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3.2.5 Comparisor of the Width Estimators

The accuracy achieved by the pulse pair width estimator in the simulation
tests is compared in Table 4 with the accuracy predicted from theory, and the
p estimates yielded by the spectral analysis estimator. The results are shown
for all 12 cases of fo’ w and S/N, (It should be noted that the pulse pair data is
presented in the form of the standard deviation of the estimates from the true

ol AR 5 LA S

el P

e G e

value, based on a statistical analysis of 20 estimates on as many independent
blocks of simulated data for each case shown; whereas the spectrum analysis i

L, results are for a single block of samples for each case, as a function of threshold
level.)

Table 4 and Figures 18-20 show that the pulse pair width estimates obtained
with the 1024 samples and S/N in excess of 5 dB per pulse produces width errors
of less than 3 dB for all cases tested, Translated into meteorological terms, for
the Porcupine radar, actual widths of . 2 m/sec were estimated at .3 m/sec

with the equivalent at a 1/3 sec look (at 3300 pulses/sec) at a signal-to-noise ratio 1
of 5 dB. ;

O (P

For a signal which is a Gauseian random variate with spectral density function

1 + 0 e

3 S0 = e

b imbedded in white noise with spectral density coefficient No' the ratio of the peak

£ spectral value to the rms noise background level in the frequency domain is given by
(b

S - 8 ;
Re* N = Trmwe :

If this datum is sampled at the rate 1/T, the per pulse signal-to-noise ratio is
given by
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78 12.3
156 9.3
234 6.3

thus

DE R/S/N= gl

Thus the spectral peak output of the simulated signals exceeds the input signal-to-
noise ratio by approximately the values shown in Table 5.

Table 5

Peak Signal-to-Noise Improvement of Spectrum Analyzer

This calculation shows that the spectrum analyzer output reduction to mean
and variance may be expected to perform extremely poorly when the threshold is
set at approv.mately D + S/N (in dB) below the peak output. These points corres-
pond approximately to the break points shown on Figures 22 to 24, Assuming that

the spectrum analyzer threshold had been set 5 dB above the noise background level

(high enough to assure that the noise peaks would not disturb the measurement),

Figures 22 to 24 indicate that the measured widths would be as shown in Table 6,

It should again be noted that the data shown on Figures 22 - 24 represents
only a single spectral sample and that the thresholds shown are measured with
respect to the sample peak value. Table 6 attempts to incorporate this factor by
using the breakpoints of the measurement, as the threshold level. These are
at approximately the threshold shown in Table 6,

In summary, the spectrum analyzer measurements appear to consistently
underestimate the width parameter while the pulse pair technique overestimates
it. The simulation indicates that the accuracies available for basically the same
data conditions are roughly comparable for the cases tested., Figures 22 - 24
indicate a marked sensitivity to threshold settings which is not directly evident in
the pulse pair measurements. It is important to note that the pulse pair measure-

ment of width uses an estimate of the noise background level also and thue has a
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a corresponding parameter uncertainty in its process. In other words, “oth 3
! techniques require a measurement of the noise alone background to obtain |
2
3 useful final results. 3
The conclusion to be drawn from this comparison is that the pulse pair f,i:
§ technique shows no evident lack of sensitivity as compared with the spectrum 4
= analyzer approach in situations characteristic of the meteorological applications. £
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4.0 HARDWARE REALIZATION

rar s A R

This section describes a real time digital processor design to reduce the
pulse pair technique to practice. A brief theoretical review of the signal processing
algorithms to be implemented, is followed by discussions and block diagrams of the
processor and its key components, Design goals for the proposed pulse pair pro-
cessor are defined, and its performance compared with CMF, Analog Spectrum

Analyzer, and Fast Fourier Transform processors. Finally, the design tradeoffs ;

to be considered during the design phase are discussed.

4.1 General Description of the Pulse-Pair Processor

Thia processor operates on the output of a radar, and is capable of pro-

ducing real-time independent estimates of the spectral mean and width of a

. Doppler radar signal for each range cell viewed by the radar.

The processor accepts the radar IF signal and system trigger as inputs
and computes the mean frequency (mean velocity)-and spectral width (velocity
distribution) in each of 256, 512, 768 or 1024 range cells, selectable by a front
panel switch. Each range cell has a width of 0.5, 1 or 2 microseconds selectable
by a front panel switch. The processor produces both analog outputs for viewing
on real time displays, and digital outputs which may be remoted or recorded
for future computer processing. An internal digital automatic gain control sys-
tem independently measures the signal amplitude and adjusts the gain of the

processor for each range cell processed to maintain a 90 dB dynamic range.

Although the pulse pair technique will work with either coherent or non-
coherent radars, a coherent receiver output is necessary in order to provide
complex samples of the target return to the processor. In addition, to achieve
independent spectral estimates from range cell to range cell, the receiver gain
must have a wide dynamic range and be range cell-to-cell controllable. Accord-
ingly, the receiver requirements must be included as part of the processor con-
sideratione; how much of an existing radar receiver can be used as is and how
much must be modified or incorporated as part of the processor depends upon
the characteristics of the particular radar whose output is to be processed. The =
receiver for the Pulse Pair Processor described below is interfaced to match the

Porcupine Radar.
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4.2 Technical Description of the Pulse Pair Processor

The PPP performs spectral mean and width estimations according to equa-
tions (4-1) and (4-3) respectively, which are equivalent to earlier equations (2-9)
and (2-10). They are rewritten here in more convenient form for the discussion
of hardware.

