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Range-velocity ambiguity mitigation via phase coding: experimental
results

J. C. Hubbert, S. Ellis, M. Dixon, and G. Meymatris
National Center for Atmospheric Research, Boulder CO, 80307 USA

Abstract. The Doppler Dilemma or range-velocity folding SZ99). SZ99 have evaluated the technique using numeri-
of echoes from uniformly spaced transmit pulse trains ofcally simulated data while Frush et al. (2000) demonstrated
weather radar poses a fundamental limit on radar data qualitthe technique using experimental data from S-Pol, NCAR’s

and is expressed by the following equation, S-band polarimetric radar. The technique was further sta-
tistically evaluated with experimental data in Hubbert et
TaVa = c/8 1) al. (2002) and Hubbert et al. (2003). Since the implementa-

wherer,, v, are the unambiguous range and velocity, respec-t'on of SZ phase coding is computationally intensive, the ex-

tively, for wavelengthi and wherec is the speed of light. perimental eyaluation of SZ the algo'rithm has been done by
Since the product,v, is a constant for a particular wave- post processing data and not in real time; however, recent ad_-
length, increasing either one,(v,) necessarily decreases the vances in radar processor technology have now made possi-

. .. ble real time execution of phase coding algorithms. One such
ther. ForA = 10 S-band dat | pul tit . ) ’
gmsr(PR?'lr') of 1 m(;r: (_ 128 k)ma:md;a) Bﬁ)lgg’:xssvg)tﬁérmn processor is SIGMET's RVP8 which NCAR has recently in-
a — a — .

phenomena routinely exceed both of these limits. Phas<§taIIGd in parallel with the existing processor on S-Pol.
coding of the transmit pulses for single polarization radars | "€ Systematic SZ(8/64) phase code is applied to the trans-
(Sachidananda and Zin1999) has been shown to be an ef- mit pulses. When the first trip (co_nS|dered the st.rong trip
fective method for the separation of range overlaid echoed!€"€) echoes are made coherent (i.e. by subtracting the ap-
thus extending:, without compromisingy,. A systematic plied phase code) the second trip becomes phase shifted by

phase code is applied to the transmit pulses so that the simuf® SZ(8/64)modulation codetime series considered here

taneous received echos from different trips (i.e., range over@'€ 64 in length). The spectrum of the phase modulated sec-

laid echoes) will have distinct and separate phase codes. Thid trip echo consists of eight replicas of the spectrum of the
allows for the separation of the estimates of the moments ofNPhase coded second trip echo. To recover the moments of

the overlaid echoes up to about a 40 dB power ratio. the weak trip signal, at least two of these replicas need to

This paper discusses the SZ(8/64) phase coding algorithr® Preserved. Thus, 3/4 of the weak trip spectrum may be

and its implementation using SIGMET’s RVP8 processor in notched” or zeroed and this 3/4 notch is typically centered
S-Pol, NCAR's S-band radar. An important aspect of the at the mean velocity of the coherent overlaid first trip. An
algoriihm is the censoring of data. The data quality of theattractive feature of the SZ phase code is that the auto covari-

radar moments that result from phase code processing ardc€ function of the phase code sequence is 1 forlags 0, 7, 15
limited by power ratios, clutter power, spectrum width, SNR etc. and zero otherwise. Thus, velocity estimates of the first

and spectra shapes. Censoring algorithms are discussed afitP coherent signal are unbiased by the overlaid modulated
experimental results are given. second trip echo. Overlaid echoes in effect behave as if they

were white noise and do not bias the velocity estimates for
the cohered trip.

