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SYNTHESIS OF AN ULTRA-WIDEBAND PULSE BY A LOG-PERIODIC
ANTENNA WITH CONTINUOUS EXCITATION BY HARMONIC OSCILLATIONS

K. V. Muzalevsky * UDC 520.272.2

We propose a method for synthesizing ultra-wideband pulses using a vector network analyzer and
a wideband transceiving log-periodic antenna. The transfer characteristic of the antenna-feeder
transmission line of the system is described by the model of a two-port network whose S-matriz
elements are calibrated for at least two heights of the antenna above the reflecting surface (metal
plate). The proposed method of calibrating the transfer characteristic of a log-periodic antenna
allows one to minimize the amplitude- and phase-frequency distortions, which are introduced to the
sensing pulse by the antenna. Employing the developed method, we experimentally demonstrate a
possibility of synthesizing an ultra-wideband pulse with a duration of 0.46 ns at the level of half
amplitude of the envelope (when the pulse contains several field oscillations) using a log-periodic
antenna with a passband of 1.36 to 4.88 GHz (at the level —10 dB). This method is specially
developed for creating miniature radar systems using portable vector network analyzers and log-
periodic antennas for applications to remote sensing of an underlying surface by ultra-wideband
pulses from small-size unmanned aerial vehicles.

1. INTRODUCTION

Using ultra-wideband pulse signals along with the methods of georadar subsurface sensing and an-
tenna aperture synthesis [1-3| is a promising new direction of radar sensing of the soil humidity [4, 5| and
conductivity [6], soil-surface deformations (by radar-interferometry techniques [7]), thickness and density of
the snow cover |8, 9], possible minefields [3, 10-12|, and topsoil thickness [13] from the platforms of small-size
unmanned aerial vehicles (UAVs).

Small-size UAVs mainly use Vivaldi antennas [8, 11, 14], combined Vivaldi horn antennas [1, 2, 5,
10], and log-periodic antennas (LPAs) [2, 15-17| as transmitting and receiving ultra-wideband megahertz
antennas. As distinct from the Vivaldi antennas and combined Vivaldi horn antennas, which allow one to
form an ultra-wideband pulse containing several field oscillations, the sensing pulse which is formed by a
log-periodic antenna is a radio pulse with a decreasing (in time) frequency of aperiodic oscillations of the high-
frequency filling [18-21]. Such a structure of the pulse is explained by the design features of the log-periodic
antenna in the form of a two-wire transmission line with coupled symmetric dipoles which are connected
to the line and resonate at various frequencies [22] (the high-frequency dipoles are excited earlier than the
low-frequency ones). As a result, the phase center of the antenna is displaced and one may observe a time
delay between high-frequency and low-frequency components of the pulse spectrum, which are radiated from
a log-periodic antenna [19-22|. The radio pulses, which are formed by a log-periodic antenna, contain many
periods of field oscillations [18-21] and are not optimal for the subsurface sensing of layered media [23, 24].
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At the same time, the developed new structures of the antennas, which are similar to a log-periodic
antennas using the linear law of variation in the resonant frequencies of the neighbor dipoles, are modified in
such a way that it is possible to synthesize an ultra-wideband pulse containing only a few field oscillations [19].
Additional delay circuits (delay lines) are also used to minimize the amplitude- and phase-frequency distor-
tions, which are brought to the sensing pulse [20, 25]. The methods for calibrating the phase-frequency
characteristic (PFC) of the antenna to compensate for the frequency dispersion of the location of the phase
center of a log-periodic antenna in the frequency band from 400 to 1200 MHz are proposed in [26]. In this
case, the nadir-looking monostatic radar method was used to measure the delay times of three pulses reflected
from the metal screen and synthesized by a log-periodic antenna using bandpass filters in the frequency ranges
500-750 MHz, 750-1000 MHz, and 1000-1200 MHz when the antenna was located at a fixed height above
the metal screen. The measured time delays of the reflected pulses were recalculated for the apparent heights
of the antenna locations above the metal plate. The obtained values of the apparent heights were used to
estimate the displacement of the location of the antenna phase center as a function of frequency [26].