A PRF_, = (4-1)
f, = g 92 2R
2y, 2]
5 _ PRE . et 1 2k (4-2)
V2 j = T2 2
Izkl ‘No

where the z's are complex samples of signal pi:. noise, and Ni is the receiver
noise power in the absence of signal. z* denotes the complex conjugate of z.
Equation (4- 1) estimates mean frequency by determining the phase diffe.ences
in pairs of complex samples (Zp 41 zk), averaging these differences to find

the mean phase difference, and scaling this mean phase difference by the PRF
to form a mean frequency estimate. The phas= differences averaged are
weighted according to sample amplitude so that phase differences from strong

returns count more than differencea from weak returns. The results in Section

3 showed that as the number of samples processed increases, the accuracy of

fo improves asymptotically,

A
Equation (4-2) estimates spectral width w in terms of signal coherence,

including a correction for noise, No’ .
2041 % | '
Q@ = — ! (4-3)
- = 2
' szz‘No

which may be measured. The parameter a is well-defined for all sampled
signale including those with multimodal spectra. It may be seen from equation
(4-3) that in the absence of nocise a = 1 for ainusoidal signals, and that a does not
depend on mean signal frequency, which may exceed the complex sampling fre-

quency (PRF)., As is usual in sampled data systema, the signal bandwidth must
not exceed the PRF,
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Figure 25 shows the signal flow of the PPP algorithm applied to the
sampled Doppler signal from one range cell. A delay and multiplier are used
to form the products z, ., ‘:, which are then averaged. The sample en:.rgiea .

1 zk| are also averaged, and function generators are used to compute fo and w,

There are a number of alternate ways of deriving the noise correction term
(N ) required for the calculation of the width estimate, One such method is de~
pxcted in Figure 25. A measurement of receiver noise (n ) (which may be made,
for example, at the output of the receiver at a range in excess of that in which any
signal return may be expected) is corrected for the receiver gain applicable to the
particular range cell, and introduced as the noise correction (FI:) in the width esti-
mate (\'}v). The correction factor is obtained by calibrating the receiver. The mean
power output (f:), which is made up of averaged measurements of signals plus noise,
is delivered for use as the range cell's control signal to set the receiver AGC at

its range.

Detailed design of the noise correction scheme has been Jeferred pending
a hardware tradeoff study of alternate schemes, to be performed as part of a
future hardware fabrication effort, The description of the system design which

follows does not include the noise correction feature.

4.3 System Design

The PPP system, shown in Figure 26, comprises a fast AGC IF amplifier,
a two-point correlator, three (or four) digital integrators, a timing generator and
several function generators. The PPP accepts 30 MHz IF input and produces

A A
digital and analog fo' w, range and integrated video outputs, The major sub-
systems of the PPP are scribed below,

4.3.,1 IF Amplifier Phase Detector

Achievement of the processor 90 dB dynamic range requires independent
gain control in each range cell processed, which implies that the AGC voltage
must be a time varying signal with a bandwidth comparable to the IF bandwidth.
Such a system requires an IF amplifier of unusual design and closely integrated
IF amplifier and AGC loop designs. For this reason, the IF amplifier and phase
detectors are included in the PPP,
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An IF amplifier-phase detector, Figure 27, was recently designed for the
PORCUPINE radar which is acceptable for the PPP with slight modifications. The
amplifier achieved approximately 60 dB AGC control range, with AGC applied to
two out of a total of three identical gain stages. AGC response time wae less than
200 ns. By adding AGC to the third gain étage, this amplifier is expected to

achieve a 90 dB AGC control range without degradation of response time,

4.3,2 Dipitizer

The digitizer accepts in-phase and quadrature bipolar video and produces
digitized estimates of these inputs. Eight bit quantization appears more than
adequate to compute fo to the accuracy of the algorithm. A single A/D converter,
such as the ILC Data Devices VADC-B, may be switched to quantize both input
channels. This is preferable to the use of two simultaneous A/D converters
because the single converter is less expensive and because problems of balancing

the input channels are simplified by the use of a single A/D.

The suggested A/D converter can take an analog sample every 150 ns and is
compatible with a range resolution of 500 ns. A 150 ns delay line must be used in
one input channel to compensate for the A/D sampling delay. This A/D includes
a sample and hold circuit, operates from standard +5V and * 15V power supplies

and is contained on a single 8.8'" x 4. 5" circuit card.
4,3.3 Correlator

The correlator accepts complex video samples 2N from the digitizer and
generates products of the form Zp 4 zi( where the sample 2,41 is delayed by one
range sweep time from the sample z) . This delay is accomplished using MOS
dynamic shift registers organized as 16 bits x 512 words, Recently available
1024 bit registers, such as the Intel 1404A, allow this delay to be fabricated

quite compactly,

The complex multiplier which forms the 7%+ 1 zk products will be similar
to the multiplier developed for a proprietary Raytheon FFT pulse compression
system, This multiplier, shown in Figure 28, employs programmed arrays and
adders to perform a 24 x 24 bit complex multiply and add every 0.5 .is, Approxi=-
mately 280 integrated circuits (DIP'S) are required, hence, the multiplier could
be fabricated on four 72-DIP Augat panels. The PPP requires only a 16 x 16 bit
complex multiplier; one circuit card could probably be saved by redesigning the

