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I and Qs simulation and processing envisaged for
space-borne polarisation Diversity Doppler Radars

Alessandro Battaglia, Ali Rizik, Ishuwa Sikaneta, Frederic Tridon

Abstract—

The WIVERN (WInd VElocity Radar Nephoscope) mission
concept, a candidate for ESA’s Earth Explorer 11 program,
aims at globally observing vertical profiles of reflectivity and
line-of-sight winds in cloudy and precipitating regions. WIVERN
employs a 94 GHz dual-polarisation Doppler radar with conical
scanning to address the limited coherence duration between
radar transmitted from low-Earth satellites with small antennas.
This system transmits closely spaced pairs of horizontally and
vertically polarised pulses, which are better correlated than
pulses of the same polarization separated by longer intervals.
The Polarisation Diversity Pulse Pair (PDPP) technique is then
used to estimate radar observables like reflectivities, differential
reflectivities, Doppler velocities, and differential phase.

The paper introduces an efficient method for generating H-
and V-I&(Q time series from the covariance matrix of the
autocorrelation function. This method treats the signal as a
non-stationary stochastic process, making it suitable for the
PDPP pulse sequence from a rapidly rotating antenna and more
computationally efficient than inverse fast Fourier transform
techniques. It also accounts for interfering cross-polar signals
and decorrelation from the scanning antenna. This method is
included in the mission’s end-to-end simulator, which processes
data from raw I1&Q to Level 1 estimates of polarimetric variables.

For scientific applications, averaging at least 5 km (40 polari-
sation diversity pairs) is necessary to reduce noise in polarimetric
variables and Doppler velocities. Under optimal conditions,
uncertainties at 5 km integration are 0.7 dB for reflectivities,
0.3 dB for Zpr, 0.4 m/s for Doppler velocities, and 1.9° for
dpp.

Index Terms—Doppler radar, winds, polarisation diversity,
I1&Q simulation, reflectivity differential ratio, differential phase
shift.

I. INTRODUCTION

IVERN, short for WInd VElocity Radar Nephoscope

(www.wivern.polito.it, [1], [2]), was proposed in 2020
to the ESA’s Earth Explorer 11 call with the specific aim of
filling the observational gap of global winds inside storms and
precipitation systems [3]. WIVERN, selected as one of the two
best candidate missions, is currently in Phase A with a final
decision expected in July 2025. If selected, the satellite will
be launched in 2032.
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WIVERN’s observing principle is based on the well-
established Doppler radar theory, with samples collected by
a 94 GHz conically scanning antenna rotating at high speed
(one full rotation in 5 s). WIVERN’s unique 94 GHz conically
scanning Doppler radar would provide the first space-based
in-cloud profile of line of sight wind, joint with cloud and
precipitation profile measurements. The assimilation of line-
of-sight (LoS) in-cloud wind profiles over an 800 km swath
(providing near-global, quasi-daily, kilometer-scale coverage)
is expected to significantly improve numerical weather pre-
diction ( [3]). WIVERN would help address fundamental
scientific questions about clouds, climate, and atmospheric
dynamics. For instance, it would enable, for the first time,
space-based observations of atmospheric dynamics within
tropical cyclones [4], while also filling existing gaps in polar
precipitation observations [3], [5].

As part of ESA’s Phase A study, an end-to-end simulator
for the mission is being developed to simulate from level
0 (raw measurements) to level 2 (cloud and wind products)
and to test instrument performance. Of particular interest is
the characterization of the errors on the winds and on the
polarimetric variables that WIVERN will be able to observe
for the first time from space: differential reflectivity (Zppr),
differential phase (®pp) and cross-correlation (prry ).

This paper aims to present an efficient technique for
simulating Level 0 measurements (i.e. the complex voltages
measured by the radar receiver from the different ranges) for
synthetic scenes generated with cloud-resolving models such
as those presented in [2]. Then, the performance of the Doppler
velocity and polarimetric variable estimators is evaluated as a
function of signal-to-noise ratio and integration distance.

Sect. IT briefly reviews the WIVERN polarisation diversity
pulse scheme, while Sect. III explains how to simulate Doppler
spectra and polarimetric variables. The technique for simulat-
ing the 1&Q signal is described in detail in Sect. IV, and the
estimators of the various variables are discussed in Sect. V.
Finally, the results are presented in Sect. VI and conclusions
are drawn in Sect. VIL

II. WIVERN PULSE SCHEME

To map horizontal winds, WIVERN will use a W-band
radar with a fast, large conically scanning antenna at an angle
of incidence of 42° (see specifications in Tab.I e Fig. 1).
Measuring Doppler velocities from fast-moving platforms such
as satellites in low Earth orbit with good accuracy is quite chal-
lenging [6], [7]. WIVERN adopts the Polarisation Diversity
(PD) Pulse Pair (PDPP) technique [8], which uses alternating
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TABLE I
WIVERN ORBIT AND RADAR SPECIFICS AS CURRENTLY ESTABLISHED IN
PHASE-A OF THE ESA EARTH EXPLORER 11 PROGRAM.

