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Abstract. On the basis of scattering theory, we present four different contributions
to angle-of-arrival (AOA) measurements using spaced antenna (SA) radar systems. We
show that the measurement of the scattering parameters is needed to estimate most
AOA contributions (e.g., tilt angle of layers). We analyze a general SA system (i.e.,
receiving antennas not necessarily symmetrically placed about the transmitter) and show,
theoretically, that such systems can be used for vertical velocity corrections without
explicitly knowing the scattering parameters (e.g., correlation lengths). The theoretical
AOQA expressions are compared with lower atmospheric data (3-21 km) obtained with
the Jicamarca VHF radar system in Perd. We compare the AOAs obtained by a time
and a frequency domain method, giving both methods essentially the same information.
While the results are comparable, frequency domain AQAs tend to exhibit more “outliers.”
From examination of time series of these AOA measurements, we find some short, but
predominantly long-period oscillations (>12 hours) with amplitudes of ~1°.

1. Introduction

Atmospheric measurements by very high frequency
(VHF) radars tend to show aspect sensitivity effects,
i.e., the received signal strength decreases as the
beam is tilted off vertical [e.g., Green and Gage, 1980;
Réttger and Liu, 1978; Tsuda et al., 1986, 1997b].
Usually, the aspect sensitivity function is centered
at zenith. Some observations, however, show that
on occasions the highest reflectivity arrives from
small off-vertical locations (<2°) [Green and Gage,
1980; Rdttger and Ierkic, 1985; Rdttger et al., 1990;
Tsuda et al., 1997a]. These off-vertical centers have
been related to tilted scattering/reflecting structures
[e.g., Larsen and Réttger, 1991; Palmer et al., 1991;
Rdttger et al., 1990]. Tsuda et al. [1997a] recently
suggested that these off-vertical centers are caused
by a corrugated layer that is modified following the
vertical displacement caused by gravity waves.

Measurements of these off-vertical centers require
systems with sufficient flexibility in beam-pointing
and beam-steering capabilities, like the MU radar in
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Japan [see Fukao et al., 1990], or, alternatively, a
spaced antenna (SA) system [Hocking et al., 1989;
Larsen and Rdttger, 1989).

Most VHF radars currently operate in a Doppler
beam swinging (DBS) mode, where the antenna beam
is sequentially switched through a series of beam po-
sition (at most five). Because of the lack of many,
closely spaced, beam positions, measurements of off-
vertical centers are not performed with these radars.
SA systems, on the other hand, are able of obtain-
ing angle-of-arrival (AOA) returns by measuring the
phase path differences between signal returns using
three or more spatially separated, vertically point-
ing, receiving antennas [Rdttger and Ierkic, 1985).
These AOA measurements can be associated with a
mean off-vertical signal return when uniform scat-
tering volume is assumed [e.g., Liu et al., 1990]. On
the other hand, if discrete point-like scatterers are
assumed, the AOAs at different Doppler frequencies
{Doppler sorting) can be used to identify such scat-
terers [e.g., Adams et al., 1986; Franke et al., 1990;
Palmer et al., 1995]. In this work we are assuming a
statistically homogeneous scattering medium.

AOA measurements at VHF have been used to cor-
rect vertical wind measurements by correcting for
“leakage” of the horizontal wind into the vertical
measurements when off-vertical returns are present
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[Larsen and Réttger, 1991; Palmer et al., 1991;
Van Baelen et al., 1991]). Recently, Vandepeer and
Reid [1995] and Thorsen et al. [1997] have used
AOAs to measure the three-dimensional wind field
using medium-frequency (MF) radars.

The importance of the relative positions of the
transmitting and receiving antennas in AOA mea-
surements and vertical velocity corrections has been
pointed out by May [1993]. May also suggested that
these measurement should be done with SA systems
using “collocated” transmitting and receiving anten-
nas in order to unambiguously interpret the AOA in
terms of tilted layers. In addition, according to May,
the leakage of the horizontal velocity in the vertical
beam can be accurately removed only if the antennas
are collocated (i.e., receiving antennas are symmet-
rically placed about the transmitter).

In this paper we present the theoretical aspects of
various contributions to AOA measurements using
SA systems. This development will help to clarify
the interpretation of AOA measurements and their
usage in vertical velocity corrections. We have ex-
panded on the scattering model presented by Doviak
et al. [1996] (hereinafter referred to as Doviak et al.)
to investigate AOA returns. Briefly, Doviak et al.’s
development (p. 157) “ties the properties of a turbu-
lently advected scattering medium to the cross corre-
lation and cross spectrum of signals in a general con-
figuration of receiving and transmitting antennas.”
A similar scattering model has been presented by
Liu et al. [1990]; however, this latter derivation has
the constraints that the SA system has to be collo-
cated and the receiving and transmitting antennas
are assumed to be of equal sizes.

Our modifications to Doviak et al.’s work consist
of adding a tilted layer and a slightly off-vertical
transmitting (or receiving) beam and of explicitly
showing the phase terms of Doviak et al.’s original
model. We then examine two different methods (time
and frequency domain) for determining AOAs. We
also analyze an expression for the statistical errors in
these measurements. AOA measurements using non-
collocated SA systems are discussed in section 3 in
terms of vertical velocity corrections and off-vertical
atmospheric returns. In section 4, we compare AQA
results obtained from both time and frequency do-
main methods. In section 4 we also compare some of
the expressions developed in section 2 against exper-
imental data. In addition, a number of interesting
time series of orthogonal AOA results are shown. A
summary of our results is provided in section 5.

