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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
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e [SO list of patent declarations received (see www.iso.org/patents);

frade name used in this document is information given for the-éonvenience of users gnd does not
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in explanation of the voluntary nature of standards;, the meaning of ISO specifi¢ terms and
pssions related to conformity assessment, as wellvas information about ISO's aglherence to
World Trade Organization (WTO) principles in‘the Technical Barriers to Trade| (TBT), see
.iso.org/iso/foreword.html.
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document was prepared by Technical Committee ISO/TC 146, Air quality, Subcommittee SC 5,
prology, and by the World Meteorological Organization (WMO) as a common ISO/WMO Standard
r the Agreement on Working Arrangements signed between the WMO and ISO in 2008.
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Introduction

Radar wind profiler, also referred to as wind profiler radar, wind profiling radar, atmospheric radar, or
clear-air Doppler radar (hereafter abbreviated to WPR) is an instrument that measures height profiles
of wind velocity in clear air. WPR detects echoes produced by perturbations of the radio refractive
index with a scale half of the radar wavelength (i.e. Bragg scale). The mechanism of radio wave
scattering in clear air was theoretically and experimentally understood in the 1960s. Since the 1970s,
large-sized Doppler radars for observing wind and turbulence in the mesosphere, stratosphere, and
the troposphere (MST radars) have been developed. Owing to their capability of measuring wind and
turbulence with excellent time and height resolution, they have made great contributions to describing
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1

Scope

This document provides guidelines for the design, manufacture, installation, and maintenance of a

WPRritdestribes the fottowing:

easurement principle (Clause 5). Scatterers that produce echoes and methods of'w
easurementare described. The description of the measurement principle majnly.aims
the information necessary for describing the guidelines in Clauses 6 to 11.

[uidelines for WPR system (Clause 6). Frequency, hardware, software;jand signal pr
dlescribed. They are mainly applied in designing and manufacturing the hardware and|
WPR.

gensitivity evaluation, and measurement accuracy are described. They can be used fo
the measurement performance of a WPR’s system designé@nd operation.

[uidelines for quality control (QC) in digital signal pfocessing (Clause 8).

[uidelines for measurement products and data format (Clause 9). Measurement produ
Iby a WPR and their data levels are defined. Guidelines for data file formats are also deg

[uidelines for installation (Clause 10) and maintenance (Clause 11).

ind velocity
at providing

cessing are
software of

[uidelines for system performance (Clause 7). Measurement‘resolution, range sampling, radar

I estimating

Cts obtained
cribed.

This|document does not aim at providing-a thorough description of the measurement prililciple, WPR

systeéms, and WPR applications. For furthier details of these items, users are referred to tec

(e.g.

WPR
radarl, atmospheric radar, orlear-air Doppler radar). Conventional naming for WPRs should

2

Therg are no normative references in this document.

3

No terms and definitions are listed in this document

References [1],[2],[3]).

Normative references

Terms-and definitions

nical books

s are referred to by varipus hames (e.g. radar wind profiler, wind profiler radar, wind profiling

be allowed.

ISO and [EC maintain terminology databases for use in standardization at the following addresses:

[SO Online browsing platform: available at https://www.iso.org/obp

[EC Electropedia: available at https://www.electropedia.org/

© IS0 2022 - All rights reserved
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4 Symbols and abbreviated terms

4.1 Symbols
c speed of light ( 3,0 x 108 m s71)
c2 refractive index structure constant
n
fNyq Nyquist frequency
f. mean Doppler frequency shift of the echo
Gt antenna gain in decibels a
Lp loss factor caused by the pulse shaping QQ‘ v
n radio refractive index Og/‘v
. . =4
Ny oo number of antenna beam directions n(bQ
N number of coherent integrations. In this document, N 11’;.1>®e¥ned as the
number excluding Npseq
Nyaia number of elements in [ and Q (I/Q) time series a%r@oherent integrations.
Ny, is also the number of elements in the Do spectrum
Nfreq number of transmitted frequencies \\\(
. number of incoherent integrations
choh U ! integrati \(\Q)
Npseq number of pulse sequences $\'
Nsubp number of sub-pulses used in p@gé-modulated pulse compression
: : O
Tipp inter pulse period \I~\'
Poo echo power (\\b
Py noise power of the\(ecelver
P, noise power (}f@ Doppler spectrum
P, noise powe&f"che Doppler spectrum per Doppler velocity bin
Pp peak <g)@t power of the transmitter
Pt p@autput power at the antenna
u \<¥%¥131 wind velocity
v ) \5? meridional wind velocity
Vpp é\‘ peak-to-peak voltage
V. radial Doppler velocity
/A sample volume
Vwind wind vector
w vertical wind velocity
Ar range resolution
n volume reflectivity
A radar wavelength
0348 spectral width defined as the half-power full width
Ogd spectral width defined as the standard deviation

2 © IS0 2022 - All rights reserved
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T34B time width between the two 3-dB drop-off points from the peak point
74 duration during which the transmission signal is generated

T transmitted pulse width

H Hermitian operator (complex transposition)

T superscript which indicates matrix transposition

* complex conjugation
4.2 rAbbreviatedterms

Al

ACS adaptive clutter suppression qgv
A/D analog-to-digital n‘(l;‘v
ADC A/D converter o\QJ
BUFR binary universal form for the representation of me;e\éﬂoTogical data
COHO coherent oscillator K ™~

CRI coherent radar imaging (‘\\\

D/A digital-to-analog /\<( -

DBS Doppler beam swinging A QV

DCMP directionally constrained minimize@}l of power

DSP digital signal processor %) -

FCA full correlation analysis ..\\\"

FDI frequency domain interfe\(@“n‘etry

FMQW frequency modulated g-qﬁ\cinuous wave

1/0 input/output ,,\J\.\'

1/Q in-phase (I)/quadrature-phase (Q)

IF intermedia(\e’fr\e/quency

FPGA field pr@hmable gate array

IPP inte);&ﬂ‘s% period

ITU I@&?hational Telecommunication Union

JMA /\Caﬁ;'an Meteorological Agency

LNA Qy low noise amplifier

MTHF ‘0?\‘ mean time between failures

MTTF &v mean time to failure

NC-I)Q@‘ norm-constrained DCMP

NF L= notsefgtre

QC quality control

RF radio frequency

RIM range imaging

RL antenna return loss

SA spaced antenna

SNR signal to noise ratio

STALO stable (stabilized) local oscillator

UHF ultra high frequency

UPS uninterruptible power supply

© IS0 2022 - All rights reserved
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VHF

very high frequency

VAD

velocity azimuth display

VSWR

voltage standing wave ratio

WMO

World Meteorological Organization

WPR

or clear-air Doppler radar

radar wind profiler, wind profiler radar, wind profiling radar, atmospheric radar,

5 Measu

rement principle

5.1 Spect

The propert
Spectral ang
(SNR), Dopr
generated b

NOTE1 F{

NOTE 2
the same me{

The frequen

the wind v3
Doppler spe

simulation.
produced. T

a Gaussian
degrees of f}
Doppler sp4
integration)
power per [l
the sensitiv|
sensitivity, 1
In general, if
for the clear

are taken into account when determining the spectral parameters. This assumption shall be carg

discriminat
stochastic p

llysis is typically applied to estimate a finite set of parameters such as signal,to noise

Interchangeable with spectral width, spectrum width, is also frequently used. The two terms

ral parameters of the echo

ies of all WPR echoes are generally estimated from the properties of the Dopplerspect

ler shift and spectral (spectrum) width. Of particular importance for a-WPR is the
i clear air scattering (clear-air echo). For details of the clear-air echo, see/5.2.1.

r real-time signal processing to obtain the Doppler spectrum, see 6.2.2-a1d 6.2.6.

ining.

riance caused by turbulence. Figure 1 shows an example of the Doppler spectrum
ctrum of the echo (S,,,) and the noise shown.in&igure 1 were produced by a nume

and white noise
fo

follows the )(2 distribution wj|

echo
[n the numerical simulation, Doppler spectra, composed of S,

he noise power of the Doppler spectrum is éxpressed by P, .Itis assumed that S,

distribution- and that each spectrum-point of S,
reedom. The frequency bandwidth @ef'the Doppler spectrum is expressed by B;. Prod
ctra were integrated, and the(Doppler spectrum after the integration (i.e. incoh
is plotted. Therefore, the ngise variance over B is smaller than the square of the

oppler velocity bin (p%). The noise variance is one of the principal factors that deter

ity of a WPR receiver. 'Sée 6.2.2 and 7.3 for details of incoherent integration and 1
espectively.

is assumed thatS),,, follows a Gaussian distribution. This assumption is generally ap
-air echo. In‘this assumption, only the zeroth, first, and second order moments of the

bd fromthe assumption that the received signal is the realization of one or more Gau
rocesses, which include those in both radio wave scattering and of course, uncorre

rum.
ratio
echo

have

cy distribution of the echo contains information on theé.radial Doppler velocity (V) aipd on

The
rical

were
lows
ith 2
uced
brent
hoise
mine
adar

plied
echo
fully
5sian
lated
ered.

(white) nois

e An the event of deviations from this assumption, higher order moments may be consid
2|

The noise pr

Ao d 1 dl o o oot o (o oy i o ) oo oo 1l ragardad oo ol o o2 | e
OO CC U e T O CCTv T (T CCCTVET IO S Oy CalT s CTICTalTy  OC T CEaT Ut U a s~ winmtCTIoTsSCrT OT O

of the receiver noise, see 6.2.5.4.

tails
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0348

Poppler velocity
ntensity

For the definition of the symb

.

espectively. The
he idealized

'he thin solid curve is an
he white noise. The t}cﬁ(' .
listribution and do

(@/hich are not listed in the keys, see text.

&ple of a Doppler spectrum which contains the Doppler spectrunj
olid curve is the sum of B, and the idealized S,4,, which follows a Gaussian

t have perturbation. The idealized S,4,, and P, are darkly and lightly shaded,
er of the idealized S, is denoted by Py, . f;, Osq, O3qp, and the peak intensity of
(py) isindicated by arrows.

of Secno and

s

Echo

QQF igure 1 — Example of Doppler spectrum and spectral parameters

EﬁiNer (P..n), V., and the spectral width are the principal parameters that characterizes the

echo. They are referred to as the spectral parameters. V.. is computed from the mean Doppler frequency

shift of the echo ( f.). P,

echo

and f, are also the zeroth and first order moment of S,4,,, respectively.

The spectral width defined as the standard deviation (04 ) is the square root of the second order
moment of S,.,, (see Figure 1). P.,,, f;,and og4 are expressed by Formula (1), (2) and (3):

Pecho ZJSecho (fdf

_ jfsecho (f)df
' ISecho (f)df

© IS0 2022 - All rights reserved
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J.(f_fr )2 Secho (f)df
JSecho (f)df

where f isthe Doppler frequency.

The relation between f. and V. is expressed by Formula (4):

A
V.=-Z
2

Jr

(3)

(4)

In Formula
one prefers
direction is

and manufd
operation, a

is away fron

The spectra

the echo (i.g.
by the relation of Formula (5):

034p =2

Because thg
of the spect
determined
angular and

In the estim|
P
SNR =

In the digit
Doppler velg

=P

n

Pn

where Af i

4], V, 1s defined to be positive when Its direction Is away Irom the antenna. However, \
to use the sign definition of V.. as that of f., V. can be defined to be positive wle
toward the antenna. In any case, the direction of V.. shall be defined clearly in|the d

cture of the WPR in order to prevent possible mistakes in the design}ymanufad
nd maintenance of the WPR. In this document, V, is defined to be positivewhen its dire

n the antenna.

[ width can be also defined as the half-power full width (o345 ) orhalf-power half wid

echo is assumed to follow a Gaussian distribution, o34 can be calcu

63’%). When §

2In2 Ostd

spectral width can be expressed under thetabove-mentioned definitions, the defin
ral width shall be given explicitly. It shall*be noted that the spectral width is not
by wind perturbation caused by turbulence, but also contains broadening effects due t
vertical extension of the sample volumel?l. Details of the sample volume are describ

ation of the spectral parameters, P, is also estimated. SNR is expressed by Formula (§

pcho.

n

1l signal processing-for estimating the spectral parameters and P,, the noise powe
city bin ( p, ).is generally used. p, is expressed by Formula (7):

A
B

S

when
n its
bsign
ture,
ction

th of

lated

(5)

ition
only
o the
ed in

ird

(6)

I per

(7)

5 the frequency resolution of the Doppler spectrum (i.e. interval of the Doppler freqy

ency

bins). It is noted that interference from other radio sources that contaminates the received signal has
frequency dependency in general. Therefore, contamination due to the radio interference can produce a
frequency dependency of the noise. Details of the interference from radio sources are described in 5.2.4
and 10.6.

When it is assumed that S, follows a Gaussian distribution and SNR is infinite, the estimation error
of Doppler velocity or the spectral width, &, can be estimated by Formula (8):

(8)
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where
K, isthe coefficient;
o, isthe spectral width defined as the standard deviation in m s;
T.  isthe measurement periodins.

When the antenna beam direction is changed after collecting a Doppler spectrum (i.e. after

NpseqNcohNdata times transmissions and receptions) or after collecting all of the Doppler spectra used

in incoherent integration (i.e. after N, .. N_Ng...N; ., times transmissions and receptions),
T. =lppN
T

C

pseqVcoh Ndata Nincon - When the antenna beam direction is changed on a pulsg‘totpulse basis,
=lppNpeam N
beam direction.

K, is defined by Formula (9):

pseqVcoh NdataNincon - See 6.2.3.2.5 for details about the timing change of the antenna

1
el
whefe
err is the coefficient;
A is the radar wavelength;

Formulae (8) and (9) are derived from Formulae(13) and (14) in Reference [5], respectively. The value
- (see Reference [5]) is listed in Table 1,

Table 1 — Value of kerr

Parameter Least square method Moment method
Doppler velocjty 0,63 0,38
Spectral width 0,60 0,24

Errof estimations of the spectral parameters when considering SNR is described in 6.3, 6.#, and 6.5 of
Refefence [2].

5.2 | Sources ofreceived signals

5.2.1 Turbulent scattering and partial reflection

The ahility to detect the clear-air echo is the most important characteristic of a WPR. It miakes a WPR
capable of determining vertically resolved profiles of the wind vector from the measured Doppler shift
of the clear-air echo. There are two major mechanisms that produce echoes in clear air: turbulent
scattering from atmospheric turbulence and partial reflection from the horizontally stratified
atmosphere. Partial reflection is also referred to as Fresnel scattering. Atmospheric turbulence
produces perturbation of n, and perturbations of n with the scale of half of A (i.e. Bragg scale) is a
source of radio wave scattering in clear air.

NOTE The clear-air echo is a return from a radio wave scattering caused by variations of the radio refractive

index n, and does not include scatterings from hard targets in the air (e.g. hydrometeors, insects, birds, and
aircrafts).

©1S0 2022 - All rights reserved 7
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tral (i.e. unionized) atmosphere is given by Formula (10):

n=1+7,76x10-5 2 +3 73x10-1 &
T T2

where

p
T

ist

ist

he atmosphere pressure in hPa;

he atmospheric temperature in K;

€ s

When pertufrbations of n is isotropic, turbulent scattering is also isotropic.

The refracti

tiTe partiat pressure of water vapour i P a.

ve index structure constant Cﬁ is defined as in Formula (11):

[n(r+6n

where r is g
Because T
the atmosph

The frequer
range of tur

In the inerti
inertial (and
(Ip) and thg

the viscous

the inertial
flattened anj
and kinetic
explains thg
wavelength
frequencies]
whose Brag
sensitivity.

Horizontally
reflection. ]
Near zenith

The partial

)-n(r)[F =C2|6r[*

n arbitrary position and dr is a small distance between two spaced locations, respect
ind e are perturbed by turbulence and n depends on themy Cﬁ significantly varies d
eric conditions that determine T and e [see Formula (10)}

cy of a WPR is generally selected so that turbulent.seattering occurs in the inertial
bulence. Frequencies between 50 MHz and 3 GHz haye generally been used for WPRs.

pl sub-range, the energy cascades from the largest eddies to the smallest ones through
inviscid) mechanism. The inertial sub-rangesexists between the inner scale of turbule
buoyancy length scale (Lg ). I, is the scale‘for determining the transition region betw

hnd inertial sub-ranges, and Lg is the scale for determining the transition region betw

hnd buoyancy sub-ranges. In the buoyancy sub-range, the turbulent eddies become

d anisotropic. In the viscous sub-range, the smallest eddy is strongly affected by visco
bnergy is converted into heaty The transition from the inertial range to the viscous ran
reason why the maximuprattainable height coverage for WPRs decreases towards s
5. Viscous subrange is also referred to as dissipative subrange. Long wavelengths (i.e. 1
whose Bragg scale lig\in buoyance sub-range and short wavelengths (i.e. high frequen
bscale lie in the vis€ous sub-range are not preferable from the viewpoint of radar
bee 3.4.2 and 7.3(30of Reference [1] for more details of the inertial sub-range.

r stratified.layers having sharp vertical gradients of n are known to produce p4
he echodntensity from partial reflection shows a strong dependency on the zenith a
it reaches’a maximum and decreases rapidly as the zenith angle increases.

reflection coefficient p is given by Formula (12):

(10)

(11)

vely.

ue to

sub-

an
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Kity,
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cies)

irtial
ngle.

+1/2 .
/ l@e_ﬂ(zdz

2 1
I 2

where

l

V4

K

J_ 2

-1/2 ndz

is the thickness of the stratified layer;
is the altitude;

is the wave number given as Kk =4m/\.

(12)

See 3.4.3 of Reference [1] for more details of partial reflection. Partial reflection is not observed at the
UHF and microwave bands[2l.
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The intensity of the clear-air echo is determined by the strength of n perturbation caused by turbulence
or by the strength of vertical gradient of n caused by horizontally stratified layers.

5.2.2 Echo in precipitation

Raindrops, hail, snow crystals, ice crystals, and mixed-phase particles in precipitation (precipitation
echo) are also sources of echoes. The intensity of the precipitation echo is frequently comparable to
that of the clear-air echo for the VHF band and is generally greater than that of the clear-air echo for the
UHF band.

If both the precipitation echo and the clear-air echo exist in the Doppler spectrum, the measured
Doppgler velocity can be a combination of wind (velocity of clear air] and terminal| velocity of
hydrpmeteors relative to the ground. In this case, the vertical wind cannot be estimated coffrectly when
both|scattering contributions cannot be separated. Nevertheless, the horizontal wind canh usually be
deriyed accurately since the horizontal displacement velocity of the rather small hydroineteors is a
good proxy for the horizontal wind. WPRs using the UHF band generally measure the horizontal wind
velogity at a greater height in precipitation than in clear air.

5.2.3 Clutter

Undgsired echoes are referred to as clutter. Because clutter contaminates the Doppler spedtrum, it can

significantly decrease the quality of measurement products obtaified by the WPR.

The $ources of clutter are as follows:

lutter from sources fixed on the ground, referred-toas ground clutter: Land, grass, t
nd mountains, and high metallic structures (e.g.towers, buildings, and power lines) a
ources of ground clutter. Ground clutter cansbe distributed over a wide area. Thoug
oppler frequency of ground clutter is zero,.tlié oscillation of clutter source can broaden
pectrum of the ground clutter. Especially when the source of ground clutter is osc
rass, trees or power lines), the ground-clutter peak in the Doppler spectrum can be
roadened by a strong surface wind(

[lutter from rotating objects: Wind turbines and rotating antennas are the major sou

from them significantly spreads over a wide frequency range of the received Doppler s

[lutter from the sea surface, referred to as sea clutter: Because sea clutter is distributed
drea, it generally spréads over the received Doppler spectrum both in range and in fre

q

intensity and Dopplér spreading of sea clutter is a function of the surface wind.

[lutter from moying sources on the ground or sea: Vehicles, trains, and ships are the m
[lutter from.vehicles frequently spreads over a wide frequency range of the Doppl¢
Ibecause.foad traffic flows in two opposite directions. The location and Doppler veloci
from trains can rapidly vary with time. Clutter from ships overlaps with sea clutter.

