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ɸʅʆʊɸʎɯʗ 

ʂʨʝʤʝʥʝʮʴʢʘ ʗ.ɸ. ʄʝʪʦʜʠ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ 

ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʚ ʤʽʣʽʤʝʪʨʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ ʭʚʠʣʴ ʥʘ ʦʩʥʦʚʽ 

ʛʽʙʨʠʜʥʠʭ ʪʝʭʥʦʣʦʛʽʡ. ï ʂʚʘʣʽʬʽʢʘʮʽʡʥʘ ʥʘʫʢʦʚʘ ʧʨʘʮʷ ʥʘ ʧʨʘʚʘʭ ʨʫʢʦʧʠʩʫ. 

ɼʠʩʝʨʪʘʮiʷ ʥʘ ʟʜʦʙʫʪʪʷ ʥʘʫʢʦʚʦʛʦ ʩʪʫʧʝʥʷ ʜʦʢʪʦʨʘ ʪʝʭʥiʯʥʠʭ ʥʘʫʢ ʟʘ 

ʩʧʝʮiʘʣʴʥiʩʪʶ 05.12.02 ï ʪʝʣʝʢʦʤʫʥiʢʘʮiʡʥi ʩʠʩʪʝʤʠ ʪʘ ʤʝʨʝʞi. ï ɼʝʨʞʘʚʥʠʡ 

ʫʥiʚʝʨʩʠʪʝʪ ʪʝʣʝʢʦʤʫʥiʢʘʮiʡ, ʂʠʾʚ, 2021 ʨ. 

ʈʦʙʦʪʘ ʧʨʠʩʚʷʯʝʥʘ ʨʦʟʨʦʙʣʝʥʥʶ ʧʨʠʥʮʠʧʽʚ ʧʦʙʫʜʦʚʠ ʽ ʤʝʪʦʜʽʚ ʧʽʜʚʠʱʝʥʥʷ 

ʝʬʝʢʪʠʚʥʦʩʪʽ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʤʝʨʝʞ ʽ ʩʠʩʪʝʤ ʚ ʤʽʣʽʤʝʪʨʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ 

ʜʦʚʞʠʥ ʭʚʠʣʴ ʥʘ ʦʩʥʦʚʽ ʛʽʙʨʠʜʥʠʭ ʪʝʭʥʦʣʦʛʽʡ, ʱʦ ʻ ʘʢʪʫʘʣʴʥʠʤ ʽ ʝʢʦʥʦʤʽʯʥʦ 

ʦʙˇʨʫʥʪʦʚʘʥʠʤ ʥʘʧʨʷʤʦʤ ʨʦʟʚʠʪʢʫ ʥʘʫʢʠ ʪʘ ʪʝʭʥʽʢʠ ʥʘ ʩʫʯʘʩʥʦʤʫ ʝʪʘʧʽ. 

ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʤʝʪʦʜʠ ʧʦʙʫʜʦʚʠ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʚ 

ʤʽʣʽʤʝʪʨʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ ʥʘ ʦʩʥʦʚʽ ʚʦʣʦʢʦʥʥʦ-ʝʬʽʨʥʠʭ ʪʘ ʛʝʪʝʨʦʛʝʥʥʠʭ ʤʝʨʝʞ, 

ʩʪʨʘʪʦʩʬʝʨʥʠʭ ʢʦʤʧʣʝʢʩʽʚ ʟʚôʷʟʢʫ, ʦʧʪʦʝʣʝʢʪʨʦʥʥʠʭ ʤʝʪʦʜʽʚ ʬʦʨʤʫʚʘʥʥʷ ʪʘ 

ʧʝʨʝʜʘʚʘʥʥʷ ʨʘʜʽʦʩʠʛʥʘʣʽʚ  

ɺʠʢʦʥʘʥʦ ʧʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʰʫʤʽʚ ʚ ʢʘʥʘʣʽ ʟʚôʷʟʢʫ ʤʽʣʽʤʝʪʨʦʚʦʛʦ 

ʜʽʘʧʘʟʦʥʫ, ʧʦʚôʷʟʘʥʠʭ ʟ ʽʥʪʝʨʬʝʨʝʥʮʽʡʥʠʤʠ ʟʘʚʘʜʘʤʠ, ʦʧʪʦʝʣʝʢʪʨʦʥʥʠʤʠ 

ʤʝʪʦʜʘʤʠ ʛʝʥʝʨʘʮʽʾ ʨʘʜʽʦʩʠʛʥʘʣʽʚ, ʚ ʪʦʤʫ ʯʠʩʣʽ ʟ ʬʦʨʤʫʚʘʥʥʷʤ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʚ 

ʬʘʟʦʚʘʥʠʭ ʘʥʪʝʥʥʠʭ ʨʝʰʽʪʢʘʭ, ʝʬʝʢʪʘʤʠ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʧʦʛʣʠʥʘʥʥʷ ʪʘ 

ʧʝʨʝʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʚ ʘʪʤʦʩʬʝʨʽ, ʨʝʟʫʣʴʪʘʪʠ ʷʢʦʛʦ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ 

ʧʦʙʫʜʦʚʠ ʪʘ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʤʘʡʙʫʪʥʽʭ ʤʦʙʽʣʴʥʠʭ ʩʠʩʪʝʤ. 

ɺʧʝʨʰʝ ʨʦʟʨʦʙʣʝʥʦ ʢʚʘʟʽʦʧʪʠʯʥʫ ʤʦʜʝʣʴ ʨʘʜʽʦʢʘʥʘʣʫ ʚ ʤʽʣʽʤʝʪʨʦʚʦʤʫ 

ʜʽʘʧʘʟʦʥʽ, ʚ ʷʢʽʡ ʚʨʘʭʦʚʫʶʪʴʩʷ ʚʪʨʘʪʠ, ʟʫʤʦʚʣʝʥʽ ʛʝʦʤʝʪʨʠʯʥʦʶ ʨʦʟʙʽʞʥʽʩʪʶ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ʙʘʛʘʪʦʧʨʦʤʝʥʝʚʠʤ ʧʦʰʠʨʝʥʥʷʤ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʝʬʝʢʪʽʚ 

ʤʥʦʞʠʥʥʦʛʦ ʚʽʜʙʠʪʪʷ ʪʘ ʜʠʬʨʘʢʮʽʡ, ʝʬʝʢʪʽʚ ʧʦʛʣʠʥʘʥʥʷ, ʱʦ ʤʦʞʝ ʙʫʪʠ 

ʚʠʢʦʨʠʩʪʘʥʦ ʜʣʷ ʨʦʟʨʦʙʣʝʥʥʷ ʤʝʪʦʜʽʚ ʟʙʽʣʴʰʝʥʥʷ ʜʘʣʴʥʦʩʪʽ ʪʘ ʜʦʩʪʫʧʥʦʩʪʽ 

ʟʚ'ʷʟʢʫ ʟʘ ʨʘʭʫʥʦʢ ʩʪʚʦʨʝʥʥʷ ʟʦʥ ʧʽʜʩʠʣʝʥʥʷ ʩʠʛʥʘʣʫ.  

ʅʘ ʦʩʥʦʚʽ ʘʥʘʣʽʟʫ ʧʦʢʘʟʥʠʢʽʚ ʷʢʦʩʪʽ, ʰʫʤʦʚʠʭ ʪʘ ʜʠʥʘʤʽʯʥʠʭ 

ʨʘʜʽʦʯʘʩʪʦʪʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʦʤʧʦʥʝʥʪʽʚ ʜʣʷ ʛʽʙʨʠʜʥʠʭ ʚʦʣʦʢʦʥʥʦ-ʝʬʽʨʥʠʭ 

ʩʠʩʪʝʤ ʧʝʨʝʜʘʯʽ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʨʽʰʝʥʥʷ, ʱʦ ʦʙôʻʜʥʫʻ ʪʝʭʥʦʣʦʛʽʾ ʤʥʦʞʝʥʥʷ 
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ʯʘʩʪʦʪʠ ʥʘ ʦʩʥʦʚʽ ʤʝʪʦʜʽʚ ʟʦʚʥʽʰʥʴʦʾ ʤʦʜʫʣʷʮʽʾ, ʜʠʩʪʘʥʮʽʡʥʦʛʦ ʦʧʪʠʯʥʦʛʦ 

ʛʝʪʝʨʦʜʠʥʫ, ʚʽʜʥʦʚʣʝʥʥʷ ʦʧʪʠʯʥʦʛʦ ʩʠʛʥʘʣʫ ʟ ʨʘʜʽʦʩʠʛʥʘʣʫ, ʧʦʣʷʨʠʟʘʮʽʡʥʦʛʦ ʪʘ 

ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʤʫʣʴʪʠʧʣʝʢʩʫʚʘʥʥʷ, ʽʥʪʝʛʨʦʚʘʥʦʛʦ ʟ ʤʝʪʦʜʦʤ MIMO, ʱʦ ʤʦʞʝ 

ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʦ ʜʣʷ ʟʙʽʣʴʰʝʥʥʷ ʧʨʦʧʫʩʢʥʦʾ ʟʜʘʪʥʦʩʪʽ ʪʘ ʙʝʟʰʦʚʥʦʾ ʽʥʪʝʛʨʘʮʽʾ 

ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ, ʷʢʽ ʧʨʘʮʶʶʪʴ ʚ ʨʽʟʥʠʭ ʜʽʘʧʘʟʦʥʘʭ ʯʘʩʪʦʪ, ʚ ʪʦʤʫ 

ʯʠʩʣʽ ʚ ʨʽʟʥʠʭ ʧʽʜʜʽʘʧʘʟʦʥʘʭ ʤʽʣʽʤʝʪʨʦʚʠʭ ʭʚʠʣʴ.  

ʈʦʟʨʦʙʣʝʥʦ ʨʝʢʦʤʝʥʜʘʮʽʾ ʜʣʷ ʧʦʜʘʣʴʰʠʭ ʜʦʩʣʽʜʞʝʥʴ ʤʦʜʝʣʝʡ 

ʝʥʝʨʛʝʪʠʯʥʦʛʦ ʨʦʟʨʘʭʫʥʢʫ, ʦʧʪʠʤʘʣʴʥʠʭ ʤʝʪʦʜʽʚ ʤʦʜʫʣʷʮʽʾ ʽ ʤʫʣʴʪʠʧʣʝʢʩʫʚʘʥʥʷ 

ʩʠʛʥʘʣʽʚ, ʚʠʙʦʨʫ ʘʨʭʽʪʝʢʪʫʨʠ ʤʝʨʝʞ ʚ ʤʽʣʽʤʝʪʨʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ ʭʚʠʣʴ ʽʟ 

ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʛʽʙʨʠʜʥʠʭ ʪʝʭʥʦʣʦʛʽʡ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʤʽʣʽʤʝʪʨʦʚʠʡ ʜʽʘʧʘʟʦʥ ʭʚʠʣʴ, 5G, ʛʽʙʨʠʜʥʽ ʪʝʭʥʦʣʦʛʽʾ, 

ʚʦʣʦʢʦʥʥʦ-ʝʬʽʨʥʽ ʩʠʩʪʝʤʠ, ʦʧʪʠʯʥʝ ʜʠʩʪʘʥʮʽʡʥʝ ʛʝʪʝʨʦʜʠʥʫʚʘʥʥʷ, 

ʚʫʟʴʢʦʩʧʨʷʤʦʚʘʥʽ ʘʥʪʝʥʠ, ʝʥʝʨʛʝʪʠʯʥʽ ʟʦʥʠ ʧʦʢʨʠʪʪʷ, ʚʽʜʥʦʰʝʥʥʷ ʩʠʛʥʘʣ/ʰʫʤ, 

ʛʝʪʝʨʦʛʝʥʥʽ ʪʝʭʥʦʣʦʛʽʾ, ʝʥʝʨʛʝʪʠʯʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ, ʩʧʝʢʪʨʘʣʴʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ. 

 

ABSTRACT 

Kremenetskʘyʘ Y. Methods of improving the efficiency of millimeter wave 

telecommunication systems based on hybrid technologies. ï Qualifying scientific 

work on the rights of manuscripts. 

The thesis for the degree of doctor of technical sciences, specialty 05.12.02 ï 

Telecommunication systems and networks - State University of Telecommunications, 

Kyiv, 2021. 

The work is devoted to the development of principles of construction and methods 

for improving the efficiency of millimeter wave telecommunication networks based on 

hybrid technologies, which is a relevant and economically sound direction of the 

development of science and technology at the present stage. 

Methods of constructing millimeter wave telecommunication systems based on 

fiber-wireless and heterogeneous networks, stratospheric communication systems, 

optoelectronic methods for generating and transmitting radio signals are analyzed 
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A comparative analysis of noise in the millimeter wave communication channel 

associated with interference, optoelectronic methods for generating radio signals, 

including the formation of radiation in phased array, effects of molecular absorption and 

reradiation in the atmosphere, the results of which can be used to construct those to 

increase the efficiency future mobile systems. 

For the first time, a quasi-optical model of a millimeter wave radio channel was 

developed, which takes into account losses due to the geometric discrepancy of 

radiation, multipath propagation taking into account the effects of multiple reflections 

and diffraction, absorption, which can be used to develop methods for increasing the 

range and availability of communication by creating signal amplification zones. 

Based on the analysis of quality indicators, noise and dynamic radio-frequency 

characteristics of components for hybrid fiber-wireless transmission systems, a solution 

is proposed that combines frequency multiplication technologies based on external 

modulation methods, remote optical local oscillator, restoration of an optical signal from 

a radio signal, polarization and spectral multiplexing integrated with MIMO method, 

which can be used to seamless integration of telecommunication systems that operate in 

different frequency ranges, including in various sub-bands of millimeter waves.  

Compensating adaptive methods are proposed for the integrated architecture of 

fiber-wireless networks and the formation of radiation in phased antenna arrays. These 

methods balance the limiting radio-frequency characteristics of the main components 

that affect the efficiency of the application of fiber-wireless technologies in millimeter 

wave telecommunication systems. 

Recommendations have been developed for further studies of energy calculation 

models, optimal methods of modulation and multiplexing of signals, the choice of 

network architectures in the millimeter wavelength range using hybrid technologies. 

Key words: millimeter wave, 5G, hybrid technologies, fiber-wireless systems, 

optical remote heterodyning, narrowly directed antennas, energy coverage, signal-to-

noise ratio, heterogeneous technologies, energy efficiency, spectral efficiency. 
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ʉʇʀʉʆʂ ʆʇʋɹʃɯʂʆɺɸʅʀʍ ɸɺʊʆʈʆʄ ʇʈɸʎʔ ɿɸ ʊɽʄʆʖ 
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2. ʂʨʝʤʝʥʝʮʢʘʷ ʗ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʤʠʣʣʠʤʝʪʨʦʚʦʛʦ ʜʠʘʧʘʟʦʥʘ ʚ 

ʩʪʨʘʪʦʩʬʝʨʥʳʭ ʩʠʩʪʝʤʘʭ ʩʚʷʟʠ / ɺ. ɼʨʫʞʠʥʠʥ, ʀ. ʇʘʨʭʦʤʝʡ, ʗ. ʂʨʝʤʝʥʝʮʢʘʷ, ɺ. 

ʇʘʶʥ, ɸ. ʗʨʳʯ // ʄʽʞʚʽʜʦʤʯʠʡ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʠʡ ʟʙʽʨʥʠʢ çɸʜʘʧʪʠʚʥʽ ʩʠʩʪʝʤʠ 

ʘʚʪʦʤʘʪʠʯʥʦʛʦ ʫʧʨʘʚʣʽʥʥʷè. ï 2016. ï ˉ 2(29). ï ʉ. 60-77. 

3. ʂʨʝʤʝʥʝʮʢʘʷ ʗ.ɸ. ɺʣʠʷʥʠʝ ʢʦʥʬʠʛʫʨʘʮʠʠ ʫʤʥʦʞʠʪʝʣʴʥʦ-ʫʩʠʣʠʪʝʣʴʥʳʭ 

ʩʭʝʤ ʥʘ ʦʩʥʦʚʝ ʤʠʢʨʦʛʝʥʝʨʘʪʦʨʦʚ ʤʠʣʣʠʤʝʪʨʦʚʦʛʦ ʜʠʘʧʘʟʦʥʘ ʥʘ ʚʦʟʤʦʞʥʦʩʪʴ 

ʧʦʣʫʯʝʥʠʷ ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ // ʊʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʽ ʪʘ ʽʥʬʦʨʤʘʮʽʡʥʽ 

ʪʝʭʥʦʣʦʛʽʾ. ï 2015. ï ˉ 4. ï ʉ. 25-35. 

4. ʂʨʝʤʝʥʝʮʴʢʘ ʗ.ɸ. ʇʽʜʚʠʱʝʥʥʷ ʝʥʝʨʛʝʪʠʯʥʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ ʩʠʩʪʝʤ 

ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ ʤʝʪʦʜʦʤ ʩʪʚʦʨʝʥʥʷ ʟʦʥ ʧʽʜʩʠʣʝʥʥʷ ʩʠʛʥʘʣʫ ʚʥʘʩʣʽʜʦʢ 

ʜʠʬʨʘʢʮʽʡ ʪʘ ʚʽʜʙʠʚʘʥʴ / ʗ.ɸ. ʂʨʝʤʝʥʝʮʴʢʘ, ʅ.ɺ. ɻʨʘʜʦʙʦʻʚʘ, ʉ.ɺ. ʄʦʨʦʟʦʚʘ // 

ʊʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʽ ʪʘ ʽʥʬʦʨʤʘʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽʾ. ï 2017. ï ˉ 3. ï ʉ. 88-97. 

5. ʂʨʝʤʝʥʝʮʢʘʷ ʗ.ɸ. ʌʠʟʠʯʝʩʢʠʝ ʘʩʧʝʢʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʜʠʦʢʘʥʘʣʘ ʠ 

ʰʫʤʦʚ ʚ ʤʠʣʣʠʤʝʪʨʦʚʦʤ ʜʠʘʧʘʟʦʥʝ / ʗ.ɸ. ʂʨʝʤʝʥʝʮʢʘʷ, ɽ.ʈ. ɾʫʢʦʚʘ, ʅ.ɺ. 

ɻʨʘʜʦʙʦʝʚʘ, ɼ.ɸ. ʃʶʙʘʩ., ɹ.ɺ. ʉʘʝʥʢʦ // ʊʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʽ ʪʘ ʽʥʬʦʨʤʘʮʽʡʥʽ 

ʪʝʭʥʦʣʦʛʽʾ. ï 2018. ï ˉ 2(59). ï ʉ. 60-71. 

6. ʂʨʝʤʝʥʝʮʴʢʘ ʗ.ɸ. ʄʦʜʝʣʶʚʘʥʥʷ ʽʥʪʝʨʬʝʨʝʥʮʽʡʥʠʭ ʟʘʚʘʜ ʚ ʩʪʽʣʴʥʠʢʦʚʠʭ 

ʩʠʩʪʝʤʘʭ ʟʚ'ʷʟʢʫ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ / ʗ.ɸ. ʂʨʝʤʝʥʝʮʴʢʘ, ʆ.ɹ ɼʫʜʢʘ, ʉ.ɺ. 

ʄʦʨʦʟʦʚʘ, ɺ.ɯ. ʂʦʨʩʫʥ // ʊʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʽ ʪʘ ʽʥʬʦʨʤʘʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽʾ. ï 2018. ï 

ˉ 3(60). ï ʉ. 36-44. 

7. ʂʨʝʤʝʥʝʮʴʢʘ ʗ.ɸ. ɿʘʩʪʦʩʫʚʘʥʥʷ ʽʥʪʝʛʨʘʮʽʾ ʛʽʙʨʠʜʥʠʭ ʦʧʪʦʝʣʝʢʪʨʦʥʥʠʭ 

ʪʝʭʥʦʣʦʛʽʡ ʚ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʷʭ ʥʘʩʪʫʧʥʦʛʦ ʧʦʢʦʣʽʥʥʷ / ʗ.ɸ. ʂʨʝʤʝʥʝʮʴʢʘ, ʉ.ʖ. 



6 

 

ʄʘʨʢʦʚ, ʉ.ɺ. ʄʦʨʦʟʦʚʘ, ɼ.ʄ. ʄʦʨʦʟʦʚ // ʊʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʽ ʪʘ ʽʥʬʦʨʤʘʮʽʡʥʽ 

ʪʝʭʥʦʣʦʛʽʾ. ï 2018. ï ˉ 4(61). ï ʉ. 20-31. 

8. ʂremenetskaya Y. Comparative analysis of interference, noise and loss in the 

millimeter wave mobile communications / Y. ʂremenetskaya, S. Markov // 

ʉomputational problems of electrical engineering. ï 2018. ï ˉ 1. ï ʈ. 18-25. 

9. ʂʨʝʤʝʥʝʮʴʢʘ ʗ.ɸ. ʇʝʨʩʧʝʢʪʠʚʠ, ʧʝʨʝʚʘʛʠ ʪʘ ʦʩʥʦʚʥʽ ʧʨʠʥʮʠʧʠ 

ʚʦʣʦʢʦʥʥʦ-ʝʬʽʨʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʜʣʷ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʚ ʤʽʣʽʤʝʪʨʦʚʦʤʫ 

ʜʽʘʧʘʟʦʥʽ ʭʚʠʣʴ / ʗ. ɸ. ʂʨʝʤʝʥʝʮʴʢʘ, ʉ. ɺ. ʂʦʟʝʣʢʦʚ, ʖ. ɺ. ʄʝʣʴʥʠʢ // ʉʠʩʪʝʤʠ 

ʫʧʨʘʚʣʽʥʥʷ, ʥʘʚʽʛʘʮʽʾ ʪʘ ʟʚôʷʟʢʫ. ï 2019. ï ɺʠʧ. 3 (55). ï ʉ. 161-165. 

10. ʂʨʝʤʝʥʝʮʴʢʘ ʗ.ɸ. ɸʥʘʣʽʟ ʦʙʤʝʞʫʶʯʠʭ ʪʘ ʢʦʤʧʥʝʩʫʶʯʠʭ ʬʘʢʪʦʨʽʚ ʧʨʠ 

ʨʦʟʨʘʭʫʥʢʫ ʝʥʝʨʛʝʪʠʯʥʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ ʨʘʜʽʦʩʠʩʪʝʤ ʚ ʤʽʣʽʤʝʪʨʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ / 

ʗ.ɸ. ʂʨʝʤʝʥʝʮʴʢʘ, ʉ.ʖ. ʄʘʨʢʦʚ ʅ.ɺ., ɻʨʘʜʦʙʦʻʚʘ, ɭ.ʄ. ʍʘʨʯʝʥʢʦ // 

ʊʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʽ ʪʘ ʽʥʬʦʨʤʘʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽʾ. ï 2019. ï ˉ 1(62). ï ʉ. 12-21. 

11. ʇʝʨʩʧʝʢʪʠʚʠ ʟʘʩʪʦʩʫʚʘʥʥʷ ʨʘʜʽʦʬʦʪʦʥʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʜʣʷ ʤʦʙʽʣʴʥʠʭ 

ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡ ʚ ʤʽʣʽʤʝʪʨʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ ʈ.ɭ. ɻʨʝʙʝʣʷ, ɯ.ʆ. ɻʥʘʪʠʰʠʥ, ʄ.ʉ. 

ʇʠʣʠʧʝʥʢʦ // ʊʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʽ ʪʘ ʽʥʬʦʨʤʘʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽʾ. ï 2019. ï ˉ 3(55). ï 

ʉ. 86-92. 

12. ʂʨʝʤʝʥʝʮʢʘʷ ʗ.ɸ. ʄʦʜʝʣʶʚʘʥʥʷ ʙʝʟʧʨʦʚʦʜʦʚʦʛʦ ʨʘʜʽʦʢʘʥʘʣʫ ʚ 

ʤʽʣʽʤʝʪʨʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʝʬʝʢʪʽʚ ʚʽʜʙʠʪʪʷ ʪʘ ʨʦʟʩʽʶʚʘʥʥʷ / ʗ.ɸ. 

ʂʨʝʤʝʥʝʮʴʢʘ, ʖ.ɺ. ʄʝʣʴʥʠʢ, ʉ.ʖ. ʄʘʨʢʦʚ // ʊʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʽ ʪʘ ʽʥʬʦʨʤʘʮʽʡʥʽ 

ʪʝʭʥʦʣʦʛʽʾ. ï 2020. ï ˉ 1 (66). ï ʉ. 152-160. 

 

ʉʪʘʪʪʽ ʫ ʬʘʭʦʚʠʭ ʚʠʜʘʥʥʷʭ, ʱʦ ʚʭʦʜʷʪʴ ʜʦ ʧʝʨʝʣʽʢʫ, ʟʘʪʚʝʨʜʞʝʥʦʛʦ ɼɸʂ 

ʋʢʨʘʾʥʠ 

13. ʂʨʝʤʝʥʝʮʢʘʷ ʗ.ɸ. ʎʠʬʨʦʚʦʝ ʪʝʣʝʚʠʜʝʥʠʝ DVB-H ʜʣʷ ʤʦʙʠʣʴʥʳʭ ʩʝʪʝʡ 

ʪʨʝʪʴʝʛʦ ʠ ʯʝʪʚʝʨʪʦʛʦ ʧʦʢʦʣʝʥʠʷ ʚ ʋʢʨʘʠʥʝ // ɿʚôʷʟʦʢ. ï 2011. ï ˉ 2. ï ʉ. 9ï12.  

14. ʂʨʝʤʝʥʝʮʴʢʘ ʗ.ɸ. ʌʽʟʠʯʥʽ ʦʙʤʝʞʝʥʥʷ ʚ ʤʽʢʨʦ-/ʥʘʥʦʝʣʝʢʪʨʦʥʽʮʽ ʪʘ ʾʭʥʽʡ 

ʚʧʣʠʚ ʥʘ ʨʦʟʚʠʪʦʢ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ // ɺʽʩʥʠʢ ɼʋɯʂʊ. ï 2012. ï ˉ 4(10). 

ï ʉ. 100-103. 



7 

 

15. ʂʨʝʤʝʥʝʮʢʘʷ ʗ.ɸ. ʆʧʪʨʦʥʳ ʥʘ ʦʩʥʦʚʝ CdP2 / ɺ.ʆ. ɿʫʝʚ, ʗ.ɸ. 

ʂʨʝʤʝʥʝʮʢʘʷ, ʃ.ʄ. ɻʦʨʳʥʷ // ʅʘʫʢʦʚʽ ʟʘʧʠʩʢʠ ʋʢʨʘʾʥʩʴʢʦʛʦ ʥʘʫʢʦʚʦ-ʜʦʩʣʽʜʥʦʛʦ 

ʽʥʩʪʠʪʫʪʫ ʟʚ'ʷʟʢʫ. ï 2012. ï ˉ 2. ï ʉ. 21-24. 

16. ʂʨʝʤʝʥʝʮʴʢʘ ʗ.ɸ. ʉʫʯʘʩʥʽ ʪʝʥʜʝʥʮʽʾ ʨʦʟʚʠʪʢʫ ʜʞʝʨʝʣ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʽ 

ʩʫʙʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʽʚ ʜʣʷ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʩʠʩʪʝʤ ʟʚ'ʷʟʢʫ // ɺʽʩʥʠʢ ɼʋɯʂʊ. 

ï 2013. ï ˉ 2. ï ʉ. 94-97. 

17. ʂʨʝʤʝʥʝʮʴʢʘ ʗ.ɸ. ʌʦʪʦʜʽʦʜʠ ʟ ʙʘʨ'ʻʨʦʤ ʐʦʪʪʢʽ ʥʘ ʦʩʥʦʚʽ CdP2 / ɺ.ɸ. 

ɿʫʻʚ, ʗ.ɸ. ʂʨʝʤʝʥʝʮʴʢʘ, ʃ.ʄ. ɻʦʨʠʥʷ // ɺʽʩʥʠʢ ɼʋɯʂʊ. ï 2013. ï ˉ 2. - ʉ. 91-93. 

18. ʂʨʝʤʝʥʝʮʴʢʘ ʗ.ɸ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʝʬʝʢʪʽʚ ʩʠʣʴʥʠʭ ʧʦʣʽʚ ʚ ʥʘʥʦʨʦʟʤʽʨʥʠʭ 

ʜʽʦʜʥʠʭ ʩʪʨʫʢʪʫʨʘʭ // ʅʘʫʢʦʚʽ ʟʘʧʠʩʢʠ ʋʢʨʘʾʥʩʴʢʦʛʦ ʥʘʫʢʦʚʦ-ʜʦʩʣʽʜʥʦʛʦ 

ʽʥʩʪʠʪʫʪʫ ʟʚ'ʷʟʢʫ. ï 2013. ï ˉ 1. ï ʉ. 37-41. 

19. ʂʨʝʤʝʥʝʮʴʢʘ ʗ.ɸ. ʉʫʙʤʽʣʽʤʝʪʨʦʚʠʡ ʜʽʘʧʘʟʦʥ ʽ ʥʦʚʽʪʥʽ ʜʦʩʷʛʥʝʥʥʷ ʥʘ ʙʘʟʽ 

ʥʘʥʦʪʝʭʥʦʣʦʛʽʡ / ʄʘʥʴʢʦ ʆ.ʆ., ʗ.ɸ. ʂʨʝʤʝʥʝʮʴʢʘ, ʉ.ɺ. ʄʦʨʦʟʦʚʘ // ɿʚ'ʷʟʦʢ. ï 2015. 

ï ˉ 2. ï ʉ. 44-50. 

20. ʂʨʝʤʝʥʝʮʴʢʘ ʗ.ɸ. ɸʥʘʣʽʟ ʤʦʞʣʠʚʦʩʪʝʡ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ 

ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʽʣʽʤʝʪʨʦʚʦʛʦ 

ʜʽʘʧʘʟʦʥʫ ʭʚʠʣʴ / ɺ.ɸ. ɼʨʫʞʠʥʽʥ, ʗ.ɸ. ʂʨʝʤʝʥʝʮʴʢʘ, ʆ.ʈ. ɾʫʢʦʚʘ // ɿʚ'ʷʟʦʢ. ï 

2016. ï ˉ 5(123). ï ʉ. 53-55. 

21. ʂʨʝʤʝʥʝʮʴʢʘ ʗ.ɸ. ʉʫʯʘʩʥʠʡ ʩʪʘʥ ʪʘ ʧʝʨʩʧʝʢʪʠʚʠ ʨʦʟʚʠʪʢʫ 

ʩʪʨʘʪʦʩʬʝʨʥʠʭ ʩʠʩʪʝʤ ʟʚôʷʟʢʫ / ɺ.ɸ. ɼʨʫʞʠʥʽʥ, ʗ.ɸ. ʂʨʝʤʝʥʝʮʴʢʘ, ʆ.ʈ. ɾʫʢʦʚʘ // 

ɿʚôʷʟʦʢ. ī 2016. ī ˉ 3(121). ī ʉ. 12-18. 

22. Kremenetskaya Y.A. Hybrid technology for radio systems the millimeter and 

terahertz range  implementing / Y.A. Kremenetskaya, E. R. Zhukova., S.V. Morozova 

// ɿʚ'ʷʟʦʢ. ï 2017. ï ˉ 2 (126). ï ʉ. 50-54. 

23. ʂʨʝʤʝʥʝʮʴʢʘ ʗ.ɸ. ʆʩʦʙʣʠʚʦʩʪʽ ʬʦʨʤʫʚʘʥʥʷ ʩʠʛʥʘʣʽʚ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʪʘ 

ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʜʽʘʧʘʟʦʥʽʚ ʜʣʷ ʨʘʜʽʦʬʦʪʦʥʥʠʭ ʩʠʩʪʝʤ ʟʚôʷʟʢʫ / ʗ.ɸ. ʂʨʝʤʝʥʝʮʴʢʘ, 

ɻ.ʉ. ʌʝʣʽʥʩʴʢʠʡ, ʖ.ɺ. ʄʝʣʴʥʠʢ, ɭ.ʆ. ɹʦʥʜʘʨʝʥʢʦ // ʅʘʫʢʦʚʽ ʟʘʧʠʩʢʠ 

ʋʢʨʘʾʥʩʴʢʦʛʦ ʥʘʫʢʦʚʦ-ʜʦʩʣʽʜʥʦʛʦ ʽʥʩʪʠʪʫʪʫ ʟʚôʷʟʢʫ. ï 2017. ï ̄  3(47). ï ʉ. 50-63. 

24. ʂʨʝʤʝʥʝʮʴʢʘ ʗ.ɸ. ʄʦʜʝʣʶʚʘʥʥʷ ʨʘʜʽʦʢʘʥʘʣʫ ʟʚôʷʟʢʫ ʤʽʣʽʤʝʪʨʦʚʦʛʦ 

ʜʽʘʧʘʟʦʥʫ ʭʚʠʣʴ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʪʝʭʥʦʣʦʛʽʾ ROF / ʗ.ɸ. ʂʨʝʤʝʥʝʮʴʢʘ, ʖ.ɺ. 



8 

 

ʄʝʣʴʥʠʢ ʖ.ɺ., ʉ.ʖ. ʄʘʨʢʦʚ, ʅ.ɺ. ɻʨʘʜʦʙʦʻʚʘ // ʅʘʫʢʦʚʽ ʟʘʧʠʩʢʠ ʋʢʨʘʾʥʩʴʢʦʛʦ 

ʥʘʫʢʦʚʦ-ʜʦʩʣʽʜʥʦʛʦ ʽʥʩʪʠʪʫʪʫ ʟʚôʷʟʢʫ. ï 2018. ï ˉ 1. ï ʉ. 41-50. 

25. ʂʨʝʤʝʥʝʮʴʢʘ ʗ.ɸ. ɺʦʣʦʢʦʥʥʦ-ʝʬʽʨʥʘ ʘʨʭʽʪʝʢʪʫʨʘ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ 

ʤʝʨʝʞ ʚ ʤʽʣʽʤʝʪʨʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ ʟ ʜʠʩʪʘʥʮʽʡʥʠʤ ʛʝʪʝʨʦʜʠʥʫʚʘʥʥʷʤ // ʅʘʫʢʦʚʽ 

ʟʘʧʠʩʢʠ ʋʢʨʘʾʥʩʴʢʦʛʦ ʥʘʫʢʦʚʦ-ʜʦʩʣʽʜʥʦʛʦ ʽʥʩʪʠʪʫʪʫ ʟʚôʷʟʢʫ. ï 2019. ï ˉ 2(54). ï 

ʉ. 31-36 

26. ʂremenetskaya Y.ɸ. Approaches to modeling the channel of millimeter range 

for mobile communication systems // ɿʚôʷʟʦʢ. ī 2019. ī ˉ 6. ī ʉ. 24-29.             

27. ʂʨʝʤʝʥʝʮʴʢʘ ʗ.ɸ. ʊʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽʾ ʤʽʣʽʤʝʪʨʦʚʦʛʦ 

ʜʽʘʧʘʟʦʥʫ, ʱʦ ʦʭʦʧʣʶʶʪʴ ʤʽʞʜʠʩʮʠʧʣʽʥʘʨʥʽ ʛʘʣʫʟʽ, ʟʦʢʨʝʤʘ ʨʦʟʨʦʙʣʝʥʥʷ 

ʤʦʥʽʪʦʨʠʥʛʫ ʟʜʦʨʦʚôʷ / ʗ.ɸ. ʂʨʝʤʝʥʝʮʴʢʘ, ɸ.ʆ. ʄʘʢʘʨʝʥʢʦ, ɺ.ɯ. ʂʨʘʚʯʝʥʢʦ, ʉ.ɺ. 

ʄʦʨʦʟʦʚʘ // ɿʚôʷʟʦʢ. ī 2020. ī ˉ 2. ī ʉ. 62-67. 

 

ʄʘʪʝʨʽʘʣʠ ʽ ʪʝʟʠ ʜʦʧʦʚʽʜʝʡ ʥʘ ʢʦʥʬʝʨʝʥʮʽʷʭ 

1. ʂʨʝʤʝʥʝʮʴʢʘ ʗ.ɸ. ʇʝʨʩʧʝʢʪʠʚʥʽ ʪʝʭʥʦʣʦʛʽʾ ʟʚôʷʟʢʫ ʥʘ ʦʩʥʦʚʽ 

ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʽ ʩʫʙʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ // ʄʘʪʝʨʽʘʣʠ Vɯ ʥʘʫʢʦʚʦʾ ʢʦʥʬʝʨʝʥʮʽʾ 

ɼʋɯʂʊ çʉʫʯʘʩʥʽ ʪʝʥʜʝʥʮʽʾ ʨʦʟʚʠʪʢʫ ʪʝʭʥʦʣʦʛʽʡ ʚ ʽʥʬʦʢʦʤʫʥʽʢʘʮʽʷʭ ʪʘ ʦʩʚʽʪʽè. ï 

05-06 ʣʠʩʪʦʧʘʜʘ. ï 2009. ï ʉ. 101-102. 

2. ʂʨʝʤʝʥʝʮʢʘʷ ʗ.ɸ. ʈʘʟʚʠʪʠʝ ʨʘʜʠʦʪʝʭʥʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʩʚʷʟʠ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʚʝʨʭʰʠʨʦʢʦʧʦʣʦʩʥʳʭ ʩʠʛʥʘʣʦʚ // Vɯɯ ʄʽʞʥʘʨʦʜʥʘ ʥʘʫʢʦʚʦ-

ʪʝʭʥʽʯʥʘ ʢʦʥʬʝʨʝʥʮʽʷ çʉʫʯʘʩʥʽ ʽʥʬʦʨʤʘʮʽʡʥʦ-ʢʦʤʫʥʽʢʘʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽʾè. ï 10-14 

ʞʦʚʪʥʷ. ï 2011. ïʉ. 199-201. 

