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Abstract

An optimal signal processing algorithm is derived for
obtaining high resolution target range estimates from a small
set of narrow bandwidth frequency-stepped CW radar
measurements. Performance of the optimization approach
is illustrated using measured data obtained from an HP-
8510 network analyzer.

Introduction
The physical data measured by a frequency-stepped CW

radar system is a sequence of complex reflection coefficients as
seen from the aperture plane to which the system is calibrated. The
sequence of measured reflection coefficients may be interpreted as
samples of the radar channel frequency response. Given these
measurements, the objective is to determine the target range. The
standard approach [1] is to perform an IF17 (Inverse Fast Fourier
Transform) which produces an estimate of the radar channel time
domain impulse response. Peaks in the impulse response
correspond to reflections and their time delay corresponds to the
target range. The resolution of this approach is limited by the
measurement bandwidth. In certain application:, such as re-entry
plasma density measurement [2,3], the bandwidth must be kept
small. The resolution offered by the IFFT approach is often
unsatisfactory and an alternative approach is required.

This paper presents the derivation of a new optimal signal
processing algorithm which maximizes the range resolution
obtainable from any set of frequency-stepped CW measurements.
The derivation is general in the number of echoes, and a constant
frequency interval between the measurement samples is not
required. However, in order to illustrate the performance of the new
optimal processing algorithm through its geometric interpretation, the
specific problem of resolvin the time delay between the first two

‘1?echoes is addressed. It iss own that the optimization process can
be interpreted as scanning a non-linear objective function surface
using an organized rocedure to find its absolute minimum. In the

Etwo reflection pro Iem, the obiective function surface is 3-
dimensional allowing visual inspection. By visually examining the
structural chang~ in these 3-D surfaces as measurement parameters
are changed, insight into the underlying physical process becomes
available at a glance.

The resolution achievable using the new optimization
algorithm is demonstrated using measurements taken from an HP-
8510 network analyzer. The first set of measurements was taken at
the input port of an air-line coaxial standard containing two step
discontinuities in characteristic impedance. The remainder of the
measurements were taken at the input port of a microwave
reflectometer test apparatus. The results of the optimization
approach are compared to those produced by the conventional
Inverse Fast Fourier Transform (I FIT) technique. The comparison
shows that when the bandwidth is reduced far beyond the point at
which the IF~ fails to distinguish two reflections that are known to
exist, the optimization approach is able to clearly resolve the
reflections and estimate the range to each source of reflection
accurately.

Derivation

The optimization procedure minimizes the objective function

J = i~l lH(j(wo+iAo)) - Hm(j(wO+iAco))12
(1)

where the Hm (i(wO+iAco)) are the measured complex reflection

coefficient pairs, the H(j(oo+iAo)) are the values of the theoretical

model, and i is the index number of each measurement which spana
the integer range from 1-n. J is a function of the echo amplitudes Ai

and delays ti of the physical model

h(t) = Al 13(t-t, ) +A28(t-t2) +A3b(t-t3) + .. (2s)
-“cot, +~e-j~t2 +A3e-jot3 + .H(@) =Ale I

(2b)
Samples of this frequency response form the model values
comprising H(j(mo+iAc4) in (1). The objective is to find the global

minimum of the performance metric(1) with respect to the ampliiude-
delay paira At ti in the model (2). The highly non-linear metric(1) is

minimized by iteratively solving the linear portion of the problem.
The metric (1) is quadratic in the amplitude parameters At This

allows the Ai to be calculated in closed form by solving the least

squares (LS) problem
Fa=f (3)

where the complex (n x N) matrix F is composed of frequency
response estimates based on the model (2) and the complex vector
f is” composed of the physical frequency response measurements
given by

f = [HM(w1) l_fM(02)HM(w3) ●*o l+M(wn)lT (4)
The vector a in (3) contains the set of real amplitudes Ai to be

determined

a= [/41 A2 A3 “-” AN]T (5)
The LS problem (3) is somewhat unusual since the matrix F and
vector f are complex while the amplitude vector a is real. The
solution to (3) is found by minimizing the real scalar that results from
the following squared inner product.

y = ll(Fr + j Fi)a - (fr+ j fi)ll~

y = (Fra. fJT(Fra - f~ + (Fia - f/T(Fia - fj

f8).,

(7). .
y = aT[FTF + F~Fi]a - aT[F~fr + F~fi]

-rr
. . .