[lutter from flying objects: Aircraft (e.g. airplanes and helicopters), birds, bats, and ing

rees on hills
re the major
th the mean
the Doppler
llatory (e.g.
bignificantly

rces. Clutter

pectrum.

over a wide
quency. The

hjor sources.
b spectrum
ty of clutter

ects are the

major sources, and their Ilying velocity varies with time. Clutter from an aircrait can significantly

spread over the received Doppler spectrum due to its large Doppler velocity and intensity. Clutter
from helicopters can also spread over a wide frequency of the received Doppler spectrum because
of the high speed of their rotating blades. Birds are also a significant clutter source. Migratory

birds can fly at altitudes up to several thousand meters, and they typically fly at night.

Intense bird

migration episodes can be a significant problem for WPR measurements if this type of clutter is not
properly addressed in signal processing. Even then, it can lead to gaps in the wind data. Insects in

the air can also be a source of clutter.

Clutter should be carefully taken into account in the design, installation, and digital signal processing.
The clutter environment should be examined in the survey of the installation site (see 10.5). A fence
designed to attenuate radio waves within the frequency band of the WPR (hereafter referred to as
the clutter fence) is a means for mitigating clutter and interference. For details of the clutter fence,
see 6.2.3.4 and 10.5.
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QC in digital signal processing is also a means for mitigating clutter (see Clause 8). Adaptive clutter
suppression (ACS), which uses subarray antennas, is a technique that adaptively mitigates clutter by
controlling the side lobe of the receiver antenna. ACS is described in 6.3.3.

In the VHF band, meteors in the upper mesosphere and electromagnetic irregularities in the sporadic
E layer can also be a source of clutter when range aliasing occurs. Range aliasing can be prevented by
selecting the inter pulse period (IPP) sufficiently large to assure that the maximum measurable range
is greater than the heights where the meteors and electromagnetic irregularities can exist. However,
it is noted that preventing range aliasing can cause the loss of radar sensitivity by decreasing the duty

ratio of the transmission. Lightning can also be a source of clutter.

5.2.4 Intd

When a rad
often decre
and machirn
Interference
has a frequd
WPR, cross
contaminati
installation.
site (see 10.¢

Emission of

5.3 Meth

rference from radio sources

hses the quality of measurement products obtained by the WPR. Both radio sta
es that emit electromagnetic waves can be a radio source that causeS interfer
, which comes from other radio sources and contaminates the receivedysignal, gene
ncy dependency. Even when the frequency of the interference is different from that g
modulation in the receiver and frequency aliasing in data sampling-ean cause interfej

The radio wave environment should be examined in the initial survey of the install
b). Countermeasures for mitigating interference are also des¢ribed in 10.6.

radio waves from lightning also can be a source of intexferencel®l.

pds of wind velocity measurement

5.3.1 Genleral aspects

io wave from a man-made radio source contaminates the received signals of the WPR, it

ions
ence.
rally
f the
ence

on at the baseband. Interference mitigation should be taken intg account in the design and

htion

The wind vector V,;,q that denotes the verticalxand horizontal flow of the wind field is givgn by
Formula (13):
_ T

Vwina=(u,v,w) (13)
where

u isthe zonal wind velocity;

v is the meridionalwind velocity;

w is the vertical wind velocity.
T is a superscript’which indicates matrix transposition. There are two techniques used for retri¢ving
Vwings the Dappler beam swinging (DBS) method and the spaced antenna (SA) technique. Thel DBS
method uses—asetof radtal Boppler—velocity (-3 measured-by-the multipteantenmabeams—Te SA

technique uses the autocorrelation and cross correlation of the signals collected by multiple receiver

antennas.

5.3.2 Doppler beam swinging (DBS)

5.3.2.1 Wind vector retrieval using multiple antenna beams

The DBS method retrieves V.

win

a by the least square method or by direct computation. It assumes that

the wind field is horizontally homogeneous over the area spanned by the antenna beams. Therefore,
the zenith angles of oblique beams are generally less than several tens of degrees. Wind homogeneity is
also assumed over a vertical scale commensurate with the range resolution (see 7.1.1). Another implicit
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presupposition of the DBS method is that the (mean) wind field is stationary over the measurement

period.

The method of retrieving V,;,q4 by the least square method will now be explained.

The relationship between the wind vector and V, is expressed by Formula (14):

T
AVying =V; :(Vrl' Vr2""’VrN)

where

(14)

is the number of antenna beams used for computing V;nq;

ri

is the matrix to relate Vi ;,q to V..

A is géxpressed by Formula (15):

sing;sinf; cos¢;sinf; cosb;

sing,sin@, cos¢,sinf, cosH,

singysinBy cosgysinBy cosOy

where
A is the azimuth angle of the i th antenna.beam (i=1, ..., N);
91 is the zenith angle of the i th antenna’beam (i=1, ..., N).

The yinit vector of the direction of i th antérnina beam (e,;) is expressed by Formula (16):

d.,=(sing; sin6;, cos¢; sin6;, cost9i)T

Figure 2 is a schematic illustration that explains V;, ¢;, 6,, u, v,and w.

is the radial Doppler velocity measured by the i th antenna beam (i=1, . (¢

IN);

(15)

(16)

© IS0 2022 - All rights reserved

11


https://standardsiso.com/api/?name=fc83d47e2f5a17369812e482181f5a21

ISO 23032

:2022(E)

Key

1 antenna|
2 directio
E  eastwar
N  northwg
7 vertical

NOTE Fd

axis exist on

V.

wind €an by

solve the l4

Formula (17
A=UDV

where

U

q

—

n of the i th antenna beam
1 direction

rd direction

Hirection

r the definition of the symbols which are not listed in the keys, see text. Both e, and the ve

Lhe shaded plane.

Figure 2 — Schematic illustration-that explains Vi, ¢,6,u,v, and w

b retrieved by minimizing [V AVyying |° - The singular value decomposition can be us

ast square problem thathinimizes ||V, - AVying* 2. Then A can be expressed
):

T

the orthogonal matrix with N rows and N columns;

rtical

ed to

s in

(17)

tha orthaacan

|4 id

D

Al atrisy azith 2 ravag
T It 125 vy e o T OvYy

nd
=

falital
oo T

(')

o
CIIC-OT tITo 5Ot

is the matrix with N rows and 3 columns.

The elements of D are referred to as the singular values of A.

From Formula (14) and (17), V,,;nq is expressed by Formula (18):

V.

wind —

-1
(ATA) ATV =A"V, =VD UV,

where A* is the pseudo-inverse matrix of A.

12

(18)
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When the zenith angles are the same for all the antenna beams and the azimuth angles are equally
spaced, the wind vector is obtained as in Formula (19):

2 N
ing.V.
Nsing 214
Vo=l 23" cosqv 19
1 ZN
Ncosg ~~i=1 1
where-—istherenithansleoftheanterna-beams:
In the least square method, V ;s at the same height shall be used. However, the sample heights are not

the 3

beamps. By varying the sample interval so that it compensates for the difference inthe zenit

receil
matd

Becal
to o]
due

antel
by in
num

5.3.2

ame when the zenith angles are different and the same sample interval is used for

ved signals can be collected at the same ranges. Interpolating V; in range:is an altern
h the sample heights.

use V,,inq has three components (i.e. u, v,and w), the number of aiitenna beams need
greater than three. Increasing the number of antenna beams reduces the retrieval er

the antenna
h angles, the
ative way to

5 to be equal

ror of Vi ing

o estimation errors of the V;s. On the other hand, the tifne resolution is degradeql. When the

ina beam directions are changed on a pulse-to-pulse basis; the Nyquist frequency ( fyy
creasing the number of antenna beams. Both the advarntages and disadvantages of in

.2 Velocity azimuth display (VAD) method

ber of antenna beams should be taken into account invthe design and operation of WPR.

l) decreases
Creasing the

The yelocity azimuth display (VAD) is a methed that estimates V,;,q4 (i.e. u, v, and w) by using a
conigally-steered radar beam. Figure 3 is a’sehematic illustration that explains the VAD method. In the
VAD method, all the radar beams have the:same zenith angle. The assumptions in the VAD|method are
as follows:
— v is uniform at a certain height:
— Horizontal wind linearly changes in the horizontal plane.
By using the assumptions,-V,. at the sample position shown in Figure 3 is shown by Formula (20):
1
. =wq cos, +E(ux +v,, )rsinzee +vq sin6, cos® +ug sin6, sin¢g
1 ) 1 .2 .

4-E(vy U, )rsm 0, cosZ¢+§(vX +u,, )rsm 0, sin2¢ (20)
where

r is the range from the radar;

o is the azimuth angle of the antenna beam;

0, is the zenith angle of the antenna beam;

U, is u atthe centre position (=(0, 0, z;));

Vo  is v atthe centre position (=(0, 0, z;));

w, isthe vertical wind velocity at the height of z;
©1S0 2022 - All rights reserved 13
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: : : N ou
x  istherate of linear increase of u along the x direction ( 8_
X
. : : N ou
vy isthe rate of linear increase of u along the y direction 8_
y
av
x  istherate of linear increase of v along the x direction | = 8_
X
: : : L av

Yy istherate of linear increase of u along the y direction | = > |
y

) can be expressed as in Formula (21):

2
V.=ay+ Z(an cosng+b, sinng)
n=1
agp, ai, by, py, and b, is the Fourier coefficients, and are denoted by Formulae (22) to\(26):
—wo Fos6, + in®6
ap =wg fos6, +E(ux +vy)rsm A
a; =vq §in6,
by =ug §in6,
1 .2
a, =E(Ly —uX)rsm 6,
b, =2 in%0
2 —E(»X +uy)rsm A
respectively.
From a; anf by, horizontal wind speedw, is computed by Formula (27):
P 2
af +b
Vh =£L LR ug +v(2)
siné,

Horizontal y

d =tan

by

e

vind direction“¢’ is computed by Formula (28):

MU
=tan 120
aj Yo

where § is{

he“direction the horizontal wind is going with respect to the North.

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

Formulae (20) to (28) are referred from Formulae (4.28) to (4.36) of Reference [1]. Note that

Formulae (20) to (28) use the zenith angle, while Formulae (4.28) to (4.36) of Reference [1] use the

elevation angle.

Computation of the wind vector can be more simplified by assuming that u, v, w are uniform at a

certain height. The computation under the assumption of uniform u, v, w is explained in 5.3.2.1.

14
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Vo+ v, rsinf sing + v, rsinf , cosg

Ug+u,rsing sing + u, rsinf , cosg

Key
X  past-west direction. Positive direction is eastward
Y  horth-south direction. Positive direction is northward
Z vertical direction. Positive direction is upward
1 hntenna
2 Hirection of the antenna beam
3 kample position
4 lentre position (=(0, 0, z))
r range from the radar
¢  pzimuth angle of the antenna beam
g. penith angle of the antenna beam

e
NOTH For the definition of the ug, Vg wy, Uy, Uy ,Vy, and v, see text. Wind vector at the centfre position is
(ug, Vo, wp)- All the sample pointsiathz, exist along the circle because all the antenna beams are pointed along
the injverted cone with the zenith\angle of 6, .

Figuré-3 — Schematic illustration that explains the VAD method

5.3.2.3 5-beam'DBS method
The $peciakease of a 5-beam DBS method is frequently implemented. It provides a convenient way to
retripve<Vyinq by direct computation. The 5-beam DBS method uses antenna beams pojnted to the
verticakdirection and four oblique beams that have equally spaced azimuth angles (i.e. agimuth angle

interval of 90° Jand the same zenith angle. Figure 4 1S a schematic illustration that explains the 5-beam
DBS method using the antenna beam pointed to the vertical, northward, eastward, southward, and

west

©ISO

ward directions, respectively.

2022 - All rights reserved

15


https://standardsiso.com/api/?name=fc83d47e2f5a17369812e482181f5a21

IS0 23032:2022(E)

VrE

Key
1 antenna
2 direction] of the vertical antenna beam
3  direction] of the northward antenna beam
4 direction] of the eastward antenna beam
5 direction of the southward antenna beam
6  directior] of the westward antenna beam
NOTE This figure illustrates the antenna beam pointed to the vertical, northward, eastward, southward,
and westward directions, respectively~N, E, S, W denote the northward, eastward, southward, and westjward
direction, regpectively. All of the nerthward, eastward, southward, and westward antenna beams have the[same
zenith angle,| 6, . The radial Doppler velocity measured by the vertical, northward, eastward, southward, and
westward antenna beams aredenoted by V., Viy, Vig, Vis,and V., respectively.

Figure4 - Schematic illustration that explains the 5-beam DBS method
From Vv, W.gr Vig» Vis, and Vi, the components of Vy;,4 (i.e. u, v, and w) are computed as follows

in Formula (297

u= VrE _VrW (29)
ZsinOe
V-V
v=—N_15 and
2sin6,
W:VrV

It often happens that the oblique antenna beams cannot be pointed to the exact northward, eastward,
southward, and westward directions, owing to the limitation of the installation. Even in such cases, the
horizontal wind vector with two orthogonal elements and w are able to be retrieved by using the

16 © IS0 2022 - All rights reserved
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computation method similar to that shown in Figure 4 and Formula (29). u and v are computed with
ease by further applying the rotation operation to the retrieved horizontal wind vector with two
orthogonal elements.

5.3.3 Spaced antenna (SA)

Spaced antenna (SA) is a technique that uses one transmission antenna and multiple receiver antennas.
In the SA technique, the wind vector is retrieved by using the autocorrelation and cross correlation of
the signals collected by receiver antennas. In this section, an outline of the SA technique is described. For
further details of the SA technique, see Reference [8] and 9.3 of Reference [3]. Figure 5 shows a principle
of the SA technique. Interference among the echoes produces the diffraction pattern on the

ground (see

pane] (a)). The receiver antennas detect the diffraction pattern (see panel (b)). The diffrac
moves with time owing to the advection of the scatterers by wind, and the movement-ofith
pattdrn appears in the cross correlation between the signals received by the receiverjanten

Ther]

are preconditions in applying the SA technique. The SA technique €an be use

corr¢lation time of scatterers is sufficiently longer than measurement dufation. In gen
techpique retrieves only horizontal wind velocity by assuming that vertical movement of tH

can |
retri
retri
colle

be neglected. Because at least two base lines between the receiver-antennas are n
pving horizontal wind velocity, three or more receiver antennas\shall be used. Wh{
bved by the SA technique, w can be retrieved by estimating the Doppler velocit
rted by the receiver antennas.

A siniple way to retrieve horizontal wind velocity is to use the time lag of the cross correlati

uses
field
pattg

the Taylor frozen turbulence hypothesis, which is anyassumption that advection of :
can be taken to be entirely due to the mean wind flow. Note that moving velocity of th
rn on the ground is twice as large as the horizontal wind velocity.

tion pattern
e diffraction
nas.

d when the
eral, the SA
e scatterers
bcessary for
en W is not
y of signals

bn. This way
| turbulence
b diffraction
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(b)
Key
1 transmigsion antenna
2 receiver pntennas
3 scatter field covered by the transmission antenna and receiver antennas
4  diffractign pattermof the echoes on the ground
5  scatterel]
6  scattered radio waves
7  wind
NOTE Panel (a) is a schematic illustration that explains the relation between the scatter field in the

atmosphere and the corresponding diffraction pattern measured on the ground. Panel (b) illustrates the
transmission, echo generation, and the reception in the SA technique. R in the panel (b) is the distance from the
transmission antenna, and the scatter field at R is shown. Though the scatter field also varies in the vertical
direction, the vertical distribution of the scatter field is not shown in order to make the description concise. A
diffraction pattern is generated by the interference between the echoes received on the ground.

Figure 5 — Principle of the SA technique
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In real measurements, the correlation of the diffraction pattern decreases with time. Full correlation
analysis (FCA) is a method that retrieves horizontal wind velocity by taking this decorrelation into
account. In FCA, the correlation function between the received signals is expressed by Formula (30):

2 2 2
(&, my 7)) =f(A(§,-j —V, 1) +B(n; =V, t)" +Kt® +2H (& - VT ) (ny —Vyr)) (30)
V,=2u and
Vy =2v
where

b (gi]. T ,T) is the modelled variation of the correlation coefficient;

f(2) is an arbitrary real function satisfying f(0)=1 and |£(2)|< f(0);

F is the position difference between the i th and j threceiver antennalalong the x

-axis direction (see Figure 6);

i is the position difference between the i th@nd j threceiver antennalalong the y
-axis direction (see Figure 6);

is the time lag of the correlation function;

/. is the moving velocity of the diffraction pattern along the x -axis;
/) is the moving velocity of the diffraction pattern along the y -axis;
d is the zonal wind veloegity;

/ is the meridionalwind velocity;

A, B, K,and H are constants:

Horizontal wind velocity (i.e”u-and v ) is able to be retrieved by determining 4, B, K, H| V,, and v,

with| which p(fi]-, T]i]-,T) most closely matches the measured correlation values. p(00, 7)is the
auto¢orrelation of thereceived signal.
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2 (f i n j]
—

O)/"
(Flnl1 1 l

Si]’
X
Key
X  Xdirectipn
Y Y directipn
1  ithreceiyer antenna
2 jthreceiyer antenna

NOTE Sqe text for the definition of the symbols.

Figure 6 — Coordinates used for‘explaining FCA

6 WPR gystem

6.1 Frequency

Frequency 4llocation for a WPR is recemumended by International Telecommunication Union (ITU)]
(101, For WPRs used by the weather setvice, the frequency should follow these recommendations.

The allocatgd frequencies are as follows:

— 46-68 MHz in accordanc€eywith No. S5.162A
— 440-450 MHz

— 470-494 MHzih.accordance with No. S5.291A
— 904-928 MHz in Regions 2 only

— 1270-1295 MHz
— 1300-1 375 MHz

The output power of the transmitter, centre frequency, frequency accuracy, occupied bandwidth,
and spurious emission are regulated by the licensing of radio stations. The radio station’s licensing
requirements shall be obeyed.

For WPRs using transmission pulses, waveform shaping of the transmitted pulse is generally carried
out in order to satisfy the occupied band width determined by the licensing of the radio station. The
waveform shaping causes the loss of the radar sensitivity (see 6.2.4.3), and the loss of radar sensitivity
decreases with the increase of the occupied band width.
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6.2 Hardware and software

6.2.1 Principal components

Figure 7 shows principal components of a WPR. The principal components of a WPR are as follows:
— Antenna

— Transmitter

— Receiver

— $ignal processing unit

— (bservation control unit

|
|
2 3
N
N |
| H
| g -
. |
-
I_ 4 - —— e — — 5
Key
1 antenna
2  {ransmitter
3 1receiver
4  gignal processingunit
5 bservation control unit

NOTE1 Solid lines show the transmitted or received signals. Broken lines show signals recessary for
prodiicing transmission and received signals (i.e. signals from the coherent oscillator (COHQ) and stable
(staleized) local oscillator (STALO)), for controlling transmission and reception, and for monitoring operational
status. For simplicity, other components (€.g. pOWer supply Unitj are not drawn.

NOTE 2  COHO is the signal source for producing the IF signal used in transmission and for detecting the phase
of the received signal. STALO is the signal source for up-converting the transmitted signal from IF to RF and for
down-converting the frequency of the received signal from RF to IF. See 6.2.4.1 and 6.2.5.1 for more details of
COHO and STALO. Both COHO and STALO produce sinusoidal signal continuously.

Figure 7 — Principal components of WPR
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6.2.2 Signal processing

Signals detected by the antenna are processed in order to measure height profiles of the wind velocity
and other products. The processes are referred to as signal processing and are classified as follows:

1y

Processes for obtaining complex (i.e. in-phase (I) and quadrature-phase (Q) or 1/Q) received

signals collected from every transmission. They are frequency down conversion, phase detection,
and frequency filtering.

2)
3)

Digitize

from eV

4) Integraf

integrat
5)
6)

Retriev

The proces;
frequency (
filtering at
SNR and forj
filtering of
digital devig

NOTE1l B{

The digitiz4
the receivel]
followed by
frequency fi
affect the sd
are describe

Decompresq
antenna bed
collected fr
signal procg
decompress

NOTE 2 FH
sample rates

Because co
determined

the received signals collected from every transmission.