The signal processing steps in executing the SZ(8/64) al-
gorithm on unphase coded data are as follows: (moments
with “" are recovered while others without™are “truth”
calculated from the original time series): 1) Phase code two
time series, one as first trip the other as second trip and com-
Correspondence tal. C. Hubbert bine the sequences, 2) Create two sequences by cohering the
(hubbert@ucar.edu) combined sequence for the first and then second trip echoes,

1 Background

Detailed theory of SZ(8/64) phase coding can be found in
Sachidananda and Zmi(1999, henceforth referred to as
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RVPS8 and S-Pol stronger trip (always referred to with the subscript “1” but
System Block Diagram not necessarily the first trip), 4) Apply a Hanning window to
the combined time series and correct for the power loss, 5)
_3 Transform into the frequency domain via an FFT algorithm,
v 6) Apply 3/4 notch filter centered at thg estimated veloc-
""""""""" ity, 7) Calculate the weaker trip powaft,, from the notched
7 oA spectrum and multiply by 4 to account for the effects of the
| FAraog co 3/4 notch, 8) If the recovered power ratia/ P, < 20dB,
Receiver/ [ Ao o P is corrected by subtractingp, 9) Transform the notched
el A2 Lol D spectrum back to the time domain (via an IFFT) and cohere
l to the weaker trip, 10) Calculaté,, and 11) Estimate the
> RIS weaker trip spectrum width via the deconvolution method
Pe given in SZ99.
1Q In May of 2003 the SIGMET RVP8 receiver/processor was
Pe installed in parallel to the existing S-Pol system. A simple
block diagram of the S-Pol system is shown in Fig. 1. The
blocks in red (or gray) are part of the newly installed RvVP8
system. Both the integrated moments and the times series are
output on a gigabit Ethernet connection to a gigabit switch
that makes the data available to two workstation PCs called
IRIS and 1Q which further process and display the data. The
—> <! — time series data are stored on a terabyte RAID. The IQ PCis
IFD CX Chifter g,hoags,:nsmgf used to develop real time signal processing algorithms such
COHO CW as SZ(8/64) algorithm and subsequently the developed algo-
rithm is programmed on to the RVP8. The SZ(8/64) algo-
rithm has been developed in this way and now runs in real
time on the RVP8.
Fig. 1. Block diagram of the RVP8/S-Pol system. Newly added  Clutter filtering is an important aspect of data quality. Typ-
RVP8 system components are shown in red. ically ground clutter power is removed via the use of IIR (in-
finite impulse response) filters which effectively remove the
power around zero velocity but which also impart a phase
delay which is non-linear. This phase delay will degrade the
performance of the SZ algorithm causing unacceptable bi-
ases inV», the weak trip velocity (Hubbert et al., 2003). To
over come this, either spectral clutter filters or FIR clutter
filters need to be used.
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2 SZ Censoring

An important part of the SZ(8/64) algorithm is data censor-
ing. There are two distinct types types of SZ algorithms
and accompanying censoring algorithms: 1) SZ-1 and SZ-
2. SZ-2 is used for lowest elevation angles (below about
1.5°) where long PRT scans are followed by phase coded
short PRT scans. Information from the long PRT scan is
used to censor the short PRT phase coded scan. The long
PRT is about 3.1 ms (about 460 km unambiguous range) and
Fig. 2. The standard deviation of the errors of the recovered velocityth® Short PRT is about 788 (unambiguous range of 115 km
V, as a function of the power rati®;/P, and the width of the ~and unambiguous velocity of about 32 m/s).
stronger trip signali;. SZ-1is used at higher elevation angles where the PRT can
be adjusted so that only first and second trip echoes are possi-
ble. It is difficult for the SZ algorithm to separate more than
3) Calculate|R(1)| (first lag autocovariance) for both se- two overlaid echoes. Since there is no accompanying long
quences; the greater one determines which trip is strongeRT scan, the SZ-1 recovered moments must be censored
or the strong trip can be determined from a long PRT scanywith the recovered data itself. Two techniques are discussed:
4) Calculate the powePy, velocity V1 and widthW, for the 1) variance of the velocity field and 2) detection of excess

—
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Fig. 3. SZ-2 censoring boundaries based on Fig. 2.
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power in “spectral replicas” in the spectrum of the weak trip

echo. Experimental data are given below to illustrate the cen- g5
soring methods.
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In the SZ-2 algorithm, powers are estimated from the long
PRT data which is range unambiguous assuming maximum . A
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cloud tops of 18 km. The long PRT powers are used to sort

the overlaid echoes of the short PRT scan. Short PRT data ar sanple no
used to estimate velocity and strong trip spectrum widths.

