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Abstract. The need exists for measurements with high vertical resolution when observing
the variety of atmospheric processes with extremely small vertical extent, such as microscale
turbulence and scattering layers associated with inertia gravity waves. For example, recent
in situ observations have shown that both humidity and temperature “sheets,” with
thicknesses of the order of meters, exist throughout the lower atmosphere. Hampered by
bandwidth constraints, however, standard pulsed radar systems have shown only limited
usefulness in the detection of such phenomena. Frequency domain interferometry can be
used to estimate the position and thickness of a single scattering layer within the resolution
volume. Using two closely spaced frequencies, the method is derived under the restrictive
assumption of a single, Gaussian-shaped layer. We will now introduce range imaging (RIM),
which fully exploits the general advantages of frequency diversity. Using a set of closely
spaced transmitter frequencies, a generalized method based on constrained optimization
will be used to reconstruct high-resolution images of the average power density as a function
of range. The technique will be studied using simulated radar data and will be shown to be
capable of resolving complex structures similar to Kelvin-Helmholtz billows, which can be

much smaller in vertical extent than the resolution volume.

1. Introduction

Atmospheric radars are routinely used to study
a wide range of dynamic processes that span large-
scale motions, such as those found in planetary waves
(~107 m, ~10° s), to small-scale turbulent inter-
actions (~ 10° m, ~ 10° s). In particular, wind
profilers such as boundary-layer radars (BLR) and
mesosphere-stratosphere-troposphere (MST) radars
have proven invaluable to both operational meteorol-
ogy and research programs. An overview of some cur-
rent investigations being conducted at various MST
facilities and with different techniques is given by
Hocking [1997).

The atmosphere has shown itself to contain a rich
variety of structures in the vertical extent. Whereas
these structures can exist with height scales of the
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order of a meter, bandwidth limitations make it dif-
ficult to resolve features this small using conventional
pulsed radar technology. Frequency-modulated con-
tinuous wave (FMCW) radars are used for high-
resolution vertical studies of the atmosphere, and
Eaton et al. [1995] have described a relatively new
state-of-the-art FMCW radar that offers a height res-
olution of 2 m. In their paper, Eaton et al. demon-
strate in particular the applicability of this radar for
studies of the planetary boundary layer (PBL). They
present remarkable “snapshots” of vertical structures
observed by the radar in the lower 3 km of the
atmosphere. Some examples of these are Kelvin-
Helmholtz (KH) billows created by a low-level jet,
a coupling of wave activities with the production of
turbulence, and small-scale vertical features associ-
ated with a frontal passage.

In situ measurements made from balloon-borne
platforms are frequently used to obtain profiles of
such atmospheric parameters as wind, humidity, tem-
perature, chemical composition, and so forth. Re-
sults of one such experiment revealed the atmosphere
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up to a height of 27 km to contain a large number of
sharp temperature gradients within extremely thin
layers of thicknesses less than 10 m [Dalaudier et al.,
1994]. These authors (p. 237) maintain that “this
unexpected finding has potentially important conse-
quences for the theoretical understanding of small-
scale atmospheric dynamical processes and also has
practical consequences for all the propagation phe-
nomena, (light beams, radio waves, sounds ...) within
the atmosphere.” In addition to these measurements,
Muschinski and Wode [1998] have recently identi-
fied coexisting atmospheric temperature and humid-
ity sheets with thicknesses down to a few decimeters.
Both Dalaudier et al. [1994] and Muschinski and
Wode [1998] discuss the relevance of these sheets to
radio frequency scatter/reflection mechanisms.

As discussed by Hocking [1987] and Reid [1990],
layered structures are often observed with radar in
the height range of 60-100 km. The layers are in
many cases associated with “steps” in the refractive
index or localized regions of turbulence. One particu-
lar class of radar echo observed within this range are
the polar mesosphere summer echoes (PMSE). Al-
though research on PMSE has continued for almost
15 years, the exact scattering mechanism remains un-
clear [Cho and Réttger, 1997]. It is widely accepted,
however, that vertical structures such as sharp edges
or highly anisotropic scatterers on the edges of tur-
bulent layers could contribute to some PMSE.

