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Abstract
Low-frequency signals can be used in target detection and geological exploration, but the large antenna
sizes limit their applications. Hence, it is signi�cant to investigate the low-frequency signal generation
method based on antennas with appropriate sizes. Different from mechanical antenna methods, previous
work of this paper proposes a novel low-frequency signal generation method in space on the basis of
Doppler effect, and designs the high-frequency electric antenna staggered array and timing sequency of
the periodic pulse train signal. In this paper, 8-element short-array and 64-element long-array experimental
prototypes are proposed, and the 121.35 MHz signal is composed of 156 MHz radiating element signals.
Experimental results show that the measured composite signal spectrums are similar to the simulations
and physically verify the feasibility of the low-frequency signal generation method based on the high-
frequency electric antenna array, which is valuable in the area of low-frequency signal generation with
small antennas.

Introduction
In order to radiate electromagnetic waves e�ciently, size of the traditional antenna must reach 1/4
wavelength of the signal, which limits the application of low-frequency (LF) electromagnetic waves.
Research of the LF/ very-low-frequency (VLF) signal generation method based on high-frequency
antennas with appropriate sizes is valuable in target detection1,2 and geological exploration3,4.

With acoustic excitation or mechanical drive mechanical antennas adopted, Reference 5,6,7 studies the
LF signal generation meth-od based on the principle of magnetoelectric coupling. The method decreases
the size of the LF signal antenna and enables low-frequency wireless communication systems and radars
to be applied to mobile platforms. Compared with the mechanical antenna method, previous work of this
paper uses electric antennas and proposes a novel LF signal generation method in space based on the
high-frequency antenna array.

The LF signal generation method based on the antenna array is proposed in Reference 8, and the
simulation of 400 MHz signal, which is composed of 1 GHz radiating element signals (RE signal) and the
100 m array, is presented. The method generates signals with different frequency in various directions
and makes it possible to detect targets with the multiband antenna array9. In further research, Reference
10 combines the staggered array and the periodic pulse train signal, proposes the method of generating
VLF signals and gives simulations of 10 kHz signals generated by 100 MHz RE signals. Other than the
transient electromagnetic scattering method11, this method provides a new idea of geological exploration
with movable platforms.

The principle, method and characteristics of the method are as follows.

Principle of frequency conversion: according to Doppler effect12, when the radar moves away from
the target at the velocity close to light speed and the signal is received in the stationary target area,
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the frequency of the receiving signal decreases and the pulse width broadens.

The physical method: the array structure is adopted to emulate the receiving signal when the radar
leaves at near-light speed, the large array structure makes near-light motion of the radar possible,
and the LF/VLF signal is composed in space.

Improvement of composite signal performance: multiple arrays are used to reduce the spacing of
radiating elements, the RE signal is designed as periodic pulse train signal, and the rest period of the
signal is �lled by the broadened pulse, which contribute to generation of LF /VLF signal and reduce
the impact of harmonics.

The nonlinear and wideband system: considering the frequency and pulse width conversion, the
process of LF/VLF signal generation is non-linear and wideband.

Reference 8,10 complete the theoretical analysis and computer simulation, and the validity of the
methods need to be proved through physical experiments. As a continuation of the work in Reference 10,
on the basis of the staggered array structure and the periodic pulse train signal, the experimental
prototype and scheme of generating the 121.35 MHz signal with 156 MHz RE signals are designed in this
paper, and the 8-element short-array and 64-element long-array experiments are introduced. The
experimental results verify the feasibility of the proposed method physically and are likely to promote the
development of LF signal generation method based on small antennas.

Methods

Principle, method and previous work
According to Doppler effect, when the radar moves away from the stationary receiving antenna, the
frequency of the receiving signal decreases and the pulse broadens. Equations of frequency , doppler
frequency  and pulse width of the receiving signal are illustrated as follows.

1

2

3

fr
fd τr

fr = √(c − v)/ (c + v)f0

fd = fr − f0 = [√(c − v)/ (c + v) − 1] f0

τr = √(c + v)/ (c − v)τ0
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where  and  are frequency and pulse width of the radar signal,  and are velocities of the radar and
light.