Carry out ranging. When the pulse compression is applied, the I and Q received signals collected

ery transmission are decompressed. Details of pulse compression are described in 6:2

e the I and Q received signals in time. It is referred to as coherent integration:-Coh
ion is applied when the amount of data in the received signals needs to be reduced.

e height profile of wind vector by the DBS method or by the SA technique:

Store the measurement products in the storage device.

es described in 1) are carried out in the receiver. The down ‘conversion from the
RF) to the intermediate frequency (IF) is carried out by analog devices. The freqy
he baseband (i.e. frequency filtering of the I and Q signals) is‘carried out for enhancin
removing frequency images. Phase detection to producedhe I and Q signals and freqy
he received signals at IF and the baseband can be carried out either by analog devices
es. Details of the receiver are described in 6.2.5.

seband is also referred to as video frequency.

ition in 2) is carried out by the analog:to-digital (A/D) converter (ADC) installg
or in the signal processing unit. Whemythe digitization of the received signals at I

[ltering), 1) and 2) are carried out with the order reversed. The digitization can signific
nsitivity and dynamic range of ‘the receiver. Considerations of the digitization by the
din 6.2.5.5 and 6.2.5.6.

ion in 3) and coherent integration in 4) are carried out for every receiver channel, ¢
im, and every range gate. In addition, they are performed by using the received si
bm every transmission. Therefore, field programmable gate array (FPGA) and/or d
ssor (DSP), arecgenerally used in order to attain the processing speed sufficient fo
jon and coheréntintegration (see 6.2.6).

GA and DSP\are suitable for executing digital signal processing which is applied to signals with
and canbeexecuted by additions and multiplications (e.g. filtering, convolution, and summati

herent integration decreases fNyq' the number of coherent integrations shoul
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aliasing (see 7.1.4). Frequency aliasing caused by the decrease of fNyq can cause an overlap between

the clear-air echo and the contamination (i.e. clutter or interference) even when the Doppler frequency
of the contamination is different from that of the clear-air echo. The overlap occurs when the Doppler
frequency difference between the contamination and the clear-air echo is an even multiple of fNyq.

Note that coherent integration also acts as a digital filter, which leads to some attenuation of the signal
near fy,q and which has a rather peculiar frequency responselll], The frequency response affects all

frequencies, including those out of fNyq .
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Wind vector retrieval in 5) shall be carried out for every range gate. When the DBS method is used, the
following are carried out(12];

1) Compute the Doppler spectrum of the received signals for every range gate and every antenna
beam.

2) Integrate the Doppler spectra. The integration is referred to as incoherent integration. Incoherent
integration is carried out when the amount of data stored in the storage device is reduced.

3) Estimate the spectral parameters (i.e. P.y,,, V;., and the spectral width), the noise power (i.e. p,
and P, ), and the SNR. See 5.1 for details.

4) Retrieve the wind vector by using the set of radial Doppler velocities collected by multjple antenna

eams. See 5.3.2 for details.
In 1), Fast Fourier Transform (FFT) is generally used in order to compute thie Doppler spectrum.
Filtefing the time series by a window function (e.g. Hanning window or Blackman winglow) can be

applied when the truncation effect of the time series needs to be reduced.

In 2)

spec
aire

the variance of the Doppler spectra can be reduced by a factor of by integra

1
V N incoh

'ra in an ideal case. The variance reduction contributes to improving the detectability

Cho (see 7.3 and Formula (79)).

It is moted that there are trade-offs in applying incoherent integration. While incoherent inf

does
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not contribute to enhancing the SNR of the clear-ajr echo, increasing the length of the
Increasing Ndata) contributes to enhancing the SNRof the clear-air echo (see 7.3 and

ula (78)). On the other hand, increasing the number of data points of the Doppler spec
asing Ny, ) requires an increase in the am@unt of data stored in the storage device. I

ration, which decreases Ny,., by integrating the Doppler spectra, can reduce the data

elationship between the correlation.time of the clear-air echo and the SNR improvemg
ribed in 7.3 and Formula (78). Noté:tHat SNR enhancement by increasing the collection|
ed because the coherency of the'clear-air echo decreases with time.

Is in a Doppler spectrunt. lt‘also increases the distortion of Doppler spectrum owing tq
resolution for resolying received signals in the frequency domain. The distortion

[ficant for ground clutter because its mean Doppler frequency is zero and because
ope can be braadened[13l. See 5.2.3 for details of ground clutter. Greater time s
ributes to reducing the distortion of Doppler spectrum. Therefore, Ny, and N

1NCo|
'mined by ¢onsidering the SNR enhancement, Doppler spectrum resolution, and the amn

fing Doppler

of the clear-

egration
time series

trum (i.e.
ncoherent

amount.
ntis
time is

e Doppler spectrum resolution decreases the capability of separating the clear-air echo and other

insufficient
s especially
its spectral
bries length
L should be

ount of data

stordd in theStorage device.

In 3)] thelspectral parameters are determined by estimating the zeroth, first, and second order moments
of the‘Doppler spectrum of the clear-air echo (see 5.1). The zeroth, first, and second order moments
can be estimated by using the least squared method or the moment method!2Il12], [n the least square
method, it is generally assumed that the clear-air echo follows a Gaussian distribution. Note that other
spectral estimation methods can be used.

Estimation accuracy of p, (and P, ) is able to be improved by using Doppler spectra in ranges far away

from the WPR because of low radar sensitivity there. Another method for estimating noise power is
shown in Reference [15]. In this method, Doppler spectrum points containing echoes and interference
signals are removed in p, estimation by sorting Doppler spectrum points according to their intensity.

It is noted that the method described in Reference [15] assumes that there is a sufficient number of
Doppler spectrum points which are dominated by white noise. Note that P, is computed from p, by

using Formula (7).
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Estimation accuracy of the spectral parameters can be improved by selecting only the Doppler spectrum
points at which the intensity of the clear-air echo is significantly greater than p, [16]. The Doppler

spectrum points used for estimating the spectral parameters should be continuous in Doppler
frequency.

When the precipitation echo is used for retrieving the wind vector, V. of the precipitation echo is
estimated and used for retrieving the horizontal wind velocity (see 5.2.2).

When the SA technique is used, in general, horizontal wind velocity is retrieved by using correlations

(see 5.3.3).
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SIgnal processing can be done at most Steps of the processing (e.g. In producing time.s¢
oppler spectrum, estimating spectral parameters, and retrieving wind vector). See'Cla]
f QC in digital signal processing.
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e used for radiating radio waves into the atmosphere (i.e. transmission) and detectin
ignal reception). Depending on the transmission and reception‘'method of the WPR syj{
o kinds of antenna configurations.

e antenna is used for both transmission and reception\(i.e. monostatic radar). A swit
separating the transmission and received signals in‘this antenna configuration.

enna used for transmission and the antenna usedfor reception are different.

s generally used for WPRs that measure wiiid velocity by using the DBS method. The |
used for WPRs that use frequency modulated continuous wave (FMCW) for transmi
A technique.
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he antenna shall be able to point’its main beam to multiple directions in the DBS me
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ple antennas (e.g. using ‘multiple parabolic antennas) are ways that the main beg
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m to multiple’directions by using a single antenna element. In the SA technique, the ant
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ht accuracy of the wind velocity.
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6.2.3.2 Pa

rameters relating to the antenna beam pattern

6.2.3.2.1 General aspects

Antenna gain, beam width of the main lobe (hereafter referred to as antenna beam width), the range
of the near field, beam pointing accuracy, and the side lobe are the fundamental antenna parameters
that determine the performance of the WPR. Figure 8 shows an example of an antenna pattern. The
antenna beam pattern is determined by the antenna shape and the aperture distribution (i.e. amplitude
and phase distribution). For the phased array antenna with uniform aperture distribution, the beam
pattern of the antenna elements (subarrays) and the arrangement of antenna elements determine the
antenna beam pattern. They are referred to as the element factor and the array factor, respectively.
For the phased array antenna, amplitudes of the antenna elements can be tapered in order to reduce
the side lobe level. The antenna should be designed so that the grating lobe is not formed. It is noted
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that both the antenna beam pattern in transmission and that in reception determine the antenna
performance of the WPR.

@
AZ=270° AZ=90° ) AZ=180° AZ=0°
I c I
Y Y
2
X
(b) (9

Key
X  zenith angle
Y gain
1 4gntenna beamypattern in the azimuth and elevation directions
2 1nain lobe
3 gidedobes
NOTL (ﬂ) Alltclllla bcalll PattCl 115 ;ll ab;llluth Cllld L‘Cllith ﬂllslco. Alltcllllﬂ bcalll d;l C\,t;Ull ;;, Vertical- AZ

indicates the azimuth angle, and the distance from the beam centre, which is the intersection point of the two
broken lines, indicates the zenith angle. (b) Antenna beam pattern in the cross-section A. (c) beam pattern in the
cross-section B. Some side lobes shown in (b) and (c) are not shown in (a) because of their small level.

Figure 8 — Example of the antenna beam pattern

6.2.3.2.2 Antenna gain
Antenna gain is defined by Formula (31):

Gant :Dpeak —RL—1010g10 (nrad ) (31)
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where
G, isthe antenna gain in decibels;
Dpeak is the directivity at the peak of the main lobe in decibels;

Meaq IS the antenna radiation efficiency;

RL is the antenna return loss in decibels.

See 6.2.3.3 for details of RL. 1,4 is defined by Formula (32):

Mrad =N dq (32)
where

n.  ifthe ohmic conduction efficiency of the antenna;

nq  ifthe dielectric efficiency of the antenna.

6
/ r\\
-5

Key
1 antenna
2 electronfagnetic wave jincoming to the antenna
3 electronfagnetic wavereflected at the input point of the antenna
4  electronjagnetic wave transmitting in the antenna
5 radio wayve radiated from the antenna at the direction with the directivity peak
6  main lobe'gfithe antenna
NOTE See text for the definition of 7,4 and RL . The panel explains a signal flow in transmission. The signal

flow is reversed in reception, and the value of directivity, efficiency, and return loss in transmission are same as
those in reception.

Figure 9 — Definition of the antenna gain

Figure 9 illustrates the definition of antenna gain. The impedance mismatch between the antenna and
the cable produces RL (see labels 2 and 3). The ohmic conduction loss and dielectric loss of the antenna
produce 1,4 (see label 4).
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Itis noted that the antenna gain shall be computed by using the antenna directivity, radiation efficiency,
and RL. Increasing the antenna gain generally contributes to an increase in the radar sensitivity. Both
the antenna gain in transmission and that in reception affects the radar sensitivity (see 7.3).

6.2.3.2.3 Antenna beam width

Figure 10 illustrates the definition of antenna beam width. The antenna beam width is defined by
the points where the antenna directivity decreases 3 dB from that at the peak of the main lobe. The
point with the maximum gain of the main lobe shall be located between the two points. Antenna beam
width of the WPR is defined by the two-way antenna beam pattern. The two-way antenna beam width
determines the angular resolution of the WPR.

Spectral width of the clear-air echo is broadened by the horizontal expansion of the maindpbe, and the
broaflening is referred to as beam broadening (7.3.2 of References [1] and [4]). The\beam|broadening
decreases as the beam width of the main lobe (i.e. the antenna beam width) decreasés, and decreasing
the gffect of beam broadening contributes to enhancing accuracy of turbulenceintensity estimation
using the spectral width.

Y

3 dB

—t—p—

-2

Key
gngle
gain

¢entre of the main lobe

X

Y

1 1nainlobe of the antenna
2

3  antenna beam width

Figure 10 — Definition of the antenna beam width

6.2.3.2.4 Near field

The near field is a region where the antenna beam pattern depends on the distance from the antenna.
The border range between the near field and the far field is given by Formula (33):

2
2D
Rthr_ant = ;Lnax (33)
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where
Ripr ant iS the border range between the near field and far field;
Dpax  is the maximum diameter of the antenna.

The maximum range of the near field increases with an increase of the antenna gain (i.e. it increases
with a decrease of the antenna beam width). At ranges within the near field, accuracy of measurement
products can decrease because the antenna beam pattern is not formed as well as that in the far field.

Details of range sampling are described in 7.2.

6.2.3.2.5

The numbe
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accuracy of
zenith anglg

— A great
the Dop
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Beam direction

of antenna beams and their directions should be determined by consideringcthe me
city estimation (see 5.3) and the estimation accuracy of the wind vector. The-estim
Fhe wind vector is affected especially by the zenith angle of the antenna beam! Effects ¢
on the Doppler velocity are as follows:

er zenith angle increases the magnitude of the horizontal wind-velocity projected|

d into the Doppler velocity. Therefore, a greater zenith angle ¢ah contribute to impr
ementaccuracy ofthe horizontal wind velocity in weak wind-and to mitigating contamin

of ground clutter in a clear air echo.

NOTE
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V4 shown in Figure 2 is expressed as V,; =using, sinfg+vcos¢, sin6; +wcos6,.

b1 zenith angle decreases the maximum wind velgeity that can be safely measured wit
cy aliasing (see Formula (73)). It also increases\a possible effect of an inhomogeneous
the wind vector retrieval as the volume sampled by the different antenna beams is enla

r zenith angle can significantly increasé.the contamination of clutter existing at or neg
by increasing the antenna side lobegs at low elevation angles.

ing the above-mentioned factors, zenith angles between about 10° and 15° are frequ

When the antenna beam direction is'changed on a pulse-to-pulse basis, fNyq is smaller than that

the antenna
Doppler spe|
details of f]
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beam direction is changed after collecting a Doppler spectrum or after collecting all ¢
ctra used in incohérént integration (see Formulae (67) and (69)). Subclause 7.1.4 desc
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a pulse-to-pulse basis because their long radar wavelength contributes to compens
e of fyyge Changing the antenna beam direction on a pulse-to-pulse basis reduce
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er .€ollecting a Doppler spectrum or after collecting all of the Doppler spectra us

incoherent integration. The collection time difference among the antenna beams can be a factor
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decreases the estimation accuracy of the wind vector.

6.2.3.2.6 Beam pointing accuracy

Beam pointing accuracy shall meet the requirements for measurements of wind velocity and
turbulence. In addition to the antenna design and manufacture, antenna installation is a factor that
determines the beam pointing accuracy. Accuracy of antenna installation should be examined in the
design, manufacture, and installation of the WPR. For the phased array antenna, phase control of the
antenna elements (subarrays) is also a factor that determines the beam pointing accuracy. Details of
the measurement accuracy are described in 7.4.
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6.2.3.2.7 Side lobes

Pattern and levels of the side lobes are crucial factors that determine clutter and interference
contamination in the received signals. Increasing the antenna size generally contributes to a reduction
in the side lobes at low elevation angles.

6.2.3.3 Voltage standing wave ratio (VSWR) and antenna return loss (RL)

VSWR is a measurement of the reflection of the transmission signal back to the transmitter and the
receiver. RL is the transmission loss caused by the reflection at the connection point. VSWR and RL are
defined by Formulae (34) and (35):

tswr= L*1P) (34)
1-|p|
and
RL= —20log,, (p) (35)

wheite p is the reflection coefficient at the connection point. RL is défined in decibels.

The pvalue of RL is able to be calculated from that of VSWRs/~and vice versa. The antenna shall be
designed and manufactured so that the reflection from the antehha does not damage the transmitter or
the receiver.

6.2.3.4 Radome and clutter fence

A raglome can be installed at locations where the snow accumulation can damage the anfenna of the
WPR!|. A radome can cause power loss in transmission and reception, degradation of antenna beam
pointing accuracy, and an increase of the sidélobe level.

A clytter fence is a means for mitigating’clutter. The clutter fence is also useful at reduding possible
interfference with other radio stations By reducing radiation of radio waves in low elevatior] angles. The
detalls of clutter and interference are described in 5.2.3 and 5.2.4, respectively. Design of the clutter
fencg is described in 10.5.

6.2.4 Transmitter

6.2.4.1 Functions

Trangmitter is.used for producing RF transmission signals. The RF transmission signals are radiated
from|the antenna. Figure 11 shows principal components of the transmitter. In general, the[transmitter
has the fogHowing functions: signal source generation by the COHO and the modulatot, frequency
up- C)nversmn by the mixer, SIgnal ampllflcatlon by the amplifier, and frequency f11ter1ng by the
frequen 3 d to RF. The
transmission 51gnal is generally amphfled by sohd state amphflers In most cases, the amphflcatlon has
several stages. The frequency filtering is carried out to remove spurious emission of radio waves. It is
noted that the transmitter cooling shall be sufficient to prevent damage due to overheating. It is also
noted that analog signal processing by the COHO and that by the modulator (i.e. transmission signal
generation at [F) are often replaced by the digital waveform generator, digital-to-analog (D/A) converter,
and low-pass filter. The low-pass filter is used for removing unnecessary frequency components.

Peak output power, transmission duration, transmitted pulse width (rp ), maximum duty ratio,

occupied band width, spurious emission, and recovery time from the transmission to the reception are
the fundamental parameters that determine the performance of the transmitter.
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3 > 4 > 5 > 6 —» a
)
1 - 2
Key
1 COHO
2 modulator
3 STALO
4  mixer
5 amplifie
6  frequengy filter
a2 To anten'[wa.
NOTE The panel is simplified in order to outline the transmitter by showing only its principal components.
Configuratiop of the transmitter varies depending on the design of the WPR.
Figure 11 — Principal components of the transmitter
6.2.4.2 Peak output power
Output power of the transmitter is one of the principal factors'that determine the radar sensitivity (see

Formula (74
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) and 7.3). Peak output power of the transmitter( P, ) shall be defined and measured 4
of the transmitter.
a schematic illustration that explains tie'transmitted pulse. In Figure 12, the peak-to-
e transmitted pulse (Vpp) is defined: In the measurement, the edges of the transm

e determined where the voltage of the transmitted pulse is comparable or less tha
f the test equipment (e.g. oscilloscope). V,,, shall be defined by the peak voltage aroun

e pulse. P, can also be measured by a peak power meter (see Table 5). It is noted thg
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he computation of\radar sensitivity described in 7.3.

t the

peak
itted

h the
d the

t the

from
into

30

© IS0 2022 - All rights reserved


https://standardsiso.com/api/?name=fc83d47e2f5a17369812e482181f5a21

IS0 23032:2022(E)

X
Key
X tfime
Y Yoltage
1  ¢dges of the transmitted pulse
2 ry
3 ¢nvelope peak of the transmitted*pulse
4

peak-to-peak voltage of the.transmitted pulse (V)

NOTH
— $ee 6.2.4.3 forthedefinition of 4.

haded area Shows the transmitted pulse. The envelope of the transmitted pulse is illustrated by the thick
olid cuxve:

7NN

Figure 12 — Schematic illustration that explains the transmitted pulse

6.2.4.3 Pulse width, duty ratio, occupied band width, spurious emission, and recovery time

T, is one of the crucial factors that determine the range (height) resolution and radar sensitivity. (2

should be defined by either of the following two definitions:
— Duration during which the transmission signal is generated (i.e. 74).
— Time width between the two 3-dB drop-off points from the peak point (734g5).

When phase-modulated pulse compression is applied, Tp s determined from the sub-pulse. The
definition of 7, should be determined by discussion between the user and the supplier. The definition
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of 74 isillustrated in Figure 12. In the pulsed radar, in general, the waveform of the transmitted pulse is

not rectangular, and is shaped by the low pass filter and/or band pass filter in order to satisfy the
occupied bandwidth and the spurious emission regulated by the licensing of the radio station. Therefore,

when 7, is defined by 7, the loss factor caused by the waveform shaping of the transmitted pulse (L)

shall be taken into account in the estimation of radar sensitivity (see 7.3). Figure 13 shows a schematic
illustration that explains Ly. L, is defined by the ratio of the transmitted power of the waveform-

shaped pulse to the rectangular pulse, and is given by Formula (36):

A
L =—— 36
P A+BxC (36)
where A, B| C are the area explained in Figure 13. Q"l,q’
Y "
L,=A/(A+B+C() 2 0;1,
Key
X time
Y power .
o @
2 envelopg peak of the transmitted p@?
3 0 powerllevel O .
NOTE %\
— See text for the defi i@'n of 74 and L, .
— The dark—shade&a A shows a transmitted pulse with waveform shaping. The light-shaded area B aind C
show thg pow§~ ifference between the transmitted pulse and the rectangular pulse.

b nld 4. Ol - =11 ' - | g 1 - L
rigulc 1o — oStIIcIIallt IITUS LI dUIUII UldU CXPIdITTD L:p

Figure 14 shows a definition of 7345. T34g can be measured by the following steps:
1) Find the local peak power ( A),

2) Find the time points where the power is 10 % of P (10 % points),

3) Find the power point in the middle of the two 10 % points, and regard it as Py,
4) Find the points where the power is 50 % of P, (50 % points).