As we have tried to illustrate, an investigation of
many atmospheric dynamic processes requires mea-
surements having a high vertical resolution. Exam-
ples of these are microscale turbulence, wave motions
and instabilities having long periods but small am-
plitudes, and conditions leading to thin layers. If
we focus on remote sensing techniques, then we find
that FMCW radars provide excellent vertical range
resolution but only over a limited height coverage.
Pulsed radars are capable of good height coverage,
but the range resolution is limited by the pulse width.
To overcome this dilemma, a technique has been in-
troduced for which radar measurements are made at
two or more closely spaced frequencies [Kudeki and
Stitt, 1987]. This method, which is called frequency
domain interferometry (FDI), makes use of the am-
plitude and phase of the normalized cross correlation
or cross spectrum formed by two frequencies. If a sin-
gle dominant layer is present within the radar sam-
pling volume, then the amplitude and phase can be

PALMER ET AL.: RANGE IMAGING USING FREQUENCY DIVERSITY

used to estimate the width and position, respectively,
of the layer.

FDI has found many applications in atmospheric
studies. For exartiple, Chilson et al. [1997] used FDI
in their investigations of an upper level jet stream
and were able to observe KH billows in the shear re-
gion of the jet. Muschinski et al. [1999] have inves-
tigated large-scale vertical velocities using the tech-
nique. By tracking the position of persisting layers,
they estimated vertical velocities with an accuracy of
about 1 cm s~!. The resolving power of FDI has also
been used in the study of PMSE [Franke et al., 1992].
Recent measurements of PMSE made with the Eu-
ropean incoherent scatter (EISCAT) VHF radar in
Tromsg, Norway, suggest that FDI might be capable
of locating horizontal structures in the plasma within
the layers.

There are inherent limitations of any two-frequency
FDI analysis. Most important, the original deriva-
tion of the FDI analysis assumed a single, Gaussian-
shaped scattering layer per sampling volume. How-
ever, Dalaudier et al. [1994] have shown that sharp
gradients can be ubiquitous in the free atmosphere
up to 27 km. If several dominating layers are present,
then the position and width estimates from the two-
frequency FDI analysis provide only the first and
second moments of the vertical reflectivity structure
within the pulse volume.

The work of Franke [1990] provided the theoretical
framework for the use of more than two frequencies,
where a formula was derived for the average power
of a signal obtained from multiple frequencies. The
present work serves as an introduction to range imag-
ing (RIM), which is a generalization of the use of
frequency diversity where no assumptions are made
concerning number of layers and/or layer shape. Fur-
ther, advanced optimization techniques will be used
to enhance the resolution over what can be obtained
through standard Fourier analysis. These results will
be used to create an estimate of “range brightness,”
which is the average power density as a function of
range. The term brightness is used in order to em-
phasize the close connection of RIM with coherent
radar imaging (CRI), which has recently found fa-
vor in estimating the angular dependence of aver-
age power [Kudeki and Striicii, 1991; Hysell, 1996;
Woodman, 1997; Palmer et al., 1998]. In CRI, the
angular brightness is estimated by using the diversity
of signals received by spatially separated antennas on
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the ground. RIM uses frequency diversity in order to
estimate range brightness. Because of this relation-
ship between CRI and RIM, the derivation of the
RIM analysis will be shown to be extremely similar
to the CRI case [Palmer et al., 1998].

2. Range Imaging

2.1. Outgrowth of Frequency Domain
Interferometry

As stated in the introduction, we would like to
expand the idea of FDI to the general case of m dif-
ferent frequencies. The transmitter frequency can
be varied from pulse to pulse or possibly transmit-
ted simultaneously if appropriate coherent separa-
tion can be achieved. After coherent integration,
subject to the same constraints as temporal sam-
pling, the m coherently detected signals will be de-
noted by si(t), s2(t), ..., sm(t). By combining these
signals into a column vector s(t), a more compact
notation is obtained. The ultimate question is how
to use the frequency diversity that exists within the
signals spanned by s(t). Arguably, the simplest com-
posite signal that can be conceived is the weighted
summation of the m signals, which is given in matrix
notation in the following equation:

y(t) = w's(), 1)

where the dagger represents the Hermitian operator
(complex transpose). The complex weights wy, wo,
..sy W, corresponding to each of the coherently de-
tected signals are combined in the column vector w.
Note that the weights are complex, thus providing
the flexibility of both amplitude and phase modifi-
cation. Basically, the weight vector will be used to
create constructive interference between the m sig-
nals at a particular range.

As was mentioned earlier, the derivation of the
range brightness estimate is similar to that of CRI
used to estimate angular brightness. The main dif-
ference is that CRI uses spatial diversity to achieve
higher angular resolution, while RIM uses frequency
diversity for higher range resolution. A complete
derivation for the angular imaging case was provided
by Palmer et al. [1998].

