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Pulse Compression for Weather Radars

Ashok S. Mudukutore, V. Chandrasekatember, IEEE and R. Jeffrey Keelemember, IEEE

Abstract—Wideband waveform techniques, such as pulse com- the long pulse to a duratioh/B, where B is the bandwidth
pression, allow for accurate weather radar measurements in of the transmit waveform.
a short data acquisition time. However, for extended targets The driving force behind exploring pulse compression for
such as precipitation systems, range sidelobes mask and corrupt _ ... S . .
observations of weak phenomena occurring near areas of strong mllltgry applications is the ne_cessny for greater pulse energy.
echoes. Therefore, sidelobe suppression is extremely importantand increased range resolution. The same reason makes it
in precisely determining the echo scattering region. A simulation suitable for a number of meteorological applications where
procedure has been developed to accurately describe the signalhigh peak powers are difficult or expensive to obtain (e.g.,
returns from distributed weather targets, with pulse compression for millimeter-wave systems). Weather radars with high peak

waveform coding. This procedure is unique and improves on ¢ itt h h d ¢ itivit d
earlier work by taking into account the effect of target reshuffling power transmitiers, however, have adequate sensiuvity an

during the pulse propagation time which is especially important '&nge resolution required for many applications. Using pulse
for long duration pulses. The simulation procedure is capable of compression with weather radars allows them to rapidly scan
generating time series from various input range profiles of re- three-dimensional (3-D) precipitation patterns and trace their
flectivity, mean velocity, spectrum width, and SNR. Results from - o\q1ution with time. This is accomplished as follows. Antenna
the simulation are used to evaluate the performance of phase- . - .
coded pulse compression in conjunction with matched and inverse bear_‘ns fqr weather radars ar.e typically circular in cross-
compression filters. The evaluation is based on comparative Section with half-power beamwidths of 0.25 to 34nd pulse
analysis of the integrated sidelobe level and Doppler sensitivity lengths on the order of 100 m. Therefore, the pulse volume
after the compression process. Pulse compression data from thejg “pancake” shaped for ranges beyond 10-20 km, with the
CSU-CHILL radar is analyzed. The results from simulation and cross-range width larger compared to the down-range depth.
the data analysis show that pulse-compression techniques indeed . . . -
provide a viable option for faster scanning rates while still retain- Thus, it appears tha}t using pulse compressmn to improve the
ing good accuracy in the estimates of various parameters that can down-range resolution would have little to offer. However,
be measured using a pulsed-Doppler radar. Also, it is established averaging the fine-scale down-range measurements allows the
that with suitable sidelobe suppression filters, the range-time dwell time to be reduced and provides the same or larger
sidelobes can be suppressed to levels that are acceptable fof,mper of independent samples, thereby improving accuracy
operational and research applications. . . .

in measurements of the radar received signals.

Index Terms—Pulse compression, weather radar.
A. Background

I. INTRODUCTION Pulse compression techniques have been well established

ULSE compression techniques allow for the transmissidfr applications in military and aviation systems where the

of a low peak-power, long-duration coded pulse and attalifickscattering medium consists of hard targets. Several tech-
the fine range resolution and improved detection performanlues have been proposed and studied since the early 1950's
of a short duration, high peak-power pulse system. This §d are reviewed in a number of textbooks [1], [2]. Use of
accomplished by widening the bandwidth of the transmittdplse compression for extended precipitation targets was not
pulse bycodingit in either phase or frequency, which yielddnvestigated until the early 1970’s. Fetter [3] demonstrated
a finer range resolution’\R = ¢/(2B)) than can be achievedthe use of a 7-bit _Bark_er phase-coded transmit pulse and a
with a conventional radar system using an uncoded pulse. TRatched-filter receiver, implemented on the coherent FPS-18
received echo waveform is processed using some variant degar at McGill University. Gray and Farley [4] investigated

filter matchedo the transmit coding scheme which compress&3€ use of binary phase-coded pulse compression for incoher-
ent scatter observations. Keeler and Passarelli [5] have traced

the evolution of pulse compression techniques in the weather
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Fig. 1. Block diagram of pulse compression radar.