FFT multiplier for the less demanding PPP requirement.
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4.3.4 Digital Integrators

A minimum of three digital integrators axe required, two to compute the
real and imaginary parts of U and one to compute average power f:. These three
integrators will be similar to an integrator recently designed for AFCRL, to
minimize design costs, but the number of sweeps integrated will only be variable

up to 1024 by factors of 2,

An integrated power measurement is required to operate the AGC, This
output may be derived either from the power channel (6) of the PPP or through a
separate integrator, The integrator which produces AGC output, whether separate
or power channel, must be of the exponential rather than square moving window
type. Theory shows that the gain and phase of the square window integrator,

|gv(w)| = ,'Bﬁm-r.—- V1 « cos 0T (4-4)
¢(o) = Tan™! COSOTL - | (4-5)

makes it unsuitable for use in stable feedback loops with loop gain greater than 1.
A design study should determine the performance differences in PPP's employing
only three exponential window integrators,and PPP's employing thrce square

window integrators to compute 3 and P and one exponential integrator for AGC,

4.3.5 Function Generators

Three function generators are required for the PPP: a squared magnitude
generator, a log generator and an output function generator, As shown in Figure 27,
all function generators will consist of programmed arrays combined with registers,

gating circuits and adders appropriate to the function computed.

Programmed arrays will contain the fusctions xz, In x, tan-leq‘, and
(1-¢7% 1/2. Each programmed array will consist of two integrated circuits
such as the Monolithic Memories MM6300. The Mn.%300 is organized as an 8~-bit in,
4-bit out array which may be programmed to contain any desired bit pattern; two
such circuits form an 8-bit in, 8-bit out digital function generator. Approximately
50 ns after an 8-bit input word is supplied to the two programrmed arrays, an 8-bit
output word is available, allowing each pair of arrays to compute, and an output
register to store, up to 4 outputs during an 0.5 iis range cell,
These arrays may be ordered preprogrammed by the manufacturer or may be
programmed by the user. Some vendors (e.g., Motorola) sell programmers for
their arrays., Raytheon is currently constructing a programmer for the Monolithic

Memories array in connection with a high speed pulse compression FFT develop-
ment; this programmer is expected to be available for use in PPP fabrication.
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4.4 Performance

The detailed performance of the PPP will depend upon a number of design
decisions, such as the AGC loop characteristics and the exact form of the function
generators; cperational coneiderations such as the signal characteristics and the
number of pulses integrated; and the basic accuracy of the pulee pair algorithm,
Analysis of these factors should be made in a design study but is beyond the scope
of this hardware feasibility report,

By assuming a set of design goals for PPP hardware, subject to change in
the design study, a few general comparisons may be made between the PPP and
other related signal processing hardware, The design goals in Table7 are there-

fore assumed for the purposee of comparison,

4,.4,1 Comparieon with the CMF

The Porcupine Coherent Memory Filter is a spectrum analyzer, and does
not produce estimates of spectral mean and width directly. Modification ¢f the
CMF to accommodate different pulse repetition rates and pulse widths is expensive
and time consuming. By contrast, the PPP directly produces both spectral mean
and width estimates in digital form in real time and operates over a variety of
PRR's and pulse widths., Its quantitative estimates can also be recorded or
remoted for further proceseing, plotting or display.

Recently, the CMF has been uscd to generate displays from which an qb-
gerver can egtimate mean frequency. The PPP can generate such displays with
much finer time and frequency resolution by addition of a low cost voltage-to-delay
converter, In addition, the PPP mean and standaid deviation outputs can be
directly displayed on a PPl scope to provide Plan Mean Indicator or Plan Width
Indicator displays., These displays could be contoured if desired by using existing

contour generator equipment (such as digital integrators).

The following comparee the resolution capabilities of the CMF and PPP

CMFE —_PPP Unit
Range Resolution 1860 150 Meters (m)
Range Elements 192 1024 -
Velocity Resolution 0.5 fO/SO 0.5 )\fo/ 1024 m/e
Dynamic Range 30 90 dB
Ioput Data Rate 1.75 32 M Bits/s
Size 1.0 0.3 19" rack x 6'
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Table 7. Proposed Design Goals for Pulse Pair Processor

Signal Input:

Reference Input:

Trigger Input:

Analog Outputs:
Digital Outputs:

Trigger Qutput:
Range Cells Processed:

PRF:

Raage Cell Width:

Samples Processcd:
Internal Quantization:

Dynamic Range:

AGC:

Input Power:
Mechanical Configuration:
Ambicnt Temperature:

Construction:

DESIGN GOAL

30 MHz IF, -80 dBm to +10 dBm
Input Impedance 50 ohms

30 MHz, 1 v p-p into 100 ochms

2 vop- 9 v ppulse

0.1 ps - 100 us pulse width

Mean frequency, standard deviation mean power
and bipolar video
Output Impecdance - 50 ohms

Mea: .requency, standard deviation mean power
and cell count buffered
TTL level outputs 10, 8, and 10 bits respectively

Noniinal 15 v p into 50 ohms - coincident with
1st range cell output

256, 512, 768 o>r 1024 nominal selectable by front
panel switch

360 pps - 5000 pps

0.5 us, 1 ps, or 2 us - selectable by front panel switch

16, 32, 64, 1728, 256, 512, or 1024, selectable by
front panel switch

Digital sicnals shall be represented by a minimum
of 8 bits at maximum input level

Normal and quadrature bipolar video shall be
represented internally by a rminimum of 7 bits
over an IF input range of 100 uv rms - 1 v rms
with 1024 samples processed

The processor shall include a dynamic AGC system
to provide independent gain <ontrol for cach range
cell processed.

