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Abstract—In this work, the approach of ultra-wide band
pulses synthesizing is proposed using a broadband low-cost log-
periodic dipole antenna and a vector network analyzer.
Synthesis of UWB pulse (duration of 2.2ns) became possible due
to minimization of antenna dispersion by compensation of
amplitude and phase-frequency distortions introduced by the
antenna into radiated and received pulse. The method had been
developed for a down-looking antenna in a monostatic radar
configuration. The antenna return loss was calculated using the
model of two-port linear network with S-parameters. To
calibrate the model, an original amplitude-phase method was
proposed that requires measuring the antenna's return loss
when the antenna is located only at several heights above the
reflecting surface (metal sheet). In this case, the antenna return
loss in an empty room does not need to be measured. The
proposed method for synthesizing UWB pulses does not require
changes in the design of the antenna and can be implemented as
an additional software calibration of the antenna-feeder path.
The proposed method of UWB pulses synthesizing can be
implemented wusing miniature, low-cost vector network
analyzers for environment remote sensing from unmanned
aerial vehicle using the UWB impulses.

Keywords—Microwave remote sensing, log-periodic dipole
antenna, calibration antenna, complex antenna transfer function,
ultra-wide band impulse, radiation and receiving impulse

I. INTRODUCTION

With the development and use of ground penetration radar
systems on lightweight unmanned aerial vehicle (UAV)
platforms are concerned very recent promising advances
regarding soil moisture mapping [1] and landmine detection
[2]-[4]. Most often as miniaturized UAV radar systems uses
the commercially available [5] or specially manufactured [2],
portable stepped-frequency continuous-wave (SFCW) radars.
These modern portable SFCW radars have compact size, high
signal-to-noise ratio, the efficient use of power and sampling
with a low-cost analog to digital converter (in comparison
with pulsed radars) [6]. However, one of the significant
disadvantages of SFCW is the low switching speed between
frequencies (limited by the frequency synthesizers, which
need a certain time to lock a frequency) [2]. The time
measurement at one frequency (dwell time) of modern
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compact SFCW radars is in the range of ~ 100-200 us [5], [6],
and the total number of frequency samples depends on the
width of radiation spectrum and the duration of sweep in the
time domain. Due to the finite dwell time during scans of
frequencies, significant changes in the reflective properties of
the radar footprint area can occur as an UAV moves. As a
result, the coherence conditions between transmitted
(received) signals at different frequencies during scanning can
be violated, which can increase the sidelobes level in a time-
domain or almost destroy the signal. The limitation can be
solved: 1) in the hardware by adding parallel frequency
synthesizers, ii) lowering the number of frequency steps, but
this would increase the level of impulse sidelobes in time-
base.

The unevenness of amplitude and phase-frequency
characteristics of the radar's antennas are additional distortions
in the spectrum of transmitted and received impulses
introduce. Mainly, broadband log-periodic dipole (LPD)
antennas, Vivaldi or Vivaldi-horn antennas are used as
transmitting and receiving antennas on UAVs. LPD antennas
have significant frequency dispersion of transfer function [7].
This phenomenon distorts a transmitted pulse (side lobes of
residual ringing appears [8]) even though the pulse spectrum
was limited to the passband of the antenna. Specially designed
Vivaldi-horn antennas for lightweight UAVs practically do
not have distortion of pulse response [9]. Nowadays Vivaldi-
horn antennas are widely used as radar antennas on UAVs [1]-
[4], [9], despite the larger construction volume and weight in
relation to LPD antenna (with the corresponding bandwidth).
At the same time, novel methods for designing LPD antennas
[7] and hardware components, implementing corrective time
delay circuits [10], [11] have been developed. These
approaches significantly reduce the distortion of the pulse
response of LPD antennas.

In contrast to the existing approaches, this work proposes
a software-defined correction of amplitude and phase-
frequency responses of conventional LPD antenna (that was
used on UAV radar [8]). The proposed approach of UWB
pulses synthesizing is close to the ideas described in [12], [13].
However, in [12], a nondispersive antenna was used, and the
amplitude and phase-frequency responses of the antenna were
not corrected. In [13], a train of 4 radio pulses was used to
synthesize a nanosecond video impulse using a broadband
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dipole antenna. The amplitude and the phase of the video
impulses were corrected employing hardware in four channels
to eliminate the unevenness of the frequency response of
antenna system.