filter section followed by a sidelobe suppression filter. The ¢ Integrated sidelobe level (ISL), a measure of the energy
peak power of the compressed pulse is increased by the distributed in the sidelobes, is defined as

compression ratiCR) defined as power integrated over sidelobes

ISL = 10 log . 3
T total mainlobe power
CR=BT == 1) , _ : .
T * Loss in processing gain (LPG), a measure of loss in SNR
. . . . due to mismatched as opposed to matched filtering, is
whereX is the transmitted pulse length, is the bandwidth of - PP g
. ) : defined as
the transmitted waveform, andis the effective (compressed)
pulse length{ = 1/B) of the system. This ratio, alternatively LPG = 10 log B.T @)
known astime-bandwidth productis a measure of the degree total mainlobe power
to which the pulse is compressed. For pulse compression
waveforms, the compression ratio is greater than 1. Typidal Implementation
values range from 5 to as large &6°. The choice of a pulse compression system is dependent on
the type of waveform selected and the method of generation
C. Range Sidelobes and Weighting and processing. Frequency-modulated pulse compression tech-

nigues involve sweeping the carrier frequency of the transmit
waveform in a linear or nonlinear fashion. These techniques
e been investigated [6], [7] and are known to yield good
Yelobe performance. In this paper, however, we consider only
sﬁgase-coded waveforms because of the ease in implementation
a high-powered, ground-based weather radar system.

A major drawback to the application of pulse compression
the presence of range sidelobes which tend to smear the ret

are distributed in nature and often have strong and st

graqlients in refle(_:tivity. Sidelobe s_uppression, in gene_ral,_ iSPhase-coded pulse compression involves transmitting a long
achieved b_y tapering the matched filter response by We'g_ht' Hise of durationT consisting of N subpulses, each of
the transmitted waveform, the matched filter, or both in eith idth 7 = 7/N. The phase of each subpulse is chosen

frequency or qmplitudg. The weighting is usually applied lgz be one of two possible values (O arrad) for biphase
thg m?t(;]h%d f||t<§.r Wh_'rchh c;allljseg a loss of SNR duf;a to tag ing or one of several values for polyphase coding. Various
mismatched section. The Toflowing measures are often Usgfhes with known sidelobe properties have been studied [8].

:O ﬂu_antlfy the performance of range sidelobe S’uppress'ﬁ‘ﬁ'portant among them are Barker codes, combined Barker
echniques. codes, pseudorandom codes, &arker codesare the biphase

* Peak sidelobe level (PSL) is defined as codes having the property that after passage through a matched
PSL — 10 log peak sidelobe power @ filter, the resulting sequence has sidelobes of unit magnitude
N ® total mainlobe power (PSL= 1/N). Barker codes have the attractive property that
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Fig. 2. Matched filter implementation: (a) correlation processor and (b) FFT processor.

their sidelobe structures contain the minimum energy that The radar ambiguity function proposed by Woodward [10]
theoretically possible and this energy is uniformly distributequantitatively describes the interference to a reference target

among the sidelobes. caused by targets which are range- and Doppler-shifted with
respect to the reference target. For a range d&layand
E. Related Issues Doppler frequencyf,, the cross ambiguity functiois defined

This section outlines the concepts of matched filtering ait
2

ambiguity functions which are of fundamental importance to | re . p J
the understanding of pulse compression. Vuo(Tr, fa) = - u(t)v*(t +Tr) exp (j2m fat) dt
1) Matched Filter: For a received waveform(¢), it can @)

be shown that the frequency-response function of a linear,
time-invariant filter which maximizes the output peak-signaherew(t) is the transmit waveform and(¢) is the impulse
to mean-noise ratio for a fixed input SNR is [9] response of the filter.

H(f) =5 (f) ®) Il. SIMULATION OF DISPERSEDRADAR PULSE WEATHER ECHO

whereS(f) is the Fourier transform of(¢) and * superscript  Thjs section addresses the problem of accurately simulating
denotes the complex conjugation. The filter whose frequengydar echoes from coded wideband waveforms in the context
response is given by (5) is called the matched filter. Igr gistributed, time-varying targets. If the scatterers in the
obtaining (5), it is assumed that the noise accompanying thgjar resolution volume were stationary or move with identical
signal is stationary and has a uniform spectrum (white noisgp|ocities, the dispersed pulse echo could be achieved by
The impulse response of the matched filter, therefore, is givgRssing the complex signal from the simple pulse echo through
by a filter whose impulse response is the desired dispersed pulse
h(t) = s*(=t). g) transmission. This simple model cannot be applied to a dis-
tributed weather medium consisting of scatterers moving with
Fig. 2 shows the time- and frequency-domain implementatiod#ferent velocities. The Doppler shifts resulting from phase
of the matched filter. Both implementations are widely usdtlictuations during the course of passage of the dispersed pulse
and the choice between them depends on the waveform amed responsible for thBoppler sensitivityof various sidelobe
the domain (time or Doppler) over which the receiver musuppression techniques. In addition, echoes from distributed
process signals. weather targets have pulse-to-pulse fluctuation controlled by
2) Radar Ambiguity FunctionThe study of radar wave- the velocity distribution of the scatterers. In order to be able
forms would be quite straightforward if the scatterers in th® see the fluctuation that takes place during the passage of the
radar resolution volume were stationary. However, when thedespersed pulse, one needs to simulate the signal characteristics
is a significant Doppler shift, the reflections from even at a time-scale corresponding to the propagation time over a
point target are no longer replicas of the transmit waveformesolvable range bin, rather than observations separated by the
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pulse repetition period. A new simulation technique is devele accurately describe the joint-distribution characteristics of
oped here to accurately describe the statistical characteristlos radar returns as the dispersed pulse propagates through
(the joint-distribution) of radar returns of a coded waveforrthe medium. This procedure yields a two-dimensional (2-D)
from distributed targets, for both single and dual polarizatiocomplex arrayS[m, n], (m =1, -+, Npins; 2 =1, -+, Ntot),
operation. The simulation procedure accounts for the effegheren.. represents the number of samples at each range bin
of reshuffling of scatterers during the pulse propagation timgeparated byf’;, andn,;,s iS the number of range bins.