- [f; F,+ f; Fi]a +f~ fr+ f; fi (8}
where the subscripts r’ and i d“enote “real and imaginary pa~t~
respectively. In order to minimize y, the gradient of (8) is taken with
respect to the real amplitude vector a and set equal to the zero
vedor.

a= O=2[F~Fr+Fl ,
aa

‘F.]a - 2[F~fr + F~fi]
(9)

The result of the minimization of (6) is a real, square set of linear
equations.

~~Fr + F~F/a= F~fr + F~fi (lo)
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Solution of the least squares problem (3) requires assuming a set of
delays ti. The following optimization procedure may be followed for

extracting the A$ ti pairs:

1) Choose the number N of Ai, ti pairs to be determmed.

2) Assume a sequence of ti values and search for the global

minimum of (1)

A grid search procedure for tinding the global minimum of (1) is
described in detail and illustrated in the next section.

Experimental results

The first data set used to illustrate the performance of the
optimization technique is a sequence of reflection coefficients
measured at the input port of the 7 mm Beatty Standard [4] which is
shown in figure 1 along with its theoretical bounce diagram. The
resulting time domain impulse responses for two measurement
bandwidths obtained from the internal computer of an HP-851 O
network analyzer are shown in figures 2 and 3. When the
measurement bandwidth is reduced from 18 GHz to 2 GHz the lF~
approach clearly fails to resolve two distinct reflections that are known
to exist. The optimal processing algorithm applied to both cases is
equivalent to scanning the surfaces shown in figures 4 and 5. The
global (absolute) minima of the objective functions shown in figures 4
and 5 correspond to the optimal time delays to the first two
reflections. The objective function shown in figure 5 has a single
global minimum. This global minimum can be found with little
computation using a procedure called grid search: t2 is held constant

while the minimum of J is found along the tl dimension. Then, t, is

held constant at the value previously found while the minimum of J is
found along the t2 dimension. This procedure is repeated until the

time delay values are no longer updated. The global minimum in
figure 5 may be found in two iterations of grid search, independent
of initialization. The grooves in the surface which are aligned with the
delay axes provide an easily scanned search path.

The second set of data consists of measurements of the
reflection coefficient as seen from the input port of a rectangular
waveguide feeding a circular horn antenna as shown in figure 6. This
test apparatus was constructed at NASA Langley Research Center
for the development of an electron plasma density profile
measurement system to be flown aboard the space shuttle. The
target range for this system is defined to be the distance from the
center of the quartz glass interferer to the metal plate target. Figure
7 shows the IFFT of 801 measurements over a 4 GHz bandwtdth.
The amplitude optimized objective function using the same
measurement parameters is shown in figure 8. The IFFT performed
well for this case because the bandwidth (4 GHz) was large enough
to provide the resolution needed to distinguish the interferer (quartz
glass) from the metal plate target. If the number of measurements
IS reduced to 101 and the bandwidth to 500 MHz, the corresponding
lFi7 is shown in figure 9. The IFFT is marginally able to distinguish
the two sources of reflection. In addition, the time delay estimates
contain significant error. The objective function for this case is shown
in figure 10. The global minima corresponding to the optimal delay
pair (3.45 ns, 5.42 ns) are clearly separated which indicates enhanced
~esoiution.

If the target range is reduced from 12.125” to 2.375” while
holding the bandwidth constant (500 MHz) and the number of
measurements constant (101 ), the resulting IFFT is shown in figure 11
and the corresponding objective function in figure 12. The theoretical
time delay from the interfering quartz glass to the metal plate tar et

tis 0.422 ns. While the resulting IFFT is meaningless for this case ue
to the narrow measurement bandwidth, the optimization approach is
still able to recover the target range with very high accuracy (0.420
ns). This final result is intended to show the limitation of the
optimization approach.