Reference 8 enables the composite signal of the antenna array to be equivalent to the receiving signal
when the radar leaves through setting waveform, phase and time series of RE signals. Figure 1(a) shows
the discrete process of the radar moving and emitting signal. The initial distance between the receiving
antenna and the radar is , the radar moves away from the receiving antenna at the speed of , and the
process is decomposed by time interval . Figure 1(b) introduces the equivalent antenna array: the
radiating element spacing is , radiating elements from the near end to the far end of the array
transmit signals at time interval  sequentially, and initial phases of RE signals are set speci�cally. With
time interval smaller than carrier period of RE signal, the composite signal in space is modulated
multiple times in a carrier period, thus the LF signal is generated.

On the basis of Reference 8, the staggered array and periodic pulse train signal are proposed in Reference
10.

Structure of the staggered array is shown in Fig. 1(c), where  is the carrier wavelength of the RE signal,
and  is radiating element spacing. Compared with the traditional antenna array, which limits radiating
element spacing with half-wavelength of the carrier, the staggered array reduces radiating element
spacing through arranging multiple arrays. When radiating elements are small enough, multiple arrays
can form one antenna array. Through shortening element spacing, the staggered array reduces the time
interval and improves the performance of the composite signal.

Waveform of the periodic pulse train signal with 50% duty cycle is presented in Fig. 1(d), where  and
 are period and broadcast period of the signal. Bandwidth of the signal is determined by the pulse width,
and the initial phase of each pulse is set according to Doppler effect. Multiple carrier periods are included
in , and the signals in different broadcast period are the same. RE signal is the periodic pulse train
signal, the resting period of the signal can be �lled by the broadened pulse generated by the array, and the
pulse width of the composite signal can be increased through increasing the number of periods of the
signal, which lays foundation for generation of VLF signals.

As previous work of this paper, Reference 8,10 analyze and derive the principle and method of LF and VLF
signal generation under conditions of the antenna array and the staggered array respectively, and the
corresponding simulations are completed.

When the receiving antenna and the array form a 45° angle, 400 MHz LF composite signal based on 105
m antenna array and phase-modulated RE signals at 1 GHz carrier frequency is simulated in Reference 8,
10 kHz VLF composite signal generated by 120 m staggered array and RE signals at 100 MHz carrier
frequency is simulated in Reference 10. Parameters, such as peak sidelobe ratio (PSLR) and integral
sidelobe ratio (ISLR)13, are applied to evaluate the performance of the composite signal.
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vΔt
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The simulation parameters in Reference 8,10 are listed in Table 1, and simulation results are shown in
Fig. 2. It is necessary to explain that the emission signal in �gure is product of one RE signal and the
number of radiating elements. Due to the same spectrum of RE signals, the emission signal spectrum can
indicate the energy distribution of all RE signals in each frequency component. Random phase composite
signal is generated by RE signals with random phase, and its comparison with the composite signal
illustrates the necessity of RE signal phase setting.

System composition and equipment parameters
The scheme is divided into two parts, including 8-element short-array experiment and 64-element long-
array experiment.

Radiating elements are fed by the 8-channel digital module directly in the 8-element short-array
experiment. As displayed in Fig. 3(a), 1×8 power splitters, cables and the 8-channel digital module are
combined to feed the radiating elements in the 64-element long-array experiment, and the array structure
refers to the staggered array structure in Fig. 1(c).

The RE signals are generated by the digital module, which bases on an 8-channel Digital Analogue
Converter (DAC). The clock frequency of the 14-bit DAC is 1 GHz, the signal generation is controlled by the
server, the waveform is determined by the data stored in Random Access Memory (RAM), and channels of
the digital module work independently and circularly. Photos of the digital module, the server and
waveform of the signal output are presented in Fig. 3(b)-(c).

TX170 whip antenna is selected to be the radiating element. In the 8-element short-array experiment,
radiating elements are connected to the digital module by cables. In the 64-element long-array
experiment, radiating elements are connected to the 1×8 power splitter by cables, and length of cables
connecting to the same power splitter vary. In the direction along the array, a log-periodic antenna is set to
receive the composite signal, and the signal is analyzed by a spectrometer. Parameters of the
experimental equipment and the short/long-array experiment based on the 8-channel digital module are
listed in Table 2, where the equivalent radar speed and the frequency of the composite signal are
determined by the parameters of unequal-length cables.

Design and test results of unequal-length cables
Radiating elements in the antenna array emit periodic pulse train signals, and formulae of the signals are
illustrated in Reference 10. The delay and phase difference of signals emitted by adjacent radiating
elements are as follows.

4

Δt = d/v
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5

where is the number of radiating elements, and  is the radiating element serial
number.