This is especially important while considering long duration 2) Evolution of the Dispersed Pulse Ech@he effect of

pulses 10 us). the modulation waveformp(n], » = 1,---,n,) on the
simple pulse time serie§[m, n| is incorporated in the new
A. Radar Signals from Weather Targets representation of the echo-signal shown below
The inphase I) and quadrature ) components of the xi[m, n] = S[m, (i — L)ng + n] p[n] (12)

complex echo signal from a weather target hav&aussian
distribution with zero mean [11]. Therefore, their probabilit
density functions are given by

herei is the sample-time index (i.e., samples separated by
prr) and ng = Tprr/Ts. The evolution of the dispersed
echo fromz;[m, n] is shown in Fig. 3 for a 5-bit phase code

p(I) = 1 P2t < l<4oo (8 and explained below. Given that = 1/B = r (7 is the
2ro subpulse duration), each subpulse in the transmit pulse defines
1 —Q? /202 a range bin. As the pulse at any sample-indg@xopagates, at
_ Q%/20 _ g p y p gxopag )
p(Q) g ’ o<@<to O e first range-sampling instant, the first subpulse encounters

5 , the first range bin (1,1) contributing to the first echig, 1].
wherec~ is the variance of thé and@ samples (also the meanaq the pulse moves on, at the next range-sampling instant,

square value becaudeand @ are zero-mean). In addition 10 firgt subpulse now encounters the second range-bin (2,1)

being Gaussian random variables, thend ¢2 components 4 the second subpulse encounters the first range bin (1,2)

are independent of each other [12]. The power spectrum iy e combination of these two gives yields echo sample

weather signals, also referred to as the Doppler spectrym o echoes at other ranges are similarly obtained. The echo
in velocity space, is a power-weighted distribution of radi

onstruction procedure explained here is similar to that used by

velocities of all scatterers that lie in a resolution VOI“mEBucci and Urkowitz [14], and is mathematically described as
The first three moments of the power spectrum are directly ’

related to the reflectivity, mean radial velocity, and velocity yli, j1 = Z x;[m, n] (12)
spectrum width, respectively. The Doppler spectrum can be ¥ mtn—1=j

approximated to be of Gaussian shape sitting on a white noise

pedestal, i.e., Ill. RANGE SIDELOBE SUPPRESSION

N Due to the distributed nature of weather targets, the in-
S —(’U—’U)2/20'2 2NTS . i
S(v) = ¢ Ct (10) tegrated sidelobe level (ISL) provides a good measure of
2ro, A ) A . ;
range sidelobe contamination. While evaluating the perfor-
whereS is the mean signal powet, is the mean velocityg, mance of pulse compression systems, generally speaking,
is the spectrum-widthV is the mean white noise powex,is any waveform-filter combination is considered suitable if it
the wavelength, and’ is the time spacing between samplesyields an ISL comparable to the sidelobe contribution from a
typical two-way antenna pattern. In this section, based on the
B. Simulation Technique Description simulation procedure described in Section Il, the performance

The simulation procedure to obtain a dispersed radar echlo Matched and inverse range sidelobe suppression filters
is a two-step process. are evaluated. The criteria used in evaluation are integrated

1) Simple Pulse Echo Simulatiorhe time series from a sidelobe level (ISL), Doppler _sensitivity aft_er the compression
simple pulse can be simulated using the simulation algoritHh°C€SS: and hO\,N well the estimates of various parameters after
for multivariate signals described by Chandrasekzal. [13]. Pulse compression maich up with those obtained from simple

