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ABSTRACT

Refractivity measurements in the boundary layer by precipitation radar could be useful for convection
prediction. Until now such measurements have only been performed by coherent radars, but European
weather radars are mostly equipped with noncoherent magnetron transmitters for which the phase and fre-
quency may vary. In this paper, the authors give an analytical expression of the refractivity measurement by
a noncoherent drifting-frequency magnetron radar and validate it by comparing with in situ measurements.
The main conclusion is that, provided the necessary corrections are applied, the measurement can be suc-
cessfully performed with a noncoherent radar. The correction factor mainly depends on the local-oscillator
frequency variation, which is known perfectly. A second-order error, proportional to the transmitted fre-
quency variation, can be neglected as long as this change remains small.

1. Introduction

Often suggested as a proxy for estimating surface
humidity, measurements of refractivity by radar are re-
ceiving increasing attention from the meteorological
community. The phase variations of the radar ground
echoes are related to changes in the refractive index of
air between the radar and static targets (Fabry et al.
1997). The refractive index varies with pressure, temper-
ature, and relative humidity, so any phase change is a re-
cord of the variation of atmospheric parameters (Demoz
et al. 2006; Fritz and Chandrasekar 2009; Wakimoto and
Murphey 2010).
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For radar equipped with coherent transmitters, the
frequency and phase of the pulse are well controlled
and these radars can therefore be used to make re-
fractivity measurements. However, most of the opera-
tional European radar networks are equipped with
noncoherent magnetron transmitters for which phase is
unpredictable and frequency can drift over time, and
this must be taken into account for Doppler and re-
fractivity measurements.

Nutten et al. (1979) showed that the radial component
of the wind could be measured by Doppler shift with a
magnetron radar, provided that the phase of every trans-
mitted pulse was measured. As the phase term 4mf (f)r/c is
proportional to the frequency, the use of signal phase
also requires that the frequency f should remain suffi-
ciently stable during the measurement time. This can be
difficult for refractivity measurements for which we
compare the phase of signals separated by long dura-
tions (minutes, hours, or days), and corrections must
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be implemented to take the frequency drifts of the
transmitter into account. Another feature to be con-
sidered is that the signal frequency on which we per-
form the measurement is not zero because the signal
is the result of mixing between the received signal and
the local oscillator, the frequencies of which may be
different.

An initial formulation for the phase of a signal
backscattered by a static target for a noncoherent
magnetron radar has been given by Parent du Chatelet
et al. (2007) who conclude that, provided the received
signal is sampled exactly at the moment that corre-
sponds to the propagation delay: “The phase differ-
ence between the received signal and the transmitted
signal actually only depends on the frequency of the
local oscillator, on the distance r and on the refractive
index, n,” and does not depend on the magnetron
frequency. The consequences of this result for Doppler
and refractivity measurements were considered by
Parent du Chatelet and Boudjabi (2008). Junyent et al.
(2009) also proposed a correction factor to take the
frequency variations of the transmitter into account. In
section 2, we develop the formulation of the signal
backscattered by a static target for a noncoherent ra-
dar, where we pay particular attention to separating
the effects due to frequency variations of the local
oscillator, frequency variations of the transmitter, and
effects due to changes of refractivity between the radar
and the target. Finally, we validate the different terms
of the theoretical formulation in section 3 with radar
data, and we present some preliminary results of radar
measurements compared to refractivity values deduced
from in situ measurements by Automatic Weather
Stations (AWS).

2. Basic equations for refractivity measurement
with noncoherent transmitter

Following the formulation of Fabry (2004), the time
delay Tave; necessary for the electromagnetic wave
to reach a target at distance r and come back to the
radar is'

N(x, 1) dx,
(1)

2( 2r 21076 [
7-travel(r7 1) = EJO n(x, t) dx = ” + : JO

! Throughout the paper we use the notation 7 for delay after the
transmission pulse, and ¢ for time measurement in the sense of
minutes or hours. The function n(x, ¢) is assumed constant during
the few radars pulses needed for an individual measurement.
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where c is the speed of light in vacuum, n(x, ¢) is the
refractive index, and N(x, ¢) is the refractivity at dis-
tance x and at time ¢, defined by (Bean and Dutton
1968):

N(x,t) = [n(x,1) — 1]10°. ®)

Variations of 7,4ve; due to refractivity changes can only
be obtained through phase of the signal, and the pur-
pose of this section is to establish the relationship be-
tween signal phase and refractivity changes for a radar
whose frequency can vary. The phase depends on the
path traveled to the target, and also on transformations
in the receiver, which we examine below.