CHAU AND BALSLEY: VHF ANGLE-OF-ARRIVAL MEASUREMENTS

2. Angle-of-Arrival Theory for SA
Systems

In this section, assuming horizontally isotropic scat-
tering, we first use the scattering theory presented
by Doviak et al. to show different contributions to
AOA measurements. We then present two different
methods of measuring AOAs. Finally, we relate a
previously published statistical error for AQOA mea-
surements [ Thorsen, 1996] with Doviak et al.’s devel-
opment. Expressions for the horizontal anisotropic
case are derived in the appendix, and the results are
related to the horizontal isotropic case in this section.

2.1. AOA Contributions

Here we make use of the formulation derived by
Doviak et al. by including some additional off-vertical
contributions and by explicitly presenting the im-
portant phase terms of the complex cross-correlation
functions (CCFs). As pointed out by Réttger and
ITerkic [1985], AOAs are obtained from the phase dif-
ferences between signal returns at receiving anten-
nas. These phase differences can be obtained from
the phase terms of the complex CCFs. The end re-
sult will be a modified expression of the phase term
of the normalized CCF given by Doviak et al.’s equa-
tion (58),

¢ij (1) = —2kovo.T D

where ¢;; is the phase term of the CCF between re-
ceiving antennas 4 and j, ko is the radar wave num-
ber, vg, is the vertical velocity, and 7 is a time delay.
It is important to point out that (58) of Doviak et al.
is valid for collocated SA systems and is a simplify
version of their (56). We consider the following AOA
contributions.

2.1.1. Tilted layer contribution. We have
represented a tilted layer effect by incorporating a
tilted spatial spectrum of the refractive index field.
This tilted spectrum is represented by the following
Gaussian function:

~9 _ 2
$,(K) = ®,(0)exp [_MZKA
2 2 2 772
exp l_pcz |Kh|2+ pcsz] (2)
where
Pen P2 — P2, (3)
0o = (oz,dy) 4
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per and p., are the irregularity correlation lengths
in the parallel and orthogonal directions of the tilted
layer (see Figure 1), and do, and doy are the small
(to a first-order approximation) off-vertical angles of
the normal to the tilted plane in the £ and y axes,
respectively. Note that if 8o = (0,0), equation (2) is
equal to Doviak et al.’s (28) and similar to Liu et al.
[1990, equation (13)].

Using our (2) in Doviak et al.’s (21) and assuming
that &, (K) varies slowly compared with the spectral
sampling function [F, (K] for K along K, about the
Bragg wavenumber (2kg), (1) becomes

$is(r) = —2kovo.T — 4kolvon - QT
+2ko[Ap;; - Q)¢ 2 ®)

where brackets denote an inner product operation,
von is the horizontal vector velocity (voz,voy), and

Q = 2546 (6)

& = 2057+ (2p0)° (7

ap = koaor/zo (8)
202

2 R

o = o2 + 0% ©)

AP.',' = Pj—P; (10)
The parameter « is a function of the difference in the
sizes of the transmitting and receiving antennas, £,
is the horizontal correlation length of the diffraction
pattern, ap is an antenna parameter, 2o represents
the height range under study, o7/g is the transmit-
ting/receiving antenna beam width, and p;/p; is the

K, axis

Figure 1. A cross section of a tilted correlation
ellipsoid for a horizontally isotropic scatter.
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vector position of receiving antenna i/j. The term
292¢;2 is similar to the anisotropic part of Muschin-
ski [1996, equation (6)]. Moreover, this term is pro-
portional to the antenna beam width when the an-
tenna beam width is less than the width of &,(K).
The width of ®,(K) is x 1/p.; and is also pro-
portional to aspect sensitivity width (6,) used by
Holdsworth and Reid [1995].

This off-vertical contribution could be caused by
scattering/reflecting structures [Palmer et al., 1998;
Rottger et al., 1990] that could be associated with
Kelvin-Helmholtz instabilities [Muschinski, 1996].
Examining (5), we see that if the scatter is isotropic
(i-e., pen < a;, " 50 €2 = 2a; ), then there is no tilted
layer contribution (2 = 0). For nonisotropic scatter,
on the other hand, measurements of £7 are needed
for accurate measurements of éq.

2.1.2. Off-vertical beam. We now add the
contribution arising from an off-vertical transmitting
beam by assuming that its gain function is repre-
sented by

_lp— zoaol2

1/2 1/2

(0) exp (11)
where p represents the horizontal vector (z,y), or
is the transmitting antenna beam width, and @y =
(Boz, foy) are the small off-vertical pointing angles in
the z and y axes, respectively. It is important to
point out that the transmitter is located at (0,0) co-
ordinates in the x-y plane and that this modification
does not change the Fresnel zone centers. In addi-
tion, we have assumed a nontilted spatial spectrum
of the refractive index field.

Using our (11) in Doviak et al.’s (10), equation (1)
is now modified and represented by

¢.'j(T) ~N —2koUo,T - 4’60[1}0;. . ‘I’]f;z‘l'

+2ko[Ap;; - TlEy (12)
where 29
a“vp

W 50 (13)

In (12), note the dependence on p.4 via 5,, For a
horizontally isotropic atmosphere, ie., & =~ 2a

this contribution will depend just on the pomtmg
direction of the antennas, the antenna beam widths,
and the height range. If the antennas are identical
and the receiving antennas are symmetrically located
about the transmitter, then (12) is similar to the
phase term of Pan and Liu [1992, equation (12)].
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In the case the receiving beams are pointing off
vertical, instead of the transmitting beam, ¥ is given
by

2
o~ 02.6

14
2032 (14)
where we have assumed the following function for the
receiving beam:

— (p; — 2080)|?
g}zlz(p) — 92/2(0) exp [_ lp — (pi — 2080)|

2
403

(15)

Off-vertical pointing beams could be due to small
imperfections on vertically directed antennas [Hua-
man and Balsley, 1996] or to intentional tilting of
the antenna beams. For example, Vandepeer and
Reid [1995] used off-vertical beam directions (10°)
in their SA configuration to obtain the wind vector
from AOA measurements.