Spacecraft height, Hgc 500 km
Spacecraft velocity, vgc 7600 ms— 1
Orbit inclination, 2 97.42°
Orbit Local Time of the ascending node, LT AN 06:00
Incidence scanning angle 42°
Swath width at ground 800 km
Radar transmitted frequency, 94.05 GHz
Radar wavelength,A 3.2 mm
Antenna angular velocity, €2, 12 rpm
Antenna 3-dB beamwidth (azimuth x elevation) 0.072° x 0.066°
Footprint speed 500 kms 1
Single pulse minimum detectable reflectivity -18 dBZ
polarisation diversity pulse separation, Ty 20 ps
Pair repetition frequency, PRF 4 kHz
Nyquist velocity, V4 40 m/s
Unambiguous range, "maz 37.5 km

500 km altitude ~
97.4° inclination

Fig. 1. Conical scan of the WIVERN radar: as the antenna scans a full
rotation the satellite advances approximately 35 km at the ground.

pulse pair transmission between H-V (H-leading, V-trailing)
and V-H (V-leading, H-trailing) pairs (see Fig.2, [8], [9]).
A polarization diversity radar system uses two channels to
simultaneously receive the scattered power of pulses with
orthogonal polarisations to measure the first two Doppler
moments. These pulses are closely spaced, with a pulse-
pair separation denoted Ty, and transmitted in pairs with
a pair separation equal to T,. Despite the use of separate
receiver channels for the horizontal (H) and vertical (V) pulses,
their strong phase coherence, resulting from the short interval
between their transmissions, is of paramount importance in
extracting the Doppler velocity. In short, the PD technique
effectively decouples the maximum unambiguous range

T,

Tmax — 7 (l)
from the Nyquist velocity
A
VNyq = m 2

where c is the speed of light and A is the radar wavelength,
thereby successfully resolving the Doppler dilemma.

III. SIMULATION OF DOPPLER SPECTRA AND
POLARIMETRIC VARIABLES

There is a strong heritage in the simulation of hydrometeor
Doppler spectra at 94 GHz ( [12], [13]) for vertically pointing
ground-based non-moving radars. Under such conditions, the
spectral power spread is mainly induced by the different
terminal velocities of the hydrometeor with an additional
spectral broadening induced by air turbulence and by the wind
shear across the radar backscattering volume (see right panel in
Fig. 3). For a slant-looking radar, the spectral separation due to
the different hydrometeor fall velocities is partially attenuated
by the cosine of the angle of incidence [14]. At 94 GHz,
the presence of non-Rayleigh scattering for typical millimeter-
sized meteorological targets such as raindrops leads to non-
Gaussian spectra with the presence of secondary peaks and
so-called Mie notches [10] (black lines, left panel of Fig. 3).

In contrast, for fast-moving radars, the width of the Doppler
spectra is dominated by the broadening effect due to the
different directions of the satellite speed along the different
directions within the antenna beamwidth. This spectral width
generally dominates and renders the spectra Gaussian-like
(red-filled spectra in the left panel of Fig. 3). The presence
of non-uniform beam filling effects can distort the Gaussian
behavior [15] as illustrated in the bottom inset, left panel of
Fig. 3.

In the case of WIVER}\I, this Doppler fading is approxi-

V509348 N ]
4@ [11]’ [16]9 [17]7 Vso belng

the spacecraft velocity perpendicular to the antenna boresight
(see Fig. 1). When using the parameters of Tab. I this formula
produces an apparent wind shear with velocities ranging
between +2.0m s~! and + 2.9 m s~! across the 3 dB
footprint depending on the azimuthal scanning angle of the
radar antenna with broader spectra at side views (see Fig. 1)
where vge = vé-c. Thus, in the first approximation, the
Doppler spectra measured by WIVERN can be assumed to be
Gaussian with a fixed spectrum width o . Doppler broadening
due to dispersion of falling particle velocities is usually less
than 1 m/s, thus negligible. The same applies to turbulence
broadening, except for very turbulent environments.Realistic
co-polar Doppler spectra in the horizontal polarisation Sgrzr
are therefore generated from target spectral reflectivity Z,,, gp

mately equal to op =~

C|K,|?
Supu(r, v) = %

Zp mu(r, v), 3)
with 7 the range, v the Doppler velocity bin, C the radar
constant [18] and | K, |?=0.75 the dielectric factor for liquid
water at 10°C and 94 GHz [19]. In the specific case of
Gaussian spectra everything can be expressed in terms of
the reflectivity Z,, g and the mean Doppler velocity vp
according to:

Sin(r ) = CIKw|? Zom prm (r) exp {_ (v — UD(T))2:| |

r2 V2rop 203, @

Knowing the spectral differential reflectivity Zpg(r,v) of
atmospheric targets at range r, the co-polar Doppler spectrum
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represent a pulse-pair interval and a pair repetition interval, respectively. This example shows three H — V' and two V' — H PD pairs.
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Fig. 3. Left panel: schematic representation for the effects shaping the Doppler spectra in slant-looking spaceborne radars (here the radar is assumed to
be forward-looking). Three radar sampling volumes are highlighted corresponding to 1) a low reflecting cloud uniformly distributed over the volume; 2) a
uniform rain layer; 3) a rain layer with Z decreasing towards the ground (e.g. due to evaporation). The color shading of the backscattering volumes indicates
the strength of the Z signal. The vertical arrows indicate the apparent velocity introduced to the volume due to the motion of the satellite (violet toward

and red away from the satellite); note that the velocity of the satellite along the antenna boresight vgc

can be easily subtracted out. Black curves: Doppler

spectra that would be observed by a motionless platform (note the characteristic Mie notches in the rain spectra, [10]). Red areas: Doppler spectra broadened
by the satellite motion. Note the introduction of biases in the presence of non-uniform beam filling [11]. Right panel: different mechanisms causing spectral
broadening: turbulence, vertical and horizontal line of sight (HLoS) wind shear, and variability of terminal velocities within the backscattering volume (similar
to ground-based radar observations) plus satellite Doppler fading (unique to low-Earth-orbiting radar observations).

of hydrometeors in the vertical polarisation Syy can be
derived from Sy py:

Syv(r,v) =Suu(r,v)/Zpr(r,v) )

Similarly, from the spectral linear depolarisation ratio
LDR(r,v) of atmospheric targets at range r, cross-polar
Doppler spectra of hydrometeors Sgy and Sy are derived
from the co-polar Doppler spectra according to:

=Spu(r,v) LDR(r,v)
= Syv(r,v) LDR(r,v)

where the first and second subscripts represent transmission
and reception respectively. Note that, in first approximation

SHV (’I“, ’U)

SVH (’I", ’U)

(6)

Zpr and LDR can be assumed to be uniformly distributed
over the velocity interval (then the quantity will be indicated
as Zpgr(r) and LDR(r)), though fully spectral polarimetric
modeling is available (e.g. [14], [20]). This is particularly
true at the W-band where, because of the scattering reso-
nances, Zpy is only changing from between -0.5 to 0.5 dB
for raindrops with sizes up to 6 mm and has even smaller
variability for snow and graupel particles. For LDR, the
spectral variability can be much larger but with very large
values occurring in correspondence with small particles that
do not contribute much to the overall signal [21].

The in-phase (I) and quadrature (Q) simulation is initiated
based on the available knowledge of the Doppler spectrum.



IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. , NO. , JULY 2024 4

The forward model generates ideal Doppler spectra for the
receiving channels, denoted as H and V. In the context of
polarization diversity, because of the possible interference be-
tween the H- and V-polarised pulses [22], it becomes essential
to consider both the co- and the cross-polar components in the
Doppler and reflectivity profiles. For the j —th pair (indicated
with [4]), the total power spectral densities in H and V channels
are given by:

S (r,v) = S (r,0) + Sy (r — Argyy,0) + NE (1, 0)

S‘[ﬁ] (r,v) = S‘[ﬁ]v(n v) + Sg]‘/(r + Arpy,,v) + N‘[,J](r, v)
(7
where Sy g = Syv, Spn, Syv represent the cross-polar and
the co-polar power spectral densities, respectively and Ny,
and Ny, are the spectral noise power at the output of the H
and V polarized receivers, respectively, at a given range r. The
cross-polar component originates leakages into the cross-polar
receiver (hereafter referred to as “ghost” effects) at ranges
shifted either upward or downward by Arr,,, = ¢Tryv/2,
i.e. the range associated with the time between the dual
polarisation pair as described in [9], [22]. In addition to the co-
and cross-polar spectra at each range the specification of the
propagation differential phase coefficient Kpp, of the cross-
correlation and the differential phase shift at backscattering is
needed to generate the 1&Q data of the WIVERN system.

IV. SIMULATION OF I & Q TIME SERIES

In previous studies [9], [17] simulations of 1&Q for PDPP
radars have used the classical method proposed by [23] and
successfully applied to simulate the raw signal for the Earth-
CARE radar [24]-[26]. In that approach, the Doppler spectra,
sampled within the Nyquist interval with enough points to
capture the spectral variability, are subjected to the inverse
discrete Fourier transform technique to extract an in-phase (I)
and quadrature-phase (Q) voltage time series.

This method is tailored for a sequence of radar pulses
that are equally spaced and where the same spectrum can be
representative of a multitude of pulses (i.e. when the process is
quasi-stationary), as for EarthCARE. In the case of WIVERN,
the sequence of H- and V-polarised pulses is not transmitted
with constant time separation: each polarisation diversity pair
is separated by a short interval Ty (of the order of 20 us)
and is transmitted alternating the order of the two orthogonal
polarisation states (H and V) with a pair repetition time of T},
(of the order of 250 us, see Fig. 2).

Because of the fast-rotating antenna, the illuminated vol-
umes change significantly from pair to pair (while the effect
is negligible for the two pulses of the same pair), so the
process cannot be considered stationary across different pairs.
The IFFT method can be applied to PDPP but at the cost of
generating a large number of 1&Q for each pair of pulses. For
example, if the spectrum is sampled at a resolution of 0.2 m/s
over a Nyquist interval of the order of 40 m/s, approximately
400 1&Q are generated, but only one pair is downselected
in the worst-case scenario that the Doppler spectrum changes
for successive H-V pairs; otherwise, if the spectrum can be
considered stationary for a long integration time (in this case
400 x 20 pus = 8 ms) then the number of I1&Q must be

undersampled by a factor equal to 1/(PRF x Tgy) ~ 12.
This is very inefficient. For PDPP, the approach proposed by
[27], [28] 1) is significantly more computationally efficient.
For instance, assuming stationarity, this method achieves at
least an 8.25-fold improvement in speed compared to the
IFFT-based approach, 2) relies only on the specification of
the correlation properties between pulses (hence it works also
in non-stationary conditions), and 3) can handle sequences of
arbitrarily separated pulses.

In the following, each Doppler velocity spectrum can be
converted into the frequency domain via:

2v

S =280 =@

where f is the frequency Doppler shift at backscattering and
A is the radar-transmitted wavelength. It is worth noting that
the convention of positive velocity toward the radar is adopted
here.

A. Covariance matrix of the signal

The correlation between the different pulses in the trans-
mitted sequence can be characterized by the different power
spectral density Sg[cjy]( f, ), where x and y are equal H or V
and [j] indicates a pair index. The autocorrelation function at
lag 7 is defined as:

Rirr) = [
where 1 = /—1. ’
J

Note that the correlation at lag-0 R (0,7) corresponds to
the total power PB} (r) (Pgpy is the co-polar power for H-
pol radiation, Pyy is the co-polar power for V-pol radiation
and Ppy = Py g is the cross-polar power). Note that in the
computation of the integral, it is important to keep a spectral
resolution § f to resolve the spectrum so that § f 7 < 1 (or in
the velocity domain dv < A/(27)). For typical Doppler widths
for the WIVERN radar (between 2 and 5 m/s) all correlation
functions can be considered negligible for 7 > 500 us.