The radar receiver (Fig. 1) has two identical channels
for the received signal Sgx(7), and for the transmitted
signal Stx(7). Both are mixed with the same sinusoidal
stable oscillator (STALO) fio(¢) to provide [ and Q
zero frequency base-band complex signals Rrx(7)
for the receive branch and Ryx(7) for the transmit
branch. A digital AFC unit gives the phase ¢,r for
each transmitted pulse, and also measures the trans-
mitted frequency f(¢). The local oscillator is adjusted
to follow the transmitted frequency variations, but the
frequency [f(¢) — fLo(t)] of the base-band signal is not
exactly zero so that the phase of a signal received from
a static isolated target also depends on the sampling
time Tgum-

To take account of these points, the following de-
velopment gives the formulation of the phase ¢(7sam, t)
for a signal transmitted at a frequency f(r), backscattered
by an isolated remote target located at range r, mixed
with a sinusoidal local oscillator of frequency fio(),
and sampled at a delay 7, after transmission. This is
schematically illustrated in Fig. 2 where we have rep-
resented the shape of the signal before and after the
receiver [i.e., before and after multiplication by the local
oscillator (LO)].

At the receiver input, the transmitted pulse Stx(7),
and the signal Sgx(7) received from the target after
a delay Ty avel, are given by

Stx(7) =cos2mf(t)r + @] for 7e€[0, ’Tpulse]

SRX(T) = ASTX(T - 7-travel)
= A cos27f()(T — Tyrpve) T @orx]  for

TE [ + Tpulse] ’ (3)

Tiravel> Ttravel

where T,y 1S the pulse duration and ¢@grx is the trans-
mitted phase. The constant A is for the target amplitude
return.
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F1G. 1. Simplified diagram of the receiver. It is divided into two channels: one for the
“received signal”” Srx(7) and one for the “transmitted signal” Stx(7). The automatic fre-
quency control (AFC) unit uses the latter channel to measure the frequency f(r) of the
transmitted signal and its phase ¢,7 at time 7 = 0. The frequency f(¢) is used to command the
local oscillator frequency fi o(f). Each of the two channels uses two digital frequency mixers
to produce the real and imaginary parts of the two complex received signals Rgx(7) and

RTx(T).

At the receiver output, after multiplication by the
local oscillator LO(7) = cos[27fLo(t)T — @gLo] and low
pass filtering, we have the following:

Rox(7) = Irx +701x
= expj{27[f(1) = fLo®]T + ¢y} for

T €0, Tpulse]
Rpx(7) = Ipx T/OQrx
= Aexpj{2n[f(t)7 _fLo([)T —f(0) Ttravel] + QDQT}

for €] * Touisel “4)

Ttravel’ Ttravel

where ¢@or = @orx — @oLo 1S the measured transmitted
phase for 7 = 0.

Here Rgrx(7) is a sinusoidal signal of frequency
[f(t) — fLo(t)] and duration 7pyse. The signal is sampled
at time 7g,,, Which is close, but not exactly equal, to
Tiravel- The measured phase ¢(7gm, ) is given by the

argument of Rrx(7) for 7 = 74, and, after subtraction of
PoT-

¢(Tsam’t) - 27T[f(t) Tsam _f(t) Tiravel _fLO(t) Tsam] :
®)

Here ¢, f, fLo and Tavel are all functions of the mea-
surement time ¢.