2.1.3. Geometrical contribution dependent
on pep. For this third contribution, we have again
assumed a nontilted spatial spectrum of the refrac-
tive index field. By grouping the geometrical phase
terms that depends on pcp (1) is modified into

¢ii(1) =

—2ko’l)011’ - 4k0[’l}0h . I‘ij]E,:zT

+2ko[Ap;; - | P (16)

where .
(p; + p;)(a® —1)
4zpa2

L= - (17)

Examining (17), I is a function of the geometry
of the system, i.e., of the antenna positions and of
the antennas sizes (), and decreases with increasing
height range. However, this geometrical contribution
varies as pcn changes (via ¢2 in (16)). For example,
independent of the value of p.s, this geometric con-
tribution becomes zero (1) when the receiving anten-
nas i and j are located symmetrically with respect to
the transmitting antenna (p; = —p;), or (2) when all
the antennas have the same size, i.e., the same beam
widths (o = 1). Note that for an autocorrelation
function (¢ = j) and if vy, = 0, 8¢;;(7)/Or reduces
to (36) of Doviak et al.

2.1.4. Geometrical contribution indepen-
dent of p.s. This last contribution comes from the
phase terms that do not depend on p;;. Moreover,
the contribution of these phase terms is constant for
a specific system’s geometry and for a specific height.
Including these geometrical phase terms, (1) becomes

oij (1) = —2kguo, T + ko|Ap,-j|A,-,- (18)

where
Aij = _2D;=Dy)
|Apij|
D} = z+|pi/2?
D} = z+p;/2P

This geometrical contribution becomes zero in SA
systems where the receiving antennas are equidistant
from the transmitter (|p;| = |p;|), independent of pcx
or the pointing direction of the antennas.

It is important to mention that these four AOA
contributions do not affect the magnitude of the nor-
malized CCFs. In addition, the two geometric terms
are present in Doviak et al.’s (56), although they are
not shown explicitly. Moreover, the expressions just
presented are valid under the condition |p;|, |p;| <
aT.

Putting together all the aforementioned contribu-
tions, the phase term of the complex CCF, c;;(7),
is

¢ii(r) =

—2kovo. T — 2ko[von - Oy5]T
+ko[Ap;; - Oi;] + kol Apy;|Aij (19)

where

©;; = 2( + ¥ + ;)2 (20)

so ©;; is an AOA that includes the tilted layer con-
tribution, the off-vertical beam direction, one geo-
metrical contribution, and the horizontal correlation
length of the scatterers (via £2).

We have derived this phase expression assuming
horizontally isotropic scattering (i.e., pep = per =
Pey). It is worthwhile to note that a similar ex-
pression can be obtained if we assume horizontally
anisotropic scattering (see equation (A5)). In both
scattering cases, measurements of the scattering pa-
rameters are needed to estimate most AQA contribu-
tions. The scattering parameters can be calculated
from a full correlation analysis (FCA) [Briggs, 1984;
Holloway et al., 1997; Meek, 1980].

The need for correction of vertical velocities for
horizontal leakage can be seen by examining (19).
Moreover, the three-dimensional velocity vector can
be obtained from this equation. This approach has
been used by Vandepeer and Reid [1995] and Thorsen
et al. [1997] and is called time domain interferometry
(TDI).

In this derivation, we have assumed that the phase
difference among receiver lines is zero. Usually, these
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phase differences are not zero (e.g., different cable
lengths), and calibration procedures, like the one de-
scribed in section 4, are needed to removed them.
Other calibration procedures have been described by
Palmer et al. [1996], Réttger et al. [1990], Thorsen
et al. [1997], and Vandepeer and Reid [1995].

2.2. Methods of Estimating AOAs

Basically, there are two methods to estimate AOA
returns: a time domain and a frequency domain
method. A description of these two methods follows.

2.2.1. Time domain method. This method
was first proposed by Réttger and Ierkic [1985]. Basi-
cally, AOA measurements are obtained by measuring
the phase angles of the CCF's at 7 = 0 for at least two
antenna baselines. From (19), the phase of baseline
i—jatT=0is

05 (0) = ko[Ap;; - ©ij] + ko|Ap;;|Asj (21)

Then measuring the phase of another baseline at

= 0, knowing the positions vectors (e.g., py,
P2, and pg), and calculating the constant geomet-
ric terms (for instance, Ais, A1z, and Agz, for a
three-receiver SA system), we can calculate the two-
dimensional AOA ©.

2.2.2. Frequency domain method. This
method was discussed by Briggs and Vincent [1992]
for the two-dimensional case. Holdsworth [1997] pre-
sented an extension for the three-dimensional situa-
tion. Basically, Fourier transforming Doviak et al.’s
(58) and including (19), the phase of the resulting
cross-spectrum function (CSF) is given by

¢i;(f) = mi(f — faij)
+ko[Ap;; - ©ij] + kol Ap;;|Ai; (22)
where 9
faij = = (voz + [von - ©55]) (23)

is the Doppler shift, A is the radar’s wavelength, and
m;; is a slope that depends on v, 6,2,, Ap;; and
the turbulence intensity (o:). From (22), the two-
dimensional AOA ©® can be obtained by evaluating
the phase ¢(f) at the frequencies f = fy and by
calculating the geometrical terms A for at least two
antenna baselines.

