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1.INTRODUCTION. When discussing the Doppler velocity estimators

it is of significant interest to analyze their behavior at low

number of Doppler periods nD=8VrtS/k ~ 1 within the resolution:

cell ts CVr is the radial velocity,A-the wavelengthd.Obviously,

at nbgi the velocity error is essentially increased. The problem

of low np, arises in PBL, where higher resolutions are usually

required but the signal-to-noise ratio (SNR) is relatively high.

In this work analytical expression for the relative RMS error
of the PP Doppler estimator at low number of periods for a nar-
rowband Doppler signal and arbitrary model of the noise corre-
lation function is obtained. The results are correct at relati-
vely high SNR. The analysis is supported by computef simulations
at various SNR’s.

2. ANALYTICAL EXPRESSION FOR THE RELATIVE RMS ERROR. The sampled

inphase and quadrature signals may be presented by [1]

ICiAt)=Aicosei + bi > XiAtd= Aislnei + bi; i=1,n c1>

where At=ts/n, A1 and 61=w.iAt+p1 are the amplitude and the
phase of the signal, which is a stationary narrowband GCaussian
process with variance oa, spectral width o and mean Doppler
frequency @ the independent noise components bi and bi have
distribution N(O,ai JD. If the condition as« o is fulfilled,
we may assume that the amplitude and the phase of the signal
are constant within the resolution cell and fluctuate from shot
to shot. We also introduce Gaussian distribution N(wo,ai) for
the averaged over the range gate frequency w with aw« W From
nD$1 it follows wAt<«d.Then the relative estimate of the Doppler
frequency fluctuations can be written in the form [11:

D mlrw=-1=2801 +H 281 =5+ ...), 2

where Q-?[Aai+ﬂi-wAt(Ari+éi)]/wAt(nfi)Aa
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?1=bi+1c°sei+bicosei+1+bi+1Sin6 +bisin91+1 : 61 bibi+1*bibi+1'

The term ? in (23 can be neglected if SNR Z SdB. To find the
relative RMS error in (2), we average the noise, frequency and

amplitude fluctuations, accepting the following approximations:

W = mo+6w . 170 % 1/&0(1=6w/w°)
cosl~wAtLl x cos(s(D = s, At. Sw.sinls{D
sinf ~wAL) R sin(s() + s.At.Sw.cos(s(D , O = o At

A&AO%SA H A0-<A> 3 17A = 1/A (1—6A/A +6A8/A ).

\

o

Finmally, the general expression for the relative REMS error u

becomes:

2_ 2.3096¢
p B o mvr————

.{k+2[§cs)coscsn)4cxs)s1ncscn+4.168&R(s>]} =D
o*Cn-232

where P(s)=2bH(s)+k1U(s)+k2V(s)s, QCS)-4dH(s)+k3U(s)s+k4V(s),

R(a)-aF(s)+QdG(s) Usie(n=-2=-s). [pls+1d+(s~1]1,
H( =) =(n=-2=-5). p(s), Visd=(n=-2=s). [p(s+1d=p(s~-121,
2

Fisde(n=-2=-s3. [p (s)=pXs+1d.p(s=1D1, a-1+v2, b-1+v3+ﬂ N

GKR):(n-a—s).lp (sd)4pls+1d. p(s~1D1, d-van, c-Qa-l,

M;Cn—a).{a+b—p(1).cosQ+p(1).C2vd+1).(c.cosn—aﬂ.sinﬂo+
+2. 084F . [b. (1 =p2C13)42050°C13 . Cn=1313,

k, =a. (becos(d=-20sin{) +dQ. cosl, k_=d. [ b(QcosO-2sind -{X a+1d.cosNl,

1 2
k3=d.[b(2cosﬂ+QsinQ)—Q(a+1).sinﬂ], k4=a.(2ﬁcosO+bsinﬂ)+dQ.sinﬂ,
X ad-normalized noise correlation function, t-ogloa.

Using the above expression, we can analyze the behavior of the

EMS error g at different n < 1+2 for an arbitrary noise model

K3, varying the SNR and tge number of samples nats/At within
the interwval ts. The graphs of uCnD) at n=16,32 and 84 for the
case of white noise and SNR=10 and 20 dB are given in Fig.1. As
sern, the RMS error decreases at lower n. It is due to the inc-
rease of the phase step Q=wtsln of the Doppler vector, while
th= white noise variance Cor SNE) is not affected by n. There
D CFig.2>. At hig-
het SNR x 30 dB Cas in the PBL),the relative error does not ex-
cecd 10% when n. xO S and 15% at n_ 0. 85 The graphs of u on the

D~
radial velocity Vr for different resoclutions AR=50, 100, 200 m

is a strong dependence of g on SNR at lower n

(n=16> calculated by the above expressions are shown in Fig. 3.

As. seen, good resolutions may be achieved using PP-algorithm



D
essentially increased.

3. COMPUTER SIMULATION. At low SNR’s and high nn

of the high-order terms in the estimate o decomposition would

when n,< 1. At Vr< 5 m’s, the errors in the expressions (3D are
the neglection
not be correct. In such cases,.a Computer simulation of the time

series (1) has been performed with the number of pairs N=2000.
4000 and 6000 for a white noise at SNR 2 10, O and -10 dB res-

pectively. Some of the results are shown in Figs.4-6.In Fig.4 the

percentage of cases when PP technique leads to wrong velocity
direction is plotted as a function of Ny for n=16. As seen, the
probability of wrong velocity direction may be neglected for Ny
> 0.4 at SNR = 10 dB. The same may be concluded for SNR x S dB

and Dy, 21. In Fig.B the minimum values of n. ensuring the rela-

D
tive RMS error of 10% (solid lines) and 20% (dashed lines) are

plotted as a function of SNR. At 10 dB, the simulation gives
10%-RMS error at n.= 2 for n=32 and n.= 1.8 for n=16; w=20% is

D D

provided at n_ =0.8 + 0.7. These values show that SNR=10 dB per-

D

mits an accurate single-shot velocity measurement for ZVrts/xzﬂ.

At lower SNR’s the nD> 2 is required. The fraction of estimates
with relative error below 10% vs the SNR at ny= 0.5, 1 and 2 is
presented in Fig. 8.

The comparison between the analytical and computer simulation
results for nDS 1 shows a good agreement at high SNR>10+20 dB.
It must be noted that the use of PP-algorithm at lower ny, is
limited mainly by ithe relative error in velocity magnitude but
not by the probability for wrong direction determination.

4. CONCLUSIONS. The results of this work show the relatively
good performance of the PP-algorithm for Doppler frequency
estimation at high SNR when better resoclutions are required. The
analytical expressions,obtained here may be used with different
models of additive noises. The preliminary calculations show
that at nDS1 the algorithm is strongly affected by the presence
of correlated noises.Our further analysis of the expression (2)
will be emphasized mainly on the effect of correlated noises,
the presence of which is sometimes not easy‘to be controlled in
the Doppler lidar channels.
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