The time difference between the two 50 % points is 734p.
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Key
X [ime
Y bower
L R
2 L0 % power of B
3 pp
4 50 % power of B,
5 73dB
NOTH

— Yee text for the definition of R, P,, and 734g-.

— Thepulse shape isillustrated for explanation purposes. In reality, smaller differences between fj and B, and

better envelope flatness between the rising and falling edge contribute to better range weighting of the
teceived signals (see 6.3.1.5, 7.14, and 7.2).

Figure 14 — Definition of 7345

The duty ratio (or duty cycle) is defined as the ratio of transmission duration to the IPP. [The average
outppit power is determined by the total output power of the transmitter and by the dufly ratio. The
total{output power of the transmitter can be computed by integrating the instantaneous ofitput power
of the transnjitter in time or by using Pp , Lp, and the transmission duration. It is noted that the loss

between the output point of the transmitter and the antenna shall be taken into account ih computing
ransmission

Contamination of undesired signals to the transmission line should be examined because it can be
sources of spurious emission. Leakage from the clock signals, timing signals, signals from COHO and
STALO, and others can be sources of the contamination. Contamination of undesired signals to the
transmission line can cause an increase in transmission loss when the frequency filter for removing the
contamination is installed after the final amplifier.

Generation and waveform shaping of the transmission signal at IF are often carried out in the digital
device. The transmission signal which is digitally generated at IF should be low-pass filtered after the
D/A conversion in order to remove unnecessary frequency components.

For WPRs using transmission pulses, rise time of the transmitted pulse and recovery time from the
transmission to the reception should be taken into account. The rise time can affect the waveform
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shaping, and the recovery time is one of the factors that affect the minimum measurable range. The
increase of noise power during the recovery can decrease the quality of measurement products
obtained by the WPR.

For WPRs using transmission pulses, the waveform shaping, and the frequency filter installed after the
final amplifier causes a power loss of radio waves radiating from the antenna. They shall be taken into

account in the computation of the radar sensitivity described in 7.3.

6.2.4.4 Pulse compression

In order to enhance both range resolution and SNR, the transmission signals are often modulated in

phase or fréquency. The modulation is referred to as pulse compression. In phase-modulated |

compressio
phase codin

Range resolution after the decoding is determined by the sub-pulse (see 6.2.4.3 and 74.1). The

after the d
condition.

Barker codéd
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, the transmitted pulse is coded by dividing the transmitted pulse into sub-pulses; Bi
g is generally used. In real-time digital signal processing, received signals are.dec

pcoding is Ngup,, times greater than that without the pulse compression under

[17] is composed of one phase-modulated code in time. Use of the Batker code causes 1
lomplementary codell8] uses a pair of sequences in time, and hehce is able to reduc
obes. For the Barker and complementary codes, received, sighals collected at the
nge gates (hereafter referred to as the truncated range) shéuld not be used because

ecoded completely. The binary code sequence developed by Spano and Ghebrebrh:
eferred to as the Spano and Ghebrebrhan code) enables decoding in the truncated r

I of time sequences of the Spano and Ghebrebrhan code is 2Ng,,. The Spano

h code is also able to be used for extending the maximum measurable height.

cy-modulated pulse compression, FMCW is.generally used. The demodulation is able
converting the received signal from the-time domain to the frequency domain becaus
hift in the received signal corresponds'to the range from the WPR. Transmission dur
cy span are the principal parameters that determines the SNR enhancement. Frequ
rincipal parameter that determines range resolution.
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5 used for produeing the complex (i.e. I and Q) received signals detected by the antg
he receiver eollécts signals detected by the antenna, down-converts the frequency d
nals to IF, produces the I and Q received signals at the baseband (i.e. video frequenc
tion, and oarries out frequency filtering for enhancing SNR and for removing frequ
his document, the final output of the receiver is defined as the I and Q signals afte
Iteting at the final stage. The final output is either digital or analog depending o
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Figure 15 shows principal components of the receiver. In general, firstly, the signal collected by the
antenna is amplified by the low noise amplifier (LNA). Then, the frequency of the received signal is
down-converted from RF to IF by the mixer. In the frequency conversion, frequency images shall be
removed by frequency filtering in order to prevent contamination from unnecessary frequencies.
After the frequency conversion to IF, the phase of the received signal is detected by the phase sensitive
detector (i.e. phase detection) in order to produce the baseband I and Q signals. The I and Q signals are
then filtered for enhancing the SNR and for removing frequency images. For details of the frequency
filtering of the I and Q signals (i.e. at the baseband), see 6.2.5.3.

Total NF (Fiptal

determine the performance of the receiver. The transmitter and receiver shall be designed so that
transmission does not damage the receiver. Note that phase detection and frequency filtering of the

), dynamic range, linearity, and receiver gain are the fundamental parameters that
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received signals at IF and the baseband can be carried out either by analog devices (i.e. the phase
sensitive detector and that by the frequency filters) or by digital signal processing.

— 6 > 7 —» b
a —= 1 - 3 [ 4
2 5
L] 6 - 8 =~ b
Key
1 INA
2  $TALO
3 1nixer and frequency filter
4 LOHO
5 72_c phase shifter
6 hase sensitive detector
7 ayrequency filter for the I signals
8 requency filter for the Q signals
a From antenna.
b To signal processing unit.
NOTH The panel is simplified in ordeér to outline the receiver by showing only its principal|components.
Configuration of the receiver varies.depending on the design of the WPR.
Figure 15 — Principal components of the receiver
6.2.5.2 Digital signal processing in the receiver
Phase detection'and frequency filtering of the received signals at IF and the baseband can b¢ carried out
eithgr by analog devices or by digital signal processing. In the digital phase detection and tlje frequency
filterlings received signals at IF are digitized by the ADC, and then the digitized signals are processed in
real fime.'Because digital phase detection and frequency filtering are carried out by using the received

signatswitlrhighrsampte ratesand-because they needtobe processedinreattinre, FPGA=amd /or DSP are
generally used for them. Digital signal processing for producing the I and Q signals (i.e. phase detection
and frequency filtering) and the digital signal processing described in 6.2.6 can be carried out in the
same signal processing device.

When analog phase detection and frequency filtering are used, in order to produce I and Q signals, the
frequency of the received signals is down-converted to the baseband by analog devices. The baseband
I and Q signals processed by analog devices are digitized by using two ADCs (see Figure 15 and 6.2.6).
Note that even when analog phase detection and frequency filtering are carried out, part of digital
signal processing in the signal processing unit is executed by using FPGA and/or DSP (see 6.2.6).
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Advantages of the phase detection and frequency filtering by digital signal processing over those by
analog devices are the following:

— Orthogonality of I and Q signals is much greater than that of the analog phase detection (i.e.
imbalance between the I and Q signals is much smaller than that of the analog phase detection).

— External noise whose sources are clock signals, control signals, and others do not contaminate the |
and Q signals when their frequency is sufficiently lower than IF.

— Shapeo

f the frequency filter has flexibility because it is digitally configured.

Advantage of the analog phase detection and frequency filtering is the following:

— Comme
higher
ground

In the digit4

1) In orde
before t

2) The inp
by the 4
the AD(

3) The dyi
(see 6.2

Fcially available ADC has better resolutions involving better dynamic range. It resu
Juality measurements in case of a highly polluted environment (e.g. by intermitte
clutter).

| phase detection and frequency filtering, the following shall be taken intejaccount:

- to remove frequency aliasing, received signals shall be band-pass)or low-pass filf
hey are inputted to the ADC.

\DC (i.e. IF). It shall be applied even when down sampling{s,used (i.e. sample freque
is less than the frequency of the received signals).

namic range of the ADC should be sufficient for that of the analog part of the rec
5.5 and 6.2.5.6).

4) Using imteger and/or fixed-point data types in the:Gomputation can decrease the accuracy

dynami
the rang
and exd
precisid
5) Thejitt
phase d

6.2.5.3 Fy

Frequency Y
(see 6.2.5.1)
and f_ are

From f, and f_, Bxis computed by Formula (37)

B.=f,

c range of the received signals because they have significant limitations with respd

mined in each step of the digital signal processing in order to minimize the decreal
n and dynamic range of the receivedsignals.

er of clock signals should be examined because it can increase the ambiguity in the d
etection.

equency band width

and width of thereceiver (B, ) is determined by the frequency filter for the I and Q si

the frequeiicies at which the gain goes 3 dB down from that at the centre frequenc

v

. B, is defined\by the half-power full width. Figure 16 illustrates the definition of B}.

ts in
nt or

ered

Lt frequency range of the ADC shall include the frequency of the received signals SaIr]]lpled

cy of

eiver

and
ct to

re of representable values. This range of vepresentable values should be carefully designed

se in

gital

pnals

f+
y fe-

(37)

The shape of the transmitted pulse is a principal factor that determines B.. For details of the

transmitted pulse, see 6.2.4.2, 6.2.4.3, and 6.2.4.4. When the frequency filtering for the [ and Q signals is
carried out in the digital part of the receiver, in general, B, is determined by the digital signal

processing. In the filter design, frequency characteristics in both the pass and stop bands should be
taken into account. Instead of B, defined by Formula (37), B, conventionally defined by a user can be

substituted.

36
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Y
Br
5
f- fe f+ X

Key
X  frequency
Y gain

NOTH See text for the definition of f, f_, f,,and B,.

Figure 16 — Definition of the receiver band width

6.2.3.4 Noise

6.2.3.4.1 Noise figure (NF)

The receiver noise, which is produced jn the receiver, can generally be regarded as white noise. F,,

and the total receiver gain is defined between the input terminal of the LNA and the input{ point of the
ADC{ Fiyt, is determined by thetgains and NFs of the receiver components. When the n romponents

are connected in the receivet, Fi ., is denoted by Formula (38):

F,-1 #y=1 F, -1

4 oot (38)
Gy~ G1Gy GGy -Gy

Fotal =F1 +

wherte

F.  dsithe noise figure of i th amplifier;

;0 isthe gain of i th amplifier.

Note that all the components that produce gain or loss of the received signal need to be taken into
account in Formula (38) (i.e. Fy, ). Because F; and G; are the NF and the gain of the LNA, respectively,

the NF and the gain of the LNA are the most important factors that determine F,, . The gain and NF of
the receiver components should be designed so that the increase of F,, by the receiver components
other than the LNA is sufficiently small.

Figure 17 shows an example of NF changes in the analog part of the receiver. S ;, is the minimum
input power of the receiver. S, ;, at the input point of the LNA (i.e. at the input point of the receiver)
is generally determined by the noise power whose parameters are the frequency band width of the
receiver and the noise temperature at the input point of the LNA (i.e. the noise temperature at the output
of the transmission line). See 6.2.5.3 and Figure 18 for more details of the frequency band width of the

receiver and the noise temperature at the output of the transmission line (i.e. the noise temperature

©1S0 2022 - All rights reserved 37


https://standardsiso.com/api/?name=fc83d47e2f5a17369812e482181f5a21

IS0 23032:2022(E)

at the input point of the LNA), respectively. S,;,, at the input point of the ADC is generally determined
by the noise power of the receiver (see 6.2.5.4.3) and by the receiver gain. The receiver gain should be
designed so that the noise truncation caused by quantizing the received signal does not significantly
affect the noise power estimation. Note that the ADC digitizes (i.e. quantizes) the received signal. S ;, is

one of the crucial factors that determine the dynamic range and linearity. Details of the dynamic range

and linearity are described in 6.2.5.5.

S

max

point of the

is the maximum input power at which power saturation does not occur. Because S,
should be determined by

ADC determines the maximum power inputted to the ADC, S,

at the input

considering the maximum input power of the ADC. The saturation level of each receiver component

shall be taken into account in the S

;[ge and linearity, and greater 5, enhances the dynamic range and linearity. Details g
ge and linearity are described in 6.2.5.5.

dynamic ra
dynamic ra

In Figure 17
analog part

designed co
range.

NF is also a
point of the
signals detg
sensitivity i

Itis noted tH
the dynami

frequency filtering at the final stage), the dynamic range in both the analog part and the digital p3

the receiver

It is also no
level of the |
in the comp

computation. S, .. is one of the crucial factors that determin

max max

, both the S ;, and S, ,, plot start from the input point of the LNA. Dynamig range i

of the receiver is defined by the difference between S ;. and S, ... The receiver shou

hsidering the dynamic range. Greater dynamic range leads to enlarging the-echo detec

factor that should be considered in the design of the receiver. Fgy 1s the NF at the
ADC. Fiyi, is acrucial factor that determines the minimum detectable level of the rec
rmined by the analog components of the receiver. Smaller F ., enhances the i

ecause smaller F, ., lowers the noise power of the receiver (see 6.2.5.4.2 and 6.2.5.4.

e the
fthe

h the

[ld be

table

nput
bived
adar

).

at Figure 17 describes the signal level change only in‘the analog part of the receiver. Bec
range is defined at the final output of the I and Qignals (i.e. the [ and Q signals aftg

shall be considered in the design of WPR.

ted that the loss between the antenna and the LNA deteriorates the minimum detec
IWPR (see 6.2.5.4.2). The loss between the antenna and the LNA shall be taken into acq
itation of radar sensitivity (see 7.3.and Formula (76)).
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1 2 3 Z 5 6 7 8 9 T0 | 11 [ 12 [ 13 | 14 [ 15 [ 16 [ 17
Stage || A || [O = Q || | | | ]| Q || X R e
ANT | LNA | ATT [ AMP | 1SO | BPF | 1SO | MIX | LPF | ATT | AMP | 1S0 | BPF | ISO | MIX | ATT | AMP | LPF | ADC
10
0 S max —
%8 — /
30 A
1 | 28 L
80 Z
80 -
= ——
-100 S mi
110 / ﬂlll’lI I
-120
| | | | | | | | | | | | | | |
=== N I S
18 ———— = ———=
2 | =2
08
08 7
02 £
0
Key
1 §,,andS,,, changesin dBm
2 INF changesin dB
NOTH The abbreviations in the panel are as follows: ANT denotés antenna, LNA denotes low ndise amplifier,

ATT dlenotes attenuator, AMP denotes amplifier, ISO denotes isolatdr, BPF denotes band pass filter| MIX denotes

mixe

6.2.5

Figu
noisq

whet

[, and LPF denotes low pass filter.

is the antenna loss factor;

4.2 Noise temperature
temperature of the receiver T, (is)given by Formula (39)
i 1
n =_(Ts _TO )+TO +Tr
Ialf
e

Figure 17 — Example of dynamic range and NF.changes in the analog part of the receiver

e 18 shows a schematic illustration¢hat explains the noise temperature of the receiver| The system

(39)

¢ istheloSs factor in the transmission line between the antenna and the input point of the receiver;

[ i5the effective sky noise temperature;
g—1is the ambient temperature;
T. isthe equivalent input noise temperature of the receiver.
The loss factor [ is defined as I= Fin ,where P, and P, is the input and output power of the circuit,
out

respectively. I, is defined as the ratio of the input power to the output power for the antenna. I; is
defined as the ratio of the input power to the output power for the transmission line.
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T, is determined either by measurement or by appropriate computation. When T, is computed,

Formula (40) should be used:

_rfq_Tas
Ty=Ty| 1= [FTag (40)
g
where
T istheskynoise temperature, due to cosmic and atmospheric radiation, of an idealized antenna

®  (lossless, no earth-directed side lobes) located on the earth's surface;

Ty  is|the effective noise temperature of the ground;

T,g is|the ground noise temperature contribution to the antenna temperature.

Note that T} depends on the frequency and the elevation angle of the antenna beam;,Formula (40) is

referred frdm Formula (5.28) of Reference [1]. For more accuracy, the antenna-beam pattern cqn be
taken into agcount in the computation of T . A Ty value of 290 K, a T, value of290 K, and a T,, yalue

of 36 K are[conventionally used (see page. 113 of Reference [1]and Reference [20]).

T. is given oy Formula (41):
T: =To (Frota —=1) (41)

where F ., is the total NF of the receiver defined in Formuld {38).

1
a 2 3
|
I [ f F total
b T, = T, g

Tr = TO (Ftotal - 1)

A ————
o ———

T,=T +T,

Key

antenna

1

2  transmission line
3 receiver

a

Ambientitemperature ( Ty ).

[=x

Effective[sky hoise temperature (T ).

Noise temperature at the output of the antenna (T, =T; /[, + Ty (I-1/1L)).

Noise temperature at the output of the transmission line (T; =T, /I +To (1-1/1)) .

NOTE See text for the definition of L, Ir, and F,, - See text for more details of Ty, T,.,and T, .

Figure 18 — Schematic illustration that explains the noise temperature of the receiver

40 © IS0 2022 - All rights reserved


https://standardsiso.com/api/?name=fc83d47e2f5a17369812e482181f5a21

IS0 23032:2022(E)

6.2.5.4.3 Noise power

Noise power of the receiver Py is expressed by Formula (42):

Py =kT, B, (42)
where
k is the Boltzmann'’s constant (= 1,38x10723 ] Kt );

Py i
filten
shall

be dd
does

6.2.5

Dyn4
Line
dynd
signa
remg
of th

Beca

6.2.5
that
6.2.5

factd
dynd
anal
with
decr

1-dB
maxij
The 1
the n

isthe noise temperature of the receiver defined in Formula (39):

II

B. isthe receiver band width defined in 6.2.5.3.

5 defined at the input point of the receiver. Note that contribution of pulse compreg

ing for the received signal, integration of the received signals in time, and incoherent
be removed in the Py computation. The noise component of the receivéd signal can {

scribed as a Gaussian random signal, which is independent (i.e. delta-correlated) in tinj
not have frequency dependency (e.g. it has a white power spectrum-/(white noise)).

.5 Dynamic range and linearity

mic range is determined by the minimum detectable level and the saturation level of
hrity indicates the range in which the ratio of the output power to the input power is c
mic range and the linearity shall be defined at thé’final output of the I and Q signals
Is after the A/D conversion, phase detection, and frequency filtering for enhancing
ving frequency images). Therefore, the dynamiic range in both the analog part and the
e receiver shall be considered in the designief WPR.

use Fy., and the frequency band widthof the final output of the I and Q signals (i.e. B

.3) are the principal parameters.that determine the noise power, they are the domi
affect the minimum detectable\level determined by the analog components of the 1
4.1 for details of F,, . The maximum output level of the LNA and other amplifiers ar

rs that determine the satunation level determined by the analog components. It is ng
mic range determined by the analog components can be decreased from that of the LN
g components with §mdll maximum input levels (e.g. mixer). Especially for the analog

base in the dypammic range is minimized (see Figure 17).

compression'point (P1dB) and the back-off, which is the level difference between the B
mum output level, are the means to design the linearity of the analog components of

sion, digital

integration
heoretically
le and hence

the receiver.
nstant. The
(i.e. I and Q
SNR and for
digital part

- defined in

hant factors
eceiver. See
e important

ted that the
A because of
components

small maximum_input levels, the input level to them should be designed and adjusted so that the

1dB and the
rhe receiver.

maximum output level of each analog component should be determined so that they cd
naximum input level of the ADC. The linearity in the analog part of the receiver should

over

the whole input range of the ADC. It is noted that the range that the receiver gain

rrespond to
e examined

Ts able to be

adjusted increases with the increase of the back-off at the input to the ADC (see 6.2.5.6).