Assuming wide-sense stationarity of the m signals,
the autocorrelation function of y(t) can be shown to
have the following form:
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Ry(r) = w'R(7)w, (2)

where R(7) is the correlation matrix providing all
combinations of the m signals. By taking the Fourier
transform of (2), an estimate of the range brightness,
based on the linear combination (1), can be obtained,

~

By (rr,f) = w'V(f)w, ©)

where r; is the range to be imaged. The normalized
cross-spectral matrix V(f), which is dependent on
temporal frequency f, is given by the following equa-
tion and is simply the Fourier transform of R(7):

Vir(f)  Viz(f) Vim(f)
Va1 (f)  Vaa(f) Vam (f)

= : : @
le(f) sz(f) me(f)

The range brightness estimate (3) is based on the
linear combination of the signals in s(t). Different
estimates of the range brightness would be obtained
if another (possibly nonlinear) use of the frequency
diversity were assumed.

The next logical step is to obtain the form of the
weighting vector in order to achieve the best range
resolution while reducing spurious artifacts. A sim-
ple procedure for obtaining w will be provided in the
next section.

2.2. Weight Vector Calculation

In a manner similar to the angular imaging case
[Palmer et al., 1998], we will obtain the desired
weight vector through the solution of a constrained
optimization problem. Such a procedure was first
described by Capon [1969] for the case of subter-
ranean imaging using a seismic array. The main goal
of the optimization will be to minimize the possibility
of range sidelobe effects. Therefore we will attempt
to minimize the total range brightness with respect
to the weighting vector w, which will have the ef-
fect of minimizing the contribution to the brightness
from ranges other than r;. The minimization will
take place with the constraint that the effective range
weighting will be unity at r;. The problem is stated
formally in the following manner:

min B, (r, f) subject to eflw=1, (5)

where the “range steering vector” is given by
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Simulation results (signal-to-noise ratio (SNR)=20 dB) for a single scattering

layer within the resolution volume, which is 150 m in vertical extent. The six frequencies

used in the simulation are 49.5, 49.7, 49.9, 50.1, 50.3, and 50.5 MHz.

Shown are (a)

model weighting including the range weighting function, and (b) Capon and Fourier range
imaging (RIM) results along with the layer position/width estimates from FDI. Note that
with frequency domain interferometry (FDI) using six frequencies, there are 15 frequency

pairs available.

T e=ikmri=dm) 1T (6)
The wavenumbers of the m signals are denoted by
k; for signal 7. Note that the elements of e, are
used to force the m coherently detected signals to
constructively interfere at a range of r;. Therefore
the initial phase (¢;) of the m signals must be either
known or the same, for all signals. This point will be
expanded upon in the next section.

Using Lagrange methods to solve the constrained
optimization problem, the optimal weight vector is
obtained and can be used for the Capon RIM esti-
mate of range brightness [Luenberger, 1984].

R 1

B.o(rr, f) = m (7

Another more straightforward choice of the weight
vector would be to simply use the steering vector e,

directly in (1). In this case, the Fourier RIM estimate
of range brightness is obtained.

B,r(r1, f) = elV(f)e, (®)

It should be noted that the Fourier RIM analysis is
similar to that proposed by Franke [1990]. As shown
by Palmer et al. [1998] for the angular imaging case,
however, Fourier-based methods inherently have di-
minished resolution. This characteristic holds true
in the RIM case also, which will become evident in
the next section.

Basically, the estimation of the range brightness
can be thought of as a spectral estimation problem.
RIM is simply the spectral estimate of the m signals
obtained by varying the transmitter frequency. As
such, numerous algorithms exist which may have ad-
vantages over Capon’s method [Kay, 1987]. However,
we have observed that Capon’s method is extremely
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Same as Figure 1, expect for the case of two distinct scattering layers within

the resolution volume. Shown are (a) model weighting and (b) Capon and Fourier RIM
results along with the layer position/width estimates from FDI. Note that all combinations
of FDI results produce similar layer position estimates. In addition, the FDI layer widths
are severely biased due to the double layer. Capon RIM is able to resolve the two layers,

while Fourier RIM is not.

robust in that spurious artifacts are seldom seen in
the range brightness estimates.