Only moments from the strongest two trips are estimatedFig. 5. An example of a bad recovered weak trip spectrum.

i.e., velocities from the third and fourth strongest trips are

not estimated since it is difficult and recovery would be lim-

ited. Censoring of SZ-2 data is accomplished by four criteria:was gathered by the KOUN radar but was phase coded of-
1) SNR 2) SWR, signal to sum of weak trip powers ratio 3) fline. If standard deviations of 2.5 mSare acceptable then
P1/ P2, the ratio of strong trip to weak power as a function P1/P2 < 35dB forWi < 2ms™t. As Wy increases the re-

of strong trip and weak trip widths and 4) SCR, the signal toCovery area shrinks. Based on such plots, censoring limits
clutter ratio. Criteria 1 simply requires that the received sig-can be defined as shown in Fig. 3 which are simply straight
nal be above some power threshold based on the sensitivitU“eS-

of the radar. Criteria 2 uses the ratio of the in trip power to

out of trip powers as calculated from the long PRT. For the2.2 SZ-1 censoring

strongest trip poweP; and the second strongest trip power

70

P,, these criteria are For SZ-1 censoring, long PRT data is not available and the
data must be censored based on the SZ recovered moments
P1/(P2+ P3+ P4) > THRES1 (2) themselves. It was found that using the SZ-2 power ratio
P2/(P3+ P4) > THRES2 (3)  censoring technique for SZ-1 data was unacceptable due to
the possible high standard deviations of the recovered mo-
The thresholds are typically set ttHRES1 = 0dB, ments. To overcome this, two new censoring techniques have

THRES2 = 5dB in order to maintain acceptable variance been developed and tested: 1) a spectral quality estimate of
of velocity estimates. Criteria 3 is based upon theoretical andhe weak trip recovered spectrum which measures excessive
experimental statistical plots such as shown in Fig. 2. power in the modulated spectrum replicas and 2) features of
Figure 2 shows the standard deviation of the errors of thehe texture of the velocity field. The spectral quality estimate
recovered weak trip velocity> as a function of the power ra-  of the recovered weak trip signal is based on the shape of the
tio P1/ P> and the spectrum width of the stronger trip signal, recovered spectrum after magnitude deconvolution. If the re-
W1 with the spectrum width o, restricted from 1.75 mgt covery was successful, the power will likely be concentrated
to 2.25ms? and forv, = 32ms 1. The time series data around the center velocity estimate. An example of a good
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Fig. 9. Same as Fig. 8 but with additional signal processing to

Fig. 6. Reflectivity from long PRT scan.
“clean up” the image.
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Fig. 7. SZ recovered reflectivity without censoring. Fig. 10. Long PRT velocity corresponding to Fig. 6.
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Fig. 8. Same as Fig. 7 but with SZ-1 censoring applied. Fig. 11. SZ recovered velocity corresponding to Fig. 8.
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Fig. 13. SZ-2 recovered velocity.

recovered spectrum is shown in Fig. 4 while Fig. 5 showsthat the velocity should not be censored. The three texture
a censored spectrum. The recovered weak trip spectrum igstimates and the spectral quality estimate are all inputs to a
divided into e|ght Segments based on the mean Ve|ocity estitUZZy |OgiC algorithm that identifies the data to be censored.
mate and the peak power in each segment is found. A ratio of
the sum of the three weakest peak powers to the peak POWES  hoia Analvsis
is calculated and based on this ratio, a fuzzy logic member- y
ship function is created. 31 SZ-1recovered data

Poor SZ recovered velocity data quality is easily seen by
the eye as high spatial velocity variance. Based on this obseffhe following data were gathered by S-Pol using RVP8 on
vation, three estimates of the texture of the recovered velocity? July 2003 at 0.7 elevation at the Marshall field site near
field are used for censoring: 1) a standard image texture estBoulder, CO. A long PRT scan (PRT=2.7 ms) was followed
mator, 2) the radial spin of the velocity and 3) the azimuthalby a short PRT (1.04 ms) phase coded scan about four min-
spin of the velocity. Spin is a measure of the number of in-utes later. The unambiguous velocity and range for each scan
flections of a variable along a particular direction (Steinerarev, = 9.9ms™?!, r, = 405km andv, = 257ms1,
and Smith 2000). The purpose of the spin estimates is to disr, = 156 km, respectively. The following plots compare the
tinguish velocity fields that have high gradients due to me-SZ recovered moments to the long PRT moments. Shown in
teorological convergence, divergence or circulation (e.g. tor-Fig. 6 is the long PRT reflectivity and Fig. 7 shows the SZ re-
nadoes) from poor quality data. For example, a velocity fieldcovered reflectivity with no censoring. By comparing the two
with a sharp gradient can have a high texture and thus be cemplots, data quality problem areas are evident in Fig. 7. The
sored. However, the spin estimate would be low indicatingring of elevated reflectivity near 156 km range is caused by
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first trip ground clutter leaking through to the first few gates 4 Summary
of the second trip. Also shown in Fig. 7 are several other
regions of strong trip power leakage. These areas should béhe SZ(8/64) algorithm has been programmed on SIGMET's
censored. In Fig. 8, SZ-1 censoring has been applied an&VP8 processor which is installed in S-Pol, NCAR'’s S-Band
much of the previ0u3|y indicated Strong trip |eakage areagadar and is able to run in real time. The SZ algorithm makes
indeed have been censored. possible the separation of overlaid echoes up to a 40dB
However, the censored image in Fig. 8 appears “rough”power ratio. At low elevations where more than two over-
with data missing in some weather echo areas and with manigid echoes are possible, a long PRT needs to accompany the
speckles in echo free areas. The missing data areas can B80rt phase coded PRT (with a high unambiguous velocity)
infilled using interpolation from surrounding pixels but this S0 that the location of the echoes are known unambiguously.
should be done only in areas where the surrounding reflecThe long PRT moments can also be used to censor the ve-
tivities are reasonably smooth and the data gaps are not tocities calculated from the short PRT data. This is called
large. Many speckle filters exist (e.g., in the NEXRAD spec the SZ-2 algorithm. At higher elevation angles where the
DV1208261F, this filter is referred to as the Strong Point short PRT scans only have two possible overlaid powers, the
Clutter filter, section 3.2.1.2.2) and they can be used to relong PRT scan is not required. In this case the recovered
duce Speck|es in the image_ Figure 9 shows the reﬂectivitynoments are censored using the texture of the veIocity field
after infilling and speckle filtering and should be comparedand a estimate of the quality of the weak trip recovered spec-
to the long PRT reflectivity in Fig. 6. There is excellent trum. A fuzzy logic routine is used to decide censoring. This
agreement especially in the high reflectivity areas. Howeveris SZ-1 algorithm. Both algorithms were tested with exper-
some of the lower reflectivity storm edges have been cenimental S-Pol data and evaluated with data from long PRT
sored. There will always be a trade off between censoringscans. The SZ-2 algorithm performance was compared to
of the low reflectivity areas and not censoring invalid datathe current NEXRAD WSR-88D censoring algorithm and a
for a given set of thresholds. The thresholds chosen seem @amatic increase in the amount of recoverable velocity esti-
reasonable compromise. Figures 10 and 11 are the long PRMates was demonstrated.
velocity and the SZ recovered velocity, respectively. The SZ
velocity agrees well with the long PRT velocity but has a
much higher Nyquist velocity and therefore there is much
less velocity folding.
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