To reveal the effects of refractivity variations, which
are hidden in 7., We define a ‘‘reference refrac-
tivity”” Nyer as the refractivity in reference conditions of
temperature, pressure and humidity. Equation (2) then
becomes

n(x,t)=1+10"°N(x,t) = 1+ 10 °[N,_; + SN(x,1)].
(6)

Using Egs. (1), (5), and (6), we obtain the following:

TC . t)= 277[—fLO(l)Tsam + F(OAT = F(OAT\ (T )] with

2r 2r ¢
Ar = Tsam Ttravel(r’ tref) = Tsam ? B ? 10 Nref and
2Xx107° ("
ATN (T ) = L 8N (x,1) dx. )

020z J2quianoN €z uo 3sanb Aq 4pd‘L~02000-Z L-P-Y4ooW/£0Z6EE/8Z L /01/62/3Pd-alo1e/yda)/bio-00s}ewe s|eulnolj/:dny woy papeojumoq



OCTOBER 2012

transmitted pulse S (7)

PARENT DU CHATELET ET AL.

1431

Spx(7) received pulse from the

m distant target

U delay To;

,‘ - ——————— - i -

local oscillator (frequency f (r))

NAAAN

Time Tafter transmission

iy

P —— _b

F AAAAAAN

Ipy(7) and Qg (7) after mixing
with LO(7)

UUUUUUUUUUUUUUU

_ .IRX(tsam)
'y

I/O’

Sampling fime T,

sam

|

FIG. 2. Schematic diagram of the transmitted pulse Stx(7) of duration 7,5 and of a signal Sgx(7), received from
a static isolated remote target. Except for a phase change ¢arge due to the target and a time delay 7rayver due to the
propagation, this signal is an exact replica of the transmitted pulse (for simplicity, we assume in the diagram that
Prarget = 0). After mixing with the local oscillator, the phase of the signal Rgx(7) at the exact delay Ti;ayel is equal to
the phase of the local oscillator at delay Tiaver PIUS @arger- The variation of Irx(7) and Qrx(7) within the received
pulse (i.e., between Tirave; and Tyravel T Tpuise) is due to the difference between the transmitted frequency and the local
oscillator frequency. This signal is sampled at the delay 7., slightly different from 7;.ye1, and this difference leads to

a phase measurement error.

For each pixel, At is a constant equal to the difference
(mismatch) between the sampling time and the travel
time under reference conditions. Here A7y (7sam, ?) is the
supplementary propagation delay due to the difference
of refractivity 8N(x, f) from the reference conditions. As
a consequence ATy (Tsam, fref) = 0.

Note that, if we consider the particular case of propaga-
tion in a vacuum, and if the signal is sampled at the exact
delay 2r/c, then Eq. (7) reduces to ¢ (tsam, 1) = —4mfLo(Orlc,
which is slightly different from the usual formulation
—4af(t)r/c: the phase change of the received signal is not
exactly proportional to the transmitted frequency, but
rather to the frequency of the local oscillator. This un-
expected result is easily understandable if we consider
that the propagation directly results in a time delay, but
does not directly lead to a signal phase shift: strictly
speaking, the usual phase change 4f(f)r/c is the differ-
ence between (i) the received signal phase at the delayed
time 2r/c, and (ii) the reference signal phase at the same
delayed time. In the receiver considered here, the refer-
ence is the local oscillator, not the transmitted signal.

In Eq. (7), ¢(7sam,?) is the sum of three terms, each
being the product of a frequency by a time delay, and
these three time delays have quite different orders of
magnitude: if we assume a largest range of 30 km, a
pulse duration of 2 us, and a maximum refractivity change
of 100 units, we have the following: 7gm € [0,200 us],
A7 € [0,2 ps], and Aty (Tgam, ) € [0,0.02 us].

Starting from Eq. (7), it is straightforward to obtain
the expression for the difference A¢p(Tsam, £, frer) be-
tween phases measured at time ¢ and at a reference
time t,.¢, for signals both sampled at the same sampling
time Toam:

o [fLO (t) - fLO (Iref)]Tsam
() — fte)]AT ()
_f(tref)ATN(Tsam’ 1)

AD(Tys 1 top) =2

In the computation of the third term, we have neglected
the phase contribution of 27 f(ter) — f(¢)]ATN(Tsam, 1),
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TABLE 1. Main technical characteristics of the French Falaise radar
(48°55’'N, 00°08'W, Normandy region).