2.3. Statistical Errors in Time-Domain AOA
Measurements
Thorsen [1996] presented an expression for the vari-

ance of the estimate of the CCF phase ¢, assuming
the following CCF:
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Sij exp(—8[n oy To(T — Tpij)/AI?)
exp(jwarTs + @ij) + Nijo[7]

Cylr] =

(24)

where o, is the spectral width, T, is the sampling
time, 7p;; is the delay to the peak of Cjj, wq is a
Doppler shift, ¢;; a phase difference, S;; is the sig-
nal power, and JV;; is the noise power. The phase dif-
ference ¢;; and the delay to the peak 7pi; are equal
to zero for ¢ = j. The separate receiver noises are
assumed uncorrelated (N;; = 0 for i # j).

Instead of using (24), we have used Doviak et al.’s
(58) along with (19). Then, the CCF is given by

] = S.S A (T — 79ii [ Ts)?
Cijlr] = SiS;Aijexp [ 2o/ To)?
exp(j¢ij[7]) + Nijo[7] (25)
where
2 1
Tc = —3
2[2¢,° |von|? + (2koo¢)?]
T;ij = 2§ 2('Uoh : Al’ij)"'2
_ |Apl_1 |2 pi]
AI.] = exp ( 262 + 2Tc2

Examination of (24) and (25) shows that they are
very similar. However, (25) relates its amplitude
(A;j), delay to the peak and correlation time (7c),
to the SA parameters (antenna positions, antenna
beam widths, etc.), and to the atmospheric param-
eters (horizontal velocity, turbulence intensity, and
Pch)-

Using (25) and following the derivation of Thorsen
[1996], the variance of an estimated phase is

R 2 2 2N;
E[(6¢i;[r])*] = { (];2 + ];2 ]5\{2 32)
f 1
}2M oh;[7] (26)
for ¢ # j, where
coh2 Tl = exp [ (7:7;’1/)1;8) ] (27)

resent the true values and M represents the nqmber
of points used in the estimate. For small 7, E[¢;;] =
E|¢ij] [Thorsen, 1996], and therefore E[6¢;;] = 0.
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For the time domain method, the variance of the
estimated phase (statistical error), is obtained by
evaluating (27) at 7 = 0. At high signal-to-noise
ratio (SNR; = S?/N?), this variance becomes

1 (1 coh};[0) V/rr
(28)

Egﬁij = E[(6q3.-,-[0])2]z

where coh;[0] = exp[—|Ap,;|2/(2¢2)]. Note that this
derivation is valid for horizontally isotropic scatter-
ing. In the case of horizontal anisotropy, i.e., pcz #
Pey, (28) remains the same. However, the coherence
value coh;[0], is given by (A10), and the new corre-
lation time is given by Holloway et al. [1997, equa-
tion (28)]. In practice, coh?j[O] is calculated after
the “spike” at zero lag, i.e., the noise contribution,
has been removed from autocorrelation and cross-

correlation functions [Briggs, 1984].

3. On the Use of Noncollocated SA
Systems for AOA Measurements

In a collocated SA system, the geometrical center
of the transmitting antenna coincides with the ge-
ometrical center of the array of receiving antennas.
Examples of these systems are equilateral triangles
and square configurations, where the transmitting
antenna is located in the center of such configura-
tions. In a noncollocated SA system, such geomet-
rical centers do not coincide. In this section, we ex-
amine some issues on the AOAs obtained by noncol-
located SA systems.

Examining (19), one sees that the only terms that
contribute to the measured AOA and depend on the
antenna positions are the geometrical terms I’ and
A. A similar contribution has been pointed out by
Vincent et al. [1987] and May [1993] (hereinafter re-
ferred to as May). On the basis of this contribution,
May suggested that collocated transmitting and re-
ceiving antennas should be used in atmospheric AOA
and unbiased vertical velocity measurements. In the
following paragraphs we analyze these assertions.

To begin, we examine a similar example to the one
given by May. A narrow transmitting beam and wide
receiving beams are assumed, implying a? = 2. An
isotropic scatter is represented by &2 =~ 2a;2, and
a specular scatter is represented by §,2L — oo. The

_positions of the receivers, with respect to the trans-
mitter position, are p; = (22,,0) and p, = (225, 0).
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We assume zero vertical velocity (vo, = 0), perfect
vertically directed antennas [@y = (0,0)], and atmo-
spheric contribution centered at zenith [dp = (0, 0)].
With these assumptions we analyze the following two
effects:

The first effect is horizontal leakage. The leakage
of the horizontal velocity in the radial velocity can
be seen by using (19) and evaluating the Doppler
shift d¢i11(7)/dr. The results for the isotropic and
specular cases are

déu(r) M%& isotropic (29)
dr 0 specular

which are the same to those presented by May.
The second effect is receiver separation. Evaluat-
ing (19) at T = 0, the phase term ¢;2(0) becomes

$12(0) Mﬁi‘—mﬂ isotropic (30)
12(0) =
ko(zi—23) specular

%0

where we have used a Taylor series expansion for D;
and D,;. Again, these expressions are the same to
those presented by May.

Evaluating the Doppler shift from

_ [d11(1) | dea(r)
o= | g2+ 220 /2

(31)

shows that the leakage of the horizontal velocity can
be removed using the cross-correlation phase [¢12(0)—
ko|Ap;;|Aij], without knowing pes (recall that Ag;
are constant for a given height and depend just on
the receiver spacing).

