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Abstract

Objectives. The study aimed to construct and analyze a computational model of an electro-optical repeater of radio
pulses, capable of reconstructing a pulsed radio image with subnanosecond resolution in a single reception under
conditions of additive noise.

Methods. Numerical methods of network analysis were used, which are the basis of specialized computer-aided
design systems, numerical methods of statistical radio engineering.

Results. A radiophotonic radio pulse repeater scheme was constructed, which is implemented based on the principle of
fractional multiplexing with delayed feedback. Software simulation of infrared repeaters in the Simulink environment (Trial
Version Soft) was developed, which allows for analyzing and investigating the efficiency of the optical reconstruction method
of radio pulses using a fractional multiplexing with delayed feedback. It is shown that repeaters schemes, implemented
on the principles of fractional multiplexing with delayed feedback, are able to effectively solve the scientific and practical
problems of multiple probing of objects with ultrashort pulses (USP) for obtaining a radio image of a target with reliable
reproducibility. In the course of numerical simulations, it was found that the two- and four-cascade schemes of delay lines
with feedback do not provide reliable reproducibility in the case of reconstruction of an ultrashort pulse with a complex
time profile. At the same time, the scheme with a cascade of 8 delay lines showed good results, providing a correlation
reproducibility of more than 0.9. In this case, the scheme of an electro-optical repeater with a cascade of 16 delay lines
did not make a significant contribution to increasing the accuracy of the USP reconstruction if compared to the scheme
with a cascade of 8 lines; therefore, the latter can be determined as an optimal solution. An electro-optical method was
proposed for solving the radio engineering problem of stroboscopic registration and reconstruction of subnanosecond
radio pulses, which represent the signature of the radio image of dynamic objects for active radio imaging systems.
Conclusions. It was found that an electro-optical repeater with 8 delay lines is able to recover a complex pulse
reflected from a target in 30 iterations with a correlation coefficient greater than 0.9 between the reference and
reconstructed pulses at a signal-to-noise ratio of at least 9 dB.
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Pe3iome