3. Simulation Results

As is usually the case with experimental data, the
true atmospheric condition is unknown. We have de-
cided to test RIM using simulated data where all at-
mospheric and experimental conditions are known.
An extremely flexible and simple method of sim-
ulating atmospheric radar data was developed by
Holdsworth and Reid [1995]. A three-dimensional
field of scattering points is randomly generated and
placed within a so-called “enclosing volume.” At
each time step, the scatterers are allowed to follow a
mean flow and a spatially correlated turbulent flow.
As scatterers leave the enclosing volume, they are
replaced at the opposite three-dimensional position.
Thus the enclosing volume is continually filled with
scatterers.

As described by Holdsworth and Reid [1995], the
amplitude of each scattering point is dictated by sev-
eral parameters, including a random reflectivity, an-
tenna beam pattern, range weighting function, and
any aspect sensitivity effects, which are assumed neg-
ligible in this case. Aspect sensitivity has a tendency
to narrow the effective beam pattern of the radar.
Thus we expect that the effect will not be signifi-
cant for a horizontally stratified atmosphere. Both
the antenna beam pattern and the range weighting
function have a Gaussian form. The one-way, half-
power beam width is 3.6°, and the range weighting
function corresponds to a 1-us pulse, as described by
Doviak and Zrnié [1984]. The enclosing volume was
centered at an altitude of 10 km. The phase of each
scatterer is dictated by the two-way path length from
the transmitter to the scatterer and back to the re-
ceiver. For our study of RIM, the transmitter and
receiver are collocated. Of course, the phase is also
dependent on the transmitter frequency, which was
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varied over the six values 49.5, 49.7, 49.9, 50.1, 50.3,
and 50.5 MHz. An additional signal was generated
at the system center frequency of 50.0 MHz. Fu-
ture work will include a study of the advantages of
nonredundant frequency spacing. Standard texts on
array processing, which has many similarities to the
current situation, have explored the advantages of
nonredundant spacing [Johnson and Dudgeon, 1993].
Assuming adequate sampling in frequency, the main
advantage will be the reduction of range aliasing.
However, the range weighting function formed by the
pulse inherently mitigates such problems.

As in all interferometric measurements, the phase
difference between the signals should be known. As
mentioned earlier, RIM is no exception in that the
initial phase (¢;) of the m signals should be known,
or measured. An exception is if the m signals have
the same initial phase, in which case all cross-spectral
calculations would inherently cancel the initial phase.
If this cannot be accomplished, the initial phase
could be estimated by leaking the transmitted sig-
nal to the receiver and measuring the phase of each
signal. Any inaccuracy in the phase measurements
would have an effect of “defocusing” the estimate of
range brightness. Results from an investigation of
this effect will be presented at the end of this sec-
tion.

Using the simulation routine with 200 randomly lo-
cated scatterers, five records of 256 time series points
with a sampling time of 0.1 s were generated. Initial
phase was set to zero on all frequencies so that the
algorithms could be easily compared. The mean hori-
zontal wind was set to be northerly, with a magnitude
of 30 m s~!. Except for isotropic turbulent fluctua-
tions, no vertical motion was used. The root-mean
squared (RMS) magnitude of the turbulence was set
to 0.5 m s~1, with a spatial correlation scale of 10 m.
After generation of the time series, additive, white
Gaussian noise was introduced, producing a signal-
to-noise ratio (SNR) of 20 dB.

In addition to the range weighting function of the
1-ps pulse, a simulated scattering layer was intro-
duced with an arbitrary width of 7 m. The composite
of the scattering layer and range weighting function
is shown in Figure la. The vertical axis is height,
with an extent of 150 m. Notice that the single-
layer model has a Gaussian shape, as assumed by
standard FDI analysis. After five incoherent integra-
tions, resulting in an average time of approximately
2.1 min, Capon and Fourier RIM estimates of the
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range brightness were generated and are presented
in Figure 1b as solid and dashed lines, respectively.
These estimates of range brightness were obtained
by scanning rr in (7) and (8) over 100 range steps
and normalizing the maximum brightness to unity.
In addition, the temporal frequency (f) dependence
of range brightness was eliminated through an aver-
age over all frequencies. However, advantages may
exist in limiting the averaging process over a smaller
band of frequencies. Such a process could be used
to filter unwanted interference or to separate the
range brightness from upward and downward mov-
ing parcels, for example. Notice that the result from
Capon RIM more closely resembles the actual model
weighting in Figure la. However, range resolution
cannot be determined from this single-layer exam-
ple. Also included in Figure 1b are the results from
the 15 possible frequency combinations used with the
standard FDI procedure. FDI layer position is shown
by crosses, with the width being given by the error
bar. From left to right, the signal combinations are
Sl(t) A nd Sz(t), Sl(t) > Sg(t), ..., and S5(t) > Se(t).
As expected, the FDI position estimates are above
the actual layer height due to finite beam width ef-
fects [Franke, 1990]. An interesting feature is that
the layer widths are overestimated in a systematic
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Figure 3.  Peak-to-valley brightness (PVB) for
Capon RIM and layer widths of 2, 20, and 40 m,
as a function of layer separation. Solid lines depict
PVB from the model of range brightness and there-
fore represent an upper bound on resolution. The
corresponding dashed lines are the averaged simula-
tion results over 50 independent realizations. A thin
horizontal line at a PVB of 0.3 is provided as a ref-
erence.
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Figure 4.

Simulation of two time-varying layers with position motion modeled in a

sinusoidal manner. Range brightness is estimated using six frequencies and is given in
linear units. The layer widths are decreased exponentially from 100 m to 4 m, and the SNR
is set at 20 dB. (a) Model weighting within the resolution volume is shown over a 40-min
time period. (b) Shown is Fourier RIM along with FDI results obtained by a median of
the layer position/widths for the 15 frequency pairs. Note that FDI produces reasonable
results only when a single layer can be seen, such as at 26 min. (¢) Capon RIM is able to
track the two layers including layer position and width.

manner. Namely, smaller frequency spacing pro-
duces a larger overestimation than frequencies which
are spaced farther apart. This can be explained by a
simple time domain analogy. As is well known, the
frequency resolution of a Fourier-based spectral esti-
mate is determined by the total length of the data set
and is related to the convolution of the Fourier trans-
form of the temporal window function. In the case
of FDI analysis, the frequency spacing sets a “range
window function” which limits the range resolution.
By increasing the spacing between frequency pairs,
this window function is narrowed, thus producing less
biased estimates of layer width. Of course, system
limitations are set by the intrinsic bandwidth of the
receiver. Furthermore, the correlation of scatter re-
turned by different carrier frequencies is limited by
the nature of the Bragg-scale, refractive index varia-
tions within the resolution volume.

Using the same configuration as before (SNR=20
dB), we have generated a new data set with two lay-
ers of equal width (7 m) and a 50-m separation cen-
tered at 10 km. Again, the initial phase was set to
zero. The model weighting is shown in Figure 2a.
Two-frequency FDI analysis was first derived under
the assumption of a single scattering layer [Kudeki
and Stitt, 1987]. As a result, it is shown in Figure 2b
that all frequency pairs produce similar FDI results
in position and width, except for the frequency spac-
ing dependence mentioned previously. Under the
single-layer model, the FDI analysis produces posi-
tion and width estimates which closely resemble the
first and second moments of the model weighting.
Fourier RIM shows a single broad peak near the cen-
ter of the two layers. In contrast, Capon RIM is able
to discern the two layers, although a limit on range
resolution is beginning to become apparent. Another
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possible method to extend the original FDI analy-
sis could be to derive the pertinent equations under
the assumption of multiple layers. Using these equa-
tions, it might be possible to estimate position/width
for each layer. However, the method would be cum-
bersome due to the lack of knowledge of the actual
number of layers. Our development of RIM takes a
completely different approach and does not require
any assumptions of the number or shape of the lay-
ers.

Resolution is a difficult characteristic to quantify.
Nevertheless, one “resolution measure” which can be
easily calculated, for a two-layer structure, is the
peak-to-valley brightness (PVB), which will be de-
fined by the following equation:

max

PVB =

The term Bmax is the maximum in the range bright-
ness estimate and is usually normalized to unity.