The level diagram of the receiver should be made so that the user of the WPR is able to know the design
of the receiver. The level diagram should be made both for the analog part and the digital part of the
receiver. As described above, the dynamic range can be limited by the analog components of the receiver,
ADC, and digital signal processing. Limitation by them should not affect the performance requirements
of the WPR. Figure 17 shows an example of dynamic range changes (i.e. S,;, and S,,,, changes) in the

analog part of the receiver. See 6.2.5.4.1 for details of S ;, and S,.,. 6.2.5.2 describes the factors that
affect the dynamic range in the digital signal processing.

6.2.5.6 Gain

The receiver gain is defined as the ratio of the output power to the input power and is expressed
in decibels. The input point that determines the receiver gain is the input terminal of the LNA. The
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output point that determines the receiver gain is the input point of the ADC. The receiver gain shall be
determined by taking the dynamic range of the ADC into account, and it can be designed by taking the
level diagram into account (see Figure 17). When the receiver gain is too low, quantization by the ADC
can decrease the radar sensitivity. When the receiver gain is too high, saturation of the received signals
can cause a loss in the dynamic range. Therefore, the hardware of the WPR should be designed so that
the receiver gain can be varied in order to adjust the dynamic range.

6.2.5.7 Signal synthesis in the phased array antenna

When the phased array antenna is used, the phase of signals collected by each antenna element
(subarrays) shall be controlled in order to point the antenna beam to the desired directions. After the
phase contrpl, the signals collected by the antenna elements are synthesized.

Means for t]
signal procq
point of vie

(CRI) and AC

e phase control and signal synthesis are implemented by analog devices or by,the d
ssing. The digital signal processing has an advantage over using analog devices fron
v that it provides opportunity of implementing the capability of coherentpadar im4
S (see 6.3.2 and 6.3.3). Because digital signal synthesis in CRI and ACS requires compli

gital
h the
ging
fated

computation, they should be executed by a computer which has a central procegssing unit (CPU) and is

operated byj
6.2.6 Sigy

6.2.6.1 Cq

Figure 19 s}
and those of

board, the A
the unit con

NOTE 1
operating sys

The CPU bo

a general purpose operating system.
jal processing unit

mponents

nows a schematic illustration that explains the components of the signal processing
the observation control unit. In general, the signalprocessing unit is comprised of thg
DC board, the board for real-time digital signal processing (signal processing board)
frolling the WPR.

The CPU board can be replaced by a computep which has CPU and is operated by a general pu

tem.

hrd is operated by the operating system. Owing to high versatility of the CPU board

used for controlling other components of the signal processing unit and for communicating wit

observation|
which is no
signal procg

The ADC bqd
executing dg
amount of r
or DSP.

control unit. For the received signals, the CPU board carries out digital signal proce
L executed in the signal processing board. Details of the digital signal processing i
ssing unit are descripedin 6.2.6.2.

ard is used forcdigitizing the received signals. The signal processing board is use
ecompression Of the received signals and coherent integration. In order to process the
bceived signalsin real time, the signal processing board generally has onboard FPGA

The unit co
producing t
the signal p

ntrolling the WPR is composed of the digital input/output (I/0) board, the device

unit
CPU
and

"pose

itis
h the
5sing
h the

d for
arge
and/

ansmltted 51gnals COHO and STALO In general the components in the unit are instal

I/0 board produces the control 51gnals necessary for transmission, receptlon and 51gna1 processmg
The control signals are sent to other WPR components. For example, the devices producing transmitted
signals are a digital waveform generator, D/A converter, and low-pass filter. COHO and STALO generate
the reference waves used in the transmission and the reception (see 6.2.1, 6.2.4.1, and 6.2.5.1). The unit
controlling the WPR also collects status signals from the components of the WPR.

Frequency of COHO and STALO and the timing of control signals shall be synchronized by using the
reference signal. The device producing the reference signal (e.g. a GPS receiver that outputs 10 MHz
reference signal) shall be installed as a component of the signal processing unit or other WPR unit.
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1  gignal processing unit. It comprises the items numbered 2 and 3.

2 ase in which the CPU board, the ADC board, and the board*for real-time digital signal proc¢ssing (signal

rocessing board) are installed.

3 Init controlling the WPR. It is composed of the 1/0 board, the devices producing transmitted sfignals, COHO,
4nd STALO.

4 bservation control unit. It is comprised of the items-numbered 5 and 6.

5 interface for operators to manage the observatioh control unit (e.g. display, keyboard, and moussg).

6 eneral-purpose workstation

7 orkstation or personal computer usedAor operating the WPR and/or collecting the measuremnjent products.
t is installed at a remote place.

a eceived signals.

b ontrol signals.

¢ eference waves used for producing transmitted signals and for processing received signals. They|are produced

y COHO and STALO.

d ontrol signals and status signals.

e tatus signals from ether components of the WPR.

f ontrol signals{operational status, and received signals.

g utput for_operators.

h nput by operators.

i emote access and data transfer.

NOTE An example of components and functions of the signal processing and observation control units are

shown. Their components and functions can be changed according to requirements for the design and operation
of the WPR.

Figure 19 — Schematic illustration that explains the components of the signal processing unit

and those of the observation control unit

6.2.6.2 Functions

The signal processing unit has the following functions:

1y

Digitize the received signals collected every transmission.
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ressed. Details of pulse compression are described in 6.2.4.4.

signals (see 6.2.2).

4)

5.3.3,and 6.2.2).

5)
6)

Collect status signals from other units of the WPR.

Carry out ranging. When the pulse compression is applied, the I and Q received signals are

Execute coherent integration. Coherent integration is reducing the data amount of the received

Retrieve the height profile of the wind vector using the DBS method or the SA technique (see 5.3.2,

Produce and distribute control signals necessary for transmission, reception, and signal processing.

In 1), when
signals are
out in the s
production

In 2) and 3)
receiver cha
received sig
times series
of received §
generally e
integration
by numericg

Partorall o
decompress
outin the s4

The receive
the time de
into accoun
calibration.
accuracy, re

In 4), the w
the DBS met
coherent int
should be (¢
numerical o

QC in digit{
received sig|
the wind ve

phase detection and frequency filtering are carried out by the analog devices, the)l\4
separately digitized by using two ADCs. Digitization of the received signals iscet ca
gnal processing unit when digitization of the received signals followed by dyard Q s
s executed in the receiver (see 6.2.5.2).

decompression of the received signal and coherent integration are_capried out for g

nals collected from every transmission. Furthermore, coherent integration is applied 4
points, each of which, is collected from every transmission. Because of the large an
ignals that needs to be processed in the decompression and«oherent integration, the
ecuted in the signal processing board (see Figure 19)./Thé decompression and coh
thould be designed so that the dynamic range and measurement accuracy are not decrg
1 overflow or underflow.

[ the digitization of the received signals, digital phase detection, digital frequency filtd
ion of the received signals, coherent integration, and other signal processing can be ca
me digital signal processing device (see 6.2.5:2).

] signals have a time delay owing to the-transmission time delay in the analog device
ay in the digital signal processing-~The time delay of the received signals shall be t

in determining the range fromsthe WPR. Delay line is a means for range verificatioy
7.2 and 7.4.1 describe the detailsof range sampling and the requirements for measure
spectively.

nd vector retrieval is generally carried out by the CPU board (see Figure 19). It is beq
hod and the SA techhique use the received signals after their amount is reduced (i.e.
egration) and the.CcOmputation can be complicated. The processes of wind vector retr
esigned so thatZthe dynamic range and measurement accuracy are not decrease
verflow or underflow.

nals, producing the Doppler spectrum, estimating the spectral parameters, and retrig
ctort.Clause 8 describes the details of QC in digital signal processing.

nd Q
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ignal
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nnel, every antenna beam, and every range gate. Decompression uses the vertical profjile of
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1 signal{ppocessing can be carried out in the processes of producing time series df the

bving

Note that p

art of the signal processing listed as the runctions oI observation control unit ca

n be

carried out by the same workstation as the observation control unit when it has sufficient capability of
performing it.

5) is carried out in the unit controlling the WPR (see Figure 19). Status signals from other components
of the WPR are collected. The signal processing unit produces the operational status by using the status
signals, and then sends the operational status to the observation control unit. The production of the
operational status can be carried out in the observation control unit.

6) is also carried out in the unit controlling the WPR. Reference waves used for producing transmitted
signals and for processing received signals are produced by COHO and STALO. The control signals
necessary for transmission, reception, and signal processing are also produced and then sent to other
WPR components. Transmitted signals are also produced in the signal processing unit. The transmitted
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signals are sent to the transmitter, and the transmitter carries out amplification, upward frequency
conversion, and frequency filtering to the transmitted signal (see 6.2.4).

6.2.7 Observation control unit

The observation control unit has the following functions:

1) Provide an operator with a means for controlling the WPR operation.

2) Perform QC processes which are not carried out in the signal processing unit.

3)
4)

Figu
contl

Store the measurement broductsinthe storage device
r (=]

[ollect, display, and record operational status.

'e 19 shows a schematic illustration of the observation control unit. In general, the
rol unit has a general-purpose workstation with a display, keyboard, and mouse so tha

be operated by an operator. From the workstation, an operator configures thiewalue of the

used

in the transmission, reception, and signal processing. An example-of ‘parameters w

configured by an operator in pulse transmission and that in FMCW transmission are shown

The )
hard
to be
remd

NOTH
perfo

The
the s
capa

The ¥
the d

The
isn
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In orf
the ¢
look
resu

i

VPR system should be protected from incorrect parameter configurations that might
ware. An operator also starts and stops measurement from thelworkstation. When thg

te place, a workstation or personal computer is used ford&emote access and/or data trz

The workstation can be replaced by a personalk:computer when it has sufficient
rming the functions of the observation control unit.

pbservation control unit can also be used for péerforming QC processes which are not c
ignal processing unit and for performing windd vector retrieval when it has sufficient
bility (see 6.2.6 and Clause 8).

ata processing levels and data format, see 9.1 and 9.2, respectively.

bbservation control unit monitors the operational status of the WPR. When the operat
produced in the signal processing unit, it is produced in the observation control u
atus signals from othér components of the WPR. The observation control unit also

'ds the operational status. The parameters which shall be collected for grasping the
s are listed in Table 4 (see 11.2). The observation control unit should have the g
aying the operational status.

der to grasp.or check measurement results in real time, the observation control unit
apability of plotting the measurement products on the display. The function is referre
(QL). Plotting Doppler spectra and wind velocity are useful ways to grasp or check m
ts.

observation
[t it is able to
parameters
hich can be
in Annex A.
damage the
WPR needs

operated from a remote place and/or when the measuremeint products need to be transferred to a

insfer.

capability of

irried out in
omputation

wvorkstation in the observation contrelunit is also used for storing the measurement products. For

ional status
nhit by using
nforms and
operational
apability of

should have
1 to as quick
easurement

6.2.8 Consideration on environmental conditions

Environmental conditions that can cause damage to the WPR and the measures to prevent, reduce, or

limit

the consequent potential damage are as follows:

snow accumulation on the antenna (see 6.2.3.4).

Snow accumulation on the antenna and outdoor housings. A radome is a means for protecting direct

Corrosion and damage by salt coming from the sea. Appropriate paint on the outdoor housings and

cable protection pipes are means for protecting the outdoor components from the corrosion and
damage. A filter for salt damage prevention is a means for protecting the WPR components from salt

i

©ISO

ntrusion into the interior of the housing of the WPR.
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and/or a heater are means for preventing water condensation.

reduce damage caused by lightning.

Damage by water condensation in low temperature and/or high humidity. Appropriate ventilation

Damage by lightning. Voltage transformer with surge protection capability is a means that can

The environmental conditions and the preventative measures should be discussed between the
user and the supplier. The effectiveness of the preventative measures can be limited by unexpected
severe environmental phenomena and the trade-off between production and maintenance cost and

effectivenes

s of the preventative measures.

6.3 Reso
6.3.1 Ran

6.3.1.1 Gg

Range imag
enhances r:
changed on
The phase o
is determin
enhances ra
when RIM H
pulse, phas
a combined
resolutionr

ution enhancement and clutter mitigation using adapfive signal processin
ge imaging (frequency domain interferometry)

tneral

ing (RIM), also referred to as frequency domain interferometry (FDI), is a techniqug
inge resolution by using frequency diversity. In RIM, the transmitted frequencie
h pulse-to-pulse basis, and the received signals are collected for:all the frequency char
Fan echo ata specified range differs among the frequency chahnels, and the phase diffej
ed by the range, transmitted frequencies, and initial phasé of the frequency channels
nge resolution by using the phase difference among the'teceived signals. RIM can be
as an advantage over other means in enhancing range resolution (e.g. short transm
e-modulated pulse compression, and frequency-modulated pulse compression) or
use of RIM and the above-mentioned means.are indispensable for attaining the 1
bquired.

* ]
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Key
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1 omputation of the weighted suimn of the received signals by using the adaptive signal processing] The received

gignals are collected by using:multiple transmitted frequencies
hanges of the gain of thie'weighted sum (weight vector) in range (height)

esired echo

esired range (height)
itigated undesired echo

onstantgain

m o O w >N

ain decreased by the adaptive signal processing (i.e. computation of the weighted sum of the recgived signals)

NOT See text for the definition of the symbols which are not listed in the keys.

Figure 20 — Schematic illustration that explains RIM

6.3.1.2 Signal processing

Figure 20 shows a schematic illustration that explains the signal processing in RIM. Received signals at
the sample range closest to r are used in RIM. Note that RIM can be applied at any measured range. The
time series s(t) used in RIM are expressed by Formula (43):

$(6)=(51(6),55.(£), w5y, () (43)
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time;

as Ngeq defined in 4.1.

5 (¢) s

the signal received by the i th frequency channel at ¢.

is the number of transmitted frequencies (i.e. number of frequency channels) and is the same

Because the transmitted frequency is changed on a pulse-to-pulse basis, the sample time difference up
to (Ng —1) Tjpp exists in s(t). However, the sample time difference is negligibly small compared with

changes of ¢

The weight
w=(w;

The output
y(t)=w

where H is t

The brightn

B=wHRw

where Ris t
expressed b

Ngat

>

p=1

ljj

where Ny,
time are t;

In general, W is determined by using the adaptive signal processing based on the Capon method[4

[23][24], The
(DCMP) me
desired rang
range const

cho characteristics in time.

ector (w) is given by Formula (44):
T
,Wz, ...,WNF )
y (t), which is the weighted sum of s; (t), is expressed by Formula.(45):

s (t)

he Hermitian operator (complex conjugate transpositiorn)

pess B is given by Formula (46):

he covariance matrix of the received signals. The element of R at i th row and j th coluj

y Formula (47):

Si ("Lp)slfk (tp)

*
is the number of the timés series.
and ENgos * respectively.

bignal processing is also referred to as the directionally constrained minimization of p
hod. The adaptive signal processing uses the range constraint by which the phase 3
pe r is the same among the received signals (i.e.s;(t)) and the gain at r is kept constant

Faintis'given by Formula (48):

(44)

(45)

(46)

mnn is

(47)

is the complex conjugation. The first and last sample

1][22]

pwer
t the
. The

H

e w=1

(48)

where e is the steering vector at r. e is given by Formula (49):

1
e=——
VN
where
ki is
@ s
48

. . . . _9; ; T
(e—21k1r+jg01 ’e—2]k2r+]q02 e 23k T+ PN

the wavenumber of the i th frequency channel;

the initial phase of the i th frequency channel;

(49)
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¢; isdetermined by the hardware of the WPR.

In general, the phase difference ¢; —¢,, is used instead of ¢;. Here m is arbitrary. ¢, —¢,,, is able to be
estimated from the phase difference between s, and s;. Figure 21 shows an example of the phase

difference obtained from the correlation coefficient between received signals collected at different
frequency channels. Before computing the correlation coefficient, phase variation in range, which
existed in the time series and depended on the wavenumber of the received signal, was collected. The
intensity of received signal was affected by the range weighting effect. Owing to the range weighting
effect, the echo intensity becomes smaller as the distance between the echo range and the sample range
(i.e. centre of the sample volume in range) increases (see 6.3.1.5). Therefore, by taking the median or
meaif value of the measured phiase difference as @; — @y, the eSTmation erTor caused by The ambiguity

in scatterer height can be mitigated.

Undqr the range constraint, y(t) is computed so that signals from ranges other than' r (i.p. undesired

signgls) are minimized (i.e. the brightness B is minimized). The minimization(of-the undegired signals
enhe]\lnces the range resolution. w that minimizes B under the constraint of Formulae (48| and (49) is

given by Formula (50):
-1
w=£ (50)
e'R e

Y
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3
>

Key

X }l)hase difference in radian
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NOTE The red broken line shows the average value of the phase difference (0,608 rad).

Figure 21 — Example of phase difference between received signals collected at different
frequency channels

6.3.1.3 Requirements for hardware

In order to change transmitted frequencies, in general, multiple STALOs are used. One of the STALOs is
selected every transmission, and the same STALO is used in the sequence of transmission and reception.
Because the local frequencies are changed, signal processing for the received signals at IF and at later
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stages are the same for all of the RFs. There is a case that multiple STALOs were installed in an existing
WPR in order to implement the RIM capability[23].

In RIM, using the multiple transmitted frequencies shall be taken into account in the phase-modulated
pulse compression and in changing the antenna beam direction. When the antenna beam direction is

changed after collecting times series of all the frequency channels (i.e. after NgeqNpseqNeonNdata times

transmissions and receptions), the transmitted phase-modulation code should be changed after the
transmitted frequencies are cycled (i.e. after Nfeq times transmissions and receptions). When the

antenna beam direction is changed on a quasi-pulse-to-pulse basis, the transmitted frequency, the
antenna beam direction, and the transmitted phase-modulation code can be changed as follows:

1y
2)

The trapsmitted frequency is changed every transmission.

The ant after

Nfreq ti

enna beam direction is changed after the transmitted frequencies are cycled\{i.e.
mes transmissions and receptions).

3) The transmitted phase-modulation code is changed after the transmitted fréquencies and the
antenng beam directions are cycled (i.e. after Ng.oqNyeay times transmissions and receptions).

6.3.1.4 Advantages and disadvantages

In addition fo the range resolution enhancement, there are benefits in-RIM. When the same frequency

band width
intensity of
emission. It

is used in RIM and in short pulse transmission, the spufiods emission of radio wave
radio wave outside the allowed frequency band) can be.smaller in RIM than in short |
is because the transmitted pulse width used in RIMis greater than that used in the

pulse transgnission. Though multiple transmitted frequenciest@re used in RIM, the longer pulse

contributes
minimizing
from range
also useful f

On the oth¢

SNR enhand
compared {
frequencies

Phase-modu
transmissio

to reducing the spurious emissionl2¢l, Because*RIM is based on the idea of adapt
signals from undesired ranges, RIM is able to-mitigate contamination of undesired si
side lobes more than the frequency-modulated pulse compression. It is noted that R
or clutter mitigation because it can mitigate clutter at undesired ranges.

r hand, because the transmitted.frequency is changed every transmission, fNyq an

ement by integrating | and Q reeeived signals in time (i.e. coherent integration) deci
yith a case that RIM is nothtapplied (see 7.1.4 and 7.3). Using the multiple transm|
also needs to be taken intoaccount in the time resolution (see 7.1.3).

lated pulse compression, frequency-modulated pulse compression, and short ]
h are also means fer enhancing range resolution. While their range resolution is f

b (i.e.
bulse
short
yidth
ively
pnals
M is

1 the

ease
itted

bulse
ixed,

range resolytion of RIM varies)depending on the spatial distribution and SNR of scatterers.

6.3.1.5 R4nge weighting effect

Because thq range‘resolution attained by RIM is less than that determined by the waveform df the
transmitted pulse and the frequency filtering in reception, echo intensity and radar sensitivity can be
significantly affected by the range weighting effect. Range weighting effect is caused by the waveform
of transmitted pulse and the frequency filtering in reception. Owing to the range weighting effect, the
echo intensity becomes smaller as the distance between the echo range and the sample range (i.e. centre
of the sample volume in range) increases. The echo intensity significantly decreases around the ranges
corresponding to the edges of the transmitted pulsel22]. Details of the range weighting and an example
of its measurement are described in 4.4.2 of Reference [2]. The waveform shaping of the transmitted
pulse, frequency filtering in reception, range resolution, and range sampling are described in 6.2.4.3,
6.2.5.3,7.1.1, and 7.2, respectively.