115 v AC #10Y, 60 Hz 22 H»
Mountable in a 19" rack cabinct
0°c - 40°C

According to bect commercial practice
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4.4.2 Comparison with Analog Spectrum Analyzers

|
a3
=
b
3
= |
<
4
3
S
3

Presently available analog spectrum analyzers such as the Federal Scientific
‘"'Ubiquitous' may, like the CMF, be used to generate a display from which an

21

observer can estimate spectral means and widths indirectly. Unlike the CMF and E
PPP, however, such analyzers are not presenily capable of processing the entire
\ output of a weather radar in real time, and cannot generate any real-time displays. g
g The following compares the resoluticn of the PPP and Ubiquitous analyzer. %
' Ubiquitous PEP “Unit. '3
Range Resolution 1200l 150 Meters {(m) i
‘e Range Elements 10 1024 - 1,
Velocity Resolution 0.5 \f_/500 0.5f /1024 m/s i
3 Dynamic Range 40 90 d/B
Input Data Rate 0.60°% 32 M Bits/s
 |size 0.3 0.3 19" racy. x b
— B S H
1 Analyzer, operating withuut extesnai samyie . nd hold system
2 Maximum continuous
4.4.3 Fast Fourier Transform Prm.*;_;_r_:_i’_rg;_
FFT processing to compute spectral wican awd width inay be perfecrmed
either by computer or by ipeciai purpose hardware, Computer processing re-
quires that the weather ridar =zignal be reccrded and analvzed in non-real time,
but subject to this restriction can provide essentialiv any desired frequency reso-
lution. The PPP is comparr3 below to a special purposs kardware FFT recently
developed by Raytheon for puls« comprission, .
FET T ppP Unit
Range Resoluti . 156 l 150 Meters (m)
Rany * <lements 201024} ; 1024 -
Velocity Resolution 0.6 »f 204k } C.5 /1024 M/ s
Dynamic Range ; G0 i G0 dak
Input Data Rate ' (32 ! 32 | M Bits/s
Size 214) { 5.3 19" rack x 6]
S S i eemeeed

Numbers in ( ) indicate anticspatd valuece fur a 1024 gate machine,
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4,5 Conclusions

A hardware PPP capable of computing spectral mean and width for each of
1024 1/2 -us radar range gates appears completely feasible at this time., The

processor can be fabricated primarily from available, designed components and

o e T

is expected to occupy no more than 24" of 19" rack space. No other signal pro-

Sllll
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cessing device now available can approach the dynamic range and data throughput

. ——

capabilities of the PPP, except posgibly the FFT, which would cost approximately

10 times more than a PPP of comparable resolution,

£ Table 7 gives a summary of the design goals for the proposed signal pro- *

cessor.

In the design phase of the PPP, detailed design tradeoffs of the following

items must be accomplished,

1. The dynaraic AGC loop

The digital function generation

B VSR Y
. e

The radar calibration system

%, Tae noise mopitoring system
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5,0 CONCLUSIONS AND RECOMMENDATIONS

R o i e AN

The preceding sections of this report show analytically and verify by data
from controlled simulation experiments that the pulse pair technique produces
estimates of spectral mean and width that have predictable accuracy over a wide

range of non-ideal operating conditions. Performance for unimodal spectra is

7
e it il GG

insensitive to spectral shape and the degree of correlation between successive 3

v—.
-

pulse pairs; the theory stands up under ccnditions of poor signal-to-noise ratio. ;

sl Ll

From a processor standpoint, it is shown that a flexible digital pulse pair
processor capable of handling a large number of range cells simultaneously is
feasible,and that it could be arranged to easily match a variety of radars and
radar operating conditions, including PRFs, pulse widths and data rates. A
theoretical basis for optimising the waveform parameters of a radar for pulse

pair processing is also presented.

o A hardware implementation of a flexible digital pulse pair processor suitable
" for exploring the utility of the technique in real time processing of weather radar
data is proposed. The design goals are defined, and its performance is compared

: with other contemporary signal processors.,

o The experimental work together with the simulation studies demonstrate
P that the pulse pair technique can yield good quality estimates of mean and variance
usity radar data at signal-to-noise ratios obtainable with existent Doppler weather
radare. fhe na;Adware tradeoff studies as well as the comparative performance

characteristics demonstrate that the pulse pair technique is not only feasible but

eriscient.

Bazed on these conclusions, the construction of a flexible experimental
v ratdel of guch a4 real-time pulse pair processor is recommended for the purpose
of cullectii.g a large data base on observable conditions, Experience gained while
conducting research with the experimental model will provide the basis for defining
the specifications for simpler models intended for operational use. A study should
2160 be mad: to delermine the best means to display, plot, and/cr record the re-

sulting data ‘or further analysis, rcduction and evaluation.
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The fabrication phase for the experimental model should be preceded by a
design evaluation phase, during which the final parameters for the equipment can
be established from the results of tradeoff studies.