This procedure constructs the Doppler spectrum at each raRg&Ses:

bin based on the distribution properties of the signal and range )

profiles of radar reflectivity £), mean velocity ), velocity A Inverse Filter

spectrum width 4,), and SNR. The complex time series is Ackroyd and Ghani [15] discuss an optimal filtering tech-
then obtained via an inverse DFT. For dual-polarization openaique for minimizing the ISL of the code response in a
tion, in addition to the parameters listed above, the differentiglast squares sense. This filter, called inverse filter, can be
reflectivity (Zpgr) and correlation between horizontally (H)implemented to act directly on the dispersed echo or on the
and vertically (V) polarized returng{iv) are also specified. output of the matched filter. By implementing this optimal ISL
Separate time series are then generated at H and V polarizghnique, the PSL and ISL levels can be driven to very low
tions. The time spacing between adjacent samples is chosatues. For example, for a 13-bit Barker code, a modest filter
to beT; = 1/B (B = transmit waveform bandwidth). This islength of 39 (code-length 3) yields a PSL 0f-38 dB and an

in contrast to the procedure used by [13] wheéte= Tprr, ISL of —30 dB. Application of optimal ISL filtering techniques
the pulse repetition time. The finer time-scale is necessao/combined Barker codes also yields good results [16].
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Fig. 3. Evolution of dispersed echo at sample-time inflekach square labelgdn, ») represents sample;(m, n) (m =1, -+, Rhins; 2 =1, -+ -, np)

and the resulting output is shown on the right. In figurg;,s = 10 andn, = 5.

1) Filter Design: We will restrict ourselves to the designEach Doppler filter output is then multiplied with a complex
of an optimal ISL filter to act directly on the dispersed echaxponential phase term, corresponding to the Doppler phase
signal in contrast with other schemes which could operate obtained from the center frequency of that filter but of opposite

the signal at the output of the matched filter. Let., & = polarity, to remove the residual Doppler phase along the
1, ---, N) represent the input signalwy, £ = 1, ---, M) range samples. The resulting waveform is then passed through
represent the weighting sequence of the filter, épd & = standard sidelobe suppression filters.

1,---, M+ N —1) represent the sequence at the output of the

filter. Let(dy, k=1, ---, M+ N—1) be the desired responseB. Evaluation Based On a Point Target

defined here to be an impulse function. The filtering criterion to avaluation presented here are based on using the
is the minimization of the mean-squared-error, defined as following model

V = E[(dy —yi)?]. (13) * Modulation waveform: Barker biphase code of length 13
B-13).

The optimum weight-vectow,,, satisfying (13), is obtained . E/Vave?ength)\ = 0.1 m.
by solving the vector-matrix equation Bandwidth B = 1.024 MHz.
e Transmit pulse-lengtl’ ~ 12.7 us.
Fig. 4 shows the ambiguity function of the B-13 waveform
where R is the auto correlation matrix of; and p is the using (a) matched filterMF), (b) inverse filter of length
discrete cross-correlation af, andd;, [17]. Equation (14) is 65 (F x5), and (c) IF x5 — DT, the Doppler tolerant
the discrete form of the Wiener—Hopf equation. implementation ofF x5. The range of the Doppler velocities

2) Doppler Tolerant ImplementationThe performance of shown in the Fig. 4 is [0, 50] m/s which is typical for weather
the matched filter as well as the inverse filter degrades tizrgets. Note that this corresponds to twice the Nyquist velocity
the presence of a Doppler shifted radar return. This is due(¥.,y = A/(4Tprr) = 25 m/s) for a coherent S-band radar
the fact that both the matched filter and the inverse sidelobgstem operating atjgulse repetition tim@ gt of 1 ms. Due
suppression filter are designed for optimal performance undersymmetry about the zero Doppler velocity axis (vel = 0), the
zero Doppler velocity conditions. A measure of the Doppleambiguity function over the Doppler velocity interval {&50]
sensitivity can be obtained from the Doppler phase shift/s would be identical. For the matched filter output, the PSL
over the pulse duration given by, = 2xf,7T°, where f; is constant at-22.27 dB and the ISL is-11.48 dB over the
is the Doppler frequency shift and” is the duration of entire Doppler velocity range shown in the figure.
the uncompressed pulse. Urkowitz and Bucci [18] outline The output of the inverse filter shows a much lowered
a Doppler tolerant sidelobe suppression technique which aldelobe level (PSL~ —60 dB, ISL ~ —50 dB at zero
leviates the sensitivity of the ISL on the target Dopplevelocity). However, note the increased sensitivity of the output
velocity. The technique suggests passing the received compdéxthe inverse filter with Doppler velocity. This sensitivity is
signal through a filter-bank to separate out the signal inteduced using the Doppler tolerant processing scheme shown
several Doppler-bins. The signal still contains the Dopplén panel (c). The Doppler tolerant scheme uses time series
phase shift across the pulse (i.e., along the range samplseamples space@pgrr apart as input to a Doppler filter bank.