Similarly the cross-correlation between different spectra at
lag 7 can be modeled as:

ngj] (T7 T) = Pwol (]7 l)/

— 00

exp(e 27 f 1) df

+oo
Sg[g; (f,r)exp(r2m f7)df 9)

+oo

oot )\ SIS )

(10)
where p,,; describes the loss of correlation due to the loss
of volume overlap caused by the rapidly rotating antenna (see
Fig. 4), ppor is equal to 1 if x = y, otherwise ppoi(h,v) =
prv(0)e~"Yar is the loss of correlation between different
polarisations at lag-0, where ¥y, = ®4,, + dg, corresponds to
a differential phase shift introduced as a result of a differential
shift in propagation (®4,) and in backscattering (64,) and p;
the decorrelation introduced by the time difference between
the pulses.

The term ppo(x, y) is spectral dependent because both
the correlation coefficient at lag-0 (pgy(0)) and &4, depend
on the dimension of the scatterers (though this variability is
weak and limited to some resonance sizes, [14]), thus via the
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Fig. 4. Decorrelation between two pulses due to the decrease in volume
overlap associated with the antenna rotation as a function of pulse separation.

size-terminal velocity relationship they introduce a spectral
dependence. This is why p,,.; is kept inside the integral.

In the case of Gaussian Doppler velocity spectra (with
mean velocity vy and spectral width o), stationary conditions
(i.e. the spectra are the same for all pulses) and no spectral
dependence of the polarimetric variables, then

i 8r2o2r2 1 dmogT

Oa[njﬁ] (7,7) = poot (J, l)ppol(xv y)e_ 2 e

pe(T)

(11
Pi(r) Py (r)

where we have introduced p;(7), the decorrelation between
Gaussian Doppler spectra at time 7, as in [8].

It is important to underline that our formulation does not
require neither the Gaussianity nor the stationarity assump-
tion. Egs. (9-10) in fact can be applied in any condition. In
particular, the non-stationarity is automatically accounted for
when computing Eqgs. (10). This peculiar feature represents a
strong advantage of the proposed methodology.

A time series of the complex voltage components cor-
responding to a sequence of M pairs of pulses can be
represented by a complex 2M vector V. = I + 1Q. The
voltages behave like normally distributed with zero mean [18],
so their covariances completely determine their behavior. The
covariances between the elements of the vector V can be
represented by a 2M x 2M complex matrix (V ® V) (the
brackets denote an ensemble mean, ® the dyadic product)
given in Eq. 12,

where + denotes conjugation and where we have dropped
the r dependence in the terms in the matrix. Here it is assumed
that, for any given pulse of a given H-V pair, only the pulses in
the two H-V pairs immediately before and after it have a non-
negligible correlation. In fact, even with a narrow Gaussian
spectral width of 2 m/s at 94 GHz the decorrelation in Eq. (11)
already drops to 0.11 and 1.5 x 10~% after 250 and 500 s,
respectively.

In reality, if only simulations of level 1 PDPP processing
are required, it is necessary to simulate the correct correlations
only between PD pulses in the same pair, so the correlation
matrix can be written as a block matrix with only 2 x 2 blocks
in the diagonal other than zero (i.e. the bold terms in the
matrix). In this situation, each polarisation diversity pair is
uncorrelated with all other pairs and therefore can be generated
independently of all others (see Appendix A).

B. Covariance matrix of the ghosts

In the PDPP approach, ghost interference enters through
the response from scatterers at ranges different than the target
range. These ranges are separated from the target range in
time by +7Ty according to whether the V pulse follows the
H pulse or vice-versa [9]. Cross-polarized ghost interference
is uncorrelated to any other signal received at the same
apparent range, therefore the ghost covariance matrix becomes
a diagonal matrix:

While there is no correlation for the ghosts received at range
r in the H-channel and the ghosts received at the same range
in the V-channel there is an excellent correlation between
the ghosts signals separated in range by 2Arp,, because
in that case |ppo;| = 1 with the other decorrelation terms
having similar expressions to those discussed in Eq. (10). This
could be used to recover the Doppler if a surface region
provides ghosts with powers dominating the total signals in
both channels as demonstrated in Fig. 5, where the term
G v (r, Trv) represents the correlation function between the
ghost signal received from the V channel at the H channel and
the copolar signal at the H channel. Conversely, G'VH(T, Tuv)
corresponds to the correlation function under the opposite
scenario.

This may be the case for (land) surfaces, whose cross-signal
is generally high (owing to the high cross-polarized normalised
radar cross section of the surface, o h) with the surface ghosts
dominating the signal above and below the surface in the two
receivers. On the other hand, it is more unlikely to happen for
atmospheric targets that usually have very low LD Rs.

C. Covariance matrix of the noise

Additive white noise contributes to the overall covariance
with a term given by

Ry (r) = Py Iom

where l5ps is the 2M x 2M identity matrix, and Py is
expected to be -15 dBZ noise equivalent power for WIVERN
[3]. If the noise levels are different in the two receivers (H
and V) then the matrix will be diagonal with Py y or Py g
depending on which channel is used in reception.

D. Generation of complex 1&Q time series

Once a cloud scene and an illumination corresponding to
M successive pairs have been specified, a sequence of M vv
and hh Doppler spectra can be computed at any given range
r, accounting for the different illuminated volumes.
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Fig. 5. Diagram illustrating the possibility of correlating the cross-talk signals from the surface to infer the surface Doppler velocity.