Bpip is the minimum of the brightness estimate, or
valley, between the two peaks. The quantity PVB
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25 30 35 40
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Same as Figure 4c for Capon RIM, except that the SNR is varied over (a)

is bounded between 0 and 1, with higher values cor-
responding to superior resolution. Obviously, PVB
will be dependent on the technique used and the layer
width/separation. Simulated data were generated for
50 independent realizations for each combination of
layer width and separation shown in Figure 3. The
average PVB for Capon RIM over the 50 trials is
provided in the figure as dashed lines. Two inco-
herent integrations were performed for these results.
No noise was added to the data, providing an infi-
nite SNR. Further, two identical layers were placed
symmetrically about the center of the resolution vol-
ume. Two layers will be more easily resolved if their
widths are small and are well separated. The solid
lines represent PVB from the model range brightness,
providing an upper bound for the simulation results.
As expected, the 2-m simulation results (dashed line
with circles) are always less than the 2-m model re-
sults and gradually increase with larger layer sepa-
rations. This fact also holds for the 20-m and 40-m
results. Generally, PVB decreases for thicker layers
and smaller separation. It is also expected that the
resolution measure will decrease with smaller SNR.
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Figure 6. Same as Figure 4c for Capon RIM and SNR=20 dB, except that the number
of frequencies used in the imaging procedure is varied over (a) N=6 (same as Figure 4c),
(b) N=3 (49.5, 50.0, and 50.5 MHz), and (c) N=2 (49.5, and 50.5 MHz). Notice that the
N=2 case shows distinct signs of undersampling, although the gross details are imaged.

However, the intent here was to quantify the best
possible resolution as a function of layer width and
separation only.

As an example of the use of this analysis, assume
that a PVB of 0.3 is needed in order to easily re-
solve two peaks. For this case, Figure 3 shows that
2-m layers could be resolved using Capon RIM if
they are separated by at least 20 m. Layers with
widths of 40 m would need a minimum separation
of approximately 80 m. Of course, a generalization
of the minimum layer separation would depend on
the bandwidth, among other system and atmospheric
characteristics.

In order to further test the resolution capabili-
ties of RIM in a more realistic (albeit qualitative)
manner, a sequence of 100 records of 256-point data
sets were generated. In this case, the positions and
widths of the two layers were varied to create a struc-
ture similar to a KH billow. After incoherently aver-
aging two records, the resulting model weighting had
the form shown in Figure 4a. The layer widths were
decreased exponentially over the entire duration of

the data set from 100 m to 4 m. Again, the SNR was
set to 20 dB. Results from Fourier RIM and a me-
dian of the FDI results from the 15 frequency pairs
are shown in Figure 4b. The resolution of Fourier
RIM is not adequate to distinguish the structure. In
contrast, the Capon RIM results shown in Figure 4c
clearly reconstruct the original model structure. The
dependence of Capon RIM on SNR, where the SNR,
was set to 10, 5, and 0 dB, is shown in Figure 5.
Notice the severe degradation in clarity and resolu-
tion. For example, the second billow pattern at an
elapsed time of 35 min is not easily distinguished for
even a SNR of 10 dB. However, the larger billow at
15 min is more readily observed.

The effect of frequency sampling will now be de-
scribed. As was mentioned in the explanation of
the simulation procedure, six frequencies were used,
with an additional frequency set to 50.0 MHz. Using
these data, the number of frequencies m was set to
six (same as previous results), three (49.5, 50.0, and
50.5 MHz), and two (49.5 and 50.5 MHz), and the
Capon RIM was implemented. Results from Capon
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Figure 7.  Mean-squared error (MSE) between
the Capon RIM results and the model of Figure 4a
taken on a pixel-by-pixel basis as a function of SNR.
The number of frequencies was set to six, three, and
two. As expected from Figure 6, the MSE is only
moderately improved by increasing from three to six
frequencies, for this case. However, using only two
frequencies significantly degrades the results, which
is an effect of undersampling. Note that the error
bars are +4 times the standard deviation.

RIM with a SNR of 20 dB are shown in Figure 6.
Figure 6a is repeated from Figure 4c for comparison.
Notice that by reducing from six to three frequencies,
no qualitative reduction in image clarity is observed.
However, using only two frequencies produces sig-
nificant effects due to range aliasing. One can view
RIM frequency sampling similarly to temporal sam-
pling. Range resolution is not seriously affected by
the number of frequencies since this is limited by the
total frequency span and not the number of samples.

In order to quantify the results presented, we have
chosen to calculate the mean-squared error (MSE)
of the entire reconstructed image in comparison with
the model image of Figure 4a. The MSE of Capon
RIM versus SNR and for m equal to six, three, and
two, is presented in Figure 7. Fifty trials of the sim-
ulation were conducted with independent noise se-
quences, and for each case the mean and standard
deviation of the MSE were calculated. The stan-
dard deviation was extremely small compared with
the mean. Therefore the error bars shown in Fig-
ure 7 are actually £4 times the standard deviation.
Expectedly, larger SNR produces lower MSE inde-
pendent of the number of frequencies used. Only a
small improvement in MSE is gained by increasing
from three to six frequencies since the maximum fre-
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quency spread does not change for these two cases.
Of course, the reader should be aware that unusually
strong echoes from outside the range gate could have
a detrimental effect on the range brightness estimates
using only three frequencies. In this case, nonredun-
dant frequency spacing could be used to mitigate this
range aliasing effect.

Finally, the effect of error in the initial phase
estimate will be investigated. Previously, the ini-
tial phase has been set to zero. In order to study
phase error, we have introduced a random phase
term to each time series point. The random phase
is Gaussian-distributed, zero-mean, with the stan-
dard deviation varied from 0° to 30°. By increasing
the standard deviation of the phase error, we expect
a more significant defocusing effect and thus larger
MSE. Examples of the estimated range brightness
for SNR=20 dB are shown in Figure 8 for phase er-
ror standard deviation (og) of 5°, 15°, and 25°.
Although the defocusing effect becomes more pro-
nounced for larger o4, the gross features of the KH
billow are still evident even for o4=15°. We antici-
pate that a o4 of less than 10° will produce reason-
able results.

In a manner similar to Figure 7, the MSE was cal-
culated for SNR=20 dB and 50 independent trials
over the entire image. These results are shown in
Figure 9 as a function of o4 for the number of fre-
quencies equal to six, three, and two. The results
show that an initial phase error with standard de-
viation less than approximately 10° does not cause
a significant quantitative degradation in the range
imaging results.

4. Conclusions

An introduction to range imaging (RIM) has been
presented, which is a technique whereby frequency
diversity is exploited to significantly increase the
range resolution of pulsed radar systems. Frequency
diversity can be achieved by transmitting m pulses
with slightly different frequencies. A general frame-
work has been presented where the m coherently
detected signals could be combined using a simple
weighted summation. The weight vector, or “range
steering vector,” is used to create constructive inter-
ference of the m signals at a particular range. By us-
ing constrained optimization (Capon’s method), the
estimates of “range brightness” were enhanced to a
point where simulated structures similar to KH bil-
lows could be observed within the extent of the range
gate. Furthermore, it was shown that the quality of
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Figure 8.

Same as Figure 4c for Capon RIM, SNR=20 dB, and N=6 except that a

random initial phase has been introduced to the time series data. Range brightness has
been estimated for a phase standard deviation (og4) of (a) 5°, (b) 15°, and (c) 25°. As
expected, larger error in the initial phase estimate emphasizes the defocusing effect.
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Figure 9. MSE between the Capon RIM results

and the model of Figure 4a taken on a pixel-by-
pixel basis as a function of initial phase error and
SNR=20 dB. As in Figure 7, the number of frequen-
cies was set to six, three, and two. A gradual increase
in MSE is observed for larger phase error, although
acceptable results are possible for phase error below
approximately 10°. Note that the error bars are 4
times the standard deviation.

the reconstructed images, measured by MSE, was not
significantly diminished by using only three frequen-
cies, for this case. In general, the number of frequen-
cies should be greater than the anticipated number
of significant features in the vertical structure. This
does not imply that the number of features must be
known a priori but only that the number of frequen-
cies should be greater than the number of features.
The effect of a smaller number of frequencies would
simply be to not image the less significant features.

The flexibility achieved by using the simulation
method of Holdsworth and Reid [1995] has also al-
lowed the study of error in the initial phase estimates.
By introducing a random phase term into each time
series point, it was shown that phase error as large
as 10°did not produce significant defocusing of the
range brightness estimates from Capon RIM. There-
fore, we believe that useful results can be obtained
from Capon RIM analysis if a moderately accurate
estimate of the initial phase terms is made.

With the confidence gained by these RIM simula-
tion results, future work is currently being planned
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for an experimental campaign with the sounding sys-
tem (SOUSY) radar located in the Harz Mountains
of Germany. A simple scheme has been devised at
the SOUSY radar facility for the measurement of the
initial phase terms. It is planned that the transmit-
ted signal will be attenuated, delayed, and cycled
directly back to the receiver. Measurement of this
signal will then be used to estimate the initial phase
terms. In addition to the SOUSY experiments, pos-
sible advantages of nonredundant frequency spacing
will be investigated in future simulation research in
order to design the minimum system requirements
needed for the successful use of RIM for the observa-
tion of small-scale structures.
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