Rw,=p (14)
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Fig. 5. Compression filter response to B-13 waveform for matched fil#¥>() and inverse filters of length 13K x1), 25 (F x2), 39 (F x3), and
65 (F x5) at zero Doppler velocity.

Therefore, the frequency domain representation of the tirdee to incorrect phase compensation at the Doppler filter-bank
signal at the output of the filter bank lies in the fundamentalutput. Fig. 6(b) plots the ISL versus filter length for the B-13
Nyquist interval 1/27prr, 1/2TprT) COrresponding to the waveform using inverse compression filters at zero Doppler.
velocity interval &V nyq, Vnyq). Thus, for radial velocities Note that the higher order filters (length©0) yield ISL levels
outside the Nyquist interval, the multiplication of the complegf less than—70 dB.

exponential phase term at the output of each filter bank

corresponding to the center frequency results in incorrect

compensation of the Doppler phase along the range samptes.Evaluation Based On Time-Varying, Distributed Targets

This effect is evident in Fig. 4(c) for velocities greater than We demonstrate the application of the matched and inverse
25 m/s, where we see that the output of the Doppler tolergfjfos by analyzing four profiles generated by the new sim-

scheme yields higher range sidelobes than the inverse filition procedure described in Section II. A more detailed

With,OUt Doppler tolerance. , . discussion on the results from the first three profiles described
Fig. 5 shows the output of the matched filter and inver§gow can be found in Mudukutoret al. [19], [20].

filters of Qiﬁerent I_engths_for a s_tationary point_ target. The 1) Evaluation of ISL Using a Reflectivity Notci€onsider

MF consistently yields higher sidelobes. The inverse filtgfy input profile consisting of a constant reflectivity level at
sidelobes are much lower and located away from the maif} ranges except for a deep reflectivity notch at one of the
response with increasing filter length. For the B-13 Waveforpgnge bins. For time-varying distributed targets, a measure
under consideration, the loss in processing gain due to Mi-the ISL can be obtained by computing the ratio of power
match (LPG) is less than 0.5 dB for all the inverse filters undgf the compressed signal at the notch to the power at any
consideration (i.elF x1 throughlF x7). Fig. 6(a) shows the other range. However, this procedure does not yield the ISL
ISL versus Doppler velocity curves for the B-13 wavefornfor hard targets due to the fact that for a fluctuating target,
in the Doppler velocity interval [0, 50] m/s. The differenthe contributions to the total power at a given range bin
curves correspond to outputs of matched filter (lab&¥#€), from adjacent range bins add up incoherently as opposed to
inverse filters of length 13, 65, and 91 (labelédx 1, IF x5 coherent addition for a hard target. The ratiQ,B./Pother
andIF x7), and the Doppler tolerant implementationlBfx5  then reduces to (3) for the fluctuating target. Fig. 7 shows the
and IF x7 (labeledIF x5-DT and IF x7-DT, respectively). range profile of the returned power at the output of various
The MF yields the highest ISL. The ISL for the inverse filtergompression filters for a input profile with a 100 dB notch
improve with increasing filter length. Also, the sensitivity okt the center range bin from (a) hard target and (b) random
the ISL with Doppler shifts increases with filter length (sedistributed target withv = 0, o, = 2.5 m/s and SNR=
curves forlF x1, IFx5 and IFx7). The Doppler tolerant 80 dB, for all ranges. The ISL values for the time-varying
implementation does a good job of maintaining low ISL’s fodistributed targets computed in this fashion are consistent with
all Doppler shifts within the Nyquist interval (sdE x5-DT those shown in Section IlI-B. Fig. 7 specifically brings out
and IF x7-DT). Note the sudden increase in ISL at 25 m/the power of our simulation algorithm showing the distinction
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Fig. 6. (a) ISL versus Doppler velocity for a point target using the B-13 waveform. (b) ISL versus filter length for the B-13 waveform using inverse
compression filters for zero Doppler velocity.