Magnetron transmitter wavelength 5 cm (C band, 5.625 GHz)

Peak power 250 kW
Antenna 3-dB beamwidth 1.05°
Azimuthal speed 557!
Elevation angle 0.4°
Transmitted pulses duration 2 us
Repetition rate 333571

Local oscillators stability Synthesizer locked by a
stable 10~ ® reference
AFC Activated only

if [f(t) — fLo()| > 70 kHz

equal to 3.6° for the largest values of f(t.f) —f(t) =
500 kHz and A7y (7sam, ) = 0.02 us.

Therefore, the contributions of the variables are now
completely separated: fi o(f) alone in the first term, f(f)
alone in the second term, and N(r, t) alone in the third
term. Asin Eq. (7), the phase difference A¢ is the sum of
three terms, each of which is the product of a frequency
by a time delay:

o The first “local oscillator term” is the product of [ fi o (f) —
fLo(ter)] BY Tsam- A correction is easy to achieve as
long as the oscillator frequency f; o(?) is precisely known.
An accuracy of 1 (in N units) leads to a phase change
of 13° km ! at the C band. Using Eq. (8), a simple
computation shows that it corresponds to a relative
accuracy of 5 X 1077 on fio(f). This can be easily
obtained with a synthesizer synchronized by a ther-
mostated reference.

The second ““mismatch term” is the product of [f(z) —
f(trer)] by the constant A7. Using Eqs. (7) and (8), it is
straightforward to express the corresponding additive
bias ey on N estimation:

A0~ f), o

i 2r f (tref )

For example, for r=3km,[f(t) — f(tret)|/f (trer) =
2 %107 (i.e., a difference of 100 kHz at the C band),
and A7 = 1 us; ey scales to unity, which is negligible.
This can be different for a higher value of [f(¢) —
f(ter)] and A7, or for a lower range integration r.

The third “‘refractivity term” is the product of the
constant f(teet) by ATn(Tsam,?), Which is the differ-
ence, between times ¢ and ¢, in the delay produced
by the refractivity change from the reference. It is the
classical expression of phase versus refractivity
change.
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FI1G. 3. Time series, during a 5-day period from 3 to 7 Mar 2010,
for the signal backscattered by the isolated antenna of the Falaise
city’s fire station: (i) raw signal 5-min phase change (black line),
(i) same after correction for the local oscillator fi o(¢) using Eq. (8)
(gray superimposed on the black), and (iii) local oscillator fre-
quency fi.o(7) (dashed lines).

3. Initial look at validation by radar and in situ
measurements

The experiment was performed with the Falaise radar
(see Table 1 for details), part of the French operational
network in Normandy, France. Radar measurements
have been recorded with a 5-min sampling time, as well
as hourly in situ measurements of temperature, pres-
sure, and humidity performed by three AWS within
a 30-km radius around the radar. In this study, we spe-
cifically process echoes from an isolated mast that is the
antenna of the Falaise city fire station, 4.8 km from the
radar.

Figure 3 represents the evolution with time of the
5-min phase change during 5 days, from 3 to 7 March 2010.
We clearly observe 13 black vertical lines in the 5-min
phase change of the raw signal, all of which correspond to
local oscillator frequency jumps. These lines are com-
pletely suppressed after application of a correction simply
deduced from the first term of Eq. (8), which demonstrates
its validity.

Many other sharp vertical lines, which are not due to
local oscillator frequency changes, can also be observed,
particularly during the afternoon (after 12, 36, 60, 84,
and 108 h). Previous studies (Besson et al. 2012) have
suggested that it is due to diurnal turbulence in the
boundary layer, observed between 1300 and 1800 UTC,
and generated by the influence of heat radiation on the
lowest atmospheric layer, when the sun is at the zenith
(Curry et al. 1988).