In order to simplify the experimental prototype and feed 64 radiating elements with the 8-channel digital
module at the same time, radiating elements are divided into groups, with 8 radiating elements in a group.
On the foundation that each channel of the digital module generates one RE signal, whose phase and
delay are certain, unequal-length cables are applied to generate delay and phase changes for other RE
signals in the group14,15.

Supposing that the length difference between unequal-length cables connected to adjacent radiating
elements is , then the delay and phase change generated are

6

7

where  is relative dielectric constant of the medium and  is phase constant of the cable. Comparing
Eq. (4) to (7), equations can be formed. The , which determines the delay and phase change of the RE
signal, can be calculated.

Through calculation and simulation, within the constraints of the experimental conditions, it can be found
that the composite signal has good performance when = 0.683 m, the equivalent radar velocity is 

, and frequency of the composite signal is 121.35 MHz.

To make it convenient to connect power splitters and radiating elements, the shortest length of unequal-
length cable is 0.20 m, and parameters of unequal-length cables are shown in Table 3.

  

Δφ = φn+1 − φn = 2πf0√1 − (v/ c)
2
d/v
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Table 3
Parameters of unequal-length cables

Cable number Length /m Attenuation /dB Relative phase /rad Delay /ns

1 0.20 0.0735 0 0.95238

2 0.88 0.3232 -3.1093 4.1905

3 1.57 0.5767 0.1113 7.4762

4 2.25 0.8264 -2.9980 10.714

5 2.94 1.0799 0.2226 14.000

6 3.62 1.3296 -2.8867 17.238

7 4.30 1.5794 0.2872 20.476

8 4.99 1.8328 -2.7754 23.762

Power splitters and the digital module are connected with 8 m cables, and radiating elements are
connected to power splitters with unequal-length cables. With the experiment set up in spatial, time and
frequency domain, the time and phase accuracy of RE signals have a signi�cant in�uence on the
experimental result.

In order to test the transmission delay of cables and power splitters, 2 channels of the digital module are
set to emit signals, with channel 1 and 2 connected to the oscilloscope and the device to be tested
separately. The result is displayed in Table 4. According to the test, the average delay difference between
unequal-length cables is 3.258 ns. Compared with 3.252 ns ideal delay difference, the average delay error
is less than 0.01 ns (corresponding to 2.1 mm cable length error), and variation range of the delay error is
within ± 0.3ns. Thus, the transmission delay error of cables and power splitters has little in�uence on the
composite signal.
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Table 4
Transmission delay performance test

Device tested (Channel 0) Delay relative to
channel 1 / ns

Transmission
delay/ ns

Delay
difference/ ns

without cable 13.333 0 /

8 m cable 24.778 11.445 /

8 m cable, power splitter and
0.20 m cable

27.079 13.746 /

8 m cable, power splitter and
0.88 m cable

30.225 16.892 3.146

8 m cable, power splitter and
1.57 m cable

33.371 20.038 3.146

8 m cable, power splitter and
2.25 m cable

36.742 23.409 3.371

8 m cable, power splitter and
2.94 m cable

40.000 26.667 3.258

8 m cable, power splitter and
3.62 m cable

43.371 30.038 3.371

8 m cable, power splitter and
4.30 m cable

46.405 33.072 3.034

8 m cable, power splitter and
4.99 m cable

49.888 36.555 3.483

Simulation and analysis
According to the experimental parameters in Table 2 and Table 3, spectrums of the 121.35 MHz
composite signals based on the 8-element short array and 64-element long array in the direction along
the array are simulated respectively.

Simulation and analysis in the ideal case
The simulated composite signal spectrums based on the 8-element short array and 64-element long array
in the ideal case are shown in Fig. 4(a) and Fig. 4(c). Spectrum comparisons of the emission signals, the
composite signals and random phase composite signals are presented in Fig. 4(b) and Fig. 4(d), and
comparisons indicate that phase and delay of RE signals have signi�cance in the LF signal generation
process.

In the short-array experiment, with the short array, few radiating elements and close distance between the
receiving antenna and the array leading to increase of the carrier and harmonic component, the
simulation results show that the composite signal based on the short array can generate apparent low-
frequency component. Meanwhile, PSLR of the composite signal based on the long array is -14.8182 dB,
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ISLR is -6.9479 dB (83.20%), and the energy utilization ratio of the composite signal to the emission
signal is about 79.97%.