The correlation matrix expressed in Eq. (12) can be com-
puted from these spectra at each range. Similarly the sequence
of M cross-pol hv Doppler spectra can be computed at range
r — Arp,, and r + Arrp,, so that Rg(r) follows from
Eq. (13).

Finally, the total covariance matrix can be written as:

Rr(r) =Rs(r) + Ra(r) + Ry (r) (14)

where Rg is the matrix of the signal due to the different
polarization effects, R is the matrix of the ghost signals,
and R is the matrix of the noise. The procedure is repeated
for each single range bin as illustrated in Fig. 6. Note that
Rr(r) at any given range r is the sum of three contributions:
1) Rg(r) which results from the 2M Doppler spectra (M for
VV and M for HH) at range r; 2) Rg(r) which is affected by
the M cross-polar spectra at ranges r—Arp,, and r+Arp,,
3) Rnx which is range independent and is affected by the
noise levels of the two receivers. To generate complex voltages
which are stochastic variables correlated by the matrix R a
technique already proposed to simulate EarthCARE Doppler
signal [27], [28] is implemented. Because R is Hermitian and
positive definite, it may be written as Ry = T T via Cholesky
decomposition, where T denotes Hermitian transpose. Given

2M zero-mean independent standard circular Gaussian ran-
dom variables, y1, Y2, ...yom [i€. y; = 1/\/5(5]» + 1 1n5)
where §; and 7); are normally distributed with mean equal 0
and standard deviation equal 1]

[l ] i ]
] fi s
+ Q Y2
]+2Q[2] s
V = ] +2Q[2] —7f Ya (15)
_HQ[M] Yam—1
[V +zQ£ﬁ”] | | vem

have components distributed as normally distributed variables
with zero mean and with correlation provided by Rr.

1&Q components are generally over-sampled in range, i.e. they
are sampled with separation in a range smaller than the actual
radar range resolution. In WIVERN the range resolution is
500 m, with an expected oversampling by a factor of 3 or 5.
This introduces a correlation in the range between voltages
received at different range gates [28]. This correlation can be
accounted for either by building a correlation matrix similar to
Eq. (14) or, more simply like done in [24], by convolving the
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Fig. 6. Schematic for the generation of Rr and 1&Qs. For M PD-pairs at each range bin, a matrix 20 X 2M is built based on the autocorrelation and

cross-correlation of the 2M spectra (Egs. (9-11) at the given range 7 (red color) and on the cross polar leakages at ranges r —

Arpy,,, (blue color) and

7+ Arg,,,, (green color). From the 2M x 2M correlation matrix at each range a sequence of M 1&Q for the H channel and M 1&Q for the V channel is

generated via Eq. (15).

1Qs generated at the finest resolution with the radar weighting
function, e.g. of the form:
1o Irgrel s e an (2mlsrol

if [r— 1ol < Ar

W(r —rg) :c{ (16)

0 if |7 — rg| > Ar

where Ar = c¢7,/2 is the range resolution for a square
pulse of length 7, and C is a normalization constant. The
weighting function is characteristic of each radar and results
from the combined effect of the finite receiver response time
(represented here by a Hamming filter, « being equal to 0.54),
and the finite length of the radar pulse.

V. PDPP ESTIMATORS

A. Power estimators
For the H-V pairs the received mean power, P#Y and PV,
received in the H and V channel respectively are estimated as:

M/2
PAY MZV”“ Py v

M/2 (17
P szk 1] V[Qk 1]()

where M is the number of pulse pairs used for averaging.
A similar expression holds for the V-H pairs. The radar
reflectivity factor can be deduced from the noise-subtracted
power using the following formula:

(}SHV,VH(T) o pN)T2

Z;IV,VH(T) — x C|K ‘2 xr = H, v (18)

where Py is an estimate of the noise power.

The differential reflectivity, Zpp, is estimated as the ratio
between the reflectivities in the H and V channels:
R SHV.VH
ZHV,VH(T) _ 4y (1)

= oo — (19)
DR ZgV,VH(T)

B. Doppler velocity and ®pp estimators

The PDPP technique estimates the Doppler velocity via the
cross-correlation function of signals with orthogonal polar-
isations at lag 7 = Tpyy. Mathematically, such correlation
functions can be estimated from the voltages of Eq. (15) by
the equation ( [8], [29]):

M/2

Z V[Qk 1%
Z V[Qk]

where RHV and RVH are the cross-correlation estimated
from M /2 the H-V and V-H pulse pairs, respectively. From
Egs. (20) [8] proposed to estimate the velocity as:

Ryv(r,Tgy) = V[Qk 1]( )

(20)

Ryu(r,Tuv) = V[Qk]*( )

R A
Up = arg \/RHV (r, Tuv) Ry (r, Tuv)
47TTHV (21)
A . N
= STy arg (RHV(T, Tuv) Rvp(r, THV))

which has the advantage that the bias introduced by any prop-
agation or backscattering differential phase shift is automati-
cally canceled out but reduces the ambiguous velocity interval
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to i%, as opposed to the standard i%. However, an

HV HV X
approach that recovers the complete unambiguous Nyquist
interval was presented by [18], [30]. This approach requires
first the estimate of ¢pp as:

A 1 N -
dor = garg (Rav (. Tuv) Ry Tuy) ) (22)
so that the Doppler velocity estimator becomes:
by R .
i = g (Buv(r. Tav) e %27 ) @3)

which gives exactly the same result as Eq. (21), apart from the
folding. Both estimators presented in Eqgs. (21) and Eq. (23)
exhibit identical noise characteristics because they are based
on averaging the same number of samples (M /2). Therefore
the estimator (23) is superior because it recovers the full
Nyquist interval.

