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Lecture L-5
Preliminary Lecture Notes

MST Radar Interferometry

Jurgen Roéttger

MST radars have conventionally been used in the Doppler-Beam-Swing-
ing and the Spaced-Antenna modes to study the dynamics and the
structure of the lower and middle atmosphere.

During the past decade also the radar interferometry and radar imaging,
which base on the spaced antenna system configuration, have been
introduced in MST radars and have been applied very successfully. This
allows many new features of the scattering and reflecting structures to
be investigated as well as yields-improved-information, such as: mea-
surements of incidence/tilt angles, deduction and improvement of velo-
city estimates, gravity wave parameters, tracking of scattering patches,
imaging of spatial structure and information on the inhomogeneity in the
scattering volume etc.

We will summarize in this lecture the basics of radar interferometry in a
tutorial way without going into the complex theory and mathematics
rather than trying to explain the basics in a most elementary and per-
ceptive way, to make the method and its advantages best understand-
able and attractive for newcomers in this field. The theory, methodical
details, derivations and other sophisticated application methods are
found in publications compiled in the included list of references.

The contents of this lecture, and in particular of these lecture notes, are
mostly a coliection of excerpts from published papers as well as several
presentations of the author, blended with some new provisions. In such
preliminary notes there are admittedly resulting some inconsistencies in
the nomenclature and some unavoidable duplications or meek imper-
fections, which should be removed in a final version of these preliminary
lecture notes.
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Introduction
Radar Interferometry

Interferometry using radio waves had been widely em-
ployed and developed in radio astronomy, lightning de-
tecting and positioning, and originally as early as in radio
frequency direction finding. We may call these passive
interferometer methods, since the detected and analyzed
signals were not originated from or generated by the
observer himself.

Radar interferometry detects and analyses echoes, which
result from targets illuminated by an active transmitter,
which is {usuaily) controlled by the observer. This means
that sensible signals can be analyzed only if they are radio
detected and ranged (radar). Interferometry had been
applied in addition to the standard radar methods, in par-
ticular for remote sensing of the topography of the Earth,
moon and planets. The former is done by synthetic aper-
ture radars {SAR}), the latter is known as planetary radar.

The first application of radar interferometry was done for
ionospheric incoherent scatter radar studies by Woodman
(1971). Farley et al. {1981) did first radar interferometry
studies of ionospheric irregularities.
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The first MST radar studies (see figure) were published by
Réttger and lerkic (1985), while initial experiments, show-
ing the applicability of basic interferometry with MST
radars, were performed as early as 1978 by Rottger and
Vincent. Here we will present a basic tutorial of MST
radar interferometry, together with examples of a variety
of observations with this and related methods with MST
radar.

Any contemporary phased-array MST radar system should

nowadays be equipped with interferometer capabilities, as
we will demonstrate in this lecture.
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1.1 Spatial domain interferometry

Interferometry is applying measurements of
the phases of radio waves to increase the
spatial resolution of radar targets, i.e. the
atmospheric/ionospheric structure in the case
of MST-radar imaging.

The spatial domain interferometry (SDI) applies the
measurement of phases of radar echoes on one wave-
length (frequency) at two or more antennas displaced in
horizontal space. This improves the resolution in the
horizontal plane.
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1.2 Frequency domain interferometry

An equivalent to the spatial domain interferometry is the
frequency domain interferometry, where the spatial co-
ordinates d in the SDI are replaced by wavelengths A
(i.e. different frequencies f=c/A).
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The frequency domain interferometry (FDI) applies the
measurement of phases of radar echoes on two or more
wavelengths (frequencies) at one antenna. This
improves the resolution in the vertical direction.



1 Spatial domain interferometry
.2 Frequency domain interferometry
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Phase differences measured with SDI at two antennas

are directly related to the zenith or tilt angle O. The

spectrum analysis also yields information about the hori- .
zontal persistence {correlation distance) and horizontal ‘
displacements of scattering/reflecting structures, i.e. the

horizontal velocity.

Phase differences measured with FD! on two

frequencies vyield the exact range of a scatter- .
ing/reflecting structure and the vertical displacement as

well as the vertical structure persistence, i.e. the struc- v
ture thickness. '



1.2 Frequency domain interferometry

Just as a short excursion we like to present some data resulting
from frequency domain interferometry (FD!) of thin layers in the
mesosphere. It is possible to determine the layer thickness and the
layer position, i.e. its relative change as function of time. The data
analysis method is described by Franke et al., and will not be re-

peated here. In the following we will just concentrate on the spatial
domain interferometry (SDI}.

EISCAT July 3, 1988 12:42:05
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1.2 Frequency domain interferometry

Layer Thickness vs. Correlation Coefficient Magnitude
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Fig. 1. Theoretical relationship between the magnitade of the coherence coefTicient and the thickness of
the scatiering layer for the 200-kHz frequency separation and 10113 pulse Jength used in the experiment,

FRANKEET AL: FREQUENCY DOMAIN INTERFEROMETRY WITH EISCAT VHF RADAR
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2.1 Definition of common antenna parameters

To apply radar interferometry, some basics of phased array antenna
systems are repeated here. Essentially, the directional character-
istics of the antenna systems, i.e. the antenna pattern, are a basic
requisite of this technique.

The main parameter determining the antenna gain and the corresponding beam
width i1s the size or the area of the antenna, which is also called the antenna
aperture. The antenna aperture c¢an be either regarded as a continuous radiator
if it 15 11luminated by an independent feed system, or it can consist of sevaral
sub-elemants which are electrically fed from a common transmitter source. Both
approaches can be basically treated by a similar formalism, which we will ex-
plain for the simple case of a line of antenna dipole elements. Assume that N
individual antenna elements with equal spacing d are horizontally lined up to
form a multi-element array (see Fig. 10). In the array far-field (r > (Nd)2/no)
the antenna polar diagram is .

N
E(5) = I En(8)exp(1( --£ﬁ:12d sind + ¢n)), S

n=1 °

where £n(5) is the pattern of an individual element and én is a relative phase
placed on this element. Thus, the polar diagram is just the Fourtier transform of
the spatial aperture distribution. If all the elements have similar En(3) and
¢én. the polar diagram 1s a function sin Nx/sin X with x = n-d-sind/No. If d <
flo, there 1s only one main lobe at & = 0° (for ¢ = 0). If d > Ne, grating lobes
at 8 = arcsin(No/d) occur, for En(8) = const with amplitudes similar to the
main lobe. The width of the main lobe is &8s = arcsin (Ne/Nd). In radar applica-
tions also the two-way beam width-—8s/f2—is~used—If Os 1s small, it 1s directly
proportional to the ratio of the wavelength No to the aperture dimension Nd. The
radiation pattern has minima (nulls in theory) at & = * nds, where n = 1,2,...,
N/2, and sidelobes occur at 5s = On #58/2. If equal weighting Wn is applied to
each of the single elements (e.g., En’(8) = Wn-En(8), with Wn = const for all
n), the first sidelobe closest to the main iobe 1s suppressed by 13.2 dB plus
the fall-off of the individual element pattern En(&) at &a1.
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Schematic drawing of wave vectors of a plain wave
rad1ated undar a zenith angle 5 from N isotraopic antenna
elements with spacing d.