Oversampling, which samples received signals with the range interval less than the range resolution, is
an effective means that mitigates the range weighting effect. Because oversampling overlaps the sample
volumes in range, combination of RIM and oversampling is able to mitigate the range weighting effect
by reducing the maximum difference between the desired range (i.e. r) and the sample range of
received signals (i.e. the sample range of s(t))[22]. Note that the combination of oversampling and
adaptive signal processing can be used for enhancing range resolution[2Z],
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6.3.2 Coherent radar imaging (spatial domain interferometry)

CRI, also referred to as spatial domain interferometry (SDI), is a technique that enhances angular
resolution by using subarray antennas. Because of the difference in the subarray position, the phase of
an echo at a specified direction differs among the subarrays. CRI enhances angular resolution by using
the phase difference among the received signals. In general, the weight vector w is determined by using
the adaptive signal processing based on the Capon method[211{24][28][29], CRI can be used in cases where
itis required that angular resolution be finer than the antenna beam width.
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(b) Result of gain control in angular direction
Key
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gain

=<

computdtion of the weighted sum of the received signals by using the adaptive signal processing. The reqeived
signals afre collected by subarray antennas.

2 changesof the gain of the weighted su(weight vector) in a cross section along the desired azimuth direfction.
The azinuuth angle includes the opposite (i.e. +180°) direction.

A desired ¢cho

B desired dlirection

C  mitigatefl undesired echp

D  constanfgain

E gain decfeased by«he adaptive signal processing (i.e. computation of the weighted sum of the received signal)
NOTE

— See text for-the definition of symbols which are not listed in the keys.

— Panel (b) shows changes only in a cross section along the desired azimuth direction. In reality, the gain is
controlled in both azimuth and zenith angels.

Figure 22 — Schematic illustration that explains CRI

Figure 22 shows a schematic illustration that explains CRI using the Capon (DCMP) method. The
received signal s(t) atrange r and time ¢t is expressed by Formula (51):

$(6)=(51(6),5(£), sy, (0))' (51)
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where

Ng, is the number of subarrays;

s; (t) is the signal received by the i th subarrayat t.
w is expressed by Formula (52):

T
W=(W1 yWo, ...,WNSA )

The gutput y(t) s the weighted sumnrof 3;(t); and isexpressed by Formma (53— ]

b (t)=w'ls(t)

The brightness B is given by Formula (54):

B=w'Rw

whete R is the covariance matrix of the received signals. The elemenfof R at i th row and j

expressed by Formula (55):

Ngata

=2 si(t5)55 (£)

p=1

whete Ny, is the number of the times series. The first and last sample times are ¢t
respectively.

The dlirection constraint is given by Formula-{56):

e'w=1

where e is the steering vector at)r . e is given by Formula (57):

o

, . k. T
,=#(e]k-01 edkDy) " JkDngy

Nga
wherte
D;  isthe centre position of the i th subarray;
k is the wavenumber vector.

(52)

(53)

(54)

th column is

(55)

and ty data ’

(56)

(57)

k is expressed by Formula (58):

k=27ﬂ(sin¢sin9, cos¢sinf, cos@)

where

0 is the azimuth angle;

6  isthe zenith angle.

(58)

It is noted that Formula (57) assumes that the initial phase of each subarray is calibrated and that the

noise level is the same for all of the subarrays.
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w that minimizes B under the constraint of Formulae (56) and (57) is given by Formula (59):

R_le

w=

e"Rle

(59)

In CRI, the angular resolution depends on the spatial distribution and SNR of the scatterers. Because
signal processing in CRI can change the main lobe of the receiver antenna significantly, cautions are
necessary in interpreting the intensity and spectral width of the clear-air echo.

6.3.3 Adaptive clutter suppression (ACS)

ACS is a tec

receiver ant|

are synthes

in the sideld
of the clear
Capon (DCM
generally ug

[31]1[32], ACS
fence and/o

clutter mitig

clutter whose source exists at high elevation angles.

There are ty

[34] and the
auxiliary su
sensitivity i
that explain|
detecting cl

54

1tter).

hnique that adaptively mitigates clutter contamination by controlling the sidelobes)gf the
enna. In ACS, signals from subarray antennas are collected. The signals from thesubafrays
zed so that the sidelobe, at the arrival direction of the clutter, is decreased. The dectease
be mitigates the intensity of clutter. ACS differs from CRI in the point thata SNR decrease
air echo and distortion of the main lobe of the receiver antenna are reduced. Becausg the
P) method used in CRI can significantly distort the main lobe of the rédeiver antennaj ACS
es the norm-constrained DCMP (NC-DCMP) method as the adaptive signal processingl3%
can be used when the requirement for clutter mitigation is not satisfied only by a clutter
- other digital signal processing. The requirement may include ah increase in robustngss of
fation, such as mitigation of moving clutter whose arrival direction varies and mitigation of

vo subarray configurations in ACS. The first uses subartays that form the main antenpal33]
second uses the main antenna and auxiliary subarrayst321(361[137], [n the latter configurgtion,
barrays are used for detecting only clutter and henee they do not have significant reception
h the direction of the main lobe of the main antenna. Figure 23 shows a schematicillustration
5 ACS using the latter configuration (i.e. using,the main antenna and auxiliary subarrays for
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ain antenna used in reception (l:e. main receiver antenna)
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lbeam pattern 0fthe auxiliary subarrays after the signal synthesis, using the NC-DCMP method
lear-air echo

gource of contamination to the received signals (e.g. clutter)
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anténna beam pattern after the signal synthesis

[En
o

nainlobe after the signal synthesis

side lobes after the signal synthesis

o
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computation of the weighted sum of received signals by using the NC-DCMP method
B clutter mitigation by lowering the side lobe level in the arrival direction of clutter

Figure 23 — Schematic illustration that explains ACS using the main antenna and auxiliary
subarrays for detecting clutter

Signal processing using the NC-DCMP method is explained. Because the idea of the NC-DCMP method is
similar to the DCMP method, the expression of the received signal s(t) atrange r, weight vector w, the

weighted sum of s; (t) (i.e. y(t)), the output brightness B, and the covariance matrix R in the NC-
DCMP method are the same as the DCMP method (see Formulae (51)-(55)). The constraint used for
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determining w differs between the DCMP and NC-DCMP methods. The constraints in the NC-DCMP
method are given by Formula (60):

elw=1 (60)

and whlw<$

where e is the steering vector at r. The first and the second are the direction and norm constraint,

respectively. & determines the increase limit of the noise level (i.e. SNR decrease of the clear-air echo).
The norm counstraintalso coantributesta rpdn(‘ing the distortion ofthe main lobe of the receiver antenna.

When subarjrays forming the main antenna are used, e is given by Formula (57). When the majn arnfenna
and auxiliary subarrays for detecting clutter are used, the elements of e (¢;) is given by Forula (¢1):

e, =1 (61)

e; is applief to the main antenna and others (i.e. e,,..., €Ngp ) are applied.to the auxiliary subarfrays.

This configliration means that the signal received by the main antehha does not change, and the
direction copnstraint is not applied to the signals received by the auxiliary subarrays. In Formula (1), it
is assumed [that the number of receiver channel for the main.anténna is 1. When the phased array
antenna and Formula (61) is used, signals received by the subarrays forming the main antenna are
synthesized by analog devices and then the synthesized sigiialis digitized by ADC.

NOTE In| ACS, the subarrays forming the main antenna and the auxiliary subarrays can be [used
simultaneougly. In the combined use of the two kinds of subarrays, elements of e for the subarrays formirlg the
main antenng are the same as those defined in Formuld (57) except that Ng, is replaced by the number ¢f the

subarrays fofming the main antenna. Elements of e for-the auxiliary subarrays are 0.

w that minjmizes B under the constraints is.determined by the following steps[32l:

Step 1:
Compute w by using the adaptive sighal processing, based on the Capon method. The adaptive signal
method is described in 6.3.2. When the norm constraints in Formula (60) is satisfied (i.e. the squgre of

the wnorm |s equal to or lessthan §), wis determined. When whw is greater than J, Step 2 is cafried
out.

Step 2:

By using the additional noise, find w that satisfies the norm constraint. w after the noise addition is

expressed by Formula (62):

1
w(p)=—R+PD e (62)

e (R+pD'e

where

B is the magnitude of additional noise;

b is the identity matrix.

Note that  is a positive real number. It is known that the norm of w(f) decreases monotonically as
B increases. Therefore, by the iterative computation which increases 8 every step, B which satisfies
the norm constraint ( 8; ) is computed. For Step 3, 3, which was used in the computation immediately
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before the computation in which B; is determined and the norm constraint (i.e.
Formula (60)) is not satisfied, needs to be stored.

Step 3:

Find the minimum of B (hereafter f;,) that satisfies the norm constraint. Because f,
and the norm of w(f3) decreases monotonically as 8 increases, B, is determined by t
method.

Step 4:

wlw<§ in

< ﬁmin < ﬁl
he bisection

Determine w by using Formula (63):

_ (R+fmnl) e
H -1
e (R+ﬁmin1) e

It is poted that the noise level of the received signal from the subarrays are ‘assumed to be

(63)

the same for

all of the elements in the constraints expressed by Formula (60). However, in the ACS whiich uses the

antenna and auxiliary subarrays for detecting clutter, the noise level of the signals
ain antenna and those received by auxiliary subarrays are generally not the same d
hardware difference among the main antenna and auxiliary subatrays. Therefore, before a
the dignals received by them are generally normalized so that\their noise level become th
using the main antenna and auxiliary subarrays have a limitation that clutter can be supf
when the intensity of clutter from auxiliary subarrays is-sufficiently greater than that fr¢
antepna (i.e. performance of clutter mitigation dependson the gain and the beam pattern
subafrays). On the other hand, there are benefits incthis configuration. Because phase ca
auxiliary subarrays is not necessary, installationtand maintenance of auxiliary subarray
thanfsubarrays forming the main antenna. Furthée¥, ACS using the main antenna and auxiliaj
can be applied even when the main antenna s not a phased array antenna (e.g. parabolic 4
additionally installing auxiliary subarrays, ACS capability can be implemented in an existin

NOTH
the p
anter|

In this paragraph, it is assumed-that the number of receiver channel for the main anten
hased array antenna and Formula (61) is used in ACS, signals received by the subarrays fornj
na are synthesized by analog.devices and then the synthesized signal is digitized by ADC.

Ther
resu
meth
detel
sens

e is a method that deterfnines the optimal 8 automaticallyl38l. In the method, the cluttg
t obtained by using the: NC-DCMP method is compared with that obtained by the Ca
od. By further evaluating both the clutter mitigation effect and noise level ing
'mined so thatitds optimal from the viewpoint of clutter mitigation effect and the I
tivity.

N

7 Systemperformance

received by
wing to the
bplying ACS,
e same. ACS
ressed only
m the main
of auxiliary
libration for
s are easier
y subarrays
intenna). By
g WPRI3Z],

ha is 1. When
ing the main

r mitigation
bon (DCMP)
rease, 0 is
pss in radar

7.1 LResolution

7.1.1 Range resolution

Range resolution (Ar) should be defined by Formula (64):

cT
Ar=—2
2
where
Tp is the transmitted pulse width defined in 6.2.4.3;
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¢ is the speed of light (:3,0><108 ms! ).

A full description of the range resolution is provided by the range weighting function. Details of the
range weighting and an example of its measurement are described in 4.4.2 of Reference [2]. The wave
shaping of the transmitted pulse increases the degree of the range weighting effect (see 6.2.4.3 and
6.3.1.5).

When frequency-modulated pulse compression is used, range resolution improvements by the
frequency-modulated pulse compression should be taken into account in the determination of Ar. Itis
noted that when the filtering in range is applied to the received signals, the effect of the filtering on Ar
should be taken into account.

Definition df range resolution for a bistatic radar is described in 4.2.3 of Reference [1]. Noté€| that
Reference [1] refers to p.431 of Reference [2].

7.1.2 Vo:rme resolution

Sample volume (V) is determined by the range weighting function and the antenna’beam pattern. For

simplicity, U,
main beam pattern follows a Gaussian distribution, Vg ata certain range r s given by Formula (6}):

is generally expressed by Ar and the antenna beam width. Undefthe assumption that the

0
V, = 2N ,«% (65)
8In2
where

0  is|the one-way half-power full beam width in the‘E-plane of the antenna beam in radiang;
¢g  is|the one-way half-power full beam width.in'the H-plane of antenna beam in radians.

In the case that Formula (65) is not applied, the computation of V; shall be provided clearly.

Definition gf volume resolution for a bistatic radar is described in 4.2.3 of Reference [1]. Note| that
Reference [1] refers p.431 of Reference {2}

7.1.3 Tinle resolution

The total observation period-(\acorq ) 1S €xpressed as in Formula (66):
T,

record ]

TIPPNbeamN NcohNdataN (66)

pseq incoh

For the definition<efthe symbols in Formula (66), see 4.1. When the antenna beam direction is not
changed, N i Formula (66) shall be 1. When incoherent integration is not applied, Nj,.};, in

pbeam 1nci
Formula (66)“shall be 1. In the DBS method, the minimum time resolution is generally determing¢d by

T ecora» and the spectral parameters and the wind vector are computed every T...,q - In the SA

technique, the minimum time resolution is computed by using Formula (66) and by taking the values
that Npgyy, =1 and N =1.InRIM, Tiecorg 1S Nireq times as large as that when single transmitted

frequency is used (i.e. Tyecorq = TIPPNfreqNbeamNpseqNCOhNdataNinCOh ).

incoh

The wind vector computed every T...,rq should be averaged in time when the estimation error of the

Doppler velocity of the clear-air echo can significantly decrease the estimation accuracy of the wind
vector, when uncertainty caused by spatial wind inhomogeneity can be reduced, and/or when small-
scale wind velocity variations that do not need to be resolved in the measurement are mitigated.
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7.1.4 Nyquist frequency and frequency resolution of Doppler spectrum

In the DBS technique, fNyq and the frequency resolution of Doppler spectrum (i.e. the interval of
Doppler velocity bins; Af;) depend on the timing change of the antenna beam direction. When the
antenna beam direction is changed after collecting a Doppler spectrum (i.e. after Nyeq Neop Nyara times
transmissions and receptions) or after collecting all of the Doppler spectra used in incoherent
integration (i.e. after NpgeqNconNdataNincon times transmissions and receptions), fyyq and Afy are

respectively expressed by Formula (67) and (68):

1
£
Nyq (67)
v 2TIPPNpsechoh
A= ! (68)
1=
TIPP Npseq Ncoh Ndata

Whep the antenna beam direction is changed on a pulse-to-pulse basis,othey are expressed by
Formula (69) and (70):

1
JrNy (69)

q =
2TIPF’Nbeam Npseq Ncoh

M= ! (70)

TIPP Nbeam Npseq Ncoh Ndata

Whenp the SA technique is used, fyyq and Af; are expressed by Formulae (67) and (68), respfctively. See

6.2.3.2.5 for details of the timing change of the antenna beam direction.

The Doppler velocity which corresponds to fNyq [VNyq) and Afy (AVy) are respectively expressed by
Formula (71) and (72):

A

Ny = B INyq (71)
A

AVd :EAfd (72)

whette A is the radanwavelength. For the antenna beam with a zenith angle of 6,, the maximum wind
velogity that can bessafely measured without frequency aliasing (V,,,,, ) is expressed by Fortmula (73):

v = Vya
max :
sin6,

(73)

In RIM; INyqr &> PNyqr AV, anmd Vi are times as smattasthose defimed i Formulae (67)-

N freq
(73).
7.2 Range sampling

Minimum sample range, the sample interval, and the maximum sample range (or the number of range
gates) are the parameters that configure range sampling. In pulse transmission, received signals at
short ranges cannot be collected or their measurement quality is degraded owing to the following
factors:

— Antenna beam pattern in the near field (see 6.2.3.2.4).

— Switching from the transmission to the reception.
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Leakage of transmitted pulse into the receiver.

Ground clutter at short ranges.

Measurements at short ranges may be carried out even though degradation of measurement quality
exists. Therefore, the minimum sample range should be determined by discussion between the user
and the supplier. Minimum sample range shall be determined so that it does not cause damage and/
or malfunction of the WPR system. In FMCW transmission, antenna beam pattern in the near field and
ground clutter at short ranges can be a factor that determines the minimum sample range. When the
antenna for transmission and that for reception are different, the parallax between the two antennas

can also be a factor that affects the minimum sample range.

The receive
the time del
account whd

Sample inte
oversample
and a decre¢
when scatte
weighting e
edges of the

echo intensity (see 6.3.1.5 and 7.1.1). Details of the range weighting and an example of its measure

are describd

NOTE W
transmission|

The maximy
signal delay
time necess
and other p
range. Rang
radar sensit

Range alias
c(Tipp —(trg

1 signals have a time delay owing to the transmission time delay in the analog device
hy in the digital signal processing. The time delay of the received signals shall betaker]
n determining the range from the WPR (see 6.2.6.2 and 7.4.1).

val in pulse transmission should be equivalent to the transmission duration-of the pul

ase in radar sensitivity caused by the range weighting effect. Range tincertainty o
rers are unevenly distributed at ranges away from the range centye. Owing to the p
ffect, the echo intensity significantly decreases around the ranges corresponding t
transmitted pulse (see 6.3.1.5). The range weighting function explains range dependen

d in 4.4.2 of Reference [2].

hen phase-modulated pulse compression is used, the sample interval should be equivalent {
duration of the sub-pulse.

Im sample range in a pulse transmission is generally limited by IPP, transmission dur4
in the hardware, time necessary for switchifig from the transmission to the reception
hry for changing the antenna beam direction. In FMCW transmission, transmission dur

e sampling at far ranges, at which.the clear-air echo is not detected frequently owing t
ivity, is useful for improving estimation accuracy of the noise power (see 6.2.2).

jng occurs when an echo_at\a range greater than the maximum measurable rangg
nsmission duration))

compression is used, range aliasing can be mitigated by correlating the received signal in range.

7.3 Rada

The achievable meaSurement range or altitude coverage is determined by the lowest intensity d

backscatter
that the recs
The maxim

5 in an ideal case) is detected. When phase-modulated ]

I' sensitivityand measurement range

bd wave, which can still be correctly analysed by the WPR. The radar equation shows cl
pived power is dependent on both the radar characteristics and the atmospheric condit

t and
into

Se or

. Oversampling contributes to reducing range uncertainty in the measurement prodlucts

Fcurs
ange
b the
cy of
ment

o the

tion,
, and
htion

arameters should be checked whether*or not they satisfy the required maximum sample

b low

(i.e.

bulse

f the
early
ions.

M’ attainable measurement height is therefore not solely depending on the techinical

characteristics of the radar, but also on the (widely variable) scattering properties of the atmosphere.

Radar sensitivity should be estimated based on the radar equation. The radar equation for a monostatic
radar is given by Formula (74):

PtLp (10(Gant /10) )2 /’LZ
P.= 32 Vn (74)
(4m)°r
where
P. is the power detected at the antenna in W. P, is defined as the detected (received) power
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from single transmission;
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P, is the peak output power at the antennain W;

L is the loss factor caused by the waveform shaping of the transmitted pulse;

G, is the antenna gain defined in Formula (31). G, is in decibels;

A is the radar wavelength in m;

r is the range between the radar and the targetin m;
Vs is the sample volume defined in Formula (65) in m3;
1

is the volume reflectivity in mL.

n in{Formula (74) can also be expressed by (n) when one wants to express clearly that the volume

reflectivity is determined by scatterers that can be unevenly distributed and that scatteref variations,
which are not resolved in time and in space, are averaged. When 7, is defined by 74, L, is defined by

Formula (36) and Figure 13. When 7,
L, =[1). Because P, is defined at the antenna, the gain and loss of the’ received signal hetween the

p
is defined by 734g, the loss factor(i§ not taken into account (i.e.

antenna and the measurement (or computation) point shall be taken into account in the P. measurement
(or qomputation). P. is defined as the received power froma“single transmission. Because pulse
com}ression, digital filtering for the time series, integration of the received signals ip time, and

incoljerent integration contribute to the P. value, their contribution shall be correctefd in the P,
computation. Note that contribution of coherent integration and pulse compression to P. |s taken into
accoynt in the improvement factor of SNR (Igyg ). [snr 1S later explained by Formulae (76) and (77).