between hard target responses and time-varying, distributgds. Integrating the power levels in the sidelobes yields a
target responses. measure of the ISL, which is plotted in Fig. 8 as a function of
2) Evaluation of ISL Using a Reflectivity Spik&he input mean Doppler velocity for a time-varying, distributed target
reflectivity profile consists of a 100 dB spike at the centevith (a) Doppler spectrum widthr, = 1 m/s, SNR= 50
range bin. The range sidelobes due to the echo spill-over fra; (b) o, = 1 m/s, SNR= 80 dB. It can be seen from
the spike dominate the power levels in the adjacent ranB&y. 8 that the responses of the various filters to the fluctuating
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Fig. 7. Range profiles of returned power at output of various compression filters for input notch profile (100 dB notch) using (a) hard target and (b)
time-varying distributed target.

targets is similar to the hard target response shown in Fig. 6(@lerant implementations degrades as the velocajgsroach
However, there are a couple of interesting differences from ttfee extremities of the unambiguous Nyquist interval. This
hard target response, especially at longer filter lengths.  is due to the fact that at these higher velocities, the aliased
a) Effect of spectrum widthAs explained before, the portions of the Doppler spectrum wrap around the Nyquist-
ISL for IFx5-DT and IF x7-DT increases steeply at theinterval, resulting in incorrect Doppler phase compensation at
Nyquist interval, for hard target responses. However, féhe output of the Doppler filter-bank. The situation gets worse
fluctuating responses, the performance of these DoppWeith larger spectrum widths as can be seen from Fig. 9.
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Fig. 8. ISL versus Doppler velocity from a time-varying, reflectivity spike withd4a)= 1 m/s, SNR = 50 dB and (b}, = 1 m/s, SNR= 80 dB.

b) Effect of SNR:The outputslF x7 and IF x7-DT in through the distributed medium, the fluctuations of the signal
Fig. 8(a) (SNR= 50 dB) do not match with those for theoccurring at a time-scale corresponding to the range sampling
hard target. However, the same outputs match up well witime (inverse bandwidth) are small and do not decorrelate the
the hard target response in Fig. 8(b) (SNR80 dB). This signal significantly from one range sampling instant to the
suggests that the minimum ISL that can be obtained for angxt. However, the effect of the fluctuating noise is to add a
inverse filteris limited by the SNRThis can be explained random phase component to the underlying phase modulation
by the fact that as the coded dispersed waveform propagatéshe transmit waveform, thereby degrading the performance



MUDUKUTORE et al: PULSE COMPRESSION FOR WEATHER RADARS 135

_30 T T T T T T T T T
BB T -
CA0F T
A5k - |
— SW=0
- — SW=1

~BOF e T SW=2 5 N

g IFxs-DT = L oo e SW=5

_1 :

@ g5l 4
Y ] S S S N 4
65| .
—70} e i

IFx7-DT
_75 Il 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50

Velocity (m/s)

Fig. 9. ISL versus Doppler velocity folF x5-DT and IF x7-DT at various spectrum widths.

-80 | 1 1 I I 1 ! I |
0 10 20 30 40 50 60 70 80 90 100

SNR (dB)

Fig. 10. ISL versus SNR for the B-13 waveform using inverse and matched filters for compression.

of the compression filter on the received signal. The SN#B, the ISL~ —30 dB, and so on until SN®50 dB where the
imposed limitation on the ISL is evident in Fig. 10 where thé&sL levels off at its minimum value o£50 dB. We therefore

ISL is plotted as a function of SNR for a 100 dB fluctuatingnust be wary about arbitrarily extending filter lengths to get
spike target with zero mean velocity and spectrum-width ofifnproved sidelobe suppression performance and recognize the
m/s. The solid lines in Fig. 10 represent the outputs of variousle played by the SNR as a limiting factor in the sidelobe
filters and the dashed lines correspond to their Doppler toleraunippression performance of any filter.

counterparts. Examining the output of say the<5 filter, we  3) Reflectivity and Velocity Step-Function ProfiléBo eval-

see that at SNR = 20 dB, the ISL —20 dB and at SNR= 30 uate the effects of gradients, an input profile consisting of
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Fig. 11. Range profiles of (a) reflected power and (b) Doppler velocity. The input profile to the simulation has a 50-dB reflectivity step and a
20-m/s velocity step.