.2 Single element pattern
3 Multi-element pattern
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Using the above given formula, some patterns of a phased array
configuration are computed and displayed here.

Left-hand panels: The upper panel shows the grating lobes at
+90° zenith angle when the distance (d) between individual an-
tenna elements is equal to the wavelength {I=A}. The main centre
beam, pointing to the zenith, gets narrower with increasing
number of individual elements N. The lower pane! shows the pat-
tern when it is tapered (weighted) with the individual element
pattern.

Right-hand panels: The upper panel shows the increasing number
of grating lobes when the distance between the individual ele-
ments is enlarged. The lower panel shows how these grating lobes
can be suppressed by increased tapering of the array.
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2.3 Multi-element pattern

Here we summarize some more parameters of an anten-

na system, such as effective area, gain tapering and
extension into two dimensions.

The antenna pattern, particularly the desired variation of the direction 8o
of the main lobe, can be changed by applying a linearly progressing phase ¢n
from element to element, which has to be on = 2nd(n-1}sinde/Ne. This beam
steering should be within reasonable 1imits of the individual element pattern
En(5)} to avoid undesirable degrading of the antenna radiation. Furthermore the
effective area of ar antenna, which 1s fixed on the ground, 1s reduced with
larger zenith angles because the illumination changes by sin &.

Tc obtain improved sidelobe suppressions. a tapering of the antenna array
can be applied by either changing the weighting function Wn (electrical weight-
ing, 1.e. feeding the outer elements of &n array with less power than the inner
elements), or by using unequal element spacings dn (spatial weighting, i.e.
applying larger spacings for the outer elements of an antenna array). The price
one has to pay for the improvement of sidelobe suppression by tapering 1s always
a broadening of the main lobe and lowering of the antenna gatin G. Using a tri-
angular welighting, for instance, improves the one-way suppression of the first
sidelobe to -26 dB, but widens the main lobe by & factor of 1.44 and reduces the
gain by 25X, as compared to uniform weighting. The respective vatues for a cos?-
weighting, which is a good approximation to a Gaussian weighting, are -32 dB,
1.64 and 33X, .

These cne-dimensional considerations can be extended easily to a realistic
two-dimensional radar antenna array by using, instead of d, the projections d’
of all element positions onto n axis elongated 1n the azimuth direction a. The
total antenna pattern then can be calculated ‘-~ - for any a and 5. For a real
radar antenna we also have to consider that the radiat1on can be 1into only one
half-sphere. For an array system this means that reflections from the ground, a
screen or reflector elements have to be inciuded in the calculations. The an-
tenna gain G is defined as the ratio of the maximum radiation intensity (in the
main beam) to the average radiation intensity (averaged over all & and a). For
an antenna array with reasonable sidelobe suppresston it is proportional to the
antenna area and is given approximately by the inverse of the two orthogonal
beam widths &' and 8s'’ (in radians):

4n A 4n
G = 4 . (4)
No? 5p'%n’’

The effective area A or aperture of the antenna is the product of the physical
area of the antenna and the efficiency of 1its illumination, which for instance
may be reduced by tapering. It 1is noted that A does not include the losses of

the antenna elements and its feed system.
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2.3 Multi-element pattern
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The beam of a phased array can be pointed to different directions by applying
a phase difference phn to the individual elements.

The left-hand panel shows this for 4 individual elements, which are separated
by two wavelengths. Note that for larger zenith angles when one grating lobe
moves away from zenith, the opposite gratimgtobe-moves closer to the ze-
nith. This causes, even when applying tapering, ambiguity for too large zenith
angles and has to be avoided by properly choosing the distance between the
individual elements or avoiding moving the main beam too far out from zenith.

The right-hand panel shows a properly designed antenna pattern where the
beam can be pointed to off-zenith angles without the grating-lobe problem.
This is an optimum design for MST radar applications in the interferometer
mode where the grating lobe suppression results from the proper distance of
the individual elements (d/i = 0.7) for the receiving antenna, and the tapering
(given by the solid curve) results from the pattern of the transmitting antenna.

The off-zenith pointing of a receiving array in the right-hand panel can be
achieved by electronically adding phase differences to individual elements and
it can also be achieved by doing this off-line to the digital data (post-beam-
steering). The latter is equivalent to MST radar imaging.

In the interferometer mode any target {i.e. scattering structure) in one of the '
assorted directions of the main beam would result in a phase difference equi- '
valent to phn. Thus, measuring phn (usually done off-line) yields directly the

direction to the scattering target. :



3. The elementary spatial radar interferometer

3.1.1 composition of transmitter and receiver antennas

In the radar interferometer application (SDI)
the transmitting antenna illuminates struc-
tures in the atmosphere, which scatter the
radar signal back to several receiving anten-
nas, where these signals are detected and
undergo the interferometer analysis. This
means that the transmitting array pattern has
to be taken into account in the interpretation.
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This graph presents a real combination of patterns used
in an initial MST radar experiment by Réttger and lerkic
(Radio Science, 1985). It shows the transmitting
antenna pattern E;, the receiving antenna pattern E, the
assumed aspect sensitivity of a scattering/reflecting
MST structure A, and finally the product of these three
components, which form the post-set beam E, yielding a
mean pointing angle J4. Due to the given receiving
antenna configuration, which initially had only two
arrays in one direction, the grating lobe shows up on
the other side of the zenith.

This method was called postset-beam-steering (PBS)
and is a zero-order approach of MST radar imaging.



3.2 Quadrature detection and preprocessing

In all contemporary MST radar applications the signals
detected at the receiving antennals) are digitized and

thereafter processed on-line and off-line.

It is absolutely essential that the receiver and the trans-

mitter are phase-locked in order to obtain spectral infor-

mation, and this is highly required also in any interfero-

meter applications. Here it is even more essential that \ g
the individual antenna/receiver channels are not only |
phase-locked (phase-coherent) but also very well cali-

brated to assure equal phases.

The signals are called to be coherently detected, there-
after they are usually coherently integrated and undergo
some further processing as discussed in the following

section.
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As an example of a real time series we show here the

amplitude (lower panel), and the phases (upper panel} of '
three interferometer channels of MST radar. Usually the

so-called quadrature components of these signals are

recorded, which is discussed in the following.