On the basis of this example we see that May’s
horizontal leakage and the receiver separation effects
are related through (16) and that vertical velocity
corrections are also possible using noncollocated sys-
tems.

One disadvantage of using noncollocated systems
appears in some calibration procedures. In section 2,
we saw that a calibration procedure is needed to elim-
inate the phase difference among receiver lines. Some
of these procedures use long-term atmospheric data
and assume that the mean off-vertical atmospheric
return is zero [Rdéttger et al., 1990; Thorsen et al.,
1997]. However, in the lower atmosphere, such a
procedure will calibrate out the geometrical term (T')
that is needed for vertical velocity corrections.

Following our analysis, the unambiguous determi-
nation of the off-vertical atmospheric returns requires
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accurate measurements of the scattering parameters,
i.e., & when horizontal isotropic scattering is as-
sumed or £2, £ and ¢ (orientation) for horizontal
anisotropic scattering. The latter parameters can be
obtained from a FCA procedure. This requirement is
true not only for noncollocated SA systems but also
for those that are collocated. On the other hand, ver-
tical velocity corrections can be done without know-
ing the scattering parameters under both collocated
and noncollocated SA systems.

4. Experimental Results

We have used the large VHF radar at the Jica-
marca Radio observatory in Perd for our AOA stud-
ies. The Jicamarca radar operates at ~50 MHz (A ~
6 m) and has an ~300 by 300 m antenna array.
The antenna is composed of 64 separate modules.
Each module consists of a 12 by 12 array of cross-
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polarized half-wave dipoles. In Figure 2, we show
the antenna configuration for these experiments. For
transmission, we phased four modules (section D) to
point precisely vertically, with a one-way half-power
beam width (HPBW) of ~4°. Antenna sections A,
B, and C were used for reception. Each receiving
antenna was pointed on axis (~—1.46° from verti-
cal along the y axis, i.e., toward the SW) and had
a one-way HPBW of ~8.2°. The outputs from each
antenna were received, sampled, and recorded inde-
pendently. Ground clutter effects in each receiver
were reduced separately in both the real and imag-
inary signal channels from the recorded data. To
do this, we calculated the mean complex voltages in
each of the individual time blocks defined by the in-
coherent averaging period. We then fitted a second-
degree polynomial to the time series of the real and
imaginary components of these mean values. Ground

36m
e
E
N y A Jicamarca
(-18,90) (Full Array)
X
-18,54 (18,54)
W ( ) \
D On-axis
. Vertical m
y = 51.06°

- 72 m

-

Figure 2. Antenna setup for the Jicamarca experiment. The transmitting antenna is the
vertically pointing D module, and the receiving antennas are the “on-axis” pointing A, B,
and C modules. The on-axis position differs from the zenith position because the antenna
surface is not exactly horizontal but is tilted ~1.46°, approximately toward the southwest.
Notice that neither of the antenna axes (z,y), is aligned with the geographic coordinates
(E,N). The antenna centers are given in (z,y) coordinates with respect to the transmitting

antenna center.
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Table 1. Operating Parameters for the Experiments
Conducted at Jicamarca During March 25-29, 1997

Parameter Value
Pulse repetition period 2 ms
Number of coherent integrations 128

Number of incoherent integrations 6

Number of points 128
Effective sampling time 256 ms
Transmitter pulse width 3 us
Receiver bandwidth 3 ps
Height resolution 0.45 km
Initial height 3 km

Number of heights 40
Transmitting power 100 kW

Normalized distribution

-4 -2 0 2 4
(degrees)
[( 7.00- 8.00)km]

clutter effects were removed by subtracting this func-
tion from the original voltages values to provide the
modified time series for subsequent analysis.

We present here the results of a 5-day run taken in
March 1997 (from March 25, 1650 LT to March 29,
2215 LT). The operational parameters for this data
set are presented in Table 1.

A calibration procedure was performed before and
after the experiment to determine the possible phase
differences arising from differing lengths of the re-
ceiving lines. Briefly, a common signal (either an
output from one of the antennas or amplified sky
noise) was fed in parallel to each of the receiving lines
(cables, front-ends, amplifiers, and receivers). This
signal was recorded and processed using parameters
similar to those listed in Table 1. Phase differences
determined from this process were incorporated into
the subsequent analysis.

b) BA
10T :
[ po= 0.83°
o 0.81-16.=042
S -
g | :
[=]
-'g - | po=0.87
B 0.6} 5= 040
g B :
o - i
TEU 0.4_ .........................
£ I
z s
02l i L
0.0L

-4 -2

(degrees)
[( 7.00- 8.00)km]

From: 25-Mar-97 ( 84) to: 29-Mar-97 ( 88)

Figure 3. Histograms of 3-min angles of arrival (AOAs) obtained by a time domain method
(see section 2.2) using the BC (©.), and BA (©,) antenna pairs. Solid lines represent
the actual measurements, and the fitted Gaussian functions are represented by asterisks.
Mean (ue) and standard deviation (0g) of the AOA measurements are given for the “raw”
(subscript r) and Gaussian fitted (subscript ¢g) data. These AOA measurements are relative
to the plane of receiving antennas (see Figure 2) and include heights between 7 and 8 km.
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AOA measurements were obtained every ~3 min
using both time and frequency domain methods (see
section 2.2). In both methods the measured AOA in-
cludes the four contributions described in section 2.1.
We have ignored estimates with very low signal-to-
noise ratio (SNR < —6 dB, after coherent integra-
tion) in our analysis. It is important to point out
that the AOAs presented next are relative to the an-
tenna surface and not to the horizontal plane (see
Figure 2 for details).