It is further recommended that some additional analysis be performed to
provide theoretical guidelines for comparing pulse pair analysis to spectra data
processors. In particular, although the theory of pulee pair estimation has now
been established, no theoretical foundation exists at preeent for predicting the
performance of width estimates derived from spectral analyzer data; such a
theoretical foundation should be developed. Analyses are also required to
properly relate and interface the pulse pair proce‘saor with particular radars,
ancillary devices, and operational usages as a research tool.
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ANALYSIS OF ACCURACY OF SPECTRAL PARAMETER ESTIMATES
BY PULSE PAIR ESTIMATION

ABSTRACT

This appendix gives a mathematical analysis of the performance of a
pulse pair estimator of spectral mean and variance.

complex data (I & Q) is collected at a uniform rate from a distributed

APPENDIX A

H. L. Groginsky

It assumes that

target whose underlying spectral density function is G(f) and that G(f)
is observed only after it is mixed with white additive noise.

I. Introduction

If the signal spectrumn is written as

G(f) =

1l

()

with R(f) real and positive for all {,

R(-f) = R(f),

fR(f) af = 1,
ffR(f) df = 0,

frz R(f)df = 1,
s

= esignal power,

and if the data T is given by

rk :lk"'n

k

(1)

(2)

(3)

(4)

(3)

(6)
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then the pulee pair estimators of fo and W are given by

f - 1 tln.l Im {X}
o T 20T Res {ff
and 2
N2 1 X
() [ e ]
where M-l
X = 4¥ *
R Tk Tkl
n=0
. M-l 2
Y = m— Z | rk|
n=0

Q
[

= <aai> = (nl?y .

2, Spectral Mean Estimates

Let

[- -]
g(7) =f G(f) 2T g
-0

then
(o B> = B GT)
(o Pity> = O
<By “:+j> = N g,
By Biyy> = 0

where

sk = 8(kT).

and 6kj is the Kronecker delta function,

(7

(8)

(9)

(10)

1Y)

(12)

(13)
(14)
(15)

(16)
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f——=

g fen iten: T o 7 — - L ey vy 12 = 1]
: =3
E Note that 3 é
k fof i 4
E _ S [ janfT 3 =
an = 3 f R(———-w > e at §
] j2mf T eer )\ er (f-f,) wT
i = Se ° fR e w df/w ;3
w o
‘ jeme T
b = Se p (wT) (17) L
{ and that  p (wT) is real. T3
Now M-=1 g
1 * §
X> =3 X Tk Tkl = &(T) 4
k=0 ;
jemf T 1
= Se p (wT) (18)
: Since S and p are real,
: 7 which shows that the mean estimator is unbiased.
§ Now consider
! <
; s Im (X
- tan 0 = Re (20)
1 A
with 6 = 2nf T (21)

A
If 6 is to be a useful estimator,é\ & OT.where eT is the true mean

phase change per pair. Writing

§ = o_to6, (22)

Re {X} = Re {g(T)}+ ¢,, (23)

Im (X} = Im {g(T)} *+¢, (24)
A-3
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we have }
A Im{g(T)} +
tan O.r e -6—62 = {‘ ‘2
cos” 8, Re {g(T)} + L

_ Im {g(T £2 !
* Rels (1 *mm}) (‘ : mm}) (@3)

s from which it follows that

. Re{g(Te, = Im{g(The, .
88 = ) (26)
{ | g(T)]
since cos GT = Reig(T (27)
: | 8(T)|
. Now by defining a complex error
'3 =€, + jcz (28)
we may write
* * * ) *
: sb - (L(T) + g (Th(g-c ) - !ggT[ = g (T)) (e=e
4j | e(T)|
25 | g(T)| %
.
; E|
S Im *e 3
o s E
- | 8l -
% : 1
- ‘ i
. = Im . (29) i
| g(T)
E Now define a new complex estimator error %
;
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L . rrmm o S it B
3 A - € ! : Aé:
1 6y = Re (gZTS ) (30) 2
4 k then 3
T+ 66 = £ 2
oy + jb6O = 3(T) (41) 3
B Thus :
4 ) 2 ~ 2 € 2 i
i <>+ e)> = <|WI > (32) H
. A ~2 _ € <
| <631>- <602 - Re< s (33)
- from which it follows that
Var 68 = <(60)2) = —1[<|-‘T—5 |2> -Re(-‘—-)]
2L e g%(T)
‘ 2
1 3 £ Z s £
=35 Rel¢|=5=%) - ¢ )i- (34)
2 < g(T) gZ(T)
: Now _
X = g(T) + ¢ (35)
: Therefore
; 2
: . € 2 Var [ X
i==1"> = (36)
- e | ()|
: and 2 2
| (S—> = YaX' 27)
L | g (T) g (T)
& Ilote that Var X2 is a complex quantity defined by
. Vaer =((X-g(T))2>
= (%2> - gZ(T) (38)
and 2 2
Var 68 = 3 Re 3 Var JALZ - Var -’-22— (38 bis)
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Now we can evaluate the requisite expressions using the assumption of
Gaussian statistics for the raw input data as follows:

p Mal M-l .

*
IX| = =5 Cr vy, 1, £,
MZ o 20 k "k+l "¢ "4+l

M-l M-l
Z

] 3
Yor? o [( T Tl 2 T D

* *
+(rkr£ ><rk+l r£+l>

*

LKL RPN >]

From (13)-(16) it follows that

term 1 | g(T)| 2

| g ((£-k)T)| 2
| s+ N|2

term3 = 0, J

Note S/N is the per sample signal to noise ratio. For notational con-
venience we will write )

8, = 8(nT). (41)




o

2 2 \ M.l M.l 2
(|X| D= |81| + F:EO =0 lgz_kl
1 M.l 2 2
+ ~ (S+N) -8
M k=0
2 1 2 .2]
= | g1| + M [(S + N)© - §
M-1
1 2
t ™ l g, | " £ \4n) (42)
n==(M=1)
where
1 n
fM(n) = 1 o v -lb_d-l . 7 (43)
Similarly
M-1 M-l
2) 1 * *
(x%2 = iy > CPe Tkl T %410
k=0 2=0
M-l M-1 N
1 x
= =3 2 [(’k T > Fpton?
M™ k=l 2=1

* *
oA T el o

* *
P AT Tp 2 KT gy T

(44)
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Then (13) - (16) ylelds

terml = gf

terme = 0

( 8 p41k8™ -kl L £ k-1, k+l
term 3 = ( s+ 8y £ = kel
| 82 51 2 = kil |
and substituting these in (44) yields
M-1 M-l
<x®> = 3% + =, T 2 B SZ.k-l

M~ k=0 £=0

N{ g, + stz] (M-1)

MZ
M-l .
2 1
=gty X 8 nel 8oy fm (M)
n=-(M-=1)
N 1 *
+ By (l-m) (82*'8-2)- (45)
Now substituting (44) and (45) in (38 bis) yields
*
2 2 (g, + g8 . )
Ay . 1 (S+N)~ - § 1l 2 -2
Var{ae}-ZMRe ' 'Z «- N (1~ M) 7
g, g
M-1 lg |2 g 1 B )
n n+l ®n-l
+ —Z ) '———2 - fM(n)‘
n=-(M-1) & 1 (46)
A-8
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For large M and small wT (46) ylelds approximately

rar2
AN | 14 N/s)"-1 N 2p (20)
Var (88} =, s_u_z - 3 2elml
| p(wT)| | p(wT)|

+ 2rwT) T

| p(wT)|

. -SE [-Slii-z(l-p(?.w'r) )L(ZHWT)\F

M

| p(wT)| 2
(47)

Equation (47) is a general expression for predicting the variance of the
pulse pair estimate of the mean Doppler frequency accounting for the correla-

tions in the data itself. It is virtually independent of actual spectral shape.

3. VWidth Estimator

We have shown that the spectral width estimate is given by

A
wioe —Eto [IJY_XIW] - 8° (48)
(2w T)
If the estimate is useful, it must have small errors and hence
_2 —_— A
W + 2w (6w)-BT+ﬂB
£, + 52 | |
2 Eir £ 7 Biim gyl m 2
= BT + - + ) >
| gy| 8 8 (2nT)
where - e——
| %] 9\/( re)? 4 (g )t e (50)
‘ - B1r 1 BlIm &
and Y = S+N+n (51)
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Note that

*
8ir 4t B m €2 = R°(‘ ‘) (52)
s that | |
2 A g n €
2nT)" W (6 = — - =R ] . 53
@l e 6h = ~ [S °{81}] (53)

It follows that

Fo, T

_— 2
(Z'ﬂ"l')4 ( wS ) Var\/n\/ = Var (6y) + Var(-sg-)- 2 cov{(éw) (%)} (54)

From (32) and (33) it follows that

. 2
Var {6} = 3 Re{<|gi|> + (L5 >}
1 8;

M-1 lg |2 8 41 B
+E ( nz +Lﬂz—ni)£M(n)}'

n=-(M-)\|g,]| g
(55)
Following the methods used earlier we have
2 M M
/N 1 2 2 2
Q) >= = - (S+
s s | M? P Eo red ™ Frpl™> = (52) (56)
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LT 2 (S+N) 2.,
& = 21”2 Lwt | gﬁ-kl +
S M™ k, ¢ J
- 2
2 2
= Lol g, fyy ) + 5+ -s
MS|p=cM
Similarly
s) = Re ‘
Cov (8y B/S) = Sz C!X-gp) (Y¥-S-N)>
v "1
_ __1_ J % %
T T2 L (kT Ty Ty >t 8 (SN
k o
- 1_
= SgM Zg gnlM(n)+N(g1+g1)
¢ % g + *
1 n En-1 N B TE,
I RS e
Now assembling all the pieces yields
oo @) [ 23 var (o)
- I g, |
P =50 asnsZ ][4 + 2
ZM - 2 ]
, pl
B, * 8.2 aN (&1 *8
+ N - =1
- oz S g,

A-1l

cn e mam st e EEEECET S

(57)
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M-1 - . x
. e 2L, 2 . 84181 48,8, £ ()
o 1gl% s g 58 M
2-(M-1) ! !
(58)
This is the requisite expression for the variance of the width parameter
_ estimator.
" 4. Example
To reduce the equations to useful form, it is of interest to evaluate
them for a Gauss shaped spectrum. In this case
: 2
1 - f
R(f) = — e 2 (59) '
\’211'
8o that
- SZﬂtZZ
p(t) = e (60)
2
- (f-fo)
2
2
Gif) = —L¥ o ¥ (61)
" 2n
jem £ T
g, = Se P (nwT)
2
jeme T " rawl)
= Se ° e (62) .
sk
LR N 12l (63)
2 B = -S- tp yA
g | 1|
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p—
!

¥ z
¢ Bnt1 8n.) - 2 17
- pn' ’ (64) 1

et T
i e

v
o
—
o+
|
L}
-

& (65)

2 .
: * - (27 Tw 2 E
satny EmTes [n . (n-nz-l]

- (ZTI’TW)Z n (n-1)

N e
L]
!
el ks

- @nTw)? (m+1/2) (m-1/2)

il LB e

}4_ (Z'rrTw)Z - (zﬂmTw)Z

=€ (6€)
which leads to

2M Var (8} = —L 2 1
ar {6} = P (L+N/S)" = 1-2N/S [#,] (1= 4)

3

* Z PR RPN £y () |
az=(M-1) )

I8

(67)




r |2{[(1+N/S)2-1][1+2 |p1|z]
1

N 8N 2
M-I ol Rt
M-1 1 2nTw)?
+ E 1P| 1+3 1P |“-4|P | e
n=-(M-1) (68)
2rTwecl

These expressions may be simplified as follows (for large M and

(1+N/s)® -1 -ZN/Slpz[(l-—l-M-)zN/S(2+NS)-ZN/S N

by

N/S[IN/S + 2 (- |e,|)]

(69)
2 : 2 2

[o <]
12
- T

2
n‘ <1'|F’1|)

0
X 2
2 Z ~-(2mawT)
& (2™wT) e
“ 00

2
“tat
j s 2mwT f e

(70) 3
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Similarly

8
[(1+N/S)2 -1] [1+2lp1|z] + —25& | P2l -?NI Pllz

TR
g o R 0

b 2, . 2N 8N 2
E = N/S (N/S+2) (1+2]p|%) + 5= lop] - 5= | gl
e [
5 = N/S|NS (1+2|p1|2)+2+2|92|-4|p1|2]
2 2.2
E = N/S|N/s a+2|pl") + 20-|pl )].
E -
Pl 1 2
(2mwT)
L 2 2 2 3
E ' Z | oy [l+3|p1| -4|pll e ]fM(n)
) (2rwT)2 -3 2mwT)?
= 2 | o, | 1 +3e -4e
= 2

s 2 ewnt D le,l

~ 3 @mwT)? 7,

. As a resgult it is possible to reduce the variance expressions to
B A @wwT)P® [N | N -2 (2rwT)?
E 2 MVar {6} = e 5 gtell-e
|
E + 2nwT Afm
b
E b
. A-15

(1)

(72)

(73)
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2 2
=(2rwT) 2
2M (2mwT)® Var 2e0T) = & | B (1 +2 o )+ 2 (1.,-(2ww'r) )

+ % (2nwT)> Nea (14)

Figures 1 and 2 are essentially plots of (73) and (74) and enable the

prediction of system performance for various choices of parameters.
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APPENDIX B

MATHEMATICAL DERIVATIONS RELATING TO THE
GENERATION OF SIMULATED DOFPPLER RETURN

a, Second Moment:

+jcx>

3
i 2
(erj)g, H(s) H(-8)(-8"} ds
==

m; = N = W
+JCD

;. ( H{s) H(-8) ds
Z‘HJ -~

_jlz:

*j“ +jo:
a¢

"l—. S FH(a) H(-8) ds - 2_1 5
2rj i nj -jm(

)

-2t L [__l_..__] |
= 3
ds |_(-s+a) !ez-a

='l; a . where a = 21w
Similarly,
+jcr
C 1
L His) H(-3) (-8%) ds = - a?

2nj . 4

..Jrr-
Bal

s ta)l(-s+tal ds

[
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therefore,

b. Half Power Pointa (w3):

_ a? 1
l H(jw) l N a.'l =T
“3 N2

' u3= a [\fZ -1 ] ’/2.

c. Recursion Relation:
-1 _2 -aT
Yz . St TS
‘7z s - - .28 -
X(2) oz 8T o1 28T 5=
aT
. ) ‘ . -2aT .
Y(Z) = al Te xzy 2z v 20 2T yizy 2 L et Tyz) 27t

which yields

2 -aT -aT -2aT
= + 2 - .
Yn a®“ Te X .1 e yn-l e yn-?.
d. Signal to Noise:
. 2 dz
= Signal Power = 2 § , H(Z) H(1/2) ~

The factor 2 is due to the power from both the real and imaginary channels.

The contour of integration is the unit circle. The Z-transforrn is used

because a digital signal is the desired output from the simulator; therefore,

signal power should be found in terms of the Z-transform. To continue,

2 at T Z 42

. ) .
- T
Zﬂ'_) (Z-e a'T)l a )z

(Z-e

Since there is only one (second order) pole inside the unit circle at Z = e

the value of 5 is given by:

B.2
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Crrrggmee
L]

2.2n af a*Tiz J
2nj dZ ( aT)z } )

Z -e | «aT

Zze

Resulting in

4 2 2
=2 :
a” T aT  -aT ‘ :
a (e - e ) 3 :
. Noise power. N. is given by:
_ 2
N=2g¢ N -
P The factor 2 results fr am noise power in the real and imaginary channels. K
:
] Therefore the S/N ratio is given by:
. -aT aT
£ a*T (3~ te )
3 B S /N = z
gr UN (e e :
? ]
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APPENDIX C
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FORTRAN MAIN PROGRAMS

TP AN

:
4
3

C-1 DOPGEN
\ C-2 PPSTAT ;
SPEC 3 -

wt ——_y
]
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APPENDIX C-1

DOPGEN Program Coding
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HaN4=NN
0°*T+V/Id%3uds0 " €=YudNS
(2251d=0°%) /2 y=vid
831S=4017

d0Q921S=1ds"2=V
dNAIAY=7HI

DOPGEN-!