gradients in both reflectivity and velocity was used. Fig. 1ioth reflectivity and velocity is inferior to the inverse filters.
shows the range profiles of (a) the reflected power and (Bpe IF x5 (best ISL ~—48 dB) estimates of reflectivity at
Doppler velocity at the outputs of the simple puM€, IF x5, range bins just before the gradient are biased toward the
andIF x7. The reflectivity values on either side of the gradiertigher reflectivity values past the gradient2—3 dB difference
differ by 50 dB and the velocity jumps from10 m/s to+10 compared to simple pulse output) which is responsible for
m/s. The SNR at all ranges was set at 60 dB withat 2.5 biasing the Doppler velocity estimates at these bins toward
m/s. It can be seen that the performanceMdf in estimating the velocities of the higher reflectivity targets. Thex7
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(best ISL~ —70 dB) does a good job of estimating both the TABLE |
reflected power and Doppler velocity. The best performance '\c/)'FE’R;l“ATDCE:gg':’AT‘D%\YEARRS'Sléif;;?gg;gﬁ?;ﬁ?g’g
was obtained from thdF x7-DT and the reflectivity and

vglo<:||ty prlof|les r;ltl the fllterhoutpu_t v]?ry clc;selyI fo.IIowed the MF | 1Fx1 | IFx5 | IFx5-DT | 1Fx7 | IFx7-DT
Simple puise prohies (not shown in figure for car.lty). Z(dB) | 2.6268 | 1.9638 | 0.1621 | 0.1606 | 0.0731 | 0.0706
4) Input Profiles from Weather DataThe analysis of the
. . = 7 28(): 277¢ ;
performance of matched and inverse filters thus far was done” (/) | 1.1586 | 09729 | 0.2803 | 0.2779 | 0.1060 | 0.1034
using synthetic profiles for reflectivity, velocity, SNR, etc. o.(m/s) | 0.3684 | 0.3429 | 0.1632 | 0.1610 | 0.0369 | 0.0372
These profiles illustrate the behavior of matched and inversez,r (dB) | 0.4128 | 0.3165 | 0.1102 | 0.1105 | 0.0867 | 0.0856
filters in extreme CthitionS and prOVide a worst-case analySiS./)HV(O) 0.0442 | 0.0405 | 0.0120 0.0119 0.0084 0.0084
When observing distributed weather targets, however, we say (deg) | 42325 | 36347 | 17767 | 17719 | 13812 | 13655

that any waveform-filter combination is suitable if it yields
an ISL comparable to the nonmainlobe power from the two-
way antenna pattern. In order to test this requirement, real

weather data collected using the CSU-CHILL multiparametag/s and the degradation in ISL of inverse filters at these

weather radar were used to generate input range profiles \igiscities is not significant for the reflectivity gradients under
reflectivity Z, mean velocityv, SNR, differential reflectivity .qnsideration.

Zpr, copolar correlation coefficient at lag frv(0), and
differential phase-shifth)pp (see review article by Bringet

al. [21] for a description of these parameters). The spectrum .
width &, was set at 2.5 m/s at all ranges to better observe "€ CSU-CHILL radar transmits 1 mW peak power and

the degradation in sidelobe suppression performance dudtt§ Not €asy to implement large bandwidth waveforms with
factors other than the spectrum width. The data was collectedfh high-power transmitters. However, a phase-coded pulse
on June 7, 1995, while observing an intense thunderstofmpPression scheme has been implemented through the use
producing both rain and hail. The two main cores of preci;?—f a phase mgdulator mte.rfaced with the RF synthesis circuit
itation, located at approximately 41 and 47 km, show high the transmitter. Operating at a frequency of 60 MHz, the
reflectivities (50-65 dB). The&Zpy values at both cores areModulator is capable of shifting the phase irf 98crements
close to zero and the correspondidd,p values are fairly €V€ry 200 ns. Th|_s phase shn‘ted_60 MHz 5|gnal is mixed with
large (~4°/km corresponding to rain-rate of about 130 mm/Hﬁe 2_.785 GHz signal and the difference signal is sent to an
indicating possible rain-hail mixture. The input reflectivit2MPlifier and fast pulse modulator to produce @l pulse.
profile exhibits steep reflectivity gradients (15-25 dB/km]N€re are two such units in order to facilitate complementary
and is a good candidate for sidelobe suppression evaluatibfding. A wideband intermediate power amplifier has been
Fig. 12(a)—(f) shows range profiles & 7, o, Zpr, prv(0), acquwe_d to accommodat_e the higher bandwidth of the signal.
andépp. The solid line shows the values obtained from simpl@0th Piphase and quadriphase codes of length 5 were used
pulse simulation. The different dashed patterns represent fRgmodulate the phase of the;&-long transmit pulse. On
outputs of MF, IFx1, and IF x5 for the coded pulse. It is receptlpn, the received signal was sampled at the inverse
evident from the figure thadlF andIF x 1 estimates of various Pandwidth rate [, = 1/5 MHz = 200 ns) corresponding
parameters have unacceptable errors near the gradient regifshs$30-m range spacing. The received 1/Q time series data
The IF x5 filter, however, matches the simple pulse respon¥&S processed off line to test the various pulse compression
and performs well in these regions. Other filter outputs are rfJgorthms.
shown in figure for the sake of clarity. )