We determined the time domain AOAs by fitting
a straight line to the phase of each CCF pair (BA,
BC, and CA) and evaluating that line at 7 = 0. This
process was used in order to minimize the residual
contributions from noise at 7 = 0.

In Figure 3, we present histograms of AOAs ob-
tained in this manner in the two orthogonal bases
BC and BA (see Figure 2) for heights between 7 and
8 km. This figure shows the distributions of “raw”

a) BC

l.O-I:III:IIIIIIIIIIII
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r =-0.01°
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o
)

................

o
o

(degrees)
[ 7.00%.00)km]
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AOA values (solid line) and a Gaussian-fitted func-
tion (asterisks). Mean (ug) and standard deviation
(0e) values are shown for both the raw (subscript
r) and Gaussian-fitted (subscript g) data. Note that
the results are almost the same with and without
Gaussian fitting. As mentioned above, these AOA
values are relative to the plane of the receiving an-
tennas, i.e., the true zenith position translates into
Opc =0° and Oy = 1.46°.

In Figure 4, we present results for the frequency
domain AOAs in a format similar to Figure 3 for the
same time period. We obtained these measurements
by fitting a line to the phase of the CSFs and evalu-
ating them at f = fq, where fz is the Doppler shift
of the respective CSF (see section 2.2). Examination
of this figure shows the presence of more outliers in
the frequency domain results than when using the
time domain method. The outliers are graphically
manifested by the presence of a constant “floor” ex-

b) BA

1.0

o
o

e
)

Normalized distribution
o
N

o
o

o
(=)

(degrees)
[ 7.00°8.00)km]

From: 25-Mar-97 ( 84) to: 29-Mar-97 ( 88)

Figure 4. Histograms of 3-min AOAs obtained by a frequency domain method (see sec-
tion 2.2) using the BC (©;), and BA (©,) antenna pairs. Solid lines represent the actual
measurements, and the fitted Gaussian functions are represented by asterisks. Mean (ug)
and standard deviation (oe) of the AOA measurements are given for the raw (subscript r)
and Gaussian fitted (subscript g) data. These AOA measurements are relative to the plane
of receiving antennas (see Figure 2) and include heights between 7-8 km.



526

tending across the histograms, i.e., values that raise
the level of the base of the Gaussian-like functions at
all values of AOAs. These outliers are also noticed
in the standard deviation values, where oe, is con-
siderably larger than og, for both baselines. Note
that the Gaussian fitted values are similar to those
obtained from the time domain measurements.

From these similarities, we see that both methods
give essentially the same information. It is impor-
tant to point out that implementation is easier and
calculation is faster in the time domain. Frequency
domain methods, however, have the distinct advan-
tage when interference is encountered. In the follow-
ing analysis, we will use only AOAs obtained with
the time domain method.

We now compared results obtained using the ex-
pressions presented in section 2.1 with those ob-
tained from measured values of AOAs. The (z,y)
receiver locations relative to the transmitter are
ps = (-18 m,90 m), pp = (~18 m,54 m) and
pc = (18 m,54 m) (see Figure 2). The transmit-
ting beam position is 8o = (0,1.46°) where 1.46° is
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the tilt of the antenna plane. The beam widths o1 r
(in meters) are related to the HPBWr g (in radi-
ans) by or,r = 2z0HPBWr,r/(2v/21In2). Using these
values, we have calculated the theoretical AOAs as-
suming an isotropic atmosphere (p., < a;l). These
theoretical curves are shown in Figure 5 for the two
orthogonal baselines. The transmitting beam con-
tribution (2¥¢; %) is shown by asterisks, the vari-
able geometrical contribution (2I'¢;?) is shown by
plus signs, the constant geometrical contribution (A)
is shown by diamonds, and the combined contribu-
tion [2(¥ + I')¢; 2 + A] is shown by triangles. Notice
the constant value of zero, for all contributions, in
baseline BC (aligned with x). These values will be
the same if the isotropic condition is not satisfied
(€ # 2a;?). This result is mainly due to symmetric
locations (in z) of receiving antennas B and C with
respect to the transmitting antenna (see Figure 2).
For baseline BA the combined contributions have
an asymptotic behavior with height, toward the an-
tenna pointing contribution (2¥¢;2). If the atmo-
sphere is specular (£2 — o), extreme case, the com-

b) Theoretical AOAs for BA
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Figure 5. Theoretical AOAs under isotropic conditions (£7 =~ 2a;2), including just the
spaced antenna (SA) system contributions: transmitting beam contribution (2¥¢, ), two
geometric terms (2I'¢; 2 and A), and the combined contribution [2(¥ + )¢ 2 +A). (a) BC

(O.), and (b) BA (6}).
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Figure 6. AOA profiles for the 5-day data set. AOA results for (a) baseline BC (0,) and
(b) baseline BA (0,). The mean signal-to-noise ratio (SNR) profile appears in Figure 6c.
The means and standard deviations of empirical values (triangles and horizontal dotted lines,
respectively), are shown in Figures 6a and 6b using the bottom scales, along with the mean
theoretical value for isotropic conditions (bold solid line). Statistical errors (¢g), denoted
by diamonds, are shown in Figures 6a and 6b plotted using the top scales.

bined contribution will be just the constant geometri-
cal term (A). Moreover, A decreases with increasing
height.

In Figures 6a and 6b, we present the 5-day AOA
measurements for both orthogonal baselines (BC and
BA), and in Figure 6¢ we show the mean SNR pro-
file. The mean AOAs (triangles) are compared with
the theoretical AOAs assuming isotropic conditions
(bold line, [2(¥+T)¢; 2+A] shown in Figure 5). Sam-
pled standard deviations are denoted with horizontal
dashed lines. On the upper axis, we present the me-
dian value of the statistical errors of the AOAs g
(diamonds, see equation (28)), with values <0.2° for
heights with good SNR. Notice the excellent agree-
ment between the empirical and theoretical mean
values, particularly in the lower heights (<15 km).

The small differences in the near-tropopause heights
{~17 km) could arise from nonisotropic scattering

and/or “off-vertical” atmospheric returns [§p # (0, 0)]
under anisotropic scattering.

We have tried to quantify the accuracy of (28) for
the statistical errors of AOA measurements. In Fig-
ure 7, we have plotted both autocorrelation values
of AOAs along with AQA time series for an 8-hour
interval. The 3-min AOA values are represented by
asterisks, and the 15-min smoothed values are repre-
sented by bold solid lines. The empirical statistical
errors (€g) are shown by the arrows between the two
horizontal lines in Figures 7a and 7c. These empir-
ical values are obtained from the difference between
the 3-min autocorrelation values and the autocorre-
lation of the smoothed values at 7 = 0. The theo-
retical statistical error (¢g) is obtained using (28).
Comparing these two values, we see that the theo-
retical value underestimates the empirical value for
both baselines (in this example by ~35%). This un-



528

CHAU AND BALSLEY: VHF ANGLE-OF-ARRIVAL MEASUREMENTS

a) Autocorrelation [0x]

0.15

degrees®

b) AOA [6x] (BC)

......................................................

VST EERETR R beeeane o
i [z, =7.05km :

3 0104 - eese-. o TTTPy 5
& [ : :-004] B
g 8= 0.06 | I“" g

0.056

|| ST
0.00[ -2
0:00 0:15 030 045 1:.00 0:00
Time-lag (hours)

1:00 2:00 3:00 400 5:00 6:00 7:00

8:00
Day: 27-Mar-97 ( 86)

Figure 7. Examples of (a and c¢) AOA autocorrelation functions and (b and d) AOA
time-series for baselines BC (©,), and BA (©,), respectively. AOA values for the 3-min
measurements are represented in Figures 7b and 7d by asterisks. Corresponding 15-min
smoothed curves are shown by a bold solid line. The empirical statistical variances are
denoted by €% (the horizontal lines in Figures 7a and 7c), and the theoretical value is
denoted by €% (see equation (28)). The empirical values are obtained from the difference
between the autocorrelation of the 3-min time series and the autocorrelation of the smoothed

time series, at 7 = 0.

derestimation could be due either to the geophysical
variability of the AOAs (notice the short-period oscil-
lations in Figures 7b and 7d, with amplitudes <0.5°)
or to inherent limitations involved in the approxima-
tions used in deriving (28).

The theoretical and empirical statistical errors
translate into CCF phase errors of €4 = 7.5° and
€y = 9.6°, respectively. The empirical values are
closer to the model results presented by Hocking
et al. [1989] (between 8° and 11° for similar coherence
and time correlation values). This result, along with
the fact that both statistical errors decrease in the
same proportion if we use a larger number of points
(M > 768 in (28)), results not presented here, sug-
gest that underestimation errors indeed arise from
limitations in (28). It is possible that a constant of
proportionality could be obtained from model simu-
lations like those presented by May [1988].

In Figure 8 we show histograms of correlation
times 7, (Figure 8a), obtained from the width of the
average autocorrelation function. The coherence val-
ues, cohpc and cohpyp, for the two orthogonal base-
lines are shown in Figures 8b and 8. The mean
values in all panels are represented by dashed verti-
cal lines, and theoretical values under isotropic con-
ditions are represented by solid vertical lines. Any
differences between these two values are presumably
due to anisotropic scattering, i.e., & # 2aj 2.

In Figure 9, we show an ~3-day data set of 3-
min AOAs for six separate heights. The theoreti-
cal “isotropic” mean values for both baselines, BC
and BA, are represented by long dashed horizontal
lines. Short-dashed lines (in Figure 9b) show the
zero values at each height (recall the nonzero value
of the BA AOAs, due to the geometry and antenna
pointing). Examination of Figure 9 shows the pres-
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Figure 8. Histograms of (a) correlation times (7,) and coherence for baselines (b) BC
(cohpc[0]) and (c) BA (cohga[0]). The mean values in all panels are represented with
vertical dashed lines, and the theoretical values under isotropic conditions (Eﬁ ] 2a;2)
(Figures 8b and 8c) are represented by vertical solid lines. The analysis is done for heights

between 6.15 and 8.40 km.

ence of long-period wave-like oscillations (>12 hours)
with amplitudes of ~1° (with respect to the theoret-
ical mean values). These oscillations, which exhibit
some coherency with height, are related clearly to
geophysical causes. Rdttger et al. [1990] also related
the AOA periodicities to long-period waves, with am-
plitudes of 1°-2°. Palmer et al. [1998]) and Tsuda
et al. [1997a] have both observed wave-like structure
in the azimuth scans of echo power and relate them
to gravity wave effects. These types of AOA oscilla-
tions have also been seen in the mesosphere by Meek
and Manson [1992), using MF radar and attributed
by them to gravity waves.

5. Conclusions

On the basis of scattering theory, we have iden-
tified four separate contributions to AQA lower-
atmospheric VHF radar measurements. Specifically,
we can isolate contributions from (1) tilted layers, (2)
antenna pointing, and (3) two additional geometrical
contributions, one dependent on the horizontal cor-

relation length of the scatterers and one independent
of such correlation length. We have also shown that
the estimation of most AOA contributions requires
the measurement of the scattering parameters, un-
der both horizontally isotropic (¢2) and horizontally
anisotropic (£2,£2,v) scattering. Therefore we rec-
ommend to use SA systems instead of conventional
five-beam DBS systems when the measurements of
AOAs and scattering parameters are needed.

On the basis of our theoretical derivation, it ap-
pears possible to relate AOA measurements to verti-
cal wind velocities (see equation (19)). The correc-
tion of vertical velocities can be done without explic-
itly determining most AOA contributions (e.g., the
tilt of reflecting structures).

Measurements of AOAs by noncollocated SA sys-
tems have been analyzed and discussed. We have
shown that in theory, vertical velocity corrections
can be done with such SA systems. The unambigu-
ous determination of the tilt of reflecting structures
depends on the precision of (1) the SA system (e.g.,
beam pointing, antenna positions) and (2) the mea-
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Figure 9. Time series of 3-min AOAs for six tropospheric heights (6.15 to 8.40 km).
Results for baselines (a) BC (0,), and (b) BA (©,). Mean theoretical values under isotropic
conditions (& =~ 2a;2) are represented by long-dashed lines. The short-dashed lines in

Figure 9b represent the zero values at each height.

(>12 hours).

surement of scattering parameters. Nonetheless, this
is also the case for collocated SA systems. The exper-
imental corrections of vertical velocities are currently
under study and will be presented in a future work.

We have compared frequency domain AOA esti-
mates to those from the time domain method. Both

Notice the long-period oscillations

methods give essentially the same information. How-
ever, the frequency domain AOA estimates exhibited
more variance (more outliers) in our implementation,
and their accuracy depends on the precision of the
Doppler frequency measurement. In addition, the
time domain method is easier to implement, faster
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to calculate, and more reliable than the frequency
domain method.

The nonatmospheric AOA contributions, assum-
ing isotropic scattering (pcp < a,jl), compared rea-
sonably well with the experimental results, particu-
larly below 15 km. Small differences above 15 km are
probably due to anisotropic scattering and/or tilted
layers.

Given the reasonable agreement between the em-
pirical and theoretical statistical errors discussed
here, a strong geophysical component can be seen
in our AOA results. This geophysical component ex-
hibit both short-period (<1 hour) and long-period
(>12 hours) oscillations with ~1° amplitudes. The
detailed characterization of these AOAs measure-
ments and their relationship to gravity waves, ver-
tical velocities, and aspect sensitivity will be left for
future work.

One possible limitation to this derivation is that
the time stationary wind component of the tur-
bulent flow has been assumed spatially homoge-
neous. Recently, Larsen and Palmer [1997], Palmer
et al. [1997], and Pan et al. [1996] have suggested
that AOAs could be affected by wind field inhomo-
geneities. The implications of these inhomogeneities
on the present development are also left for a future
study.

Appendix: AOA Interpretation Under
Horizontally Anisotropic Scattering
Using Holloway et al. [1997, equation (21)] and

the AOA contributions of section 2.1, we arrive at
the following normalized cross-correlation function:

2! —Ap.../2 2
Cij(T) ~ exp{_ (UO::T 2P:u_1/)
&
2 ! -A ! 2 2
_ ('onT 2pyu/) —2(’600}7‘)2
&
1 VozT 2
z .
—5 (20) +]¢,-,-(T)} (A1)
where
¢ij(1) = —2kovo,T — 2kovp, O T

—2ko'v6y9;ij7' + koAp;”@;”
+k0AP;,ij 'yij + kOlApgleij (A2)
wij = 2(Q + 9+ r:cij)£;2

— —2
vi = 2(2,+®, +T,)¢
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& = 257+ (20,)

& = 202+ (20,)°
and p;, and pg, are the correlation lengths along the
primed coordinate axes (z’,y’).

The irregularities are assumed to have the ma-
jor/minor axes of their correlation ellipse aligned
along the =’ — y' axes, which are rotated by an un-
known angle ¥ with respect to the z—y axes (the axes
that define the transmitter and receiver locations).

Now the primed coordinate system (z' — ¥') is re-
lated to the z — y system by the following transfor-
mation:

X'=TX (A3)
where X' = (z',y'), X = (z,y), and
_ cosy siny

T= ( —siny cosy ) (Ad)

Applying these transformations to all the primed vari-
ables (velocity, position, and AOA contributions),
the phase term given by (A2) becomes

¢ij(1) = —2kovo,T — 2k01)0m@‘z‘,-j1'
—2kovoy 05,7 + koApzi;Of,;
+koApyi; Oy + kolAp;;|Ai; (A5)
where (©%;;, ©3;.) represents the observed AOA vec-

tor and is given by
zij = Ozij (cos® ¥ + (€2/ fz) sin® ¢)
+@yij cosPsinp(€5/62 — 1)  (A6)
8 = Oyij(cos® P + (€2/€2) sin’ )
+©,4; cosypsin (1 — €2 /53) (A7)
and
Ouij = 2%+ +Tui)6;7  (A8)
eyij = Z(Qy + @, + Fyij)fy_z (A9)
The influence of horizontal anisotropic irregular-
ities on the statistical errors is mainly through the
correlation time (7,) and through the coherence term

(coh;;[0]). Transforming (A1) to the z — y axes, the
square of the coherence term becomes

{ Ap2;i (€52 cos® yp + &2 sin’ )
exp § —

cohfj [0 = 2

+ Ap2;(&,% cos? ¢ + &% sin® )
2
L ApaiiApyij cosysing(€;? — ) }
2

(A10)
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