To identify the phase signature of the second term of
Eq. (8), we have compared phases of two signals, both
from the isolated fire station target, sampled at two
successive range gates Ty, and Tgm, separated by
150 m. Using the definition of At by Eq. (7), [AT; — AT{]
in this case is equal to [Tsam2 — Tsam1], Which is perfectly
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FI1G. 4. Time series, for 16 Mar 2010, of the phase difference
AD, (1, ter) Of two signals coming from the same isolated target
sampled at two successive range gates (gray line). The reference
time ¢ is fixed to the first available time of the day. Time series of
the transmitted signal magnetron frequency difference [f(f) —
f(trer)] (black line, right scale in kHz).

known. After correction for the local oscillator contri-
bution, Eq. (8) leads here to the expression of the phase
difference Ay (2, trer):

A61)2,1 (t’ [ref) = A(I)(TsamZ’ L, tref) - ACI)(Tsaml’ L, tref)
= 27T[f(t) _f(tref)][TsamZ - 7-saml]' (10)

Figure 4 shows the time variation, during one spe-
cific day (16 March 2010) of the frequency change
[f(t) — f(ter)], and the phase change A®; (2, ter). Al-
though differences can be noted here and there, the two
curves are nicely correlated (R*> = 0.65) and the main
phase changes obviously come from the frequency dif-
ference variations [f(¢) — f(t.r)]. The slope of the linear
regression is 0.24° kHz !, quite close to the expected
value of 0.36° kHz ! from Eq. (10). This result proves
that the second term of Eq. (8) exists, but a method to
estimate A for each pixel remains to be found, in order to
be able to correct the errors due to this mismatch term.

We present in Fig. 5 an example of time series of re-
fractivity measured by radar, corrected for the local
oscillator changes (gray line) and by in situ AWS (black
line). The reference time t,, initially fixed at the first
measurement of the series, is reinitialized after each
missing data period (gray vertical bars). The longest
time interval without initialization has a 15-day dura-
tion, between times 288 and 648 (hours after the be-
gining of the sequence). Radar and in situ measurements
compare well, even when significant variations of the
local oscillator occur, before time 200. The correlation
gives an R? coefficient of 0.94 and the slope of the linear
regression is equal to 1.0: the two measurements are very
close together.

We can therefore conclude that the Eq. (8) formulation
is in accordance with radar and in situ measurements.
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FI1G. 5. Time series of refractivity N measured by the radar during
a 27-day period (2-30 Mar 2010) for the radar pixel. Averaged
refractivity measurements from the three AWS (solid black line).
Local oscillator frequency (right scale, dashed line). The two gray
columns indicate no data and the time t,.; is reset after each period
of absence of data.

Significant residual problems not shown here have been
observed from time to time, but they are actually not due
to the nature of the transmitter but more probably to the
nature of the target, or to some propagation problem.

4. Summary and conclusions

In this paper, we gave an analytical expression for the
phase of a radar signal generated by a noncoherent
transmitter and backscattered by a distant static target.
This expression leads to three terms:

o the first local oscillator term can be easily corrected,

o the second “‘mismatch term” can be neglected pro-
vided that the magnetron frequency variations and the
At parameter both remain small (100 kHz for the
transmitted frequency and 1 us for Ar);

o the third refractivity term, which connects the signal
phase to the refractivity.

This confirms the conclusion of Parent du Chatelet et al.
(2007) that the received signal phase depends much
more on the local oscillator frequency than on that of the
transmitted frequency. These two frequencies can be
different with magnetron-transmitter radars.

The analytical expression has been validated by ex-
perimental radar measurements compared with in situ
measurements by AWS. The conclusion is that refrac-
tivity measurements can be performed with noncoherent
radars as well as with coherent radars, providing that the
local oscillator frequency is precisely defined (10% is
accurate enough), and that a correction is applied for the
frequency variations of the local oscillator.

In the future, we will use this tool to validate a mea-
surement strategy adapted to our context, and based on
the previous studies by Fabry (2004). After that, the
method will be deployed in the French “Application
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Radar a la Météorologie Infra-Synoptique” (ARAMIS)
operational radar network to produce refractivity mea-
surements for assimilation by numerical weather pre-
diction systems.
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