Velocities that fall outside the £V, interval (spectrum
aliasing), are automatically aliased back into the Vx4
interval so that the actual Doppler velocities can be unfolded
by simply adding an integer number of £V ,:

,[A}(li)ealzased

=0p £ 2n Viyg (24)

For WIVERN (in the exceptional situation of folding) the
selection of n is straightforward because Vi4 is very large
(40 m/s) and wind uncertainties are generally much lower
than such values.

C. pgv estimators

Measuring correlation at lag-0 is unattainable through
Wivern measurements but the correlation at lag-Tfy, which
is useful for quality control purposes, can be estimated as:

\Riry (r, Tuv)|

PV (r)PIY ()

(25)

pav(Tav) =

for the H-V pair and with a similar expression for py i (THv)
for the V-H pair. Previous research by [31] has demonstrated
that the pyy estimator is prone to bias, particularly in areas
with low correlation values and a limited number of averaging
samples.

D. Ghost Doppler processing

Following the discussion at the end of Sect. IV-B, it may
be useful to introduce also a specific estimator:

M/2

2 2k—1]+
M ZVIEI ! (T+ATTHV)
k=1

V\[/zkill (7‘ - ArTHV)

Guv(r, Tay) =

(26)
. 9 M/2 2K
GVH(’I’, TH\/) = M Z VH (T — ATTHV)

k=1

V‘?k]* (T + ATTHV)

with the same processing described in Sect. V-B to estimate
the Doppler velocity. This methodology could be very useful
to recover the Doppler velocity for land surfaces that are

Pry time series at H =7 km

copolar

Prv

0.9 ghost
— oy

0.8
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0.6

Py

0.5

0.4

0.3

0.2

0.1 1 1 1 I 1 1 1 1 1
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Samples

1000

Fig. 7. Correlation between the surface co-polar H- and V-signal from the
surface range, 74, (red line) and from the cross-polar H- and V-signal
collected at a range rsy,rp — Argy,, and reyu.p + Arpy, (red line)
for a land surface. Data have been collected between Ottawa and Quebec
City in Canada for a path between points with lat-lon (46.355,-73.1152) and
(46.3438,-73.1450) over land for a total distance of 2.6 km during an airborne
field campaign operating a W-band radar in PDPP [32], [33].

characterized by high normalized backscattering cross-sections
and high levels of cross-talk (Fig. 5) but have poor correlations
between the two co-polar signals and excellent correlations be-
tween cross-talk signals (Fig. 7). In that situation, a reduction
in SN R associated with the surface linear depolarization ratio
could be compensated by improvement in the Doppler estima-
tors associated with the substantial increase in correlation (see
results later in Sect. VI-B).

WIVERN will have a radiometer mode and will sample
at 100 MHz, thus providing a sample every 1.5 m in range.
This will ensure an excellent match between the two ranges
r — Arp,,, and r + Arp,,, . This operation is only expected
to be performed in the on-board processing.

VI. RESULTS

The technique described in the previous sections is first
applied to a profile for illustrative purposes and then to assess
the performance of the Doppler velocity and polarimetric
variable estimators as a function of the signal-to-noise ratio
and the integration distance.

A. Example of a vertical profile

A profile that is representative of stratiform rain is used for
testing the technique. The profile is derived starting from a
CloudSat profile in stratiform rain and making corrections to
account for the slant geometry as proposed by [4]. Sensible
assumptions for the polarimetric variables are derived from
ground-based measurements [22] and are described below.
The reflectivity profile has a characteristic increase from the
cloud top down to the freezing level located at about 5 km,
then it decreases towards the ground due to a combination
of rain attenuation and rain evaporation; finally at the surface
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Fig. 8. Reflectivity profile used as a test bed for the I&Q simulation. top
(bottom) panel: ideal co-polar reflectivity (red lines) in the H- (V-)channel
and ideal received reflectivity (black lines) in the H- (V-)channel for a PDPP
H-V pair. The difference between the red and the black lines accounts for the
cross-talk interference between the V and the H channels. The red diamonds
correspond to the simulated reflectivities expected in the H- (left panel) and
the V-channel (right panel). The regions shaded in yellow correspond to ranges
where the correlation coefficient at lag Ty exceeds 0.6.

range the reflectivity increases again because of the strong
reflecting surface (see red lines in Fig. 8). A variable Zpp is
assumed across the whole profile (red line in Fig. 9) with a
slight increase in the ice when moving to the melting layer,
a peak of 2 dB across the melting, a small value (0.5 dB)
in the rain and a 3 dB value for the surface. Similarly, the
differential phase shift (black line in the right panel Fig.10)
increases steadily from the top of the cloud downward in the
ice due to propagation effect (a Kpp of the order of 1.2 °/km
is assumed) then there is a sharp peak in correspondence to
the melting layer (due to phase shift at backscattering on the
melting snowflakes) and then decreases very slowly in rain
because of slightly negative Kpp ( [14], [34]).

12 .

10

Height [km]
(o]

Differential reflectivity ZDR [dB]

Fig. 9. Differential reflectivity profile used as a test bed for the I&Q simulation
with the Zppr computed 1) from the two co-polar reflectivities (red lines),
2) the reflectivities accounting for the ghosts for a PDPP H-V pair (black
line), 3) Z g V' and Z{}I V' the simulated reflectivities after noise subtraction
(red diamonds). The regions shaded in yellow correspond to ranges where the
correlation coefficient at lag Ty exceeds 0.6.