(The two centre panels show the zenith and azimuth
angles computed from this interferometer set-up; to be

discussed later).
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3.2 Quadrature detection and preprocessing

Coherent Detection

The oscillator generates a signal s® at the angular freguency Qo = 2nfo
where fo = ¢/Ne 1S the center radar operation frequency. A pulse train, gener-
ated by the radar controller, imposes a modulation to this signal. After am-

plification in the transmitter (TX 1in Fig. ) the radar signal

s(t) = a(t) exp(1(Qat + @(t)})

is transmitted, where a(t) determines an amplitude modulation (by the pulse
train) and ¢(t) corresponds to a phase modulation (for coding), and i = 4-1,
a(t) and g(t) are slowly varying as compared to Qet. The radar signal i1s scat-
tered/reflected from the radar volume and reaches the receiver (RX) via the same
or a separate antenna. Additionally, noise {sky noise and interferenca) 1s

received and adds to the radar ec¢ho.
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For simplifying the explanation we will assume for a while that
: the t
mitted signal s(t) is not modulated, i.e. a(t)=const and g(t)=const, anga:;“
echo results only from a small radar volume at a given range. The echo s1gna?

s’(t) plus noise r(t), which are both band-limited because of th .
iver PPN ‘ e sc
process and/or the receiver bandwidth, can be represented by attering

c’(t) = s'(L) + r(t) = ar(t)cos Qot + iaz{t)sin Qot,

where ai(t) and a2(t) are independent Gaussian variables 1n a

process. The uncorrelated ncise r(t) contributes only uncerta?gg?e:c:;tiggzg
estimates. After iinear amplification 1in the receiver, c¢’(t) is coherent ly
detected by multiplicative mixing with s°, After low-pass or post-detection
filtering (to eliminate high frequency components 20, which are generated
during the mixing procedure), this yields

c{t) = a*(t)cos 8*(t) + ia*(t)sin 6*(t),

where at(t)

(a12(t) + a22(t))V/2/2, (6a)
8+(t) = arctan (az(t)/ai1{t)).

The phase ©*(t) = Oot - 8'(t) is given by the Doppler frequency Qo = -4nv’ /Ne
which is due to the bulk motion V' of the scatterers. The time variable phas;
8’(t) = 8(t) + g(t), where ©(t) is caused by the fluctuations of the scatterers-
/reflectors in the radar volume. The amplitude a*(t) is a measure of the reflec-
tivity of the scattering/reflection process. These latter statements are only
valid if the noise contributions are separated from the signal. The cohaerently
detected complex signal (+ noise) can be expressed in the form

c(t) = x(t) + iy(t), (6b)
where the real part x(t) = a*(t) cos 8*(t) is called the in-phase component, and

the imaginary part y(t) = a*(t) sin 8*(t) 1is called the quadrature component.
Both components, x and y, are called the quadrature components.



3.2.1 digital sampling

Digital Sampling

We now take into account that the signal c(t) results from scattering and
reflection in certain altitude ranges. Frequently these signals which originate
from ssatter or reflection of a transmitted radar signal are called “"radar
echoes”. We now have to note that the transmitted signal 1s modulated in order
to resolve the range from where the radar echoes arrive from. As sketched in
Figs. 1 and 2, the echoes from different ranges then occur at different times at
the analog receiver output. In order to allow adapted signal processing of

{
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Figure 42. Range-time-amplitude diagram of single-puise
transmitter modulation and ccherent MST radar signals.

XY

digitized data, the signal c(t) is sampled at discrete time intervals tx = kdts
in the analog-digital converter (ADC). This 1s illustrated 1in Fig. 42, which
shows the amplitude variations of one of the quadrature components of a coherent
MST radar signal as they could be monitored with an oscilloscope connected to
the output of the postdetection filters, which follow the quadrature detectors.
The sequences n = 1,2,... can be assumed to represent successive osci)loscope
beam deflections (along the vertical axis), triggered by the leading edge of the
transmitter pulse. This pulse is strongly attenuated by receiver gating, as was
explained in the last chapter. It is flipped in phase by 180° from one pulse to
the next (change from positive to negative amplitude), for the reason of DC-
elimination (see details in the following Chapter 4.3). Corresponding to the
transmitter-pulse phase ¢, the sign of the radar echo aiso changes from one to
the next interpulse period. For convenience the phase of the radar echo 1s shown
here to be similar to the transmitter-pulse phase. The echo phase can take any
values, however, depending on the length of the phase path from the transmitter
to the radar volume and depending on the relative changes of the scatterers
within the radar volume.

On the vertical axis of Fig, 42 the time tk 1s given, which directly can be
converted to range by means of the definitions of Chapter 1.1. The sampling time
interval &ta should be equal to the radar transmitter pulse length &te, since
this usually (in case of volume filling scatter) yields an optimum matching to
the range gate width or resolution &r. However, 1in certain cases when narrow
reflecting layers shall be resolved, shorter sampling intervals 3t® < 3tt can be
useful; this is called "range oversampling”.

1/ N tsd



3.2.2 coherent integration

The signal and the noise had passed the receiver an '

and are therefore bandlimited. The response time og tﬁzs:gzzﬁszlonw;:lﬁefz
approximately inversely proportional to the filter bandwidth, shoulé also be
equal to &ta, respectively &te. The subscript k of tkx is the serial number of
the range gate with K = 0,1,..., K-1, where k = 0 corresponds to the beginning
or a certain level of the transmitter pulse. Since the quadrature components are
digitally sampled, we can write equation (6b) in the form cx = Xxx + iyk. We al

cail ck the complex raw data samples. ) a1se

] The number of sampling time sSteps between successive radar transmiteg
puises 1s K, which 1s also the number of sampled range gates. The 1nterpuls;
period 1s Tigp = K Stsa. The cycle k = 0, ..., K-1 is repeated once with
k' = 0, ..., K'-1 with a reversed phase of the transmitter pulse. Both cycles,
denoted by k and k' (with k'’ 2 k and K’ 2 K), determine one radar cycle 2-Tipp
(note that here the radar cycle is two times the interpulse period, because of
the introduced phase flip). The serial number of radar cycles 1is given by
n=1,...,N. One radar burst is determined by N radar cycles, which last for ti
= 2N-Tipp. The generation of all puise trains, needed to control these cycles of
the transmitter and receiver-ADC-integrator system,

Coherent Integraticon and Preprocessing

We will discuss here a standard preprocessing procedure of the pulse-to-
pulse technique applied with MST radars. The spectrum which one would obtain for
a coherent echo (MST radar) with the sampling rate Tipp is very wide and mostly
contains high frequency noise power. The signal power is confined to relatively
low frequencies only (f = 1/te << 1/2Tipp), where Te 1is the signal coherence
tima, It is evident therefore that low pass filtering of a coherent signal, done
before the spectrum analysis, will not change the signal characteristics but
eliminates high frequency noise contributions. The simplest form of low pass
filtering is just the complex addition of the signal + noise samples over an
interval ty << te. A readily noticed effect of such an averaging over N inter-
puise periods is the reduction of the number of total samples by a factor 1/N.
We have to note that this processing step of coherent integration cannot be
applied for incoherent signal processing, because the signal cocherence time 1s
shorter than the interpulse period. This also means that the described DC- and
clutter-elimination is not appliicable for incoherent signals. The standard
procedure of autocorrelation function and spectrum computation, however, is
compatible in both applications.

Since the noise (r) and the signal (s) are independent of each other, their

quadrature components add to ckn = Ckn" + Ckn®, where ckn" ( = Xkn® + iykn" )
are the quadrature components of the noise and ckn® those of the signal. A DC-
bias can result from a constant, instrumentally introduced voltage at the recei-
ver output ckn', or due to radar clutter Ckn® (clutter = echo from a fixed

target). A)l these contributions are additive:

Cxkn = Ckn™ + Ckn® + Ckn! + Ckn©.



3.2.2 coherent integration

We have to take into account that each radar cycle yields two samples per range
gate, namely k and k’. The samples of signal and clutter are shifted by 180°
from k to k', because the phase g(t) of the transmitter was flipped by 180°
(change #(t) by 180° in equations (5) and (6)). This can be accounted for by
changing the sign of ck+n when averaging

N

Z {Cxn - Ck'n)
=1

Ck,k* =

Zl -

n

{(CknT - ck'nf + Ckn® — Ck'n® 4 Cxni - Ck'nt + Ckpe - Ck'nc).
1

"

Zi -
LU -

Since for the instrumental DC-bias ckn' = ck'n', 1t is eliminated by averaging.
This 1s called instrumental-pc elimtnation (DC = direct current, better to say:
constant voltage contribution),

Because of the transmitter phase flip, we fing that: ¢ckn® = - gy ps and

Ckn® = - Ck'nc. Since the noise fs 1ndependent from one to the next 1nterpulse

period, a change in sign of ¢kn® does not <hange 1ts statistical properties. We
thus obtain, since k® = k:

N
Z (Cknf + Ckn® + Cxn®) (7)

This averaging, commenly called reintegration” or better “coherent integra-
tion”, has become a standard process 1in MST radar operations. It vields cohe-
rently integrated data samples cky (1=1, ..,.L) at the time

1 =2 2-1-N-K-Bts

for the coherent iategration period ty = 2-ﬁ;K-6t- 2 2-N-Tipp.

If the summation in equation (7) extends over a time period t; = 2'N-Tipp,
which is much longer than Gte, the high-frequency noise contribution vanishes.
For a cocherent integration period t. = 2-LN-Tipp, with (L »N), which 1s much
tonger than Te, the signal contribution approaches zero since it ts fading in
amplitude and phase. Only the clutter contribution

~

hate the clutter component by means of a digita) high pass f1ilter operation: ck1

= Ck1 = ck®, This operation is called clutter-pc elimination, and is done after
the coherent integration.

hary part y of the detected signal are correctly in quadrature (orthogonal).

Ideally they must be phase-shifted by exactly 90° and must have equal amplitudes

on the average, otherwise a distortion of the Doppler spectrum results. Accu-

racies of less than a few degrees phase difference and less than a few percent

amplitude difference are tolerable, however, ang can be obtained by proper hard-

ware adjustment, N
ryd



3.2.3 effects of multiplexing

Phase Sampling Scheme
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In an optimum interferometer set-up several receiving channels
are used to detect signals in parallel, i.e. at exactly the same
time. Where such multi-channel possibilities do not exist, multi-
plexing can be applied, as is shown in this sketch. However,
great care has to be taken in the latter case, since the phases of
the signals change as function of time due to Doppler shifts.
This has to be corrected for as indicated in the lower graph.



3.3 General digital signal analysis procedures

From the series of the quadrature cemponents covariance
functions and spectra are computed in the following way.

- The complex autovariance function of the quadrature components c(t) 1s

9(x) = I c(t)-c*(t + v)dt,

where T 1is the temporal displacement, and the * denotes the complex conjugate. ,
In digital form
y L3
Rk(ty) = E:3 I Ck1:C*1ej = Cx1:C'k1+3, with 3=0,...,J~1 and 4 <L,
1=1

where j is the lag index defining the lag T3. For a fixed range k, wo find ¢y =
- X1 + 1y1, and the covariance function becomes

R(ty) = (X1X1e5+Y1Y145) + 1(x1+jY1-X1y1+j)
= Re(xs) + 1 Rl(TJ). '
or  R(t3) = |R(x3)| exp(i(ty)), |

with  |R| = (Rr2+Ri2)* and # = arctan (Ri/Re),
. In radar applications the term correlation function 1s often used for R(ty)
. Instead of covariance function. The correct definition of the correlation func-
- tion ¢(ry) is given by the normai — X ~function:
¢{ts) = R(t3)/ R(0).
As well as the autocorrelation function of the series c(t) we also compute
, cross-correlation functions for two different serfes, c¢i(t) and cz2(t), 1n the
| spaced antenna applications and use their modulus in the drift analysis and
' their phase and amplitude 1n the interferometer analysis. In a principally
similar way also cross spectra are computed from two time sories,

! The power spectrum is the Fourier transform of ¢(T), weighted by W(T):
PQ) = f W(T)-g(T) exp(-1gT)dt

or in digital form:

J“ *
| Pk(flm) = 1 b3 W3 -Rij 8XD('1Qth1).
. J
J=0
l where Wy is an arbitrary weighting function (e.9., W3y = J-' for all }, etc.) and
. O =mn/J - ty: m=0,.... J. The length of the Integration time interval is

tiy = 2:-N'-Tipp in the case of a coherent signal. For an incoherent signal, t,
- corresponds to the time interval over which lag samples of the ACF are collec-
' ted.

o N 1D



covatiance functions
cross spectra

ww
W w
N =

The cross covariance function (CCF) of two complex
series (1,2) is:

CCFRdr) = (L4)" Z cC g = <cpet>

The Fourier transform is the cross spectrum:

Plwy,) = J' ¥ w; CCF,; exp(-iw,jt)

The normalized cross spectrum is called the coherence:

Coh (W) = Polwy) / (P lws)® Pk_z(wm)”)

Essentially the phase of these complex components is
used to determine the angular position of scatterers.
The coherence is a measure of angular distribution. This
is usually being done as function of the frequency,
which will be discussed next.
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4.1 Tilted layers and blobs

In an initial approach of the SDI the phase difference
can be determined by computing the cross-covariance
function of the complex signals, detected at two anten-
nas (note that the symbols for zenith/tiit angles, © and
6, are equivalent in this and the following figures). The
determination of the cross-covariance function and the

effects of the vertical and horizontal velocity will be dis-
cussed .

Ay diz Az

(Left-hand side) Sketch of the geometry of phase
measurements of a plane wave reflected from a straight surface S
at a distance r from the center A, of the radar antennas A and
Ay, which are spaced at a distance d,. The surface is inclined
with respect to the horizontal at an angle &' which is equal to the
incidence or zenith angle 8. The surface is moving horizontally

with the velocity U and vertically with the velocity W, causing

the velocity components U* and W* in direction of the reflected
wave. (Right-hand side) Amplitude Ip! and phase ¢ of the
complex cross-correlation function as a function of temporal lag
7 [from Réttger and lerkic, 1985].
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4.1.1 mean incidence angle (troposphere)

This method using the phase of the cross-covariance
function at zero lag averages over all Doppler-frequen-
cies. When using just one pair of antennas it yields the
apparent direction angle ¢ (generally called zenith or
incidence angle) in the plane determined by the baseline
of the two antennas to the mean phase centre of the
scattering/reflection region aloft,called reflecting straight
surface in the caption of the fore-mentioned graph.

A minimum of three antennas, preferably set-up in an
equilateral triangle, is needed to deduce the actual azi-
muth and the zenith angle. The following graphs shows
profiles of several parameters, and in particular the inci-
dence/zenith angle profile (components in E-W and N-S
planes).

23 December 1988 1715-1730 UT
[ RS R wi‘ IR o TAES T R L.

14|

B C D

Distribution plots of data taken with the Chung-Li VHF radar on December 19, 1988: (a) Power
profiles resulting from the coherent addition of signal amplitudes (upper panel, PC) and from the incoherent
addition of power (lower panel, PI) received in the three antenna channels. The lower power limit is 0 dB and
the upper limit 60 dB. (b) Radial velocity (WW) within =1 m s ~! limits (upper panel), and power difference (PD
= PC — PI) within *6 dB (lower panel). (¢} Eastward component (DE) of the incidence angle & (upper panel)
within limits of +3°, and the sum (SP) of the phase differences (lower panel} between all three antennas within
limits of %4 (d) Northward component (DN) of the incidence angle & (upper pancl) within limits of *3°, and
azimuth direction AL (lower panel) of the incidence vector within limits of =180°. The filled squares in the piots
5b, 5¢, and 54 of the upper panel indicate the mean values, and the small dots are the single data points acquired

within 30 s.
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4.1.2 effects on velocity estimates

We note in the foregoing graph, that obviously the
incidence angle can significantly deviate from the zenith
direction. This is interpreted as a tilt or inclination of the
scattering/reflecting tayer with respect to the horizontal
plane. There are implications on the interpretation of the
meteorology and the dynamics of the atmosphere,
which should not be discussed here. We just enhance
the effect this tilt has on the vertical velocity estimates.

In the case of an inclined structure the wave vector of
the signal scattered/reflected back to the receiver the
velocity component V' is measured rather than the real
vertical velocity W. There is proof for this, since the tilt
and the radial velocity measured are correlated, which
indicates that a component of the horizontal velocity is
contributing to the radial velocity V'

Measuring also the incidence & this estimate of the
velocity V’; can be corrected if the horizontal velocity U
is known. The latter can be measured with the full-cor-
relation or full-spectrum analysis of the spaced antenna
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4.1.3 discrete singular structures
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There is of course more information in the data by taking into ac-
count the Doppler ferquency. Usuaily the phase @, i.e. the angle 6,
is determined as function of the Doppler frequency w = 2nf. Let us
now assume, as shown in the upper part of the left-hand-side
sketch, that there is a discrete localized target (scattering or reflect-
ing) at range r, which is illuminated by the radar transmitter. This
target moves horizontally with velocity U,. it thus has a velocity
component in direction towards the radar when & is unequal 0. At
time t, we, thus, determine a positive Doppler shift in the spectrum
P(f), and a negative at time t,. The measured phases ® are rever-
sed, since the target is located at opposite sides of the zenith at t,
and t,. An elementary calculation leads to a simple relation between
U, and the difference of the phases. All this simplified approach in
one dimensions assumes that the vertical velocity is zero and there
is also no change in the scatter cross section of the target. In two
dimensions, also the cross wind has to be taken into account. For
distributed targets, as will be discussed next, the power and the
phase of the cross spectrum will schematically look like the sketch
in the right-hand panel.

2 %)?



4.1.3 discrete singular structures
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The arrows in this height-time-intensity plot of mesospheric VHF
radar echoes indicate structures, which were assumed to be dis-
crete turbulence patches moving through the antenna beam. This
could be proved by the corresponding _Spatial domain interferometer

analysis, which showed a charge=ofphase=®, i.e. incidence angle
d, as function of time.




4.1.3 discrete singular structures
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The cross spectra showed significant power at negative frequencies
in the beginning, which then moved with time to positive frequen-
cies; in the same period the phase was changing, resulting from
changes of the iocation of the scattering blobs. This is shown in the
lower polar diagram {Réttgerand-terkie)==The phase also changes
internally in the spectra (upper diagram); this phase slope will be
discussed next.
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4.2 Distributed targets, rough surface

Schematic view of a rough surface of refractive index
Structure causing several radar echoes reflected back to the
origin. Depending on the mean vertical (W) and mean horizontal
(Uy) velocities as well as intrinsic fluctuating velocities, different

radial velocities occur for the different radar echoes from certain
sections of the surface.
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4.2.1 effects on cross spectra and cross covariance

Here we show a first MST radar cross spectrum in pow-
er and phase, where the slope of the phase can clearly
be seen. This corresponds to a change of zenith angle ¢
as function of Doppler frequency f.

2 JUNE 1987 1705-1707

60 1

P/d8 301

2

= '@Q'@.é' H l » : "

f/Hz

Power spectra P and the phases ¢ of cross spectra of
VHF radar echoes from the altitudes z = 16.2 km (upper panels)
and 6 km (lower panels), deduced from data taken with the
antenna combination 1-2. The term. o denote the normalized
variance of the quadrature components of the cross spectra,

22
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4.2.1 effects on cross spectra and cross covariance

A simple computation yields the relation between
the slope d¢/df of the phase in the cross spectrum
and the mean horizontal wind speed Ugy. The Dop-
pler frequency f resulting from a horizontal wind
Uy, measured at an incidence angle & (see, for
instance, the definitions in Figures: .= ) is f =
—2U, sin 8/A, where A is the radar wavelength. The
phase ¢ between two antennas is given by ¢ = 27rd
sin &A. Combining these two relations and differ-

entiating by f yields the slope::

dpldf = —=mdlUq (1)

The distance d between the antennas is measured in
meters. Uy in m s”!, ¢in radians, and f in Hertz.
This formula holds for the very simplified assump-
tion of pointlike antennas and a frozen-in refractive
index structure moving in direction of the antenna
baseline. Equation (1), using this primitive model,
which is basically consistent with the more compre-
hensive equation (29) of Liu et al. [1990], already
allows us to explain the observed phase slope of the
cross spectra to be caused by the horizontal wind. It
thus also allows us to estimate the mean wind speed

from the phase slope

28 Y
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4.2.1 effects on cross spectra and cross covariance
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For a distributed target, i.e. a scattering in the atmosphere, which
fills the radar beam {transmitting and receiving), the power P as
function of zenith angle © (=4) can be assumed to be as shown in
the left-hand panel. For fully isotropic scattering this distribution is
directly given by the antenna beam pattern. For anisotropic scatter
or partial reflection from a rough surface, which is anisotropic, too,
the distribution is the product of the angular distribution and the
antenna pattern.

When the distributed target moves horizontally, the velocity (i.e.
the Doppler frequency} changes as function of @ (i.e. §). When the
layer has some internal random velocity variations u’ andw’, as
shown in the right-hand panel, the power spectrum gets broader,
the coherence gets smaller and the slope d®/df gets shallower. This
needs to be considered carefully in the analysis of the data, and has
been theoretically treated by Liu et al. and Doviak et al.
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4.2.1 effects on cross spectra and cross covariance *

The method just demonstrated in its basics is called the full spec-
trum analysis (FSA). It is the Doppler frequency domain counter-
part of the full correlation analysis (FCA) of the traditional spaced
antenna (SA) method. Both procedures are applied to measure the
horizontal wind velocity as well as turbulent velocity by Using a -
spaced antenna system, as displayed in the following diagram.
Here also the other method to measure wind velocity, the Doppler-
beam-swinging (DBS) technique is sketched, although .t is not an
interferometer technique. However, the oblique spaced antenna
method {OSA) uses interferometer information. These latter
methods with fixed off-zenith beam-pointing will not be discussed
in this lecture, but can be found in some of the references.

(T3 [ RX X~/
i i t |
7 Ri-ontervms, biren? defection 3 beam drections, coharard delection
CROSSCORRELATION ANALYSIS AUTOCORRELATION, SPECTRAL AMRLTSIS
horizontat drift welecty ¥ Ve ) ]
mlitt_l_v_uj._t_i!_yr_\i‘_____ — ‘ }-'— radial n_l,u_ﬂlsry' .
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This graph shows that the results applying the full-
correlation analysis (FCA} and the full-spectrum analy-
sis (FSA) are well correlated {(Pan and Liu).
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4.2.2 interferometry of mesospheric echoes

Interferometry has been applied for radar studies of the tropo-
sphere, stratosphere and the mesosphere. After we had in the
beginning displayed a few examples of FDI studies of the so-called
polar mesosphere summer echoes (PMSE), which show dedicated
fine-structure and dynamics, we will now present examples of
PMSE SDI. These were obtained with the EISCAT VHF radar in
Tromse, Norway, which allows 2-channel interferometry.

EISCAT VHP antenna: Interferometer configuration.

PMSE are often deformed heavily by waves which can break into
turbulence by the Kelvin-Helmholtz instability. Such an event is
shown in the following height-time intensity plot and the dynamic
spectra (spectrogram) in one Targe-gate in the middie of this
breaking layer. The turbulence breaking occurs after 09:40 when
the layer had been dramatically lifted up and down by the instabi-
lity. The double-channel recording of this event allowed an SDI
analysis, as shown on the next page.

{a) HEIGHT-TIME INTENSITY

09:22 0942 10:02 uT



4.2.2 interferometry of mesospheric echoes
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SDI measurements of PMSE: Power spectra of the two channels

(upper two sub-panels), coherence (third sub-panels) and phase .
(lower sub-panels) of the cross spectra of PMSE signals in the |
range gate 84.15 km (see lower diagram of the previous page).

The upper panel (a) shows spectra before the wave breaking, the

centre panel (b) during the instability event when turbulence is
generated, and the lower panel {c) during the decay phase of the
created turbulence. A downward phase slope and significant co-

herence is clearly visible in the beginning (a), a shallow slope and .
low coherence when its heavily turbulent (b), and an upward slope
and increased coherence {c) during the turbulence decay. The ;

change in phase slope is an obvious sign of total reversal of the
horizontal wind velocity, a so-called wind-corner.
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Some basic equations
A SDI and FDI

s o
BRI

How to compute the cross spectrum,

and what does it basically really mean

in terms of interferometry to obtain a radar image of
scattering/reflecting structures in the atmosphere ?

Spatial Domain Interferometry (SDI):

For simplicity we describe the process just for two
antennas, which are set up in the horizontal

plane along the x-axes. We are also using the notation
{Z rather than [} to comply with digital processing.

The signal voltage at antenna m is:
Sm = Z, Aflw) exp (jd,+ jwt),

®, is the phase angle and

A, is the corresponding amplitude

of scatterer |

The angular frequency-w resutts=from=the-
bulk radial velocity of the observed scatterers.

The Fourier transform of S, is:
Fm = & Alw) exp (jP, - jkx,0)
k=2n/A is the radar wavenumber
X, Is coordinate of the mean phase
centre of the antenna m
If it can be assumed that @, are independent
of each other, and randomly uniformly distri-
buted between O and 2m, then for 2 antennas m,n:

<Fp (W) F' (w)> = <3 AZ exp (jkix, -X,)0)>

< > s an average over a suitable time period
© = sin © can be assumed for small ©

2z
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4.3.1 SDI and FDI

The complex normalized cross spectrum is:

<F_ (w) F', (w}>
Con (W) =

< “:m (w”2>112 < {Fn (w”2>112
For suitable assumptions of distributions of © we get:
Crn (W)= exp (-Yak?(x,-x,)20%) expljkix,-x,)0),

The phase angies as function w of this cross spectrum
is determined by the bulk velocity, as discussed before-
hand, and the amplitude, i.e. the coherence, is deter-
mined by the angular spread (variance) o of the scatter-
ing layer with mean angular position © in horizontal
direction.

Frequency Domain Interferometry (FDI):

In a similar way the cross covariance and cross spectra
can be obtained for two operating frequencies. This
method can principally be eéxtended 1o an infinite
number of frequencies; however, this will soon get
close to the equivalent application of widening the
transmitter pulse spectrun by narrowing the pulse
length, which is obviously also increasing the vertical
resolution. There is consequently a trade-off between
using FDI and short (coded) pulses.

Smn (W)= exp (-(k,-k,)?0%) explj2(k,-k.}Z,).,

m,n = determines the transmitted frequencies
Z = the range, i.e. (vertical) position of the layer
g = the width (vertical thickness) of the layer

Note that FDI determines parameters in
direction of (parallel to, usually verticall

the radar wave vector and the SDI ortho-
gonal to the radar wave vector.
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4.3.2 radar imaging

MST Radar imaging

Whereas the previous explanations referred to a set-up
of two or (a few more} spaced antennas for SDI and
two {or a few more) operating frequencies for FDI,
which simply yields only the first moments of the distri-
bution of scatterers or glints on a partially reflecting
rough surface, the radar imaging allows full determina-
tion of the distributions and consequently their higher
order moments of the sensed structure.

Assume that we would be able to have a very large
number of receiving antennas at positions x and v,
located on a horizontal plane at z = 0. With these an-
tennas we sample the pattern of the electromagnetic
field, resulting from scattering or reflection of a trans-
mitted radar signal from an atmospheric structure aloft.
We then will obtain the average power:

P = <ISkytl{*> = 1/2r <P(O,, @, w}>

where the averages <> are over all x, y, t and ©_, o,,
w, respectively,

O,. O, are the direction cosines of the elementary angles
to the sensed structure.

A so-called brightness distribution of the sensed struc-
ture is defined as (following radio astronomy):

b (0,, ©,, w) = P(O,, O, w) /P

There is also the so-called visibility function, which is
the Fourier transform of b, and basically determines the
apparent 'visibility’ of the scattered signal on ground.

The first moments of b are the mean angular Doppler
frequency [w], the mean of the angles [O] in the x-, and
in the y-directions, as determined with the 3 antennas.
The same procedure, as described in space, can be
applied on many operating frequencies; this would final-
ly lead to a three-dimensional brightness distribution.

However, the hardware and software load
for such a venture would be tremendous.
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4.4 Elementary position charts

The described methods of radar imaging rely on ensembie averag-
ing and assume certain statistical properties of the scattering/
reflecting medium. We found that this condition is not always
guaranteed in MST radar sounding of the lower and middle atmo-
sphere, as we will show in the following.

A different possibility of imaging the structures aloft is to use the
minimum set-up for a spatial domain interferometer, namely three
receiving antennas. A range profile of coherent samples, taken at
these three antennas of each coherent integration period, is used
to calculate the angle of arrival, and its x- and y-components for
each range gate r. An ensemble averaging will not be done here
but the positions x, y of each singie sample will be displayed suc-
cessively in time for for fixed range in a polar plot. The organi-

zation of these single positions gives an indication of the structure

image and its persistent or random distribution. One can say, that
here the assumption of space-time ergodicity applies.

The following graph shows the basic geometry to calculate these

positions. It is assumed, for simplicity, that these radar targets are

in the far-field of the radar system and that the determined point-
position is equivalent to the location of the mean phase center of
the structure, as detected by the MST radar set-up.

"
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4.4.1 tropospheric echoes

Basing on the configuration on the previous page, placing the
mean phase centre of antenna 3 in the origin and all 3 antennas at
z = 0, and then measuring the phases ® at the 3 antennas dis-
placed at equal distances d, we obtain the mean positions of the
scattering/reflecting centers in x-y coordinates at the range r:

X = r(®, - ®) / kd

y = rl{®, - d;) + 2(P, - ®y)) / kd V'3

The figure shows the variations of the locations of the phase
centers of radar illuminated tropospheric structures in polar coor-
dinates. Each single position point was obtained from 3-antenna
complex data sets, recorded (after coherent integration) within
102 ms. The left-hand graph is for range gate 3.9 km and the
right-hand for 4.5 km. The circles with center vertically over the
radar cover a maximum radius of 0.8 km; the inner ones (in grey)
encompass the half-power and first null of the transmitter beam.
In the fower right-hand corner the distributions of the phases in
range 3.9 km, measured at the 3 antennas, are plotted. The total
period of these displays covers 39.6 s. It is recognized that the
positions are not randomly scattered, as it would be required for a
radar image processing as described before, but show a persistent
change in position. We regard these kinds of instantaneous posi-
tion displays, when adding the power of each single position, as a
zero-order brightness distribution, which is regarded quite appro-
priate for these interferometer applications of MST radar. How-
ever, it does not allow suitabie estimates of the instantaneous
angular frequency. (More explanations of these analyses will be
presented at the mst8 workshop).
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4.4.2 lightning echoes

The just described method was originally developed for interfero-
metry of VHF radar echoes from lightning strokes observed, since
the lightning echoes are very transient and endure only for some
100 ms. The following range-time-intensity plot and the range-
power profile shows an example of a lightning echo. The lower
graphs display the position plots in two range gates as well as the
phase distributions and amplitude variations as function of time.

JK-86JEP  Lightning Echoes Chung-Li UHF Radar 1995 91-29-19% 11:84:59
P58 15 14 37 49 [H=2.1+.3ke 1.457 192 # 4497 B.25]) .18 2.9 2.88
CINCLIFODATN 150895 . BAGNCHPLX _D4. Dl 33 ezl 123448 - 919811121314

r hi!“ ’ 'ﬂ 5

1] “ull "
i
J) |‘I' TH
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Fig. | Range-time-intensity plot (left) and power distribution profile (right) of a
radar echo from a lightning stroke observed at 14:37:49 LT on 15 Aug. 1995. The
ranges extends over distances from 2.1 kim to 13.8 km, and the time axis covers an
interval of 1.467 sec {tick marks: 0.253 s). The scale of the power distribution profile
covers 15 dB to 75 dB; it also presents the grey-scale used in the RTI plot.

7.5 kn

Fig. 2 Polar plots (in geographic directions N-E-5-W) of the positions, the ampli-
tude variation (lower series) and phase distributions ( 0° - 360° in the three receiver
channels) of lightning echoes in the range gates 10 and 18 at distances of 5.1 km and
7.5 km. respectively. curresponding to the lightning stroke shown in Fig. |,
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4.4.2

Knowing the range gate

from the sampling time (this
is only a coarse estimate; @ o
better choice would be to

use FDI for this purpose},

the positions of the scatter-
ing/reflection points on the
lightning channe! can be
determined, and projected

into the 2 orthogonal vertical
planes x-z and y-Z for the

total time of the short event.

lightning echoes

VHF Radar Interferometer
1l.2

Positlons of Iightning strokes detected
by the Chung-Li VHF Radar,
projected into the north-south

and the west-east vertical planes

Fig. 3 Radar Displays of Lightning: Plots o
(x-z) and North-South (y-z) planes. The upper plots are for the lightning stroke dis-
played in Fig. 1. and the lower plot shows 2 display o
observed at 16:13:08 LT during a thunderstorm on 13 Augu
coverage on the horizontal axes is £ 12.5 km (the ceater line
and 10 km on the vertical axes. The insets show the cormespon

sity plots for total time intervals of 820 ms.

rd =

T T

f the echo locations in the West-East

T y ¥ ] T y T

f another lightning stroke
st 1995. The total scale
is at the radar location)
ding range-time-inten-
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By determining the D
periods than done in the
velocity in radial directio

4.4.3 mesosphere imaging Doppler interferometry

ositions over some longer time

previous plots, the Doppler

n of each of these phase cen-
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5.1 Post-beam steering and Post-statistics steering

Post Beam Steering (PBS)
(Digital Beam Forming)

Assume we have a sufficiently large number of m receiving
antennas. The signal voltage detected at each of these antennas
is:

Sm = Anlw) exp {jwt)

By applying suitable phase delays Ay, to each antenna channeli
the antenna beam can be steered into divers directions when
adding the complex voltages from the channels:

<S> =3 Snh(Ap,,)

This is done after the complex signals of each channel have been
digitized and has been originally called postset-beam-steering
(Rottger and lerkic}, it then has become known as post-beam-
steering (PBS). It is equivalent to digital beam forming. Compared
to electronic beam steering, where the beam pointing is fixed
(preset) during transmission and reception, this method has the
great advantage that the beam steering is done off-line in any
direction within the angular sectiorrittamrinated by the transmitter

DATA I DATA T

&9, Ay

%



1 gravity wave parameters and mean velocity
.2 angular spectrum

o
B

Here we show some results from initial PBS observations, such
the lower stratospheric wind velocity and the determination of the
full set of gravity wave parameters:

9 SEP 1980
CONCLUSIONS;

210 W\/\M * Vaerification of stmospheric gravity waves

rinm * {Intrinslc)wave period - ~ 5 min

= constant with L
95 4 W (= cone height)
. * Horzontsl wavelength  ~10-15 .lm
‘"-W *  Vertical wavelength =4£0-50 km

* Hodzontal phase spesd =48 me~1

ms_W and propagstion direction 20° N,
about constant with halght,

* Maiching the wind velocky In the

rem it W“Aﬂ lowsr stratesphere shear region

{Hkaly the source region)

«10
} | M * Atmospheric gravity waves propagate upwards
to tha middie stratosphers

-0

* Vertical fuld velocity due to waves increases
exponantlally with height to about
15 em o1 at 22 km

" T [ L . l L}
0540 0550 - os0® UTC
Fig. 8.18 Time series of radial welocity measured with beem tilted
10 1.2* novth and 1.2° south of zenith {from Routger and lerkic, 1985).

L0

no

18.0

zikm

150

AL L
30 V20t gt 200 180°

Average wind speed U, and direction e measured with the postset beam i and the 1paced antenna drift
method D, pared with radi de duta from Essen (circled crosses).

The Fourier transform of S, is Fy,. It was shown by Woodman and

Kudeki that the phase delays Ay, can be included into the com-
plex spectra F, after post-integration, rather than to the initial data

time series. This method is called post-statistics beam-steering
(PSS). it reduces the computational load, but is basically equiva-

lent to PBS.
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5.2.2 angular spectrum

It was very obvious already from the first observations
of tropospheric and stratospheric VHF radar echoes that
there is a pronounced aspect sensitivity {also called
angular spectrum). Some advantages and caveats were
recognized early, such as the apparent radar beam poin-
ting, as is shown in the following graph. This in parti-
cular affects the measurements with the Doppler-beam-
swing method (DBS).

S o
5
e

Q 2
o >

: d
Jlaetener . ) ]
apporenfﬁ!! 3
beam &

3
~
el
S
[+

angle q:; qi q;b

FiG_ 9. Skeich showing the eflect of the echo enhancement at ver-
tical or near-vertical incidence on the effective pointing angle of a
broad anienna beam. The main contribution to the received signal
comes from an angle closer to vertical than would be assumed based
on the pointing direction for the main beam. In the figure ¢ is the
zenith direction, ¢, is the real beam direction, and ¢, is the apparent
beam direction. { Aler Rotger 1981).

A proper means of obtaining the angular spectrum is
either by measuring the brightness distribution, or apply-
ing the PBS method in scanning the beam direction off-
line. This was done with the MU radar in Japan by van
Baelen et al. The following plots show the contour lines
of constant echo power in a fixed range gates, mea-
sured with 4 antenna subsets of the MU radar. The
arrows indicate the horizonta! wind direction.

(b)
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6. Inho

mogeneous medium

Analysing series of cross spectra we frequently find that
the phase is not linearly varying as function of Doppler
frequency. The graphs show examples of such events.

ROTTGER ET AL.: CHUNG-L! VHF RADAR INTERFEROMETER MEASUREMENTS
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Fig. 3. Power spectra, phase, and coherence of the cross spectra for echoes from 9.4 km altitude measured
with the three antenna combinations 1-2, 2-3, and 3-t on December 9, 1988, at 2325 LT (see Liu er al. [this issue]

for details).
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6. Inhomogeneous medium
6.1 Effects on cross spectra

Such phase variations can occur when the medium is inhomoge-
neous, either by some non-random changing of the scat-
ter/reflection cross section or layer tilt changes (as seen in the
position displays discussed earlier or by differential velocities in
the scattering/reflecting medium). The latter is exhibited in the
following two graphs, where the horizontal arrows depict wind
vectors. The wind field U in left-hand graph is given by U = ax,
and the right-hand graph by U = U, + ax. a determines 3 wind
gradient in x-direction, and U, is a constant wind. It is immediately
seen that depending on position in the radar beam, the horizontal
wind vector, and consequently also the projection into the radar
wave vector direction changes as function of zenith angle. The
Doppler frequency results:

w, = -2k-x(U,+ax)/r

’-___-—-____
Doppler . tr boppler
Frequeacy {Frequency
‘ e
L S
b . . ) C E
P TR el e (O R B I T T -
In
3

Assuming the basic analysis method to deduce the horizontal wind
(i.e. neglecting the curvature of ®{w}) leads to an erroneous velo-
City estimate;

LJ‘r = UO +ax + UZXZ/UO
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6.1 Effects on cross spectra

6.2 Accuracy of velocity estimates

Corresponding cross spectra and phases had been cal-
culated and are shown here for ratios G/M, where G is
the gradient wind component over the beamwidth and
M is the mean wind. We recognize that the phase is no
more linear for G/M > 0. It can get highly distorted
when the gradient wind is about equal to the mean
wind. These effects have to be considered carefully in
any analysis using this technique. However, the advan-
tage of this interferometer application is, that we have
found a method to check the events for validity of the
basic assumptions, governing the entire set of statistical
methods described in this lecture.

(A} G/M = Q.05 . {B) G/M = 0.1
——— — et 3. -/ ey oot
K |
H [EONEIRSIS B (O— -
(C) G/M = 0.5 {D) G/M =1.0 .
H H
K H PR
i
(E) G/iM = 2.0 (F) C;/M'= 40
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7. summary of MST radar interferometer methods

Finally we summarize the diversified methods, which all
base on spaced antenna systems and are mostly em-
ployed in the interferometer mode. All these set-ups
need at least 2 antennas, preferably many more than 2.
Multiplex or paraliel multi-channel detection is another
hardware requirement.'fhese methods are not only
applied with VHF MST radars but also with UHF and MF
radars. :

UHF-VHF-HF RADAR
SPACED ANTENNA SYSTEM

P SEEEE SRt

MULTIPLE-CHANNEL
COMPLEX DIGITAL DATA

A 8BS

ACF CACF
CCF CCOF CCFFT CFFT CFFT
i —
FCA FSA
0SA SAV Rl 10! PSS
gradients 3-dim. incidence structure and dynamics
. wind angle winds, waves, turbulence
STRUCTURE AND DYRAMICS OF TROPOSPHERE, STRATOSPHERE. MESOSPHERE

Fig. 1 Methods to Myu radar signals detected with spaced antenna 8ITays in
UHF, VHF ard MF radar systems 0 investigate the structure and dynamics of the
lower and middle atmmosphere.

The simplest way to-deduce-wimd=velocities is just to
detect the amplitude A and do the correlation and cross
correlation analysis (ACF, CCF). Using quadrature sig-
nals (i.e. phase and amplitude) the complex auto-
correlation (CACF) and cross correlation (CCCF) analysis
is applied and used in the full correlation analysis (FCA)
and the fuil spectrum analysis {FSA]} to determine the
so-called spaced-antenna velocity (SAV) estimate. The
complex cross spectrum (CCFFT) is needed for the FSA.
The CCFFT is also used in the radar interferometry (Rl}
to measure angle of arrival; the mean angle of arrival
can also be deduced from the CCCF. The complex cross
spectrum is used in the imaging Doppler interferometry
(ID1) and in the post-statistics beam steering (PSS},
whereas the postset-beam steering (PBS) requires com-
plex transformation before complex spectrum analysis.

All these methods have proved as highly useful and ne-

cessary tools for studies of the structure and dynamics
of the troposphere, stratosphere and mesosphere.
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