As distinct from the existing approaches, this work offers an original method of using a log-periodic
antenna for forming an ultra-wideband pulse containing several field oscillations with realization of the ideas
developed in [27, 28|. In [27], an ultra-wideband antenna without a considerable PFC dispersion in the op-
erating frequency band (400-3440 MHz) was used and neither the amplitude-frequency characteristic (AFC)
nor the PFC were subject to correction. In [28], a nanosecond video pulse was synthesized using a sequence
of four radio pulses at multiple frequencies whose amplitudes and the time delays were corrected to eliminate
the nonuniformities of the AFC and the PFC of the transceiving antenna system having the form of wideband
dipole antennas. The above analysis shows that the problem of the possibilities of forming the ultra-wideband
pulses by a log-periodic antenna using the methods of calibrating the antenna-feeder transmission line of the
system without introducing additional changes to the antenna design remains poorly studied.

2. MODEL AND METHOD OF TRANSCEIVING-ANTENNA CALIBRATION

To calibrate the transfer characteristic of a
transceiving log-periodic antenna [15], the monostatic
scheme of radar sensing is realized. The maximum of the
antenna pattern is oriented to nadir and the antenna is
placed at a certain height d, above the ground surface
(p=1,..., Ny, where Ny is the number of antenna loca-
tions in the measurements). The height d, corresponds
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—l4r to the location of the antenna phase center, which is av-
—18: eraged in a certain frequency range of the antenna pass-

B band. The antenna-feeder line is represented as a two-part
99l network [29, 30] whose S-matrix elements ensure relation

between the complex amplitudes of the incident and re-
|1 ' |2 ' il)) ' ll ' |5 7. IGle flected waves in the plane of input connection of the an-
tenna. The vector network analyzer is used as a generating
and recording unit. In this case, the coefficient r(f,d,) of
reflection from the antenna, which is measured by the an-
alyzer in the calibration plane (which coincides with the
plane of the input connection of the antenna) can be written in the form [29, 30|

G(f.dp)H(f)
1 — Sa(f)G(f,dp)’

where ro(f) is the coefficient of reflection from the antenna if it is located in free space (see Fig. 1), f is the
electromagnetic-field frequency, H(f) is the complex transfer function of the antenna, Sog is the coefficient

Fig. 1. Coefficient of reflection from a log-periodic
antenna located in free space (fmin = 1.36 GHz
and fiax = 4.88 GHz).

r(fydp) =ro(f) + (1)
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of reflection of a wave (toward the directed radiation of the antenna) from the plane crossing the antenna
phase center, and G(f,d)) is the transfer function of the sounded half-space with the point source located
at the height d, above the air-medium plane interface. The transfer function G(f,dp) in model (1) can be

written as follows:
1 exp(4mifd,/c)

GUfody) = RN ). o(fdy) =, 0TI, @

where i is the imaginary unit, g(f,dp) is the three-dimensional scalar Green’s function [31, 32|, R(f) is the
Fresnel reflection coefficient of a plane wave which is normally incident on the air—soil interface, and c is the
light speed in free space.

As distinct from the antenna-calibration process [29, 30|, the spherical divergence of the wave front
of the radiated and received waves in the model described by Eqgs. (1) and (2) is taken into account using
the scalar Green’s function g(f,d,). On the other hand, if the constants related to the amplitude of a point
source are neglected, model (2) corresponds to the exact analytical expression for the Green’s function of the
horizontal electric dipole located at the height d, above the dielectric half-space, which was obtained in the
far zone |20, 33] (the far-zone conditions are always satisfied for the UAV flight height). Such a simplification
of an exact analytical expression of the Green’s function allows one to propose an original (with respect
to [29, 30]) method for calibrating the parameters of the model of Egs. (1) and (2).