Conclusion

This paper has presented the derivation and demonstration
of a new algorithm for processing radar data produced by any
frequency-stepped CW system. The derivation is based on
minimizing the two-norm of the difference between the sequence of
measured reflection coefficients and those produced by a model
which assumes that the echoes from the radar channel are impulses in
the time domain. A performance comparison between the iFR and
optimal processing techniques was presented in the context of two
physical measurement sets. In the first set, the Beatty standard
was terminated in a matched load and driven by an HP-851 O network
analyzer. The measurement bandwidth was reduced from 16 GHz to

2 GHz and it was shown that while the IF17 produced meaningless
reflection range estimates in the 2 GHz case, the optimal processing
approach was able to clearly resolve the reflections and the resulting
reflection range estimates were as accurate using 2 GHz bandwidth
as those produced by the IFFT using 18 GHz. In the second set of
measurements, a microwave reflectometer test apparatus, also
driven by an HP-851 O network analyzer, was used to illustrate the
effects of reducing the bandwidth, number of measurements, and
target range on both the lF~ and optimization results. First, the
metal plate target was set at a range of 12“ and 801 measurements
s arming a total bandwidth of 4 GHz were analyzed using both the
!i FT and optimal processing algorithms, The target range estimates

resulting from both methods were of equal accuracy. Then, the
number of measurements was reduced from 801 to 101 and the
bandwidth reduced to 500 MHz. Finally, the target was set to a
range of 2.25”, holding the number of measurements and bandwidth

deterioration produced by lF~ processing was clearly evident.
at 101 and 500 MHz respective The range resolution and accuracy

However, the optimal processing approach could not only resolve
the two reflections but could estimate both of their ranges with high
accuracy. This result demonstrates the resolution enhancement
offered by the optimal processing approach over IFW processing.

Future research will be directed toward quantifying the
amplitude and frequency of the perturbations that occur in the
objective function surface as the bandwidth, or the number of
measurements, is reduced. The number of delay dimensions will be
increased and other search procedures investigated for efficient
global minimum scanning.
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Fig. 1a. 7 mm Beatty Standard terminated in a matched load.
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Fig. 2. Inverse F~ of 801 measurements of the reflection coefficient
at the input port of the 7 mm Beatty Standard. The
bandwidth used in this measurement is 18 GHz.
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Inverse FFl_ of 801 measurements of the reflection coefficient
at the input port of the 7 mm Beatty Standard. The
bandwidth used in this measurement is 2 GHz.
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Amplitude optimized objective function constructed from 801
reflection coefficient measurements of the 7 mm Beatty
Standard using a bandwidth of 18 GHz.
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Amplitude optimized objective function constructed from 801
reflection coefficient measurements of the 7 mm Beatty
Standard using a bandwidth of 2 GHz.
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Fig. 6. Microwave reflectometer test apparatus.
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Fig. 7. Normalized Inverse FFT of 801 measurements of the
reflection coefficient at the input port of the test apparatus.
The bandwidth used in this measurement is 4 GHz, and the
target range is 12.125”.
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Fig. 8. Amplitude optimized objective function constructed from 801

reflection coefficient measurements of the test apparatus
using a bandwidth of 4 GHz. The target range is 12.125”.
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Fig. 9. Normalized Inverse FFT of 101 measurements of the
reflection coefficient at the input port of the test apparatus.
The bandwidth used in this measurement is 500 MHz, and
the target range is 12.125”.
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Amplitude optimized objective function constructed from
101 reflection coefficient measurements of the test
apparatus using a bandwidth of 500 MHz. The target
range is 12.125”.
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Fig. 11

2 4 6 8 10 12

Normalized Inverse FIT of 101 measurements of the
reflection coefficient at the input port of the test
apparatus. The bandwidth used in this measurement is
500 MHz, and the target range is 2.375”.
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Amplitude optimized objective function constructed from
101 reflection coefficient measurements of the test
apparatus using a bandwidth of 500 MHz. The target
range is 2.375”.