Gengdral representation of the radar equation for Mmonostatic radar is described in Annex B.

The peak output power is frequently defined>and/or measured at the output of the final pmplifier. In
such|cases, the loss by the transmission lifie between the final amplifier and the antenna shall be taken
into account in computing P, .

Radqr equation for a bistatic radax is'given in 4.2.3 of Reference [1]. Note that Reference [1]|refers p.431
of Reference [2].

If thg Bragg scale of the radarlies within the inertial subrange of fully developed turbulence, the volume
reflectivity n can be related to Crz1 . The relationship between 1 and Cﬁ is given by Formula (75):

=0,38C2A M8 (75)

Y

Formula (75)is referred from Formula (3.116) of Reference [1].

The value of CIZ1 strongly depends on the atmospheric condition. Therefore, Crz1 used in th¢ estimation

of radar sensitivity should be determined for every case. It 1s noted that when the Bragg scale
corresponding to A does not lie in the inertial subrange, Formula (75) shall not be used. See 5.2.1 for

details of Cﬁ and the inertial sub-range. In cases of a precipitation echo, volume reflectivity can be
related to the radar reflectivity factor of hydrometers (see Annex C).

To obtain valid measurements, the received signal needs to have a minimal SNR. The SNR depends on
both the received power and receiver noise. SNR is defined as in Formula (76):

P

SNR=—--1] 76
Pyl; SNR (76)
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is the noise power of the receiver defined in Formula (42);

is the loss factor in the transmission line between the antenna and the input point of the

receiver. See 6.2.5.4.2 and Figure 18 for details of ;.

I shall be taken into account because the noise power at the antenna is used for computing SNR and

because Py

is defined at the input of the receiver.

Isng 1s given by Formula (77):

Isng =1
where

I

coh

Iy

The value of

Ion 1s giver

NI
Ieon =
where
Oy
Tint
When the
N pseq N, coh N

in incoheré

Tint =Tipp - |

that the tim

ohIpc

is the improvement factor of SNR by coherent integration;

is the improvement factor of SNR by pulse compression.

I,,c shall be given by appropriate measurement and/or computation.

| by Formula (78):

2
NcohNdata -1
. i

A

sechohNdata -1

Z exp

m=0

N
se
0, [m— pse

-8

1,

’

is the spectral width defined by the standard deviation and in m s™
is the sample interval.

antenna beam direction is changed after collecting a Doppler spectrum (i.e.
data times transniissions and receptions) or after collecting all of the Doppler spectra

nt integratiod (ie. after N_c.qNconNdataNincon times transmissions and recepti

Tint = Npeam T1pp-

ng change’of the antenna beam direction can differ between WPRs. See 6.2.3.2.5 for dg

pseq
When the antenna beam direction is changed every transmission,

about the timing change of the antenna beam direction.

(77)

(78)

after
used

ons),
Note
ptails

The term of exp

N N N =1
pSeq coir data

2

ﬂO‘VLm—

A

(i.e. correlation coefficient term) in

Formula (78) is based on Formula (5.171) of Reference [1]. The correlation coefficient term assumes
that time correlation follows a Gaussian function. For more details of the correlation and SNR
improvement of sampled signal, see 5.6.1 and 5.6.2 of Reference [1].

In RIM, Tjp is Ngeq times as large as Tj,; in the case of using one transmitted frequency. Note that

RIM improves the range resolution in exchange with a decrease in SNR.
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The radar equation and SNR conventionally defined by a user can be substituted for the definitions
described in Formulae (74)-(78).

Radar sensitivity can be estimated by setting a threshold value to SNR (e.g. Reference [39]) or to
detectability D. D is defined as the ratio of the peak of the Doppler spectrum after incoherent
integration (i.e. after spectral averaging) to the noise fluctuation intensity after incoherent integration.

Definition of D can be different depending on the way the peak of the averaged spectral power density
is determined. For example, D can be defined by Formula (79):

IN.. L(M\SNR
( Ns )

_\v AAAAA
S

(79)

whet
are 4
whet

e Ny,ta is the number of elements in the Doppler spectrum. Note that Ny,., in Forniul

he (80)-(82)

Iso the number of elements in the Doppler spectrum. Ng is the number of cofisecutivg
e the clear-air echo is dominant in the Doppler spectrum. Formula (79) i§ based on F

data points
brmula (7.9)

of Rq

echo
not ¢

ference [1]. Ng can be determined so that it corresponds to the half-power width of the clear-air

40], The model clear-air echo, whose Doppler spectrum follows a Gaussian distributi
ontain perturbations, can be used for determining Ng.

bn and does

For g given D, minimum detectable SNR (SNR;, ) is given by Formudla (80):

1 N S
V Nincoh Ndata

N SNR,,;, is computed from D, estimation erroxef the spectral parameters should b
int in determining D [16],

PNR_i, =D

(80)

min

Whe
accoy

e taken into

Note|that Formulae (79) and (80) assumes that the characteristics of a clear-air echo do
during T.ecorq defined in Formula (66).
Ndata

D ca
N. SNR
incoh ( ,_ZTC( ] / V)J

e w, is the spectrum-width defined by the standard deviation in m s7! and Av is th

oppler spectrum-bins in m s (i.e. velocity resolution of the Doppler spectrum). Fo
mum detectable)SNR;, is given by

not change

n also be defined by

—

)= (81)

whel| e interval of

the i
mini

" a given D,

Var (w, /Av)

N data

1
V N incoh

utae (81) and (82) are referrred from Formula (A7) and (A8) of Reference [41] respect]

=p (82)

min

Fornf ively.

SNR,i, conventionally defined by a user can be substituted for the SNR,;, definitions described

above.

min

Small SNR values are typical for WPRs, at least for the uppermost range gates. The detection of the
atmospheric echo can therefore always be regarded as statistical binary decision problem between
the two hypotheses “no atmospheric signal present” or “atmospheric signal present”. A simple, but
powerful statistical method known as consensus averaging can be used to discriminate between (false)
Doppler estimates caused by random noise peaks and (correct) estimates which are due to atmospheric
returns. The technique essentially provides a homogeneous (nonlinear) estimator for the Doppler
velocity including outlier suppression[121[411142][43], When the consensus method is used, no threshold
for SNR or detectability needs to be set since the method is simply based on the (temporal) statistics of
the estimated Doppler moments.
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7.4 Measurement accuracy

7.4.1 Requirements

Factors that affect measurement accuracy for a monostatic pulsed radar are listed in Table 2.
Methods for verifying the respective factors differ. Some methods should be carried out in the design,
manufacture, or installation. Some others should be done in the maintenance and/or operation. Such
verification may require experience, time, and expenses. The user and the supplier should discuss how
the verifications are to be carried out based on available experience of the users and the suppliers.

Table 2

Eactorsthat affect measurement accuracy
Foctor ottt arr e et e ure Tttt traty

TITCTY

Factors

Explanation

Correctorientation, range, and shape of the sample volume

The beam pointing accuracy of the antennal and
the two-way antenna beam pattenn.determing the
orientation of the sample volume {(see 6.2.3).

The time delay of the received signals owing tp the
transmission time delay in the analog deviceq and
the time delay in the digital signal processing shall
be taken into accountdindetermining the range from
the WPR (see 6.2.6\and 7.2). Delay line is a means for
range verification and calibration.

The angulariand range distribution of the sample
volume are”determined by the two-way antenna
beam.~pdttern and range weighting fundtion,
respectively. See 7.1.2 for the definition of sample
vehume.

Normal hardware operation

Maintenance is a mean for attaining the normal hardjvare
operation in the life cycle of the WPR (see 11).

Correct detection of desired echoes used for wind ye-
locity retrieyal

that
(see

QC in digital signal processing is a factor
affects the correct detection of desired echoes
Clause 8).

Contamination of clutter and interferences| can
inhibit the correct detection of desired echoes.
Clutter and interference are described in %.2.3,
5.2.4,10.5, and 10.6.

Correct detegrmination of the Doppler shift and other
properties gf the received'echo whose voltage was
generated by the backscattered electromagnetic wave
(e.g. spectral parameten)

Details of the spectral parameters are describpd in
5.1.

When the desired echoes are well separated from
clutter and/or interferences, estimation accyracy
of the spectral parameters is affected by |[SNR.
Error estimation of the spectral paramgters
considering the SNR js described in 6.3, 6.4, anHd 6.5

of Reference [2].

Correct assessment of the validity of the assumptions
which are implicitly used in the wind retrieval algorithm,
like horizontal homogeneity and stationarity

Methods of wind velocity measurements are
described in 5.3. The assumptions in the DBS
method and SA technique are described in 5.3.2 and
5.3.3, respectively.

By using means for reducing errors caused by wind
variations in time and space (e.g. time averaging),
uncertainties in the wind retrieval can be reduced.

7.4.2 Validation using other means

A practical method for validating the measurement accuracy of a WPR is provided when a reference
instrument which can measure vertical profile of wind vector is available at or near the installation
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site of the WPR. Such field testing can be used to achieve traceability to the extent possiblel44l.
Limitations arise from the fact that WPR and all known traceable wind sensors have different averaging
characteristics in space and time.

The following are factors that shall be taken into account when such an intercomparison is to be carried
out:

Better agreement in measurement resolution (i.e. in time and space) contributes to reducing
uncertainties in the intercomparison. However, the measurement resolution frequently differs
between the WPR and the reference instrument. Time and/or height averaging are the ways for
reducinguncertainties caused by the measurementresolution differen rcomparison
py-tsingregresstonanatysisisalsoauseful-meanstor-vatidation mber of data

po erfomparison.
\ [7][45] [46][47]

Y C

ints and enhancing data quality contribute to a higher reliability of statistical int

A fur
betw
mod

may

oper
prod

An in
user
expe]

8

Figu

sign

n such intercomparison, Doppler lidars and radiosondes have been shown to be 1iseful

adio wave interference between the WPR and the instrument used for yalidation sha
herefore, two radars using the same radar wavelength shall not be placed side-by-sid

Caution should be applied when an in-situ sensor is used for the_intercomparison, be
affect the measurement accuracy of the WPR. For example, a tethered balloon can
duration clutter for the WPR. When an in-situ sensor itself becemes clutter, it should
from the intercomparison.

ther way to examine uncertainties of the wind productiebtained by a WPR is making a
een the wind product obtained by a WPR and that detived by an atmospheric model (e.
] and objective reanalysis). It should be noted thaviintercomparison using an atmosp
require specific knowledge and skill as a meteorologist. When wind products
htional WPRs are assimilated within atmospheric models, the impact of assimilatij
ucts can be evaluated (see Annex D).

tercomparison between a WPR and other techniques requires experience, time, and ey
and the supplier should discuss hefw the intercomparison is to be carried out, based
rience from the users and the suppliers.

Quality control (QC)ir' digital signal processing

e 24 illustrates the steps of QC in digital signal processing of the received signals.
al processing can-be-carried out at several steps.

DC in the sigfalprocessing for producing the [ and Q signals after time integration

example, QCfor filtering out undesired echoes from the I and Q time series can be carr

DC in.the signal processing for producing the Doppler spectrum (Step 2). For exary

renfoving undesired echoes from Doppler spectra can be carried out[29151],

11 not occur.

h

cause it can
create long-
be removed

comparison
b. mesoscale
heric model
bbtained by
g the wind

penses. The
on available

DC in digital

Step 1). For
ed outl42],

nple, QC for

C1in the signal processing for estimating the spectral parameters of the clear-air echo and the wind
vector (Step 3). For example, QC for reducing adverse effects of undesired echoes contaminating the

spectral parameter’s estimation of the clear-air echo can be carried outl>21[531(54],

QC by checking consistency of the spectral parameters and/or the wind vector (Step 4). Manual
QC by an operator is generally based on the consistency check of the measured parameters and/
or products in time and height. Such consistency tests can also be automated(2]. Though the use
of both manual and automatic QC involves additional cost to the use of only automatic QC, the use
of both manual and automatic QC improves the quality of measurement products obtained by the

WPR.

It is noted that an example when the DBS method is used is shown in Figure 24. QC implementation
for the WPR depends on the digital signal processing of the WPR. See 6.2.6 and 6.2.7 for details of the

sign

al processing unit and the observation control unit, respectively.
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Because digital signal processing differs among WPRs, QC implementation for the WPR should be
decided by discussion between the user and the supplier. As an example of QC, quality management in
the Wind Profiler Network and Data Acquisition System (WINDAS) of the Japan Meteorological Agency
(JMA)[26] is described in Annex E.

When QC provides control parameters, examination of their values may contribute to better
performance of QC. Evaluation by the user, who uses the measurement products obtained by the WPR,
is preferable. The supplier should provide technical information and experience necessary for carrying
out the evaluation.

1 3

B e — I Se——

2 4

~
o
<

I signals|before coherent integration (i.e. integration in time)

Q signalg before coherent integration

[ signalsfafter coherent integration

Q signalg after coherent integration

Doppler[spectrum after incoherent integration

spectral parameters and wind vector before consistency check

spectral parameters and wind vector after consistency check

QC in th¢ signal processing for producing the I and Q signals.after coherent integration (Step 1)
QC in th¢ signal processing for producing the Doppler speétrum (Step 2)

AW > N0 s W N R

QC in thg signal processing for estimating the spectral parameters of the clear-air echo and the wind yector
(Step 3).

D  QC by cheecking the consistency of the spectral\parameters and/or the wind vector (Step 4)

NOTE An example when the DBS method is-used is shown.

Figure 24 — Example of QC steps in the digital signal processing

9 Products and data format

9.1 Products and.data processing levels

Data processing.levels can be different between data distributed from a product provider to the¢ end
users (hereafter data used by the end users) and others. For data used by the end users, a structyre of
data processing levels should follow regulations set by the World Meteorological Organization (WMO)
(see Reference [57] and Table IV.4 of Reference [58]). Data processing levels of WPRs are defined as
follows:

— Level 1: Basic measurement readings for a WPR are the spectral parameters ( P,,,, V;., the spectral

width) and the noise power. SNR can be used as an alternative to the noise power. In order to prevent
misinterpretation, definitions of the spectral width (i.e. o4 or o345 ) and the noise power (i.e. P,

or p, ) should be defined clearly in the design and production of the WPR. The Level 1 data should
be recorded.

— Level 2: the wind vector shown in Formula (13). Geophysical products relevant to the end users are
classified as Level 2. The w component does not need to be included in the product when the user
agrees. The Level 2 data shall be recorded.
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For data other than that used by the end users, the data processing levels can be classified in more
detail. An example of data processing levels not used by the end users is described in Annex F.

Additionally, height profiles of virtual temperature can be measured by using a radio acoustic sounding
system (RASS)[22l, For details about RASS, see 7.4 of Reference [1]. Because RASS emits sound,
precautions should be taken due to increased noise levels within its surrounding. Measures to protect
operators from hearing damage shall be made.

9.2 Data format

General

9.2.1

In general, measurement products obtained by the WPR are stored to digital files (hereaftdr data files).

In thfs section, general recommendations for a few specific data formats are given.

9.2. Operational data format (WMO BUFR)

For ipternational data exchange and dissemination of observations, the table-driven code FM-94 BUFR
is th¢ standard code format maintained by WMOI€0], The binary universal form for the representation

(BUHR) belongs to the category of table-driven code forms, where‘the meaning of data
detefmined by referring to a set of tables that are kept and mainhtained separately from
itself. It was created in 1988 with the goal of replacing character-based, position-driven me

elements is
he message
teorological

A BUFR message is composed of six sections, numbered zéro through five. Sections 0, 1 and 5 contain
statit metadata, mostly for message identification.~Séction 2 is optional; if used, it thay contain
arbitrary data in any form the creator of the message wishes. Section 3 contains a seqfience of so-
called descriptors that define the form and contents of the BUFR data product. Section 4 is p bit-stream
containing the message's core data and meta-data values as laid out by Section 3. Most impportant are
Sectijon 3 (Data Description Section) and Se¢tion 4 (Data Section). The Data Description Sgction (DDS)
contjins a series of descriptors, called a-'sequence". This expresses the form and contentd of the data.
The Data Section is a bit-stream containing encoded numerical values, as laid out by the DPS template.
A BUFR template is a sequence of BUFR descriptors that completely expresses the form jand content
of a BUFR data product and is recoegnized by WMO as a canonical form of the product. Tgmplates are
designed to meet the requirements of a specific data type.

led as BUFR
ire typically

rmonization
bx G shall be

Most]
mes
of Le
effor
refen

of the WPR data used operationally by the National Meteorological Services are enco
ages and exchangédivia the Global Telecommunication System of WMO. These data 4
vel 2 type, as expldined in 9.1. At present, different BUFR templates are used and ha
ts are undepwayl6ll, As for the BUFR used by the JMA, instead of Reference [61], Ann{
red to.

9.2.3 Scientific data format (NetCDF)

Network Common Data Form (NetCDF)[62] js a popular machine-independent data format that supports

the easy creation, access, and sharing of array-oriented data with a set of software libraries. It is
especially designed for platform independent, self-describing data storage, with the intent that users
can understand the data without the need for external resources, and to allow and efficiently access
the data in its entirety or in portions (subsetting). Issues such as endianness are being addressed in
the software libraries. This approach was initiated in 1989 and is still governed and maintained by the
Unidata program at the University Corporation for Atmospheric Research (UCAR).

NetCDF is essentially self-describing, where the header section describes the layout of the rest of the
file, in particular the data arrays, as well as arbitrary file metadata in the form of name/value attributes.
The format is widely supported by a number of scientific software tools and is therefore largely popular
in the meteorological community. The Climate and Forecast (CF) metadata convention is frequently
used in the Earth sciences for easy data exchange. As an example of NetCDF format, the data format for
Deutscher Wetterdienst (DWD)’s wind profiler using netCDF4 is described in Annex H.
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9.2.4 Data format defined by user and/or supplier

When neither BUFR nor netCDF is used, a format of a data file defined by a user and/or supplier may
vary depending on the conventions and ideas of the user and the supplier. General recommendations on
data formatting defined by a user and/or supplier are as follows:

— Measurement products whose data processing levels are different from that described in 9.1 can be
stored. An example of data processing levels of data other than those typically used by the end users
is described in Annex F.

— Data format should have the header part and the data part.

— Measurgment products obtained by the WPR are stored in the data part.

— Table 3 [lists the candidates that are stored in the header part of the data format defined-by ajuser
and/or $upplier. Parameters stored in the header part should be determined by discuSsion between
the user and the supplier. Space for storing a comment by an operator can be added becausg it is
useful fpr recording notes in the measurement.

— For the|parameters related to the measurement and the measurement products, their data|type
should e determined so that the fundamental information of them is notlostby data type convefsion
which i§ carried out when they are stored in the data file.

— The rule for processing the file name of the data file should be détermined by discussion betyveen
the userf and the supplier.

— When the supplier determines the file format, the supplier,shall provide the document of the|data
format to the user.

Table 3 —|Candidates that is stored in the header part of data format defined by a user and/or
supplier

No. Parameters

Date ahd time when the measurement was carried out 2

The parameters used in transmissionsreception, and real-time signal processing b

Information on the dimension and(récord length of the products stored in the data part ¢

Locatipn of the WPR (latitude, longitude, and mean sea level) 4
Paramgters of the WPR handware that can be used for data analysis (e.g. antenna beam width) ¢

Ul W N =

o

They are piseful for identifyirigithie products.
b They are hiseful for knowihgthe measurement mode.
¢ TItis necegsary for reading the values of the measurement products stored in the data part.

d  They proyide infétmation on the place where the measurement was carried out.