Simulation and analysis of error in�uence
Random errors and system errors exist in short/long-array experiment. Simulation and analysis indicate
that ± 0.5 cm spacing error, ± 1 ns delay error and ± 10° phase error of RE signals, and ± 0.05
normalization amplitude error (corresponding to -0.45dB to 0.42dB) have little in�uence on the composite
signal, when the errors above are random errors and distribute uniformly. In the process of the experiment,
parameter errors of the prototype can be controlled within the ranges above. Therefore, in�uence of
system errors is simulated and analyzed in this section.

The clock frequency and time resolution of the digital module is 1 GHz and 1 ns, and delay system error
may be caused, which is less than 1 ns and exists in the short/long-array experiment. In the long-array
experiment, power splitters and radiating elements are connected by cables, and they can lead to the
phase system error16,17. Due to the limitation of the experimental environment and power of the RE
signals, the receiving antenna is close to the antenna array, which makes the amplitudes of received RE
signals differ, and the performance of the composite signal is affected.

The simulated composite signal spectrums based on the short array and long array under the in�uence of
system errors are shown in Fig. 4(e) and Fig. 4(f). Figure 4(e) presents the composite signal spectrum
based on the short array when the receiving antenna is 6 m away from the array and 0.1 ns delay system
error exists. Figure 4 (f) shows the composite signal spectrum based on the long array when the receiving
antenna is 20 m away from the array with 0.1 ns delay system error and 30° phase system error existing.
After accumulation, the delay system error can reach 0.7 ns. Under the condition that system errors exist,
the simulation results indicate that delay system error has little effect on the composite signal of the
short array, while the simultaneous delay error and phase system error lead to the increase of carrier
component of the composite signal based on the long array.

The phase of the RE signal is designed according to the parameters when the receiving antenna is set in
the direction along the array. When the receiving antenna deviates from the direction along the array, the
composite signal frequency is higher than the designed frequency. When the receiving antenna is located
in the normal direction of the array, the peak frequency of the composite signal is the same as the carrier
frequency of RE signals. In the condition that the receiving antenna is 22 m/24 m away from the near end
of the array and 38°/51° deviates from the array direction, and in�uenced by system errors mentioned in
Fig. 4(f), the simulated composite signal spectrums based on the long array are shown in Fig. 4(g) and
Fig. 4(h).

Results

8-element short-array experiment
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The 8-element short-array experiment is completed in the anechoic chamber of Northwestern
Polytechnical University and the rooftop of Aerospace Information Research Institute. Considering
in�uence of the experimental background, the anechoic chamber can provide ideal experimental
environment, but the outdoor experiment also works if no interfering frequency exists near the composite
signal frequency. Figure 5(a)-(b) exhibit photos of the experiment.

All radiating elements of the short array are fed by the digital module, and the outdoor experimental result
is shown in Fig. 5(d). The experiment result presents that 121.35 MHz composite signal is generated
successfully, and the spectrum measured is similar to the simulation.

Unequal-length cable test with 1 DAC channel and 8
radiating elements
In the long-array experiment, 64 radiating elements are fed by the 8-channel digital module, power
splitters and unequal-length cables. The result of the unequal-length cable test with 1 DAC channel and 8
radiating elements is displayed in Fig. 6(b). Comparing Fig. 5(d) and Fig. 6(b), the feasibility of reducing
DAC channels with power splitters and cables is veri�ed.

64-channel long-array experiment
The 64-channel long-array experiments are carried out in a square, and experimental photos are presented
in Fig. 6(c)-(d).

The composite signal spectrums measured in different conditions are demonstrated in Fig. 6(e)-(h), and
experimental conditions are listed in as follows.

Condition of experiment 1: RE signal with random initial phase, the receiving antenna 21 m away
from the near end of the array and in the array direction

Condition of experiment 2: RE signal with designed initial phase, the receiving antenna 21 m away
from the near end of the array and in the array direction

Condition of experiment 3: RE signal with designed initial phase, the receiving antenna 22 m away
from the near end of the array and 38° deviates from the array direction

Condition of experiment 4: RE signal with designed initial phase, the receiving antenna 24 m away
from the near end of the array and 51° deviates from the array direction

Comparing the experiment results and simulations in Fig. 6 and Fig. 4, the feasibility of the LF signal
generation method based on the high-frequency electric antenna array proposed in Reference 8,10 is
veri�ed. The frequency and power of the composite signal in different directions vary. In the array
direction, the receiving antenna can obtain the composite signal with lowest frequency. When the
receiving antenna 90° deviates from the array direction, the main frequency of the composite signal is
equal to the carrier frequency of RE signals.
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Discussion
With experimental results similar to simulations, the effectiveness of the LF signal generation method
based on the high-frequency electric antenna array is veri�ed. The experimental results indicate that
frequencies of the composite signals generated through the method proposed in this paper differ. The
phenomena conform to the theoretical analysis. The LF signal generation method proposed may be
applied to multiband detection of the target. Limited by the experimental conditions, the long-array
prototype is simpli�ed with power splitters and cables, but the performance degradation of the LF signal
generated is caused at the same time. The problem can be solved by introducing phase shifters18,19 into
the prototype.

Omnidirectional antennas are used in simulation and experiments in this paper. The aim of using multiple
radiating elements is to compose LF/VLF signals, and the array gain is not taken into consideration. In
further research, the beam width of the antenna array can be reduced and the gain can be improved
through constructing subarrays with radiating elements in the pitch direction.

The LF/VLF signal generation principle in space, which combines Doppler effect and the array structure,
is clear, and the method has been preliminarily veri�ed through physical experiments. With the aim to
improve the gain of antennas and increase the detection range, relevant research will continue on the
basis of the antenna array length at the order of 100 m.
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Table 1 and 2 is available in the Supplementary Files section.

Figures

Figure 1

Schematic diagram of the discrete process of radar motion, the equivalent radar motion generated by the
antenna array, the staggered array structure and the RE signal. (a) Schematic diagram of the
decomposed process of radar motion; (b) Schematic diagram of the equivalent radar motion generated
by the antenna array. (c) Schematic diagram of the staggered array structure. (d) Schematic diagram of
the RE signal.
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Figure 2

400 MHz LF signal simulation based on the array structure and 10 kHz VLF signal simulation based on
the staggered array. (a) Waveform of the 400 MHz composite signal. (b) Spectrum of the 400 MHz
composite signal. (c) Spectrum comparison of the emission signal and the 400 MHz composite signal.
(d) Envelopes of 1 GHz RE signals. (e) Waveform of the 10 kHz composite signal. (f) Spectrum of the 10
kHz composite signal. (g) Spectrum comparison of the emission signal, the 10 kHz composite signal and
the random phase composite signal. (h) Envelopes of 100 MHz RE signals

Figure 3
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Block diagram of the 64-element long-array experiment and photos of the digital module, the server and
waveform of the signal output. (a) Block diagram of the 64-element long-array experiment. (b) Photo of
the digital module and the server. (c) Photo of waveform of the signal output

Figure 4

Spectrum simulation and system error analysis of short/long-array experiment. (a) Spectrum of the
composite signal in the short-array experiment. (b) Spectrum comparison of the emission signal, the
composite signal and the random phase composite signal in the short-array experiment. (c) Spectrum of
the composite signal in the long-array experiment. (b) Spectrum comparison of the emission signal, the
composite signal and the random phase composite signal in the long-array experiment. (e) Spectrum of
the composite signal in the short-array experiment under the in�uence of system errors. (f) Spectrum of
the composite signal in the long-array experiment under the in�uence of system errors. (g) Composite
signal spectrum in the long-array experiment when the receiving antenna 38° deviates from the array
direction. (h) Composite signal spectrum in the long-array experiment when the receiving antenna 51°
deviates from the array direction.

Figure 5
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Photos of the 8-element short-array experiments, experimental background and the results of the
experiment. (a) Photo of the experiment in the anechoic chamber. (b) Photo of the experiment on the
rooftop. (c) Experimental background. (d) Spectrum of the composite signal.

Figure 6

Experiment results of the unequal-length cable test, photos and results of the long-array experiments. (a)
Experimental background of the unequal-length cable test. (b) Composite signal spectrum of the unequal-
length cable test. (c) The receiving antenna of the long-array experiment. (d) The long array of the long-
array experiment. (e) Spectrum of the composite signal in experiment 1. (f) Spectrum of the composite



Page 17/17

signal in experiment 2. (g) Spectrum of the composite signal in experiment 3. (h) Spectrum of the
composite signal in experiment 4.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

Table12.docx

https://assets.researchsquare.com/files/rs-1852505/v1/e480bac91575e8b189376226.docx