3. ʂʨʝʤʝʥʝʮʴʢʘ ʗ.ɸ. ʅʦʚʽʪʥʽ ʪʝʭʥʦʣʦʛʽʾ ʚ ʽʥʬʦʢʦʤʫʥʽʢʘʮʽʷʭ ʪʘ ʬʽʟʠʯʥʽ 

ʧʨʠʥʮʠʧʠ ʾʭ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ / ʗ.ɸ. ʂʨʝʤʝʥʝʮʴʢʘ, ʈ.ɸ. ʈʝʜʴʢʦ, ʉ.ɺ. ʄʦʨʦʟʦʚʘ // 

ʄʘʪʝʨʽʘʣʠ IX ʥʘʫʢʦʚʦʾ ʢʦʥʬʝʨʝʥʮʽʾ ɼʋɯʂʊ çʉʫʯʘʩʥʽ ʪʝʥʜʝʥʮʽʾ ʨʦʟʚʠʪʢʫ 

ʪʝʭʥʦʣʦʛʽʡ ʚ ʽʥʬʦʢʦʤʫʥʽʢʘʮʽʷʭ ʪʘ ʦʩʚʽʪʽè. ï 22-23 ʣʠʩʪʦʧʘʜʘ. ï 2012. ï ʉ. 137-139. 

4. ʂʨʝʤʝʥʝʮʴʢʘ ʗ.ɸ. ʆʩʦʙʣʠʚʦʩʪʽ ʪʘ ʧʝʨʩʧʝʢʪʠʚʠ ʚʧʨʦʚʘʜʞʝʥʥʷ 

ʨʘʜʽʦʩʠʩʪʝʤ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʪʘ ʩʫʙʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʽʚ ʚ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʷʭ / 

ʗ.ɸ. ʂʨʝʤʝʥʝʮʴʢʘ, ʉ.ɺ. ʄʦʨʦʟʦʚʘ // V ʄʽʞʥʘʨʦʜʥʘ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʘ 



9 

 

ʢʦʥʬʝʨʝʥʮʽʷ çɯʥʬʦʢʦʤʫʥʽʢʘʮʽʾ ï ʩʫʯʘʩʥʽʩʪʴ ʪʘ ʤʘʡʙʫʪʥʻè. ï 29-30 ʞʦʚʪʥʷ. ï 2015. 

ï ʉ. 47-50. 

5. ʂʨʝʤʝʥʝʮʢʘʷ ʗ.ɸ. ʌʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʧʦʜʭʦʜʳ ʢ ʦʩʚʦʝʥʠʶ 

ʤʠʣʣʠʤʝʪʨʦʚʦʛʦ ʜʠʘʧʘʟʦʥʘ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʧʷʪʦʛʦ 5G ʠ ʩʣʝʜʫʶʱʠʭ ʧʦʢʦʣʝʥʠʡ 

ʙʝʩʧʨʦʚʦʜʥʳʭ ʩʠʩʪʝʤ / ɺ.ɸ. ɼʨʫʞʠʥʠʥ, ʗ.ɸ. ʂʨʝʤʝʥʝʮʢʘʷ, ɽ.ʈ. ɾʫʢʦʚʘ, ʉ.ɺ. 

ʄʦʨʦʟʦʚʘ // ʈʝʛʠʦʥʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʄʉʕ çʊʝʥʜʝʥʮʠʠ ʨʘʟʚʠʪʠʷ ʢʦʥʚʝʨʛʝʥʪʥʠʭ 

ʩʝʪʝʡ: ʨʝʰʝʥʠʷ ʧʦʩʪ-NGN, 4G ʠ 5Gè. ï 17-18 ʣʠʩʪʦʧʘʜʘ. ï 2016. ï ʉ. 39-41. 

6. Kremenetskaya Y.A. Analysis of the radio links millimeter range energy 

budget / Y.A. Kremenetskaya, E.R. Zhukova, S.V. Morozova // ʄʽʞʥʘʨʦʜʥʘ ʪʝʭʥʽʯʥʘ 

ʢʦʥʬʝʨʝʥʮʽʷ ʂʇɯ çʈʊʇʉɸʉ-2017è. ï 20-26 ʙʝʨʝʟʥʷ. ï ʉ.44-46. 

7. Kremenetskaya Y.A. Methods to improve the millimeter range system based 

on hybrid technology throughput analysis / Y.A. Kremenetskaya, E.R. Zhukova // 

Eleventh International Scientific Conference çModern challenges in 

telecommunicationsè. ï 18-21 April. ï 2017. ï ʈ. 156-158. 

8. Kremenetskaya Y.A. Quasi-optical approach to the analysis of the energy 

model of millimeter wave propagation and antenna characteristics / Y.A. 

Kremenetskaya, I.O. Liskovskiy, E.R. Zhukova // The IEEE XI International 

Conference on Antenna Theory and Techniques (ICATT'17). ï Kyiv, Ukraine, ï 24-27 

May, ï 2017. ï P. 395-398. DOI: 10.1109/ICATT.2017.7972673. 

9. Kremenetskaya Y.A. Approaches to the evaluation of spectral and energy 

efficiency Millimeter Wave Cellular Networks / Y.A. Kremenetskaya, E.R. Zhukova, 

S.V. Morozova // The IEEE First Ukraine Conference on Electrical and Computer 

Engineering (UKRCON 2017). ï Kyiv, Ukraine, ï 29 May- 5 June. ï 2017. ï P. 1121-

1124. DOI: 10.1109/UKRCON.2017.8100424. 

10. Kremenetskaya Y.A. Non-Line-of-Sight Channel Modeling for Millimeter 

Wave Mobile ʉommunications with Diffracted and Reflected Rays / Y.A. 

Kremenetskaya, N.V. Gradoboeva, S.V. Morozova // The IEEɽ 4th International 

Scientific-Practical Conference Problems of Infocommunications çScience and 

Technology (PIC S&T)è. ï Kyiv, Ukraine, ï 10-13 ʦct. ï 2017. ï P. 61-64. DOI: 

10.1109/INFOCOMMST.2017.8246350. 



10 

 

11. Kremenetskaya Y.A. Improvement of efficiency of millimeter range systems 

by method of signal zone / V.A. Druzhinin, Y.A. Kremenetskaya, E.R. Zhukova // 

ʉʙʦʨʥʠʢ ʪʨʫʜʦʚ ɼʋʊ ʈʝʛʽʦʥʘʣʴʥʘ ʢʦʥʬʝʨʝʥʮʽʷ ʄʽʞʥʘʨʦʜʥʦʛʦ ʩʦʶʟʫ 

ʝʣʝʢʪʨʦʟʚôʷʟʢʫ çʇʝʨʩʧʝʢʪʠʚʠ ʥʘʜʘʥʥʷ ʧʦʩʣʫʛ ʥʘ ʦʩʥʦʚʽ ʤʝʨʝʞ ʧʦʩʪ-NGN, 4G ʽ 5G. 

ʆʨʛʘʥʽʟʘʮʽʡʥʽ ʪʘ ʪʝʭʥʽʯʥʽ ʨʽʰʝʥʥʷ ʧʦ ʾʭ ʧʦʙʫʜʦʚʽ ʪʘ ʟʘʭʠʩʪʫè. ï 7-9 ʯʝʨʚʥʷ. ï 2017. 

ï C. 90-91. 

12. ʂʨʝʤʝʥʝʮʴʢʘ ʗ.ɸ. ʇʽʜʭʦʜʠ ʜʦ ʬʽʟʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʨʘʜʽʦʢʘʥʘʣʽʚ 

ʟʚôʷʟʢʫ ʤʫʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ ʭʚʠʣʴ / ʗ.ɸ. ʂʨʝʤʝʥʝʮʴʢʘ, ʅ.ʆ. ɸʥʜʨʝʻʚʘ, ʉ.ɺ. 

ʄʦʨʦʟʦʚʘ // ʍɯɯ ʄʽʞʥʘʨʦʜʥʘ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʘ ʢʦʥʬʝʨʝʥʮʽʷ ʂʇɯ çʇʨʦʙʣʝʤʠ 

ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡè. ï 16-20 ʢʚʽʪʥʷ. ï 2018. ï ʉ. 91-93. 

13. ʂremenetskaya Y. ɸpplication of hybrid millimetre wave technology for 

green wireless communications / Y. ʂremenetskaya, S. Markov, S. Morozova // The 

IEEE 9th International Conference Dependable Systems, Services and Technologies 

(DESSERTô2018). ï Kyiv, Ukraine, ï 24-27 may, ï 2018, ï ʈ. 695-698. DOI: 

10.1109/DESSERT.2018.8409212. 

14. ʂremenetskaya Y. Features of millimeter-wave ultra-wideband signals 

application intelecommunications / Y. ʂremenetskaya, S. Markov, S. Morozova // The 

IEEE 9th International Conference on Ultrawideband and Ultrashort Impulse Signals 

(UWBUSIS-18). ï Odessa, Ukraine, ï 4-7 sept., ï  2018. ʈ. 310-313. DOI: 

10.1109/UWBUSIS.2018.8520169. 

15. ʂʨʝʤʝʥʝʮʴʢʘ ʗ.ɸ. ɻʽʙʨʠʜʥʘ ʘʨʭʽʪʝʢʪʫʨʘ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ 

ʥʘʩʪʫʧʥʦʛʦ ʧʦʢʦʣʽʥʥʷ / ʗ.ɸ. ʂʨʝʤʝʥʝʮʴʢʘ, ɼ.ɺ. ɹʘʨʠʰʝʚ, ɻ.ʆ. ɼʫʜʘʨʻʚʘ // 

ʊʨʠʥʘʜʮʷʪʘ ʄʽʞʥʘʨʦʜʥʘ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʘ ʢʦʥʬʝʨʝʥʮʽʷ çʇʝʨʩʧʝʢʪʠʚʠ 

ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡè. ï 15-19 ʢʚʽʪʥʷ. ï 2019. ï ʉ. 162-164. 

16. Kremenetskaya Y. Limitations of Efficiency of Wireless Systems of 

Telecommunications 5G and Methods of Their Compensation / Y. Kremenetskaya, A. 

Makarenko, S. Markov, V. Koval // The IEEɽ 6th International Scientific-Practical 

Conference Problems of Infocommunications çScience and Technology (PIC S&T)è. 

Kyiv, Ukraine, ï 8-10 Oct. ï 2019. ï P. 493-496. DOI: 

10.1109/PICST47496.2019.9061493. 



11 

 

17. Kremenetskaya Y. Promising Green Telecommunications Based on Hybrid 

Network Architecture / Y. Kremenetskaya, V. Koval, S. Markov // The IEEɽ 

International Conference on Radio Electronics & Info Communications (UkrMiCo). ï 

Odessa, Ukraine, ï 9-13 Sept. ï 2019. ï P. 1-4. // DOI: 

10.1109/UkrMiCo47782.2019.9165525. 

 

ʄʦʥʦʛʨʘʬʽʷ 

1. ʂʨʝʤʝʥʝʮʴʢʘ ʗ.ɸ. ʈʘʜʽʦʬʦʪʦʥʥʽ ʪʝʭʥʦʣʦʛʽʾ ʪʘ ʧʨʠʩʪʨʦʾ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡ / 

ʗ.ɸ. ʂʨʝʤʝʥʝʮʴʢʘ, ʖ.ɺ. ʄʝʣʴʥʠʢ, ʉ.ʖ. ʄʘʨʢʦʚ, ɻ.ʉ. ʌʝʣʽʥʩʴʢʠʡ // ʅʘʫʢʦʚʝ 

ʚʠʜʘʥʥʷ ɼʋʊ, ʂ.: ɼʨʫʢ çʊʆɺ ʊʨʠ ʂè, ï 2019, ï220 ʩ. (ISBN 978-966-7690-44-1) 

 

  



12 

 

ɿʄɯʉʊ 

 

ʇɽʈɽʃɯʂ ʋʄʆɺʅʀʍ ʉʂʆʈʆʏɽʅʔ  15 

ɺʉʊʋʇ  17 

1. ʆʉʆɹʃʀɺʆʉʊɯ ʊɸ ʇɽʈɽɺɸɻʀ ɿɸʉʊʆʉʋɺɸʅʅʗ ʍɺʀʃʔ 

ʄɯʃɯʄɽʊʈʆɺʆɻʆ ʊɸ ʉʋɹʄɯʃɯʄɽʊʈʆɺʆɻʆ ɼɯɸʇɸɿʆʅɯɺ ɺ 

ʊɽʃɽʂʆʄʋʅɯʂɸʎɯʁʅʀʍ ʉʀʉʊɽʄɸʍ  28 

1.1 ʇʝʨʩʧʝʢʪʠʚʠ ʪʘ ʧʨʦʙʣʝʤʠ ʨʝʘʣʽʟʘʮʽʾ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʪʘ 

ʩʫʙʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʽʚ ʚ ʧôʷʪʦʤʫ ʪʘ ʥʘʩʪʫʧʥʠʭ ʧʦʢʦʣʽʥʥʷʭ 

ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʤʝʨʝʞ 28 

1.2 ʆʩʦʙʣʠʚʦʩʪʽ ʧʦʰʠʨʝʥʥʷ ʭʚʠʣʴ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʪʘ ʩʫʙʤʽʣʽʤʝʪʨʦʚʦʛʦ 

ʜʽʘʧʘʟʦʥʽʚ ʚ ʘʪʤʦʩʬʝʨʽ ʪʘ ʽʥʰʠʭ ʩʝʨʝʜʦʚʠʱʘʭ 35 

1.3. ʉʫʯʘʩʥʽ ʩʪʘʥʜʘʨʪʠ ʪʘ ʪʝʭʥʦʣʦʛʽʾ, ʱʦ ʧʨʘʮʶʶʪʴ ʚ ʤʽʣʽʤʝʪʨʦʚʦʤʫ 

ʜʽʘʧʘʟʦʥʽ 40 

1.4. ɺʠʢʦʨʠʩʪʘʥʥʷ ʛʽʙʨʠʜʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʜʣʷ ʨʝʘʣʽʟʘʮʽʾ 

ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʚ ʤʽʣʽʤʝʪʨʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ 44 

1.5. ʄʝʪʦʜʠ ʪʘ ʧʽʜʭʦʜʠ ʜʦ ʤʦʜʝʣʶʚʘʥʥʷ ʢʘʥʘʣʽʚ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ 

ʭʚʠʣʴ  49 

ɺʠʩʥʦʚʢʠ ʜʦ ʨʦʟʜʽʣʫ 1 60 

2. ɿɸʉʊʆʉʋɺɸʅʅʗ ɻɯɹʈʀɼʅʀʍ ʊɽʍʅʆʃʆɻɯʁ ɼʃʗ ʈɽɸʃɯɿɸʎɯɰ 

ʊɽʃɽʂʆʄʋʅɯʂɸʎɯʁʅʀʍ ʉʀʉʊɽʄ ʄɯʃɯʄɽʊʈʆɺʆɻʆ ɼɯɸʇɸɿʆʅʋ 61 

2.1. ɻʽʙʨʠʜʥʽ ʦʧʪʦʝʣʝʢʪʨʦʥʥʽ ʤʝʪʦʜʠ ʬʦʨʤʫʚʘʥʥʷ ʨʘʜʽʦʩʠʛʥʘʣʽʚ 

ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ 62 

2.2. ʌʦʪʦʥʥʽ ʤʝʪʦʜʠ ʫʪʚʦʨʝʥʥʷ ʜʽʘʛʨʘʤ ʩʧʨʷʤʦʚʘʥʦʩʪʽ ʬʘʟʦʚʘʥʠʭ 

ʘʥʪʝʥʥʠʭ ʨʝʰʽʪʦʢ 67 

2.3. ɻʽʙʨʠʜʥʽ ʘʨʭʽʪʝʢʪʫʨʠ ʤʝʨʝʞ ʜʣʷ ʟʚôʷʟʢʫ ʫ ʤʽʣʽʤʝʪʨʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ 73 

ɺʠʩʥʦʚʦʢ ʜʦ ʨʦʟʜʽʣʫ 2 83 

3. ɻɯɹʈʀɼʅɯ ʆʇʊʆɽʃɽʂʊʈʆʅʅɯ ʄɽʊʆɼʀ ʄʆɼʋʃʗʎɯɰ ʊɸ   

ʇɽʈɽɼɸʏɯ ʈɸɼɯʆʏɸʉʊʆʊʅʆɻʆ ʉʀɻʅɸʃʋ 84 

3.1. ʌʦʨʤʫʚʘʥʥʷ ʨʘʜʽʦʩʠʛʥʘʣʽʚ ʰʣʷʭʦʤ ʤʦʜʫʣʷʮʽʾ ʽʥʪʝʥʩʠʚʥʦʩʪʽ 

ʦʧʪʠʯʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ 84 

3.2. ʇʨʠʥʮʠʧ ʨʦʙʦʪʠ ʪʘ ʧʦʙʫʜʦʚʘ ʣʽʥʽʾ ʧʝʨʝʜʘʯʽ ʟ ʤʦʜʫʣʷʮʽʻʶ 

ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʪʘ ʧʨʷʤʠʤ ʜʝʪʝʢʪʫʚʘʥʥʷʤ 86 

3.3. ʆʩʥʦʚʥʽ ʛʽʙʨʠʜʥʽ ʦʧʪʦʝʣʝʢʪʨʦʥʥʽ ʤʝʪʦʜʠ ʬʦʨʤʫʚʘʥʥʷ ʩʠʛʥʘʣʽʚ 

ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ 91 

3.3.1. ʄʝʪʦʜʠ ʟʦʚʥʽʰʥʴʦʾ ʤʦʜʫʣʷʮʽʾ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʤʦʜʫʣʷʪʦʨʽʚ ʄʘʭʘ-

ʎʝʥʜʝʨʘ 91 



13 

 

3.3.2. ʄʝʪʦʜʠ ʟʦʚʥʽʰʥʴʦʾ ʤʦʜʫʣʷʮʽʾ ʬʘʟʠ ʦʧʪʠʯʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ 95 

3.3.3. ʄʝʪʦʜʠ ʦʧʪʠʯʥʦʛʦ ʛʝʪʝʨʦʜʠʥʫʚʘʥʥʷ 97 

3.3.4. ʅʝʢʦʛʝʨʝʥʪʥʽ ʦʧʪʦʝʣʝʢʪʨʦʥʥʽ ʤʝʪʦʜʠ ʜʝʤʦʜʫʣʷʮʽʾ ʩʠʛʥʘʣʽʚ 

ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ 101 

3.3.5. ʄʝʪʦʜ ʬʦʨʤʫʚʘʥʥʷ ʩʠʛʥʘʣʽʚ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ ʥʘ ʦʩʥʦʚʽ 

ʩʝʣʝʢʪʠʚʥʦʛʦ ʧʽʜʩʠʣʝʥʥʷ ʦʧʪʠʯʥʠʭ ʛʘʨʤʦʥʽʢ  103 

3.4. ɸʥʘʣʽʟ ʨʘʜʽʦʯʘʩʪʦʪʥʠʭ ʧʝʨʝʜʘʚʘʣʴʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʧʪʠʯʥʦʾ ʣʽʥʽʾ 

ʽʟ ʟʦʚʥʽʰʥʴʦʾ ʤʦʜʫʣʷʮʽʻʶ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʽ ʧʨʷʤʠʤ 

ʜʝʪʝʢʪʫʚʘʥʥʷʤ  
104 

3.4.1. ʆʜʥʦʯʘʩʪʦʪʥʠʡ ʘʥʘʣʽʟ  
104 

3.4.2. ɼʚʦʭ ʯʘʩʪʦʪʥʠʡ ʘʥʘʣʽʟ 118 

3.5. ʇʦʢʘʟʥʠʢʠ ʷʢʦʩʪʽ ʜʣʷ ʣʽʥʽʡ ʧʝʨʝʜʘʯʽ ʟ ʟʦʚʥʽʰʥʴʦʾ ʤʦʜʫʣʷʮʽʻʶ 

ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʽ ʧʨʷʤʠʤ ʜʝʪʝʢʪʫʚʘʥʥʷʤ 
126 

3.5.1. ʂʦʝʬʽʮʽʻʥʪ ʰʫʤʫ, ʚʽʜʥʦʰʝʥʥʷ ʩʠʛʥʘʣ/ʰʫʤ, ʜʠʥʘʤʽʯʥʠʡ ʜʽʘʧʘʟʦʥ 
126 

3.5.2. ʈʽʚʥʷʥʥʷ, ʱʦ ʚʨʘʭʦʚʫʶʪʴ ʤʝʞʫ ʟʘ ʜʨʦʙʦʚʠʤ ʰʫʤʦʤ 
139 

3.5.3. ʈʽʚʥʷʥʥʷ, ʱʦ ʚʨʘʭʦʚʫʶʪʴ ʤʝʞʫ ʟʘ ʚʽʜʥʦʩʥʠʤ ʰʫʤʦʤ ʽʥʪʝʥʩʠʚʥʦʩʪʽ 
143 

3.5.4. ʂʦʤʧʨʦʤʽʩʥʽ ʨʽʰʝʥʥʷ ʚʠʙʦʨʫ ʧʦʢʘʟʥʠʢʽʚ ʷʢʦʩʪʽ 
146 

3.5.5. ʇʨʦʙʣʝʤʠ ʽ ʨʽʰʝʥʥʷ ʜʣʷ ʬʦʪʦʜʝʪʝʢʪʦʨʘ 
148 

3.5.6. ʄʝʪʦʜʠ ʽʥʪʝʛʨʘʮʽʾ ʤʦʜʫʣʷʪʦʨʽʚ ʄʘʭʘ-ʎʝʥʜʝʨʘ 
158 

3.5.7. ɺʧʣʠʚ ʝʬʝʢʪʽʚ ʧʦʰʠʨʝʥʥʷ ʚ ʦʧʪʠʯʥʦʤʫ ʢʘʥʘʣʽ  ʥʘ ʧʦʢʘʟʥʠʢʠ 

ʷʢʦʩʪʽ 
163 

ɺʠʩʥʦʚʢʠ ʜʦ ʨʦʟʜʽʣʫ 3 171 

4. ʄɸʊɽʄɸʊʀʏʅɽ ʄʆɼɽʃʖɺɸʅʅʗ ʈɸɼɯʆʂɸʅɸʃʋ  ʊɸ ʐʋʄɯɺ 

ɺ ʄɯʃɯʄɽʊʈʆɺʆʄʋ ɼɯɸʇɸɿʆʅɯ 173 

4.1. ʇʽʜʭʦʜʠ ʜʦ ʤʦʜʝʣʶʚʘʥʥʷ ʨʘʜʽʦʢʘʥʘʣʫ ʚ ʤʽʣʽʤʝʪʨʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ  
173 

4.2. ʂʚʘʟʽʦʧʪʠʯʥʘ ʤʦʜʝʣʴ ʨʘʜʽʦʢʘʥʘʣʫ ʚ ʤʽʣʽʤʝʪʨʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ 
176 

4.3. ʇʽʜʩʠʣʝʥʥʷ ʪʘ ʰʫʤʠ ʩʠʛʥʘʣʫ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ, ʧʦʚ'ʷʟʘʥʽ ʟ 

ʷʚʠʱʘʤʠ ʚʽʜʙʠʪʪʷ ʽ ʜʠʬʨʘʢʮʽʾ ʚ ʫʤʦʚʘʭ ʧʦʰʠʨʝʥʥʷ ʜʣʷ ʤʽʩʴʢʦʛʦ 

ʩʮʝʥʘʨʽʶ 179 

4.3.1. ʄʦʜʝʣʴ ʙʶʜʞʝʪʫ ʢʘʥʘʣʫ ʚ ʤʽʣʽʤʝʪʨʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ ʟ ʫʨʘʭʫʚʘʥʥʷʤ 

ʟʦʥ ʧʽʜʩʠʣʝʥʥʷ ʩʠʛʥʘʣʫ 
181 



14 

 

4.3.2. ɸʥʘʣʽʟ ʜʠʬʨʘʢʮʽʾ ʤʽʣʽʤʝʪʨʦʚʠʭ ʭʚʠʣʴ ʥʘ ʦʩʥʦʚʽ ʛʝʦʤʝʪʨʠʯʥʦʾ 

ʪʝʦʨʽʾ ʜʠʬʨʘʢʮʽʾ 
184 

4.3.3. ɼʠʬʨʘʢʮʽʷ ʤʽʣʽʤʝʪʨʦʚʠʭ ʭʚʠʣʴ ʥʘ ʧʨʷʤʦʢʫʪʥʦʤʫ ʧʨʦʚʽʜʥʦʤʫ ʢʣʠʥʽ 188 

4.3.4. ɺʪʨʘʪʠ ʽ ʧʽʜʩʠʣʝʥʥʷ ʩʠʛʥʘʣʫ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ ʟʘ ʨʘʭʫʥʦʢ 

ʚʽʜʙʠʪʪʷ 190 

4.3.5. ʄʦʜʝʣʽ ʢʘʥʘʣʽʚ ʚ ʤʽʣʽʤʝʪʨʦʚʦʤʫ ʜʽʘʧʘʟʦʥ ̔ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʝʬʝʢʪʽʚ 

ʨʦʟʩʽʶʚʘʥʥʷ 192 

4.3.6 ʄʦʜʝʣʶʚʘʥʥʷ ʧʽʜʩʠʣʝʥʥʷ ʚ ʨʘʜʽʦʢʘʥʘʣʽ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ ʥʘ 

ʦʩʥʦʚʽ ʰʪʫʯʥʦʛʦ ʚʽʜʙʠʪʪʷ 196 

4.4. ɺʧʣʠʚ ʘʪʤʦʩʬʝʨʠ ʥʘ ʧʦʰʠʨʝʥʥʷ ʨʘʜʽʦʭʚʠʣʴ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ 

ʪʘ ʧʦʷʚʘ ʰʫʤʽʚ 198 

4.4.1. ʇʦʛʣʠʥʘʥʥʷ ʭʚʠʣʴ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ ʚ ʘʪʤʦʩʬʝʨʽ ʪʘ 

ʚʠʥʠʢʥʝʥʥʷ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʰʫʤʫ ʧʦʛʣʠʥʘʥʥʷ 198 

4.4.2. ʌʘʟʦʚʽ ʩʧʦʪʚʦʨʝʥʥʷ ʩʠʛʥʘʣʫ ʚ ʪʫʨʙʫʣʝʥʪʥʽʡ ʘʪʤʦʩʬʝʨʽ 201 

4.5. ʐʫʤʠ ʚ ʨʘʜʽʦʢʘʥʘʣʽ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ RoF 

ʪʝʭʥʦʣʦʛʽʾ 202 

4.6. ʄʦʜʝʣʶʚʘʥʥʷ ʽʥʪʝʨʬʝʨʝʥʮʽʡʥʠʭ ʟʘʚʘʜ ʚ ʩʪʽʣʴʥʠʢʦʚʠʭ ʤʝʨʝʞʘʭ ʫ 

ʤʽʣʽʤʝʪʨʦʚʦʤʫ ʜʽʘʧʘʟʦʥ ̔ʥʘ ʦʩʥʦʚʽ ʩʪʦʭʘʩʪʠʯʥʦʾ ʛʝʦʤʝʪʨʽʾ 211 

4.7. ʇʦʨʽʚʥʷʣʴʥʠʡ ʥʘʣʽʟ ʟʥʘʯʝʥʴ SIR ʪʘ SNR ʜʣʷ ʩʪʽʣʴʥʠʢʦʚʠʭ ʤʝʨʝʞ ʫ 

ʤʽʣʽʤʝʪʨʦʚʦʤʫ ʜʽʘʧʘʟʦʥ ̔ 215 

4.8. ʇʦʨʽʚʥʷʥʥʷ ʧʦʢʘʟʥʠʢʽʚ ʙʶʜʞʝʪʫ ʨʘʜʽʦʣʽʥʽʾ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ 

ʨʦʟʨʘʭʦʚʘʥʠʭ ʥʘ ʦʩʥʦʚʽ ʬʦʨʤʫʣʠ ʌʨʽʽʩʘ, ʢʚʘʟʽʦʧʪʠʯʥʦʾ ʤʦʜʝʣʽ ʪʘ ʪʝʦʨʽʾ 

ʬʘʟʦʚʘʥʠʭ ʘʥʪʝʥʥʠʭ ʨʝʰʽʪʦʢ 217 

ɺʠʩʥʦʚʢʠ ʜʦ ʨʦʟʜʽʣʫ 4 225 

5. ɸʅɸʃɯɿ ʆɹʄɽɾɽʅʔ ɽʌɽʂʊʀɺʅʆʉʊɯ ɯʅʊɽɻʈɸʎɯɰ ɻɯɹʈʀɼʅʀʍ 

ʆʇʊʆɽʃɽʂʊʈʆʅʅʀʍ ʊɽʍʅʆʃʆɻɯʁ ɺ ʊɽʃɽʂʆʄʋʅɯʂɸʎɯʁʅʀʍ 

ʉʀʉʊɽʄɸʍ ʄɯʃɯʄɽʊʈʆɺʆɻʆ ɼɯɸʇɸɿʆʅʋ ʍɺʀʃʔ ʊɸ ʄɽʊʆɼɯɺ 

ɰʍ ʂʆʄʇɽʅʉɸʎɯʁ 227 

5.1. ɽʬʝʢʪʠʚʥʽʩʪʴ ʽʥʪʝʛʨʘʮʽʾ ʛʽʙʨʠʜʥʠʭ ʦʧʪʦʝʣʝʢʪʨʦʥʥʠʭ ʪʝʭʥʦʣʦʛʽʡ 227 

5.2. ɸʥʘʣʽʟ ʦʙʤʝʞʝʥʴ ʧʨʦʧʫʩʢʥʦʾ ʟʜʘʪʥʦʩʪʽ ʦʩʥʦʚʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ 

ʚʦʣʦʢʦʥʥʦ-ʝʬʽʨʥʠʭ ʩʠʩʪʝʤ ʟʚ'ʷʟʢʫ 231 

5.3. ɼʦʩʷʛʥʝʥʥʷ ʚ ʦʙʣʘʩʪʽ ʬʦʪʦʜʝʪʝʢʪʦʨʽʚ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ 249 



15 

 

5.4. ʄʝʪʦʜ ʽʥʪʝʛʨʘʮʽʾ ʟʦʚʥʽʰʥʴʦʾ ʤʦʜʫʣʷʮʽʾ, ʪʝʭʥʽʢʠ ʤʥʦʞʝʥʥʷ ʯʘʩʪʦʪʠ 

ʪʘ ʜʠʩʪʘʥʮʽʡʥʦʛʦ ʛʝʪʝʨʦʜʠʥʫʚʘʥʥʷ ʟ ʧʦʣʷʨʠʟʘʮʽʡʥʠʤ ʨʦʟʜʽʣʦʤ ʢʘʥʘʣʽʚ 251 

5.5. ɯʥʪʝʛʨʘʮʽʷ ʰʚʠʜʢʦʜʽʶʯʠʭ ʬʦʪʦʜʝʪʝʢʪʦʨʽʚ ʟ ʘʥʪʝʥʥʠʤʠ ʝʣʝʤʝʥʪʘʤʠ 

ʬʘʟʦʚʘʥʦʾ ʘʥʪʝʥʥʦʾ ʨʝʰʽʪʢʠ  262 

ɺʠʩʥʦʚʢʠ ʜʦ ʨʦʟʜʽʣʫ 5 275 

6. ɿɸɻɸʃʔʅɯ ʈɽʂʆʄɽʅɼɸʎɯɰ ʑʆɼʆ ʇɯɼɺʀʑɽʅʅʗ 

ɽʌɽʂʊʀɺʅʆʉʊɯ ʊɸ ʅɸʇʈʗʄʂɯɺ ʇʆɼɸʃʔʐʀʍ ɼʆʉʃɯɼɾɽʅʔ 

ʊɽʃɽʂʆʄʋʅɯʂɸʎɯʁʅʀʍ ʉʀʉʊɽʄ ɺ ʄɯʃɯʄɽʊʈʆɺʆʄʋ 

ɼɯɸʇɸɿʆʅɯ 277 

ɺʠʩʥʦʚʢʠ ʜʦ ʨʦʟʜʽʣʫ 6 287 

ɺʀʉʅʆɺʂʀ 288 

ʉʇʀʉʆʂ ɺʀʂʆʈʀʉʊɸʅʀʍ ɼɾɽʈɽʃ 291 

ɼʆɼɸʊʆʂ ɸ. ɸʢʪʠ ʚʧʨʦʚʘʜʞʝʥʴ ʨʝʟʫʣʴʪʘʪʽʚ ʜʠʩʝʨʪʘʮʽʡʥʦʛʦ 

ʜʦʩʣʽʜʞʝʥʥʷ 317 

 

 

 

ʇɽʈɽʃɯʂ ʋʄʆɺʅʀʍ ʇʆɿʅɸʏɽʅʔ 

ʄʄɼ ï ʤʽʣʽʤʝʪʨʦʚʠʡ ʜʽʘʧʘʟʦʥ; 

ʄʄʍ ï ʤʽʣʽʤʝʪʨʦʚʽ ʭʚʠʣʽ; 

ʅɺʏ  - ʥʘʜʚʠʩʦʢʽ ʯʘʩʪʦʪʠ; 

SNR - signal-to-noise ratio (ʚʽʜʥʦʰʝʥʥʷ ʩʠʛʥʘʣʫ ʜʦ ʰʫʤʫ); 

ʉʑʇʐ ï ʩʧʝʢʪʨʘʣʴʥʘ  ʱʽʣʴʥʽʩʪʴ ʧʦʪʫʞʥʦʩʪʽ ʰʫʤʫ; 

NF - ʬʘʢʪʦʨ ʰʫʤʫ; 

CNR - carrier-to-noise ratio (ʚʽʜʥʦʰʝʥʥʷ ʩʠʛʥʘʣʫ ʥʝʩʫʯʦʾ ʜʦ ʰʫʤʫ); 

SSB - single sideband (ʦʜʥʦʩʤʫʛʦʚʠʡ ʜʽʘʧʘʟʦʥ); 

SINR - signal-to-interference-plus-noise ratio (ʚʽʜʥʦʰʝʥʥʷ ʩʠʛʥʘʣ/ʟʘʚʘʜʠ ʧʣʶʩ 

ʽʥʪʝʨʬʝʨʝʥʮʽʡʥʠʡ ʰʫʤ); 

EVM - error vector magnitude (ʚʝʣʠʯʠʥʘ ʚʝʢʪʦʨʘ ʧʦʭʠʙʢʠ); 

SSMF - standard singlemode fiber (ʩʪʘʥʜʘʨʪʥʝ ʦʜʥʦʤʦʜʦʚʝ ʚʦʣʦʢʥʦ); 

RF ï ʨʘʜʽʦʯʘʩʪʦʪʥʽʡ ʩʠʛʥʘʣ; 

RoF - radio over fiber (ʚʦʣʦʢʦʥʥʦ-ʝʬʽʨʥʘ ʩʪʨʫʢʪʫʨʘ); 
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ʌɸʈ - ʬʘʟʦʚʘʥʘ ʘʥʪʝʥʥʘ ʨʝʰʽʪʢʘ; 

HetNets - heterogenous networks (ʛʝʪʝʨʦʛʝʥʥʽ ʤʝʨʝʞʽ); 

LOS ï line-of-sight (ʟʦʥʘ ʧʨʷʤʦʾ ʚʠʜʠʤʦʩʪʽ); 

NLOS - non-line-of-sight (ʟʦʥʘ ʧʦʟʘ ʧʨʷʤʦʾ ʚʠʜʠʤʦʩʪʽ); 

ʇʇʏ ï ʧʦʥʠʞʫʶʯʝ ʧʝʨʝʪʚʦʨʝʥʥʷ ʯʘʩʪʦʪʠ; 

ɻʄɿ ï ʛʽʙʨʠʜʥʝ ʤʦʩʪʦʚʝ ʟ'ʻʜʥʘʥʥʷ; 

MIMO - multiple input ï multiple output (ʤʥʦʞʠʥʥʽ ʚʭʦʜʠ, ʤʥʦʞʠʥʥʽ ʚʠʭʦʜʠ, 

ʤʝʪʦʜ ʧʨʦʩʪʦʨʦʚʦʛʦ ʢʦʜʫʚʘʥʥʷ ʩʠʛʥʘʣʫ); 

ʄʄʎ ï ʤʦʜʫʣʷʪʦʨ ʄʘʭʘ-ʎʝʥʜʝʨʘ; 

ɼɽʄʄʎ ï ʜʚʦʭ ʝʣʝʢʪʨʦʜʥʠʡ ʤʦʜʫʣʷʪʦʨ ʄʘʭʘ-ʎʝʥʜʝʨʘ; 

ɼʇʄʄʎ ï ʜʚʦʭ ʧʘʨʘʣʝʣʴʥʠʡ ʤʦʜʫʣʷʪʦʨ ʄʘʭʘ-ʎʝʥʜʝʨʘ; 

ʄɯɺʇɼ ï ʤʦʜʫʣʷʮʽʷ  ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʽ ʧʨʷʤʝ ʜʝʪʝʢʪʫʚʘʥʥʷ; 

PD ï ʬʦʪʦʜʽʦʜ; 

QAM - ʢʚʘʜʨʘʪʫʨʥʘ ʘʤʧʣʽʪʫʜʥʘ ʤʦʜʫʣʷʮʽʷ; 

QPSK - ʢʚʘʜʨʘʪʫʨʥʘ ʬʘʟʦʚʘ ʤʦʜʫʣʷʮʽʷ; 

ɯʄʉ -  ̔ ʥʪʝʨʤʦʜʫʣʷʮʽʡʥʽ ʩʧʦʪʚʦʨʝʥʥʷʤ;  

OIP2 - second-order output intercept point (ʚʠʭʽʜʥʘ ʪʦʯʢʘ ʧʝʨʝʪʠʥʫ ʜʨʫʛʦʛʦ 

ʧʦʨʷʜʢʫ); 

OIP3 - third-order output intercept point (ʚʠʭʽʜʥʘ ʪʦʯʢʘ ʧʝʨʝʪʠʥʫ ʪʨʝʪʴʦʛʦ 

ʧʦʨʷʜʢʫ); 

RIN - related intensity noise (ʚʽʜʥʦʩʥʠʡ ʰʫʤ ʽʥʪʝʥʩʠʚʥʦʩʪʽ); 

OIPn - nth-order output intercept point, ʚʠʭʽʜʥʘ ʪʦʯʢʘ ʧʝʨʝʪʠʥʫ n-ʛʦ ʧʦʨʷʜʢʫ; 