If a log-periodic antenna is located in free space (G(f,d,) = 0 for d,, — 00), it is possible to measure
the reflection coefficient ro(f). For brevity, we denote it as 9. In this work, ry was measured on a large
street area with the antenna located at a height of several meters above the ground with short grass so
that the antenna-pattern maximum was oriented to the zenith. Then, measuring the reflection coefficients
r1 = r(f,dy) and ro = r(f,ds) for two arbitrary locations with the heights dy and dy of the antenna phase
center above the metal screen, one can obtain the expression for the ratio of reduced reflection coefficients
in the form p

Ajp = o _ @ exp[dn fi(de — d1)/c]. (3)
ro—ro d1
When deriving Eq. (3), we neglected the wave re-reflection between the antenna and the sounded half-space
and assumed that Soa ~ 0 in Eq. (1). Equation (3) is independent of neither the transfer function H(f),
nor the reflection coefficient R(f), which allows us to determine d; and dy from the solution of the system
of nonlinear equations

da/dy = |A12], do —dy = arg Aqa, (4)

c
dn f
where |Aj2| and arg A1y are the absolute value and the phase of the ratio of reduced reflection coefficients (3),
respectively.

In this work, d2/d; and dy —d; are estimated on the average for the entire operating frequency range of
the log-periodic antenna. After finding the difference ds —dj, the absolute (unwrapped) phase carg Aqa/(4m)
was calculated. The remaining unknown transfer function H(f) is obtained from Eqs. (1) and (2) as

Hl(f)+H2(f) 1T — T o — T
H(f)= , H = , H = 5
if R(f) = —1 in Eq. (2). To estimate the mean values and the confidence intervals of variations of the

quantities H(f) and dp in Egs. (1) and (2), the reflection coefficient r(f,d,) was measured for a set of
various antenna-location heights d, above the metal screen. Using the pairwise combination of the measured
reflection coefficients r, and r; at the kth and jth heights, respectively, the obtained systems of Egs. (3)—(5)
can yield the mean values of the locations of the antenna-phase centers and the mean value of the complex
transfer function H(f).
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Fig.2. The absolute value |Ay;| (a) and the absolute phase ¢/(47)arg Ay; (b) of the ratio of the reduced
reflection coefficients measured at the heights ; (hg = 0.31 m, hg = 0.391 m, hy = 0.475 m, hs = 0.54 m,
hg = 0.604 m, hy = 0.678 m, hg = 0.757 m, hg = 0.83 m, and hjp = 0.932 m) with respect to the height
h1 = 0.26 m. The solid and the dashed lines on panel a correspond to the measurements and the mean values,
respectively, and the markers and the solid lines on panel b correspond to the measurements and the linear
regression, respectively. The numbers of the curves correspond to the number of the height h;

3. TRANSCEIVING ANTENNA CALIBRATION PROCEDURE

The coefficient of reflection from the antenna was measured in the frequency range from 1 to 5 GHz
using a vector network analyzer “Agilent FieldFox 9927A,” which was connected to the log-periodic antenna
by an N-SMA coaxial junction and a 20 cm-long coaxial cable. Before the measurements, the analyzer was
warmed up for 30 min and then it was calibrated using the mechanical set (complete two-port calibrator
“Agilent 85518A” of the type-N50€2). As an example, Fig. 2 shows the absolute value |A1;| and the absolute
(unwrapped) phase carg Ay;/(4m) of the ratio of reduced reflection coefficients, which were measured at
the heights ds, ..., d1o with respect to the height d;. The corresponding heights h; of the antenna location
with respect to its lower edge were equal to 0.260, 0.310, 0.391, 0.475, 0.540, 0.604, 0.678, 0.757, 0.830, and
0.932 m for j =1,..., 10, respectively.