¢ They are fiseful for carrying out the data analysis.

9.2.5 Other recommendations

When a data file is used by the end user, documents or other means which explain parameters stored
in the data files may be necessary. Documents or other means which provide information useful for
handing data may also be necessary. In such cases, documents and/or metadata can be provided
through the Internet. Metadata can also be stored in data files. A document of metadata standards was
published by WMOI63],

When interpolation and/or extrapolation in height and/or in time are carried out, data which are
interpolated or extrapolated shall be labelled when they are stored in a data file. By labelling the
interpolated and extrapolated data, users can identify whether the stored data is real or they are
produced artificially by interpolation or extrapolation.

68 © IS0 2022 - All rights reserved


https://standardsiso.com/api/?name=fc83d47e2f5a17369812e482181f5a21

IS0 23032:2022(E)

10 Installation

10.1 General aspects

The installation site of the WPR shall fulfil the following requirements:
— Licensing of radio wave transmission;

— Permission to use land for WPR construction and operation;

— Infrastructure;

Duripg the survey determining the installation site, measurement environment, which affedts quality of
meagurement products obtained by the WPR, should be examined. Iltems to be examined-are as follows:

—  (lutter;

— Interference from radio sources. Both radio stations and machines that emitelectromagnetic waves
¢an be a radio source that causes interference.

From 10.2 to 10.6, details of relevant items in the installation are described.

10.2 Land
The following are factors that are taken into account when:selécting the installation locatign:
— It shall be large enough to install the WPR and accampanying facilities.

— The main lobe of the antenna should not be either partially or completely blocked. THis condition
ghould be satisfied for all antenna beam directions.

— The installation site shall be levelled *when it is necessary for installing the WPR gnd relevant
facilities.

— Water shall be drained enough toprotect the WPR from water flooding.

— Instruments used in installation, operation, and maintenance of the WPR can be transgorted to the
installation site.

— hen the installation-site needs to be protected from intrusions of unauthorized persons and
nimals, it shall be-fénced.

10.3 Licensing.of radio wave transmission

A survey toobtain the radio station license should be carried out before or concurrently with surveys
of the lahd’and infrastructure. It is possible that the radio wave transmission is not licended owing to
the griesence of an existing radio station in the vicinity of a candidate place of WPR installation. Even
in the case that Ticensing is permitted, it is possible that the Ticensing will take a considerable amount
of time to iron out concerns about radio wave interference. The frequency allocation recommended by
ITU is described in 6.1.

10.4 Infrastructure
The following are factors that are taken into account for the infrastructure:

— An electric power supply is indispensable for the WPR operation. The voltage and capacity of
electric power supply shall fulfil the requirement of the WPR. Circuit breakers with appropriately
rated current shall be installed for protecting the WPR from damage by large currents. Electrical
grounding by an electric power company should be surveyed to ensure a safe power supply. An
online UPS, which is a countermeasure against power failures, should be installed. Natural disasters
such as earthquakes and typhoons can cause failures of the electric power grid with considerable
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duration. A private power generator should be installed when operation of WPR shall not be stopped
even when there is a failure of the power grid for an extended duration.

— Means for protecting the WPR from damage by a power failure (e.g. UPS and automatic shutdown
of the WPR system) and for restarting the computer of the WPR should be implemented. A voltage
transformer with surge protection function may protect the WPR from damage caused by lightning.

— The road to the installation site of the WPR shall be adequate for transporting all the instruments
and equipment used in installation, operation, and maintenance.

— In the case of unmanned WPR operatlons a means for telecommunlcatlon is necessary in order to

— In the chse of unmanned WPR operations, a remote monitoring system for identifyihg trespagsers
should be installed.

— Water shall be supplied when water is necessary for the WPR operation and,/or'maintenancg (e.g.
cleaning).

10.5 Clutter

Possible clutter sources should be examined in the survey of the installation site. Tall metallic structures
in the vicinjty of the WPR (e.g. towers and buildings) can causerincreased clutter because they can
scatter transmitted radio waves. Hills, mountains, and high metallic structures are sources of grpund
clutter. Rotdting objects (e.g. wind turbines and rotating antefnas) are also sources of clutter op the
ground. Sea|surface causes sea clutter. Vehicles, trains, and ships are sources of moving clutter oh the
ground or s¢a. Flying objects (e.g. aircrafts, birds, bats, and insects) are sources of moving clutter in the
sky. These points should be considered if several candidate sites for WPR installation are availabl¢. For
details of clyitter, see 5.2.3.

The WPR mleasurements should have priority:when determining the installation site. However, ywhen
there are candidate sites for WPR installatidn, it is preferable that the WPR is installed at a place
where adverse influence of clutter on the quality of measurement products is minimized. In general,
high places with a clear all-around views city areas, coastal areas, mountainous regions, places in the
vicinity of afrterial roads, and railways are not appropriate for WPR installation. Places in the vidinity
of high met3llic structures are alSo not appropriate. On the other hand, valleys and depressions, where
radiation frpm the antenna sidejlobes are well walled off by the ground surrounding of the WPH, are
appropriate|for installing the-WPR. Flatlands, where high metallic structures are scarce or do not ¢xist,
are also appropriate. However, in practical terms, it is often difficult to select an installation site where
the quality ¢f measurement products are not decreased by clutter contamination in received signgls.

When clutter inhibits the WPR from attaining the required quality of measurement products,
countermeafsurésiagainst the clutter should be carried out. Installing a clutter fence around the W[PR is
a means for|mitigating clutter. When the arrival direction of clutter is fixed, increasing the attenuption
capability of the clutter fence in the arrival direction of the clutter is also a means for mitigating clutter.
The attenuation capability can be increased by raising the height of the clutter fence. However, it is
often the case that the optimum height for mitigating clutter cannot be computed correctly by computer
simulation and hence the optimum arrangement should be determined experimentally. The attenuation
capability of a metal clutter fence can also be increased by a double-layer fence.

ACS and QC in digital signal processing are also a means for mitigating clutter (see 6.3.3 and Clause 8).

10.6 Interference from radio sources

The radio wave environment should be examined during the survey of the installation site. This is
particularly important if the WPR frequency allocation is only secondary, with another service being
the primary user of the spectrum. In this case, coexistence may very well be possible, but needs to be
carefully assessed. For details of interference from radio sources, see 5.2.4. Therefore, it is desirable to
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have the WPR installed in a place where interference is not a concern for WPR operations. However, just
like the clutter case described in 10.5, it is often difficult to select an installation site where the quality
of measurement products are not decreased by interference contamination in received signals.

When interference from a radio source inhibits the WPR from attaining the required quality of
measurement products, countermeasures against the interference should be carried out. Like the case
of clutter, a clutter fence is a means for mitigating interference. When interference occurs by cross
modulation in the receiver or by frequency aliasing in data sampling, a band rejection filter can also
be a means for mitigating interference. Lowering the antenna side lobe level in the arrival direction
of interference is also a means for interference mitigation. For WPRs with subarray antennas, ACS is a
means for mitigating interference. It should be noted that interference from a radio source is often not
suppfFessed by digital signal processing because radio wave radiation irom a radio source other than
the WPR is not synchronized with the reception timing of the WPR.

11 $ystem monitoring and maintenance

11.1 General aspects

Maintenance is indispensable to ensure measurement capabilities of@ WPR operation lastipg for years.
Mairftenance works are categorized as follows:

— OQperational status monitoring.

— Preventive maintenance.

— (orrective maintenance.

— (ther maintenance.

Planning of the maintenance involves the follewing items:

— Human resources of operators for. monitoring the operational status and those of engineers who
have technical expertise necessary for the maintenance work. For simple maintenance work,
¢ngineers can be replaced by technicians.

Budgeting for labour costs and for purchasing spare parts.
Manuals for operatiofal status monitoring and simple maintenance.

ritten standard-operating procedures for communication in the user’s organizdtion, in the
jupplier’s organization, and between the user and the supplier.

ritten standard operating procedures for recording and sharing the operation statug, preventive
maintenance, and corrective maintenance.

Itis | ecessary that the planmng and execution of the mamtenance are done w1th close compmunication

: : anee-is one of the
important factors when operatmg the WPR. Cost—effectlveness should be taken into account with the
condition that all essential maintenance requirements are satisfied.

11.2 Operational status monitoring

The operational status shall be monitored, communicated, and recorded. The operational status shall
be collected automatically. Parameters collected to grasp the operational status shall be sufficient to
recognize significant malfunction of the WPR hardware. Table 4 shows the parameters which shall be
collected to grasp the operational status.

The operational status shall be shown on the display installed at the observation site. In the case of
unmanned operation, operators shall be able to obtain the operational status by remote access or other
means.
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Table 4 — Parameters which shall be collected for grasping the operational status

Parameters Information
Transmitter Normal or Abnormal 2
Receiver Normal or Abnormal P
Power supply Normal or Abnormal ¢
Cooling fan or temperature Normal or Abnormal d
Operation Start and end time ©

a

b

For example, output power from the final amplifier is monitored.

For exam
¢ For exam

d  For exam
monitored.

e Size of da
Shelter tempe

When trespas|

1 L DLA - - e ol
PIC, LINA scuu IS5 ITMIUITITUT TU.
ble, voltage or status of the power supply units installed as a component of WPR is monitored.

ple, status of the cooling fan installed as a component of WPR and temperature in the outdoor un

fa files can be monitored when required by the user.
rature, commercial power supply, and the battery status of UPS can be monitored whenrequired by the

sers are monitored, the entry to the shelter can be an item of monitoring.

t are

user.

11.3 Prevé¢ntive maintenance

When the |
Preventive
and parts e
discussion |
account wh

Operati
Allowed
Quality
Expens;

Expecteg
parame
the user
period ¢

NOTE A
"useful life p
"bathtub cur

Table 5 list

VPR is continuously operated, preventive maintenance /should be carried out reg
maintenance involves the status check, visual inspéction, inspection by measure
kchange. Contents and schedule of the preventive maintenance should be determing
petween the user and the supplier. The following”are factors that should be taken|
n determining the contents and schedule of preventive maintenance:

bn duration (i.e. lifetime) of the WPR.

down time of the WPR operation.
of measurement products obtainedby the WPR.
s of preventive maintenance.

d lifespan of the WPR parts, quantified by the statistical reliability function and de
ters like mean time between failures (MTBF) or mean time to failure (MTTF), experier]
and the supplier, opérating environment affected by the installation location, and war}
f the parts.

Lseful probabilistic failure prediction based on MTBF requires that the system is working with
briod", whiich is characterized by a relatively constant failure rate (the middle part of the so-
re").

u‘Larly.
ent,

d by
into

Fived
ce of
anty

working ite

stages based on th

e passing of years since the WPR installation and the lifespan of the WPR compon

ents.

Except simple work that can be carried out by technicians, regular maintenance work shall be carried
out by engineers who have expertise in the WPR system and are authorized by the supplier.
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Table 5 — Example of recommended working items in the preventive maintenance

Items

Recommended works or

inspection points

Recommended works against

performance deterioration

Components installed

Damage by collision and/or time-related
deterioration

Repair or exchange

outside 2 — Waterproofing
— Cleaning
Dust filter Cleaning Exchange b
Coolng fan Cleaning Exchange
DC ppwer supply Output voltage Exchange
— S11 (VSWR or return loss) and S21 (complex
linear gain) ¢
Antenna Exchange
— The recommended work and inspection points
listed in “Components installed outside”
— Peak output power 4
— Phase®
Transmitter — Centre frequency Adjustment or exchangp
— Frequency band width
— Spurious emission
— LNAgainf
Receiiver — Phase® Adjustment or exchangp
— Total receiver gainh
— Cleaning
Computer — Run state of the components Adjustment or exchangp
— Software security patches!
— Air.conditioning
Shelter ~—.~Seal of doors, windows, and holes } Cleaning, exchange, or fepair
— UPS battery
a2  Hor example;théy are the radome, fence for mitigating clutter and interference (i.e. clutter fence), and ynits installed
outsifle for power/supply, transmission, reception, signal distribution, and system control and monitoring.
b Hxchange-on a regular basis is recommended.
¢ §2%is measured when its measurement is possible and is requested by the user.

¢ Carried out when multiple final amplifiers are used.

g€  Carried out when the phased array antenna is used.

b Total receiver gain is defined between the input of the LNA and the input to the ADC.

J Objectintrusion from the outside of the shelter should be checked in the case of unmanned operation.

d  Peak output power is measured at the output of the final amplifier or later stage, and is calculated by using the Vop
value measured by an oscilloscope (see Figure 12). Peak output power can also be measured by a peak power meter.
When multiple final amplifiers are used (e.g. phased array antenna is used and/or outputs of multiple final amplifiers are
synthesized for increasing the output power), measurements are carried out for every final amplifier.

f When the phased array antenna or multiple antennas are used, measurements are carried out for every LNA.

I Software security patches are applied by following the information security policy and discussion between the user
and the supplier (see 11.7).
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11.4 Corrective maintenance

Corrective maintenance is carried out when the WPR malfunctions. For fast recovery from the
malfunction, a contact procedure for coping with malfunction shall be stipulated. Further, the log
of operational status monitoring and that of preventive and corrective maintenance shall be shared
between the user and the supplier.

11.5 Meas

uring instruments

The following are the principal measurement instruments used in the maintenance:

Signal g
Oscillos|
Networ
Frequer
NOTE

Power 1
Attenug
Connect

The accura
calibration ¥

Spectrum analyser

enerator
cope
k analyser or vector network analyser
ICy counter
Frequency counter can be replaced by other instrument with frequency measurement capa
heter or peak power meter
tor necessary for measuring transmitted power
ors, cables, and others necessary for signal conneétion

'y of measuring instruments used in the maintenance should be checked regular
vith certification or by other means.

bility.

y by

quick

that

11.6 Policy for spare parts

When the WPR is continuously operated forweather service, spare parts should be stocked for
recovery from malfunctions. The spare\parts should be selected based on discussion between the
user and th¢ supplier. Essential spare parts should be stocked in order to preclude the possibility
production pf key WPR parts might(be halted.

11.7 Software

Virus and nf
to prevent i
user shall in|
maintenanc
and softwa
between theé

alware attacksvare dangerous threats for computers used in the WPR operation. In

[legal acceSs-to the computers, and installation and execution of a malware in then
voke aneffective information security policy for the WPR operation. Design, operation
e of the:communication network and computer system (i.e. hardware, operating syj
re)” should be carried out by following the information security policy and discu

rder
, the
, and
tem,
5sion

user and the supplier
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Annex A
(informative)

Example of parameters can be configured by an operator

Table A.1 and Table A.2 list parameters which can be configured by an operator in pulse transmission
and in FMCW transmission, respectively.

Table A.1 — Parameters configured in pulse transmission

No. Parameter Symbol?2 | Unitb Rémark
1 Number of antenna beam directions ¢ Npeam -
2 Azimuth angles of antenna beams ¢ AZ[i] rad i=1, 2, -, Nigeam -
3 Zenith angles of antenna beams ¢ ZE[i] rad
4 Inter pulse period Tipp S Thetwo parameters are
Pulse repetition frequency SorF Hz ipterchangeable.
5 Properties of transmitted pulse d
5-1 ||Total pulse width Ty s
5-2 | |Number of sub-pulses Nsubp -
5-3 ||Sub-pulse width Tsubp S
5-4 [|Number of pulse sequences Niseq -
5-5 | |Modulation pattern of pulse sequences Cp [i] - i=1, 2, Npseq .
5-6 ||Number of transmitted frequencies Nfreq -
5-7 ||Transmitted frequencies freli] Hz i=1, 2, ++,Neq -
6 Number of receiver channgls)® Ny, -
7 Sample start range Tstart m
8 Sample interval in fange f Argample m The two parameters are
- CaN interchangeable.
Sample intervahin‘'time f Atsample s
9 Number ofange gates Nrange -
10 ||Numberbof coherent integrations 8 Neon -

a  Jpiffefenit symbols may be used in documents written by the supplier.

b Horeasy understanding, units different from those shown in this table (e.g. us ., kHz . degrees) may be ©ised when the
parameters are displayed, inputted, and recorded.

¢ They do not need to be defined when the SA technique is used.

d 7 should be defined as the total time length of transmission in which all the sub-pulses are involved. Definition of

Ty and T,

subp should be shown clearly. Multiple frequencies are used in RIM.

¢ Ng, shall be defined when multi-channel reception is used.

Arsample (Atsample ) can be smaller than the range resolution when oversampling is used (see 7Z.1.1 and 7.2).
8 N may be defined as the number including Npseq or as that excluding Npseq . The definition of N, shall be
shown clearly. In this document, N}, is defined as the number excluding Npseq .

b When the DBS method is used, it also denotes the number of elements in the Doppler spectrum.

© IS0 2022 - All rights reserved 75


https://standardsiso.com/api/?name=fc83d47e2f5a17369812e482181f5a21

	Foreword 
	Introduction 
	1 Scope 
	2 Normative references 
	3 Terms and definitions 
	4 Symbols and abbreviated terms 
	4.1 Symbols 
	4.2 Abbreviated terms 

	5 Measurement principle 
	5.1 Spectral parameters of the echo 
	5.2 Sources of received signals 
	5.2.1 Turbulent scattering and partial reflection 
	5.2.2 Echo in precipitation 
	5.2.3 Clutter 
	5.2.4 Interference from radio sources 

	5.3 Methods of wind velocity measurement 
	5.3.1 General aspects 
	5.3.2 Doppler beam swinging (DBS) 
	5.3.3 Spaced antenna (SA) 


	6 WPR system 
	6.1 Frequency 
	6.2 Hardware and software 
	6.2.1 Principal components 
	6.2.2 Signal processing 
	6.2.3 Antenna 
	6.2.4 Transmitter 
	6.2.5 Receiver 
	6.2.6 Signal processing unit 
	6.2.7 Observation control unit 
	6.2.8 Consideration on environmental conditions 

	6.3 Resolution enhancement and clutter mitigation using adaptive signal processing 
	6.3.1 Range imaging (frequency domain interferometry) 
	6.3.2 Coherent radar imaging (spatial domain interferometry) 
	6.3.3 Adaptive clutter suppression (ACS) 


	7 System performance 
	7.1 Resolution 
	7.1.1 Range resolution 
	7.1.2 Volume resolution 
	7.1.3 Time resolution 
	7.1.4 Nyquist frequency and frequency resolution of Doppler spectrum 

	7.2 Range sampling 
	7.3 Radar sensitivity and measurement range 
	7.4 Measurement accuracy 
	7.4.1 Requirements 
	7.4.2 Validation using other means 


	8 Quality control (QC) in digital signal processing 
	9 Products and data format 
	9.1 Products and data processing levels 
	9.2 Data format 
	9.2.1 General 
	9.2.2 Operational data format (WMO BUFR) 
	9.2.3 Scientific data format (NetCDF) 
	9.2.4 Data format defined by user and/or supplier 
	9.2.5 Other recommendations 


	10 Installation 
	10.1 General aspects 
	10.2 Land 
	10.3 Licensing of radio wave transmission 
	10.4 Infrastructure 
	10.5 Clutter 
	10.6 Interference from radio sources 

	11 System monitoring and maintenance 
	11.1 General aspects 
	11.2 Operational status monitoring 
	11.3 Preventive maintenance 
	11.4 Corrective maintenance 
	11.5 Measuring instruments 
	11.6 Policy for spare parts 
	11.7 Software 

	Annex A (informative) Example of parameters can be configured by an operator 
	Annex B (informative) General representation of the radar equation for monostatic radar 
	Annex C (informative) Reflectivity of precipitation echo 
	Annex D (informative) Impacts of assimilating wind products obtained by WPRs in atmospheric models 
	Annex E (informative) Quality management of the WINDAS (Wind profiler Network and Data Acquisition System) of the Japan Meteorological Agency 
	Annex F (informative) Example of data processing levels of data other than those typically used by the end users 
	Annex G (informative) Data format for Japan Meteorological Agency (JMA)’s wind profiler using BUFR4 
	Annex H (informative) Data format for Deutscher Wetterdienst (DWD)’s wind profiler using netCDF4 
	Bibliography 