The wind profile (left panel of Fig. 10), based on CloudSat
ECMWEF co-located data, shows a peak exceeding 11 m/s at
2.1 km height and then a decrease to few m/s at cloud top. The
correlation coefficient at lag O (red line in Fig.11) also shows a
drop in correspondence to the melting layer (to values smaller
than 0.8) but it is assumed high for the other hydrometeor and
the surface return (0.98). On the other hand, the correlation at
lag Ty that can be computed as

8720572

pav(Tuv,r) = pav(0,7)pvet(Trv)e” 3
\/PHH(T') va(T')

27)

drops because of the spectral width (here assumed to be 3 m/s)
and the associated decorrelation time (exponential term) but,
more importantly, because of the presence of ghosts and noise,
both increasing the denominator in the term inside the square
root. The ghosts are generated by the linear depolarization
ratio, assumed to be -22 dB everywhere apart from the melting
layer where a value of -13.5 is assumed.

The simulation framework is applied to this profile. An
integration length of 5 km in a horizontal line is assumed. With
the WIVERN footprint speed and pair repetition frequency
(see Tab. I) this is equivalent to averaging 40 PD pairs (20
H-V and 20 V-H). One realization of the averaged profiles is
shown hereafter. As expected the simulated reflectivities, ZH"
and Z‘If V' (Fig. 8, here shown before noise subtraction) are
quite noisy even at high SNR because of the limited number
of samples but they generally converge to the expected profiles
(which include the ghosts generated by the cross-talk). Note
the diversity between the  and V channel (top vs bottom
panel) because of the difference introduced by the Zppr and
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Fig. 10. Doppler velocity (left) and differential phase shift (right) profiles
used as a test bed for the 1&Q simulation with the ideal profiles in black and
the simulated ones with diamonds. The regions shaded in yellow correspond
to ranges where the correlation coefficient at lag Ty exceeds 0.6.

by the ghosts. Similarly ZHY (Fig. 9) shows errors of the
order of 0.5 dB in the region with good SNR. Also note that,
because of the presence of the ghosts, the simulated values
(red diamonds) do not converge to the intrinsic Zpgr (red
line) but to Z gg (black line) which is affected by ghosts and
can take values which are very different from those expected
from hydrometeors (e.g. the very negative values at about 2 km
height). Therefore, together with py/, this variable can then
be used to flag regions affected by ghost contamination.

The Doppler velocities and ® p p simulated profiles (Fig. 10)
show good convergence in the region of high SNR and
where the correlation coefficient at lag Ty is larger than
0.6 (regions shaded in yellow). Otherwise, in regions seriously
contaminated by random or ghost noise, the Doppler velocities
(®pp values) tend to be random numbers in the +40 m/s
(180°) interval. Finally the simulated profile of pgv (Thv)
tend to follow the expected value ppy (THy) apart from an

12 al%"—w w

10+
8 L
— pHV(O)
61 — (T
—— pHV(Thv) simulated

Height [km]
N

0 L
-2 § %
-4 L L
0 0.2 0.4
Phv

Fig. 11. Correlation coefficient between H and V-polarisations with the ideal
profile in black and the simulated ones (which include the effect of ghosts
and noise) with diamonds.

overestimation when pgv (Tgy) drops below 0.4 (Fig. 11).

B. Errors on polarimetric variable and velocity estimates

An assessment of the errors associated with the reflectivity,
Zpr, $pp, Doppler velocity and correlation coefficient es-
timators provided by Eqgs. (18,19,22,23,25), respectively, has
been carried out via a Monte Carlo simulation with 40,000
different realizations for different levels of SNR. Errors are
established for a (1 km) 5 km along scanning footprint
integration, which corresponds to (8) 40 1&Q pairs (20 H-V
and 20 V-H). A constant Zpr = 2 dB is assumed whereas two
values of pry (0.99 and 0.9) are used to illustrate the impact
of correlation on the estimates of the different observables.

Reflectivities and Zpgr show small positive biases at low
SNR (left panels in Fig. 12). The positive bias in Z at small
SNR can be explained by the fact that when the noise
subtraction is performed realizations where the noise is sig-
nificantly below the mean noise level are discharged. Results
are therefore positively biased. Random errors on Z values
on the other hand (right panels) are of the order of 0.6 dB
(1.5 dB) at high SNR for 5 km (1 km) integration and rapidly
increase respectively to 1.5dB and 4.5 dB at SNR = 0 dB.
These errors do not change in a palpable way changing the
spectral width and/or the correlation pgy at lag 0. For large
SNRs, they can be well predicted by the formula:

L Y S
2= SNR

as shown by the dashed lines in the top right panel. For Zpr
random errors are a strong function of pgy (0) (and weakly of
o,) with smaller correlation producing larger errors (bottom
right panel).

Errors in the estimates of mean Doppler velocities (Fig. 13)
agree with previous findings ( [1], [2], [33]), with the errors

(28)
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Fig. 12. Bias (left) and standard deviation (right) for the reflectivity, Z 7, and the differential reflectivity, Zp r, estimators in correspondence of an integration
of 1 and 5 km (8 and 40 PD pairs, respectively). If present, the shading corresponds to a range of variability in the Doppler spectral widths between 2 and
4 m/s; otherwise a value of 3 m/s is assumed. The dashed lines in the top right panel correspond to the results predicted by Eq. (28).

rapidly decreasing with increasing SN R and plateauing for
values larger than 20 dB at 0.40, 0.78, 0.89 and 1.75 m/s
(blue, cyan, red and magenta lines , respectively). The errors
also show the typical dependence 1/ VM with the number
of integrated pulses. The errors increase drastically when the
correlation pgy at lag-O drops, as when in the presence of
mixed-phase hydrometeors or ghost echoes ( [22]).