In accordance with the proposed method, the mean values of the locations of the antenna phase centers
d, and dj, where k,j = 1,...,10 (see Fig 3) were obtained for all possible combinations of nonrecurrent pairs
(k # j) of the reflection coefficients 7}, and r;, which were measured for the corresponding antenna-location
heights hy and h;. In the medium frequency range from 2.0 to 4.5 GHz, the phase center of the antenna
is displaced from the front edge of the antenna (from the side of the directed radiation) over the distance
4.0 £ 0.6 cm to the antenna center (see Fig.3). The corresponding value of H;(f) was obtained for each
measured reflection coefficient 7; on the basis of Eq. (5) using the obtained heights of the locations d; of
the antenna phase centers. As a result, the magnitude [(H(f))| of the mean value of the complex transfer
function H(f) of the antenna and the mean value (arg H(f)) of the absolute phase of this function were
estimated (see Fig.4). At the boundaries of the antenna passband (1.36-4.88 GHz), the quantity of |(H(f))|
significantly decreases with increasing coefficient |ro(f)| of reflection from the antenna (and vice versa). In
this case, the regions of the local minima of |(H(f))| and the local maxima of |ro(f)| coincide. To equalize
the AFC and the PFC of the transceiving log-periodic antenna when synthesizing the ultra-wideband pulses,
the inverse-filtering method [28, 34|, which ensured the maximum of the ratio of the signal to the root-mean-
square value of noise, is used:

Ka(f)
(H(f)) ©)

where K, (f) is the spectrum of the function of the Chebyshev window and « is the pulsation level (in dB)

Wa(f) =
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Fig.3. The height d of location of the antenna
phase center above the metal plate as a func-
tion of the distances h from the metal plate to
the lower edge of the antenna. The markers cor-
respond to the measured values of d, and the
heights h;,, where p = 1,...,10 (the confidence
intervals 95% are also shown) and the dotted line
denotes the linear regression with the equation
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Fig.4. The magnitude [(H(f))| of the mean value
of the complex transfer function of the transceiving
antenna [(H(f))| and the mean value (arg H(f))
of the absolute phase of this function. The gray
color is used to denote the confidence intervals
(95%). The absolute value |ro(f)| of the coeffi-
cient of reflection from the antenna located in free
space |ro(f)] is also shown.

d[m] = (0.040 £ 0.006) + (0.986 = 0.010)A[m].
The coefficient of determination of the linear re-
gression is R? = 0.999 and the standard deviation
isSD=6.9-10"3m

beyond the passband of K, (f). The function of the Chebyshev window [35] was used to ensure the minimum
duration of the synthesized pulses (for the specified spectrum width) and decrease the noise level with respect
to the main part of the pulse.

4. USING THE METHOD OF CALIBRATION OF A LOG-PERIODIC ANTENNA
FOR SYNTHESIZING ULTRA-WIDEBAND PULSES. DISCUSSION OF EXPERIMENTAL
RESULTS

The performed antenna calibration allows one to eliminate distortions, which are introduced by the
antenna to the spectrum of the emitted and received ultra-wideband pulses, using the amplitude and the
phase correction and the complex transfer function (H(f)). Employing the model dedscribed by Egs. (1)
and (2) and the Fourier transform, one can obtain an expression for calculating the signal 5(t,d,) of the
ultra-wideband pulse, which is synthesized using a log-periodic antenna:

f max

/ exp(—=2ri fO)[r(f, dp) — ro(f)] Walf) df, (7)
Smin

5(t,dp) =

where t is the time, and fupin and fipax are the minimum and maximum frequencies in the spectrum of the
synthesized ultra-wideband pulse, respectively. Integral (7) was evaluated using the interpolation Gaussian
quadrature [36]. In this case, the integration interval was splitted into 20 segments such that the Gaussian
quadrature with 24 nodes was used on each segment [36]. This partitioning number ensured an absolute
error of evaluating integral (7) in the time interval from 0 to 20 ns at a level not exceeding 10~2. Finally,
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Fig.5. The time waveforms (the thin lines) and the envelopes (the thick lines) of the sensing pulses before (red
lines) and after (blue lines) the correction of the AFC and PFC of a log-periodic antenna. The waveforms are
normalized to the maxima of the amplitudes of the envelopes of the corresponding pulses.

the time waveform s(t,d,) and the upper envelope s*(¢,d,) of the synthesized ultra-wideband pulse can be
calculated as follows:
i(t.dy) = 2Red(t.dy),  s(tdy) = 23(t,dy). (8)

Equations (7) and (8) realize the method of synthesis of the ultra-wideband pulses with correction of the
AFC and the PFC of the antenna.

To test the above-proposed method of synthesizing ultra-wideband pulses, we measured the coefficient
r(f,dp) of reflection from a layer of air-dried sand with a thickness of 23.5 cm, which was located on a metal
plate in cases where the sand layer was covered or uncovered by the metal plate (1.5 x 1.5 m). Sand with
the volume humidity 1-2% and the density 1.46 g/cm® was placed in a square wooden box with sides of
about 2 m. When sounding to nadir, the lower end of the antenna was located at various heights above the
air—sand or air-metal screen interface.

As an example, Fig. 5 shows the time waveforms of the pulses s(¢,d; = 0.3m) and s*(¢,d; = 0.3m),
which are calculated on the basis of Egs. (6)—(8) with and without correction (W, (f) = 1) of the antenna
AFC and PFC. When calculating the Chebyshev-window function K,(w), the pulsation level outside the
passband from fun = 1.36 GHz to fiax = 4.88 GHz was o = —55 dB. The duration of the synthesized
ultra-wideband pulse using a log-periodic antenna and the developed method was 0.46 ns (for the level of half
amplitude of the pulse envelope) for the noise level about —40 dB outside the main part of the pulse. Using
the correction of the antenna AFC and PFC allows one to more than a factor of five reduce the duration
of the synthesized ultra-wideband pulse compared with a radio pulse, which is formed without correction
(see Fig.5). The time waveforms of the envelopes of the ultra-wideband pulses synthesized on the basis of
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the developed method, which are reflected from a sand $(t, dy=0.515 m), rel. un.
layer and a sand layer covered by a metal plate, are shown

in Fig.6 (the antenna-location height is dy = 0.515 m). —10
The arrival times of the ultra-wideband pulses, which _20-
are reflected from the air-metal screen interface (Fig.6, i
curve 1) and air-sand interface (Fig.6, curve 2) are al- —30
most equal to 2.95+0.01 ns. The arrival time of the ultra-

wideband pulse, which is reflected from the lower bound- —40
ary of the sand layer (Fig.6; curve &), equals 6.00 ns.
The refractive-index value 1.82, which is calculated us-
ing the pulse-propagation time At = 3.05 ns inside the
sand layer with its known thickness, turned out to be |
close to the sand refractive index 1.74 measured by the —70 |
coaxial-waveguide method [37] at the center frequency of 0 2 4 6 8 tms
the sensing pulse. The good agreement of these estimates Fig.6. The envelopes of the pulses reflected from a
also confirms the efficiency of the proposed method of syn-  sand layer covered by a metal plate (1) and without
thesis of ultra-wideband pulses. a metal plate (2 and 3).

-50

—60

5. CONCLUSIONS

In this work, a method for synthesizing an ultra-wideband pulse with a duration of 0.46 ns (at the
level of half amplitude of the envelope ), which contains one and a half periods of the field oscillation,
has been developed using a vector circuit analyzer and a transceiving wideband log-periodic antenna with
a passband from 1.36 to 4.88 GHz (at the level —10 dB). The proposed method for synthesizing ultra-
wideband pulses does not require modifications in the log-periodic antenna design and can be realized in the
form of an additional software calibration of the antenna-feeder transmission line. The method can be used
for applications to remote sensing of the underlying surface by ultra-wideband pulses from small-size UAVs
using portable vector network analyzers similar to those considered in [38].

This work was supported by the Russian Science Foundation and the Krasnoyarsk Regional Science
Foundation (project No.22-17-20042).
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