IIPn -  nth-order intput intercept point, ʚʭʽʜʥʘ ʪʦʯʢʘ ʧʝʨʝʪʠʥʫ n-ʛʦ ʧʦʨʷʜʢʫ $ 

SFDR - spurious-free dynamic range (ʜʠʥʘʤʽʯʥʠʡ ʜʽʘʧʘʟʦʥ ʚʽʣʴʥʠʡ ʚʽʜ ʧʘʨʘʟʠʪʥʠʭ 

ʩʢʣʘʜʦʚʠʭ) 
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ɺʉʊʋʇ 

ɸʢʪʫʘʣʴʥʽʩʪʴ ʪʝʤʠ. ʇ'ʷʪʝ ʧʦʢʦʣʽʥʥʷ (ʘʥʛʣ. 5th Generation, 5G) 

ʙʝʟʧʨʦʚʦʜʦʚʠʭ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʨʦʟʨʦʙʣʷʻʪʴʩʷ ʜʣʷ ʢʦʨʠʩʪʫʚʘʯʽʚ 

ʤʦʙʽʣʴʥʠʭ ʤʝʨʝʞ ʟ 2015 ʨʦʢʫ ʪʘ ʻ ʚʘʞʣʠʚʠʤ ʦʨʽʻʥʪʠʨʦʤ ʜʣʷ ʨʦʟʚʠʪʢʫ. ɼʣʷ 

ʨʝʘʣʽʟʘʮʽʾ ʚʩʴʦʛʦ ʧʦʪʝʥʮʽʘʣʫ 5G, ʨʽʟʥʠʭ ʥʦʚʠʭ ʜʦʜʘʪʢʽʚ, ʪʘʢʠʭ ʷʢ: ʰʪʫʯʥʠʡ 

ʽʥʪʝʣʝʢʪ, ʧʝʨʝʜʘʯʘ ʚʽʜʝʦʪʨʘʬʽʢʘ ʚ ʬʦʨʤʘʪʘʭ HDTV (ʘʥʛʣ. High Definition 

Television  ╖  ʪʝʣʝʙʘʯʝʥʥʷ ʚʠʩʦʢʦʾ ʯʽʪʢʦʩʪʽ), UHDTV (ʘʥʛʣ. Ultra High Definition 

Television  ╖  ʪʝʣʝʙʘʯʝʥʥʷ ʥʘʜʚʠʩʦʢʦʾ ʯʽʪʢʦʩʪʽ) ʪʘ 3D (ʘʥʛʣ. 3 Dimensions  ╖  

ʪʨʠʚʠʤʽʨʥʝ) ʚʽʜʝʦ, ɯʥʪʝʨʥʝʪ ʨʝʯʝʡ (ʘʥʛʣ. Internet of Everything, IoT) ʪʘ ʽʥʰʠʭ 

ʽʥʥʦʚʘʮʽʡ, ʥʝʦʙʭʽʜʥʦ ʟʙʽʣʴʰʝʥʥʷ ʦʙʩʷʛʫ ʪʨʘʬʽʢʫ ʜʘʥʠʭ, ʷʢʝ ʚ ʩʚʦʶ ʯʝʨʛʫ ʚʠʤʘʛʘʻ 

ʜʫʞʝ ʚʠʩʦʢʦʾ ʧʨʦʧʫʩʢʥʦʾ ʟʜʘʪʥʦʩʪʽ ʜʣʷ ʢʦʞʥʦʛʦ ʧʨʠʩʪʨʦʶ (ʜʦ ʜʝʢʽʣʴʢʘ ɻʙʽʪ/ʩ) ʟ 

ʻʤʥʽʩʪʶ ʪʨʘʬʽʢʫ ʥʘ ʦʜʠʥʠʮʶ ʧʣʦʱʽ ʥʘ ʨʽʚʥʽ 10 ʄʙʽʪ/ʩ/ʤ2. ʐʚʠʜʢʽʩʪʴ ʚʽʜʝʦʪʨʘʬʽʢʘ 

ʚ ʤʦʙʽʣʴʥʠʭ ʤʝʨʝʞʘʭ ʜʣʷ ʬʦʨʤʘʪʽʚ HDTV ʪʘ UHDTV ʜʣʷ ʥʝʩʪʠʩʥʫʪʦʾ ʧʝʨʝʜʘʯʽ 

ʤʦʞʝ ʜʦʩʷʛʘʪʠ ʚʽʜʧʦʚʽʜʥʦ 24 ɻʙʽʪ/ʩ ʽ 100 ɻʙʽʪ/ʩ. ʈʽʰʝʥʥʷʤ ʪʘʢʦʛʦ ʟʘʚʜʘʥʥʷ ʤʦʞʝ 

ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ʯʘʩʪʦʪʥʦʛʦ ʨʝʩʫʨʩʫ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ (ʄʄɼ, 30-300 

ɻɻʮ), ʦʩʢʽʣʴʢʠ ʰʚʠʜʢʽʩʪʴ ʧʝʨʝʜʘʯʽ ʜʘʥʠʭ ʧʝʨʝʪʚʦʨʶʻʪʴʩʷ ʚ ʧʦʧʠʪ ʥʘ ʜʦʩʪʫʧʥʫ 

ʩʤʫʛʫ ʧʨʦʧʫʩʢʘʥʥʷ. ɿ ʽʥʰʦʛʦ ʙʦʢʫ, ʪʘʢʽ ʫʥʽʢʘʣʴʥʽ ʦʩʦʙʣʠʚʦʩʪʽ ʭʚʠʣʴ ʄʄɼ, ʷʢ 

ʥʘʷʚʥʽʩʪʴ ʚʽʢʦʥ ʧʨʦʟʦʨʦʩʪʽ ʪʘ ʧʽʢʽʚ ʧʦʛʣʠʥʘʥʥʷ ʚ ʘʪʤʦʩʬʝʨʽ, ʤʦʞʣʠʚʽʩʪʴ 

ʧʨʦʥʠʢʥʝʥʥʷ ʯʝʨʝʟ ʜʝʷʢʽ ʥʝʤʝʪʘʣʝʚʽ ʤʘʪʝʨʽʘʣʠ, ʩʪʽʡʢʽʩʪʴ ʜʦ ʽʥʪʝʨʬʝʨʝʥʮʽʡʥʠʭ 

ʟʘʚʘʜ, ʤʦʞʣʠʚʽʩʪʴ ʬʦʨʤʫʚʘʥʥʷ ʚʫʟʴʢʦʩʧʨʷʤʦʚʘʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʽ ʨʦʟʜʽʣʴʥʘ 

ʟʜʘʪʥʽʩʪʴ, ʨʦʙʣʷʪʴ ʄʄɼ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʜʣʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʥʝ ʪʽʣʴʢʠ ʚ ʥʘʟʝʤʥʠʭ 

ʩʠʩʪʝʤʘʭ ʟʚ'ʷʟʢʫ. ʎʝʡ ʜʽʘʧʘʟʦʥ ʻ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʜʣʷ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚ ʩʠʩʪʝʤʘʭ 

ʙʝʟʧʝʢʠ, ʚʽʜʝʦʩʧʦʩʪʝʨʝʞʝʥʥʷ, ʩʝʥʩʦʨʥʠʭ ʪʝʭʥʦʣʦʛʽʷʭ, ʚ ʩʠʩʪʝʤʘʭ ʟʚ'ʷʟʢʫ ʟ 

ʙʝʟʧʽʣʦʪʥʠʤʠ ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʽʚ, ʪʦʱʦ. ɿʘ ʨʝʢʦʤʝʥʜʘʮʽʷʤʠ ʄʽʞʥʘʨʦʜʥʦʛʦ ʉʦʶʟʫ 

ɽʣʝʢʪʨʦʟʚ'ʷʟʢʫ ITU-R M.2083-0 ʜʦ ʟʘʚʜʘʥʴ ʤʘʡʙʫʪʥʴʦʛʦ ʨʦʟʚʠʪʢʫ ʤʦʙʽʣʴʥʠʭ 

ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡ ʥʘ ʧʝʨʽʦʜ ʜʦ 2020 ʨʦʢʫ ʪʘ ʜʘʣʽ ʚʽʜʥʦʩʷʪʴ ʚʧʨʦʚʘʜʞʝʥʥʷ ʥʦʚʠʭ 

ʩʮʝʥʘʨʽʾʚ ʚʠʢʦʨʠʩʪʘʥʥʷ, ʤʦʞʣʠʚʦʩʪʝʡ, ʟʘʙʝʟʧʝʯʝʥʥʷ ʘʜʘʧʪʘʮʽʾ ʪʘ ʛʥʫʯʢʦʩʪʽ. 

ɺ ʜʘʥʠʡ ʯʘʩ ʩʧʝʢʪʨ ʄʄʍ ʰʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʩʫʧʫʪʥʠʢʦʚʦʛʦ, 

ʪʨʘʥʟʠʪʥʦʛʦ ʟʚ'ʷʟʢʫ, ʚ ʩʪʘʥʜʘʨʪʘʭ ʙʝʟʧʨʦʚʦʜʦʚʦʛʦ ʟʚ'ʷʟʢʫ IEEE 802.15.3c, IEEE 

802.15.3ad, ʘʣʝ ʧʨʦʙʣʝʤʠ ʩʪʚʦʨʝʥʥʷ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʚ ʄʄɼ 
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ʟʘʣʠʰʘʶʪʴʩʷ ʟʥʘʯʥʠʤʠ. ɼʦʩʣʽʜʞʝʥʥʷ ʚ ʦʙʣʘʩʪʽ ʛʝʥʝʨʘʮʽʾ ʽ ʤʦʜʫʣʷʮʽʾ 

ʨʘʜʽʦʩʠʛʥʘʣʽʚ, ʤʦʜʝʣʶʚʘʥʥʷ ʨʘʜʽʦʢʘʥʘʣʽʚ ʽ ʤʝʨʝʞʝʚʠʭ ʘʨʭʽʪʝʢʪʫʨ ʚ ʄʄɼ ʫ 

ʧʦʻʜʥʘʥʥʽ ʟ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʶ, ʥʘʜʽʡʥʽʩʪʶ, ʚʠʩʦʢʦʶ ʧʨʦʧʫʩʢʥʦʶ ʟʜʘʪʥʽʩʪʶ ʪʘ 

ʙʝʟʧʝʢʦʶ, ʻ ʦʩʥʦʚʥʠʤʠ ʟʘʚʜʘʥʥʷʤʠ ʜʣʷ ʨʦʟʨʦʙʥʠʢʽʚ ʤʘʡʙʫʪʥʽʭ 

ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ. 

ʆʩʚʦʻʥʥʷ ʄʄɼ ʭʚʠʣʴ ʜʣʷ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡ ʚ ʟʥʘʯʥʽʡ ʤʽʨʽ ʧʦʚ'ʷʟʘʥʦ ʟ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʤʠ ʜʦʩʣʽʜʞʝʥʥʷʤʠ: ʤʦʜʝʣʶʚʘʥʥʷʤ ʢʘʥʘʣʽʚ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʰʫʤʽʚ, 

ʧʦʚ'ʷʟʘʥʠʭ ʟ ʤʦʣʝʢʫʣʷʨʥʠʤ ʧʦʛʣʠʥʘʥʥʷʤ (ʧʝʨʝʚʠʧʨʦʤʽʥʶʚʘʥʥʷʤ) ʚ ʘʪʤʦʩʬʝʨʽ ʪʘ 

ʘʧʘʨʘʪʥʠʤʠ ʦʙʤʝʞʝʥʥʷʤʠ, ʝʬʝʢʪʽʚ ʤʥʦʞʠʥʥʦʛʦ ʚʽʜʙʠʪʪʷ ʪʘ ʜʠʬʨʘʢʮʽʡ ʚ ʫʤʦʚʘʭ 

ʱʽʣʴʥʦʾ ʤʽʩʴʢʦʾ ʟʘʙʫʜʦʚʠ. ʅʘʡʙʽʣʴʰ ʧʝʨʩʧʝʢʪʠʚʥʠʤʠ ʜʣʷ ʨʝʘʣʽʟʘʮʽʾ ʪʝʭʥʦʣʦʛʽʡ 5G 

ʽ ʥʘʩʪʫʧʥʠʭ ʧʦʢʦʣʽʥʴ ʨʦʟʛʣʷʜʘʶʪʴʩʷ ʜʽʘʧʘʟʦʥʠ 28 ɻɻʎ, 38 ɻɻʮ, 60 ɻɻʮ, 73 ɻɻʮ, 

100 ɻɻʮ ʜʣʷ ʩʪʽʣʴʥʠʢʽʚ ʨʽʟʥʠʭ ʨʦʟʤʽʨʽʚ ʪʘ ʩʮʝʥʘʨʽʾʚ ʚʠʢʦʨʠʩʪʘʥʥʷ, ʷʢ ʚʩʝʨʝʜʠʥʽ, 

ʪʘʢ ʽ ʧʦʟʘ ʧʨʠʤʽʱʝʥʥʷʤʠ. ʍʘʨʘʢʪʝʨʥʽ ʜʣʷ ʙʝʟʧʨʦʚʦʜʦʚʠʭ ʩʠʛʥʘʣʽʚ ʄʄɼ ʷʚʠʱʘ 

ʙʣʦʢʫʚʘʥʥʷ, ʧʦʛʣʠʥʘʥʥʷ, ʘ ʪʘʢʦʞ ʰʫʤʦʚʽ, ʪʘ ʜʠʥʘʤʽʯʥʽ ʦʙʤʝʞʝʥʥʷ ʧʦʪʫʞʥʦʩʪʽ 

ʧʨʠʡʤʘʣʴʥʦ-ʧʝʨʝʜʘʚʘʣʴʥʠʭ ʧʨʠʩʪʨʦʾʚ ʤʦʞʫʪʴ ʙʫʪʠ ʢʦʤʧʝʥʩʦʚʘʥʽ ʛʽʙʨʠʜʥʠʤʠ 

ʪʝʭʥʦʣʦʛʽʷʤʠ ʚ ʄʄɼ, ʷʢʽ ʩʴʦʛʦʜʥʽ ʪʘʢʦʞ ʨʦʟʚʠʚʘʶʪʴʩʷ. ʅʝʦʜʥʦʨʽʜʥʽ ʛʝʪʝʨʦʛʝʥʥʽ 

(HetNet) ʩʪʨʫʢʪʫʨʠ ʤʝʨʝʞ, ʱʦ ʧʽʜʪʨʠʤʫʶʪʴ ʨʽʟʥʽ ʪʝʭʥʦʣʦʛʽʾ ʽ ʧʨʘʮʶʶʪʴ ʚ ʨʽʟʥʠʭ 

ʜʽʘʧʘʟʦʥʘʭ ʜʦʚʞʠʥ ʭʚʠʣʴ, ʤʘʶʪʴ ʨʽʟʥʽ ʨʦʟʤʽʨʠ ʟʦʥ ʧʦʢʨʠʪʪʷ. ʄʘʣʽ ʩʪʽʣʴʥʠʢʠ ʫ 

ʚʽʜʢʨʠʪʠʭ ʩʝʨʝʜʦʚʠʱʘʭ (30-150 ʤ) ʽ ʚʩʝʨʝʜʠʥʽ ʧʨʠʤʽʱʝʥʴ ʚ ʄʄɼ ʤʦʞʫʪʴ ʙʫʪʠ 

ʽʥʪʝʛʨʦʚʘʥʽ ʟ ʽʥʰʠʤʠ ʙʽʣʴʰ ʥʠʟʴʢʦʯʘʩʪʦʪʥʠʤʠ ʜʽʘʧʘʟʦʥʘʤʠ ʘʙʦ ʽʥʰʠʤʠ 

ʧʽʜʜʽʘʧʘʟʦʥʘʤʠ ʄʄɼ. ɻʝʪʝʨʦʛʝʥʥʽ ʪʝʭʥʦʣʦʛʽʾ, ʚ ʪʦʤʫ ʯʠʩʣʽ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʄʄɼ, ʤʦʞʫʪʴ ʟʘʙʝʟʧʝʯʠʪʠ ʝʬʝʢʪʠʚʥʝ ʧʨʦʩʪʦʨʦʚʦ-ʨʦʟʥʝʩʝʥʝ ʧʦʚʪʦʨʥʝ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʨʘʜʽʦʨʝʩʫʨʩʽʚ. 

ʆʧʪʦʝʣʝʢʪʨʦʥʥʽ ʤʝʪʦʜʠ ʬʦʨʤʫʚʘʥʥʷ ʩʠʛʥʘʣʽʚ ʄʄɼ ʫ ʧʦʨʽʚʥʷʥʥʽ ʟ 

ʝʣʝʢʪʨʦʥʥʠʤʠ ʚʚʘʞʘʶʪʴʩʷ ʙʽʣʴʰ ʝʬʝʢʪʠʚʥʠʤʠ ʽ ʝʢʦʥʦʤʽʯʥʦ ʦʙˇʨʫʥʪʦʚʘʥʠʤʠ ʜʣʷ 

ʧʨʘʢʪʠʯʥʦʾ ʨʝʘʣʽʟʘʮʽʾ ʫ ʚʦʣʦʢʦʥʥʦ-ʝʬʽʨʥʠʭ ʽʥʪʝʛʨʦʚʘʥʠʭ ʩʠʩʪʝʤʘʭ ʽ ʤʝʨʝʞʘʭ 

ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡ. ɿʘʩʪʦʩʫʚʘʥʥʷ ʦʧʪʦʝʣʝʢʪʨʦʥʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʽ ʚʦʣʦʢʦʥʥʦ-ʝʬʽʨʥʠʭ 

ʩʪʨʫʢʪʫʨ ʤʝʨʝʞ ʩʧʨʠʷʻ ʫʩʫʥʝʥʥʶ ʧʨʦʙʣʝʤ, ʧʦʚ'ʷʟʘʥʠʭ ʟ ʝʣʝʢʪʨʠʯʥʠʤʠ ʬʘʟʦʚʠʤʠ 

ʫhʤʘʤʠ, I/Q-ʜʠʩʙʘʣʘʥʩʦʤ, ʥʝʣʽʥʽʡʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʝʣʝʢʪʨʠʯʥʠʭ 

ʧʽʜʩʠʣʶʚʘʯʽʚ ʧʦʪʫʞʥʦʩʪʽ, ʧʨʦʙʣʝʤʘʤʠ ʩʪʚʦʨʝʥʥʷ ʘʥʘʣʦʛʦ-ʮʠʬʨʦʚʠʭ 
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ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ, ʷʢʽ ʙ ʧʨʘʮʶʚʘʣʠ ʚ ʩʤʫʟʽ ʄʄʍ. ʊʘʢʽ ʧʝʨʝʚʘʛʠ ʦʧʪʦʝʣʝʢʪʨʦʥʥʠʭ 

ʤʝʪʦʜʽʚ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʧʨʠ ʬʦʨʤʫʚʘʥʥʽ ʜʽʘʛʨʘʤ ʩʧʨʷʤʦʚʘʥʦʩʪʽ ʬʘʟʦʚʘʥʠʭ 

ʘʥʪʝʥʥʠʭ ʨʝʰʽʪʦʢ (ʌɸʈ), ʱʦ ʜʦʟʚʦʣʷʻ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʧʦʣʷʨʠʟʘʮʽʡʥʠʡ ʪʘ 

ʩʧʝʢʪʨʘʣʴʥʠʡ ʨʦʟʜʽʣ ʩʠʛʥʘʣʽʚ, ʘ ʪʘʢʦʞ ʚʠʩʦʢʽ ʜʠʥʘʤʽʯʥʽ ʪʘ ʧʽʜʩʠʣʶʚʘʣʴʥʽ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʌɸʈ.  

ʈʦʟʨʦʙʮʽ ʥʦʚʠʭ ʤʝʪʦʜʽʚ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʰʠʨʦʢʦʩʤʫʛʦʚʠʭ 

ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʧʨʠʩʚʷʯʝʥʦ ʟʥʘʯʥʫ ʢʽʣʴʢʽʩʪʴ ʨʦʙʽʪ ʚʯʝʥʠʭ: ɺ.ʂ. 

ʉʪʝʢʣʦʚ, ʃ.ʅ. ɹʝʨʢʤʘʥ, ʄ.ʄ. ʂʣʠʤʘʰ, ɺ.ʃ. ɹʘʥʢʝʪ, ʄ.ɯ. ʄʘʟʫʨʢʦʚ, ɽ.ʆ. ʉʫʢʘʯʦʚ, 

ʃ.ʆ. ʋʨʠʚʩʴʢʠʡ, C.M. Akujuobi, X. Zhang, J. G. Andrews. ɺ ʨʦʟʚʠʪʦʢ 

ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡ ʚ ʄʄɼ ʟʥʘʯʥʠʡ ʚʥʝʩʦʢ ʟʨʦʙʠʣʠ ʚʯʝʥʽ: ʄ.ɭ. ɯʣʴʯʝʥʢʦ, ʊ.ʄ. 

ʅʘʨʠʪʥʠʢ, ɺ.ɯ. ʉʣʶʩʘʨ, ʂ.ʉ. ʉʫʥʜʫʯʢʦʚ, ʉ.ʆ. ʂʨʘʚʯʫʢ, T.S. Rappaport, C. R. 

Anderson, F. Khan, H. Shokri-Ghadikolaei, V.J. Urick, J. Yao ʪʘ ʙʘʛʘʪʦ ʽʥʰʠʭ. 

ʈʦʟʨʦʙʢʘ ʤʦʜʝʣʝʡ ʘʨʭʽʪʝʢʪʫʨ ʽ ʤʝʪʦʜʽʚ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ 

ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʚ ʄʄɼ ʻ ʪʨʠʚʘʣʠʤ ʧʨʦʮʝʩʦʤ ʽ ˇʨʫʥʪʫʻʪʴʩʷ ʥʘ 

ʟʘʢʦʥʦʤʽʨʥʦʩʪʷʭ, ʷʢʽ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʚʽʜ ʧʽʜʭʦʜʽʚ ʜʦ ʤʦʜʝʣʶʚʘʥʥʷ ʽʥʰʠʭ ʩʠʩʪʝʤ, 

ʱʦ ʧʨʘʮʶʶʪʴ ʚ ʙʽʣʴʰ ʥʠʟʴʢʦʯʘʩʪʦʪʥʠʭ ʜʽʘʧʘʟʦʥʘʭ. 

ɿʚʘʞʘʶʯʠ ʥʘ ʚʠʱʝʥʘʚʝʜʝʥʝ, ʘʢʪʫʘʣʴʥʠʤ ʧʠʪʘʥʥʷʤ ʻ ʨʦʟʨʦʙʢʘ ʤʝʪʦʜʽʚ 

ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʚ ʄʄɼ ʥʘ ʦʩʥʦʚʽ ʽʥʪʝʛʨʘʮʽʾ 

ʛʽʙʨʠʜʥʠʭ ʪʝʭʥʦʣʦʛʽʡ. ʎʝ ʻ ʧʝʨʩʧʝʢʪʠʚʥʠʤ, ʚʘʞʣʠʚʠʤ ʽ ʝʢʦʥʦʤʽʯʥʦ 

ʦʙˇʨʫʥʪʦʚʘʥʠʤ ʥʘʧʨʷʤʦʤ ʨʦʟʚʠʪʢʫ ʥʘʫʢʠ ʽ ʪʝʭʥʽʢʠ ʥʘ ʩʫʯʘʩʥʦʤʫ ʝʪʘʧʽ. 

ʅʘʫʢʦʚʦʶ ʧʨʦʙʣʝʤʦʶ, ʚʠʨʽʰʝʥʥʶ ʷʢʦʾ ʧʨʠʩʚʷʯʝʥʘ ʜʠʩʝʨʪʘʮʽʡʥʘ ʨʦʙʦʪʘ, ʻ 

ʨʦʟʨʦʙʢʘ ʤʝʪʦʜʽʚ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ 

ʩʠʩʪʝʤ ʚ ʤʽʣʽʤʝʪʨʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ ʭʚʠʣʴ ʥʘ ʦʩʥʦʚʽ ʛʽʙʨʠʜʥʠʭ ʪʝʭʥʦʣʦʛʽʡ. 

ɿʚ'ʷʟʦʢ ʨʦʙʦʪʠ ʟ ʥʘʫʢʦʚʠʤʠ ʧʨʦʛʨʘʤʘʤʠ, ʧʣʘʥʘʤʠ, ʪʝʤʘʤʠ. 

ɼʦʩʣʽʜʞʝʥʥʷ ʧʨʦʚʝʜʝʥʦ ʚ ʤʝʞʘʭ ʥʘʫʢʦʚʦ-ʜʦʩʣʽʜʥʠʭ ʨʦʙʽʪ: çɽʣʝʤʝʥʪʠ ʬʦʪʦʥʥʠʭ 

ʤʝʨʝʞ ʟʚôʷʟʢʫè (ɼʈ ˉ 0115U004265), çɼʦʩʣʽʜʞʝʥʥʷ ʟʘʩʪʦʩʫʚʘʥʥʷ ʤʽʣʽʤʝʪʨʦʚʦʛʦ 

ʽ ʩʫʙʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʽʚ ʚ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤʘʭè (ɼʈ ˉ 

0116U006294) ʽ çʈʦʟʨʦʙʢʘ ʤʝʪʦʜʽʚ ʧʦʣʽʧʰʝʥʥʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʬʦʪʦʥʥʠʭ 

ʢʦʤʧʦʥʝʥʪʽʚ ʜʣʷ ʾʭ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʤʝʨʝʞʘʭè 

(ɼʈ ˉ 0117U003962). 
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ʄʝʪʘ ʽ ʟʘʜʘʯʽ ʜʦʩʣʽʜʞʝʥʥʷ. ʄʝʪʦʶ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ ʻ ʨʦʟʨʦʙʢʘ ʥʦʚʠʭ 

ʢʦʥʮʝʧʮʽʡ, ʧʽʜʭʦʜʽʚ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʤʝʪʦʜʽʚ ʧʦʙʫʜʦʚʠ ʪʘ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ 

ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʥʘ ʦʩʥʦʚʽ ʛʽʙʨʠʜʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʚ 

ʄʄɼ ʭʚʠʣʴ. 

ɼʣʷ ʜʦʩʷʛʥʝʥʥʷ ʤʝʪʠ ʚʠʨʽʰʫʶʪʴʩʷ ʥʘʩʪʫʧʥʽ ʥʘʫʢʦʚʽ ʟʘʜʘʯʽ: 

ï ʘʥʘʣʽʟ ʦʩʦʙʣʠʚʦʩʪʝʡ ʪʘ ʧʝʨʝʚʘʛ, ʦʙʤʝʞʫʶʯʠʭ ʬʘʢʪʦʨʽʚ ʪʘ ʤʝʪʦʜʽʚ ʾʭ 

ʢʦʤʧʝʥʩʘʮʽʾ ʧʨʠ ʟʘʩʪʦʩʫʚʘʥʥʽ ʭʚʠʣʴ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʪʘ ʩʫʙʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʽʚ 

ʚ ʥʘʩʪʫʧʥʠʭ ʧʦʢʦʣʽʥʥʷʭ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ; 

ï ʘʥʘʣʽʟ ʤʝʪʦʜʽʚ ʪʘ ʧʽʜʭʦʜʽʚ ʧʨʠ ʤʘʪʝʤʘʪʠʯʥʦʤʫ ʤʦʜʝʣʶʚʘʥʥʽ ʨʘʜʽʦʢʘʥʘʣʽʚ 

ʚ ʄʄɼ; 

ï ʨʦʟʨʦʙʢʘ ʧʨʠʥʮʠʧʽʚ ʽʥʪʝʛʨʘʮʽʾ ʪʝʭʥʦʣʦʛʽʡ, ʟʘʚʜʷʢʠ ʷʢʠʤ ʧʽʜʚʠʱʫʻʪʴʩʷ 

ʝʬʝʢʪʠʚʥʽʩʪʴ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʚ ʄʄɼ; 

ï ʨʦʟʨʦʙʢʘ ʪʘ ʦʙˇʨʫʥʪʫʚʘʥʥʷ ʟʘʩʪʦʩʫʚʘʥʥʷ ʦʧʪʦʝʣʝʢʪʨʦʥʥʠʭ ʤʝʪʦʜʽʚ 

ʬʦʨʤʫʚʘʥʥʷ, ʤʦʜʫʣʷʮʽʾ ʪʘ ʧʝʨʝʜʘʯʽ ʨʘʜʽʦʯʘʩʪʦʪʥʦʛʦ ʩʠʛʥʘʣʫ ʄʄɼ ʟ ʫʨʘʭʫʚʘʥʥʷʤ 

ʰʫʤʦʚʠʭ ʪʘ ʦʙʤʝʞʫʶʯʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʝʣʝʢʪʨʠʯʥʠʭ ʪʘ ʦʧʪʠʯʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ; 

ï ʨʦʟʨʦʙʢʘ ʢʚʘʟʽʦʧʪʠʯʥʦʾ ʤʦʜʝʣʽ ʨʘʜʽʦʢʘʥʘʣʫ ʚ ʄʄɼ, ʷʢʘ ʤʦʞʝ ʙʫʪʠ 

ʚʠʢʦʨʠʩʪʘʥʘ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʽʥʪʝʨʬʝʨʝʥʮʽʡʥʠʭ ʟʘʚʘʜ, ʚʪʨʘʪ ʩʠʛʥʘʣʫ ʚ 

ʙʘʛʘʪʦʧʨʦʤʝʥʝʚʠʭ ʤʦʜʝʣʷʭ ʧʦʰʠʨʝʥʥʷ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʨʦʟʙʽʞʥʦʩʪʽ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ʤʥʦʞʠʥʥʦʛʦ ʚʽʜʙʠʪʪʷ ʪʘ ʜʠʬʨʘʢʮʽʡ, ʘ ʪʘʢʦʞ ʝʬʝʢʪʽʚ ʧʦʛʣʠʥʘʥʥʷ 

ʩʠʛʥʘʣʫ ʚ ʨʽʟʥʠʭ ʩʝʨʝʜʦʚʠʱʘʭ; 

ï ʨʦʟʨʦʙʢʘ ʽʥʪʝʛʨʦʚʘʥʦʾ ʚʦʣʦʢʦʥʥʦ-ʝʬʽʨʥʦʾ ʘʨʭʽʪʝʢʪʫʨʠ ʤʝʨʝʞʽ ʟ 

ʜʠʩʪʘʥʮʽʡʥʠʤ ʛʝʪʝʨʦʜʠʥʫʚʘʥʥʷʤ, ʟ ʧʦʣʷʨʠʟʘʮʽʡʥʠʤ ʪʘ ʩʧʝʢʪʨʘʣʴʥʠʤ 

ʤʫʣʴʪʠʧʣʝʢʩʫʚʘʥʥʷʤ ʢʘʥʘʣʽʚ ʜʣʷ ʙʝʟʰʦʚʥʦʾ ʽʥʪʝʛʨʘʮʽʾ ʤʝʨʝʞ HetNet ʟ ʚʠʩʦʢʦʶ 

ʧʨʦʧʫʩʢʥʦʶ ʩʧʨʦʤʦʞʥʽʩʪʶ, ʧʦʨʽʚʥʷʥʦʶ ʟ ʰʚʠʜʢʽʩʪʶ ʧʝʨʝʜʘʯʽ ʫ ʚʦʣʦʢʦʥʦ-

ʦʧʪʠʯʥʠʭ ʤʝʨʝʞʘʭ; 

ï ʨʦʟʨʦʙʢʘ  ʤʘʪʝʤʘʪʠʯʥʦʾ  ʤʦʜʝʣʽ,  ʱʦ ʦʧʠʩʫʻ  ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ 

ʦʧʪʦʝʣʝʢʪʨʦʥʥʦʛʦ ʬʦʨʤʫʚʘʥʥʷ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʚ ʄʄɼ ʭʚʠʣʴ ʟ ʚʠʩʦʢʠʤ 

ʢʦʝʬʽʮʽʻʥʪʦʤ ʧʽʜʩʠʣʝʥʥʷ ʜʣʷ ʌɸʈ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʦʧʪʠʯʥʠʭ ʪʘ ʝʣʝʢʪʨʠʯʥʠʭ 

ʰʫʤʽʚ; 
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ï ʨʦʟʨʦʙʢʘ ʨʝʢʦʤʝʥʜʘʮʽʡ ʱʦʜʦ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʪʘ ʥʘʧʨʷʤʢʽʚ 

ʧʦʜʘʣʴʰʠʭ ʜʦʩʣʽʜʞʝʥʴ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʚ ʄʄɼ. 

ʆʙ'ʻʢʪ ʜʦʩʣʽʜʞʝʥʥʷ ï ʧʨʦʮʝʩʠ ʨʝʘʣʽʟʘʮʽʾ ʪʘ ʰʣʷʭʠ ʧʽʜʚʠʱʝʥʥʷ 

ʝʬʝʢʪʠʚʥʦʩʪʽ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʚ ʄʄɼ ʭʚʠʣʴ. 

ʇʨʝʜʤʝʪ ʜʦʩʣʽʜʞʝʥʥʷ ï ʤʝʪʦʜʠ ʨʦʟʨʦʙʢʠ ʘʨʭʽʪʝʢʪʫʨʠ ʤʝʨʝʞ, ʤʦʜʝʣʝʡ 

ʨʘʜʽʦʢʘʥʘʣʽʚ, ʤʝʪʦʜʠ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʚ 

ʄʄɼ ʭʚʠʣʴ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʛʽʙʨʠʜʥʠʭ ʪʝʭʥʦʣʦʛʽʡ. 

ʄʝʪʦʜʠ ʜʦʩʣʽʜʞʝʥʴ: ʫʥʽʚʝʨʩʘʣʴʥʘ ʪʝʦʨʽʷ ʜʠʬʨʘʢʮʽʾ, ʪʝʦʨʽʷ ʡʤʦʚʽʨʥʦʩʪʽ, ʚ 

ʪʦʤʫ ʯʠʩʣʽ ʩʪʦʭʘʩʪʠʯʥʘ ʛʝʦʤʝʪʨʽʷ, ʪʝʦʨʽʷ ʤʘʩʦʚʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ, ʪʝʦʨʽʷ ʘʥʪʝʥ, 

ʪʝʦʨʽʷ ʬʘʟʦʚʘʥʠʭ ʘʥʪʝʥʥʠʭ ʨʝʰʽʪʦʢ, ʪʝʦʨʽʷ ʣʽʥʽʡʥʠʭ ʩʪʘʮʽʦʥʘʨʥʠʭ ʩʠʩʪʝʤ, ʪʝʦʨʽʷ 

ʥʝʣʽʥʽʡʥʠʭ ʜʠʥʘʤʽʯʥʠʭ ʩʠʩʪʝʤ, ʯʠʩʣʦʚʽ ʤʝʪʦʜʠ, ʤʝʪʦʜʠ ʜʠʬʝʨʝʥʮʽʘʣʴʥʦʛʦ ʡ 

ʽʥʪʝʛʨʘʣʴʥʦʛʦ ʯʠʩʣʝʥʥʷ, ʤʘʪʝʤʘʪʠʯʥʝ ʪʘ ʢʦʤʧ'ʶʪʝʨʥʝ ʤʦʜʝʣʶʚʘʥʥʷ. 

ʅʘʫʢʦʚʘ ʥʦʚʠʟʥʘ ʦʜʝʨʞʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ.  

ʋ ʭʦʜʽ ʚʠʢʦʥʘʥʥʷ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ ʦʜʝʨʞʘʥʽ ʥʦʚʽ ʥʘʫʢʦʚʽ ʧʦʣʦʞʝʥʥʷ ʽ 

ʨʝʟʫʣʴʪʘʪʠ: 

ï ʚʧʝʨʰʝ ʩʪʚʦʨʝʥʠʡ ʤʝʪʦʜ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʝʥʝʨʛʝʪʠʯʥʦʛʦ ʙʶʜʞʝʪʫ 

ʨʘʜʽʦʢʘʥʘʣʫ ʚ ʄʄɼ ʭʚʠʣʴ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷ ʢʚʘʟʽʦʧʪʠʯʥʦʾ ʤʦʜʝʣʽ, ʚ ʷʢʦʤʫ 

ʚʨʘʭʦʚʫʻʪʴʩʷ ʨʦʟʙʽʞʥʽʩʪʴ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ʤʥʦʞʠʥʥʽ ʚʽʜʙʠʪʪʷ ʪʘ ʜʠʬʨʘʢʮʽʾ, 

ʝʬʝʢʪʠ ʧʦʛʣʠʥʘʥʥʷ ʚ ʨʽʟʥʠʭ ʩʝʨʝʜʦʚʠʱʘʭ, ʱʦ, ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ ʩʫʯʘʩʥʠʭ ʝʤʧʽʨʠʯʥʠʭ 

ʤʦʜʝʣʝʡ ʨʦʟʨʘʭʫʥʢʫ ʚʪʨʘʪ ʩʠʛʥʘʣʫ ʚ ʨʘʜʽʦʢʘʥʘʣʽ, ʜʦʟʚʦʣʷʻ ʟʙʽʣʴʰʠʪʠ ʜʘʣʴʥʽʩʪʴ 

ʟʚ'ʷʟʢʫ ʪʘ ʪʦʯʥʽʩʪʴ ʨʦʟʨʘʭʫʥʢʫ ʨʽʚʥʷ ʩʠʛʥʘʣʫ ʚ ʪʦʯʮʽ ʧʨʠʡʦʤʫ ʜʣʷ ʟʦʥ ʧʨʷʤʦʾ ʪʘ 

ʧʦʟʘ ʧʨʷʤʦʾ ʚʠʜʠʤʦʩʪʽ;  

ï ʫʜʦʩʢʦʥʘʣʝʥʦ ʤʝʪʦʜʠʢʫ ʨʦʟʨʘʭʫʥʢʫ ʰʫʤʽʚ ʚ ʢʘʥʘʣʽ ʄʄɼ, ʷʢʽ ʧʦʚôʷʟʘʥʽ ʟ 

ʰʫʤʘʤʠ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʧʦʛʣʠʥʘʥʥʷ ʪʘ ʧʝʨʝʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʚ ʘʪʤʦʩʬʝʨʽ, 

ʽʥʪʝʨʬʝʨʝʥʮʽʡʥʠʤʠ ʝʬʝʢʪʘʤʠ, ʰʫʤʘʤʠ, ʧʦʚôʷʟʘʥʠʤʠ ʟ ʦʧʪʦʝʣʝʢʪʨʦʥʥʠʤʠ 

ʤʝʪʦʜʘʤʠ ʛʝʥʝʨʘʮʽʾ ʪʘ ʤʦʜʫʣʷʮʽʾ ʨʘʜʽʦʩʠʛʥʘʣʫ, ʱʦ ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ ʽʩʥʫʶʯʠʭ 

ʢʣʘʩʠʯʥʠʭ ʤʝʪʦʜʽʚ ʜʦʟʚʦʣʷʻ ʟʙʽʣʴʰʠʪʠ ʪʦʯʥʽʩʪʴ ʨʦʟʨʘʭʫʥʢʫ ʙʶʜʞʝʪʫ ʢʘʥʘʣʫ; 

ï ʚʧʝʨʰʝ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʘʨʭʽʪʝʢʪʫʨʫ ʚʦʣʦʢʦʥʥʦ-ʝʬʽʨʥʦʾ ʤʝʨʝʞʽ ʚ ʄʄɼ 

ʭʚʠʣʴ, ʚ ʷʢʽʡ ʦʙôʻʜʥʘʥʦ ʪʝʭʥʦʣʦʛʽʾ ʜʠʩʪʘʥʮʽʡʥʦʛʦ ʛʝʪʝʨʦʜʠʥʫʚʘʥʥʷ, 

ʧʦʣʷʨʠʟʘʮʽʡʥʦʛʦ ʪʘ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʤʫʣʴʪʠʧʣʝʢʩʫʚʘʥʥʷ, ʽʥʪʝʛʨʦʚʘʥʦʛʦ ʟ ʤʝʪʦʜʦʤ 
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MIMO, ʟʦʚʥʽʰʥʴʦʾ ʤʦʜʫʣʷʮʽʾ ʟ ʤʦʞʣʠʚʽʩʪʶ ʤʥʦʞʝʥʥʷ ʯʘʩʪʦʪʠ ʪʘ ʚʽʜʥʦʚʣʝʥʥʷ 

ʦʧʪʠʯʥʦʛʦ ʩʠʛʥʘʣʫ ʟ ʨʘʜʽʦʩʠʛʥʘʣʫ ʄʄɼ, ʧʝʨʝʜʘʥʦʛʦ ʯʝʨʝʟ ʙʝʟʧʨʦʚʦʜʦʚʠʡ ʢʘʥʘʣ, 

ʱʦ ʜʦʟʚʦʣʷʻ ʟʥʠʟʠʪʠ ʚʠʤʦʛʠ ʜʦ ʧʨʦʧʫʩʢʥʦʾ ʟʜʘʪʥʦʩʪʽ ʜʣʷ ʦʧʪʠʯʥʠʭ ʪʘ 

ʝʣʝʢʪʨʠʯʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ; 

ï ʚʧʝʨʰʝ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʤʝʪʦʜ ʙʝʟʰʦʚʥʦʾ ʽʥʪʝʛʨʘʮʽʾ ʩʢʣʘʜʥʦʾ ʩʪʨʫʢʪʫʨʠ 

ʤʘʡʙʫʪʥʽʭ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʤʝʨʝʞ ʟ ʤʦʞʣʠʚʽʩʪʶ ʚʠʢʦʨʠʩʪʘʥʥʷ ʬʦʨʤʘʪʽʚ 

ʤʦʜʫʣʷʮʽʾ ʚʠʩʦʢʦʛʦ ʧʦʨʷʜʢʫ, ʧʝʨʝʥʘʣʘʰʪʫʚʘʥʥʷ ʯʘʩʪʦʪʠ ʜʣʷ ʨʽʟʥʠʭ ʜʽʘʧʘʟʦʥʽʚ 

ʯʘʩʪʦʪ, ʚ ʪʦʤʫ ʯʠʩʣʽ ʜʣʷ ʧʽʜʜʽʘʧʘʟʦʥʽʚ ʚ ʤʽʣʽʤʝʪʨʦʚʽʡ ʩʤʫʟʽ ʜʣʷ ʛʽʙʨʠʜʥʠʭ 

ʛʝʪʝʨʦʛʝʥʥʠʭ ʤʝʨʝʞ ʥʘ ʦʩʥʦʚʽ ʽʥʪʝʛʨʘʮʽʾ ʨʘʜʽʦ- ʪʘ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʥʠʭ 

ʪʝʭʥʦʣʦʛʽʡ; 

ï ʚʧʝʨʰʝ ʨʦʟʨʦʙʣʝʥʦ ʤʝʪʦʜʠʢʫ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ 

ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʫ ʄʄɼ ʭʚʠʣʴ, ʱʦ ʙʘʟʫʶʪʴʩʷ ʥʘ ʛʽʙʨʠʜʥʠʭ 

ʪʝʭʥʦʣʦʛʽʷʭ, ʜʝ ʫʟʛʦʜʞʝʥʽ ʦʙʤʝʞʫʶʯʽ ʪʘ ʜʠʥʘʤʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʧʝʨʝʜʘʚʘʣʴʥʦʛʦ ʤʦʜʫʣʷ ʽʥʪʝʛʨʦʚʘʥʦʾ ʚʦʣʦʢʦʥʥʦ-ʝʬʽʨʥʦʾ ʘʨʭʽʪʝʢʪʫʨʠ ʤʝʨʝʞʽ, ʥʘ 

ʦʩʥʦʚʽ ʚʜʦʩʢʦʥʘʣʝʥʥʦʾ ʝʥʝʨʛʝʪʠʯʥʦʾ ʤʦʜʝʣʽ ʨʘʜʽʦʢʘʥʘʣʫ, ʱʦ ʜʦʟʚʦʣʷʻ ʨʝʘʣʽʟʫʚʘʪʠ 

ʙʝʟʰʦʚʥʫ ʽʥʪʝʛʨʘʮʽʶ ʩʢʣʘʜʥʦʾ ʩʪʨʫʢʪʫʨʠ ʤʘʡʙʫʪʥʽʭ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʤʝʨʝʞ ʟ 

ʤʦʞʣʠʚʽʩʪʶ ʘʜʘʧʪʘʮʽʾ ʧʽʜ ʨʽʟʥʽ ʚʠʤʦʛʠ ʪʘ ʧʽʜʚʠʱʠʪʠ ʧʨʦʧʫʩʢʥʫ ʟʜʘʪʥʽʩʪʴ ʜʦ 

ʰʚʠʜʢʦʩʪʝʡ ʚ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʥʠʭ ʩʠʩʪʝʤʘʭ ʧʝʨʝʜʘʯʽ. 

ʆʪʨʠʤʘʥʽ ʤʝʪʦʜʠ, ʤʝʪʦʜʠʢʠ, ʤʦʜʝʣʽ ʬʦʨʤʫʶʪʴ ʩʫʢʫʧʥʽʩʪʴ ʤʝʪʦʜʽʚ 

ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʤʝʨʝʞ ʪʘ ʩʠʩʪʝʤ ʫ 

ʄʄɼ ʭʚʠʣʴ ʟʘ ʜʦʧʦʤʦʛʦʶ ʚʠʢʦʨʠʩʪʘʥʥʷ ʛʽʙʨʠʜʥʠʭ ʪʝʭʥʦʣʦʛʽʡ, ʱʦ ʚʠʟʥʘʯʝʥʦ 

ʧʨʝʜʤʝʪʦʤ ʜʠʩʝʨʪʘʮʽʡʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ. 

ʇʨʘʢʪʠʯʥʝ ʟʥʘʯʝʥʥʷ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ. ʇʨʘʢʪʠʯʥʝ ʟʥʘʯʝʥʥʷ 

ʦʜʝʨʞʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʧʦʣʷʛʘʻ ʚ ʩʪʚʦʨʝʥʥʽ ʪʝʦʨʝʪʠʢʦ-ʧʨʠʢʣʘʜʥʠʭ ʦʩʥʦʚ 

ʝʥʝʨʛʝʪʠʯʥʦʛʦ ʘʥʘʣʽʟʫ, ʤʝʪʦʜʽʚ ʧʨʦʝʢʪʫʚʘʥʥʷ ʪʘ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ 

ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʚ ʄʄɼ ʭʚʠʣʴ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʛʽʙʨʠʜʥʠʭ ʪʝʭʥʦʣʦʛʽʡ, 

ʘ ʩʘʤʝ: 

ʥʘ ʦʩʥʦʚʽ ʧʨʦʚʝʜʝʥʦʛʦ ʘʥʘʣʽʟʫ ʽʩʥʫʶʯʠʭ ʝʤʧʽʨʠʯʥʠʭ ʤʝʪʦʜʽʚ ʪʘ ʧʽʜʭʦʜʽʚ ʜʦ 

ʤʘʪʝʤʘʪʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʨʘʜʽʦʩʠʩʪʝʤ 5G ʚ ʄʄɼ ʭʚʠʣʴ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʜʣʷ 

ʚʜʦʩʢʦʥʘʣʝʥʥʷ ʨʦʟʨʘʭʫʥʢʽʚ ʧʦʪʨʽʙʥʘ ʧʦʜʘʣʴʰʘ ʨʦʟʨʦʙʢʘ ʢʦʥʮʝʧʮʽʡ ʤʦʜʝʣʝʡ 
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ʨʘʜʽʦʢʘʥʘʣʽʚ ʪʘ ʩʠʩʪʝʤ ʚ ʄʄɼ ʭʚʠʣʴ, ʷʢʽ ˇʨʫʥʪʫʶʪʴʩʷ ʥʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ 

ʬʽʟʠʯʥʠʭ ʧʽʜʭʦʜʘʭ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʽ ʦʙʤʝʞʝʥʴ ʧʨʠʡʤʘʣʴʥʦ-

ʧʝʨʝʜʘʚʘʣʴʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, ʚ ʪʦʤʫ ʯʠʩʣʽ, ʱʦ ʧʨʘʮʶʶʪʴ ʥʘ ʦʩʥʦʚʽ ʛʽʙʨʠʜʥʠʭ 

ʪʝʭʥʦʣʦʛʽʡ ʽʟ ʟʘʙʝʟʧʝʯʝʥʥʷʤ ʙʝʟʰʦʚʥʦʾ ʽʥʪʝʛʨʘʮʽʾ, ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʰʠʨʝʥʥʷ 

ʄʄʍ ʚʩʝʨʝʜʠʥʽ ʧʨʠʤʽʱʝʥʴ ʪʘ ʫ ʚʽʜʢʨʠʪʠʭ ʩʝʨʝʜʦʚʠʱʘʭ (ʘʢʪ ʚʧʨʦʚʘʜʞʝʥʥʷ ʚʽʜ 

ʊʆɺ çɸʉʂʆ ï ʽʥʬʦʨʤʘʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽʾè). 

ʫʜʦʩʢʦʥʘʣʝʥʦ ʤʝʪʦʜʠʢʫ ʨʦʟʨʘʭʫʥʢʫ ʝʥʝʨʛʝʪʠʯʥʦʛʦ ʙʶʜʞʝʪʫ ʨʘʜʽʦʣʽʥʽʾ, ʚ 

ʷʢʽʡ ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ ʢʣʘʩʠʯʥʠʭ ʧʽʜʭʦʜʽʚ ʚʨʘʭʦʚʫʶʪʴʩʷ ʥʘʩʪʫʧʥʽ ʬʽʟʠʯʥʽ ʝʬʝʢʪʠ: 

ʢʚʘʟʽʦʧʪʠʯʥʘ ʤʦʜʝʣʴ ʧʦʰʠʨʝʥʥʷ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ʚ ʷʢʽʡ ʚʨʘʭʦʚʫʶʪʴʩʷ ʚʪʨʘʪʠ, 

ʟʫʤʦʚʣʝʥʽ ʛʝʦʤʝʪʨʠʯʥʦʶ ʨʦʟʙʽʞʥʽʩʪʶ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ʝʬʝʢʪʠ ʤʥʦʞʠʥʥʦʛʦ 

ʚʽʜʙʠʪʪʷ ʪʘ ʜʠʬʨʘʢʮʽʡ, ʝʬʝʢʪʠ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʧʦʛʣʠʥʘʥʥʷ ʪʘ 

ʧʝʨʝʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʚ ʘʪʤʦʩʬʝʨʽ, ʰʫʤʠ ʪʘ ʦʙʤʝʞʝʥʥʷ, ʧʦʚ'ʷʟʘʥʽ ʟ 

ʦʧʪʦʝʣʝʢʪʨʦʥʥʠʤʠ ʤʝʪʦʜʘʤʠ ʛʝʥʝʨʘʮʽʾ, ʬʦʨʤʫʚʘʥʥʷ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ 

ʨʘʜʽʦʩʠʛʥʘʣʽʚ ʚ ʌɸʈ. ʈʦʟʨʦʙʣʝʥʘ ʤʝʪʦʜʠʢʘ ʜʦʟʚʦʣʷʻ ʦʮʽʥʠʪʠ ʜʣʷ ʟʦʥ ʧʦʟʘ ʧʨʷʤʦʾ 

ʚʠʜʠʤʦʩʪʽ ʤʽʩʴʢʦʾ ʟʘʙʫʜʦʚʠ ʤʦʞʣʠʚʽʩʪʴ ʧʽʜʩʠʣʝʥʥʷ ʩʠʛʥʘʣʫ ʄʄɼ ʜʦ 5 ʜɹ ʟʘ 

ʨʘʭʫʥʦʢ ʝʬʝʢʪʽʚ ʚʽʜʙʠʪʪʷ ʪʘ ʜʠʬʨʘʢʮʽʾ, ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʰʪʫʯʥʠʭ ʚʽʜʙʠʚʘʯʽʚ 

ʧʽʜʩʠʣʝʥʥʷ ʜʦʩʷʛʘʻ 25 ʜɹ, ʟʥʘʯʝʥʥʷ ʚʽʜʥʦʰʝʥʥʷ ʩʠʛʥʘʣ/ʰʫʤ ʜʣʷ 

ʦʧʪʦʝʣʝʢʪʨʦʥʥʦʛʦ ʤʝʪʦʜʫ ʬʦʨʤʫʚʘʥʥʷ ʚʫʟʴʢʦʩʧʨʷʤʦʚʘʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʚ 

ʌɸʈ ʜʣʷ ʄʄɼ ʧʨʠʡʤʘʻ ʟʥʘʯʝʥʥʷ ʥʠʞʯʝ 20 ʜɹ, ʪʦʯʥʽʩʪʴ ʨʦʟʨʘʭʫʥʢʽʚ ʽʟ 

ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʢʚʘʟʽʦʧʪʠʯʥʦʾ ʤʦʜʝʣʽ ʨʘʜʽʦʢʘʥʘʣʫ ʟʙʽʣʴʰʫʻʪʴʩʷ ʥʘ 10 ʜɹ (ʘʢʪ 

ʚʧʨʦʚʘʜʞʝʥʥʷ ʚʽʜ ʊʆɺ çʅʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʠʡ ʮʝʥʪʨ ɽʥʝʨʛʦʟʚôʷʟʦʢè). 

ʥʘ ʦʩʥʦʚʽ ʨʦʟʨʦʙʣʝʥʦʾ ʤʝʪʦʜʠʢʠ ʧʨʦʚʝʜʝʥʠʡ ʧʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʩʢʣʘʜʦʚʠʭ 

ʝʥʝʨʛʝʪʠʯʥʦʛʦ ʙʶʜʞʝʪʫ ʨʘʜʽʦʣʽʥʽʾ ʄʄɼ, ʟ ʷʢʦʛʦ ʚʩʪʘʥʦʚʣʝʥʘ ʟʥʘʯʠʤʽʩʪʴ ʚʧʣʠʚʽʚ 

ʷʢ ʽʥʪʝʨʬʝʨʝʥʮʽʡʥʠʭ ʟʘʚʘʜ, ʪʘʢ ʽ ʰʫʤʽʚ, ʦʙʤʝʞʝʥʴ ʧʦʚ'ʷʟʘʥʠʭ ʟ ʛʽʙʨʠʜʥʠʤʠ 

ʤʝʪʦʜʘʤʠ ʛʝʥʝʨʘʮʽʾ, ʤʦʜʫʣʷʮʽʾ, ʬʦʨʤʫʚʘʥʥʷʤ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʨʘʜʽʦʩʠʛʥʘʣʽʚ, 

ʝʬʝʢʪʽʚ ʧʦʰʠʨʝʥʥʷ ʚ ʘʪʤʦʩʬʝʨʽ, ʝʬʝʢʪʽʚ ʚʽʜʙʠʪʪʷ ʪʘ ʜʠʬʨʘʢʮʽʾ ʩʠʛʥʘʣʽʚ ʚ ʤʽʩʴʢʽʡ 

ʟʘʙʫʜʦʚʽ. ʈʦʟʨʦʙʣʝʥʠʡ ʤʝʪʦʜ ʜʦʟʚʦʣʷʻ ʟʙʽʣʴʰʠʪʠ ʜʦʩʪʦʚʽʨʥʽʩʪʴ ʨʦʟʨʘʭʫʥʢʽʚ ʚʪʨʘʪ 

ʚ ʢʘʥʘʣʽ ʄʄɼ ʥʘ 17 % (ʘʢʪ ʚʧʨʦʚʘʜʞʝʥʥʷ ʚʽʜ ʊʆɺ çʅʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʠʡ ʮʝʥʪʨ 

ɽʥʝʨʛʦʟʚôʷʟʦʢè); 
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ʨʦʟʨʦʙʣʝʥʘ ʛʽʙʨʠʜʥʘ ʘʨʭʽʪʝʢʪʫʨʘ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʦʾ ʤʝʨʝʞʽ, ʚ ʷʢʽʡ 

ʚʨʘʭʦʚʫʶʪʴʩʷ ʧʦʢʘʟʥʠʢʠ ʷʢʦʩʪʽ, ʦʙʤʝʞʫʶʯʠ ʬʘʢʪʦʨʠ, ʜʠʥʘʤʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʷʢ ʝʣʝʢʪʨʠʯʥʠʭ ʪʘʢ ʽ ʦʧʪʠʯʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ, ʚʠʢʦʨʠʩʪʘʥʽ ʪʝʭʥʦʣʦʛʽʾ ʤʥʦʞʝʥʥʷ 

ʯʘʩʪʦʪʠ ʥʘ ʦʩʥʦʚʽ ʤʝʪʦʜʽʚ ʟʦʚʥʽʰʥʴʦʾ ʤʦʜʫʣʷʮʽʾ, ʜʠʩʪʘʥʮʽʡʥʦʛʦ ʦʧʪʠʯʥʦʛʦ 

ʛʝʪʝʨʦʜʠʥʫ, ʬʦʪʦʥʥʦʾ ʜʝʤʦʜʫʣʷʮʽʾ, ʧʦʣʷʨʠʟʘʮʽʡʥʦʛʦ ʪʘ ʩʧʝʢʪʨʘʣʴʥʦʛʦ 

ʤʫʣʴʪʠʧʣʝʢʩʫʚʘʥʥʷ. ʅʘ ʦʩʥʦʚʽ ʨʦʟʨʦʙʣʝʥʦʾ ʘʨʭʽʪʝʢʪʫʨʠ ʜʦʩʷʛʥʫʪʦ ʤʦʞʣʠʚʽʩʪʴ 

ʙʝʟʰʦʚʥʦʾ ʽʥʪʝʛʨʘʮʽʾ HetNet ʤʝʨʝʞ, ʷʢʽ ʧʨʘʮʶʶʪʴ ʚ ʨʽʟʥʠʭ ʜʽʘʧʘʟʦʥʘʭ ʯʘʩʪʦʪ, ʚ 

ʪʦʤʫ ʯʠʩʣʽ ʚ ʨʽʟʥʠʭ ʧʽʜʜʽʘʧʘʟʦʥʘʭ ʄʄɼ, ʟʙʽʣʴʰʝʥʥʷ ʧʨʦʧʫʩʢʥʦʾ ʟʜʘʪʥʦʩʪʽ ʜʦ 

ʟʥʘʯʝʥʴ, ʷʢʽ ʤʦʞʣʠʚʦ ʧʦʨʽʚʥʷʪʠ ʟʽ ʰʚʠʜʢʽʩʪʶ ʧʝʨʝʜʘʯʽ ʚ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʥʠʭ 

ʤʝʨʝʞʘʭ (ʘʢʪʠ ʚʧʨʦʚʘʜʞʝʥʥʷ ʚʽʜ ʅʘʮʽʦʥʘʣʴʥʦʾ ʤʝʜʠʯʥʦʾ ʘʢʘʜʝʤʽʾ ʧʽʩʣʷʜʠʧʣʦʤʥʦʾ 

ʦʩʚʽʪʠ ʽʤʝʥʽ ʇ.ʃ.ʐʫʧʠʢʘ, ʊʆɺ çɸʉʂʆ ï ʽʥʬʦʨʤʘʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽʾè, ʇʨɸʊ 

çʌʘʨʣʝʧ-ɯʥʚʝʩʪè). 

ʆʪʨʠʤʘʥʽ ʚ ʨʝʟʫʣʴʪʘʪʽ ʜʠʩʝʨʪʘʮʽʡʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʣʦʞʝʥʥʷ, ʤʝʪʦʜʠ, 

ʤʝʪʦʜʠʢʠ, ʤʦʜʝʣʽ ʟʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʧʨʠ ʧʨʦʝʢʪʫʚʘʥʥʽ, ʝʥʝʨʛʝʪʠʯʥʠʭ 

ʨʦʟʨʘʭʫʥʢʘʭ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʚ ʄʄɼ ʪʘ ʧʦʜʘʣʴʰʦʤʫ ʜʦʩʣʽʜʞʝʥʥʽ 

ʟʙʽʣʴʰʝʥʥʷ ʾʭ ʝʥʝʨʛʝʪʠʯʥʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ. 

ʅʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʽ ʨʽʰʝʥʥʷ ʱʦʜʦ ʧʨʘʢʪʠʯʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʨʦʟʨʦʙʣʝʥʦʾ 

ʤʝʪʦʜʠʢʠ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʟʚôʷʟʢʫ ʽʟ 

ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʛʝʪʝʨʦʛʝʥʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʪʘ ʚʦʣʦʢʦʥʥʦ-ʝʬʽʨʥʦʾ ʛʽʙʨʠʜʥʦʾ 

ʢʦʥʬʽʛʫʨʘʮʽʾ ʤʝʨʝʞ ʚʠʢʦʨʠʩʪʘʥʽ ʚ ʥʘʚʯʘʣʴʥʦʤʫ ʧʨʦʮʝʩʽ ɼʝʨʞʘʚʥʦʛʦ ʫʥʽʚʝʨʩʠʪʝʪʫ 

ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡ, ʟʦʢʨʝʤʘ ʜʣʷ ʚʚʝʜʝʥʥʷ ʽʥʥʦʚʘʮʽʡʥʦʛʦ ʟʤʽʩʪʫ ʥʘʚʯʘʥʥʷ ʟ 

ʜʠʩʮʠʧʣʽʥ: çʊʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʽ ʩʠʩʪʝʤʠ ʪʘ ʤʝʨʝʞʽ ʥʘʩʪʫʧʥʦʛʦ ʧʦʢʦʣʽʥʥʷè, 

çʇʨʦʝʢʪʫʚʘʥʥʷ ʪʘ ʪʝʭʥʽʯʥʘ ʝʢʩʧʣʫʘʪʘʮʽʷ ʈɽɿ ʪʘ ʢʦʤʧʣʝʢʩʽʚè, çʄʝʨʝʞʽ ʪʘ ʩʠʩʪʝʤʠ 

ʨʘʜʽʦʟʚôʷʟʢʫ ʽ ʨʘʜʽʦʜʦʩʪʫʧʫ ʥʦʚʦʛʦ ʧʦʢʦʣʽʥʥʷè. 

ʊʝʦʨʝʪʠʯʥʽ ʪʘ ʧʨʘʢʪʠʯʥʽ ʨʝʟʫʣʴʪʘʪʠ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ ʨʝʘʣʽʟʦʚʘʥʽ ʚ 

ʨʘʤʢʘʭ ʚʠʢʦʥʘʥʥʷ ʥʘʫʢʦʚʦ-ʜʦʩʣʽʜʥʠʭ ʨʦʙʽʪ çɽʣʝʤʝʥʪʠ ʬʦʪʦʥʥʠʭ ʤʝʨʝʞ ʟʚôʷʟʢʫè 

(ɼʈ ˉ 0115U004265), çɼʦʩʣʽʜʞʝʥʥʷ ʟʘʩʪʦʩʫʚʘʥʥʷ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʽ 

ʩʫʙʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʽʚ ʚ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤʘʭè (ɼʈ ˉ 

0116U006294) ʽ çʈʦʟʨʦʙʢʘ ʤʝʪʦʜʽʚ ʧʦʣʽʧʰʝʥʥʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʬʦʪʦʥʥʠʭ 

ʢʦʤʧʦʥʝʥʪʽʚ ʜʣʷ ʾʭ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʤʝʨʝʞʘʭè 
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(ɼʈ ˉ 0117U003962). ɺʧʨʦʚʘʜʞʝʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ ʜʦʩʣʽʜʞʝʥʥʷ ʧʽʜʪʚʝʨʜʞʫʶʪʴʩʷ 

ʚʽʜʧʦʚʽʜʥʠʤʠ ʘʢʪʘʤʠ, ʥʘʚʝʜʝʥʠʤʠ ʚ ʜʦʜʘʪʢʫ ʜʦ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ. 

ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ. ɺ ʜʠʩʝʨʪʘʮʽʾ ʫʟʘʛʘʣʴʥʝʥʦ ʨʝʟʫʣʴʪʘʪʠ 

ʜʦʩʣʽʜʞʝʥʴ, ʚʠʢʦʥʘʥʠʭ ʘʚʪʦʨʦʤ ʩʘʤʦʩʪʽʡʥʦ [3, 13, 14, 16, 18, 25, 26] ʪʘ ʚ 

ʩʧʽʚʘʚʪʦʨʩʪʚʽ [1, 2, 4-12, 15, 17, 19-24, 27]. ʆʩʦʙʠʩʪʦ ʘʚʪʦʨʦʤ ʟʜʽʡʩʥʝʥʘ ʨʦʟʨʦʙʢʘ 

ʟʘʛʘʣʴʥʦʾ ʢʦʥʮʝʧʮʽʾ ʜʠʩʝʨʪʘʮʽʾ, ʚʠʙʽʨ ʦʙôʻʢʪʽʚ, ʚʠʟʥʘʯʝʥʦ ʤʝʪʫ ʪʘ ʟʘʜʘʯʽ ʨʦʙʦʪʠ, 

ʦʙʨʘʥʦ ʪʘ ʦʙˇʨʫʥʪʦʚʘʥʦ ʤʝʪʦʜʠ ʜʦʩʣʽʜʞʝʥʴ. ɺ ʥʘʫʢʦʚʠʭ ʧʫʙʣʽʢʘʮʽʷʭ ʫ 

ʩʧʽʚʘʚʪʦʨʩʪʚʽ ʘʚʪʦʨʫ ʥʘʣʝʞʘʪʴ: ʧʨʦʚʽʜʥʘ ʨʦʣʴ ʫ ʚʠʙʦʨʽ ʪʘ ʦʙˇʨʫʥʪʫʚʘʥʥʽ ʥʘʧʨʷʤʢʫ 

ʜʦʩʣʽʜʞʝʥʴ, ʧʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʽ ʥʘ ʨʽʟʥʠʭ ʝʪʘʧʘʭ ʚʠʢʦʥʘʥʥʷ ʨʦʙʦʪʠ, ʘʥʘʣʽʟ ʪʘ 

ʽʥʪʝʨʧʨʝʪʘʮʽʷ ʦʜʝʨʞʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ. ʋ ʩʪʘʪʪʷʭ ʽʟ ʩʧʽʚʘʚʪʦʨʘʤʠ: [10, 15, 17, 19, 

27] ʚʽʜʦʢʨʝʤʣʝʥʦ ʦʩʥʦʚʥʽ ʧʨʦʙʣʝʤʠ ʨʝʘʣʽʟʘʮʽʾ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʚ 

ʄʄɼ ʪʘ ʚʠʟʥʘʯʝʥʽ ʢʦʥʮʝʧʮʽʾ ʪʘ ʧʽʜʭʦʜʠ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʤʝʪʦʜʽʚ ʧʦʙʫʜʦʚʠ ʪʘ 

ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʪʘ ʤʝʨʝʞ ʚ 

ʄʄɼ ʭʚʠʣʴ; [1, 2, 20-22] ʚʠʟʥʘʯʝʥʦ ʘʨʭʽʪʝʢʪʫʨʠ ʤʝʨʝʞ ʥʘ ʦʩʥʦʚʽ ʛʽʙʨʠʜʥʠʭ 

ʪʝʭʥʦʣʦʛʽʡ, ʱʦ ʩʧʨʠʷʶʪʴ ʨʝʘʣʽʟʘʮʽʾ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡ ʫ ʄʄɼ; [4, 5, 12] ʨʦʟʨʦʙʣʝʥʘ 

ʢʚʘʟʽʦʧʪʠʯʥʘ ʤʦʜʝʣʴ ʨʘʜʽʦʢʘʥʘʣʫ ʄʄɼ ʪʘ ʨʦʟʨʦʙʣʝʥʽ ʤʝʪʦʜʠ ʟʙʽʣʴʰʝʥʥʷ 

ʜʘʣʴʥʦʩʪʽ ʪʘ ʜʦʩʪʫʧʥʦʩʪʽ ʟʚôʷʟʢʫ ʟʘ ʨʘʭʫʥʦʢ ʩʪʚʦʨʝʥʥʷ ʟʦʥ ʧʽʜʩʠʣʝʥʥʷ ʩʠʛʥʘʣʫ, 

ʨʦʟʨʦʙʣʝʥʘ ʤʦʜʝʣʴ ʨʘʜʽʦʢʘʥʘʣʫ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʰʪʫʯʥʠʭ ʚʽʜʙʠʚʘʯʽʚ ʪʘ 

ʧʨʦʘʥʘʣʽʟʦʚʘʥʘ ʝʥʝʨʛʝʪʠʯʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʪʘʢʦʛʦ ʨʽʰʝʥʥʷ; [7, 9, 11, 23, 24] 

ʟʘʧʨʦʧʦʥʦʚʘʥʘ ʚʦʣʦʢʦʥʥʦ-ʝʬʽʨʥʘ ʘʨʭʽʪʝʢʪʫʨʘ ʤʝʨʝʞʽ ʚ ʄʄɼ ʪʘ ʤʝʪʦʜʠ ʙʝʟʰʦʚʥʦʾ 

ʽʥʪʝʛʨʘʮʽʾ ʛʝʪʝʨʦʛʝʥʥʠʭ ʤʝʨʝʞ; [6, 8, 26] ʨʦʟʨʦʙʣʝʥʦ ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ ʥʘ 

ʦʩʥʦʚʽ ʩʪʦʭʘʩʪʠʯʥʦʾ ʛʝʦʤʝʪʨʽʾ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʽʥʪʝʨʬʝʨʝʥʮʽʡʥʠʭ ʰʫʤʽʚ, 

ʨʦʟʨʦʙʣʝʥʦ ʤʝʪʦʜʠʢʫ ʨʦʟʨʘʭʫʥʢʫ ʰʫʤʽʚ, ʧʦʚôʷʟʘʥʠʭ ʟ ʦʧʪʦʝʣʝʢʪʨʦʥʥʠʤʠ 

ʤʝʪʦʜʘʤʠ ʬʦʨʤʫʚʘʥʥʷ ʨʘʜʽʦʩʠʛʥʘʣʽʚ ʄʄɼ.  

ɸʧʨʦʙʘʮʽʷ ʨʝʟʫʣʴʪʘʪʽʚ ʜʠʩʝʨʪʘʮʽʾ. ʆʩʥʦʚʥʽ ʪʝʦʨʝʪʠʯʥʽ ʪʘ ʧʨʘʢʪʠʯʥʽ 

ʨʝʟʫʣʴʪʘʪʠ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ ʜʦʧʦʚʽʜʘʣʠʩʴ ʽ ʦʙʛʦʚʦʨʶʚʘʣʠʩʴ ʥʘ ʥʘʫʢʦʚʦ-

ʪʝʭʥʽʯʥʠʭ ʢʦʥʬʝʨʝʥʮʽʷʭ ʪʘ ʩʝʤʽʥʘʨʘʭ ʧʨʦʬʝʩʦʨʩʴʢʦ-ʚʠʢʣʘʜʘʮʴʢʦʛʦ ʩʢʣʘʜʫ ʽ 

ʥʘʫʢʦʚʠʭ ʩʧʽʚʨʦʙʽʪʥʠʢʽʚ ɼʝʨʞʘʚʥʦʛʦ ʫʥʽʚʝʨʩʠʪʝʪʫ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡ 2009 ï 2019 

ʨ.; Vɯ ʥʘʫʢʦʚʽʡ ʢʦʥʬʝʨʝʥʮʽʾ çʉʫʯʘʩʥʽ ʪʝʥʜʝʥʮʽʾ ʨʦʟʚʠʪʢʫ ʪʝʭʥʦʣʦʛʽʡ ʚ 

ʽʥʬʦʢʦʤʫʥʽʢʘʮʽʷʭ ʪʘ ʦʩʚʽʪʽè (ʤ. ʂʠʾʚ, ɼʋɯʂʊ, 05-06.11.2009 ʨ.); Vɯɯ ʄʽʞʥʘʨʦʜʥʽʡ 
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ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʽʡ ʢʦʥʬʝʨʝʥʮʽʾ çʉʫʯʘʩʥʽ ʽʥʬʦʨʤʘʮʽʡʥʦ-ʢʦʤʫʥʽʢʘʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽʾè 

(ʤ. ʂʠʾʚ, ɼʋɯʂʊ, 10-14.10.2011); IX ʥʘʫʢʦʚʽʡ ʢʦʥʬʝʨʝʥʮʽʾ çʉʫʯʘʩʥʽ ʪʝʥʜʝʥʮʽʾ 

ʨʦʟʚʠʪʢʫ ʪʝʭʥʦʣʦʛʽʡ ʚ ʽʥʬʦʢʦʤʫʥʽʢʘʮʽʷʭ ʪʘ ʦʩʚʽʪʽè (ʤ. ʂʠʾʚ, ɼʋɯʂʊ, 22-

23.11.2012); V ʄʽʞʥʘʨʦʜʥʽʡ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʽʡ ʢʦʥʬʝʨʝʥʮʽʾ çɯʥʬʦʢʦʤʫʥʽʢʘʮʽʾ ï 

ʩʫʯʘʩʥʽʩʪʴ ʪʘ ʤʘʡʙʫʪʥʻè (ʤ. ʂʠʾʚ, ɼʋʊ, 29-30.10.2015); ʨʝʛʽʦʥʘʣʴʥʦʤʫ ʩʝʤʽʥʘʨʽ 

ʄʉɽ çʊʝʥʜʝʥʮʽʾ ʨʦʟʚʠʪʢʫ ʢʦʥʚʝʨʛʝʥʪʥʠʭ ʤʝʨʝʞ: ʨʽʰʝʥʥʷ ʧʦʩʪ-NGN, 4G ʪʘ 5Gè 

(ʤ. ʂʠʾʚ, ɼʋʊ, 17-18.11.2016); ʤʽʞʥʘʨʦʜʥʽʡ ʪʝʭʥʽʯʥʽʡ ʢʦʥʬʝʨʝʥʮʽʾ çʈʊʇʉɸʉ-

2017è (ʂʠʾʚ, ʅʊʋʋ "ʂʇɯ", 20-26.03.2017); Eleventh International Scientific 

Conference çModern challenges in telecommunicationsè (ʄʉʊ-2017, Kyiv, 18-

21.04.2017); IEEE XI International Conference on Antenna Theory and Techniques 

(ICATT'17, Kyiv, 24-27.05.2017); IEEE First Ukraine Conference on Electrical and 

Computer Engineering (UKRCON-2017, Kyiv, 29.05-05.06.2017); IEEɽ 4th 

International Scientific-Practical Conference Problems of Infocommunications 

çScience and Technology (PIC S&T, Kyiv, 10-13.10.2017); ʨʝʛʽʦʥʘʣʴʥʽʡ ʢʦʥʬʝʨʝʥʮʽʾ 

ʄʉɽ çʇʝʨʩʧʝʢʪʠʚʠ ʥʘʜʘʥʥʷ ʧʦʩʣʫʛ ʥʘ ʦʩʥʦʚʽ ʤʝʨʝʞ ʧʦʩʪ-NGN, 4G ʽ 5G. 

ʆʨʛʘʥʽʟʘʮʽʡʥʽ ʪʘ ʪʝʭʥʽʯʥʽ ʨʽʰʝʥʥʷ ʧʦ ʾʭ ʧʦʙʫʜʦʚʽ ʪʘ ʟʘʭʠʩʪʫè (ʂʠʾʚ, ɼʋʊ, 07-

09.06.2017); ʍɯɯ ʄʽʞʥʘʨʦʜʥʽʡ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʽʡ ʢʦʥʬʝʨʝʥʮʽʾ çʇʨʦʙʣʝʤʠ 

ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡè (ʂʠʾʚ, ʅʊʋʋ ñʂʇɯò, 16-20.04.2018); IEEE Conference 

Dependable Systems, Services and Technologies (DESSERTô2018, Kyiv, 24-

27.05.2018); 9th International IEEE Conference on Ultrawideband and Ultrashort 

Impulse Signals (UWBUSIS-2018, Kyiv, 04-07.09.2018); ʍɯɯɯ ʄʽʞʥʘʨʦʜʥʽʡ ʥʘʫʢʦʚʦ-

ʪʝʭʥʽʯʥʽʡ ʢʦʥʬʝʨʝʥʮʽʾ çʇʝʨʩʧʝʢʪʠʚʠ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡè (ʂʠʾʚ, ʅʊʋʋ ñʂʇɯò, 15-

19.04.2019); IEEɽ 6th International Scientific-Practical Conference Problems of 

Infocommunications çScience and Technology (PIC S&T, Kyiv, 8-10.10.2019); The 

IEEɽ International Conference on Radio Electronics & Info Communications 

(UkrMiCo, Odessa, 9-13.09.2019). 

ʇʫʙʣʽʢʘʮʽʾ. ʆʩʥʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ ʜʠʩʝʨʪʘʮʽʡʥʦʛʦ ʜʦʩʣiʜʞʝʥʥʷ ʦʧʫʙʣiʢʦʚʘʥʦ 

ʧiʩʣʷ ʟʘʭʠʩʪʫ ʢʘʥʜʠʜʘʪʩʴʢʦʾ ʜʠʩʝʨʪʘʮiʾ ʚ 27 ʥʘʫʢʦʚʠʭ ʧʨʘʮʷʭ ʪʘ 1 ʤʦʥʦʛʨʘʬʽʾ. 

ɿʨʦʙʣʝʥʦ 17 ʜʦʧʦʚiʜʝʡ ʥʘ ʤʽʞʥʘʨʦʜʥʠʭ ʥʘʫʢʦʚʠʭ ʪʘ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʠʭ 
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ʢʦʥʬʝʨʝʥʮʽʷʭ, ʟ ʷʢʠʭ 13 ʤiʞʥʘʨʦʜʥʠʭ, 7 ʟʘʨʝʻʩʪʨʦʚʘʥʽ ʟʘ ʧʽʜʪʨʠʤʢʦʶ ʘʩʦʮʽʘʮʽʾ 

IEEE (ʘʥʛʣ. Institute of Electrical and Electronics Engineers). 

ʉʪʨʫʢʪʫʨʘ ʪʘ ʦʙʩʷʛ ʜʠʩʝʨʪʘʮʽʾ. ɼʠʩʝʨʪʘʮʽʡʥʘ ʨʦʙʦʪʘ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʚʩʪʫʧʫ, 

ʰʝʩʪʠ ʨʦʟʜʽʣʽʚ, ʚʠʩʥʦʚʢʽʚ, ʩʧʠʩʢʫ ʚʠʢʦʨʠʩʪʘʥʠʭ ʜʞʝʨʝʣ. ɿʘʛʘʣʴʥʠʡ ʦʙʩʷʛ ʨʦʙʦʪʠ 

ʩʢʣʘʜʘʻ 316 ʩ. ʜʨʫʢʘʨʩʴʢʦʛʦ ʪʝʢʩʪʫ, ʫ ʪʦʤʫ ʯʠʩʣʽ ʤʽʩʪʠʪʴ 127 ʨʠʩʫʥʢʽʚ ʪʘ ʪʘʙʣʠʮʴ, 

26 ʩ. ʩʧʠʩʢʫ ʚʠʢʦʨʠʩʪʘʥʠʭ ʜʞʝʨʝʣ. 
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ʈʆɿɼɯʃ 1 

 

ʆʉʆɹʃʀɺʆʉʊɯ ʊɸ ʇɽʈɽɺɸɻʀ ɿɸʉʊʆʉʋɺɸʅʅʗ ʍɺʀʃʔ 

ʄɯʃɯʄɽʊʈʆɺʆɻʆ ʊɸ ʉʋɹʄɯʃɯʄɽʊʈʆɺʆɻʆ ɼɯɸʇɸɿʆʅɯɺ ɺ 

ʊɽʃɽʂʆʄʋʅɯʂɸʎɯʁʅʀʍ ʉʀʉʊɽʄɸʍ 

 

1.1 ʇʝʨʩʧʝʢʪʠʚʠ ʪʘ ʧʨʦʙʣʝʤʠ ʨʝʘʣʽʟʘʮʽʾ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʪʘ 

ʩʫʙʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʽʚ ʚ ʧôʷʪʦʤʫ ʪʘ ʥʘʩʪʫʧʥʠʭ ʧʦʢʦʣʽʥʥʷʭ 

ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʤʝʨʝʞ 

ʆʩʚʦʻʥʥʷ ʯʘʩʪʦʪʥʠʭ ʨʝʩʫʨʩʽʚ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʽ ʩʫʙʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʽʚ ʻ 

ʦʜʥʠʤ ʽʟ ʰʣʷʭʽʚ ʚʠʨʽʰʝʥʥʷ ʧʨʦʙʣʝʤʠ ʧʽʜʚʠʱʝʥʥʷ ʧʨʦʧʫʩʢʥʦʾ ʟʜʘʪʥʦʩʪʽ 

ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ( ʨʠʩ. 1.1 ). 

 

ʈʠʩ. 1.1. ɺʠʢʦʨʠʩʪʘʥʥʷ ʩʧʝʢʪʨʘ ʨʽʟʥʠʤʠ ʨʘʜʽʦʩʝʨʚʽʩʘʤʠ 
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ɼʦ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ (ʄʄɼ) ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʭ ʭʚʠʣʴ ʚʽʜʥʦʩʷʪʴ 

ʯʘʩʪʦʪʠ ʚʽʜ 30 ʜʦ 300 ɻɻʮ (ʜʦʚʞʠʥʘ ʭʚʠʣʴ 1-10 ʤʤ). ʆʩʪʘʥʥʽʤ ʯʘʩʦʤ ʚ ʥʘʫʢʦʚʠʭ 

ʜʞʝʨʝʣʘʭ ʧʦ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʷʭ ʯʘʩʪʽʰʝ ʩʪʘʣʠ ʚʽʜʥʦʩʠʪʠ ʜʦ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʜʽʣʷʥʦʢ 

ʩʧʝʢʪʨʫ ʜʽʣʷʥʢʠ ʧʨʠʙʣʠʟʥʦ ʚ ʤʝʨʝʞʘʭ ʚʽʜ 28-100 ɻɻʮ [1,2] ʜʦ 0,1-10 ʊɻʮ [3]. ɺ 

ʜʘʥʠʡ ʯʘʩ ʄʄɼ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʷʢ ʚ ʩʫʧʫʪʥʠʢʦʚʦʤʫ ʟʚ'ʷʟʢʫ, ʚ ʥʘʟʝʤʥʦʤʫ 

ʨʘʜʽʦʨʝʣʝʡʥʦʤʫ ʟʚ'ʷʟʢʫ. ʋ ʢʦʤʝʨʮʽʡʥʦʤʫ ʟʚ'ʷʟʢʫ ʚʞʝ ʫʩʧʽʰʥʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ 

ʧʽʜʜʽʘʧʘʟʦʥʠ ʯʘʩʪʦʪ 27-32 ɻɻʮ, 36-38 ɻɻʮ ʽ 40.5-42.5 ɻɻʮ. ʅʠʞʥʽ ʟ ʮʠʭ ʯʘʩʪʦʪ ʙʫʣʠ 

ʦʩʚʦʻʥʽ ʚ ʉʐɸ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʨʘʜʽʦʜʦʩʪʫʧʫ ʧʨʠ ʧʦʙʫʜʦʚʽ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ 

ʤʝʨʝʞ ʟʘ ʪʝʭʥʦʣʦʛʽʻʶ LMDS (Local Multipoint Distribution Service, ʣʦʢʘʣʴʥʘ 

ʙʘʛʘʪʦ ʪʦʯʢʦʚʘ ʨʦʟʧʦʜʽʣʝʥʘ ʩʣʫʞʙʘ ʟʚ'ʷʟʢʫ). ʇʽʟʥʽʰʝ ʪʝʭʥʦʣʦʛʽʶ LMDS ʩʪʘʣʠ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʽ ʜʣʷ ʤʝʨʝʞ ʪʝʣʝʚʽʟʽʡʥʦʛʦ ʤʦʚʣʝʥʥʷ. ʉʠʩʪʝʤʠ ʟʚ'ʷʟʢʫ, ʱʦ 

ʧʨʘʮʶʶʪʴ ʥʘ ʯʘʩʪʦʪʘʭ 40.5-42.5 ɻɻʮ, ʦʪʨʠʤʘʣʠ ʥʘʟʚʫ MVDS (Multipoint Video 

Distribution Systems, ʙʘʛʘʪʦʪʦʯʢʦʚʘ ʨʦʟʧʦʜʽʣʝʥʘ ʚʽʜʝʦʩʣʫʞʙʘ). ʉʪʘʥʜʘʨʪʠ 

ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ ʚʞʝ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚ ʩʠʩʪʝʤʘʭ ʙʣʠʟʴʢʦʛʦ ʜʦʩʪʫʧʫ, 

ʥʘʧʨʠʢʣʘʜ, ʩʪʘʥʜʘʨʪ 802.11ad, Wireless HD. 

ʍʦʯʘ ʚʠʚʯʝʥʥʷ ʤʽʣʽʤʝʪʨʦʚʠʭ ʭʚʠʣʴ (ʄʄʍ) ʪʨʠʚʘʻ ʚʞʝ ʧʦʥʘʜ 100 ʨʦʢʽʚ, 

ʜʦʩʣʽʜʥʠʮʴʢʠʡ ʽʥʪʝʨʝʩ ʜʦ ʤʽʣʽʤʝʪʨʦʚʠʭ ʪʝʭʥʦʣʦʛʽʡ ʟʚ'ʷʟʢʫ ʧʨʦʜʦʚʞʫʻ ʟʨʦʩʪʘʪʠ. 

ʅʘ ʩʴʦʛʦʜʥʽ ʦʩʦʙʣʠʚʠʡ ʧʦʧʠʪ ʥʘ ʄʄɼ ʻ ʜʣʷ ʧʽʜʪʨʠʤʢʠ ʥʦʚʠʭ ʢʦʥʮʝʧʮʽʡ 

ʤʦʙʽʣʴʥʠʭ ʤʝʨʝʞ 5G [1,2,5]. ʉʤʫʛʘ ʧʨʦʧʫʩʢʘʥʥʷ ʙʝʟʧʨʦʚʦʜʦʚʦʛʦ ʢʘʥʘʣʫ 5G ʄʄɼ 

ʙʫʜʝ ʙʽʣʴʰʝ, ʥʽʞ ʚ 10 ʨʘʟʽʚ, ʧʦʨʽʚʥʷʥʦ ʜʦ ʜʦʚʛʦʩʪʨʦʢʦʚʦʾ ʝʚʦʣʶʮʽʾ (LTE) 20 ʄɻʮ 

ʰʠʨʠʥʠ ʩʪʽʣʴʥʠʢʦʚʠʭ ʢʘʥʘʣʽʚ. ʊʘʢ, ʥʘʧʨʠʢʣʘʜ, ʚ ʞʦʚʪʥʽ 2003 ʨʦʢʫ ʌʝʜʝʨʘʣʴʥʘ 

ʢʦʤʽʩʽʷ ʟʚ'ʷʟʢʫ ʉʐɸ (ʘʥʛʣ. Federal Communications Commission, FCC) ʦʛʦʣʦʩʠʣʘ, 

ʱʦ ʯʘʩʪʦʪʠ ʚ ʤʝʞʘʭ 71-76 ɻɻʮ, 81-86 ɻɻʮ ʽ 92-95 ɻɻʮ (ʚ ʩʫʢʫʧʥʦʩʪʽ ʟʚʘʥʽ E-band) 

ʙʫʜʫʪʴ ʜʦʩʪʫʧʥʽ ʜʣʷ ʥʘʜʰʚʠʜʢʽʩʥʦʾ ʧʝʨʝʜʘʯʽ ʜʘʥʠʭ, ʚʢʣʶʯʘʶʯʠ ʟ'ʻʜʥʘʥʥʷ ʪʠʧʫ 

çʪʦʯʢʘ-ʪʦʯʢʘè WLAN, ʤʦʙʽʣʴʥʠʡ ʪʨʘʥʩʧʦʨʪ ʽ ʰʠʨʦʢʦʩʤʫʛʦʚʠʡ ʜʦʩʪʫʧ ʚ ɯʥʪʝʨʥʝʪ 

[2]. ʋ 2016 ʨʦʮʽ FCC ʚʠʟʥʘʯʠʣʘ ʚʝʣʠʢʽ ʩʤʫʛʠ ʧʨʦʧʫʩʢʘʥʥʷ ʚ ʜʽʘʧʘʟʦʥʽ ʄʄʍ ʜʣʷ 

ʤʘʡʙʫʪʥʽʭ ʙʝʟʧʨʦʚʦʜʦʚʠʭ ʤʝʨʝʞ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡ, ʘ ʩʘʤʝ: 64-71 ɻɻʮ 

ʥʝʣʽʮʝʥʟʽʡʥʠʭ ʩʤʫʛ (ʧʣʶʩ ʧʦʧʝʨʝʜʥʽ 57-64 ɻɻʮ), 27,5-28,35 ʽ 37-40 ɻɻʮ [2]. 

ɺʝʣʠʯʝʟʥʘ ʜʦʩʪʫʧʥʘ ʩʤʫʛʘ ʧʨʦʧʫʩʢʘʥʥʷ ʤʦʞʝ ʧʦʪʝʥʮʽʡʥʦ ʧʨʠʚʝʩʪʠ ʜʦ ʰʚʠʜʢʦʩʪʽ 

ʧʝʨʝʜʘʯʽ ʚ ʜʝʢʽʣʴʢʘ ʛʽʛʘʙʽʪ ʥʘ ʩʝʢʫʥʜʫ ʜʣʷ ʢʦʞʥʦʛʦ ʢʦʨʠʩʪʫʚʘʯʘ.  
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ʈʝʢʦʤʝʥʜʘʮʽ ̫ITU-R M.2083-0 [6] ʚʠʟʥʘʯʘʻ ʨʘʤʢʠ ʽ ʩʧʽʣʴʥʽ ʮʽʣʽ ʤʘʡʙʫʪʥʴʦʛʦ 

ʨʦʟʚʠʪʢʫ ʄʽʞʥʘʨʦʜʥʠʭ ʤʦʙʽʣʴʥʠʭ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡ (ʘʥʛʣ.IMT, International 

Mobile Telecommunications) ʥʘ 2020 ʨʽʢ ʽ ʧʦʜʘʣʴʰʠʡ ʧʝʨʽʦʜ ʷʢ ʟʘʙʝʟʧʝʯʝʥʥʷ ʥʘ 

ʤʘʡʙʫʪʥ ̔ʧʦʪʨʝʙʠ ʤʝʨʝʞʝʚʦʛʦ ʩʫʩʧʽʣʴʩʪʚʘ ʷʢ ʜʣʷ ʨʦʟʚʠʥʝʥʠʭ ʢʨʘʾʥ, ʪʘʢ ʽ ʜʣʷ 

ʢʨʘʾʥ, ʱʦ ʨʦʟʚʠʚʘʶʪʴʩʷ. ɺ ʮʽʻʾ ʈʝʢʦʤʝʥʜʘʮʽʾ ʜʦʢʣʘʜʥʦ ʦʧʠʩʫʶʪʴʩʷ ʨʘʤʢʠ 

ʤʘʡʙʫʪʥʴʦʛʦ ʨʦʟʚʠʪʢʫ IMT ʥʘ 2020 ʨʽʢ ʽ ʧʦʜʘʣʴʰʠʡ ʧʝʨʽʦʜ, ʚʢʣʶʯʘʶʯʠ ʰʠʨʦʢʠʡ 

ʩʧʝʢʪʨ ʤʦʞʣʠʚʦʩʪʝʡ, ʧʦʚ'ʷʟʘʥʠʭ ʟ ʧʝʨʝʜʙʘʯʫʚʘʥʠʤʠ ʩʮʝʥʘʨʽʷʤʠ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʯʘʩʪʦʪʥʦʛʦ ʨʝʩʫʨʩʫ ( ʨʠʩ. 1.2 ).  

 

 

 

ʈʠʩ. 1.2. 5G ʩʮʝʥʘʨʽʾ ʚʠʢʦʨʠʩʪʘʥʥʷ ʽ ʦʩʥʦʚʥʽ ʧʦʢʘʟʥʠʢʠ IMT-2020 

 

ʆʩʥʦʚʥʽ ʧʦʢʘʟʥʠʢʠ ʝʬʝʢʪʠʚʥʦʩʪʽ ʥʘ 2021 ʨʽʢ, ʷʢ ʧʝʨʝʜʙʘʯʘʻʪʴʩʷ ʚ [6] 

ʧʦʚʠʥʥʽ ʟʙʽʣʴʰʠʪʠʩʷ: 

1) ʧʽʢʦʚʘ ʰʚʠʜʢʽʩʪʴ ʧʝʨʝʜʘʯʽ ʜʘʥʠʭ 10 ɻʙʽʪ/ʩ (ʜʣʷ ʢʨʘʡʦʚʠʭ ʦʙʣʘʩʪʝʡ 

ʩʪʽʣʴʥʠʢʽʚ ʜʦ 100 ʄʙʽʪ/ʩ); 
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2) ʰʚʠʜʢʽʩʪʴ ʧʝʨʝʜʘʯʽ ʜʣʷ ʦʜʥʦʛʦ ʢʦʨʠʩʪʫʚʘʯʘ ʜʦ 100 ʄʙʽʪ/ʩ; 

3) ʩʧʝʢʪʨʘʣʴʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʚ 3 ʨʘʟʠ; 

4) ʱʽʣʴʥʽʩʪʴ ʧʦʪʦʢʫ ʜʘʥʠʭ ( ʘʙʦ ʻʤʥʽʩʪʴ ʪʨʘʬʽʢʫ ʥʘ ʦʜʠʥʠʮʶ ʧʣʦʱʽ) ʜʦ          

10 ʄʙʽʪ/ʩ/ʤ2; 

5) ʝʥʝʨʛʝʪʠʯʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʚ 100 ʨʘʟʽʚ; 

6) ʟʘʪʨʠʤʢʘ ʚ ʙʝʟʧʨʦʚʦʜʦʚʠʭ ʤʝʨʝʞʘʭ ʧʨʠ ʤʦʙʽʣʴʥʦʩʪʽ 500 ʢʤ/ʛʦʜ 

ʟʤʝʥʰʠʪʴʩʷ ʜʦ 1 ʤʩ; 

7) ʱʽʣʴʥʽʩʪʴ ʤʝʨʝʞʝʚʠʭ ʧʨʠʩʪʨʦʾʚ 106 ʦʜʠʥʠʮʴ/ʢʤ2. 

ɿ 2013 ʨʦʢʫ ʙʫʣʠ ʩʪʚʦʨʝʥʽ ʥʘʜʥʘʮʽʦʥʘʣʴʥʽ ʪʘ ʥʘʮʽʦʥʘʣʴʥʽ ʜʦʩʣʽʜʥʠʮʴʢʽ 

ʦʨʛʘʥʽʟʘʮʽʾ  ̔ʧʨʦʝʢʪʠ ʜʣʷ ʜʦʩʷʛʥʝʥʥʷ ʮʠʭ ʪʝʭʥʽʯʥʠʭ ʧʦʢʘʟʥʠʢʽʚ 5G: ɭʚʨʦʧʝʡʩʴʢʠʡ 

ʩʦʶʟ (ɭʉ) 5GPPP/METIS, ʂʠʪʘʡ IMT-2020 (5G) Promotion Group, Koʨʝʷ 5G 

Forum, ʗʧʦʥʽʷ (ARIB). ɭʉ ʪʘʢʦʞ ʧʦʯʘʚ ʜʦʩʣʽʜʞʝʥʥʷ ʪʝʭʥʦʣʦʛʽʾ Beyond 5G ʚ 

ʨʘʤʢʘʭ H2020 (ICT 2017-09), ʜʝ ʜʣʷ ʨʝʘʣʽʟʘʮʽʾ ʧʦʢʘʟʥʠʢʽʚ 5G ʧʦʚʠʥʝʥ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʨʝʩʫʨʩ ʄʄʍ [7]. 

ɺʠʢʦʨʠʩʪʘʥʥʷ ʯʘʩʪʦʪʥʦʛʦ ʨʝʩʫʨʩʫ ʄʄɼ ʪʘ ʩʫʙʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ ʚ 

ʙʝʟʧʨʦʚʦʜʦʚʠʭ ʤʝʨʝʞʘʭ ʜʣʷ ʟʙʽʣʴʰʝʥʥʷ ʰʚʠʜʢʦʩʪʝʡ ʧʝʨʝʜʘʯʽ ʜʦ ʜʝʢʽʣʴʢʦʭ ɻʙʽʪ/ʩ 

ʜʦʮʽʣʴʥʝ, ʦʩʢʽʣʴʢʠ ʟʨʦʩʪʘʥʥʷ ʰʚʠʜʢʦʩʪ̔ ʧʝʨʝʜʘʯʽ ʜʘʥʠʭ ʧʝʨʝʪʚʦʨʶʻʪʴʩʷ ʚ ʧʦʧʠʪ 

ʥʘ ʜʦʩʪʫʧʥʫ ʩʤʫʛʫ ʧʨʦʧʫʩʢʘʥʥʷ. ɿʦʢʨʝʤʘ, ʟ hʠʨʠʥʦʶ ʩʤʫʛʠ ʧʨʦʧʫʩʢʘʥʥʷ ɺ ɻʮ ʟ 

ʘʜʠʪʠʚʥʠʤ ʙʽʣʠʤ ʛʘʫʩʩʦʚʠʤ ʰʫʤʦʤ ʧʨʦʧʫʩʢʥʘ ʟʜʘʪʥʽʩʪʴ ʚʠʟʥʘʯʘʻʪʴʩʷ ʚʽʜʧʦʚʽʜʥʦ 

ʜʦ ʬʦʨʤʫʣʠ ʐʝʥʥʦʥʘ [8] ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ:  

  ( )2 0log 1C B P N B= +  ,   (1.1) 

ʜʝ P - ʧʦʪʫʞʥʽʩʪʴ ʧʨʠʡʥʷʪʦʛʦ ʩʠʛʥʘʣʫ, 
0N  - ʩʧʝʢʪʨʘʣʴʥʘ ʱʽʣʴʥʽʩʪʴ ʧʦʪʫʞʥʦʩʪʽ 

ʰʫʤʫ. 

ʆʪʞʝ, ʧʨʦʧʫʩʢʥʘ ʟʜʘʪʥʽʩʪʴ ʟʙʽʣʴʰʫʻʪʴʩʷ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʩʤʫʛʠ ʧʨʦʧʫʩʢʘʥʥʷ 

B, ʘ ʧʦʪʫʞʥʽʩʪʴ ʩʠʛʥʘʣʫ P ʦʙʤʝʞʝʥʘ ʥʦʨʤʘʤʠ ʽ/ʘʙʦ ʘʧʘʨʘʪʥʠʤ ʦʙʤʝʞʝʥʥʷʤ. 

ʋʟʘʛʘʣʴʥʝʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʝʬʝʢʪʠʚʥʦʩʪʽ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ 

ʩʠʩʪʝʤ ʻ ʧʨʦʧʫʩʢʥʘ ʟʜʘʪʥʽʩʪʴ, ʝʥʝʨʛʝʪʠʯʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ 
EEh , ʩʧʝʢʪʨʘʣʴʥʘ 

ʝʬʝʢʪʠʚʥʽʩʪʴ 
SEh . ɿ ʫʨʘʭʫʚʘʥʥʷʤ ʢʦʝʬʽʮʽʻʥʪʫ ʧʽʜʩʠʣʝʥʥʷ ʢʘʥʘʣʫ ɓ, ʘ ʪʘʢʦʞ 
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ʢʦʝʬʽʮʽʻʥʪʫ ʧʦʩʠʣʝʥʥʷ ʢʘʥʘʣʽʚ Ŭ ʚʽʜ ʽʥʪʝʨʬʝʨʫʶʯʠʭ ʜʞʝʨʝʣ, ʜʣʷ ʢʘʥʘʣʫ ʟʚôʷʟʢʫ 

ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ: 
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ɺʝʣʠʢʘ ʯʘʩʪʠʥʘ ʩʫʯʘʩʥʠʭ ʜʦʩʣʽʜʞʝʥʴ 
SEh  ʪʘ 

EEh  ʟʦʩʝʨʝʜʞʝʥʘ ʥʘ ʩʮʝʥʘʨʽʷʭ 

ʦʜʥʦʛʦ ʨʘʜʽʦʢʘʥʘʣʫ. ɸʣʝ ʫ ʚʠʧʘʜʢʘʭ ʙʘʛʘʪʦʢʦʨʠʩʪʫʚʘʮʴʢʠʭ ʧʝʨʩʧʝʢʪʠʚʥʠʭ 

ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʚ ʄʄɼ ʟ ʙʘʛʘʪʴʤʘ ʩʪʽʣʴʥʠʢʘʤʠ, ʪʘ ʚʝʣʠʢʦʶ ʢʽʣʴʢʽʩʪʶ 

ʢʦʨʠʩʪʫʚʘʯʽʚ ʥʝʦʙʭʽʜʥʦ ʚʨʘʭʦʚʫʚʘʪʠ ʪʝʭʥʦʣʦʛʽʯʥʽ ʝʥʝʨʛʝʪʠʯʥ ̔ ʪʘ ʩʧʝʢʪʨʘʣʴʥʽ 

ʦʙʤʝʞʝʥʥʷ. ʅʘʧʨʠʢʣʘʜ, ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʝʭʥʦʣʦʛʽʡ OFDMA, MIMO ʤʦʞʝ ʙʫʪʠ 

ʨʝʘʣʽʟʦʚʘʥʦ ʜʣʷ ʟʙʽʣʴʰʝʥʥʷ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʩʪʽ.   

ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʚʠʩʦʢʠʡ ʧʦʪʝʥʮʽʘʣ ʥʘʜʘʥʥʷ ʛʽʛʘʙʽʪʥʠʭ ʰʚʠʜʢʦʩʪʝʡ, 

ʥʝʦʙʭʽʜʥʦ ʚʠʨʽʰʠʪʠ ʙʘʛʘʪʦ ʪʝʭʥʽʯʥʠʭ ʧʨʦʙʣʝʤ ʜʣʷ ʪʦʛʦ, ʱʦʙ ʢʦʤʫʥʽʢʘʮʽ ʾʫ ʄʄɼ 

ʩʪʘʣʠ ʦʩʥʦʚʥʦʶ ʪʝʭʥʦʣʦʛʽʻʶ ʤʦʙʽʣʴʥʠʭ ʤʝʨʝʞ. ʅʘʧʨʠʢʣʘʜ, ʚ ʤʦʙʽʣʴʥʠʭ ʤʝʨʝʞʘʭ, 

ʜʝ ʧʝʨʝʜʘʚʘʣʴʥʽ/ʧʨʠʡʤʘʣʴʥʽ ʚʫʟʣʠ ʤʦʞʫʪʴ ʧʝʨʝʤʽʱʘʪʠʩʷ, ʢʘʥʘʣʠ ʤʦʞʫʪʴ ʤʘʪʠ 

ʩʢʣʘʜʥʫ ʩʪʨʫʢʪʫʨʫ. ʑʦʙ ʧʦʚʥʽʩʪʶ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʚʠʩʦʢʽ ʧʦʪʝʥʮʽʡʥʽ ʰʚʠʜʢʦʩʪʽ 

ʄʄʍ ʚ ʤʦʙʽʣʴʥʠʭ ʤʝʨʝʞʘʭ, ʥʝʦʙʭʽʜʥʦ ʚʠʨʽʰʠʪʠ ʙʘʛʘʪʦ ʪʝʭʥʽʯʥʠʭ ʧʨʦʙʣʝʤ. 

ʆʩʥʦʚʥʽ ʟ ʥʠʭ ʥʘʩʪʫʧʥʽ: 

1) ʨʦʟʨʦʙʢʘ ʤʘʪʝʤʘʪʠʯʥʦʾ ʫʥʽʚʝʨʩʘʣʴʥʦʾ ʤʦʜʝʣʽ ʚʪʨʘʪ ʧʦʪʫʞʥʦʩʪʽ ʩʠʛʥʘʣʫ 

ʜʣʷ ʨʽʟʥʠʭ ʩʮʝʥʘʨʽʾʚ, ʨʦʟʤʽʨʽʚ ʩʪʽʣʴʥʠʢʽʚ, ʧʽʜʜʽʘʧʘʟʦʥʽʚ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ 

[1,2,9,10]; 

2) ʤʦʜʝʣʶʚʘʥʥʷ ʽʥʪʝʨʬʝʨʝʥʮʽʡʥʠʭ ʟʘʚʘʜ, ʽʥʰʠʭ ʪʠʧʽʚ ʰʫʤʽʚ, ʧʽʜʩʠʣʝʥʥʷ ʪʘ 

ʙʣʦʢʫʚʘʥʥʷ ʩʠʛʥʘʣʫ ʚ ʙʘʛʘʪʦʧʨʦʤʝʥʝʚʽʡ ʤʦʜʝʣʽ ʚ ʫʤʦʚʘʭ ʤʽʩʴʢʦʛʦ ʩʮʝʥʘʨʽʶ [9-

18]; 

3) ʤʦʜʝʣʶʚʘʥʥʷ, ʜʠʟʘʡʥ ʤʥʦʞʠʥʥʦʛʦ ʜʦʩʪʫʧʫ MIMO [19-28]; 

4) ʨʦʟʨʦʙʣʝʥʥʷ ʤʝʪʦʜʽʚ (ʪʝʭʥʦʣʦʛʽʡ) ʛʝʥʝʨʘʮʽʾ, ʤʦʜʫʣʷʮʽʾ ʨʘʜʽʦʩʠʛʥʘʣʽʚ 

ʄʄɼ ʟʽ ʩʪʘʙʽʣʴʥʠʤʠ ʯʘʩʪʦʪʥʠʤʠ, ʘʤʧʣʽʪʫʜʥʠʤʠ ʪʘ, ʦʩʦʙʣʠʚʦ, ʬʘʟʦʚʠʤʠ 
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ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʟ ʰʠʨʦʢʠʤ ʜʠʥʘʤʽʯʥʠʤ ʜʽʘʧʘʟʦʥʦʤ, ʤʽʥʽʤʘʣʴʥʦʶ ʯʘʩʪʦʪʥʦʶ 

ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ (ʤʘʣʦʢʨʦʢʦʚʝ ʧʝʨʝʩʪʨʦʶʚʘʥʥʷ ʯʘʩʪʦʪʠ), ʟ ʥʝʦʙʭʽʜʥʦʶ 

ʚʠʧʨʦʤʽʥʶʚʘʣʴʥʦʶ ʧʦʪʫʞʥʽʩʪʶ ʩʠʛʥʘʣʽʚ ʄʄɼ, ʦʩʦʙʣʠʚʦ ʜʣʷ ʯʘʩʪʦʪ ʚʠʱʝ 70 ɻɻʮ 

[19,29-33]; 

5) ʟʘʩʪʦʩʫʚʘʥʥʷ ʛʽʙʨʠʜʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʚ ʨʽʟʥʠʭ ʨʘʜʽʦʜʽʘʧʘʟʦʥʘʭ, ʪʘ ʚ 

ʧʽʜʜʽʘʧʘʟʦʥʘʭ ʤʽʣʽʤʝʪʨʦʚʦʛʦ (ʩʫʙʤʽʣʽʤʝʪʨʦʚʦʛʦ) ʜʽʘʧʘʟʦʥʽʚ, ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʚʦʣʦʢʦʥʥʦ-ʝʬʽʨʥʦʾ ʘʨʭʽʪʝʢʪʫʨʠ ʤʝʨʝʞ, ʚ ʷʢʠʭ ʬʦʨʤʫʚʘʥʥʷ ʪʘ ʧʝʨʝʜʘʯʘ ʩʠʛʥʘʣʫ 

ʄʄɼ ʟʜʽʡʩʥʶʻʪʴʩʷ ʟʘ ʪʝʭʥʦʣʦʛʽʻ  ʁRoF (ʘʥʛʣ. Radio over Fiber) [30-35]; 

6) ʘʥʘʣʽʟ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ, ʩʪʘʥʜʘʨʪʠʟʘʮʽʷ ʪʘ ʨʦʟʛʦʨʪʘʥʥʷ ʤʝʨʝʞ ʄʄɼ 

[1,2,36,37]; 

7) ʨʦʟʨʦʙʢʘ ʧʽʜʭʦʜʽʚ ʜʣʷ ʜʦʩʷʛʥʝʥʥʷ ʚʠʩʦʢʦʾ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʩʪʽ ʪʘ 

ʩʧʝʢʪʨʘʣʴʥʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ ʥʘ ʦʩʥʦʚʽ ʚʠʚʯʝʥʥʷ ʘʧʘʨʘʪʥʠʭ ʩʧʦʪʚʦʨʝʥʴ ʽ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʬʽʟʠʯʥʠʭ ʝʬʝʢʪʽʚ ʧʦʰʠʨʝʥʥʷ ʄʄɼ, ʱʦ ʦʙʤʝʞʫʶʪʴ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʚ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʤʝʨʝʞʘʭ [1,2,19,38,39]; 

8) ʨʦʟʨʦʙʢʘ ʘʜʘʧʪʠʚʥʠʭ ʩʠʩʪʝʤ [1,40-43].  

ɿ ʚʠʨʽʰʝʥʥʷʤ ʧʨʦʙʣʝʤ ʦʩʚʦʻʥʥʷ ʄʄɼ, ʤʦʞʝ ʟʚʽʣʴʥʠʪʠʩʷ ʧʦʪʝʥʮʽʡʥʦ 

ʜʦʩʪʫʧʥʘ ʩʤʫʛʘ ʙʽʣʴʰʝ 150 ɻɻʮ [45], ʥʘʚʽʪʴ ʚʠʢʣʶʯʘʶʯʠ ʥʝʩʧʨʠʷʪʣʠʚʽ ʩʤʫʛʠ, ʪʘʢʽ 

ʷʢ ʩʤʫʛʘ ʧʦʛʣʠʥʘʥʥʷ ʢʠʩʥʶ 60 ɻɻʮ (57-64 ɻɻʮ) ʽ ʚʦʜʷʥʦʾ ʧʘʨʠ (H2O) ʩʤʫʛʘ 

ʧʦʛʣʠʥʘʥʥʷ (164 -200 ɻɻʮ), ʷʢ ʮʝ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 1.3. ʊʽʣʴʢʠ ʚ E-ʜʽʘʧʘʟʦʥʽ (71ï

76/81ï86/92ï95 ɻɻʮ) ʜʦʩʪʫʧʥʘ ʩʤʫʛʘ ʧʨʦʧʫʩʢʘʥʥʷ 12,9 ɻɻʮ ʤʦʞʝ ʟʘʙʝʟʧʝʯʠʪʠ 

ʛʽʛʘʙʽʪʥʽ ʰʚʠʜʢʦʩʪʽ ʧʝʨʝʜʘʯʽ ʽʥʬʦʨʤʘʮʽʾ ʥʘʚʽʪʴ ʧʨʠ ʥʠʟʴʢʦʾ ʩʧʝʢʪʨʘʣʴʥʦʾ 

ʝʬʝʢʪʠʚʥʦʩʪʽ ʚ 1 ʙʽʪ/ʩ/ɻʮ.  ʆʜʥʘʢ, ʥʘʷʚʥʽʩʪʴ ʥʠʟʴʢʦʾ ʩʧʝʢʪʨʘʣʴʥʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ 

ʤʦʞʝ ʩʧʨʦʩʪʠʪʠ ʨʝʘʣʽʟʘʮʽʶ ʽ ʟʤʝʥʰʫʻ ʚʧʣʠʚ ʘʧʘʨʘʪʥʠʭ ʦʙʤʝʞʝʥʴ ʥʘ ʢʽʥʮʝʚʫ 

ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ. 

ɺ ʜʘʥʠʡ ʯʘʩ ʜʦʩʪʫʧʥʘ ʩʤʫʛʘ ʧʨʦʧʫʩʢʘʥʥʷ ʜʣʷ ʤʦʙʽʣʴʥʠʭ ʤʝʨʝʞ (2G, 3G, 4G 

ʽ LTE-Advanced ʩʧʝʢʪʨʘ) ʫ ʚʩʴʦʤʫ ʩʚʽʪʽ ʤʝʥʰʝ 780 ʄɻʮ, ʪʘ ʫ ʢʦʞʥʦʛʦ ʦʩʥʦʚʥʦʛʦ 

ʧʦʩʪʘʯʘʣʴʥʠʢʘ ʙʝʟʧʨʦʚʦʜʦʚʦʛʦ ʟʚ'ʷʟʢʫ ʩʤʫʛʘ ʙʣʠʟʴʢʦ 200 ʄɻʮ [44]. ʎʷ ʩʤʫʛʘ 

ʧʨʦʧʫʩʢʘʥʥʷ ʥʝʜʦʩʪʘʪʥʷ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʛʽʛʘʙʽʪʥʠʭ ʰʚʠʜʢʦʩʪʝʡ ʧʝʨʝʜʘʯʽ ʥʘ 

ʢʽʣʴʢʘ ʧʨʠʩʪʨʦʾʚ, ʦʩʢʽʣʴʢʠ ʜʣʷ ʮʴʦʛʦ ʧʦʪʨʽʙʥʦ ʚʝʣʠʯʝʟʥʘ ʩʧʝʢʪʨʘʣʴʥʘ 

ʝʬʝʢʪʠʚʥʽʩʪʴ ʢʦʞʥʦʛʦ ʧʨʠʩʪʨʦʶ. ʆʩʥʦʚʥʘ ʧʝʨʝʚʘʛʘ ʄʄɼ ʻ ʥʘʷʚʥʽʩʪʴ ʚʝʣʠʢʦʾ 
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ʩʤʫʛʠ ʧʨʦʧʫʩʢʘʥʥʷ, ʭʦʯʘ ʙʽʣʴʰ ʰʠʨʦʢʘ ʩʤʫʛʘ ʧʨʦʧʫʩʢʘʥʥʷ ʤʦʞʝ ʙʫʪʠ ʦʙʤʝʞʝʥʘ 

ʰʫʤʘʤʠ, ʱʦ ʦʙʤʝʞʫʻ ʧʨʦʧʫʩʢʥʫ ʟʜʘʪʥʽʩʪʴ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ.  

 

 

 

ʈʠʩ. 1.3. ɺʠʢʦʨʠʩʪʘʥʥʷ ʩʧʝʢʪʨʫ ʤʽʣʽʤʝʪʨʦʚʠʭ ʭʚʠʣʴ ʜʣʷ ʤʦʙʽʣʴʥʠʭ ʩʠʩʪʝʤ 

 

ɼʣʷ ʫʣʴʪʨʘʚʠʩʦʢʦʾ ʧʨʦʧʫʩʢʥʦʾ ʟʜʘʪʥʦʩʪʽ ʙʝʟʧʨʦʚʦʜʦʚʠʭ ʩʠʩʪʝʤ 

ʨʦʟʛʣʷʜʘʶʪʴʩʷ ʩʧʝʢʪʨʘʣʴʥʽ ʚʽʢʥʘ ʚ ʜʽʘʧʘʟʦʥʽ ʯʘʩʪʦʪ ʚʽʜ 200 ʜʦ 450 ɻɻʮ  (ʨʠʩ. 1.3), 

ʜʝ ʻ ʜʦʜʘʪʢʦʚʽ (ʘʣʝ ʥʠʟʴʢʽ) ʚʪʨʘʪʠ ʯʝʨʝʟ ʧʦʛʣʠʥʘʥʥʷ, ʧʨʦʪʝ ʽʩʥʫʻ ʤʦʞʣʠʚʽʩʪʴ 

ʧʝʨʝʜʘʯʽ ʽʥʬʦʨʤʘʮʽʾ ʥʘ ʢʦʨʦʪʢʽ ʚʽʜʩʪʘʥʽ [1]. ʂʦʞʥʝ ʟ ʚʽʢʦʥ ʚ ʜʽʘʧʘʟʦʥʽ 200-450 ɻɻʮ 

ʤʘʻ ʰʠʨʠʥʫ ʩʤʫʛʠ ʜʝʢʽʣʴʢʦʭ ʜʝʩʷʪʢʽʚ ɻɻʮ. ʎʝ ʨʦʙʠʪʴ ʾʭ ʧʨʠʜʘʪʥʠʤʠ ʜʣʷ ʨʝʘʣʽʟʘʮʽʾ 

ʰʚʠʜʢʦʩʪʝʡ ʜʦ 100 ɻʙʽʪ/ʩ ʚ ʙʝʟʧʨʦʚʦʜʦʚʠʭ ʩʠʩʪʝʤʘʭ, ʫʥʠʢʘʶʯʠ ʫʩʢʣʘʜʥʝʥʴ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʚʠʩʦʢʦʾ ʩʧʝʢʪʨʘʣʴʥʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ ʰʣʷʭʦʤ ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʨʦʩʪʠʭ 

ʬʦʨʤʘʪʽʚ ʤʦʜʫʣʷʮʽʾ, ʥʘʧʨʠʢʣʘʜ, BPSK ʘʙʦ QPSK. ɺʠʢʦʨʠʩʪʘʥʥʷ ʜʽʘʧʘʟʦʥʫ 275-

450 ɻɻʮ ʪʘʢʦʞ ʧʣʘʥʫʻʪʴʩʷ ʄʉɽ-R ʜʣʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚ ʤʦʙʽʣʴʥʦʤʫ ʪʘ ʬʽʢʩʦʚʘʥʦʤʫ 

ʟʚ'ʷʟʢʫ [1]. 
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1.2 ʆʩʦʙʣʠʚʦʩʪʽ ʧʦʰʠʨʝʥʥʷ ʭʚʠʣʴ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʪʘ ʩʫʙʤʽʣʽʤʝʪʨʦʚʦʛʦ 

ʜʽʘʧʘʟʦʥʽʚ ʚ ʘʪʤʦʩʬʝʨʽ ʪʘ ʽʥʰʠʭ ʩʝʨʝʜʦʚʠʱʘʭ 

ʆʩʦʙʣʠʚʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʄʄʍ ʜʣʷ ʨʘʜʽʦʟʚ'ʷʟʢʫ ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦ ʧʨʠ ʾʭ 

ʧʦʰʠʨʝʥʥʽ ʚ ʘʪʤʦʩʬʝʨʥʠʭ ʛʘʟʘʭ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʟʛʘʩʘʥʥʷ ʧʦʪʫʞʥʦʩʪʽ ʩʠʛʥʘʣʫ. 

ʆʩʣʘʙʣʝʥʥʷ ʨʘʜʽʦʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʚ ʘʪʤʦʩʬʝʨʽ ʪʘʢʦʞ ʟʘʣʝʞʪ̔ɹ ʚʽʜ ʧʦʛʦʜʥʠʭ ʫʤʦʚ. 

ɿʛʘʩʘʥʥʷ ʚ ʘʪʤʦʩʬʝʨʽ ʨʘʜʽʦʯʘʩʪʦʪʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʄʄɼ ʥʘ ʨʽʚʥʽ ʤʦʨʷ ʟʘ 

ʨʽʟʥʠʭ ʘʪʤʦʩʬʝʨʥʠʭ ʫʤʦʚ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 1.4 [30]. ɿ ʨʠʩ. 1.4 ʚʠʜʥʦ, ʱʦ ʚ 

ʘʪʤʦʩʬʝʨʽ ʽʩʥʫʶʪʴ ʩʤʫʛʠ ʩʠʣʴʥʦʛʦ ʧʦʛʣʠʥʘʥʥʷ ʫ ʨʘʡʦʥʘʭ ʯʘʩʪʦʪ 23, 60, 119 ʪʘ 182 

ɻɻʮ. ʄʽʞ ʮʠʤʠ ʯʘʩʪʦʪʘʤʠ ʨʦʟʪʘʰʦʚʘʥʽ ʪʘʢ ʟʚʘʥʽ ʚʽʢʥʘ ʧʨʦʟʦʨʦʩʪʽ ʟ ʚʽʜʥʦʩʥʦ 

ʥʠʟʴʢʠʤ ʨʽʚʥʝʤ ʟʛʘʩʘʥʥʷ ʨʘʜʽʦʭʚʠʣʴ: 35, 90, 140, 220 ɻɻʮ. ʉʠʩʪʝʤʠ, ʱʦ ʧʨʘʮʶʶʪʴ 

ʥʘ ʯʘʩʪʦʪʘʭ ʥʠʞʯʠʭ 20 ɻɻʮ, ʦʪʨʠʤʘʣʠ ʧʦʰʠʨʝʥʥʷ ʜʣʷ ʥʘʟʝʤʥʠʭ ʟʘʩʪʦʩʫʚʘʥʴ ʘʙʦ 

ʟʘʩʪʦʩʫʚʘʥʴ ʥʘ ʨʽʚʥʽ ʤʦʨʷ, ʽ ʪʽʣʴʢʠ ʥʝʚʝʣʠʢʘ ʢʽʣʴʢʽʩʪʴ ʨʘʜʽʦʩʠʩʪʝʤ ʧʨʘʮʶʻ ʫ ʚʽʢʥʘʭ 

ʧʨʦʟʦʨʦʩʪʽ ʘʪʤʦʩʬʝʨʠ ʟ ʮʝʥʪʨʘʣʴʥʠʤʠ ʯʘʩʪʦʪʘʤʠ ʚʽʜʧʦʚʽʜʥʦ ʚ ʨʘʡʦʥʽ 35 ʪʘ 94 ɻɻʮ. 

ɿ ʨʠʩ. 1.4 ʚʠʧʣʠʚʘʻ, ʱʦ ʮʽ ʩʠʩʪʝʤʠ ʬʫʥʢʮʽʦʥʫʶʪʴ ʟ ʦʩʣʘʙʣʝʥʥʷʤ ʩʠʛʥʘʣʽʚ ʚ 

ʘʪʤʦʩʬʝʨʽ 0,3 ʜɹ/ʢʤ ʘʙʦ ʤʝʥʰʝ. 

 

 

ʈʠʩ. 1.4. ɸʪʤʦʩʬʝʨʥʝ ʟʛʘʩʘʥʥʷ ʥʘ ʨʽʚʥʽ ʤʦʨʷ ʜʣʷ ʨʽʟʥʠʭ ʨʽʚʥʽʚ ʚʦʣʦʛʦʩʪʽ (RH), (ʟ 

ʪʫʤʘʥʦʤ ʪʘ ʜʦʱʝʤ ʚʢʣʶʯʥʦ), W1-W4 ï ʚʽʢʥʘ ʧʨʦʟʦʨʦʩʪʽ ʘʪʤʦʩʬʝʨʠ ʜʣʷ 

ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ ʭʚʠʣʴ 
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ɼʣʷ ʫʣʴʪʨʘʚʠʩʦʢʦʾ ʧʨʦʧʫʩʢʥʦʾ ʟʜʘʪʥʦʩʪʽ ʤʝʨʝʞ ʬʘʭʽʚʮʽ ʨʦʟʛʣʷʜʘʶʪʴ 

ʩʧʝʢʪʨʘʣʴʥʽ ʚʽʢʥʘ ʚ ʜʽʘʧʘʟʦʥʽ ʯʘʩʪʦʪ ʚʽʜ 200 ʜʦ 450 ɻɻʮ. ɺ ʮʠʭ ʚʽʢʥʘʭ ʚʽʜʥʦʩʥʦ 

ʥʠʟʴʢʽ ʜʦʜʘʪʢʦʚʽ ʚʪʨʘʪʠ ʯʝʨʝʟ ʧʦʛʣʠʥʘʥʥʷ ʚʦʜʠ (ʨʠʩ. 1.5) [46], ʽ ʧʨʠʥʘʡʤʥʽ, ʤʦʞʥʘ 

ʦʨʛʘʥʽʟʫʚʘʪʠ ʧʝʨʝʜʘʯʫ ʽʥʬʦʨʤʘʮʽʾ ʥʘ ʢʦʨʦʪʢʽ ʚʽʜʩʪʘʥʽ ʜʦ 100 ʤ.  

 

 
 

ʈʠʩ. 1.5. ɸʪʤʦʩʬʝʨʥʝ ʟʘʛʘʩʘʥʥʷ ʥʘ ʨʽʚʥʽ ʤʦʨʷ ʜʣʷ ʨʽʟʥʠʭ ʫʤʦʚ ʜʣʷ 

ʛʽʛʘʛʝʨʮʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ ʧʨʠ ʨʽʟʥʠʭ ʪʝʤʧʝʨʘʪʫʨʥʠʭ ʫʤʦʚʘʭ, ʚʽʜʥʦʩʥʦʾ ʚʦʣʦʛʦʩʪʽ, 

ʪʫʤʘʥʫ, ʧʠʣʫ ʽ ʜʦʱʫ. STD (standard atmosphere, ʩʪʘʥʜʘʨʪʥʘ ʘʪʤʦʩʬʝʨʘ): ʊ= 20Á ʉ, 

ʚʽʜʥʦʩʥʘ ʚʦʣʦʛʽʩʪʴ ʧʦʚʽʪʨʷ 44%; Humid (ʧʽʜʚʠʱʝʥʘ ʚʦʣʦʛʽʩʪʴ ʧʦʚʽʪʨʷ): ʊ= 35Á ʉ, 

ʚʽʜʥʦʩʥʘ ʚʦʣʦʛʽʩʪʴ ʧʦʚʽʪʨʷ 90%; Winter (ʟʠʤʘ): ʊ= 10Á C, ʚʽʜʥʦʩʥʘ ʚʦʣʦʛʽʩʪʴ 

ʧʦʚʽʪʨʷ 30%; Fog, Dust, and Rain (ʪʫʤʘʥ, ʧʠʣ ʽ ʜʦʱ): ʊ= 20Á C, ʚʽʜʥʦʩʥʘ ʚʦʣʦʛʽʩʪʴ 

ʧʦʚʽʪʨʷ 44% 

 

ʂʦʞʥʝ ʟ ʮʠʭ ʚʽʢʦʥ ʤʘʻ ʰʠʨʠʥʫ ʩʤʫʛʠ ʚ ʜʝʢʽʣʴʢʘ ʜʝʩʷʪʢʽʚ ɻɻʮ. ʎʝ ʨʦʙʠʪʴ ʾʭ 

ʧʨʠʜʘʪʥʠʤʠ ʜʣʷ ʧʝʨʝʜʘʯʽ ʟ ʫʣʴʪʨʘ ʚʠʩʦʢʦʶ ʰʚʠʜʢʽʩʪʶ (100 ɻʙʽʪ/ʩ) ʙʝʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʬʦʨʤʘʪʽʚ ʤʦʜʫʣʷʮʽʾ ʟ ʚʠʩʦʢʦʶ ʩʧʝʢʪʨʘʣʴʥʦʶ ʝʬʝʢʪʠʚʥʽʩʪʶ. 

ʐʽʩʪʴ ʚʽʢʦʥ (ʦʙʚʝʜʝʥʽ ʥʦʤʝʨʠ) - ʧʦʟʥʘʯʝʥʽ ʚʽʢʥʘ ʧʦʛʣʠʥʘʥʥʷ, ʧ'ʷʪʴ ʚʽʢʦʥ 

(ʰʠʨʦʢʽ ʩʪʨʽʣʢʠ) - ʧʦʟʥʘʯʝʥʽ ʚʽʢʥʘ ʧʨʦʟʦʨʦʩʪʽ ʘʪʤʦʩʬʝʨʠ. ʅʘ ʚʠʩʦʪʘʭ ʙʽʣʴʰʠʭ 9,2 
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ʢʤ ʟʛʘʩʘʥʥʷ ʫ ʚʠʱʝʥʘʟʚʘʥʠʭ ʘʪʤʦʩʬʝʨʥʠʭ ʚʽʢʥʘʭ ʧʨʦʟʦʨʦʩʪʽ ʟʤʝʥʰʫʻʪʴʩʷ ʪʘ 

ʩʢʣʘʜʘʻ ʤʝʥʰʝ 0,05 ʜɹ/ʢʤ ʥʘ ʯʘʩʪʦʪʘʭ ʜʦ 300 ɻɻʮ ʚʢʣʶʯʥʦ [47]. ʗʢʱʦ ʫ ʷʢʦʩʪʽ 

ʜʦʧʫʩʪʠʤʦʛʦ ʟʛʘʩʘʥʥʷ ʥʘ ʨʽʚʥʽ ʤʦʨʷ ʟʘʜʘʪʠ 0,3 ʜɹ/ʢʤ, ʤʦʞʥʘ ʨʦʟʛʣʷʜʘʪʠ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʠʛʥʘʣʽʚ ʟ ʯʘʩʪʦʪʘʤʠ ʜʦ 300 ɻɻʮ ʥʘ ʙʽʣʴʰʠʭ ʚʠʩʦʪʘʭ, ʷʢ, ʥʘʧʨʠʢʣʘʜ, 

ʤʽʞ ʧʦʚʽʪʨʷʥʠʤʠ ʦʙôʻʢʪʘʤʠ.  

ʇʨʠ ʚʟʘʻʤʦʜʽʾ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʄʄʍ ʟ ʨʽʟʥʠʤʠ ʩʝʨʝʜʦʚʠʱʘʤʠ ʚʠʥʠʢʘʶʪʴ 

ʧʨʦʮʝʩʠ ʨʦʟʩʽʶʚʘʥʥʷ, ʦʩʣʘʙʣʝʥʥʷ ʽ ʜʝʧʦʣʷʨʠʟʘʮʽʾ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ʘ ʪʘʢʦʞ 

ʘʤʧʣʽʪʫʜʥʽ ʽ ʬʘʟʦʚʽ ʩʧʦʪʚʦʨʝʥʥʷ ʩʠʛʥʘʣʽʚ. ʄʄʍ ʧʨʦʥʠʢʘʶʪʴ ʯʝʨʝʟ ʥʝʟʥʘʯʥʽ 

ʧʝʨʝʰʢʦʜʠ, ʷʢʽ ʻ ʥʝʧʝʨʝʙʦʨʥʦʶ ʧʝʨʝʰʢʦʜʦʶ ʜʣʷ ʩʚʽʪʣʘ, ʥʘʧʨʠʢʣʘʜ, ʯʝʨʝʟ ʬʘʨʙʫ, 

ʰʘʨ ʧʠʣʫ, ʧʣʘʩʪʤʘʩʫ ʘʙʦ ʥʘʚʽʪʴ ʢʦʨʧʫʩ ʤʽʢʨʦʩʭʝʤʠ. ʋ ʪʦʡ ʯʘʩ ʤʽʣʽʤʝʪʨʦʚʽ ʭʚʠʣʽ 

ʥʝ ʧʨʦʭʦʜʷʪʴ ʯʝʨʝʟ ʙʽʣʴʰʽʩʪʴ ʪʚʝʨʜʠʭ ʤʘʪʝʨʽʘʣʽʚ (ʪʘʙʣʠʮʷ 1.1). ɺʪʨʘʪʠ ʯʝʨʝʟ 

ʚʽʜʙʠʪʪʷ ʽ ʜʠʬʨʘʢʮʽʶ ʩʠʣʴʥʦ ʟʘʣʝʞʘʪʴ ʚʽʜ ʤʘʪʝʨʽʘʣʽʚ ʽ ʧʦʚʝʨʭʥʽ.  

 

ʊʘʙʣʠʮʷ 1.1 

ʂʦʝʬʽʮʽʻʥʪ ʦʩʣʘʙʣʝʥʥʷ ʜʣʷ ʨʽʟʥʠʭ ʤʘʪʝʨʽʘʣʽʚ [45,48] 

ʄʘʪʝʨʽʘʣ ʊʦʚʱʠʥʘ, 

ʩʤ 

ɿʘʛʘʩʘʥʥʷ, ʜɹ 

< 3 ɻɻʮ  40 ɻɻʮ  60 ɻɻʮ  

ɻʽʧʩʦʢʘʨʪʦʥ 2,5 5,4 - 6,0 

ʆʬʽʩʥʘ 

ʧʝʨʝʛʦʨʦʜʢʘ 

1,9 0,5 - 9,6 

ʏʠʩʪʝ ʢʚʘʨʮʦʚʝ 

ʩʢʣʦ 

0,3/0,4 6,4 2,5 3,6 

ʉʢʣʦ ʰʧʘʣʝʨʠ 0,3 7,7 - 10,2 

ɼʉʇ 1,6 - 0,6 - 

ɼʝʨʝʚʦ 0,7 5,4 3,5 - 

ʉʫʭʘ ʰʪʫʢʘʪʫʨʢʘ 1,5 - 2,9 - 

ɺʘʧʥʷʥʠʡ ʨʦʟʯʠʥ 10 - 160 - 

ʎʝʛʣʷʥʘ ʩʪʽʥʘ 10 - 178 - 

ɹʝʪʦʥ 10 17,7 175 - 

 

ɺʠʩʦʢʠʡ ʨʽʚʝʥʴ ʟʘʛʘʩʘʥʥʷ ʜʣʷ ʧʝʚʥʠʭ ʙʫʜʽʚʝʣʴʥʠʭ ʤʘʪʝʨʽʘʣʽʚ (ʪʘʢʠʭ ʷʢ 

ʮʝʛʣʘ ʽ ʙʝʪʦʥ) ʦʙʤʝʞʫʻ ʧʨʦʧʫʩʢʘʥʥʷ ʄʄʍ ʚʩʝʨʝʜʠʥʫ ʙʫʜʽʚʝʣʴ, ʭʦʯʘ ʜʝʷʢʽ ʩʠʛʥʘʣʠ 

ʤʦʞʫʪʴ ʧʦʪʨʘʧʠʪʠ ʢʨʽʟʴ ʚʽʢʥʘ ʽ ʜʝʨʝʚ'ʷʥʽ ʜʚʝʨʽ. ɺ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʚʩʝʨʝʜʠʥʽ 

ʧʨʠʤʽʱʝʥʴ ʤʦʞʫʪʴ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʽʥʰʽ ʙʝʟʧʨʦʚʦʜʦʚʽ ʪʝʭʥʦʣʦʛʽʾ, ʪʘʢʽ ʷʢ 
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ʤʽʣʽʤʝʪʨʦʚʽ ʬʝʤʪʦʩʪʽʣʴʥʠʢʠ ʘʙʦ Wi-Fi ʩʪʘʥʜʘʨʪ IEEE 802.11ad, ʷʢʽ ʟʤʦʞʫʪʴ 

ʧʨʠʡʥʷʪʠ ʩʠʛʥʘʣʠ ʚʽʜ ʟʦʚʥʽʰʥʽʭ ʜʞʝʨʝʣ, ʥʘʧʨʠʢʣʘʜ, ʚʫʣʠʯʥʠʭ ʙʘʟʦʚʠʭ ʩʪʘʥʮʽʡ. 

ɼʣʷ ʜʽʘʧʘʟʦʥʫ 100-350 ɻɻʮ  ʚ ʨʦʙʦʪ̔ [49] ʚʠʤʽʨʷʥʽ ʢʦʝʬ̔ʮ̔ ʥ̒ʪʠ ʧʦʛʣʠʥʘʥʥʷ 

ʜʣʷ ʩʢʣʘ, ʰʪʫʢʘʪʫʨʢʠ ʪʘ ʜʝʨʝʚʠʥʠ (ʨʠʩ. 1.6).  

 

 

ʈʠʩ. 1.6. ʈʝʟʫʣʴʪʘʪʠ ʚʠʤʽʨʶʚʘʥʥ ̫ʢʦʝʬʽʮʽʻʥʪʫ ʧʦʛʣʠʥʘʥʥʷ ʽ ʧʦʢʘʟʥʠʢʘ 

ʟʘʣʦʤʣʝʥʥʷ ʜʣʷ ʰʪʫʢʘʪʫʨʢʠ, ʩʢʣʘ ʽ ʜʝʨʝʚʠʥʠ 

 

ɿʥʘʥʥʷ ʚʽʜʙʠʚʘʣʴʥʦʾ ʟʜʽʙʥʦʩʪʽ ʤʘʪʝʨʽʘʣʽʚ, ʦʩʦʙʣʠʚʦ ʪʠʧʦʚʠʭ ʜʣʷ ʤʽʩʴʢʦʾ 

ʟʘʙʫʜʦʚʠ, ʥʝʦʙʭʽʜʥʝ ʜʣʷ ʪʦʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʢʘʥʘʣʫ ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ ʜʣʷ 

ʟʦʚʥʽʰʥʽʭ ʪʘ ʚʥʫʪʨʽʰʥʽʭ ʩʠʩʪʝʤ ʟʚôʷʟʢʫ, ʚʢʣʶʯʘʶʯʠ ʟʦʥʠ ʧʦ ʟʘ ʧʨʷʤʦʶ ʚʠʜʠʤʽʩʪʶ 

(NLOS ʘʥʛʣ. non-line of sight). 

ɼʣʷ ʄʄɼ ʭʘʨʘʢʪʝʨʥʽ ʟʥʘʯʥʽ ʚʪʨʘʪʠ ʯʝʨʝʟ ʧʦʛʣʠʥʘʥʥʷ ʤʽʣʽʤʝʪʨʦʚʠʭ ʭʚʠʣʴ ʚ 

ʣʠʩʪʽ. ɺ ʨʦʙʦʪʽ [50] ʥʘʚʝʜʝʥʘ ʝʤʧʽʨʠʯʥʘ ʬʦʨʤʫʣʘ ʨʦʟʨʘʭʫʥʢʫ ʧʦʛʣʠʥʘʥʥʷ ʚ ʣʠʩʪʽ. 

ʅʘʧʨʠʢʣʘʜ, ʥʘ ʯʘʩʪʦʪʽ 80 ɻɻʮ ʽ ʧʨʠ ʛʣʠʙʠʥʽ ʣʠʩʪʷʥʦʛʦ ʰʘʨʫ 10 ʤ ʚʪʨʘʪʠ ʤʦʞʫʪʴ 

ʜʦʩʷʛʘʪʠ 23,5 ʜɹ, ʱʦ ʥʘ 15 ʜɹ ʚʠʱʝ, ʥʽʞ ʚʪʨʘʪʠ ʥʘ ʯʘʩʪʦʪʽ 3 ɻɻʮ (ʨʠʩ. 1.7,ʘ).  
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ʈʠʩʫʥʦʢ 1.7. ʇʦʰʠʨʝʥʥʷ ʤʽʣʽʤʝʪʨʦʚʠʭ ʭʚʠʣʴ: ʘ) ʚʪʨʘʪʠ ʥʘ ʣʠʩʪʽ; 

ʙ) ʟʘʛʘʩʘʥʥʷ ʧʨʠ ʜʦʱʽ 

 

ʆʩʣʘʙʣʝʥʥʷ (ʜɹ/ʢʤ) ʤʦʞʥʘ ʨʦʟʨʘʭʫʚʘʪʠ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʽʥʪʝʥʩʠʚʥʦʩʪʽ 

ʜʦʱʫ (ʤʤ/ʨʽʢ) [8] (ʨʠʩ. 1.7,ʙ). ɼʣʷ ʚʪʨʘʪ ʚ ʣʠʩʪʽ ˍ πȢςὪȢϽὙȢL, ʜʝ L - ʚʪʨʘʪʠ 

ʧʦʰʠʨʝʥʥʷ, ʜɹ; f - ʯʘʩʪʦʪʘ, ʄɻʮ; R - ʛʣʠʙʠʥʘ ʰʘʨʫ ʣʠʩʪʷ, ʤ. ʌʦʨʤʫʣʘ ʤʦʞʝ ʙʫʪʠ 

ʟʘʩʪʦʩʦʚʥʘ ʜʣʷ R < 400 ʤ. ʅʘʧʨʠʢʣʘʜ, ʣʝʛʢʠʡ ʜʦʱ ʟ ʽʥʪʝʥʩʠʚʥʽʩʪʶ 2,5 ʤʤ/ʨʽʢ ʜʘʻ 

ʟʘʛʘʩʘʥʥʷ ʚ 1 ʜɹ/ʢʤ, ʪʦʜʽ ʷʢ ʧʨʦʣʠʚʥʠʡ ʜʦʱ ʪʠʧʫ ʤʫʩʦʥʫ ʟ ʽʥʪʝʥʩʠʚʥʽʩʪʶ ʦʧʘʜʽʚ ʫ 

150 ʤʤ/ʛʦʜ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʥʝʙʝʟʧʝʯʥʠʭ ʚʝʣʠʯʠʥ ʚ ʜʝʩʷʪʢʠ ʜʝʮʠʙʝʣ. 

ʆʜʥʘʢ ʧʨʠ ʤʝʥʰʠʭ ʨʦʟʤʽʨʘʭ ʩʪʽʣʴʥʠʢʽʚ, ʱʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʩʴʦʛʦʜʥʽ ʜʣʷ 

ʧʦʢʨʘʱʝʥʥʷ ʩʧʝʢʪʨʘʣʴʥʦ ʾ ʝʬʝʢʪʠʚʥʦʩʪ,̔ ʦʩʣʘʙʣʝʥʥʷ ʟʘ ʨʘʭʫʥʦʢ ʜʦɦʫ ʪʘ 

ʧʦʛʣʠʥʘʥʥʷ ʘʪʤʦʩʬʝʨʠ ʥʝ ʩʪʚʦʨʶʶʪʴ ʟʥʘʯʥʠʭ ʜʦʜʘʪʢʦʚʠʭ ʚʪʨʘʪ ʜʣʷ ʨʦʟʤʽʨʽʚ 

ʩʪʽʣʴʥʠʢʽʚ ʜʦ 200 ʤ [44].  

ɽʬʝʢʪ ɼʦʧʣʝʨʘ ʚ ʙʝʟʧʨʦʚʦʜʦʚʦʤʫ ʢʘʥʘʣʽ ʟʘʣʝʞʠʪʴ ʚʽʜ ʯʘʩʪʦʪʠ ʥʝʩʫʯʦʾ ʽ 

ʰʚʠʜʢʦʩʪʽ ʨʫʭʫ. ʊʘʢʦʞ, ʚʝʣʠʯʠʥʘ ʜʦʧʣʝʨʽʚʩʴʢʦʛʦ ʟʩʫʚʫ ʚ ʧʨʠʡʥʷʪʦʾ ʭʚʠʣʽ ʨʽʟʥʘ 

ʜʣʷ ʨʽʟʥʠʭ ʢʫʪʽʚ ʧʨʠʡʦʤʫ. ʊʦʤʫ ʙʘʛʘʪʦʧʨʦʤʝʥʝʚʝ ʧʦʰʠʨʝʥʥʷ ʷʢ ʽ ʥʘʜʤʽʨʥʝ 

ʟʘʛʘʩʘʥʥʷ ʤʦʞʫʪʴ ʙʫʪʠ ʦʙʤʝʞʫʶʯʠʤʠ ʬʘʢʪʦʨʘʤʠ ʜʣʷ ʰʚʠʜʢʦʩʪʽ ʧʝʨʝʜʘʯʽ ʜʘʥʠʭ 

[50,51]. ʋ ʨʘʟʽ MMʍ ʚʫʟʴʢʦʩʧʨʷʤʦʚʘʥʠʡ ʧʨʦʤʽʥʴ ʚʽʜ ʧʝʨʝʜʘʚʘʯʘ ʜʦ ʧʨʠʡʤʘʯʘ 

ʽʩʪʦʪʥʦ ʟʤʝʥʰʫʻ ʢʫʪʦʚʠʡ ʨʦʟʢʠʜ ʚʭʽʜʥʦʾ ʭʚʠʣʽ, ʱʦ ʚ ʩʚʦʶ ʯʝʨʛʫ ʟʤʝʥʰʫʻ ʨʦʟʢʠʜ 

ʟʥʘʯʝʥʴ ʜʦʧʣʝʨʽʚʩʴʢʠʭ ʟʩʫʚʽʚ. ɼʦʩʣʽʜʞʝʥʥʷ [44] ʧʦʢʘʟʘʣʠ, ʱʦ 

ʩʝʨʝʜʥʴʦʢʚʘʜʨʘʪʠʯʥʝ ʚʽʜʭʠʣʝʥʥʷ ʟʘʪʨʠʤʢʠ ʚ ʤʽʣʽʤʝʪʨʦʚʦʤʫ ʢʘʥʘʣʽ (ʜʣʷ 

ʚʫʟʴʢʦʩʧʨʷʤʦʚʘʥʦʛʦ ʧʨʦʤʝʥ)̫ ʚ ʫʤʦʚʘʭ ʤʽʩʪʘ ʩʷʛʘʻ 1-10 ʥʩ, ʘ ʩʤʫʛʘ ʢʦʛʝʨʝʥʪʥʦʩʪʽ 
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ʢʘʥʘʣʫ - ʙʣʠʟʴʢʦ 10-100 ʄɻʮ. ʎʽ ʨʝʟʫʣʴʪʘʪʠ ʚʢʘʟʫʶʪʴ ʥʘ ʪʝ, ʱʦ ʩʧʨʷʤʦʚʘʥʽ 

ʩʠʩʪʝʤʠ ʄʄɼ ʙʫʜʫʪʴ ʙʽʣʴʰ ʢʦʨʠʩʥʠʤʠ ʜʣʷ ʟʘʧʦʙʽʛʘʥʥʷ ʤʽʞ ʩʠʤʚʦʣʴʥʠʭ 

ʽʥʪʝʨʬʝʨʝʥʮʽʡ ʽ, ʪʘʢʠʤ ʯʠʥʦʤ, ʙʫʜʫʪʴ ʧʦʢʨʘʱʫʚʘʪʠ ʷʢʽʩʪʴ ʩʠʛʥʘʣʫ ʪʘ ʧʨʦʧʫʩʢʥʫ 

ʟʜʘʪʥʽʩʪʴ ʩʠʩʪʝʤ. 

ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʪʝʦʨʝʪʠʯʥʽ ʤʦʞʣʠʚʦʩʪʽ ʚʠʢʦʨʠʩʪʘʥʥʷ ʯʘʩʪʦʪʥʦʛʦ 

ʧʦʪʝʥʮʽʘʣʫ ʄʄɼ ʜʣʷ ʥʘʜʟʚʠʯʘʡʥʦ ʚʠʩʦʢʠʭ ʰʚʠʜʢʦʩʪʝʡ ʧʝʨʝʜʘʯʽ ʜʘʥʠʭ, ʽʩʥʫʻ 

ʢʽʣʴʢʘ ʦʩʥʦʚʥʠʭ ʪʝʭʥʽʯʥʠʭ ʧʨʦʙʣʝʤ ʜʣʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʄʄɼ ʚ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʷʭ: 

ʚʠʩʦʢʽ ʚʪʨʘʪʠ ʚ ʘʪʤʦʩʬʝʨʽ, ʚʠʩʦʢʽ ʚʪʨʘʪʠ ʥʘ ʧʨʦʥʠʢʥʝʥʥʷ, ʚʠʩʦʢʝ 

ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ, ʙʣʦʢʫʚʘʥʥʷ ʯʝʨʝʟ ʟʘʪʽʥʝʥʥʷ, ʚʠʩʦʢʘ ʩʢʣʘʜʥʽʩʪʴ ʽ ʦʙʤʝʞʝʥʥʷ 

ʘʧʘʨʘʪʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ [1, 52-56]. ʏʝʨʝʟ ʚʠʩʦʢʝ ʟʥʘʯʝʥʥʷ ʥʝʩʫʯʦʾ ʯʘʩʪʦʪʠ, ʄʄɼ 

ʩʠʩʪʝʤʠ, ʟʦʢʨʝʤʘ, ʧʨʠʡʤʘʣʴʥʦ-ʧʝʨʝʜʘʚʘʣʴʥʝ ʦʙʣʘʜʥʘʥʥʷ, ʙʽʣʴʰ ʯʫʪʣʠʚʽ ʜʦ 

ʬʘʟʦʚʦʛʦ ʰʫʤʫ, ʥʝ ʣʽʥʽʡʥʦʩʪʽ ʧʽʜʩʠʣʶʚʘʯʽʚ, I/Q ʜʠʩʙʘʣʘʥʩʫ, ʥʽʞ ʩʪʘʥʜʘʨʪʥʽ 

ʥʠʟʴʢʦʯʘʩʪʦʪʥʽ ʨʘʜʽʦʩʠʩʪʝʤʠ.  

 

1.3. ʉʫʯʘʩʥʽ ʩʪʘʥʜʘʨʪʠ ʪʘ ʪʝʭʥʦʣʦʛʽʾ, ʱʦ ʧʨʘʮʶʶʪʴ ʚ ʤʽʣʽʤʝʪʨʦʚʦʤʫ 

ʜʽʘʧʘʟʦʥʽ 

ɹʽʣʴʰʽʩʪʴ ʧʦʪʦʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʟʦʩʝʨʝʜʞʝʥʦ ʚ ʜʽʘʧʘʟʦʥʘʭ 28, 38, 60 ɻɻʮ ʪʘ 

E-ʜʽʘʧʘʟʦʥʽ (71-76 ɻɻʮ ʪʘ 81-86 ɻɻʮ) [57,58]. ɯʩʥʫʻ ʢʽʣʴʢʘ ʩʪʘʥʜʘʨʪʽʚ, ʚʠʟʥʘʯʝʥʠʭ 

ʜʣʷ ʚʥʫʪʨʽʰʥʽʭ ʙʝʟʧʨʦʚʦʜʦʚʠʭ ʧʝʨʩʦʥʘʣʴʥʠʭ ʤʝʨʝʞ (WPAN) ʘʙʦ ʙʝʟʧʨʦʚʦʜʦʚʠʭ 

ʣʦʢʘʣʴʥʠʭ ʤʝʨʝʞ (WLAN), ʥʘʧʨʠʢʣʘʜ, ECMA-387 [59], IEEE 802.15.3c [60] ʽ IEEE 

802.11ad [61]. ʎʝ ʩʪʠʤʫʣʶʻ ʟʨʦʩʪʘʶʯʽ ʽʥʪʝʨʝʩʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ʄʄɼ ʚ 

ʩʪʽʣʴʥʠʢʦʚʠʭ, ʚ ʪʦʤʫ ʯʠʩʣʽ, ʽ ʚ ʤʦʙʽʣʴʥʠʭ ʩʠʩʪʝʤʘʭ [1,2]. 

ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʦʯʝʚʠʜʥʽ ʧʝʨʝʚʘʛʠ, ʨʦʟʚʠʪʢʫ ʪʝʭʥʦʣʦʛʽʡ ʟʚ'ʷʟʢʫ ʚ 

ʤʽʣʽʤʝʪʨʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ ʧʝʨʝʰʢʦʜʞʘʣʘ ʚʽʜʩʫʪʥʽʩʪʴ ʚʽʜʧʦʚʽʜʥʦʾ ʝʣʝʤʝʥʪʥʦʾ ʙʘʟʠ. 

ɿ ʚʠʨʽʰʝʥʥʷʤ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʨʦʙʣʝʤ ʩʪʚʦʨʝʥʥʷ ʧʽʜʩʠʣʶʚʘʯʽʚ, ʧʝʨʝʜʘʚʘʯʽʚ, 

ʟʤʽʰʫʚʘʯʽʚ, ʤʦʜʫʣʷʪʦʨʽʚ ʽ ʪ.ʧ., ʱʦ ʧʨʘʮʶʶʪʴ ʚ ʤʽʣʽʤʝʪʨʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ ʭʚʠʣʴ, ʟ 

1998 ʨʦʢʫ ʜʽʘʧʘʟʦʥ 59-64 ɻɻʮ ʙʫʚ ʦʛʦʣʦʰʝʥʠʡ ʙʝʟ ʣʽʮʝʥʟʽʡʥʠʤ ʽ ʚʽʣʴʥʠʤ ʜʣʷ 

ʨʦʟʨʦʙʢʠ ʥʦʚʠʭ ʧʨʦʜʫʢʪʽʚ ʽ ʧʦʩʣʫʛ (FCC, 1998). ʗʢ ʪʽʣʴʢʠ ʪʝʭʥʦʣʦʛʽʯʥʽ 

ʧʝʨʩʧʝʢʪʠʚʠ ʽ ʪʝʭʥʦʣʦʛʽʯʥʽ ʤʦʞʣʠʚʦʩʪʽ ʦʩʚʦʻʥʥʷ ʜʽʘʧʘʟʦʥʫ 60 ɻɻʮ ʩʪʘʣʠ 



41 

 

ʦʯʝʚʠʜʥʠʤʠ, ʘ ʩʪʘʣʦʩʷ ʮʝ ʧʨʠʙʣʠʟʥʦ ʚ 2005-2006 ʨʦʢʘʭ, ʧʦʯʘʚʩʷ ʧʨʦʮʝʩ 

ʩʪʘʥʜʘʨʪʠʟʘʮʽʾ ʪʘ ʬʦʨʤʫʚʘʥʥʷ ʤʽʞʥʘʨʦʜʥʠʭ ʧʨʦʤʠʩʣʦʚʠʭ ʘʣʴʷʥʩʽʚ (ʪʘʙʣ. 1.2). 

 

ʊʘʙʣʠʮʷ 1.2  

ʉʪʘʥʜʘʨʪʠ ʩʠʩʪʝʤ ʧʝʨʝʜʘʯʽ ʜʘʥʠʭ ʚ ʜʽʘʧʘʟʦʥʘʭ 57-64 ɻɻʮ, 64ï71 ɻɻʮ 

ʉʪʘʥʜʘʨʪ  

 

ʉʪʘʪʫʩ ʄʘʢʩʠʤʘʣʴʥʘ 

ʰʚʠʜʢʽʩʪʴ 

ʧʝʨʝʜʘʯʽ, ɻʙʽʪ/ʩ 

ʇʨʠʤʽʪʢʠ, ʧʝʨʩʧʝʢʪʠʚʠ 

ʟʘʩʪʦʩʫʚʘʥʥʷ 

ECMA-387 

(IS)/IEC 13156) 

ɺʝʨʩʽʷ 1 

ʧʨʠʡʥʷʪʘ ʚ 

ʛʨʫʜʥʽ 2008 ʨ 

6,35/4,032 ʧʝʨʩʦʥʘʣʴʥʽ ʤʝʨʝʞʽ 

ʚʠʩʦʢʦʰʚʠʜʢʽʩʥʦʾ ʧʝʨʝʜʘʯʽ 

ʜʘʥʠʭ, ʚʢʣʶʯʘʶʯʠ 

ʤʫʣʴʪʠʤʝʜʽʡʥʽ ʧʦʪʦʢʠ, 

HDMI  

WirelessHD ɺʝʨʩʽʷ 1.0 

ʟʘʚʝʨʰʝʥʘ ʚ 

ʛʨʫʜʥʽ 2008 ʛ., 

ʧʨʝʜʩʪʘʚʣʝʥʘ 

ʚʝʨʩʽʷ 1.1 

(~ 4 (10-28 - ʫ 

ʚʝʨʩʽʾ 1.1) 

ʤʝʨʝʞʘ ʜʣʷ ʧʝʨʝʜʘʯʽ 

ʥʝʟʞʘʪʠʭ ʧʦʪʦʢʽʚ 

ʘʫʜʽʦ/ʚʽʜʝʦ ʪʘ ʽʥʰʠʭ 

ʤʫʣʴʪʠʤʝʜʽʡʥʠʭ ʧʦʪʦʢʽʚ 

IEEE 802.15.3c ɿʘʚʝʨʰʝʥʦ ʚ 

ʞʦʚʪʥʽ 2009 ʨ 

.> 5 ʩʧʝʮʠʬʽʢʘʮʽʷ 

ʚʠʩʦʢʦʰʚʠʜʢʽʩʥʦʾ 

ʧʝʨʩʦʥʘʣʴʥʦʾ ʤʝʨʝʞʽ 

ʧʝʨʝʜʘʯʽ ʜʘʥʠʭ ʪʠʧʫ 

"ʪʦʯʢʘ-ʪʦʯʢʘ", ʩʫʤʽʩʥʽʩʪʴ 

ʟʽ ʩʧʝʮʠʬʽʢʘʮʽʻʶ 

WirelessHD 

IEEE 802.11ad ɿʘʚʝʨʰʝʥʦ ʚ 

ʛʨʫʜʥʽ 2012 

7 ʣʦʢʘʣʴʥʽ ʤʝʨʝʞʽ (ʙʣʠʟʴʢʦ 

1-10 ʤʝʪʨʽʚ), ʚʢʣʶʯʘʻ 

ʬʫʥʢʮʽʶ ʰʚʠʜʢʦʾ ʧʝʨʝʜʘʯʽ 

ʜʘʥʠʭ ʽ ʩʝʘʥʩʫ ʧʣʘʚʥʦʛʦ 

ʟʥʠʞʝʥʥʷ ʰʚʠʜʢʦʩʪʽ (ʽ 

ʟʚʦʨʦʪʥʦ) ʤʽʞ 60 ɻɻʮ ʽ 

2,4/5 ɻɻʮ 

Wireless Gigabit  

Alliance (WiGig) 

ɿʘʚʝʨʰʝʥʦ ʚ 

ʛʨʫʜʥʽ 2009 ʨ 

.> 1 ʤʫʣʴʪʽ-ʛʽʛʘʙʽʪʥʘ 

ʪʝʭʥʦʣʦʛʽʷ ʙʝʟʧʨʦʚʦʜʦʚʦʛʦ 

ʟʚôʷʟʢʫ ʜʣʷ ʚʟʘʻʤʦʜʽʾ 

ʚʠʩʦʢʦʧʨʦʜʫʢʪʠʚʥʠʭ 

ʧʨʠʩʪʨʦʾʚ. ʉʫʤʽʩʥʘ ʟ 

802.11ad 

IEEE 802.11ay ʇʦʪʦʯʥʠʡ  

ʧʨʦʝʢʪ 

 ʟʙʽʣʴʰʝʥʘ ʜʘʣʴʥʽʩʪʴ 

ʧʝʨʝʜʘʯʽ ʧʦʨʽʚʥʷʥʦ ʟ IEEE 

802.11ad ʜʦ 300-500 ʤ [1]. 
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ʉʪʘʥʜʘʨʪʠ ʜʽʘʧʘʟʦʥʫ 60-ɻɻʮ ʧʨʘʮʶʶʪʴ ʥʘ ʚʽʜʥʦʩʥʦ ʤʘʣʠʭ ʜʠʩʪʘʥʮʽʷʭ ʧʨʠ 

ʧʨʷʤʽʡ ʚʠʜʠʤʦʩʪʽ, ʟʘʚʜʷʢʠ ʩʠʣʴʥʦʤʫ ʧʦʛʣʠʥʘʥʥʶ ʩʠʛʥʘʣʫ ʚ ʘʪʤʦʩʬʝʨʽ. ɸʣʝ ʧʨʠ 

ʮʴʦʤʫ ʟʥʘʯʥʦ ʟʤʝʥʰʫʻʪʴʩʷ ʧʨʦʙʣʝʤʘ ʽʥʪʝʨʬʝʨʝʥʮʽʾ ʤʽʞ ʨʽʟʥʠʤʠ ʜʞʝʨʝʣʘʤʠ 

ʩʠʛʥʘʣʫ, ʱʦ ʥʘʣʝʞʘʪʴ ʨʽʟʥʠʤ ʤʝʨʝʞʘʤ. ʎʝ ʜʦʟʚʦʣʷʻ ʘʚʪʦʤʘʪʠʯʥʦ ʚʠʨʽʰʠʪʠ 

ʧʨʦʙʣʝʤʫ ʧʦʚʪʦʨʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʯʘʩʪʦʪ - ʟʥʠʢʘʻ ʟʘʚʜʘʥʥʷ ʯʘʩʪʦʪʥʦʛʦ 

ʨʦʟʧʦʜʽʣʫ. 

ʆʜʥʦʯʘʩʥʦ ʜʦʩʷʛʘʶʪʴʩʷ ʪʘʢʽ ʧʦʢʘʟʥʠʢʠ, ʷʢ ʩʢʨʠʪʥʽʩʪʴ ʟʚ'ʷʟʢʫ, ʮʽʣʽʩʥʽʩʪʴ 

(ʩʪʽʡʢʽʩʪʴ ʜʦ ʧʨʠʮʽʣʴʥʠʭ ʧʝʨʝʰʢʦʜ) ʽ ʩʪʽʡʢʽʩʪʴ ʜʦ ʥʝʩʘʥʢʮʽʦʥʦʚʘʥʦʛʦ ʧʽʜʢʣʶʯʝʥʥʷ 

(ʥʝʤʦʞʣʠʚʽʩʪʴ ʬʘʣʴʩʠʬʽʢʫʚʘʪʠ ʤʦʙʽʣʴʥʫ ʩʪʘʥʮʽʶ ʘʙʦ ʪʦʯʢʫ ʜʦʩʪʫʧʫ). ʅʝ ʤʝʥʰ 

ʚʘʞʣʠʚʘ ʧʝʨʝʚʘʛʘ - h ʠʨʠʥʘ ʜʦʩʪʫʧʥʦʾ ʩʤʫʛʠ, ʜʦ 7 ɻɻʮ. ʎʝ ʨʦʙʠʪʴ 60-ɻɻʮ ʜʽʘʧʘʟʦʥ 

ʷʢʱʦ ʥʝ ʙʝʟʘʣʴʪʝʨʥʘʪʠʚʥʠʤ, ʪʦ ʥʘʜʟʚʠʯʘʡʥʦ ʧʨʠʚʘʙʣʠʚʠʤ ʜʣʷ ʚʠʩʦʢʦʰʚʠʜʢʽʩʥʦʾ 

ʥʘʜh ʠʨʦʢʦ ʩʤʫʛʦʚʦʾ ʧʝʨʝʜʘʯʽ (ʟʘ ʚʠʟʥʘʯʝʥʥʷʤ FCC ʉʐɸ, ʥʘʜhʠʨʦʢʘ ʩʤʫʛʘ - ʚʩʝ, 

ʱʦ ʧʝʨʝʚʠʱʫʻ 500 ʄɻʮ). ʎʝ ʜʦʟʚʦʣʷʻ ʧʝʨʝʜʘʚʘʪʠ ʚʠʩʦʢʦʰʚʠʜʢʽʩʥʽ ʧʦʪʦʢʠ 

ʽʥʬʦʨʤʘʮʽʾ, ʚʢʣʶʯʘʶʯʠ ʪʨʘʥʩʣʷʮʽʶ ʚʽʜʝʦʧʦʪʦʢʽʚ ʟ ʜʝʢʽʣʴʢʦʭ ʚʽʜʝʦʢʘʤʝʨ, ʧʝʨʝʜʘʯʫ 

ʚʽʜʝʦ ʚʠʩʦʢʦʾ ʯʽʪʢʦʩʪʽ, ʦʨʛʘʥʽʟʘʮʽʶ ʪʨʘʥʩʧʦʨʪʥʠʭ ʧʦʪʦʢʽʚ ʚ ʩʪʽʣʴʥʠʢʦʚʠʭ ʤʝʨʝʞʘʭ 

ʽ ʪ.ʧ. ʂʨʽʤ ʪʦʛʦ, ʰʠʨʦʢʘ ʩʤʫʛʘ ʜʦʧʫʩʢʘʻ ʟʘʩʪʦʩʫʚʘʥʥʷ ʥʘʡʨʽʟʥʦʤʘʥʽʪʥʽʰʠʭ ʩʭʝʤ 

ʩʢʨʝʤʙʣʶʚʘʥʥʷ, ʟʘʚʘʜʦʩʪʽʡʢʦʛʦ ʢʦʜʫʚʘʥʥʷ, ʚʠʙʽʨ ʦʧʪʠʤʘʣʴʥʠʭ ʜʣʷ ʧʝʨʝʜʘʯʽ 

ʜʘʥʠʭ ʤʝʪʦʜʽʚ ʤʦʜʫʣʷʮʽʾ ʽ ʤʥʦʞʠʥʥʦʛʦ ʜʦʩʪʫʧʫ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʤʦʞʣʠʚʽʩʪʴ 

ʧʝʨʝʜʘʯʽ ʜʘʥʠʭ ʟ ʥʝʦʙʭʽʜʥʦʶ ʰʚʠʜʢʽʩʪʶ ʧʨʠ ʜʫʞʝ ʥʠʟʴʢʦʤʫ ʩʧʽʚʚʽʜʥʦʰʝʥʥʽ 

ʩʠʛʥʘʣ/ʰʫʤ. ʉʘʤʝ ʪʦʤʫ ʜʽʘʧʘʟʦʥ 60 ɻɻʮ ʚ ʙʘʛʘʪʴʦʭ ʧʨʦʚʽʜʥʠʭ ʢʨʘʾʥʘʭ ʩʚʽʪʫ 

ʚʠʟʥʘʥʠʡ ʙʝʟ ʣʽʮʝʥʟʽʡʥʠʤ (ʪʘʙʣʠʮʷ 1.4) [62]. ʇʨʦʪʝ, ʽʩʥʫʶʪʴ ʥʦʨʤʠ FCC (Rule 

1.1310), ʷʢʽ ʦʙʤʝʞʫʶʪʴ ʧʦʚʝʨʭʥʝʚʫ ʱʽʣʴʥʽʩʪʴ ʧʦʪʫʞʥʦʩʪʽ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʥʘ 

ʨʽʚʥʽ 1 ʤɺʪ/ʩʤ2 ʧʨʠ ʩʝʨʝʜʥʽʡ ʝʢʩʧʦʟʠʮʽʾ ʧʦʥʘʜ 30 ʭʚʠʣʠʥ ʽ 5 ʤɺʪ/ʩʤ2 - ʧʨʠ ʩʝʨʝʜʥʽʡ 

ʝʢʩʧʦʟʠʮʽʾ ʧʦʥʘʜ 6 ʭʚʠʣʠʥ [63]. 

ʆʩʥʦʚʥʘ ʧʝʨʝʚʘʛʘ ʚʠʢʦʨʠʩʪʘʥʥʷ ʮʠʭ ʚʠʩʦʢʠʭ ʯʘʩʪʦʪ ʧʦʣʷʛʘʻ ʚ ʤʘʣʦʤʫ 

ʨʦʟʤʽʨʽ ʘʥʪʝʥʠ (ʧʦʣʦʚʠʥʘ ʜʦʚʞʠʥʠ ʭʚʠʣʽ ʥʘ ʯʘʩʪʦʪʽ 60 ɻɻʮ ʜʦʨʽʚʥʶʻ 2,5 ʤʤ), ʱʦ 

ʜʦʟʚʦʣʷʻ ʬʦʨʤʫʚʘʪʠ ʝʣʝʤʝʥʪʠ ʘʥʪʝʥ ʥʘ ʦʩʥʦʚʽ ʩʪʘʥʜʘʨʪʥʦʾ ʩʪʨʫʢʪʫʨʠ ʜʣʷ 

ʩʪʚʦʨʝʥʥʷ ʬʘʟʦʚʘʥʠʭ ʨʝʰʽʪʦʢ ʟ ʜʫʞʝ ʚʠʩʦʢʠʤ ʢʦʝʬʽʮʽʻʥʪʦʤ ʧʽʜʩʠʣʝʥʥʷ ʧʨʠʡʦʤʫ 

ʽ ʧʝʨʝʜʘʯʽ.  
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ʊʘʙʣʠʮʷ 1.4  

ʏʘʩʪʦʪʥʝ ʨʝʛʫʣʶʚʘʥʥʷ ʚ 60-ɻɻʮ ʜʽʘʧʘʟʦʥʽ ʚ ʨʽʟʥʠʭ ʢʨʘʾʥʘʭ ʩʚʽʪʫ. ɼʘʥʽ 

ʥʘʚʝʜʝʥʦ ʙʝʟ ʫʨʘʭʫʚʘʥʥʷ ʦʩʦʙʣʠʚʦʩʪʝʡ ʦʢʨʝʤʠʭ ʧʽʜʜʽʘʧʘʟʦʥʽʚ 

ʂʨʘʾʥʠ ʩʚʽʪʫ ʗʧʦʥʽʷ ʇʽʚʥʽʯʥʘ 

ɸʤʝʨʠʢʘ 

ʇʽʚʜʝʥʥʘ 

ʂʦʨʝʷ 

ɭʚʨʦʩʦʶʟ ɸʚʩʪʨʘʣʽʷ 

ɼʽʘʧʘʟʦʥ ʯʘʩʪʦʪ, ɻɻʮ 59-66 57-64 57-64 59-66 59,4-62,9 

ʇʦʪʫʞʥʽʩʪʴ 

ʧʝʨʝʜʘʚʘʯʘ, ʜɹʤ 

10 - 10 27 10 

ɽʢʚʽʚʘʣʝʥʪʥʘ 

ʽʟʦʪʨʦʧʥʘ ʧʦʪʫʞʥʽʩʪʴ 

ʚ ʘʥʪʝʥʽ 

57 40 

ʩʝʨʝʜʥʷ, 

43 ʧʽʢʦʚʘ 

57 40 ʩʝʨʝʜʥʷ, 

43 ʧʽʢʦʚʘ 

51,8 

 

ʉʤʫʛʘ 28 ɻɻʮ ʪʘ ʩʤʫʛʠ ɽ-ʜʽʘʧʘʟʦʥʫ ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ 60-ɻɻʮ ʜʽʘʧʘʟʦʥʫ 

ʟʥʘʭʦʜʷʪʴʩʷ ʫ "ʚʽʢʥʘʭ ʧʨʦʟʦʨʦʩʪʽ" ʘʪʤʦʩʬʝʨʠ. ʎʝ ʨʦʙʠʪʴ ʾʭ ʧʨʠʡʥʷʪʥʠʤʠ ʜʣʷ 

ʚʠʩʦʢʦʰʚʠʜʢʽʩʥʦʾ ʧʝʨʝʜʘʯʽ ʜʘʥʠʭ ʥʘ ʚʽʜʩʪʘʥʽ ʚ ʜʝʢʽʣʴʢʘ ʢʽʣʦʤʝʪʨʽʚ. ʆʩʢʽʣʴʢʠ 

ʛʘʙʘʨʠʪʠ ʘʥʪʝʥʥʠʭ ʩʠʩʪʝʤ ʚ ʮʴʦʤʫ ʜʽʘʧʘʟʦʥʽ ʤʦʞʫʪʴ ʙʫʪʠ ʽʩʪʦʪʥʦ ʟʥʠʞʝʥʽ, 

ʜʦʩʷʛʘʻʪʴʩʷ ʚʠʩʦʢʘ ʩʧʨʷʤʦʚʘʥʽʩʪʴ ʧʝʨʝʜʘʯʽ. ɯʩʪʦʨʽʷ ʤʘʩʦʚʦʛʦ ʦʩʚʦʻʥʥʷ ɽ-

ʜʽʘʧʘʟʦʥʫ ʧʦʯʘʣʘʩʷ ʚ 2003-2005 ʨʦʢʘʭ, ʢʦʣʠ FCC ʚʠʟʥʘʯʠʣʘ ʧʨʘʚʠʣʘ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʮʠʭ ʜʽʘʧʘʟʦʥʽʚ ʜʣʷ ʚʠʩʦʢʦʰʚʠʜʢʽʩʥʦʾ ʬʽʢʩʦʚʘʥʦʾ ʧʝʨʝʜʘʯʽ ʜʘʥʠʭ [64], ʚ ʦʩʥʦʚʥʦʤʫ 

ʜʣʷ ʟʚ'ʷʟʢʫ ʪʠʧʫ "ʪʦʯʢʘ-ʪʦʯʢʘ". ʆʩʥʦʚʥʠʤʠ ʩʧʦʞʠʚʘʯʘʤʠ ʚʠʩʪʫʧʘʶʪʴ ʦʧʝʨʘʪʦʨʠ 

ʰʠʨʦʢʦʩʤʫʛʦʚʦʛʦ ʙʝʟʧʨʦʚʦʜʦʚʦʛʦ ʟʚ'ʷʟʢʫ (ʩʪʽʣʴʥʠʢʦʚʦʛʦ, WiMAX) ʜʣʷ 

ʦʨʛʘʥʽʟʘʮʽʾ ʦʧʦʨʥʦʾ ʤʝʨʝʞʽ.  

Samsung ʚʧʝʨʰʝ ʧʨʦʜʝʤʦʥʩʪʨʫʚʘʚ ʧʝʨʝʜʘʯʫ ʜʘʥʠʭ 1 ɻʙʽʪ/ʩ ʥʘ ʯʘʩʪʦʪʽ 28 ɻɻʮ 

ʚ ʪʨʘʚʥʽ 2013 ʨʦʢʫ [65]. ʂʦʨʧʦʨʘʮʽʷ Google ʚ 2016 ʨʦʮʽ ʟʘʧʨʦʩʠʣʘ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫ ʣʽʮʝʥʟʽʶ ʫ FCC ʥʘ ʧʨʦʚʝʜʝʥʥʷ ʚʠʧʨʦʙʫʚʘʥʴ ʙʦʨʪʦʚʠʭ ʽ 

ʥʘʟʝʤʥʠʭ ʧʝʨʝʜʘʚʘʯʽʚ ʚ ʜʽʘʧʘʟʦʥʘʭ 71-76 ɻɻʮ ʽ 81-86 ɻɻʮ ʜʣʷ ʧʨʦʝʢʪʽʚ ʟʽ 

ʩʪʨʘʪʦʩʬʝʨʥʠʤʠ ʢʦʤʧʣʝʢʩʘʤʠ ʟʚ'ʷʟʢʫ, ʦʜʠʥ ʟ ʥʠʭ Project Loon [66]. Ericsson 

ʧʨʦʚʝʣʘ ʪʝʩʪʫʚʘʥʥʷ ʥʘ ʯʘʩʪʦʪʽ 15 ɻɻʮ ʽ ʜʦʩʷʛʣʘ h ʚʠʜʢʦʩʪʽ ʜʦ 4,5 ɻʙʽʪ/ʩ ʚ ʟʦʚʥʽʰʥʽʭ 

ʩʝʨʝʜʦʚʠʱʘʭ, ʘ ʥʘ 70 ɻɻʮ ʜʦ 2 ɻʙʽʪ/ʩ ʚʩʝʨʝʜʠʥʽ ʧʨʠʤʽʱʝʥʥʷ [67]. Huawei ʽ China 

mobile ʥʘ ʉʚʽʪʦʚʦʤʫ ʂʦʥʛʨʝʩʽ ʄʦʙʽʣʴʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʚ 2017 ʨʦʮʽ 

ʧʨʦʜʝʤʦʥʩʪʨʫʚʘʣʠ ʚ ʜʽʘʧʘʟʦʥʽ 26,5-40 ɻɻʮ ʧʨʦʧʫʩʢʥʫ ʟʜʘʪʥʽʩʪʴ ʢʦʨʠʩʪʫʚʘʯʽʚ 
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ʙʽʣʴʰ ʥʽʞ ʥʘ 22 ɻʙʽʪ/ʩ [68]. ʆʩʪʘʥʥʽʤ ʯʘʩʦʤ ʦʩʥʦʚʥ ̔ʜʦʩʣʽʜʥʠʮʴʢʽ ʥʘʧʨʷʤʠ ʚ 

ʦʙʣʘʩʪʽ ʄʄɼ ʟʤʽʱʫʶʪʴʩʷ ʟ ʣʦʢʘʣʴʥʠʭ ʤʝʨʝʞ ʥʘ ʤʦʙʽʣʴʥʽ ʤʝʨʝʞʽ. 

 

1.4. ɺʠʢʦʨʠʩʪʘʥʥʷ ʛʽʙʨʠʜʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʜʣʷ ʨʝʘʣʽʟʘʮʽʾ 

ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʚ ʤʽʣʽʤʝʪʨʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ 

ʗʢ ʙʫʣʦ ʟʘʟʥʘʯʝʥʦ ʚʠʱʝ ʧʽʜʜʽʘʧʘʟʦʥʠ ʄʄɼ ʤʘʶʪʴ ʚʽʜʤʽʥʥʽ ʦʩʦʙʣʠʚʦʩʪʽ 

ʧʦʰʠʨʝʥʥʷ ʪʘ ʨʽʟʥʽ ʩʧʦʩʦʙʠ ʨʝʘʣʽʟʘʮʽʾ. ʈ̔ ʟʥʽ ʥʦʨʤʘʪʠʚʥʽ ʚʠʤʦʛʠ ʜʦ ʮʠʭ ʜʘ̔ʧʘʟʦʥʚ̔ 

ʧʨʝʜʩʪʘʚʣʝʥʽ ʚ ʪʘʙʣ. 1.5. 

ʊʘʙʣʠʮʷ 1.5 

ʅʦʨʤʘʪʠʚʥʽ ʧʨʘʚʠʣʘ FCC ʜʣʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʄʄɼ [69]. 

ɼʽʘʧʘʟʦʥ ʯʘʩʪʦʪ 57ï64 ɻɻʎ 71ï76, 81ï86, 92ï95 

ɻɻʎ 

ʃʽʮʝʥʟʫʚʘʥʥʷ ʅʝ ʣʽʮʝʥʟʦʚʘʥʽ  ʃʽʮʝʥʟʦʚʘʥʽ 

ʄʘʢʩʠʤʘʣʴʥʘ ʧʦʪʫʞʥʽʩʪʴ 

ʧʝʨʝʜʘʯʽ 

27 ʜɹʤ 35 ʜɹʤ 

ʄʽʥʽʤʘʣʴʥʝ ʧʽʜʩʠʣʝʥʥʷ 

ʘʥʪʝʥʠ 

ʅʝ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ  43 ʜɹ 

 

ʉʧʽʣʴʥʝ, ʛʽʙʨʠʜʥʝ ʚʠʢʦʨʠʩʪʘʥʥʷ ʨʽʟʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʪʘ ʩʪʘʥʜʘʨʪʽʚ ʚ ʄʄɼ 

ʤʦʞʝ ʧʽʜʚʠʱʠʪʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʦʩʪʫʧʥʦʛʦ ʯʘʩʪʦʪʥʦʛʦ ʨʝʩʫʨʩʫ ʽ 

ʧʨʦʧʫʩʢʥʫ ʟʜʘʪʥʽʩʪʴ ʙʝʟʧʨʦʚʦʜʦʚʠʭ ʤʝʨʝʞ (ʪʘʙʣ. 1.6).  

 

ʊʘʙʣʠʮʷ 1.6 

ɺʘʨʽʘʥʪʠ ʟʘʩʪʦʩʫʚʘʥʥʷ ʄʄɼ ʚ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʷʭ 

ʏʘʩʪʦʪʥʠʡ 

ʜʽʘʧʘʟʦʥ 

ʉʮʝʥʘʨʽʡ ʆʙʣʘʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ 

60 ɻɻʮ ʫʩʝʨʝʜʠʥʽ ʧʨʠʤʽʱʝʥʴ ʜʦʩʪʫʧ ʚ ɯʥʪʝʨʥʝʪ, 

ʟ'ʻʜʥʘʥʥʷ, ʢʦʤʫʪʘʮʽʷ ʤʽʞ ʩʝʨʚʝʨʘʤʠ 

ʙʝʟʧʨʦʚʦʜʦʚʽ 

ʧʝʨʩʦʥʘʣʴʥʽ ʤʝʨʝʞʽ 

(WPAN) 

 

ʧʝʨʝʜʘʯʘ ʽʥʬʦʨʤʘʮʽʾ ʤʽʞ ʧʨʠʩʪʨʦʷʤʠ 

(ʘʥʛʣ.Machine-to-machine, ʄ2ʄ), ʦʙʤʽʥ 

ʜʘʥʠʤʠ, ʪʝʭʥʦʣʦʛʽʷ ʧʨʷʤʦʛʦ ʟʚ'ʷʟʢʫ ʙʝʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʦʧʝʨʘʪʦʨʩʴʢʦʾ 

ʽʥʬʨʘʩʪʨʫʢʪʫʨʠ, ʙʝʟʧʝʢʘ, ʘʚʘʨʽʡʥʽ 

ʩʣʫʞʙʠ, ʧʝʨʝʜʘʯʘ HD-,3D-ʚʽʜʝʦ, ʪ.ʜ.[70] 
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ʇʨʦʜʦʚʞʝʥʥʷ ʪʘʙʣʠʮʽ 1.6 

ʏʘʩʪʦʪʥʠʡ 

ʜʽʘʧʘʟʦʥ 

ʉʮʝʥʘʨʽʡ ʆʙʣʘʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ 

60 ɻɻʮ ʬʝʤʪʦʩʪʽʣʴʥʠʢʠ, 

ʽʥʪʝʛʨʘʮʽʷ 

ʥʝʦʜʥʦʨʽʜʥʠʭ ʤʝʨʝʞ 

(HetNets ) 

ʨʝʪʨʘʥʩʣʷʮʽʷ ʢʝʨʫʶʯʦʾ ʽʥʬʦʨʤʘʮʽʾ ʚ 

ʨʝʞʠʤʽ ʧʨʠʩʪʨʽʡ-ʧʨʠʩʪʨʽʡ ʥʘ 

ʦʜʥʦʨʘʥʛʦʚʦʤʫ ʨʽʚʥʽ (D2D) [70] 

ʙʝʟʧʨʦʚʦʜʦʚʘ 

ʣʦʢʘʣʴʥʘ ʤʝʨʝʞʘ 

(WLAN)  

ʢʘʥʘʣ ʚʠʩʭʽʜʥʽʡ (ʧʨʷʤʠʡ) ʣʽʥʽʾ ʟʚôʷʟʢʫ 

28, 38, 71ï

76, 

 81ï86 ɻɻʮ 

ʤʦʙʽʣʴʥʽ ʩʪʽʣʴʥʠʢʦʚʽ 

ʤʝʨʝʞʽ, ʚ ʪʦʤʫ ʯʠʩʣʽ ʽ 

ʜʣʷ ʤʽʩʴʢʦʛʦ 

ʩʮʝʥʘʨʽʶ 

ʜʦʩʪʫʧ (ʚʽʜ ʙʘʟʦʚʦʾ ʩʪʘʥʮʽʾ ʜʦ 

ʢʦʨʠʩʪʫʚʘʯʘ), ʟʚʦʨʦʪʥʠʡ ʟʚ'ʷʟʦʢ, ʤʽʞ 

ʙʘʟʦʚʠʤʠ ʩʪʘʥʮʽʷʤʠ, ʛʽʙʨʠʜʥʘ ʩʪʨʫʢʪʫʨʘ 

4G + ʄʄɼ ʘʙʦ ʚʦʣʦʢʦʥʥʦ-ʝʬʽʨʥʽ ʩʠʩʪʝʤʠ  

40.5-43.5 

ɻɻʮ, ɽ-

ʜʽʘʧʘʟʦʥ 

ʨʘʜʽʦʤʦʩʪʠ (ʟ'ʻʜʥʘʥʥʷ 

ʪʠʧʫ çʪʦʯʢʘ-ʪʦʯʢʘè) 

ʙʝʟʧʨʦʚʦʜʦʚʝ ʟ'ʻʜʥʘʥʥʷ ʤʽʞ ʚʽʜʜʘʣʝʥʠʤʠ 

ʨʘʜʽʦʪʦʯʢʘʤʠ, ʢʦʤʝʨʮʽʡʥʝ, ʩʣʫʞʙʦʚʝ 

ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʄʄɼ, 

ʊɻʮ-ʠʡ 

ʪʝʭʥʦʣʦʛʽʾ çʦʩʪʘʥʥʴʦʾ 

ʤʠʣʽè 

ʫ ʤʽʩʮʷʭ, ʜʝ ʧʨʦʢʣʘʜʢʘ ʦʧʪʦʚʦʣʦʢʦʥʥʦʾ 

ʣʽʥʽʾ ʟʚ'ʷʟʢʫ ʥʝʤʦʞʣʠʚʘ ʘʙʦ ʙʫʜʝ ʜʦʩʠʪʴ 

ʜʦʨʦʛʠʤ ʨʽʰʝʥʥʷʤ  

76-81 ɻɻʮ, 

60 ɻɻʮ, 

28ɻɻʮ  

ʪʨʘʥʩʧʦʨʪʥʠʡ ʟʚ'ʷʟʦʢ 

ʚ ʄʄɼ 

(ʘʥʛʣ.Vehicular 

Millimeter Wave 

Communications) 

ʟʚ'ʷʟʦʢ ʤʽʞ ʪʨʘʥʩʧʦʨʪʥʠʤʠ ʟʘʩʦʙʘʤʠ ʪʘ 

ʽʥʬʨʘʩʪʨʫʢʪʫʨʦʶ [1], ʟʘʧʦʙʽʛʘʥʥʷ 

ʟʽʪʢʥʝʥʴ ʤʽʞ ʘʚʪʦʤʦʙʽʣʷʤʠ, ʛʨʦʤʘʜʩʴʢʘ 

ʙʝʟʧʝʢʘ, ʘʚʪʦʥʦʤʥʝ ʚʦʜʽʥʥʷ, 

ʢʦʤʙʽʥʫʚʘʥʥʷ ʟʚ'ʷʟʢʫ ʪʘ ʨʘʜʽʦʣʦʢʘʮʽʾ 

ʄʄɼ  ʨʘʜʽʦʨʝʣʝʡʥʠʡ 

ʟʚ'ʷʟʦʢ 

ʥʘ ʧʨʦʪʷʞʥʠʭ ʪʨʘʥʟʠʪʥʠʭ ʜʽʣʷʥʢʘʭ, 

ʫʟʜʦʚʞ ʘʚʪʦʜʦʨʽʛ, ʥʘ ʩʪʦʚʧʘʭ 

ʚʠʩʦʢʦʚʦʣʴʪʥʦʾ ʧʝʨʝʜʘʯ ʽ (ʟʘʤʽʩʪʴ 

ʦʧʪʦʚʦʣʦʢʥʘ) 

71-76, 81-

86 ɻɻʮ 

ʩʪʨʘʪʦʩʬʝʨʥʽ ʩʠʩʪʝʤʠ 

ʟʚôʷʟʢʫ  

ʧʨʦʝʢʪʠ Google [66], Facebook. ɿ'ʻʜʥʘʥʥʷ 

ʙʘʟʦʚʠʭ ʩʪʘʥʮʽʡ ʘʙʦ ʪʦʯʦʢ ʨʘʜʽʦ ʜʦʩʪʫʧʫ ʚ 

ʤʘʣʦʥʘʩʝʣʝʥʠʭ ʤʽʩʮʝʚʦʩʪʷʭ ʯʝʨʝʟ 

ʩʪʨʘʪʦʩʬʝʨʥʽ ʨʝʪʨʘʥʩʣʷʪʦʨʠ 

 

ʊʝʭʥʦʣʦʛʽʯʥʽ ʦʩʦʙʣʠʚʦʩʪʽ ʨʝʘʣʽʟʘʮʽʾ ʨʘʜʽʦʢʘʥʘʣʽʚ ʄʄɼ, ʥʘʧʨʠʢʣʘʜ, 

ʦʙʤʝʞʝʥʥʷ ʟʦʥʠ ʧʦʢʨʠʪʪʷ ʚʠʤʘʛʘʶʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʛʽʙʨʠʜʥʠʭ ʪʦʧʦʣʦʛʽʡ ʤʝʨʝʞ, 

ʱʦ ʧʨʘʮʶʶʪʴ ʚ ʙʽʣʴʰ ʥʠʟʴʢʦʯʘʩʪʦʪʥʠʭ ʜʽʘʧʘʟʦʥʘʭ, ʪʘʢʠʭ ʷʢ LTE ̔  WiFi, ʘ ʪʘʢ ʩʘʤʦ 

ʟ ʽʥʰʠʤʠ ʧʽʜʜʽʘʧʘʟʦʥʘʤʠ ʄʄɼ (28 ɻɻʮ, 60 ɻɻʮ, ɽ-ʜʽʘʧʘʟʦʥ). ʊʘʢ ʜʣʷ ʤʦʙʽʣʴʥʠʭ 
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ʩʠʩʪʝʤ ʧʦʢʠ ʱʦ ʧʣʘʥʫʻʪʴʩʷ ʧʨʷʤʠʡ ʢʘʥʘʣ (ʚʽʜ ʙʘʟʦʚʦʾ ʩʪʘʥʮʽʾ ʜʦ ʢʦʨʠʩʪʫʚʘʯʘ) ʚ 

ʄʄɼ, ʟʚʦʨʦʪʥʠʡ ʟʚ'ʷʟʦʢ, ʧʝʨʝʜʙʘʯʫʚʘʥʝ ʙʫʜʝ ʨʝʘʣʽʟʦʚʘʥʦ ʧʦ ʪʝʭʥʦʣʦʛʠ LTE [1].  

ʂʨʽʤ ʪʦʛʦ, ʯʝʨʝʟ ʟʥʘʯʥʝ ʦʩʣʘʙʣʝʥʥʷ ʢʘʥʘʣʫ ʽ ʥʘʷʚʥʦʩʪʽ ʘʧʘʨʘʪʥʠʭ ʰʫʤʽʚ, 

ʥʘʧʨʠʢʣʘʜ, ʬʘʟʦʚʦʛʦ ʰʫʤʫ ʽ ʥʝ ʣʽʥʽʡʥʦʩʪʽ ʧʽʜʩʠʣʶʚʘʯʘ, ʰʠʨʦʢʘ ʩʤʫʛʘ 

ʧʨʦʧʫʩʢʘʥʥʷ ʚ ʄʄɼ ʜʦ ʪʝʧʝʨʽʰʥʴʦʛʦ ʯʘʩʫ ʥʝ ʙʫʣʘ ʧʦʚʥʽʩʪʶ ʚʠʢʦʨʠʩʪʘʥʘ. 

ʉʫʯʘʩʥʽ ʩʪʽʣʴʥʠʢʦʚʽ ʘʨʭʽʪʝʢʪʫʨʠ ʧʽʜʪʨʠʤʫʶʪʴ ʙʽʣʴʰ ʛʥʫʯʢʝ ʨʦʟʛʦʨʪʘʥʥʷ 

ʨʘʜʽʦʨʝʩʫʨʩʽʚ, ʷʢʽ ʤʦʞʫʪʴ ʨʦʟʧʦʜʽʣʷʪʠʩʷ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʪʝʭʥʦʣʦʛʽʾ ʭʤʘʨʥʦʾ 

ʤʝʨʝʞʽ ʨʘʜʽʦ ʜʦʩʪʫʧʫ. ʅʘ ʨʠʩ. 1.8. ʧʦʢʘʟʘʥʦ ʧʨʠʢʣʘʜ ʤʘʢʨʦʩʪʽʣʴʥʠʢʘ ʚ ʝʚʦʣʶʮʽʾ 

ʚʽʜ 4G ʜʦ 5G, ʱʦ ʦʙ'ʻʜʥʫʻ ʚʽʜʜʘʣʝʥʽ ʤʽʢʨʦʩʪʽʣʴʥʠʢʠ (RHH), ʽʥʬʨʘʩʪʨʫʢʪʫʨʫ 

ʬʽʢʩʦʚʘʥʦʛʦ ʩʪʽʣʴʥʠʢʦʚʦʛʦ ʟʚ'ʷʟʢʫ, ʤʦʙʽʣʴʥʽ ʤʝʨʝʞʽ, ɯʥʪʝʨʥʝʪ, ʟʚ'ʷʟʦʢ ʤʽʞ 

ʪʨʘʥʩʧʦʨʪʥʠʤʠ ʟʘʩʦʙʘʤʠ (ʘʥʛʣ.vehicle-to-vehicle, V2V) ʽ ʽʥʬʨʘʩʪʨʫʢʪʫʨʦʶ, ʤʽʞ 

ʤʘʰʠʥʥʫ ʚʟʘʻʤʦʜʽʶ (ʘʥʛʣ. machine-to -machine, M2M), ʧʽʨʠʥʛʦʚʠʡ ʦʜʥʦʨʘʥʛʦʚʠʡ 

ʟʚ'ʷʟʦʢ (ʘʥʛʣ. peer-to-peer, ʈ2ʈ) ʽ ʪ.ʜ. ʯʝʨʝʟ ʪʨʘʥʟʠʪʥʽ ʟ'ʻʜʥʘʥʥʷ [1]. 

 

 

ʈʠʩ. 1.8. ɹʘʛʘʪʦʨʽʚʥʝʚʘ ʘʨʭʽʪʝʢʪʫʨʘ 5G, ʷʢʘ ʦʙôʻʜʥʫʻ ʽʥʬʨʘʩʪʨʫʢʪʫʨʫ ʨʽʟʥʠʭ 

ʨʦʟʤʽʨʽʚ ʽ ʧʨʠʟʥʘʯʝʥʴ 

 

 ʆʜʥʘʢ, ʪʨʘʥʟʠʪʥʽ ʟ'ʻʜʥʘʥʥʷ, ʥʘʧʨʠʢʣʘʜ, ʤʽʞ 4G ʽ WiFi, ʘ ʥʝ ʨʘʜʽʦʽʥʪʝʨʬʝʡʩ, 

ʯʘʩʪʦ ʻ ʜʞʝʨʝʣʘʤʠ ʚʫʟʴʢʠʭ ʤʽʩʮʴ ʪʨʘʬʽʢʫ ʚ ʩʫʯʘʩʥʠʭ ʤʝʨʝʞʘʭ. ɿʘʩʪʦʩʫʚʘʥʥʷ 
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ʪʝʭʥʦʣʦʛʽʡ ʄʄɼ ʽ ʛʽʙʨʠʜʥʠʭ ʪʝʭʥʦʣʦʛʽʡ, ʥʘʧʨʠʢʣʘʜ, ʛʝʪʝʨʦʛʝʥʥʦʾ ʪʦʧʦʣʦʛʽʾ 

ʤʝʨʝʞʽ (HetNets), ʤʦʞʫʪʴ ʽʩʪʦʪʥʦ ʧʽʜʚʠʱʠʪʠ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʽ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʴ 

ʙʝʟʧʨʦʚʦʜʦʚʠʭ ʤʝʨʝʞ, ʘ ʪʘʢʦʞ ʟʘʙʝʟʧʝʯʫʶʪʴ ʙʝʟʰʦʚʥʫ ʧʝʨʝʜʘʯʫ ʽʥʬʦʨʤʘʮʽʾ. 

ɿʘʩʪʦʩʫʚʘʥʥʷ ʤʘʣʠʭ ʨʦʟʤʽʨʽʚ ʩʪʽʣʴʥʠʢʽʚ 30-150 ʤ ʟ ʥʝʚʝʣʠʢʦʶ ʢʽʣʴʢʽʩʪʶ 

ʢʦʨʠʩʪʫʚʘʯʽʚ ʤʦʞʫʪʴ ʟʘʙʝʟʧʝʯʠʪʠ ʙʽʣʴʰʫ ʰʠʨʠʥʫ ʩʧʝʢʪʨʫ ʨʘʜʽʦʯʘʩʪʦʪ ʄʄɼ ʜʣʷ 

ʢʦʞʥʦʛʦ ʢʦʨʠʩʪʫʚʘʯʘ, ʽ ʚʥʘʩʣʽʜʦʢ ʟʙʽʣʴʰʠʪʠ ʩʧʝʢʪʨʘʣʴʥʫ ʝʬʝʢʪʠʚʥʽʩʪʴ (ʟʘ 

ʨʘʭʫʥʦʢ ʧʦʚʪʦʨʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʧʝʢʪʨʫ) ʽ ʟʘʛʘʣʴʥʫ ʻʤʥʽʩʪʴ ʤʝʨʝʞʽ [1]. 

ʊʨʘʥʟʠʪʥʠʡ ʪʨʘʥʩʧʦʨʪ ʧʝʨʝʥʦʩʠʪʴ ʪʨʘʬʽʢ ʤʽʞ ʣʦʢʘʣʴʥʦʶ ʧʽʜʤʝʨʝʞʝʶ 

(ʥʘʧʨʠʢʣʘʜ, ʩʧʦʣʫʢʘʤʠ ʤʽʞ UE ʽ BS) ʽ ʙʘʟʦʚʦʾ ʤʝʨʝʞʝʶ (ʥʘʧʨʠʢʣʘʜ, ɯʥʪʝʨʥʝʪ ʪʘ 

ʪʝʣʝʬʦʥʥʠʡ ʦʬʽʩ ʟ ʢʦʤʫʪʘʮʽʻʶ ʤʦʙʽʣʴʥʦʛʦ ʟʚ'ʷʟʢʫ). ʆʜʥʘʢ, ʪʨʘʥʟʠʪʥʽ ʟ'ʻʜʥʘʥʥʷ, 

ʥʘʧʨʠʢʣʘʜ, 4G ʽ WiFi, ʘ ʥʝ ʨʘʜʽʦ ʽʥʪʝʨʬʝʡʩ, ʯʘʩʪʦ ʻ ʜʞʝʨʝʣʘʤʠ ʚʫʟʴʢʠʭ ʤʽʩʮʴ 

ʪʨʘʬʽʢʫ ʚ ʩʫʯʘʩʥʠʭ ʤʝʨʝʞʘʭ. ɿʘʩʪʦʩʫʚʘʥʥʷ ʪʝʭʥʦʣʦʛʽʡ ʄʄɼ ʽ ʛʽʙʨʠʜʥʠʭ 

ʪʝʭʥʦʣʦʛʽʡ, ʥʘʧʨʠʢʣʘʜ, ʛʝʪʝʨʦʛʝʥʥʦʾ ʪʦʧʦʣʦʛʽʾ ʤʝʨʝʞʽ (HetNets) ʨʽʟʥʠʭ ʨʦʟʤʽʨʽʚ ʽ 

ʧʨʠʟʥʘʯʝʥʴ, ʤʦʞʫʪʴ ʽʩʪʦʪʥʦ ʧʽʜʚʠʱʠʪʠ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʽ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʴ 

ʙʝʟʧʨʦʚʦʜʦʚʠʭ ʤʝʨʝʞ, ʘ ʪʘʢʦʞ ʟʘʙʝʟʧʝʯʫʶʪʴ ʙʝʟʰʦʚʥʫ ʧʝʨʝʜʘʯʫ ʽʥʬʦʨʤʘʮʽʾ (ʨʠʩ. 

1.8). ʄʘʣʽ ʨʦʟʤʽʨʠ ʩʪʽʣʴʥʠʢʽʚ 30-150 ʤ ʟ ʥʝʚʝʣʠʢʦʶ ʢʽʣʴʢʽʩʪʶ ʢʦʨʠʩʪʫʚʘʯʽʚ 

ʟʘʙʝʟʧʝʯʫʶʪʴ ʙʽʣʴʰʫ ʰʠʨʠʥʫ ʩʧʝʢʪʨʫ ʨʘʜʽʦʯʘʩʪʦʪ ʄʄɼ ʜʣʷ ʢʦʞʥʦʛʦ 

ʢʦʨʠʩʪʫʚʘʯʘ, ʽ ʚʥʘʩʣʽʜʦʢ ʟʙʽʣʴʰʫʶʪʴ ʩʧʝʢʪʨʘʣʴʥʫ ʝʬʝʢʪʠʚʥʽʩʪʴ (ʟʘ ʨʘʭʫʥʦʢ 

ʧʦʚʪʦʨʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʧʝʢʪʨʫ) ʽ ʟʘʛʘʣʴʥʫ ʻʤʥʽʩʪʴ ʤʝʨʝʞʽ [1]. 

ɼʣʷ ʟʚ'ʷʟʢʫ ʙʘʟʦʚʠʭ ʩʪʘʥʮʽʡ ʟ ʮʝʥʪʨʘʤʠ ʦʙʨʦʙʢʠ ʽ ʟʙʝʨʽʛʘʥʥʷ ʽʥʬʦʨʤʘʮʽʾ ʚ 

ʄʄɼ ʝʬʝʢʪʠʚʥʠʤ ʨʽʰʝʥʥʷʤ  ̒ ʚʠʢʦʨʠʩʪʘʥʥʷ ʦʧʪʦʚʦʣʦʢʦʥʥʠʭ ʣʽʥʽʡ, ʚ ʷʢʠʭ 

ʩʠʛʥʘʣʠ ʄʄɼ ʢʦʥʚʝʨʪʫʶʪʴʩʷ ʚ ʦʧʪʠʯʥʠʡ ʜʽʘʧʘʟʦʥ ʟʘ RoF ʪʝʭʥʦʣʦʛʽʻʶ (ʨʠʩ. 1.9) 

ʽ ʧʝʨʝʜʘʶʪʴʩʷ ʥʘ ʚʝʣʠʢʽ ʚʽʜʩʪʘʥʽ [1,71,72]. (ʨʠʩ. 1.10). 

ɻʽʙʨʠʜʥʽ ʦʧʪʦʝʣʝʢʪʨʦʥʥʽ ʤʝʪʦʜʠ ʬʦʨʤʫʚʘʥʥʷ ʜʽʘʛʨʘʤ ʩʧʨʷʤʦʚʘʥʦʩʪʽ 

ʬʘʟʦʚʘʥʠʭ ʘʥʪʝʥʥʠʭ ʨʝʰʽʪʦʢ (ʌɸʈ). ʌɸʈ ʚʽʜʽʛʨʘʶʪʴ ʚʘʞʣʠʚʫ ʨʦʣʴ ʚ ʩʫʯʘʩʥʠʭ 

ʨʘʜʽʦʣʦʢʘʮʽʡʥʠʭ ʽ ʙʝʟʧʨʦʚʦʜʦʚʠʭ ʩʠʩʪʝʤʘʭ ʟʚ'ʷʟʢʫ. ɺ ʘʜʘʧʪʠʚʥʠʭ ʌɸʈ ʤʦʞʣʠʚʘ 

ʘʜʘʧʪʘʮʽʷ ʥʝ ʪʽʣʴʢʠ ʜʽʘʛʨʘʤʠ ʩʧʨʷʤʦʚʘʥʦʩʪʽ, ʘ ʡ ʽʥʰʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʪʘʢʠʭ ʷʢ 

ʟʘʭʠʩʥʠʡ ʽʥʪʝʨʚʘʣ OFDM ʩʠʛʥʘʣʫ ʽ ʽʥ. ʆʩʪʘʥʥʽʤ ʯʘʩʦʤ ʘʢʪʠʚʥʦ ʨʦʟʚʠʚʘʻʪʴʩʷ 

ʥʘʧʨʷʤʦʢ MIMO ʩʠʩʪʝʤ ʟʚ'ʷʟʢʫ, ʚ ʷʢʠʭ ʌɸʈ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʷʢ ʥʘ ʧʨʠʡʤʘʣʴʥʽʡ 

ʩʪʦʨʦʥʽ, ʪʘʢ ʽ ʥʘ ʧʝʨʝʜʘʚʘʣʴʥʽʡ ʩʪʦʨʦʥʽ. 
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ʈʠʩ. 1.9. ʉʪʨʫʢʪʫʨʘ ʢʘʥʘʣʫ ʜʣʷ ʤʦʙʽʣʴʥʦʾ ʩʠʩʪʝʤʠ ʄʄɼ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʪʝʭʥʦʣʦʛʽʾ RoF; ʎʉ - ʮʝʥʪʨʘʣʴʥʘ ʩʪʘʥʮʽʷ, ɹʉ - ʙʘʟʦʚʘ ʩʪʘʥʮʽʷ, Mʉ - ʤʦʙʽʣʴʥʘ 

ʩʪʘʥʮʽʷ, ʆ/ɽ - ʦʧʪʦʝʣʝʢʪʨʦʥʥʠʡ ʧʝʨʝʪʚʦʨʶʚʘʯ, RF - ʨʘʜʽʦʯʘʩʪʦʪʥʠʡ ʩʠʛʥʘʣ ʄʄɼ 

 

 

 

ʈʠʩ. 1.10. ʇʨʠʢʣʘʜ ʘʨʭʽʪʝʢʪʫʨʠ ʤʦʙʽʣʴʥʦʾ ʤʝʨʝʞʽ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʪʝʭʥʦʣʦʛʽʾ RoF 

 

ʈʦʟʚʠʪʢʦʤ ʢʣʘʩʠʯʥʦʛʦ ʧʽʜʭʦʜʫ ʜʦ ʘʜʘʧʪʘʮʽʾ ʌɸʈ ʻ ʘʜʘʧʪʠʚʥʘ ʟʤʽʥʘ 

ʢʽʣʴʢʦʩʪʽ ʢʘʥʘʣʽʚ ʩʠʩʪʝʤʠ (Massive MIMO) ʟʘʣʝʞʥʦ ʚʽʜ ʟʘʚʘʜʦʚʦʾ ʩʠʪʫʘʮʽʾ, ʱʦ 

ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʥʘ ʦʩʥʦʚʽ ʢʣʘʩʪʝʨʠʟʘʮʽʾ ʛʨʫʧ ʘʥʪʝʥʥʠʭ ʝʣʝʤʝʥʪʽʚ ʮʠʬʨʦʚʦʾ ʌɸʈ ʚ 

ʧʽʜʨʝʰʽʪʢʠ. ʂʨʽʤ ʘʜʘʧʪʠʚʥʦʾ ʢʦʤʙʽʥʘʮʽʾ ʨʽʟʥʠʭ ʟʘ ʬʦʨʤʦʶ ʧʽʜʨʝʰʽʪʦʢ ʽ ʦʢʨʝʤʦ 

ʚʟʷʪʠʭ ʚʠʧʨʦʤʽʥʶʚʘʯʽʚ ʌɸʈ, ʤʦʞʣʠʚʦ ʟʜʽʡʩʥʠʪʠ ʪʘʢʦʞ ʢʦʤʙʽʥʘʮʽʶ ʚ 

ʧʝʨʝʜʘʚʘʣʴʥʦ ʾʘʥʪʝʥʥʦʾ ʩʠʩʪʝʤʽ ʨʽʟʥʠʭ ʪʠʧʽʚ ʩʠʛʥʘʣʽʚ. ʅʘʧʨʠʢʣʘʜ, ʧʦʻʜʥʘʥʥʷ 

ʩʠʛʥʘʣʽʚ OFDM (NOFDM), ʾʭ ʢʦʜʦʚʘʥʠʭ ʤʦʜʠʬʽʢʘʮʽʡ (C-OFDM, CN-OFDM), 

FBMC ʪʘ ʽʥʰʠʭ ʩʠʛʥʘʣʴʥʠʭ ʢʦʥʩʪʨʫʢʮʽʡ ʚ ʦʜʥʠʭ ʧʽʜʨʝʰʽʪʢʘʭ ʟ ʨʝʞʠʤʦʤ ʇʇʈʏ 

(ʧʩʝʚʜʦʚʠʧʘʜʢʦʚʝ ʧʝʨʝʩʪʨʦʶʚʘʥʥʷ ʨʦʙʦʯʦʾ ʯʘʩʪʦʪʠ) [73]. 
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ɺʚʘʞʘʻʪʴʩʷ, ʱʦ ʤʦʙʽʣʴʥʽ ʩʠʩʪʝʤʠ ʄʄɼ (ʘʥʪʝʥʠ ʙʘʟʦʚʦʾ ʩʪʘʥʮʽʾ) 

ʥʘʜʘʚʘʪʠʤʫʪʴ ʢʦʞʥʦʤʫ ʢʦʨʠʩʪʫʚʘʯʫ ʚʣʘʩʥʫ ʨʘʜʽʦʯʘʩʪʦʪʥʫ ʜʽʘʛʨʘʤʫ 

ʩʧʨʷʤʦʚʘʥʦʩʪʽ ʟ ʚʫʟʴʢʦʩʧʨʷʤʦʚʘʥʠʤ ʽʥʬʦʨʤʘʮʽʡʥʠʤ ʢʘʥʘʣʦʤ. ʊʘʢʦʞ ʜʣʷ 

ʪʝʭʥʦʣʦʛʽʡ ʄʄʍ ʧʝʨʝʜʙʘʯʘʻʪʴʩʷ ʩʤʫʛʘ ʯʘʩʪʦʪ ʜʣʷ ʦʜʥʦʛʦ ʢʘʥʘʣʫ ʜʦ 10 ɻɻʮ ʟ 

ʤʠʪʪʻʚʦʶ ʦʙʨʦʙʢʦʶ ʩʠʛʥʘʣʫ, ʱʦ ʪʘʢʦʞ ʚʠʤʘʛʘʻ ʬʦʪʦʥʥʠʭ (ʦʧʪʦʝʣʝʢʪʨʦʥʥʠʭ) 

ʤʝʪʦʜʽʚ ʦʙʨʦʙʢʠ ʩʠʛʥʘʣʽʚ. ʊʦʤʫ ʥʘ ʨʦʟʚʠʪʦʢ ʦʧʪʠʯʥʠʭ ʤʝʪʦʜʽʚ ʬʦʨʤʫʚʘʥʥʷ ʽ 

ʦʙʨʦʙʢʠ ʨʘʜʽʦʩʠʛʥʘʣʽʚ ʚʘʞʣʠʚʠʡ ʚʧʣʠʚ ʯʠʥʷʪʴ ʜʦʩʷʛʥʝʥʥʷ ʚ ʬʦʪʦʥʥʽʡ 

ʽʥʪʝʛʨʘʣʴʥʽʡ ʪʝʭʥʽʮʽ ʪʘ ʢʨʝʤʥʽʻʚʽʡ ʬʦʪʦʥʽʮʽ. 

 

1.5. ʄʝʪʦʜʠ ʪʘ ʧʽʜʭʦʜʠ ʜʦ ʤʦʜʝʣʶʚʘʥʥʷ ʢʘʥʘʣʽʚ ʤʽʣʽʤʝʪʨʦʚʦʛʦ 

ʜʽʘʧʘʟʦʥʫ ʭʚʠʣʴ  

ʊʘʢ ʷʢ ʜʦʚʞʠʥʘ ʭʚʠʣʽ ʄʄɼ ʥʘʙʘʛʘʪʦ ʢʦʨʦʪʰʝ, ʥʽʞ ʚ ʤʽʢʨʦʭʚʠʣʴʦʚʠʭ 

ʜʽʘʧʘʟʦʥʘʭ ʥʠʞʯʝ 6 ɻɻʮ, ʧʘʨʘʤʝʪʨʠ ʜʣʷ ʤʦʜʝʣʝʡ ʨʘʜʽʦʢʘʥʘʣʽʚ ʙʫʜʫʪʴ ʽʥʰʠʤʠ, ʽ 

ʪʦʤʫ ʨʦʟʫʤʽʥʥʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʰʠʨʝʥʥʷ ʄʄʍ ʻ ʧʝʨʰʠʤ ʟʘʚʜʘʥʥʷʤ ʨʦʟʨʦʙʢʠ 

ʩʠʩʪʝʤ ʟʚ'ʷʟʢʫ ʄʄɼ. ʊʘʢ ʷʚʠʱʘ ʜʠʬʨʘʢʮʽʾ ʪʘ ʧʦʛʣʠʥʘʥʥʷ ʤʘʶʪʴ ʙʽʣʴʰʠʡ ʚʧʣʠʚ 

ʥʘ ʟʘʛʘʩʘʥʥʷ ʩʠʛʥʘʣʫ, ʘ ʝʬʝʢʪʠ ʚʽʜʙʠʪʪʷ ʽ ʨʦʟʩʽʶʚʘʥʥʷ ʥʝʦʙʭʽʜʥʦ ʚʨʘʭʦʚʫʚʘʪʠ ʷʢ 

ʜʣʷ ʩʠʩʪʝʤ ʧʨʷʤʦʾ ʚʠʜʠʤʦʩʪʽ (LOS), ʪʘʢ ʽ ʜʣʷ ʦʙʣʘʩʪʝʡ ʧʦ ʟʘ ʧʨʷʤʦʾ ʚʠʜʠʤʦʩʪʽ 

(NLOS). ɿʘ ʦʩʪʘʥʥʽ ʢʽʣʴʢʘ ʨʦʢʽʚ ʚʠʤʽʨʶʚʘʥʥʷ ʪʘ ʤʦʜʝʣʽ ʧʦʢʨʠʪʪʷ ʜʣʷ ʰʠʨʦʢʦʛʦ 

ʩʧʝʢʪʨʫ ʩʮʝʥʘʨʽʾʚ ʙʫʣʠ ʧʨʝʜʩʪʘʚʣʝʥʽ ʙʘʛʘʪʴʤʘ ʢʦʤʧʘʥʽʷʤʠ ʽ ʜʦʩʣʽʜʥʠʮʴʢʠʤʠ 

ʛʨʫʧʘʤʠ [1]. ʊʦʯʥʽ ʤʦʜʝʣʽ ʧʦʰʠʨʝʥʥʷ ʚʘʞʣʠʚʽ ʜʣʷ ʨʦʟʨʦʙʢʠ ʥʦʚʠʭ ʧʨʦʪʦʢʦʣʽʚ 

ʩʠʛʥʘʣʽʟʘʮʽʾ. ʇʦʪʦʯʥʽ ʟʘʪʨʠʤʢʠ 4G, LTE ʽ WiFi ʚ ʦʙʦʭ ʥʘʧʨʷʤʢʘʭ ʩʢʣʘʜʘʶʪʴ 

ʙʣʠʟʴʢʦ 20-60 ʤʩ [74], ʘʣʝ ʜʣʷ 5G ʧʝʨʝʜʙʘʯʘʶʪʴʩʷ ʟʘʪʨʠʤʢʠ ʙʣʠʟʴʢʦ 1 ʤʩ [37]. 

ʊʘʢʦʞ  ʚʘʞʣʠʚʘ ʦʩʦʙʣʠʚʽʩʪʴ, ʱʦ ʜʦʚʞʠʥʘ ʄʄʍ 1-10 ʤʤ ʪʘ ʚʫʟʴʢʘ ʰʠʨʠʥʘ 

ʧʨʦʤʝʥʶ ʟʤʝʥʰʫʻ ʨʦʟʤʽʨʠ ʚʠʧʨʦʤʽʥʶʶʯʠʭ ʪʘ ʧʨʠʡʤʘʶʯʠʭ ʝʣʝʤʝʥʪʽʚ ʬʘʟʦʚʘʥʠʭ 

ʘʥʪʝʥʠʭ ʨʝʰʽʪʦʢ, ʱʦ ʧʦʣʝʛʰʫʻ ʫʧʘʢʦʚʢʫ ʚʝʣʠʢʦʾ ʢʽʣʴʢʦʩʪʽ ʚʠʧʨʦʤʽʥʶʶʯʠʭ 

ʝʣʝʤʝʥʪʽʚ ʚ ʤʘʩʠʚ ʢʦʤʧʘʢʪʥʠʭ ʨʦʟʤʽʨʽʚ [75]. ʈʘʜʽʫʩ ʧʝʨʰʦʾ ʟʦʥʠ ʌʨʝʥʟʝʣʷ ʜʣʷ 70 

ɻɻʮ ʪʘ ʪʨʘʩʠ ʜʦʚʞʠʥʦʶ ʚ 1 ʢʤ ʚʽʜʧʦʚʽʜʘʻ 1 ʤ, ʱʦ ʤʘʡʞʝ ʚ 6 ʨʘʟʽʚ ʤʝʥʰʝ ʥʽʞ ʜʣʷ 

ʜʽʘʧʘʟʦʥʫ 2,4 ɻɻʮ. ʋ ʟʘʛʘʣʴʥʦʤʫ ʚʠʧʘʜʢʫ, ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʩʠʩʪʝʤʠ ʟʚ'ʷʟʢʫ 

ʟʘʣʝʞʠʪʴ ʚʽʜ ʝʥʝʨʛʝʪʠʯʥʦʛʦ ʧʦʢʨʠʪʪʷ ʪʘ ʚʽʜ ʧʨʦʧʫʩʢʥʦʾ ʟʜʘʪʥʦʩʪʽ ʢʘʥʘʣʫ, ʷʢʘ 



50 

 

ʚʠʟʥʘʯʘʻʪʴʩʷ ʟʘʡʥʷʪʦʶ ʩʤʫʛʦʶ ʯʘʩʪʦʪ ʪʘ ʧʦʪʫʞʥʽʩʪʶ ʧʝʨʝʜʘʚʘʯʘ. ʅʘ 

ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʩʠʩʪʝʤʠ ʚʧʣʠʚʘʻ ʪʘʢʦʞ ʯʫʪʣʠʚʽʩʪʴ ʧʨʠʡʤʘʯʘ ʽ ʧʨʦʪʷʞʥʽʩʪʴ 

ʢʘʥʘʣʫ. ʆʜʥʘʢ, ʥʘʡʙʽʣʴʰʫ ʚʘʞʣʠʚʽʩʪʴ ʚ ʨʦʟʨʘʭʫʥʢʘʭ ʙʶʜʞʝʪʫ ʟʚ'ʷʟʢʫ ʧʨʝʜʩʪʘʚʣʷʻ 

ʚʽʜʥʦʰʝʥʥʷ ʩʠʛʥʘʣ/ʰʫʤ (ʘʥʛʣ. signal-to-noise ratio; SNR), ʪʘʢ ʧʨʠʡʤʘʯ ʚʠʟʥʘʯʘʻ 

ʢʦʨʠʩʥʠʡ ʩʠʛʥʘʣ ʟ ʧʨʠʡʥʷʪʦʛʦ ʩʠʛʥʘʣʫ P, ʦʩʣʘʙʣʝʥʦʛʦ ʚ ʢʘʥʘʣʽ, ʧʨʠ ʥʘʷʚʥʦʩʪʽ 

ʰʫʤʫ ʧʦʪʫʞʥʽʩʪʶ ὔ, ʟ ʧʨʠʡʥʷʪʥʦʶ ʡʤʦʚʽʨʥʽʩʪʶ ʧʦʭʠʙʢʠ [76]. ʂʣʘʩʠʯʥʝ ʨʽʚʥʷʥʥʷ 

ʙʶʜʞʝʪʫ ʟʚ'ʷʟʢʫ ʚʽʜʦʤʦ ʷʢ ʬʦʨʤʫʣʘ ʧʝʨʝʜʘʯʽ ʌʨʽʽʩʘ: 

2
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    (1.4) 

ʜʝ, 
TXP , 

RXP  - ʧʦʪʫʞʥʦʩʪʽ ʧʝʨʝʜʘʚʘʣʴʥʦʾ ʽ ʧʨʠʡʤʘʶʯʦʾ ʘʥʪʝʥ ʚʽʜʧʦʚʽʜʥʦ, 

TXG  ʪʘ 
RXG  - ʢʦʝʬʽʮʽʻʥʪʠ ʧʽʜʩʠʣʝʥʥʷ ʧʝʨʝʜʘʚʘʣʴʥʦʾ ʽ ʧʨʠʡʤʘʶʯʦʾ ʘʥʪʝʥ 

ʚʽʜʧʦʚʽʜʥʦ, 

ɚ - ʜʦʚʞʠʥʘ ʭʚʠʣʽ ʩʠʛʥʘʣʫ, ʱʦ ʧʝʨʝʜʘʻʪʴʩʷ, 

Ὠ - ʚʽʜʩʪʘʥʴ ʤʽʞ ʧʝʨʝʜʘʚʘʯʝʤ ʽ ʧʨʠʡʤʘʯʝʤ. 

ʇʨʠ ʚʠʚʝʜʝʥʥʽ ʬʦʨʤʫʣʠ ʌʨʽʽʩʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʦʩʷ ʯʘʩʪʦʪʥʝ ʟʘʣʝʞʥʠʡ ʚʠʨʘʟ 

ʜʣʷ ʝʬʝʢʪʠʚʥʦʾ ʧʣʦʱʽ ʘʥʪʝʥʠ 
2 2 2

eff 4 4 cA D Dc fl p p= = ,  ʜʝ D ï ʢʦʝʬʽʮʽʻʥʪ 

ʩʧʨʷʤʦʚʘʥʦʾ ʜʽʾ ʘʥʪʝʥʠ. 

ʅʘʙʣʠʞʝʥʽ ʜʦ ʨʽʚʥʷʥʥʷ ʌʨʽʽʩʘ ʤʘʪʝʤʘʪʠʯʥʽ ʝʤʧʽʨʠʯʥʽ ʤʦʜʝʣʽ ʨʘʜʽʦʢʘʥʘʣʽʚ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʥʘ ʜʘʥʠʡ ʤʦʤʝʥʪ ʨʽʟʥʽ ʜʦʩʣʽʜʥʠʮʴʢʽ ʛʨʫʧʠ [44], ʥʘʧʨʠʢʣʘʜ 

ʤʦʜʝʣʴ, ʷʢʘ ʦʧʠʩʫʻʪʴʩʷ ʚʠʨʘʟʦʤ: 

2

RX TX TX RX
4

nP P G G d
l

p

-å õ
= æ ö

ç ÷
    (1.5) 

ɿʥʘʯʝʥʥʷ n ʟʥʘʭʦʜʠʪʴʩʷ ʚ ʜʽʘʧʘʟʦʥʽ ʚʽʜ 2 ʜʦ 6. ɯʩʥʫʶʪʴ ʪʘʢʦʞ ʫʪʦʯʥʝʥʽ 

ʤʦʜʝʣʽ, ʥʘʧʨʠʢʣʘʜ, ʜʣʷ ʩʪʽʣʴʥʠʢʦʚʠʭ ʤʝʨʝʞ, ʜʝ n ʤʦʞʝ ʚ ʜʝʷʢʠʭ ʩʮʝʥʘʨʽʷʭ ʙʫʪʠ 

ʤʝʥʰʝ 2 [77]. 

ʄʦʜʝʣʽ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʚʪʨʘʪ ʩʠʛʥʘʣʫ ʥʝʦʙʭʽʜʥʽ ʜʣʷ ʪʦʯʥʦʛʦ ʧʨʦʝʢʪʫʚʘʥʥʷ, 

ʧʦʨʽʚʥʷʥʥʷ ʨʘʜʦ̔̔ʥʪʝʨʬʝʡʩʚ̔ ʽ ʨʦʟʛʦʨʪʘʥʥʷ ʩʠʩʪʝʤʠ. 
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ɿʘʛʘʣʴʥʽ ʧʘʨʘʤʝʪʨʠ ʤʦʜʝʣʽ ʙʝʟʧʨʦʚʦʜʦʚʦʛʦ ʢʘʥʘʣʫ ʚʢʣʶʯʘʶʪʴ: ʥʝʩʫʯʫ 

ʯʘʩʪʦʪʫ, ʩʤʫʛʫ ʧʨʦʧʫʩʢʘʥʥʷ, ʜʚʦʚʠʤʽʨʥʫ ʘʙʦ ʪʨʠʚʠʤʽʨʥʫ ʚʽʜʩʪʘʥʴ ʤʽʞ 

ʧʝʨʝʜʘʚʘʯʝʤ (TX) ʽ ʧʨʠʡʤʘʯʝʤ (RX), ʚʠʤʦʛʠ ʜʦ ʦʙʣʘʜʥʘʥʥʷ ʽ ʩʠʩʪʝʤ ʟʘ ʧʝʚʥʠʤʠ 

ʩʪʘʥʜʘʨʪʘʤʠ, ʦʙʤʝʞʝʥʥʷʤ ʥʘ ʟʥʘʯʝʥʥʷ ʛʫʩʪʠʥʠ ʧʦʪʦʢʫ ʧʦʪʫʞʥʦʩʪʽ. 

ɼʣʷ ʛʥʫʯʢʦʩʪʽ ʽ ʪʦʯʥʦʩʪʽ, ʦʩʦʙʣʠʚʦ ʚ ʰʠʨʦʢʦʤʫ ʜʽʘʧʘʟʦʥʽ ʯʘʩʪʦʪ, ʥʘʧʨʠʢʣʘʜ, 

ʚʽʜ 0,5 ɻɻʮ ʜʦ 100 ɻɻʮ ʤʦʜʝʣʴ ʢʘʥʘʣʫ 5G ʧʦʚʠʥʥʘ ʤʘʪʠ ʬʫʥʜʘʤʝʥʪʘʣʴʥʫ ʬʽʟʠʯʥʫ 

ʦʩʥʦʚʫ [1]. 

ʅʘʡʙʽʣʴʰ ʩʧʨʦʱʝʥʦʶ ʽ ʧʦʰʠʨʝʥʦʶ ʻ ʤʦʜʝʣʴ ʚʪʨʘʪ ʫ ʚʽʣʴʥʦʤʫ ʧʨʦʩʪʦʨʽ: 
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ʜʝ ʩ ï ʰʚʠʜʢʽʩʪʴ ʩʚʽʪʣʘ, 
cf  - ʥʝʩʫʯʘ ʯʘʩʪʦʪʘ. ɺ ʘʢʘʜʝʤʽʯʥʽʡ ʣʽʪʝʨʘʪʫʨʽ ʜʝʪʘʣʴʥʦ 

ʦʙʛʦʚʦʨʶʶʪʴʩʷ ʚʽʜʦʤʽ ʝʤʧʽʨʠʯʥʽ ʤʦʜʝʣʽ [78]: 

Å ʤʦʜʝʣʴ ʆʢʫʤʫʨʘ, 

Å ʤʦʜʝʣʴ ʍʘʪʘ, 

Å ʤʦʜʝʣʴ COST-231. 

ʋ ʮʠʭ ʤʦʜʝʣʷʭ ʟʘʛʘʣʴʥʽ ʚʪʨʘʪʠ ʧʦʪʫʞʥʦʩʪʽ ʩʠʛʥʘʣʫ ʪʘʢʦʞ ʚʠʟʥʘʯʘʶʪʴʩʷ 

ʚʪʨʘʪʘʤʠ ʫ ʚʽʣʴʥʦʤʫ ʧʨʦʩʪʦʨʽ 
FCPL  ʟʘ ʬʦʨʤʫʣʦʶ ʌʨʽʽʩʘ (1.2), ʚ ʪʦʡ ʯʘʩ ʷʢ ʜʣʷ 

ʜʽʘʧʘʟʦʥʽʚ ʥʠʞʯʝ 6 ɻɻʮ ʜʦʤʽʥʫʶʯʠʤ ʬʽʟʠʯʥʠʤ ʤʝʭʘʥʽʟʤʦʤ ʧʦʰʠʨʝʥʥʷ ʭʚʠʣʴ, 

ʟʦʢʨʝʤʘ, ʜʣʷ ʤʽʩʴʢʦʛʦ ʩʝʨʝʜʦʚʠʱʘ, ʻ ʜʠʬʨʘʢʮʽʷ ʭʚʠʣʴ. ʆʜʥʘʢ ʜʣʷ ʄʄɼ 

ʜʦʤʽʥʫʶʯʠʤʠ ʤʝʭʘʥʽʟʤʘʤʠ ʧʦʰʠʨʝʥʥʷ ʻ ʨʦʟʩʽʶʚʘʥʥʷ, ʚʽʜʙʠʪʪʷ ʽ ʧʦʛʣʠʥʘʥʥʷ. ɺ 

ʜʦʩʣʽʜʞʝʥʥʷʭ, ʥʘʧʨʠʢʣʘʜ [1], ʟʨʦʙʣʝʥʠʡ ʚʠʩʥʦʚʦʢ, ʱʦ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʢʘʥʘʣʽʚ 

ʚ ʤʽʩʴʢʦʤʫ ʩʮʝʥʘʨʽʾ ʥʝʦʙʭʽʜʥʦ ʚʨʘʭʦʚʫʚʘʪʠ ʬʽʟʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʄʄX, ʛʝʦʤʝʪʨʽʶ 

ʟʘʙʫʜʦʚʠ, ʧʦʛʣʠʥʘʣʴʥʽ ʽ ʚʽʜʙʠʚʘʣʴʥʽ ʟʜʘʪʥʦʩʪʽ ʤʘʪʝʨʽʘʣʽʚ. 
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ɯʩʥʫʻ ʚʝʣʠʢʘ ʢʽʣʴʢʽʩʪʴ ʜʦʩʣʽʜʥʠʭ ʨʦʙʽʪ, ʱʦ ʧʨʠʩʚʷʯʝʥʽ ʨʦʟʨʦʙʮʽ ʤʦʜʝʣʝʡ 

ʢʘʥʘʣʽʚ ʄʄɼ. ʇʝʨʝʣʽʢ ʥʘʡʙʽʣʴʰ ʟʘʛʘʣʴʥʠʭ ʢʘʥʘʣʴʥʠʭ ʤʦʜʝʣʝʡ ʜʣʷ ʤʦʙʽʣʴʥʠʭ ʪʘ 

ʽʥʰʠʭ ʙʝʟʧʨʦʚʦʜʦʚʠʭ ʤʝʨʝʞ ʥʘʚʝʜʝʥʠʡ ʥʘ ʨʠʩ. 1.11 [2].  

 

 

 

ʈʠʩ. 1.11. ʄʦʜʝʣʽ ʢʘʥʘʣʽʚ ʜʣʷ ʤʦʙʽʣʴʥʠʭ ʽ ʙʝʟʧʨʦʚʦʜʦʚʠʭ ʤʝʨʝʞ 
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ɼʣʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʦʰʠʨʝʥʥʷ ʨʘʜʽʦʩʠʛʥʘʣʽʚ ʄʄɼ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʪʘʢʽ 

ʧʘʨʘʤʝʪʨʠ, ʷʢ ʟʘʛʘʩʘʥʥʷ, ʨʦʟʢʠʜ ʟʘʪʨʠʤʢʠ ʩʠʛʥʘʣʽʚ, ʟʘʪʽʥʝʥʥʷ (ʙʣʦʢʫʚʘʥʥʷ) 

ʩʠʛʥʘʣʽʚ ʽ ʩʧʨʷʤʦʚʘʥʽʩʪʴ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ. 

ʅʠʞʯʝ ʧʨʠʚʝʜʝʥʽ ʥʘʡʙʽʣʴʰ ʧʦʰʠʨʝʥʽ ʤʦʜʝʣʽ ʢʘʥʘʣʽʚ.  

1) ʄʦʜʝʣʴ ʧʨʦʩʪʦʨʦʚʦʛʦ ʢʘʥʘʣʫ 3GPP (ʘʥʛʣ. 3rd Generation Partnership 

Project) ʧʘʨʪʥʝʨʩʴʢʠʡ ʧʨʦʝʢʪ ʜʣʷ ