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SIGNAL DESIGN AND PROCESSING TECHNIQUES
FOR WSR-88D AMBIGUITY RESOLUTION

Part-5: Further Investigation

1. Introduction

The Radar Operations Center (ROC) of the National Weather Service (NWS) has funded
the National Severe Storms Laboratory (NSSL) to address the mitigation of range and
velocity ambiguities in the WSR-88D. This is the fifth report in the series that deals with
range-velocity ambiguity resolution in the WSR-88D. The first two reports mainly dealt
with the uniform PRT transmission and phase coding techniques to resolve the range
ambiguity. Although the phase coding techniques do not directly address the velocity
ambiguity problem, their capability to separate overlaid echoes allows the use of shorter
PRTs which, in turn, diminishes the occurrence of ambiguous velocities. In the third
report, we considered the staggered PRT technique and its variants. A significant
outcome of the work is a new staggered PRT sequence processing technique in the
spectral domain with significantly improved spectral moment estimates, and a clutter
filtering technique that recovers velocity information over the entire extended
unambiguous velocity interval without any drop-out regions. The only assumption made
in the algorithm is that there are no overlaid signals. This necessarily restricts the
selection of T, (the short PRT segment) to be sufficiently large for a given elevation so
that the probability of overlay is small.

After the third report was submitted in July 1999, some more ideas were explored
in an effort to further improve the staggered PRT scheme. Specifically, we tried to reduce
the velocity estimate errors by optimizing the window weights. We also examined the
possibility of extending the unambiguous range from r,; to 7,2, by resolving one-overlay

situation. The one-overlay situation is one in which only the short PRT can gencrate



overlaid echoes in the long PRT interval. Exhaustive simulations were carried out to
evaluate the performance of the staggered PRT decoding scheme, and determine the
limits of spectral moment recovery within acceptable range under various conditions.
This information is very useful in developing a data censoring strategy to discard or flag
the bad data. The results from all these studies are in Report 4.

There are several points that were left out during the course of the study of the
range-velocity ambiguity problem in the WSR-88D. Some of these are addressed in this
fifth report. In the SZ phase coding technique, suggested for low elevation angle scans of
the WSR-88D radar, an alternative to the magnitude deconvolution, called the
substitution method, is proposed by Frush (1999). A comparative study was carried out to
evaluate its performance vis-a-vis the magnitude deconvolution proposed by
Sachidananda and Zrnic (1999). These results are discussed in Section 2 of this report.
Apart from the Section 2, which pertains to the SZ coding technique, the rest of the report
is concerned with the staggered PRT technique.

During one of the review meetings concerning the range-velocity ambiguity work,
Jim Evans (2001) suggested to examine the possibility of estimating the aliased velocity
from the autocorrelation R; and de-alias it using R;, for the staggered PRT technique. On
examination, it is found that this indeed is possible in the absence of clutter, and the
estimate variance is much lower than using other methods. We have evaluated this
technique using simulation and compared it with other methods. The results are presented
in Section 3.

In the course of examination of the suggested spectral domain ground clutter
filtering technique for the staggered PRT sequence, the theoretical analysis showed a
possibility of exact complex reconstruction of the lost signal components. The theory and
conclusions arrived at after testing the procedure using simulations is presented in
Section 4.

A fifth section deals with the recovery of spectral moments of weather signals that
have very narrow spectrum widths overlapping a very strong ground clutter return. Most
of our results presented in Report 3 and 4 dealt with weather signals of width 4 m s, The

specific case of a very narrow width signal (w<1 m s™') overlapping the clutter requires a



window function with much lower side lobes than that used for larger widths. This is
discussed in Section 5.

A new Sigmet processor has been connected (in a passive mode) to the WSR-88D
research radar at NSSL. Thus we were able to record some time series data using uniform
PRT transmission. Although the staggered PRT is not programmed in yet, we can derive
a staggered PRT time series from the uniform PRT sequence by dropping appropriate
samples. Further, the uniform sample set can be processed by standard algorithms and the
spectral moments compared with those of the staggered set. A comparative study of
different data sets has been carried out and some statistics of the standard error has also
been generated using the actual radar data. All these results are presented in Section 6.

Finally, there were some lacunae in the suggested vcp-11 scan strategy for the
WSR-88D in Report 4. These recommendations are reviewed and revised tables with

additional inputs are given in the last section.

2. Magnitude deconvolution and the substitution in SZ-1: a comparison of
performance

Sachidananda et al. (1997) proposed the SZ-1 algorithm for retrieving the mean
velocity and spectrum width of the weaker of the two overlaid signals from the SZ(8/64)
phase encoded sequence of returned echoes. The algorithm uses recohering and
magnitude deconvolution. First the stronger signal is removed by a spectral domain notch
filter of width equal to 3% of the total number of spectral coefficients, centered on the
stronger signal mean velocity. The remaining % of the spectrum contains two replicas of
the weaker signal, which when recohered produce the original signal and symmetrically
spaced side bands. The mean velocity, obtained from this time series, is a very good
estimate in spite of the side bands presence. There is no bias in the velocity estimate
because side bands are symmetric. Nonetheless, the spectrum width is affected by the
side bands. To reincorporate the power from the side bands into the main spectral lobe, a
magnitude domain deconvolution is carried out before the spectrum width is computed.

Frush (1999) proposed an alternative, called the substitution method. In it, the
phase difference between the two replicas available in the remaining % of the spectrum

(after notch filtering) is used to reconstruct the deleted replicas of the weaker signal



spectral coefficients. Because the spectrum is a convolution of the signal spectrum with
the code spectrum, the sequence of the phase shifts for the replicas progress in
predetermined increments, each of which is unique. For the SZ(8/64) coded time series
these unique increments can be derived from the code spectrum. The spectrum thus
reconstructed by substitution, is transformed to the time domain and recohered to
reconstruct the original signal without any side bands. Therefore, both the mean velocity
and spectrum width can be computed from it.

The deconvolution operation is a matrix multiplication (i.e., pre-multiply the
spectrum matrix with the deconvolution matrix). We also need to compute the
autocorrelation R(1) twice, once before the deconvolution to obtain the mean velocity and
again after the deconvolution to obtain the spectrum width. This repetition is because the
deconvolution procedure increases the estimate variance whenever the spectrum is not
“narrow” (see Sachidananda et al. 1998), hence to get a better mean velocity estimate it is
necessary to compute the velocity before the deconvolution. The substitution method
requires computation of phase differences, comparisons with the code spectrum sequence
of phase differences to determine the match, then shift the phase of the spectral replicas
by the successive phase difference sequence, and substitution of these replicas in the
place where the notch filter was applied. The rest of the computations are the same for
the two algorithms.

Both these procedures are developed based on the assumption of a “narrow”
spectrum as defined by Sachidananda et al. (1998). If the spectrum is “narrow” both
methods are exact and give the same results. The difference in the performance in terms
of the estimate variances arises because the “narrow” spectra criterion is not exactly
satisfied in actual weather signals, and the noise is always present along with the signal.
If the spectral spread is more than 1/8™ of the Nyquist interval, the replicas in the SZ
coded signal spectrum overlap, and the reconstruction is not exact. It is this aspect that is
compared here using simulation procedure to generate the statistics of velocity and
spectrum width recovery. The SZ-1 decoding algorithm is reproduced here from
Sachidananda et al. 1998) to conveniently compare the two methods. The details of the
substitution procedure used in this simulation study are also presented before the results

are discussed.



2.1 The SZ-1 decoding algorithm

This algorithm was developed for SZ(n/64) coded transmission in the short PRT
mode (i.e., the shorter of two PRTs used in the successive scans at the lowest two
elevations). The step by step procedure follows (for details of the algorithm and
description of math symbols, see Sachidananda et al. (1998), depending on the context =
is often used as in a programming language to indicate substitution of a variable into a

memory register).
<<< START of algorithm (stand alone mode; does not use long PRT data)

1. Input raw time series Ep ; k=1,2, .... M.
» The phase switching sequence i ; SZ(n/M) code.
2. Cohere the 1st trip signal.
» Ei=Enexp {-jwi}.
» st trip is coherent; 2nd trip is phase coded by a sequence
ox = nk/M ; k=0,12,.... M-1.
3. Multiply by von Hann window weights, 7.
» E;=E .
4. Filter the ground clutter.
» E;=GCF(E)).
5. Cohere the second trip.
> Ep=E;jexp {-jox}-
6. Autocovariance process E; and E; to get p,9,%, Wi’ and P, P2, Wo, W2
(for the computation of W,",#," use Eq. 6.27 of Doviak and Zrnic, 1993, and

for the computation of W;,#, use Eq. 6.32 of Doviak and Zrnic, 1993).
7. Compute W;'/W,' ratio.

» i W' > 1, trip=2, second trip is stronger - process ;.

» if W '/Wy' < 1, trip=1, first trip is stronger - process Ej.



8. If trip=2, interchange E; & E», and all the parameters in step number 6.

» with this interchange, E; is the time series with stronger signal coherent.

» we need to recover p,,9; and #, of the weaker signal.

[ Note: The processing steps 9 to 17 are the same for the two cases in step 7
with E; replaced by E,. This is accomplished by step 8, and the trip numbers are
restored in the step 18.]

9. Compute spectrum of E;.
» S;/'=DFT[E;]

10. Notch (n,M) coefficients centered on 9, to get S; from S;'.
Note: (a) n,, is not to exceed the maximum permissible value, (1-2n/M).

(b) for SZ(8/64) & SZ(12/64) optimum PNF center location to be
computed if trip=1 (i.e. 1st trip stronger) and GCF is applied.
11. Compute the mean power p from the remaining coefficients.
Multiply p by 1/(1-n,) to get mean power estimate p,.
12. Compute power ratio pr = 10 logio(p1/p-) dB.

13. If pr< 25 dB, correct error in p; estimate.

» Pi'=p1-po.

» compute corrected power ratio pr=p;/p.
14. Cohere the weaker signal in S;.

» e;=IDFT[S;]

» iftrip=1, ez =e;exp{-jor }.

» iftrip=2, e;=¢; exp{ jox }.

15. Compute autocorrelation R(1) for e;, and compute mean velocity, 9».

16. Magnitude deconvolution. (for SZ(8/64) and SZ(16/64) only)
» compute magnitude spectrum, s;' = | DFT(ey) |.

» multiply by the deconvolution matrix, s; = D s".

[The deconvolution matrix, D, is a part of the program. D is

pre-computed and supplied to the algorithm, or stored as a



part of the program.]
17. Compute autocorrelation R(1) for 52, and compute width, #».
18. If trip = 2, interchange parameters (p1,91,%1) and (P, ,92,%-).

19. Output the 1st and 2nd trip parameters and go to the next sequence.

<< END of algorithm

Modifications of the SZ-1 algorithm required by the substitution method.

To use the substitution instead of magnitude deconvolution in the SZ-1
algorithm, the following steps need to be modified. The steps #1 to #13 are the same. The
steps #14 to #17 have to be replaced by the following steps(#14 to #16):

14. Reconstruct complete S; using substitution (for SZ(8/64) and SZ(16/64) only; details
of this step for SZ(8/64) are given in section 2.2).

15. Cohere the weaker signal in S;.
» ¢, =IDFT[S;]
» iftrip=1, ex =e;exp{-jox }.
» iftrip=2, ex=e;exp{ jor }.
[Note: This entire step 15 can be replaced by complex deconvolution in the frequency

domain, because the corresponding convolution matrix is not singular if the filter

function is deleted. ]

16. Compute autocorrelation R(1) for e,, and compute mean velocity, 9,

and width, %,.

The substitution method is based on the observation that if the signal spectrum is
“narrow”, the spectral replicas of signal modulated with the SZ(8/64) code differ in phase

by the amount equal to the phase differences of the code spectral lines. This follows



from the nature of the code, because the eight replicas are obtained from the convolution
of the original signal spectrum and the code spectrum. The spectrum of the modulation
code exp(jk°n/8), has only 8 uniformly spaced non-zero coefficients with constant
amplitudes and the phases {#/4, #/8, -7/4, -Tx/8, n/4, -Tx/8, -n/4, n/8}. Thus for M=64, if
the original signal components are in the first 8 coefficients, the sequence of phase
difference between the consecutive spectral replicas is {-n/8, -37/8, -5#/8, -7#/8, Tnl8,
5n/8, 3n/8, m/8}. If the original signal coefficients are in the 9™ to 16™ coefficients, the
phase difference sequence would be {#/8, -7/8, -37/8, -57/8, -Tx/8, Tn/8, 5x/8, 37/8}.
Note that the position of the -7/8 phase difference is the location of the original signal
component, and each entry in the sequence is unique. Thus, if we have two adjacent
replicas of the modulated spectrum, we can reconstruct the filtered replicas of the
spectrum by adding the replicas with appropriate phase shifts. The procedure for

reconstructing the spectral replicas is explained next.

2.2 The details of step 14 (substitution method for SZ(8/64))

The spectrum S; consists of M/4 non-zero coefficients after applying the % notch
filter in step #10. Let the indices of these spectral coefficients be k to (k+M/4-1). Note
that the indices are cyclic and hence if any index exceeds M, subtract M from it to get the

correct index. Of these M/4 coefficients, take any two separated by 8, i.e., i"

and
(i+M/8)™, and determine the phase of S;(i+M/8)/S;(i). Now, compare this value with the
eight values in the sequence, {#/8, -n/8, -3#/8, -5a/8, -Tx/8, Tn/8, 5x/8, 37/8}. The
position of the closest match in the sequence is taken as the starting phase difference, and
the rest of the entries are rotated cyclically to get the rearranged sequence. For example,
if the calculated phase difference is closest to -37/8, the rearranged sequence would be {-
37/8, -5x/8, -Tx/8, Tnl8, 578, 3n/8, n/8, -n/8}. Now, the coefficients at spectral indices
(i+nM/8); n=0,1,...7, are constructed by adding the phases in the above sequence to S(i),
of which the first two are already available. The rest are computed and inserted in the
appropriate spectral places in the spectrum. This procedure is repeated for i= k to k+M/8

which will reconstruct all the filtered coefficients.

A similar procedure can be followed for SZ(16/64) code.



2.3 Results of simulation and comparison of standard errors

The performance of the SZ-1 decoding algorithm using the magnitude
deconvolution and the substitution method, in terms of the standard errors in the mean
velocity and spectrum width estimates is obtained from simulation studies. The SZ(8/64)
coded time series are simulated with different input velocities, spectrum widths, and
overlay power ratios. The spectral parameters are estimated using the SZ-1 algorithm
incorporating the deconvolution as well as substitution method. A large number of
simulations are carried out to generate the statistics of the error estimates. The standard
errors of the mean velocity estimate, v;, and the spectrum width, w», of the weaker signal
are compared in Figs. 2.1 and 2.2. The radar parameters used in the simulation are given
in the figures. The curves are for wy=2, 4, 6 and 8 m st respectively, starting with 2 m s™
at the lowest. The continuous curves are for the deconvolution method and the dashed
ones are for the substitution method. The curves are smoothed using a 5 point running
average filter for clarity. The Fig. 2.1 is for mean velocity error, and Fig. 2.2 is for the
spectrum width estimate error. It can be observed from the figures that, whereas the
general trend is the same, the deconvolution method gives marginally better estimates
than the substitution method, both for the velocity and the spectrum width. This
difference is attributed to the manner in which the two methods reconstruct the weaker
spectrum when the spectral replicas overlap. If the spectra overlap both methods are not

exact but they work reasonably well for a single overlap of the spectral replicas.

2.4 Exact spectral reconstruction if the spectral replicas overlap onece

The substitution (and the deconvolution) procedure is exact only if the spectra are
“narrow”. If the spectrum spread is more than 1/8"™ of the Nyquist interval, there will be
overlapping spectral replicas which produce unequal amplitudes for the coefficients
separated by 8 coefficients, and the phase difference will be arbitrary depending on the
amplitude and phase of the overlapping signal components. Therefore, in the substitution
method we have to compare the measured phase difference with the values in the
expected sequence and choose the closest one. This is based on the assumption that one
of the coefficients is small compared to the other, so that the phase difference is

predominantly due to the stronger of the two overlapped coefficients. This assumption is



reasonably satisfied for the coefficients around the peak of the spectrum, but can lead to
wrong phases at the tail ends of the spectrum.

In this section, we examine if it is possible to separate the two overlapping
spectra. Further we assume that the spectra are overlapped once only, i.e., the non zero
spectral coefficients are spread over M/4 coefficients, instead of M/8 coefficients. Here,
we only give a theoretical analysis of the possibility of exact reconstruction. The
additional computation is justified only if it yields substantial improvements in the width
estimate. There is no possibility of further improvements in the velocity estimate by
improved substitution. The velocity is estimated before the deconvolution in the SZ-1
algorithm, and reconstruction of the complete spectrum is not required for the velocity
estimation. It is also mentioned in the report by Sachidananda et al. (1998, page 11, nd
paragraph) that the velocity estimates worsen if it is obtained from the deconvolved
spectrum. In general, any attempt to alter the spectrum results in a higher variance of the
velocity estimate.

In order to explain the separation of the overlapped spectra, first we introduce the
notation. Let S; be the spectrum after the notch filter is applied. For M=64, SZ(8/64) code
modulation, and 3M/4 notch filter width, it consists of only 16 non-zero coefficients. Let
two of these non-zero coefficients, separated by M/8, be S;(i) and S;(i+M/8), and let these
two coefficients have two original complex spectral coefficients, a and b, overlapping.
Thus, we can write these two as a sum

S1(0) = aexp(jgr) + b exp(idp) ,
and S1(i+M/8) = a exp(jgp) + b exp(jds) . 2.1

The exponential multipliers are the coefficients of the convolution matrix, therefore, the
phases, ¢, i = 1,2,...8, are known. This gives us two equations with two unknowns, a

and b which can be solved to obtain

a=[S51(t) exp(j@2) - Si+M/8) exp(-j )]/ [exp(j(¢1-4) - exp(j(2-03))],  (2.2)

and

b =[S:1() exp(j¢r) - S:1(+M/8) exp(j@2)] / [exp(j(@r-¢2)) - exp(j(@-d5)] . (2.3)

10



The only unknown in this procedure is one of the ¢, i = 1,2,...8, to use in place of ¢ ¢,
and ¢ . Actually there is only one unknown because we know that the three phases are
consecutive phases in the code sequence, hence we have to determine only ¢ and the
other two will follow from the sequence.

Now, we have to resort to the same procedure as before to determine the position
of the phase difference between the two coefficients in the phase difference sequence
{n/8, -7/8, -37/8, -57/8, -Tn/8, Tn/8, 5x/8, 37/8}. Find the closest match and build the
sequence from that point onwards. We can also carry out an amplitude test to determine if
the coefficient in question has overlay or not. If the two coefficients, S;(i) and S;(i+M/8),
have different magnitudes then we know that there is overlay; the phase difference also
will deviate from the one corresponding to the convolution code. We can only hope that
one of the two overlaid signals is stronger so that we can resolve the correct phase
difference. Once the two coefficients, a and b, are solved for, the complete set of 8
coefficients can be reconstructed very easily. This procedure can be applied to all the M/8

pairs present in the spectrum S to restore all the M coefficients.

2.4 Conclusions

In this brief discussion, the magnitude deconvolution and the substitution methods
are compared with respect to their performance in terms of the standard errors in the
velocity and width estimates. Although both the velocity and width estimate errors are
compared, it must be noted that the deconvolution method is used only for width
estimation. The velocity estimation does not require the deconvolution. However, in the
substitution method the velocity and width are estimated after the substitution, and hence
we have compared the velocity errors also. Both methods perform well even if the spectra
are not “narrow”, but the deconvolution method performs marginally better, both with

respect to the velocity and the width estimates.

3. Mean velocity estimation in the staggered PRT technique
Here, we describe the staggered PRT scheme briefly before we embark on a
discussion of the method of processing. In the staggered PRT technique (Zrnic and

Mabhapatra 1985), two different pulse spacings, 7; and T», are used alternately. Then,
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alternate pairs of return samples are used to compute autocorrelation estimates, R; at lag
T, and R; at lag T,. The velocity is estimated from the phase difference between the two

using the formula,

P=2A arg(R;Rg*) / [477,'(T2-T1)] . (31)

Thus, the difference in PRT, (7,-T;), determines the unambiguous velocity, v,, for the

staggered PRT technique and is given by

Vg = Al [4(T2-T1)] 5 T] < T2 . (32)

Zric and Mahapatra (1985) suggest a testing procedure to estimate mean velocity and
signal power for echoes received within the time delay (7;+7>). In theory, this seems to
be possible because the overlaid signals in any two consecutive samples are from two
different ranges, and therefore are uncorrelated. Thus, the expected value of the overlaid
signal contribution to the autocorrelation is zero, and the effective unambiguous range

becomes

Vg= C(T1+T2)/2. (33)

Eq. (3.1) and (3.3) suggest that the staggered PRT is equivalent to a uniform PRT =
(T1+T>) for the unambiguous range, and a uniform PRT = (75-7;) for the unambiguous
velocity; each can be selected independently. However, the practical utility of this
scheme is limited due to the quality of estimates. The overlaid signal increases the
variance of the estimates because it acts as noise. Thus, the ratio of the overlaid signal
powers is the equivalent signal-to-noise ratio (SNR), and for a reasonable accuracy of the
estimates, the unwanted signal has to be at least 3 dB below the desired signal power.

Let ryy = ¢T; /2, and 7, = cT, /2, such that r,=r,;+r,; . If r,; is chosen sufficiently
large so that no echoes are received from ranges greater than r,;, then the problem of
overlaid echoes could be eliminated. For weather radars, r,; would have to be 460 km

(for 0.5 deg. elevation scan), but this would degrade the variance of the estimates
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considerably. Thus, the practical limit for 7,; is smaller than 460 km unless some means
of separating the overlaid signals is employed. It is possible to extend the unambiguous
range to 7,2 with some additional processing to resolve the one-overlay (i.e., alternate
samples only have overlaid echoes) in some of the range locations.

It is shown by Zrnic and Mahapatra (1985), that the standard error in the velocity
estimate increases as the ratio x = T;/T; approaches unity, and a good choice is x =2/3.
Thus, in practice, the unambiguous range and unambiguous velocity are restricted
indirectly via the estimate accuracy. However, compared to the uniform PRT, it is
possible to achieve a much larger r, and v,, because the limiting equation is v,7,; equals
[(x +1)/(1-x )]JcA /8 for the staggered PRT scheme without the overlay.

An alternative to the estimator (3.1), which results in a much lower standard error
in the velocity estimate, is to use the phase of R(T) for velocity estimation (aliased) and
R(T>) for dealiasing or unfolding. If the ground clutter and overlay are not present, a
pulse pair estimation of autocorrelations, R(T;) and R(T3), can be used for the estimation
of spectral moments. The velocity estimator using the difference in phases of R(7;) and
R(T»), (Eq. 7 of Zrnic and Mahapatra 1985), has a larger standard error because it uses
the difference of two estimates. Sirmans et al. (1976) suggest use of either one of the
autocorrelations for velocity estimation.

In our procedure, to obtain the correct velocity, we first compute two velocities, v;

and v, using the phases of R(T;) and R(T3), from

vi =-Aarg{R(T1)} / (4nT)),
and vy =-Aarg{R(T2)} ! (4nT>). (3.4)

Now, assuming occurrence of one time aliasing, the possible velocities from the first
estimate are v;, and (v; +2v,;), or (v; -2v,;), whichever falls in the interval +v,, and from

the second estimate we have vy, (v2 + 2v,2), and (v, -2v,2), where v,; and v,; are the
unambiguous velocities corresponding to the PRTs, 7; and T,. Note that it is sufficient to
consider a one-time aliasing for k=2/3, because v, = 2v,; = 3v,,. In these two sets of
possible velocities, only one velocity, the correct one is common to both sets; it can be

easily selected after comparison. In general, the velocities are estimates with certain
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amount of error, hence we select the two closest, and then pick the corresponding value
from the first set. The values from the first set have lower variances than the ones from
the second set, because of the shorter PRT. This dealiasing procedure performs the best
for k=2/3, because the difference between the estimated velocities, [v; — v, is the largest
whenever there is aliasing. For effective dealiasing this separation must be larger than the
standard error in the estimates. Thus, from the point view of large separation between
these values k=2/3 is also the best choice.

It can be inferred that for large signal spectrum width this unfolding technique is
likely to fail (as do all other techniques), because the standard error increases with
spectrum width. Therefore, the maximum width for which the unfolding is effective will
be a certain fraction of the unambiguous velocity, but it is also a function of the number
of staggered PRT samples, because the standard error decreases with increasing number
of samples. We define a parameter called loss as the ratio of the number of times the
unfolding failed to the total number of simulations. Sirmans et al. (1976) call this loss a
“detection error rate” and compute it for staggered ratios % and 4/5. In our simulation, the
input velocity is varied uniformly over the entire +v, interval. The loss parameter is
shown as a function of the normalized spectrum width in Fig. 3.1, where we have used 40
staggered PRT samples (approximately the same dwell time as in vcp-11 of WSR-88D)
to generate simulated time series data for the figure. The PRT in the simulation is T, =
0.61 ms with a v, = 45.08 m s™\. For M=40, the limit is about Wy, = 0.2v,, at which the
loss is about 10%; i.e., the velocity is not correctly dealiased in 10% of the total number
of simulations (about 2000 simulations). The loss is nearly zero up to about w = 0.14v,
and then starts increasing rapidly. In the simulation study, the input velocities are spread
over 90% Nyquist interval uniformly, leaving out the extreme ends. There is always
velocity aliasing at the extreme ends that increases the loss by about 2% if 100% of the
Nyquist interval is included. It is not included because this 2% does not reflect the
performance of the dealiasing procedure. Our simulation results are consistent with the
theoretical computations by Sirmans et al. (1976); their values of normalized spectrum
width at which catastrophic errors occur are about twice as large as ours mainly because

the number of samples in their computations is 2.5 times larger than herein.
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A third alternative is to use the reconstructed uniform time series and use
magnitude deconvolution procedure delineated in Report 3 (Sachidananda et al. 1999). In
this procedure, the time series is made uniform with a period T, = T)/2 (for k=2/3), by
inserting zeros in place of the missing samples. This time series can be looked at as a
product of the full time series and a code sequence of zeros and ones; zeros in place of
missing samples and 1s in place of actual staggered PRT samples. The spectrum of this
uniform time series is a convolution of the signal spectrum with the spectrum of the code,
which has only five non-zero coefficients. Thus, the convolution produces a spectrum
with five replicas of the original spectrum separated by N/5 coefficients, where N is the
number of uniform samples. A magnitude deconvolution procedure can be used to restore
the spectrum to the original shape, provided it is “narrow” (“narrow” spectrum is defined
in Report 3). One can use this reconstructed magnitude spectrum to compute R(7,) from
which we can get the velocity. This does not require unfolding provided 7, is chosen
small enough.

From simulation we evaluated the standard errors in the velocity estimate using
four methods. These are: (a) velocity from R(T),), i.e., uniform samples at intervals 7}, (b)
velocity from R(7;) dealiased with the help of R(T%), (c) velocity from magnitude
deconvolution, and (d) velocity from arg{R(7T;)/R(T>)}. We call the method (b) the
staggered PRT pulse pair (ST) method. The various methods are compared in Fig. 3.2.
Curve (a), the ideal case where all the samples at intervals T, are available, is given for
reference. The dwell time for all estimates is the same. The values are obtained using
simulated time series and estimation of velocities by three different algorithms on the
same (staggered PRT) time series. The simulation parameters are indicated in the figure.
It is clearly seen that, of the staggered schemes, the method (b) gives the best estimate
(curve # b in the figure), followed by (c) and (d).

The staggered PRT one-overlay resolution algorithm (henceforth labeled STO)
presented in Report 4 uses the method-(c) if there is no clutter or the overlay. Because the
staggered PRT pulse pair algorithm (method-(b)) performs better than the method-(c) in
the absence of the ground clutter and the overlay, it is appropriate to replace the method-
(c) by method-(b) in the overall schematic of the algorithm given in pages 34-36, Report

4. It is also important to change the thresholds on pi/p; used for channeling the
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computation, because the method-(b) performs differently than the method-(c). We have
evaluated the ability of the staggered PRT pulse pair algorithm ST to estimate velocity in
the presence of one-overlay. The largest pl1/p2 ratio for which the pulse pair algorithm is
effective in the presence of overlay is determined from simulations; this value is used in
the algorithm to switch processing between the pulse pair algorithm ST and the overlay
resolution algorithm STO. Becaﬁse the algorithm is suggested only for the three
elevations (2.4° 3.35° and 4.3°) of the WSR-88D vcp-11 (see Section 7), we have
evaluated the % loss and sd(v) as a function of the overlay power ratio, p»/p;, using the
PRTs proposed for these three elevations. Simulations were carried out for four different
spectrum widths of the signal, keeping the overlay signal spectrum width constant (w;=4
m s). The loss is nearly independent of the overlay signal spectrum width, w», hence, it
is kept constant. The parameter loss is the number of times the velocity unfolding failed
in 2020 simulations, with velocities spread over the entire Nyquist interval, expressed as
a percentage. The sd(v) is computed excluding the outliers (i.e., only the correctly
unfolded velocity values are included).

Figs. 3.3 to 3.5 show the results of simulations for the three elevations, 2.4°, 3.35°,
and 4.3° respectively. It is apparent that as we decrease T, (or increase v,), the loss
decreases up to a point and then reaches a limit. Note that all [oss traces are more or less
the same in Fig. 3.5 for all widths, but are spaced in Fig. 3.3. If we can tolerate a 10%
loss for the weaker signal velocity, we can use a 6 dB cut-off for the overlay power ratio,
i.e., apply the staggered PRT pulse pair algorithm ST to retrieve velocities of both signals
if | po/pi| <6 dB. If it is larger than 6 dB, then we need the overlay resolution algorithm
STO to recover the weaker signal velocity. The stronger signal velocity is always
recoverable by applying the pulse pair algorithm (ST). Depending on the PRTs (dictated
by the elevation angle) and the tolerable loss, the 6 dB limit can be lowered to 3 dB. An
alternate choice could be 0 dB, in which case the stronger signal would always be
processed by the ST pulse pair algorithm and the weaker one by the overlay resolution

algorithm STO.
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4. Clutter filtering and bias correction in the staggered PRT technique

A spectral domain clutter filtering and bias correction scheme is suggested by
Sachidananda et al. (1999, Report 3). There the spectral coefficients of the weather
signal, partially lost in the process of clutter filtering, are restored in amplitude using a
magnitude deconvolution and multiplication by a coefficient determined from an
approximate initial estimate of the velocity. During the course of reviewing this
procedure, we found that it is possible to restore the complex coefficient exactly provided
the spectrum is “narrow” as defined in the above referenced report. But, if the “narrow”
spectra assumption is not valid then these two methods, viz., the magnitude only
restoration and the exact complex restoration, behave somewhat differently with respect
to the velocity estimate errors. It also requires more computation to restore the complex
coefficients. Here we only give the mathematics of complex restoration procedure, and
state the conclusions arrived at from simulation study. No simulation results are

presented.

4.1. Restoration of the complex spectral coefficient and bias correction

The clutter filtering procedure is explained in the paper Sachidananda and Zrnic
(2000), without the bias correction procedure, and the magnitude only restoration is
explained in the Report 3 (Sachidananda et al. 1999). Here we shall use the same notation
as in Report 3. To explain the complex coefficient restoration, let us start with Eq.(3.7),

of Sachidananda et al. (1999)

Vi=CE;, 4.1)

where E; is the rearranged matrix of signal plus the clutter spectrum. Similarly, C; is the
rearranged convolution matrix, and V; is the rearranged signal spectrum matrix after
convolution. Assume that the ground clutter is around zero Doppler and the signal
spectrum is “narrow”. With this assumption, the first few coefficients in the first row and
last few coefficients in the last row of E, contain ground clutter. The non-zero signal
coefficients are spread over only N/5 contiguous coefficients row wise; the position being

determined by the mean velocity of the signal. Thus in any column of E; a maximum of
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two coefficients can be non-zero. Now, the convolution operation indicated by Eq. (4.1)
spreads the clutter and the signal power present in each column of E; into all the
coefficients of the same column of V,. There is no shifting of the power from one column
to another. Therefore, it is sufficient to consider one column of V, and E, to understand
the signal restoration procedure. Let, the first column of E; be Eq = [a, 0, 0, b, 01", where
a is the clutter coefficient, and b is the signal coefficient; both complex. After the

convolution, the first column of V,, A, is given by
A=CrE1=aC1+bC4, (42)

where C; and Cy are the 1% and 4™ columns of the convolution matrix, C,. After the
clutter filtering (Eq. 3.11 of Sachidananda et al. 1999) the first column of V¢ can be

written as

B=A-C"AC;. (4.3)
Substituting for A in (4.3) and simplifying, we can reduce it to

B = b(C4- C1"CsCy). (4.4)

Note that the clutter coefficient, a, is completely deleted by the clutter filtering, but the
signal coefficient, b, is multiplied by a complex known vector. Now, to get back the

signal vector, bCy4 present in A, we carry out the matrix operation given by
bCy = (Cs" B Cy)/ (1- | C1"Cy ). (4.5)

This procedure is carried out on the first few columns of V¢ from which clutter is filtered
to restore the signal vector.

In this illustration we have assumed that the signal coefficient is in the 4™ position
in E; In general the position of the signal coefficient can be any one of the five, hence a

general expression can be written as
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bCy = (C B CY/ (1-| G C P, (4.6)

where k is the position of the signal coefficient which is determined from the initial
velocity estimate. The index & can be different for different columns of V¢ depending on
the initial velocity. The initial velocity is estimated using the magnitude deconvolution
procedure on the filtered spectrum, V¢, before restoring the signal components lost during
the clutter filtering. For the last few columns of Vg, the clutter coefficient is in the last
row, hence Cj is replaced by Cs in (4.6) while restoring the signal in these columns. Note
that in (4.6) the denominator is zero if k£ =1, which corresponds to the signal having near
zero Doppler. The signal is completely filtered out, and the numerator also would be zero
in this case. In the actual radar time series processing, however, the numerator would not
be zero because the signal spread is not “narrow” in the strict sense. Thus, we cannot
restore the signal if the Doppler is near zero as in the previous method.

If the assumption of “narrow” spectra is strictly valid, then both methods of
signal restoration, viz., the magnitude only restoration and the complex restoration, are
exact, and give the same spectral moment estimates. However, if the spectra are not
“narrow” the two methods differ in performance to some extent. The magnitude
restoration performs slightly better than the complex domain restoration in the presence
of overlapping spectral replicas, and also requires less computation. We have examined
the performance of these two methods using simulated time series, however, no results
are presented because the complex restoration did not fare better than the magnitude only
restoration explained in Report 3. The results for the magnitude only restoration are

available in that report.

5. Ground clutter filtering and the window: some considerations

The ground clutter is usually present in the lower elevation scans approximately
in the in the first 20 km from the radar. At elevations higher than about 5° the ground
clutter is not a serious problem. The WSR-88D specifies a 50 dB rejection for the ground
clutter (at 0.5° and 1. 5° elevation) with a spectrum width of 0.28 m s centered on zero

Doppler. We use this width for the ground clutter in our simulation study, and use clutter-
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to-signal ratio (CSR) as a parameter rather than the clutter rejection. We adopt this
notation because our ultimate aim is to recover the spectral moments of the weather echo,
and to achieve this, it is sufficient to filter enough clutter power to obtain a sufficient
SCRR (i.e., Signal to Clutter Residue Ratio) so that the spectral moment estimates are
accurate. The amount of filtering required depends on the CSR. Further, the clutter
suppression (or rejection) ratio, o, defined as the ratio of the total clutter power to the
residual clutter power after filtering, expressed in dB units, is a function of the filter
width, hence any suppression can be obtained by suitably choosing the filter width. But
this does not guarantee recovery of spectral moments of the weather signal, because there
is an upper limit for the filter width beyond which the velocity cannot be recovered
irrespective of the CSR. This is because the initial velocity estimate (required for bias
correction or the signal restoration) is obtained from the residual signal coefficients only
after clutter filtering. There is always an optimum clutter filter width for a given CSR and
a clutter spectrum width. If the clutter filter width is allowed to be adjusted in the
staggered PRT decoding algorithm based on an a-priori knowledge of the CSR (we can
use a clutter map), the performance of the algorithm can be optimized. It is obvious that
the residual clutter power is spread throughout the spectrum and hence can be treated as
noise. Thus, the SCRR after filtering the ground clutter is equal to (a - CSR) dB,
neglecting the noise power (or assuming the noise power to be very small compared to
the residual clutter power). This has to be better than 10 dB to recover velocity of the
weather echo with a good accuracy. Other parameters that play important roles in the
clutter filtering are the window function and the number of available staggered PRT
samples, M, because the suppression ratio is a strong function of the these two
parameters. All these aspects were discussed in Section 3.3.2, of Sachidananda et al.
(2000, Report 4). Here we consider an aspect of the clutter filtering which was not
included in that discussion, i.e., the recovery of the spectral moments (specifically the
mean velocity) when the signal spectrum is very narrow and is overlapping the clutter
spectrum. The overlapping happens if the mean velocity is near or at 0, +2v,/5, or +4v,/5,
for k=2/3.

In this specific case, the SCRR after the ground clutter filtering is not equal to (o -

CSR) dB for the initial velocity estimation, because the signal is also filtered along with
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the clutter. The above formula is valid only if the signal and clutter spectra do not
overlap. If the signal and clutter spectra overlap, the ability to achieve a SCRR>0 dB after
filtering depends on the relative spectrum widths of the clutter and the signal, and the
manner in which the signal and clutter power fall as a function of the clutter filter width.
For velocity recovery, the first condition is that the signal spectrum width must be larger
than the clutter spectrum width, so that the rate at which the residual signal decreases as a
function of the clutter filter width is slower than the rate at which the residual clutter
decreases. Only under this condition the SCRR increases as a function of the clutter filter
width, and can become greater than zero for sufficiently large width.

The window function is very critical in achieving SCRR>0, because it changes
side lobe structure of the spectrum. While a rectangular window has very large side lobes,
there are windows that produce very low side lobes. We have examined the effect of
different windows and found that we can capture most of the effects by considering a
window of the type {von Hann}" where the exponent ‘n’ controls the side lobe level;
larger the n, lower is the side lobe level, of course, with a wider main lobe. The power
loss due to the window also is higher with increasing n, which affects the variance of the
estimates. Fig. 5.1 shows the residual CSR after the clutter filtering using different n
values for the {von Hann}" window. Note that SNR after clutter filtering is the inverse of
the residual CSR (or negative of the CSR in dB.) The overlapping signal spectrum width
is assumed to be 1 m s'l, and the clutter spectrum width is equal to 0.28 m s'l, CSR =50
dB. The weather signal and clutter spectra are simulated, and different clutter filter
widths are used in computing the residual CSR. The spectral domain notch filter width n,
can be changed in steps of one coefficient at a time (hence the width depends on the
number of samples or dwell time). The number of samples is N=160 (M=64), and it
should be noted that the achievable SCRR also depends on the number of samples.
Further, it can be observed that the residual CSR initially decreases to a lowest value and
then starts increasing. From the figure it follows that a minimum n = 2 is required to
achieve a residual CSR<0 dB. The figure also suggests that n = 4 achieves a better CSR
than is possible with n=2, but with a slightly wider clutter filter width. The results of a
simulation study using staggered PRT processing on a simulated time series with w =1 m

s'and a CSR = 50 dB (w,=0.28 m s!) are shown in Fig. 5.2 ({von Hann}? window and
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n. = 9) and in Fig. 5.3 ({von Hann}* window, same time series). It can be seen that
whenever the signal and clutter spectra overlap (i.e., for v = 0, £2v,/5, or +4v,/5), use of
the {von Hann}? can not recover velocity effectively but application of the {von Hann}*
window can. Thus, for large CSR and narrow signal spectrum it is advantageous to use
{von Hann}"* window. For lower CSR or wider signal spectra {von Hann}? is generally
sufficient, and better in terms of the sd(v).

The inherent rectangular window spreads clutter power across the spectrum
giving a low value of clutter suppression ratio, a. There is a signal power loss associated
with the window, which increases the standard error in the mean velocity estimate. Note
that for the signal velocity estimation, it is sufficient to make (0—CSR) < -10 dB
approximately. For a given N and clutter filter width, the exponent » must be selected
such that we can achieve an a > (CSR+10) dB. A higher » will allow a lower filter width,
but with associated signal loss. The signal power loss can be computed from the
weighting function directly as 4.23 dB, 5.67 dB, and 7.03 dB, for n = 1, 2, and 4,
respectively.

The clutter suppression ratio, a, is very sensitive to the number of samples M (or
N). Thus, increasing the number of samples achieves a higher o for a given window. We
observe that higher the order of the window (i.e., larger n), more samples at both ends of
the sequence are suppressed, and do not significantly contribute to the estimate. Although
the number of samples available from a radar is limited by the allowable dwell time, we
can increase N by simply adding zeros at both ends of the sequence, which are going to
be suppressed anyway by the window function. Higher the order of the window, more
zeros can be added. If we use a criterion that the side lobe level of the spectra should not
be altered significantly by adding zeros, the number of zeros that can be added are about
14, 33, and 76 percent of the available samples for the window exponent, n = 1, 2, and 4,
respectively. (The {von Hann}" window is applied to the augmented time series, i.e., the
series that has been padded with zeroes.) These percentages are calculated from the
window weights and verified using simulation. This also reduces the signal loss due to
the weighting to about 3.5 dB in all three cases, from that indicated in the previous
paragraph, and hence allows us to achieve a higher a without sacrifice of the estimate

error. This is a significant result, and is worth testing on a radar. Simulation results (not
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presented here) show that a {von Hann}* window applied to a 76 percent lengthened
sequence by adding zeros, allows to recover velocity accurately for a CSR as high as 50
dB with 50 staggered PRT samples, for the case signal spectrum with w=1 m s overlaps

the clutter.

6. Testing of the staggered PRT algorithm on actual radar data

The WSR-88D research radar at NSSL has a capability to record the time series
data either through the new RDA (at all range gates) or the SIGMET processor (at about
100 contiguous range gates). Although, the staggered PRT mode is not programmed in
yet, we have collected some uniform time series data (through the SIGMET processor)
with the shortest PRT available in vep-11 of the radar (PRT # 8; T, = 0.78 ms; r,, =117
km; vz, = 35.25 m s™'; the subscript ‘u’ is used to denote uniform PRT ). Some data are
recorded with the antenna stationary so that the statistics of the actual spectral parameter
estimates could be obtained, and others with a scanning antenna. Some are with clutter
and weather, and there are some with overlay.

The staggered PRT sequence with k =2/3 is derived from this sequence by
dropping samples (drop 2", 4™, and 5™ samples in every 5). Thus, for the “derived”
staggered PRT sequence T, is 0.78 ms (T;=1.56 ms, 1> = 2.34 ms), which gives twice the
unambiguous range, r,; = 234 km, and the same unambiguous velocity, v, = 35.25 m st
This, of course, is not exactly same as transmitting a staggered PRT sequence, because if
there is weather at ranges greater than r,,=117 km the samples can have overlay. The
overlay is eliminated in the true staggered transmission if the weather is confined up to
twice r,,. There is an advantage in testing the staggered PRT scheme in this manner,
which is, in the absence of overlay the uniform PRT sequence serves as a reference
sequence, as we have in the case of simulated time series. The spectral parameters and
their variances, estimated using the uniform sequence, can be compared with the
corresponding parameters from the staggered PRT sequence, which uses only 2 out of 5
samples of the uniform sequence. We can get a qualitative feel for the extent of
degradation in the estimate accuracy using the staggered PRT scheme, while getting a
larger unambiguous range; twice the range with pulse pair processing with no overlay,

and three times the range with overlay resolution algorithm. The 7, = 0.78 ms is large for
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the staggered PRT scheme, because the unambiguous velocity is not sufficiently large to
satisfy the “narrow” spectra criteria required for clutter filtering algorithm, but it is
expected to work reasonably well for signals with spectrum widths of about 4 m s or
less.

We have used three different algorithms to process the time series. (a) The pulse pair
algorithm on the uniform time series (without and with clutter filter) implemented in the
spectral domain, (b) the pulse pair algorithm, ST, on the “derived” staggered PRT time
series without the clutter filtering, and (c) the spectral domain processing of the staggered
PRT with the clutter filtering and bias correction. For the staggered PRT scheme the
algorithm (b) is to be used if there is no clutter or overly, and the algorithm (c), if ground
clutter is to be filtered. The algorithm (a) provides the reference to compare the estimates
and their errors using the other two algorithms. The one-overlay resolution algorithm
could not be tested using this method, because it needs the time series from a true
staggered PRT transmission. Although, several sets of data are collected, only a selected
few are presented in this report. The specific cases are selected to highlight the strengths
as well as the weaknesses of the staggered PRT algorithms: the pulse pair and the spectral

domain clutter filtering algorithms.

Case-1: date 05:28:2001, time 03:35:40

This set of time series data was collected on May 28, 2001 using the Sigmet
digital receiver. The antenna was stationary at 246.66° azimuth and 0.26° elevation. The
range covered is from 19.5 km to 32 km with a gate spacing of 0.25 km. The time series
length per radial is 256 samples for all the 51 gates. The number of samples is large, but,
in the actual operation (the vcp-11 scan) the dwell time per radial is about 50 ms.

To generate the statistics of the velocity estimates, we have chopped the time
series into four pieces of 64 samples each (dwell time of about 50 ms per estimate). With
the antenna stationary, about 40 estimates were obtained for each range bin in about 2
seconds, which is a reasonably small time so that the effects of advection and evolution
of weather phenomena should be negligible. The uniform PRT of 0.78 ms is used, which
gives an unambiguous velocity of 35.256 m s™'. With this unambiguous velocity we can

expect to estimate the mean velocity accurately using the staggered PRT pulse pair
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algorithm (if clutter is not present) for widths up to about 5 m s, The staggered PRT
clutter filtering algorithm requires that the number of uniform PRT samples, N, be
divisible by 5, hence, we have used 60 uniform samples, or 24 samples for the derived
staggered PRT sequence.

In this data set clutter is present only at a couple of locations, but the rest of the
regions have only weather. Figure 6.1 shows a scatter plot of the mean velocities of all
the 51 range bins, estimated using the pulse pair algorithm on the uniform PRT sequence.
Each estimate is represented by a dot, and there are 40 estimates at each of the 51 range
bins. The mean and the standard deviation are also shown with continuous and dashed
traces, respectively. It can be observed that there is some ground clutter at 23 and 26 km,
where the velocities appear to be biased towards zero because of the clutter.

In figure 6.2 is a plot of all the three spectral parameter estimates along a radial
for one dwell time from the same data set. The four traces in each of the three plots in the
figure correspond to the estimates obtained using the four methods indicated by the
abbreviations shown in the legend. The abbreviations stand for: (a) uPRT:PP — the
uniform PRT sequence processed using the pulse pair algorithm without the clutter filter,
(b) uPRT:CF — the uniform PRT sequence processed using the pulse pair algorithm after
the clutter filtering (The clutter filtering is implemented in the spectral domain.), (c)
stPRT:PP — the derived staggered PRT sequence processed using the staggered PRT
pulse pair algorithm (uses R(T;) for aliased velocity, and R(T,) for dealiasing; no clutter
filtering is used), and (d) stPRT:CF - the derived staggered PRT sequence processed
using the staggered PRT clutter filtering and the bias removal algorithm. It can be seen
that all four traces nearly merge for all the ranges except where the clutter is present. A
comparison of velocity estimates around 26 km indicates that the staggered PRT clutter
filtering is effective in extracting the velocity information (dashed trace). The CSR is
small; about 6 dB at this location as can be inferred from the mean power estimate plot
before and after clutter filtering. The overall matching of the traces indicates that the
estimates from the derived staggered PRT sequence, which uses only 2 out of 5 samples
of the uniform PRT sequence, compare well with the ones from the uniform time series.
The estimates in this plot are obtained from the full time series of 256 samples. The

staggered PRT pulse pair algorithm also works well if the clutter is absent and the
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spectrum width is not excessive. It may be noted that the spectrum widths in this data set
are less than 4 m s"l, which is within the limit of 0.14v,,.

Figure 6.3 shows the spectra of the signal along the same radial whose spectral
parameters are shown in Fig. 6.2. We can clearly see the signal spectra with positive
velocity varying between 10 to 20 m s™'; the ground clutter is seen around 20.5 km, 23
km, and 26 km. The data set is processed using the pulse pair algorithm after the clutter is
filtered. The clutter filtering is implemented in the spectral domain, with n, =7 (n, is the
number spectral coefficients deleted around zero Doppler), and the number of samples is
64. The resulting velocity estimates are shown in the scatter plot (Fig. 6.4); the mean and
the standard deviation are also shown. The clutter is clearly removed. This figure can be
used as a reference to compare with the estimates obtained from the derived staggered
PRT sequence.

The next plot (Fig. 6.5) is a scatter plot of velocities from the derived staggered
PRT sequence processed using the pulse pair algorithm. Comparing this with Fig. 6.4, we
can see that the estimates are as good as the uniform PRT estimates, except in places
where there is clutter. The standard error also compares well as can be seen from the
spread of the estimates. Clutter filtering is not possible in this method.

In Fig. 6.6 is a similar scatter plot obtained from the derived staggered PRT
sequence but including the clutter filtering and bias correction algorithm. The first
observation is that the variance of the estimates is a little larger than the variance of
estimates obtained with the pulse pair algorithm. The sd(v) is about 1.5 m s™ for ranges
less than 22 km, and about 1.0 m s™ for ranges greater than 27 km. Between 23 and 26
km the error is large because dealiasing is incorrect in some of the estimates. The

increase in the standard error is due the overlap of the spectral replicas.

Case-2: date 05:28:2001, time 02:55:10

The next case that we have selected is with a strong ground clutter. The time
series data was collected on May 28, 2001 with the antenna stationary at azimuth 319.83°
and elevation 0.23°. The data was recorded for about 2 seconds with a uniform PRT of
0.78 ms, and 256 samples per radial. As in the previous case we took all the 256 samples

to compute and plot the spectra, but for generating the statistics of the estimates, we have
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used a dwell time of 50 ms (64 samples) for each estimate. In Fig. 6.7 all the three
spectral parameter estimates are shown for one radial. From the mean power plots with
and without the clutter filter, we can see that there is large ground clutter throughout;
from 6 to 18 km. The CSR is as high as 30 dB in some places. The corresponding
velocity traces show that without the clutter filter the velocities are heavily biased
towards zero. However, after clutter filtering, the velocity estimates from the uniform
PRT sequence as well as derived staggered PRT sequence agree very well in most of the
range bins, except between 14 and 16 km. The reason is obvious from the spectrum width
plot (Fig. 6.7); the width is more than 10 m s in this region (see width trace for
uPRT:CF). The “narrow” spectra criterion is not satisfied for the echoes from these
ranges. The spectra along the same radial are plotted in Fig. 6.8. This is a clear case of
overlaid signal from the second trip. Although the overlay is present throughout, the
overlay power relative to the signal power is large only for ranges beyond about 11 km.
The combination of the signal plus the overlay has very large spectrum width, hence, the
clutter filtering algorithm fails for these range bins. Note that the performance for a true
staggered sequence would be better because the overlaid signal occurs within one PRT,
hence it is incoherent with respect to the first trip signal. The next two scatter plots (Figs.
6.9 and 6.10) clearly show that the staggered PRT clutter filtering and bias correction
algorithm has performed very well up to 12 km (compare the two figures, Fig. 6.9 is the

reference using the uniform PRT sequence).

Case-3: date 05:29:2001, time 14:17:50

This data set was collected with the antenna stationary at 240.6° and elevation
0.17°. The ranges covered are 26.25 km to 38.75 km. We have selected this data set to
show the failure of the staggered PRT pulse pair algorithm caused by the presence of
wide spectra. The ground clutter is mostly absent, except for ranges less than 28 km. In
Fig. 6.11 is a plot of the spectral parameter estimates for one radial. The first plot shows
that all four mean power estimates are nearly the same for ranges greater than 28 km,
which indicates that there is no clutter; i.e., the power estimate before and after clutter
filtering is the same. Between 27 and 28 km there is clutter with a CSR of about 40 dB.

From the velocity estimate trace (second plot) it can be seen that the staggered PRT
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clutter filtering algorithm performs much better than the pulse pair algorithm (compare
dashed trace with dotted trace), although the ground clutter is not present. The reason is
the spectram width, which is nearly 10 m s™, as seen from the width plot. The spectra
plot along the radial (Fig. 6.12) shows the spread of the power. This also appears to be a
case of 1" and 2™ trip overlay. The next three figures are the scatter plots of velocity
estimates using the uniform and the derived staggered PRT sequences. Comparing the
Figures 6.14 and 6.15 with Fig. 6.13, it is clear that both staggered PRT methods have
failed miserably in this case because of the large spectrum width. From Fig. 6.11 and the
extended unambiguous velocity of 70.1 m s one can see that the normalized spectrum
widths are larger than 0.1. Thus, according to Fig. 3.1 the percentage of lost estimates can
exceed 20%. Further, the standard error of estimates increases abruptly (curve b in Fig.
3.2) if the normalized spectrum width is larger than 0.07 (i.e., 8/110). Both these effects

contribute to the failure.

Case-4: date 05:28:2001, time 03:31:10

This data set was collected with a scanning antenna. The scan rate was 19° per
second, which is about the same as in vcp-11 of the WSR-88D. The number of samples
per radial is 64 (dwell time about 50 ms) and the time series data is processed using the
four methods discussed in this section; i.e.,(1) uPRT:PP, (2) uPRT:CF, (3) stPRT:PP, and
(4) stPRT:CF. PPI displays are generated for the mean power, the mean velocity and the
spectrum width (Figs. 6.16 to 6.18). In each figure there are four PPI sectors of fields
from the same location separated by a small gap (black, white or gray). They correspond
to the estimates obtained using the four methods. The color bar on the right indicates the
categories used in the display. Because of coarse color coding these figures only give a
qualitative feel for the performance of the four algorithms; finer variations are masked by
the effects of quantization. The ground clutter is present only in a few locations (see
display #1 in Fig. 6.16) indicated by the red spots, which are eliminated after the clutter
filtering (display #2 in Fig. 6.16).

The powers in #1 and #3 agree quite well (Fig. 6.16) as expected. In #3 there are

less samples per estimate, but the dwell times are the same hence a very small difference
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in the sd(p) makes the fields almost indiscernible. Equally good comparison is between
the fields #2 and #4, which are obtained from clutter filtered data.

The velocity displays #1, #2, #3, and #4 are nearly the same in Fig. 6.17, except
for some regions where the staggered PRT pulse pair and the clutter filtering algorithms
have failed. At these places the spectrum width is large (see Fig. 6.18, display #2).

It appears that clutter filtering generally decreased the spectrum widths while

preserving the main features of the fields (compare #1 and #3 or #2 and 4 in Fig. 6.18).

7. Revised vcp-11 scan strategy for the WSR-88D

Since the submission of the Report 4, we have examined several outstanding
issues that were left out in the course of the range-velocity ambiguity resolution studies
carried out at NSSL. Some of these are addressed in this report. In view of these new
inputs we have revised the table 5.2 of Report 4 and added some more information.

During the course of our discussions on the selection of PRTs, it was determined
that the shortest PRT is restricted to 0.705 ms by the pulse forming network (PFN)
charging circuit in the transmitter of WSR-88D. Hence, the shortest T, that can be used in
the staggered PRT mode with a k=2/3 is 0.3525 ms. We have modified the PRTs for the
higher elevations because of this limitation. The wavelength of the research and
development WSR-88D radar in Norman is 11 cm, which causes a 10% increase in the
unambiguous velocity compared to the A=10 cm used in the earlier table. The exact value
for each WSR-88D will depend on the specific frequency allocation and thus will be
between the values in these two tables.

The second important observation is that, in the absence of overlay and the
ground clutter, the spectral parameters can be estimated using the pulse pair algorithm. In
this scheme the autocorrelations R(T;) and R(T») are used to compute two aliased velocity
estimates, which can be easily dealiased in the +v, interval corresponding to T,. It is
shown in Section 3that the spectral moments estimated using this method have much
lower errors than using the formulae in Zrnic and Mahapatra (1985). It is important to
note that most of the area scanned by the radar falls in this category, and only a small
fraction of the area, especially in the low elevation scans, is contaminated by the ground

clutter and/or overlay. Thus, the clutter filtering algorithm and the overlay resolution
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algorithm, discussed in Report 3 and 4, respectively, can be selectively applied in these
regions. Because the overlay resolution algorithm STO uses spectral domain processing
(FFT) and thus, requires significantly more computation than the pulse pair algorithm, we
have tried to minimize the use of overlay algorithm to the extent possible. The PRTs are
selected such that the overlay algorithm might be required only for selected regions at the
three lower elevation scans (2.4°, 3.35° and 4.3°), where the overlay can occur. Even in
these three scans the decision to apply the overlay resolution algorithm can be made
using the long PRT scan reflectivity data available from the 1.45° elevation scan. The
ground clutter is typically confined to the lower elevations (below 5°), and the decision to
apply the clutter filtering algorithm can be made based on the clutter map and
identification of anomalous propagation. Both the overlay resolution and the clutter
filtering algorithm require FFT processing, however, for the major part of the area
scanned by the radar, pulse pair processing is sufficient.

The staggered PRT scheme increases the unambiguous velocity compared to the
uniform PRT. In the absence of the ground clutter and the overlay, the computation
required for the pulse pair processing (ST(2/3)) is less than that for a uniform PRT
transmission (computation of two autocorrelations are needed, but with 1/5th the number
of multiplications each). Thus, for elevations higher than about 5° for which the ground
clutter is almost absent, the staggered PRT is recommended all the way up to 19.5°
Because of the restriction on the shortest PRT (0.705 ms) that the transmitter can handle,
for elevations 10° and above we have selected the 7, =0.36 ms, although shorter PRTs
would further increase the unambiguous velocities.

Tables 7.1a and 7.1b show the selected PRTs and other parameters for the vep-11
of the WSR-88D. The azimuth rate and scan period is from the original WSR-88D vcp-
11 (see Table.5.1a, Report 3). The beam width of the antenna is 0.9°, thus there are 400
radials in 360° from which the dwell time is computed using the scan period. The type of
transmission is indicated in column-5. The CS,1 corresponds to the contiguous
surveillance scan using PRF#1 (PRT=3.11ms). This is the long PRT scan from the
original vcp-11 of the WSR-88D without any change. This is followed by a SZ(8/64)
coded scan which replaces the CD (contiguous Doppler) scan. The abbreviation STO(2/3)
stands for staggered PRT with one-overlay resolution, and ST(2/3) is the staggered PRT
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without the overlay resolution. The STO(2/3) scan is recommended for only three
elevations ( 2.4°, 3.35° and 4.3°). The PRTs sclected for each of the scans are listed in
columns 6 to 8. It can be seen that the lowest PRT (0.72 ms) is within the transmitter
capability. The number of available staggered PRT samples, M, is computed from the
dwell time and the PRTs. The maximum range, 7uqx to which the proposed mitigation
technique applies is calculated by assuming that the maximum storm top is about 18 km
for all elevations, except for 0.5° for which 16 km height is used. We are able to achieve
the required range (r,2 with overlay resolution, r,; without overlay resolution) for all
elevations except 2.4° for which it is about 30 km short.

The schemes for the first two elevation scans are the same as before; long PRT for
reflectivity up to a range 460 km, followed by a short PRT with SZ(8/64) phase coded
transmission. The SZ(8/64) phase coding gives a range of 234 km with an overlay
resolution capability of |p;/ps| up to 20 dB for w;=w> =4 m s'l; i.e. it can resolve spectral
parameters of the first two trip signals overlaid. With some modifications to the SZ-1
algorithm, it is possible to resolve overlay of any two of the four possible trip overlays up
to the range of 460 km.

The staggered PRT mode is recommended for all the elevations 2.4° and higher
with the PRTs listed in columns 7 and 8. The overlay resolution algorithm has to be
applied to elevations 2.4°, 3.35°, and 4.3°, whenever there is overlay within the longer
PRT (between ranges 0 and r,;/2, and ranges r,; and r,); else the pulse pair algorithm
should be applied. The clutter filtering algorithm is to be applied for ranges 0 to r,,/2,
wherever the ground clutter is indicated by the clutter map. The extended range with
overlay resolution, r,;, is indicated only for these three elevations. The last column lists
the unambiguous velocity for the selected PRTs.

Note, if ground clutter from distant ranges (i.e., r,; to r,2) is the overlaid echo, the
filtering algorithm should be somewhat modified. We have not addressed the
modifications because they are needed for distant regions where ground clutter is
normally absent. Anomalous propagation and mountains can produce clutter at large
range hence this issue will be examined in subsequent studies.

Table 7.1b lists all the standard errors obtained from simulation studies for three

different spectrum widths. The two values for the SZ(8/64) phase coding scheme is for
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the 1*" and the 2" trip echoes, after separation. It is assumed that the 1% trip is stronger
and the 2™ trip is weaker, with a ratio p;/p, = 20 dB. If the situation is reversed the
standard error values are to be interchanged. The values for the staggered PRT scheme
are from pulse pair algorithm (ST), without the ground clutter or the overlay. The
performance with clutter filtering and the one-overlay resolution is given in later tables,
however, this table is an indicator of the overall performance of the proposed vcp-11
strategy, because most of the time the pulse pair algorithm, ST(2/3) is sufficient for the
staggered PRT scans. The standard errors are nearly the same as for the original vcp-11
of WSR-88D (compare the values in Table. 5.1c of Report 3, for w=4 m s'l), and are well
within the acceptable limits. An added advantage is that the unambiguous velocities are
much larger (compare the v, values in Table 5.1c of Report 3 with those in Table 7.1a)
without compromising the unambiguous range.

Next we discuss the reasoning that went into the selection of PRTs for each of the
elevations. Because the one-overlay resolution algorithm, STO(2/3), uses FFT, we have
tried to minimize the use of this algorithm, and restricted it to only three elevations, 2.4°,
3.35°% and 4.3°. We examined several possible PRTs for each elevation, keeping in mind
the maximum range required for avoiding overlay. Table 7.2 lists the standard errors in
the spectral moment estimates for several selected PRTs (i.e., 7,,) and each of the
elevation scans of the vcp-11 in which the pulse pair algorithm, ST(2/3), is applied. It is
assumed that there is no overlay or ground clutter, hence r,; is the slant range within
which the scatterers are located. The shortest PRT is selected to achieve the required
range, rmax, With one-overlay resolution; the longest PRT has no overlay in the three
elevations, 2.4°, 3.35°, and 4.3°. For 5.25° and higher, we can select a PRT to satisfy the
range requirement without overlay. The table also lists the loss parameter (below the
sd(v) in the same column), i.e., the number of times the unfolding of the velocity failed,
expressed as a percentage of the total number of simulation trials. This parameter is given
only if it is significant; values less than 1% are ignored, as they are due to the aliasing at
the ends of the +v, interval. Note that the sd(v) listed is computed from the correctly
resolved velocity values. This approach is used because, whenever there is a wrong
dealiasing, the velocity value is off by 2v,;, and the sd(v) suddenly jumps to a large value,

unrepresentative of the standard error.
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The selection of PRT is a question of compromise between the ability to estimate
velocity accurately and the computational complexity. For example if we select 7,=1 ms
for the 2.4° elevation, we would get the required range of 303 km without using the one-
overlay algorithm, but the ability to estimate velocity is restricted to signals of width less
than about 3 m s™. Simulations indicate the loss = 7.5% for w =4 m s and the loss =
37.9% for w =6 m s'. The unambiguous velocity, v, = 27.5 m s is not large enough to
satisfy the “narrow” spectra (normalized) criteria; thus the clutter filtering also will fail
even for CSR as low as 20 dB (see later discussions of Tables 7.3 and 7.4). Thus, for
effective clutter filtering as well as for one-overlay resolution, a PRT corresponding to
T, = 0.61 ms is the optimum choice for 2.4° elevation (Table 7.2), although we have to
slightly relax the range requirement. Having selected this PRT, it is necessary to use
overlay resolution algorithm if there is weather beyond 183 km. Similarly, for the next
two elevations, with the selection of the PRTs corresponding to 7, = 0.82 ms, and 0.69
ms, respectively, we can bypass the overlay resolution algorithm, but at the expense of
the velocity recovery. The loss is 18% and 4.6% for w = 6 m s'l, respectively, at the two
elevations. Therefore, we have selected shorter PRTs (i.e., T, = 0.55 ms for 3.35° and
0.46 ms for 4.3°, Table 7.1b) for which the one-overlay resolution algorithm would be
used to achieve the required range in regions where the overlay is present.

The ground clutter filtering is important for the close ranges and low elevations.
The next few tables summarize the performance of the clutter filtering algorithm for each
of the elevations, taking into consideration the PRTs, number of samples, etc. We have
set the clutter spectrum width w, to 0.28 m s in all our simulations, and all the results
presented in Tables 7.3 and 7.4 are for this value. The signal spectrum width is 4 m s™.
There is an optimum clutter filter width and a window function for each clutter-to-signal
ratio (CSR) which provides the best performance; i.e., recovery of the velocity with least
error. A large number of simulations were carried out with varying clutter filter width and
window function (selected window function is the {von Hann}", and » varies), and the
combination that resulted in the best performance (lowest loss, Sachidananda et al. 2000)
is selected and listed in the tables. Tables 7.3a and 7.3b summarize the clutter filter
performance, and also indicate the best combination of the clutter filter width, n., (n. is

the clutter filter width expressed as the number of deleted spectral coefficients) and the
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exponent of the window function, {von Hann}", to be used for a given CSR. From the
clutter map one could determine the value of n and n, for each resolution cell, wherever
clutter is to be filtered. The sd(v) is computed only from correctly dealiased velocities.
Note that the loss less than about 2% is mainly due to the velocity aliasing at the ends of
the +v, interval, and is not due to the failure of the clutter filtering algorithm, hence can
be ignored. It is seen from the Table 7.3 that the clutter filtering is good only up to
CSR=30 dB for the 2.4° elevation. Beyond that the loss increases to about 9.4% for CSR
=50 dB. The performance is similar for 5.35° also, because the PRT is nearly the same. It
is obvious from the tables that for larger unambiguous velocity the performance improves
because the “narrow” spectra criterion is satisfied better.

The simulation study indicates that if the CSR is large (>25 dB), a {von Harm}2
window is preferred, and for lower CSR (< 25 dB) the{von Hann} window performs
better. Further, whenever a window weighting is applied, the samples at both ends of the
time series are significantly attenuated. This loss of power increases the standard errors in
the velocity estimate. To minimize this effect an extended time series can be used with
zeros added at both ends, thus increasing the effective length of the sequence. With this
extended time series, it is possible to keep the power loss due to windowing to
approximately 3.5 dB, irrespective of which window is applied. For the {von Hann}
window we can extend the time series length by about 14%, and for the {von Hann}?
window, the extension is about 32%. It is recommended that the extended time series
processing be used whenever the window weighting is applied. Note that the pulse pair
processing (no clutter, no overlay) gives the best estimates without the window. The
overlay resolution algorithm requires {von Hann} window be applied to the time series.
There is a special case of a very narrow width signal overlapping on a large clutter signal,
discussed in Section 5 of this report, which can be resolved using a {von Hann}4 window,
In this case the extended time series can be as long as 1.76 times the original series.
Nonetheless, this situation is very rare.

Tables 7.4a and 7.4b are similar to the Tables 7.3a and 7.3b, but with the extended
sample sequence. The time series is lengthened by adding zeros on both ends to the
extent allowed by the window function. The parameter M* is the length of the extended

series. The extension is 14% (7% on each side) for {von Hann} window and 32% for the
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{von Hann}z. With this extended time series we can see a reduction in the standard error
of all the spectral moment estimates, but there is an increase in the loss for large CSR.
For CSR up to 30 dB, the extended series improves the standard errors, but for higher
CSR the loss is larger although the standard errors are lower. Hence, it is recommended
for lower CSR situations (<30 dB).

Tables 7.5a and 7.5b list the performance of the one-overlay resolution algorithm,
applicable for only three elevations, 2.4° 3.35° and 4.3°. The first table is for w=3 m s'l,
and the next one is for w=4 m s, In this simulation, the clutter is assumed to b¢ absent,
and p;, p» are the signal powers of the overlaid echoes from the region-1 and region-3.
The region-1 is 0 to r,;/2, and the region-3 is r,; to r,2. The power p2 is assumed to be
higher, hence, the performance limit is indicated by the recovery of the weaker signal
velocity, v, or the parameter loss;. The algorithm can resolve velocities of both the
overlaid signals, irrespective of whether p; or p; is stronger. If we take an upper limit of
about 10% for the loss;, from Table 7.5a we see that the overlay can be resolved up to
p2/p1=30 dB for 2.4°, 40 dB for 3.35° and more than 50 dB for 4.3° elevation. However,
for larger signal spectrum width the performance deteriorates rapidly. For w=4 m s™, the
overlay ratio limits are 9 dB, 15 dB, and about 33 dB for the three elevations. The reasons

for this are well documented in Report 4.
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9. Figures and Tables
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Fig.2.1. Comparison of the sd(v) using the magnitude deconvolution and the substitution
method.
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Fig. 2.2. Comparison of the sd(w) using the magnitude deconvolution and the substitution

method.
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Fig. 3.1. The % loss versus the normalized spectrum width for the staggered PRT pulse pair
processing method.
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Fig. 3.2. A comparison of the sd(v) performance of different methods of staggered PRT
processing.
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Fig. 3.3. The effect of one-overlay on the staggered PRT pulse pair algorithm; 7,=0.61ms.
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Staggered PRT pulse pair processing with one—overiay
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Fig. 3.4. The effect of one-overlay on the staggered PRT pulse pair algorithm; 7,=0.55ms.
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Staggered PRT pulse pair processing with one—overlay
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Fig. 3.5. The effect of one-overlay on the staggered PRT pulse pair algorithm; 7,=0.46m:s.
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Fig. 5.1. The residual clutter-to-signal ratio (CSR) as a function of the normalized clutter filter

width. Designation of window type from a to e, corresponds to the curves from top to bottom on
the right side.

44



50y

40

N - n )
o o o (=} o

estimated velocity (m 5'1)

1
N
o

T T 1 T T I T I T
étaggeréd PRT, 1:<=2/3; vaf=50 m sf1, [vonI-I-ann]2 wihdow l

e ol .......... ......... ..i,'. ........ .......... .......... .......... - ................. ’! ...... L
w=1ms™, w=028 ms™, n =9, CSR=50dB, M=64 1

IR OO RSO SRUUNS SUROOS SO 1A N | S _

i !‘; 5 !

Lo !| .................. ,!; .................. L oo .': ....... .
' 4 5 :

........ "I‘:lll_

L L O O O PSSO N 1
I L 9 1 L 1 ! | 1

1
-10 0 10
input velocity (m 5"1)

20

Fig. 5.2. The velocity recovery performance of the clutter filtering and the bias removal
algorithm using the {von Hann}? window.
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Fig. 5.3. The velocity recovery performance of the clutter filtering and the bias removal
algorithm using the {von Hann}* window. The simulation parameters are the same as in Fig. 5.2.
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Fig. 6.1. A scatter plot of the velocity estimates using the uniform PRT sequence and the pulse
pair algorithm. The time series data is described in case-1 of section-6. The mean and the
standard deviation of the estimates are also shown.
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ray:5,TS05:28:03:35:40, A=11cm, Tu=0.78ms, N=255, M=102.
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Fig. 6.2. The three spectral moments estimated using four different methods along one radial.
The data is the same as in Fig. 6.1.
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ray:5,7TS505:28:03:35:40, spectra:A=11cm, Tu=0.78ms, N=256.
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Fig. 6.3. The spectra along the same radial as in Fig. 6.2. The relative power scale is shown at the
right.
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T505:28:03:35:40, uPRT:CF,A=11cm, Tu=0.78ms, M=64, nC=7.
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Fig. 6.4. A scatter plot of the velocity estimates using the uniform PRT sequence and the pulse
pair algorithm after the clutter is filtered. The clutter is filtered in the spectral domain and the
number of filter coefficients n,=7. The data is the same as in Fig. 6.1.
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Fig. 6.5. The scatter plot of the velocity estimates from the derived time series processed using
the staggered PRT pulse pair algorithm.
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TS05:28:03:35:40, stPRT:CF,A=11cm, Tu=0.78ms, N=60, M=24, nc=7.

Fig. 6.6. The scatter plot of the velocity estimates for the same derived staggered PRT time
series processed using the clutter filtering and bias removal algorithm.
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ray:5,1505:28:02:55:10, A=11cm, Tu=0.78ms, N=255, M=102.
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Fig. 6.7. The spectral moments for one radial of the data described in case-2 of section-6.
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ray:.5,1S05:28:02:55:10, spectra:A=11cm, Tu=0.78ms, N=256.
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Fig. 6.8. The spectra along the same radial as in Fig. 6.7. The relative power scale is shown at
the right.
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Fig. 6.9. The scatter plot of the velocity estimates form case-2 time series data, using the
uniform PRT pulse pair algorithm applied after the clutter is filtered.
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TS05:28:02:55:10, stPRT:CF,A=11cm, Tu=0.78ms, N=60, M=24, nc=7.
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Fig. 6.10. The scatter plot of the velocity estimates form case-2 time series data, using the

derived staggered PRT time series processed using the clutter filtering and bias removal
algorithm.
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ray:5,7S805:29:14:17:50, A=11cm, Tu=0.78ms, N=255, M=102.
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Fig. 6.11. The spectral moments for one radial of the data described in case-3 of section-6.
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ray:5,TS05:29:14:17:50, spectra: A=11cm, Tu=0.78ms, N=256.
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Fig. 6.12. The spectra along the same radial as in Fig. 6.11. The relative power scale is shown at
the right.
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TS05:29:14:17:50, uPRT:CF,A=11cm, Tu=0.78ms, M=64, nc=7.
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Fig. 6.13. The scatter plot of the velocity estimates form case-3 time series data, using the

uniform PRT time series and the pulse pair algorithm. The clutter is filtered using a spectral
domain filter before estimating the velocities.
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TS05:29:14:17:50, stPRT:PP,A=11cm, Tu=0.78ms, N=60, M=24.
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Fig. 6.14. The scatter plot of the velocity estimates form case-3 time series data, using the
derived staggered PRT time series and the pulse pair algorithm. The clutter is not filtered.
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TS05:29:14:17:50, stPRT:CF,A=11cm, Tu=0.78ms, N=60, M=24, nc=7.
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Fig. 6.15. The scatter plot of the velocity estimates from time series data of case-3; the derived
staggered PRT time series is processed using the clutter filtering and bias removal algorithm.
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Fig. 6.16. The PPI display of the mean power estimate in relative power units (in dB), using four
different algorithms indicated in the legend. The data is described in case-4 of the section-6.
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Fig. 6.17. The PPI display of the mean velocity estimate using four different algorithms indicated
in the legend. The time series data is the same as in Fig. 6.16.
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Fig. 6.18. The PPI display of the spectrum width estimate using four different algorithms
indicated in the legend. The time series data is the same as in Fig. 6.16.
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Table. 7.1a. A proposed volume coverage pattern for the WSR-88D (revised ).

Elev. | AZ period | dwell | WE® T, T, T, M |l Yl a2 Vv,
rate (sec.) time type (ms) (ms) | (ms) (km) | (km) | (km) | (m/s)
(°/sec) (ms)
0.5° 18.7 19.38 | 4845 | CS,1 3.11 - - 17 | 460 466 - -
0.5° 19.2 18.83 | 47.08 | SZ(8/64) | 0.78 | - - 52 | 460 234 - 353
1.45° 1 19.8 18.24 | 45.60 | CS,1 31 - - 16 1379 466 - -
1.45° | 19.2 18.83 | 47.08 | SZ8/64) | 0.78 |- - 52 {379 234 - 353
2.4° 16.1 2246 |56.15 | STO2/3) | 0.61 122 |1 1.83 |37 | 303 183 275 {45.1
3.35° 1179 20.23 | 50.58 | STO(2/3) | 0.55 1.1 1.65 | 37 | 247 165 248 | 50.0
4.3° 17.9 20.23 | 50.58 | STO(2/3) | 046 092 | 1.38 {44 | 207 138 207 | 59.8
5.25° 1175 20.73 | 51.83 | ST(2/3) 0.59 1.18 | 177 | 35 | 177 177 - 46.6
6.2° 17.5 20.73 | 51.83 | ST(2/3) 0.51 1.02 | 1.53 41 154 153 - 53.9
7.5° 252 1438 | 3595 | ST(2/3) 044 1088 |132 |33 | 131 132 - 62.5
87° 254 1425 | 35.63 | ST(2/3) 038 1076 |1.14 |38 | 115 114 - 72.4
10° 25.4 14.24 | 35.60 | ST(2/3) 036 |072 |1.08 40 | 100 108 - 76.4
12° 25.5 14.22 | 3555 | ST(2/3) 036 1072 |1.08 |40 |85 108 - 76.4
14° 25.5 14.19 | 3548 | ST(2/3) 036 |072 |1.08 |39 |73 108 - 76.4
16.7° | 25.6 14.14 | 35.35 | ST(2/3) 036 |072 [1.08 |39 |62 108 - 76.4
19.5° | 25.7 14.09 | 35.23 | ST(2/3) 036 072 {108 |39 |54 108 - 76.4

@ Abbreviations:

WF - Waveform.

CS,1 - Contiguous surveillance (same as the original WSR-88D scheme), PRF #1.
SZ(n/M) - SZ phase coded contiguous Doppler.

STO(x) - Staggered PRT with one-overlay resolution algorithm.

ST(x) - Staggered PRT, no overlay resolution.
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Table. 7.1b. A proposed volume coverage pattern for the WSR-88D (Table 7.1 continued).

(standard errors in the spectral parameter estimates)

Elev. | WF T, M @standard errors, @standard errors, @standard errors,
type (ms) w=w,=2 ms',w;=4m w=w,=w,=4 ms™ w=w,= 6 ms’,w;=4m
-1 -1
$ $

sd(p) | sd(v) | sd(w) | sd(p) | sd(v) |sdw) | sd(p) | sdv) | sd(w)

dB ms! | ms! |dB ms! | ms! |dB ms? | ms’!

0.5° CS,1 311 |17 ] 1.64 - - 1.12 - - 1.05 - -

0.5° SZ(8/64) 078 [52 1196, | 130, | 095 | 176, {138, | 1.00, |1.78, |1.32, | 0.90,
2.66 1.04 132 1.99 1.67 1.84 | 241 294 |2.64

1.45° | CS,1 311 |16 | 1.81 - - 1.2 - - 1.08 - -

1.45° | SZ(8/64) |0.78 |52 | 1.96, | 1.30, | 095, | 1.76, {138, |1.00, |1.78, | 1.32, | 0.90,
2.66 1.04 1.32 1.99 1.67 184 | 241 294 |2.64

2.4° STO(2/3) 061 |38 |1.60 ]052 |033 1.08 0.78 0.56 0.90 144 | 0.96

3.35° } STO(2/3) | 055 |36 |1.66 |054 |0.35 1.14 1084 1054 099 1.36 1.01

4.3° STO(2/3) | 0.46 | 44 | 1.65 0.53 0.33 1.18 j0.78 0.49 0.97 1.07 ] 0.84

5.25° | ST(2/3) 059 |34 | 1.63 0.53 0.33 1.20 1084 0.59 0.98 1.52 1.08

6.2° ST(2/3) 0.51 |40 | 1.68 0.55 0.34 1.14 1 0.80 |]0.50 0.98 1.13 0.92

7.5° ST(2/3) 0.44 |32 }1.95 0.63 0.40 1.39 092 0.58 1.16 1.26 0.93

8.7° ST(2/3) 038 138|196 |0.64 |0.40 1.39 1093 0.59 1.15 1.19 | 0.82

10° ST(2/3) 036 |40 | 2.03 0.62 0.40 1.41 0.93 0.57 1.13 1.18 0.82

12° ST(2/3) 036 | 40 | 2.03 0.62 |0.40 141 0.93 0.57 1.13 1.18 0.82

14° ST(2/3) 0.36 | 40 | 2.03 0.62 0.40 1.41 0.93 0.57 1.13 1.18 0.82

16.7° | ST(2/3) 0.36 |40 | 2.03 0.62 0.40 1.41 0.93 0.57 1.13 1.18 0.82

19.5° | ST(2/3) 0.36 |40 | 2.03 0.62 0.40 1.41 0.93 0.57 1.13 1.18 0.82

@ The two standard errors in each column are for the stronger and weaker signals in the scheme with SZ(8/64)
code; the w,, w, correspond to the spectrum width of signals in the 1* and 2™ trip and the overlay ratio is p1/p2=20
dB. For the staggered PRT {STO(2/3) and ST(2/3)}, the numbers refer to the pulse pair algorithm with no clutter
and no overlay and the spectrum width is w.

® The number of samples M used in the simulation is rounded off to the nearest even integer for the staggered PRT
processing.

66



Table. 7.2. The standard errors in the spectral parameter estimates using staggered PRT and pulse pair
algorithm for different PRT selections.

Elev. | range T, M standard errors, standard errors, standard errors,
FapTa2 (ms) w=2ms" w=4ms’" w=6ms’
(km)
sd(p) | sd(v) sd(w) | sd(p) | sd(v) sd(w) | sd(p) | sd(v) sd(w
dB ms' |[ms' |dB ms' |ms! | dB ms’! ms’!
24° 183,275 0.61 | 38 | 1.60 0.52 0.33 1.08 0.78 0.56 0.90 1.44 0.96
2.4° 204,306 | 0.68 |32 | 1.63 0.52 0.33 1.18 0.93 0.64 0.95 1.35, 1.09
52%
24° 234,351 1 0.78 |30 | 1.58 0.52 0.32 1.12 0.88 0.74 0.92 1.48, 1.17
12%
24° 300,450 | 1.00 |22 | 1.55 0.55 0.36 1.12 1.16, | 0.92 0.99 1.54, 1.40
7.5% 38%
3.35° | 150,225 [ 0.50 | 40 | 1.71 0.54 0.34 1.18 0.84 0.51 0.98 1.13 093
335° | 165,248 | 0.55 |36 | 1.66 0.54 0.35 1.14 0.84 0.54 0.99 1.36 1.01
3.35° | 180,270 | 0.60 | 34 | 1.65 0.54 0.35 1.16 0.85 0.58 0.98 1.61 1.05
3.35° | 210,315 0.70 | 28 | 1.75 0.57 0.34 1.16 0.92 0.74 1.01 1.50, 1.20
6%
3.35° | 246,369 | 0.82 | 24 | 1.66 0.54 0.34 1.19 1.21 0.77 0.99 1.56, 1.36
18%
4.3° 138,207 | 046 | 44 | 1.65 053 033 1.18 0.78 0.49 0.97 1.07 0.84
4.3° 150,225 1 0.50 | 40 | 1.68 0.54 0.34 1.14 0.80 0.51 0.99 1.15 0.92
4.3° 165,248 1 0.55 [ 36 | 1.66 0.55 0.35 1.20 0.80 0.56 0.93 1.17 1.01
4.3° 180,270 | 0.60 | 34 | L.66 0.54 0.32 1.15 0.81 0.58 0.96 1.40 1.07
43° 207,311 { 0.69 | 28 | 1.70 0.55 0.35 1.20 0.88 0.71 1.03 142, 1.19
4.6%
5.25° | 177 059 |34 {1.63 0.53 0.33 1.20 0.84 0.59 0.98 1.52 1.08
6.2° 153 0.51 |40 | 1.68 0.55 0.34 1.14 0.80 0.50 0.98 1.13 0.92
7.5° 132 044 132|195 0.63 0.40 1.39 0.92 0.58 1.16 1.26 0.93
8.7° 114 038 |38 | 1.96 0.64 0.40 1.39 0.93 0.59 1.15 1.19 0.82
10° 108 0.36 |40 | 2.03 0.62 0.40 141 0.93 0.57 1.13 1.18 0.82

Note: M is rounded off to the nearest even number for the staggered PRT processing. The second number in the
sd(v) column is the percentage loss, indicated only when it is significant. The unresolved velocities are not included
in the sd(v) calculation. For elevations higher than 10° the values are the same as that in the last row, since the PRTs
are the same.

67



Table. 7.3a. The staggered PRT clutter filtering performance for CSR=20 dB and 30 dB, w=4 m s’

elev. (deg.) | 2.4° 3.35° [4.3° 5.25° 6.2° 7.5° 8.7° 10°

T, (ms) 0.61 0.55 0.46 0.59 0.51 0.44 0.38 0.36

CSR (dB) 30 30 30 30 30 30 30 30

n, 7 7 9 7 7 7 7 7
nin {vH}" |2 2 2 2 2 2 2 2

sd(p) (dB) | 1.93 1.99 2.04 2.01 1.97 240 2.30 2.28

sdv) (ms™) | 1.52 1.55 1.42 1.47 1.42 1.57 1.51 1.54

sd(w) (ms™) [ 0.82 0.83 0.82 0.85 0.77 0.94 0.87 0.87

loss (%) 2.87% |198% |0.54% |[3.22% |0.74% | 1.58% |0.64% |0.64%

Note: loss is the number of times the velocity is not resolved correctly as a percentage of the total number of
simulations (about 2000). loss < 2% is generally observed to be because of the velocity folding at the ends of the
Nyquist interval, +v,. The n, and n, the exponent of {von Hann}" is the optimum for the CSR (and the clutter width,
w,=0.28 m s'). The shaded part is for CSR=20dB, and the unshaded last 7 rows are for CSR=30 dB.
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Table. 7.3b. The staggered PRT clutter filtering performance for CSR=40 dB and 50 dB, w=4 m s’

elev. (deg.) |24° 3.35° |4.3° 5.25° 6.2° 7.5° 8.7° 10°

T, (ms) 0.61 0.55 0.46 0.59 0.51 0.44 0.38 0.36

04 |245
|

0.84

CSR (dB) 50 50 50 50 50 50 50 50

n, 9 9 11 9 11 9 11 9
nin {vH}" |2 2 2 2 2 2 2 2

sd(p) (dB) |2.03 2.11 2.14 2.17 2.11 2.48 246 2.36

sd(v) (ms?) | 1.60 1.62 1.47 1.62 1.47 1.62 1.55 1.58

sd(w) (ms™) [ 0.95 0.99 0.89 1.02 0.88 1.20 1.06 1.19

loss (%) 941% | 6.73% | 2.28% |[9.70% |[3.76% |6.73% |3.17% | 1.88%

Note: loss is the number of times the velocity is not resolved correctly as a percentage of the total number of
simulations (about 2000). loss < 2% is generally observed to be because of the velocity folding at the ends of the
Nyquist interval, +v_. The n_and n, the exponent of {von Hann}" is the optimum for the CSR (and the clutter width,
w=028 m s'h. The shaded part is for CSR=40dB, and the unshaded last 7 rows are for CSR=50 dB.

69



Table. 7.4a. The staggered PRT clutter filtering performance for CSR=20 dB and 30 dB, w=4 m s,
using the extended time series.

elev. (deg.) | 2.4° 3.35° |4.3° 5.25° 6.2° 7.5° 8.7° 10°

., (ms)

loss’ (%)

CSR (dB)

M* 46 52 58 44 52 42 50 52
n, 7 7 7 7 7 7 7 7
nin {vH}" |2 2 2 2 2 2 2 2

sd(p) (dB) | 1.61 1.63 1.61 1.69 1.63 1.93 1.84 1.91

sd(v) (ms?)| 1.3 1.25 1.20 1.33 1.29 1.42 1.41 1.38

sd(w) (ms™) | 0.74 0.92 0.87 0.77 0.88 0.92 1.36 1.39

loss (%) 1.14% | 0.79% [ 0.24% |129% |0.40% |[0.89% |0.79% | 0.64%

Note: M* is the extended time series length. loss is the number of times the velocity is not resolved correctly as a
percentage of the total number of simulations (about 2000). loss < 2% is generally observed to be because of the
velocity folding at the ends of the Nyquist interval, +v . The n, and n, the exponent of {von Hann}" is the optimum

for the CSR (and the c¢lutter width, w,=0.28 m s')). The shaded part is for CSR=20dB, and the unshaded last 8 rows are
for CSR=30 dB.
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Table. 7.4b. The staggered PRT clutter filtering performance for CSR=40 dB and 50 dB, w=4 m s,
using the extended time series.

elev. (deg.) | 2.4° 3.35° 143° 5.25° 6.2° 7.5° 8.7° 10°

T, (ms) 0.61 0.55 0.46 0.59 0.51 0.44 0.38 0.36

CSR (dB) |40 |40 9 |l

M* 46 52

n, 0 1
nin {vH}® |2 2

 sd(p) (dB) | 169

CSR (dB) |50 50 50 50 50 50 50 50

M 46 52 58 44 52 42 50 52
n, 9 7 9 9 7 9 7 7
nin {vH}* |2 2 2 2 2 2 2 2

sd(p) (dB) | 1.87 2.37 2.07 1.98 2.46 2.36 2.84 2.58

sd(v) (ms?')]1.61 1.02 1.33 1.57 1.03 1.51 0.83 1.07

sd(w) (ms™) | 1.38 1.80 2.10 1.49 1.72 2.16 2.17 2.47

loss (%) 362% | 62.7% |622% |48.1% |61.9% |[547% |68.9% |61.9%

Note: M* is the extended time series length. loss is the number of times the velocity is not resolved correctly as a
percentage of the total number of simulations (about 2000). loss < 2% is generally observed to be because of the
velocity folding at the ends of the Nyquist interval, +v,. The n_ and n, the exponent of { von Hann}" is the optimum

for the CSR (and the clutter width, w =0.28 m s')). The shaded part is for CSR=40dB, and the unshaded last 8 rows are
for CSR=50 dB.
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Table. 7.5a. Performance of the staggered PRT overlay algorithm for different elevation scans.

elv. T, M* v, T PSP w; w, sd(p;) sd(p,) sd(v)) sd(v,) sd(w,) sd(w,) loss; loss,
deg. ms ms' km dB ms' dB dB  ms' ms' ms! ms' % %

2.40 0.61 40 45.08 2745 0.0 3 3 1.28 1.24 0.93 091 0.51 049 0.00 0.05
2.40 0.61 40 45.08 2745 30 3 3 1.26 1.24 0.99 0.96 0.52 0.52 0.05 0.00
240 0.61 40 4508 2745 6.0 3 3 125 126 094 094 0.51 0.67 0.15 0.00
240 0.61 40 4508 2745 9.0 3 3 126 126 095 1.02 0.51 0.86 0.15 0.00
2.40 0.61 40 45.08 2745 120 3 3 1.27 124 0.89 097 049 0.78 0.25 0.05
240 0.61 40 45.08 2745 150 3 3 1.29 1.23 091 094 051 0.66 0.59 0.00
2.40 0.61 40 45.08 2745 18.0 3 3 1.26 123 091 0.87 0.50 0.57 1.93 0.00
240 0.61 40 45.08 2745 21.0 3 3 1.23 1.23 093 0.85 049 0.54 2.38 0.00
240 0.61 40 45.08 2745 240 3 3 126 1.25 092 0.86 0.51 0.51 4.50 0.00
2.40 0.61 40 45.08 2745 270 3 3 1.25 1.30 0.95 0.86 0.51 0.51 8.02 0.00
240 0.61 40 45.08 2745 300 3 3 1.25 1.24 097 0.85 048 0.49 9.55 0.00
3.35 0.55 40 50.00 2475 0.0 3 3 131 1.32 090 090 0.52 0.53 0.00 0.05
3.35 0.55 40 50.00 2475 40 3 3 1.31 1.25 090 0.89 0.53 0.54 0.05 0.00
3.35 0.55 40 50.00 2475 80 3 3 1.34 1.32 0.87 1.01 0.51 0.96 0.05 0.00
3.35 0.55 40 50.00 247.5 120 3 3 1.30 1.32 091 1.02 0.53 0.85 0.00 0.00
3.35 0.55 40 50.00 2475 160 3 3 133 134 0.87 094 0.52 0.69 0.10 0.00
3.35 0.55 40 50.00 247.5 200 3 3 1.33 1.30 097 0.88 0.52 0.58 0.50 0.00
3.35 0.55 40 50.00 247.5 240 3 3 131 1.32 092 0.87 0.50 0.53 0.79 0.00
3.35 0.55 40 50.00 247.5 280 3 3 132 1.33 0.88 0.87 0.53 0.53 1.39 0.00
3.35 0.55 40 50.00 2475 320 3 3 130 131 0.88 0.88 0.53 0.52 2.82 0.00
3.35 0.55 40 50.00 2475 360 3 3 1.33 1.32 0.89 0.88 0.52 0.52 5.69 0.00
3.35 0.55 40 50.00 2475 400 3 3 1.28 1.32 091 0.88 0.52 0.51 9.90 0.00
430 046 52 59.78 2070 0.0 3 3 131 1.29 0.84 0.82 0.51 0.51 0.00 0.00
430 046 52 59.78 2070 50 3 3 1.25 1.28 0.83 0.88 0.50 0.64 0.00 0.00
430 046 52 59.78 207.0 100 3 3 1.30 1.28 0.85 1.06 0.50 1.20 0.00 0.00
430 046 52 59.78 207.0 150 3 3 1.29 132 0.85 094 0.50 0.85 0.00 0.00
430 046 52 59.78 207.0 200 3 3 1.28 1.27 0.82 0.87 0.50 0.59 0.00 0.00
430 046 52 59.78 207.0 25.0 3 3 128 1.29 0.83 0.84 0.51 0.52 0.00 0.00
430 0.46 52 59.78 207.0 30.0 3 3 129 1.28 0.85 0.82 0.50 0.51 0.00 0.00
430 046 52 59.78 207.0 350 3 3 1.25 1.26 0.85 0.84 0.50 0.50 0.00 0.00
4.30 046 52 59.78 207.0 400 3 3 1.27 1.25 0.85 0.86 0.50 0.49 0.05 0.00
430 046 52 59.78 207.0 450 3 3 1.26 1.28 0.85 0.83 0.50 0.51 0.54 0.00
430 046 52 59.78 207.0 500 3 3 126 1.30 0.82 0.87 0.51 0.51 4.11 0.00
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Table. 7.5b. Performance of the staggered PRT overlay algorithm for different elevation scans.

elv. T M* v T PSP, w, w, sd(p,) sd(p,) sd(v,) sd(v,) sd(w;) sd(w,) loss, loss,

H a

deg. ms ms'  km dB ms'  dB dB ms' ms' ms'! ms'! % %

240 0.61 40 4508 2745 00 4 4 107 1.09 215 199 0.60 0.57 233 198
240 0.61 40 45.08 2745 20 4 4 1.09 1.10 192 2.05 0.57 0.58 2.57 144
240 0.61 40 4508 2745 40 4 4 1.12 1.08 1.94 2.04 0.59 059 3.07 1.24
240 0.61 40 4508 2745 6.0 4 4 1.08 1.09 2.04 2.03 0.58 0.67 535 0.79
240 0.61 40 4508 2745 80 4 4 1.12 1.13 198 1.82 0.58 0.83 9.06 0.74
240 0.61 40 45.08 2745 100 4 4 1.09 1.12 200 142 0.59 0.82 11.83 0.05
240 0.61 40 45.08 2745 120 4 4 1.11 1.09 192 1.11 0.58 0.80 17.87 0.00
240 0.61 40 45.08 2745 140 4 4 1.08 1.13 1.87 1.07 0.58 0.76 21.63 0.00
240 0.61 40 4508 2745 160 4 4 1.10 1.10 1.88 1.01 0.60 0.69 23.56 0.00
240 0.61 40 45.08 2745 18.0 4 4 1.12 1.09 190 1.00 0.58 0.67 29.80 0.00
240 0.61 40 45.08 2745 200 4 4 1.12 1.09 193 096 0.58 0.65 37.62 0.00
3.35 0.55 40 50.00 2475 00 4 4 1.17 1.15 1.72 1.64 0.64 0.63 0.69 0.54
3.35 0.55 40 50.00 247.5 2.0 4 4 1.16 1.15 159 1.72 0.64 0.65 0.79 0.89
335 0.55 40 50.00 247.5 40 4 4 1.17 1.16 165 1.68 0.65 0.63 1.14 0.74
335 0.55 40 50.00 2475 6.0 4 4 1.17 1.17 156 1.57 0.63 0.76 2.03 0.69
3.35 0.55 40 50.00 247.5 80 4 4 1.14 1.14 1.58 1.63 0.65 091 2.82 025
3.35 0.55 40 50.00 247.5 100 4 4 1.11 1.16 1.58 1.34 0.64 094 4.46 0.30
3.35 0.55 40 50.00 247.5 120 4 4 1.19 1.17 1.55 1.20 0.61 0.83 6.34 0.00
335 0.55 40 50.00 247.5 140 4 4 1.14 1.16 1.61 1.10 0.63 0.78 9.16 0.00
3.35 0.55 40 50.00 2475 160 4 4 1.16 1.15 1.50 1.12 0.63 0.73 11.53 0.00
3.35 0.55 40 50.00 2475 180 4 4 1.13 1.15 1.53 1.06 0.62 0.69 15.10 0.00
335 0.55 40 50.00 2475 200 4 4 1.15 1.11 1.65 1.02 0.63 0.68 18.86 0.00
430 046 52 59.78 2070 00 4 4 1.14 1.10 1.12 1.20 0.64 0.66 0.20 0.15
430 046 52 59.78 2070 30 4 4 1.10 1.12 1.14 1.17 0.65 0.65 0.35 0.30
430 046 52 59.78 2070 6.0 4 4 1.08 1.09 1.19 1.11 0.66 0.84 0.30 0.35
430 046 52 59.78 2070 90 4 4 1.10 1.11 1.17 1.25 0.64 1.11 0.25 0.15
430 046 52 59.78 2070 120 4 4 1.12 1.13 1.16 1.14 0.65 096 0.35 0.00
430 046 52 59.78 207.0 150 4 4 1.11 1.11 1.18 1.07 0.68 0.79 0.64 0.00
430 046 52 59.78 207.0 180 4 4 1.13 1.10 1.05 1.01 0.63 0.71 0.94 0.00
430 046 52 59.78 207.0 21.0 4 4 1.12 1.10 1.11 098 0.66 0.63 1.53 0.00
430 046 52 59.78 207.0 240 4 4 1.12 1.12 1.22 097 0.69 0.61 3.27 0.00
430 046 52 59.78 207.0 270 4 4 1.10 1.07 1.10 1.01 0.63 0.60 5.40 0.00
430 046 52 59.78 207.0 300 4 4 1.10 1.12 1.16 098 0.68 0.60 7.13 0.00
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