In order to quantify the performance of various filters™: Data Analysis
we define the mean deviation of variableas M D(x) = On August 30, 1995, time-series data was collected over a
Elabs(xpe — x5)], where the expectation is carried out ovestorm to the Northwest of the CSU-CHILL radar. The antenna
all range binsz, andx,, refer to estimates of obtained from position was fixed pointing at the core of the storm. As before,
the output of simple pulse simulation and pulse compressitite transmit polarization was set at horizontal (H), and the
simulation, respectively. Table | shows the mean deviation mdceived signal was sampled every 200 ns (corresponding
various parameters at the output of the matched and invetse30 m in range). Time series data was collected with
filters. It can be seen from Table | that with increasing filtethe transmit pulse-width7) set at 1us, with and without
length, the accuracy of the estimates gets better. Dependpigse coding. Various 5-bit phase codes, including Barker and
on the required accuracy of the multiparameter estimatescimplementary codes, were used. Fig. 13 shows the standard
appears that for reflectivity gradients encountered in typicdéviation in estimates of reflectivity factar0 log P as a
weather situations, the=x5 or the IF x7 (ISL < —45 dB) function of number of samples used to form the mean estimate,
provide sidelobe suppression adequate to represent the acatia fixed resolution cell. The power values from five adjacent
reflectivity structure. Also, the improvement obtained from theange bins, i.e., reference bin and the two bins on either side of
Doppler-tolerant implementation is not very significant in thithe reference bin, were averaged and therefore, the net range
case. This could be due to the fact that the input velocigampling interval was increased to 150 m (corresponding to the
profile to the simulation is confined to the interval@, 10) range resolution of the uncoded pulse). Note that the lowered

IV. DATA EVALUATION FOR FAST-SCAN APPLICATIONS
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Fig. 12. Range profiles of (a¥ (dB) and (b)© (m/s). The different curves show the profile from the simple pulse and the outputdFoflF x1,
and IF x5 for the B-13 coded pulse.

values for standard deviation (by approximately the expectddrd deviation followed by the complementary coding scheme
V/5) for the pulse compression data is due to the fact that maad the Barker codeVIF processed outputs, respectively.
independent samples in range are available for averaging than
for the uncoded pulse. V. SUMMARY AND CONCLUSIONS

Also, note that the various pulse compression schemes, thé& new simulation procedure has been developed which ac-
Barker coded]F x5 processed output yields the lowest starcurately models the joint distribution properties of fluctuating
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Fig. 12. (Continued) Range profiles of (cy. (m/s) and (d)Z,r (dB) The different curves show the profile from the simple pulse and the outputs
of MF, IFx1, and IF x5 for the B-13 coded pulse.

weather radar echoes with pulse compression. This procedpression filters were evaluated using simulation output and
accounts for the reshuffling of scatterers within the resolutigrulse compression data for both point targets and time-varying
volume during the pulse propagation time which is importandjstributed targets. The criteria used in evaluation were
especially for longer pulse lengths. The procedure generates integrated sidelobe level (ISL);

time-records for both single and dual polarization operations.s Doppler sensitivity over the velocity interval commonly
The performance of various compression and sidelobe sup- encountered with meteorological targets, i.e., [0, 50] m/s;
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e comparison with output from simple pulse waveform oét longer filter lengths (five or more times longer than wave-
equal bandwidth. form). The same performance carries over to dual polarization
Our analysis shows that the level of suppression oﬁergaplementatipns, i.e., good estimates of polarimetric variables
by the matched filter is not sufficient in cases with strong@n be obtained.
gradients in reflectivity. Inverse filters, designed to minimize It is shown that the sidelobe suppression performance of
the integrated sidelobe level, seem to perform more than adieverse filters degrades considerably with increasing mean
quately for commonly expected weather gradients, especidlpppler velocities of the weather targets. Evaluation based
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on simulation using steep reflectivity gradients show that tmeultiparameter radars, accuracies equal to or better than those

Doppler tolerant implementation helps maintain low sidelobsurrently available can be achieved at NEXRAD-like scan-

levels even at higher Doppler velocities. This scheme, howates.

ever, is effective only when the full Doppler spectrum of the

radar returns are confined to the unambiguous Nyquist interval. ACKNOWLEDGMENT
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