Llenu. Lienbto gaHHoM paboThbl ABASIETCA MOCTPOEHME U aHANN3 NPOrpaMMHO-YMUCIIEHHO MOOENIN 3NEKTPOOMNTUYECKOrO
NOBTOPUTENS PaAMOUMITYJIbCOB, 06ECMNEYMBAIOLLENO BOCCTAHOBIIEHME UMIMYSIbCHOIO PaaMon300paxeHs 3a OLHOKpaT-
HbI1 MPVEM B YCNOBUSIX BO3AENCTBUS a0 AUTUBHbIX LLIYMOB C JOCTUXEHMEM CYOHAHOCEKYHAHOrO Pa3peLLeHIs.
MeTopapl. MIcnosnb30oBaHbl YACEHHbIE METOAbI CXEMOTEXHMYECKOr 0 aHaIM3a, fiexallime B OCHOBE Creumnann3npoBaH-
HbIX CUCTEM aBTOMaTU3VPOBAHHOIO NMPOEKTUPOBAHNSA, YACTIEHHbIE METOAbI CTATUCTUYECKON PAANOTEXHUKN.
PesynbTaTtbl. [locTpOoeHa paanodOTOHHAA CXema NMOBTOPUTENS PaguouMnynbCOB, peanudyemMasa Ha NpuHUm-
ne ApPoBHOro MynbTUMNIEKCUPOBAHUSA C 0OpaTHOWN 3aaepKaHHOM CBA3b. Pa3dpaboTaHbl NporpaMMHbIe MOAENN
nHbpaonTnyeckmx nogToputenen B cpeae Simulink (Trial Version Soft), no3sonsiowme aHanM3npoBaTthb 1 Uccne-
noBatb 3P PEKTUBHOCTbL METOAA OMNTUYECKONM pPEereHepauun pagnuoumMnynbCoB MPU MOMOLLM CXeMbl APOOHOro
MYJbTUMNIEKCUPOBAHUS C 3a4epPXXaHHO 06paTHOI CBA3bI0. [Toka3aHo, YTO CXEMbI MOBTOPUTENEN, peanmayemMble
Ha NpuHUMnax ApobHOro MynbTUNIEKCUPOBAHMS C 3a4epXXaHHO 06paTHOM CBA3bI0, CNOCOOHbI 3D dEKTUBHO pe-
WNTb HAy4YHO-MPaKTMYECKYD 334a4y MHOMOKpPaTHOrO 30HANPOBaHUS OOBHEKTOB CBEPXKOPOTKUMU UMIYbCaMMU
ONs NoNyYyeHns paanonsobpaxeHuns Lenn ¢ 4OCTOBEPHOW BOCMPON3BOAMMOCTbLIO. B xoae 4McneHHoro moaenm-
pOBaHNS YCTAHOBIIEHO, YTO ABYX- N YETbIPEXKACKAZHbIE CXEMbI JIMHNI 0OPaTHOWN 3a4epXKM HE 06ecneynBatoT Ha-
LEXHOWM BOCNPOV3BOANMOCTU B C/ly4ae BOCCTAHOBEHMS CBEPXKOPOTKOro nmnynbca (CKW) co CnoxHbiM BpeMEH-
HbIM Npodwunem. B To xe Bpems cxema € KackagoMm 13 8 nMHUIM 3a4ep>KKy CNPaBnseTcs C NOCTaBAEHHON 3a0a4en,
obecneyrBas KOPPENSLNOHHYIO BOCNPon3BoaAnMOocTb 6onee 0.9. Mpu aToM cxema 31ekTpoonTUYECKOro NnoBTo-
puTens ¢ Kackagom 3 16 NMHUIM 3a4epXKu HE AaeT BECOMOro Bk/aaa B MOBbILLEHME TOYHOCTM BOCCTAHOBIEHUS
CKW oTHOCHUTENBHO CXEMbI C KACKagoM 13 8 NNHWIA, MO3TOMY NOCAEAHIO MOXHO ONpeaennTb B Ka4eCTBE ONTU-
ManbHOro pelueHus. NpeanoxeH aneKTPOONTUYECKNIA METO, PELLEHUS PAANOTEXHNYECKON 33424 CTPOOBOCKO-
NUYecKol perncTpaumm 1 BOCCTaHOBNEHNS CBEPXKOPOTKUX PAAMONMITYSIbCOB CYOHAaHOCEKYHOHOM AINTENbHOCTU,
COCTaBNSOLLMX CUTHATYPY Paanon3obpakeHns AMHaMUYeCckx 06 beKTOB A1 CUCTEM aKTUBHOMO PAANOBUAEHUS.
BbiBOAbI. YCTAHOB/IEHO, YTO 3/1EKTPOONTMYECKUI MOBTOPUTENB C 8 NMHMAMY 3aaepxkkn 3a 30 ntepaumii cnocobeH
BOCCT@HOBUTb CJIOXHbI/ UMMYNbC, OTPaXEHHbIN OT Lenu ¢ koabduumeHTom koppensumm 6onbiie 0.9 mexay aTa-
JIOHHBIM 1 BOCCTAHOBJIEHHbLIM UMMYNIbCOM MPY OTHOLUEHUW CUrHaU/LWyM He meHee 9 ab.

KnioueBble cnoBa. cTpo6-ppeinm ANCKPeTN3aTop, CBEPXKOPOTKUI paanonMnysibC, paamonsobpaxeHue, anek-

TPOONTUYECKMIA MOBTOPUTENb, 0OpaTHasn 3aaepxaHHas CBs3b C APOOHbLIM MynbTUNNEKCNPOBAHNEM

e Moctynuna: 22.10.2021 » Aopa6oTaHa: 28.10.2021 ¢ MpuHaTa k ony6nukoeaHuio: 10.12.2021

Anauntnporanus: LLinnbumH A.B., KoctH M.C. MogenvpoBaHue 301eKTpoonTUYECKOro MOBTOPUTENS CYOHAHOCEKYH/ -
HbIX pagmonmMnynbcoB. Russ. Technol. J. 2022;10(1):50-59. https://doi.org/10.32362/2500-316X-2022-10-1-50-59

MpospayHocTb PUHAHCOBOWN AEATENbHOCTU: HUKTO M3 aBTOPOB HEe MMeeT PUHAHCOBOM 3auHTEPECOBAHHOCTU B

npencTaB/IEHHbIX MaTepunasiax nin metogax.

ABTOpr 3asBng10T 00 OTCYTCTBUA KOH¢J'II/1KT3. NHTEepPEeCOB.

INTRODUCTION

The wide bandwidth of subnanosecond pulses
makes it possible to extensively study the parameters
of the irradiated media and surfaces of objects by pulse
characteristics [ 1, 2]. Mastering the subnanosecond range

opens up new possibilities in the study of radiophysical
properties of materials in the area of laser optics and
electrodynamics. The scientific interest in the radio
wave features of the change in shape of ultrashort optical
pulses in infrared range or subnanosecond radio pulses
reflected from irradiated surfaces or transmitted through
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various media makes the search for high-speed methods
of receiving ultrashort pulse (USP) signals relevant for
their reconstruction [3] and further digital processing.
Since a laser pulse can be easily converted into a radio-
frequency one, the work is devoted to the development
of new methods for the shape-time recuperation of USP
in the problems of high-speed digitization of these pulses
by adding an electro-optical repeater to such systems,
which provides fractional cloning of USP.