The formula proposed by [8]:

o UNyq 1

Sop = 505\ 207

UD

1 2
- _ A2
(1 ; SNR) 8 ] (29)

where, for Gaussian spectra,

8mio? Tév)

B = puav(0)puo(Trv ) exp <_ A2

fits the results of the 5 km integration almost perfectly but
underestimates the errors when averaging over a few [&Q with
low correlation (compare pink dashed and continuous lines).
Formula (29) is valid when perturbation analysis is applicable,
i.e. when the following two conditions are satisfied [35]:

Oy

2 M >>1 (30)
UNyq
1 \2
2

M 14+ — 31

p > ( * SNR> D

The first equation, for a characteristic value of o, = 3 m/s
reads M > 4 while the second for SNR = —6dB and

prv(0) = 0.9 gives M > 33 which demonstrates that it
cannot produce accurate results with M = 8 at any SN R and
with M = 40 for low SNRs. A similar behavior is found
for the error in ®pp (Fig. 14), a direct consequence of the
fact that both the errors in the Doppler velocities and in ®pp

40
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Fig. 14. Same as Fig. 13 for the differential phase shift.

are driven by the errors in the phase determination. When
averaging over 40 PD pairs, even with high SNR and with
excellent correlation, the error in ®pp remains of the order
of 2.5°.

Finally, the estimated correlation at lag 7y estimated
based on Eq. 25 is shown in Fig. 15 as a function of SNR,
with the correlation decreasing significantly as we move to
lower SNR (see Eq. 25). For values of SNR < 5 dB, the
estimator becomes positively biased; generally, there is a large
standard deviation error on all values of SINR. However,
estimates of this parameter from the 1&Q processing can be

1.2 . .

puv(Tuv)
O puv(Tuy)

-10 0 10 20 30
SNR [dB]

Fig. 15. Behavior of the correlation at lag Ty as a function of SNR for
a correlation at lag-0 equal 0.9 (black line).The red diamonds correspond to
the mean of the estimator based on Eq. 25 with M = 40; the red shaded area
identifies the 10th and 90th percentile of the estimates.

used to check the quality of the other estimators. For example,
from the 90th percentile envelope (upper contour of the red
shaded area in Fig. 15) it can be concluded that an estimated
prv (Tayred) of 0.6 and 0.8 is likely to be greater than 0.4
and 0.6, respectively.

VII. CONCLUSIONS

This paper presents an advanced methodology for simu-
lating 1&Q time series for PD radars, such as that planned
for the European Space Agency (ESA) WIVERN mission,
which is one of the two finalists for Earth Explorer 11.
The proposed technique demonstrates significantly improved
computational efficiency compared to the inverse Fast Fourier
Transform (FFT)-based method developed by [23]. Moreover,
this new approach effectively deals with the non-stationarity of
the power spectrum during transitions between successive PD
pairs. It can also account for the decorrelation introduced by
antenna rotation. Finally, in addition to the correlation between
the pulses of each PD pair (which is directly exploited in
the PDPP Doppler estimates), the weaker correlations between
nearby PD pairs can also be included.

The 1&Q time series can then be processed to estimate the
polarimetric and Doppler radar observables (reflectivity, Zpg,
opp, Doppler velocity, and correlation coefficient estimators).
The study shows that for the WIVERN mission, it will be
necessary to average at least 5 km (i.e. 40 PD pairs) to reduce
the noise of the different polarimetric variables and Doppler
velocities to be useful for scientific applications. For such
integration distance, under optimal conditions (high SN R and
high correlation) the reflectivities, Zpr, Doppler velocities
and ®pp will have uncertainties of 0.7 dB, 0.3 dB, 0.4 m/s
and 1.9°, respectively. The possibility of increasing the number
of independent samples by reducing the time between different
pairs of PDs, either by reducing the time between different
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pairs of PDs (hence the maximum unambiguous range) or
by introducing frequency diversity pairs, is currently being
investigated.

APPENDIX

A. Analytical solution of 1&Q generation for 2 x 2 correlation
matrices

When the correlation between different PD pairs can be
neglected (which is the case if PDPP processing is performed)
then the matrix in Eq. (12) becomes block diagonal with each
PD pair characterized by a correlation matrix of the form:

Ri1 Raz
Rr=Rp+Rr+Rn= . 32
T p+Rir+Rn {sz R22] (32)
Since R is Hermitian, it can be decomposed as
R cos(@) e sin(6) A0
= “Wsin(f) — cos(f) 0 X (33)
cos(9) e sin(6)
e Ysin(d) —cos(h)
where
I Ri1 + Roz + V4[R2 + (R11 — Raz)?
maxr — 2
I Ri1 + Raz — V/4Ri2> + (R11 — Raz)?
min — 2
4
b _ Rio (34)
Rz

2|R12| )
0 = arctan [ —————
(Ru — R

with A1 = M\az and Ao = \ip if ‘R11| > ‘R22| otherwise
A1 = Amin and A2 = \,4,. Note that the last expression
should be computed with the arctan2 function to avoid nu-
merical division by zero.

By defining,

T VA0 cos(6) e* sin(6)
L0 Ve e Ysin(f) —cos(h)
one finds that Ry = T1T, where T denotes Hermitian
transpose.

Given two zero-mean independent standard circular Gaussian
random variables, y; and y, the two complex vectors

|:1H+'LQH ] _ [ Y }
Iy +1Qvy Y2

are distributed as zero mean variables with a correlation matrix
provided by Rr.

(35)
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