SLNVISNOD dN 13§ 3

006 01 0NS{0°03° T8I} 41
1431429 A1 THIGINOLS dO0DIS* dOCIAVIOCOT 91311 e

13314 ZN1GIC I8 14NOLS*d0091S*dDAOAVIO00T1*S)INV3IY 01

6 GNIMAY
1=INIYdl
0=S%7T8N
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APPENDIX C-2
PPSTAT Program Coding
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APPENDIX C

SPEC Program Coding
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PROGRAM SPEC TRACE COC 6600 FTN V3.0-7270+ 03T>0 03/

PROGRAM SPEC(INPUT,OUTPUT,TAPES=INPUY,TAPE6=0UTPUT,TAPES, TAPEY)

COMMINT-=SYSTM SUSOLIED SUBROUTINES REQUIREU==0QPLOT,ENDPLY
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PROGRAM SPEC TRACE CDC 6600 FTN V3,0-P270¢ OPT=0 03/2

CALL FORT(Z,4,S, IFS ,IFERR)
00 30 1=1,1024 -
30 Y(IV=REAL (Z(I))**2¢+ATMAGC2C(I))"*%*2 __ _ o I
YMAX=Y(1)

40

D0 40 I=1,1024%
IF(YMAXLLToY(L)) YMAX=Y(I)
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IF{IPLOT.EQ. 0V GO T0O 75
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00 S50 I=1,102«
Y{IV=Y(I) 7YMAX

FEFz=140

00 60 I=1,102%
FEF=FFFe 4,0

€0

X{I)=FFF
Y (1)=10,%ALO310CY(I))

CALL DO2LOTU AB,XsYaNy1H4 41412H?0 LOG (MAG)412,0,0)

KFLOT=1

70

DO 70 J=1,1024
Y N =10,2CY(I)/ 10, ) *YMAX

75

R

CONTINUZ
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IF(IAVG.EQ.0)30 TO 200
"NG=0,
vO 76 I=741,840
_AVG=AVG+Y (1)

AVG=AVG/ 100,

DO 77 T=1,1024
Y(I)=Y(I)=-AYG

200

IF(IBIAS.E24))6G0 IO 230
ISHFT=542~-18B[AS

00 210 I=1,1024
J1=1024¢ ISHFT*+3=T
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Ki1=41024¢1-~1
Y(1)=Y(<1)

00 220 I=1,I34FT
J2=1SHFT¢4=1

220

K2=1024¢ISHFT+1~1
Y{J2)=Y(K?2)

230

CONTINUE
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—HRITE (6,2000)
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DO 100 I=1,21

THR=THR¢ 2,

(aat LA

YMINV=YMAX/ (10, 1**( THR®* 0. 1)) =
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SPEC TRAGE

S1=0.
S2=210,

FMSLINITi=-1

00 80 J=zLIMIT1,LIMIT2
FMsFN+1,.

IF(YCJI) LEL, YNINVIGO TO 80
YSQ=y (1)

S1=S1+Y8Q
S23S2+¢FN®YSQ

80 CONTINUE

UKP=52/S1

MEAN=(3300.7102%,) $UKD

$3=0.

FH=LIMIT1-1

00 90 J=LIMITL,LINIT2
FH=FM+i,

IFIY(JUN._ E. YNINVDIS0 TO 90
YSQ=y

S3:=$34YSQ® (FY-UKP) #*2
90 CONTINUE

YKPsS3/S1

SKP=SQRT (VKP)
SIA=(3100,/1024s)8SKE

lgI]E[ﬁ.lﬂnﬂl[HQ.HKE.HEANAQKP:(TG
400 COMTINUE

5070 10

110 CONTTNUE

IF(KPLOT.EQ. 1) CALL ENODPLT
REMIND 8

REWIND 9
CALL EXIT

1000 FNPMATY(ZT40)

2000 FORMAT(141)
£16,5)

END

b ] et 1




ol Sl 2t S §

!

1

I
1
|
h
1

|
¥
i

I

i

|

1

{

H

£ q
i

ST A T S

AU
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FORTRAN SUBROUTINES
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APPENDIX E

SPECTRAL ANALYSIS PLOTS OF TYPICAL SEQUENCES OF
SIMULATED DOPPLER RADAR TARGET RETURN

The radar PRF is 3300 PPS in all cases. Mean, width, and single pulse
S/N parameters are as listed below:

A 1 D )10 L0 AL e B B

3 Mean (u) Width (a) Single-Pulse S/N
f ) Case . Hz Hz 1B
E i 300 78 0
| 2 300 78 5 P
: 3 300 78 15
v 4 300 78 o
1 5 600 156 0 4
g 6 600 156 5 i
7 600 156 15
t 8 600 156 o P
9 900 234 0 .
10 900 234 5
t 11 900 234 15
t 12 900 234 ® b
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