The technology of strobe-frame-sampling (SFS)
used in this work eliminates the disadvantages of analog
reception, including high-frequency clocking of the USP
signal for taking digital samples [4, 5].

THE STROBE-FRAME DISCRETIZER MODEL

The proposed SDF model was previously
implemented in the Simulink software environment [6].
The model consists of a generator to produce pulses of
a given shape, an array of elementary signal time delay
lines, an array of counters, a comparator, and an output
system for displaying the results.

The main disadvantage of this model is the need
for stroboscopic reception to reconstruct the USP signal
scattered by the signature of a dynamic object. In this case,
the pulse is emitted as many times as the number of the
comparator levels we need to reconstruct the USP signal [7].

An arbitrary 1 ns pulse (Fig. 1), consisting of the
superposition of several bipolar Gaussian pulses (1)
with different amplitudes, phases and time delays, was
chosen as the probing USP signal.
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Fig. 1. Probing pulse; A, V, is the signal
amplitude in volts, tis time in ns
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where, A(¢) is the signal amplitude as a function of
time, ; a=5-100; 3 =102 t=10"19; ¢ = 2.718.

To evaluate the value of correlation coupling
between the reference and reconstructed pulses, we use
the Chaddock scale [8].

The correlation coefficient between the reference
and the reconstructed pulses is calculated by the formula

Z(xj _f)(yi -y)
=== @)

l"x,y n n ’
\/2 (x; =) Y (v, = 7)?

i-1 i-1

where 7, is the correlation coefficient between the
original and the reconstructed pulse, x; is the ith value of
the initial pulse, X is the average value of the sample of
the original pulse, y; is the ith value of the reconstructed
pulse, and y is the average value of the sample of the
reconstructed pulse.

THE MODEL OF ELECTRO-OPTICAL USP
REPEATER WITH FRACTIONAL MULTIPLEXING
AND DELAYED FEEDBACK

As one of the solutions of the radio engineering
problem of registration and reconstruction of ultrashort
radio pulses of subnanosecond duration, which represent
the signature of the radio image of dynamic objects for
active radio imaging systems, the authors propose a
model of an electro-optical repeater (Fig. 2). This model
combines the advantages of fractional multiplexing and
delayed feedback schemes [9—11]. This makes it possible
to more effectively solve the problem of spectral-
temporal iterative degradation of the received USP
signal due to the accumulation of amplifier noise as the
number of reconstruction iterations increases [12, 13].
In addition, the proposed scheme architecture eliminates
the main disadvantages of fractional multiplexing
associated with the overall bulkiness of the scheme [8].

The model shown in Fig. 2, consists of an optical
signal forming unit, an optical amplifier, a delayed
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feedback scheme, an optical beam divider, a cascade
of optical delay lines, an optical multiplexer, and a
photodetector.

The USP signal is delivered to the optical signal
forming unit (OSFU), where it is amplified to the
values required for its detection, and modulates the
optical carrier. After that, the optical pulse is sent
to the optical beam divider. Part of the pulse is split
off the divider and sent to the cascade of delay lines,
while the other part of the pulse is sent to the feedback
loop. The chain of units consists of an amplifier that
amplifies the input signal to the value required for
digitizing the USP signal, and a delay line. The delay
time is equal to the duration of the pulse reconstruction
iteration in the scheme. In the cascade of delay lines,
each copy of the pulse is delayed for a time from 7 to
NT, where T is the delay time, which is equal to the
duration of the frame; N is the number of delay lines.
Further, all optical beams/pulses are combined by an
optical multiplexer and sent to a photodiode, where
the signal is demodulated and sent to a strobe-frame-
discretizer.

The transfer functions W(p) of the USP electro-
optical repeater schemes with different delay lines
cascades can be described by formulas (3.1-3.5).
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where W(p) is the ratio of the Laplace image of the
output signal to the Laplace image of the input signal at
zero initial conditions; W (p) is the transfer function
without delay lines; W,,(p), ..., W 44(p) are the transfer
functions with a particular number of delay lines; Kamp
is the gain (for how many times the input signal was
amplified); 7, is the length of the ith delay line; Tgid is the
length of the global delay line.

When modeling this scheme, we will consider the
frequency distortions introduced by the Mach—Zehnder

modulator, optical amplifier, and photodetector to
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Fig. 2. The model of the USP electro-optical repeater with delayed feedback and fractional multiplexing
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Fig. 3. Characteristics of the devices used in the model of the electro-optical repeater:
(a) frequency response of the electro-optical Mach-Zehnder modulator, (b) frequency response of the optical amplifier,
(c) Nfis the noise figure of the amplifier, and (d) frequency response of the photodetector

be insignificant, since they do not exceed 1 dB in the
selected range. The noise figure of the amplifier is
assumed to be 4 dB (Fig. 3).

MODELING AN ELECTRO-OPTICAL USP
REPEATER WITH FRACTIONAL MULTIPLEXING
AND DELAYED FEEDBACK OF DIFFERENT
CONFIGURATIONS

In the course of modeling, different configurations
of electro-optical repeaters with 2, 4, 8, and 16 delay
lines were investigated, as well as a scheme with only
delayed feedback as a reference (Fig. 4). Electro-optical
repeaters were investigated with a different number
of reconstruction cycles, which strongly affected the
correlation coefficient between the original and the
reconstructed pulse. The modeling was carried out with a
signal-to-noise ratio (SNR) in the range from 3 to 18 dB.
The graphs below show the mathematical expectations
of 100 measurements for each point (Fig. 5 and Fig. 6).

The scheme, in which only the feedback was used,
performed the worst as compared to other schemes. This
is due to the accumulation of amplifier noise during
pulse reconstruction and a complex pulse shape, which
requires a large number of quantization levels to achieve

the required correlation coefficient, and, accordingly, the
reconstruction cycles.

The schemes with 2 and 4 delay lines (Fig. 5)
demonstrated the best results relatively to the reference
scheme, however, they did not provide the required
threshold value of 0.9 for the correlation coefficient.
Also observed in these schemes, was a negative
interrelation between the correlation coefficient and
the number of reconstruction cycles, therefore their use
with an increase in the number of comparator levels is
impossible.

Schemes with cascades of 8 and 16 delay lines
(Fig. 6) showed better results in comparison with other
configurations of USP electro-optical repeaters. The
correlation coefficient between the reconstructed and
reference USP signals was more than 0.9 at SNR of 9 dB.
The best configuration was a scheme with 8 delay lines
and 30 pulse reconstruction cycles. A further increase
in the number of reconstruction cycles does not lead
to a significant increase in the correlation coefficient
between the original and restored pulses. The 16-line
delay scheme also does not offer significant advantages
over the 8-line delay scheme. At the same time, it has
disadvantages associated with greater complexity and
the pulse attenuation.
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Fig. 5. Correlation coefficient between the original and reconstructed USP signals obtained
for schemes with 2 and 4 delay lines as a function of the number of reconstruction cycles

at different SNRs
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Fig. 6. Correlation coefficient between the original and reconstructed USP signals obtained
for schemes with 8 and 16 delay lines as a function of the number of reconstruction cycles
at different SNRs

Figure 7 shows the dependence of the correlation
coefficient between the reconstructed and reference
pulses on the SNR of the reconstructed pulse
with confidence intervals for each point. The
configuration includes a cascade of 8 delay lines
and requires 30 iterations to reconstruct the pulse
because of 30 comparator levels. We can see that
at the point corresponding to the SNR of 9 dB,
the mathematical expectation of the correlation
coefficient exceeds 0.9, which meets the condition
of strong correlation!. So, with a probability of
0.95, all values of the correlation coefficient lie in
the confidence interval, the lower value of which is
greater than 0.9. This configuration of an electro-
optical repeater of subnanosecond pulses is the
most advantageous in terms of the reliability of the

I Alibekov 1.Yu. Numerical Methods: tutorial. Moscow:
MGTIY; 2008. 220 p. (in Russ.).

reconstruction of a noisy pulse reflected from the
target, if we take into account such parameters as the
complexity of the scheme, its power consumption,
and operating time.

CONCLUSIONS

The schemes of electro-optical repeaters of
subnanosecond pulses considered in this work make
it possible to reconstruct an USP in a single reception.
The analysis of the schemes of electro-optical repeaters
including 2, 4, 8, and 16 delay lines showed the following
results:

e the schemes with 2 and 4 delay lines do not provide
reliable reproducibility in the reconstruction of an
USP radio image with a complex time profile;

o the scheme with 8 delay lines was good in modeling,
providing a correlation reproducibility of greater
than 0.9;
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Fig. 7. Experimental dependence of correlation coefficient between the reference and reconstructed pulses
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the scheme with 16 delay lines does not offer significant
advantages over the scheme with 8 delay lines, while
it has disadvantages associated with the greater
complexity and attenuation of the registered USP.

The results of modeling obtained in this work solve
problem associated with the necessity of multiple
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