II. MODEL OF TRANSMITTER-RECEIVER ANTENNA AND
CALIBRATION METHOD

A. Model of Transmitter-Receiver Antenna

Let the LPDA antenna be placed in the air over the half-
space in a monostatic radar configuration. The form of LPD
antenna is a trapezoid with a height, large and small base of
233mm, 285mm and 95mm, respectively. Maximum of the
LPD antenna pattern is oriented to nadir. The vertical position
of the antenna is determined by the distance, d, between the
flat interface (air and half-space) and the bottom end of the
LPD antenna. Then, the position of the antenna phase center,
h, (averaged over some frequency range) will be
characterized by a value of h=d+A. The vector network
analyzer (VNA) assumed as an ideal SFCW radar was
connected through coaxial cable to the antenna. In such
configuration measured reflection coefficient, r(f, d,A), in
some VNA calibration reference plane, can be described by
the model of two-port linear network with S-parameters [14],
[15]:

G(f,dA)H(f)
1-S22(FG(F.dA)

r(f,d,A) =7 (f) + 6]

where 7y (f) is the return loss of the antenna in free space
(empty room), f'is the wave frequency, H(f) is the two-way
(in the bistatic configuration) complex antenna transfer
function (CATF), Sy, is the return loss of the wave, passing
the cross-section of the antenna through the point of phase
center from the side of main lobe, G(f,d,A) is the transfer
function of the complex amplitude of a spherical wave, which
propagates from a cross-section of the antenna in the point of
phase center through free space and reflected back off the
half-space. Transfer function G (f, d, A ) in the model (1), can
be presented in the form of:

G(f,d,A) =R(Hg(f,d,A),
1 otribi@rs) )

g(f,d,A) =~

4 2(d+4)

Where g(f,d,A) is the scalar Green’s function in free space
[16], R(f) is the Fresnel reflection coefficient from half-space,
c is the velocity of light in vacuum. Unlike the calibration
process [15], here for the model (1)-(2), the spherical
divergence of the wave front of the radiated and received
wave will take into account using the scalar Green's function.
On the other hand, neglect the constants related to the
amplitude of point source, the model (2) corresponds to the
exact analytical expression for Green's functions of a
horizontal electric dipole above dielectric half-space, derived
in the far-field approximation [17] (which is always take
place for UAV flight altitudes). Such simplification of the
exact analytical expression of Green's function allows
proposing an amplitude-phase method for the calibration of
model parameters (1) - (2), original concerning works [14],
[15].

B. Method of Antenna Calibration

It will be assumed that the condition S22=0 is met. Next,
the reflection coefficients n, =r(f,d,,A) and 71 =
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r(f,d;, A) are measured at some heights of d,, and dj, above
flat metal surface, where m=1,..., L, I=1,..., L (m #1). L is the
total number of heights. Then, from the reduced ratio of
reflection coefficients:

_rCad) () _ dmtd paniladm) (3

M (fdmd)=10(f) — di+A

the estimation of the reflection coefficient in “empty room”
1o = r(f, d—m, A) can be obtained:

roth(f; dl' dm' A) — T(fvder)—OﬂlmT(f'dm'A). 4)

1-oym

From the difference in reflection coefficients r(f, d;, A) and
r(f,dn A), the estimation of CATF can be obtained:

th _ r(f,dpA)-r(f,dmA)
H (fr dy, d, A) T 7 expiko(di+D)) _ expiko(dmtA)” (%)
2(d;+A) 2(dm+4)

In Equations (3)-(5), the values of r(f,d;A) and
r(f,dyn,A) must be interpreted as measured reflection
coefficients r™¢*(f,d;) and r™°*(f,d,,) at the
corresponding heights. Equations (4) and (5) make it possible
to determine the spectrum of return loss (in empty room) and
CATF from two measurements of reflection coefficients at
some two different heights d,, and d; of antenna. However,
firstly, the position of antenna phase center, /4, above the
metal sheet is unknown, and the value of A needs to be
determined.  Secondly, the r¢*(f, d;, d,,,A) and
H*™"(f,d;, dy, A) values found for the different pair of
heights (d;, d,,,) will differ. The A value can be determined in
the course of minimizing the residual norm of the F(A)
between the measured r™*(f,d;) and calculated
r"(f,d;,A) values of reflection coefficients at
corresponding heights of d;:

F(A) = Xie, Xplr™e®(f, dy) — v (f,d, A)| - (6)
rth(f,d;, A) =< r{"(f,A) > — g(f,d, A) < H(f,A) >

<rfhray> _ 1 o " (f.ddmA)
<HM(F0)> T La-D 0 HR(F dydma)

m

where < r{"(f,A) > and < H**(f,A) > are the average
return loss (in empty room) and CATF, calculated for all
possible combinations of different antenna heights.

III. RESULT AND DISCUSSION

A. Retrieved Spectrum of Return Loss and Transfer
Sfunction of the antenna

In order to calibrate the antenna parameters, the
experiment was carried out for [L=6 antenna

heights: d =(0.399m, 0.446m, 0.490m, 0.670m, 0.780m,
0.846m) above metal sheets (2m x 2m) (see Fig. 1). (These
heights were measured relative to the bottom edge of the
antenna.) Measurements of the reflection coefficients were
performed using Agilent FieldFox 9927A vector network
analyzer (VNA) over a frequency range from 400 MHz to 1.1
GHz. The VNA was connected via a 6m long coaxial cable
to the LPD antenna. Before taking measurements, the VNA
was warmed up for 30 minutes, and then calibrated using a
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mechanical kit (Agilent 85518 A Full 2-Port Calibrator, Type-
N-50 Ohm).

Fig. 1. Appearance of the laboratory radar stand, in which the experiment
was carried out.

In accordance with the above methodology, the
minimization problem (6) was solved using the Levenberg-
Marquardt algorithm [18]. Values of A, the functions of
average return loss (in empty room) and CATF (see Fig. 2)
were found.
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Fig. 2. Amplitude and phase of the measured and retrieved return loss, as
well as the retrieved complex antenna transfer function, using the proposed
method.

The phase center of the antenna is displaced from bottom
edge towards the geometrical antenna center on average of
A=10.1 cm in the frequency range from 0.4 to 1.1 GHz. Root-
mean square error (RMSE) and coefficient of determination
(R?) between found |<7"(f,A)>]| and measured
[rg™¢%5 ()| absolute values of reflection coefficients (in an
empty room) are appeared to be RMSE=0.73dB, R?=0.983
(see Fig. 2). Root-mean square error and coefficient of
determination between found arg(< r¢*(f,A)>) and
measured arg (r§"¢**(f )) phases of reflection coefficients
(in an empty room) are appeared to be RMSE=0.06 rad,
R2=0.999 (see Fig. 2).

B. Application of Calibrated Model of LPD Antenna for
Synthesizing UWB Pulses

The performed antenna calibration makes it possible to
eliminate the distortions introduced by the antenna into the
spectrum of radiated and received UWB pulses using
amplitude and phase corrections of CATF < H™'(f,A) >.
Based on the model (1) - (2) and the Fourier transform, it is
possible to obtain an expression for calculating the analytical
signal $(t, d;) of UWB pulse, which is synthesized using the
LPD antenna:

fmax dfe—27ift

S(t, dl) = ffmin h s (7)
{rmeas(f.ap-<r§"(f.0)>}wa ()

where ¢ is the time, fmin and fmax are the minimum and

maximum frequency in the spectrum of synthesized UWB

pulse, Wa(f)z%’ K,(f) is the spectrum of

Chebyshev window function, o is the pulsation level (in dB)
outside the window bandwidth of K,(f). The Chebyshev
window function [19] was used to ensure the minimum
duration of the synthesized pulses (for a given spectrum
width) and to reduce the pulsation level relative to the main
part of the pulse. Integral (7) was calculated using the Gauss
interpolation quadrature formula [20]. The integration
interval was divided into 40 segments, on each of which the
Gaussian quadrature with 24 nodes were applied [20]. This
number of partitions provided an absolute error in the
calculation of the integral (7) in the time interval from 0 to
200 ns no worse than 1072, Finally, the time shape s(t, d;) and
the upper envelope s%(¢, d;) of the synthesized UWB pulse
were calculated based on the formulas:

S(t, dl) = 2Re S(t, dl)’ Sa(t, dl) = 2|S(t, dl)l (8)

Numerical-analytical expressions (7)-(8) implement the
method of synthesizing UWB pulses with correction of
amplitude and phase frequency-response of the antenna.

As an example, Fig. 3 shows the time shapes of pulses
calculated on the basis of formulas (7)-(8) with and without
(W,(f) = 1) correction of the antenna frequency-response.
The ripple level outside the passband f,:,,=0.4 GHz up to
fmax=1.1 GHz of the Chebyshev window function K was set
equal to 30 dB. The duration of the synthesized UWB pulse
using the LPD antenna and the proposed method appeared to
be of 2.2 ns (see Fig. 3) (at the level of half the amplitude of
the pulse envelope). The noise level outside the main part of
the pulse is about -30dB (t>20ns). The correction of antenna
frequency-response makes it possible to reduce the duration
of the synthesized UWB pulse by more than 4.4 times
compared to the radio pulse formed without correction (see
Fig. 3). The arrival times of the first and second impulses (see
Fig. 3, red and blue curves, respectively) are 3.25 ns and 5.63
ns. The time delay between arrivals of these UWB pulses is
2.38 ns. The height difference estimate calculated from the
time delay of 2.38 ns is 0.357 m. This estimate, with an error
of 1 mm, describes the difference in the heights of the antenna
position when receiving the first and second pulses (see Fig.
3, red and blue curves, respectively). This good agreement
found additionally indicates the efficiency of the proposed
method.
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Fig. 3. Impulses radiated and received by the antenna with and without the

antenna frequency-response correction.

IV. CONCLUSION

In this paper, using a vector network analyzer and a
transmit-receive broadband log-periodic antenna with a
bandwidth from 435 MHz to 1.0 GHz (at -15 dB level), a
method for synthesizing of UWB pulse with a duration of 2.2
ns is proposed (according to the level of half the amplitude of
the envelope.) The correction of frequency-response of
antenna, using measured complex antenna transfer function,
makes it possible to reduce the duration of the synthesized
UWB pulse by more than 4.4 times compared to the radio
pulse generated without correction. The proposed method for
synthesizing UWB pulses does not require changes in the
design of the antennas and can be implemented as an
additional software calibration of the antenna-feeder path.
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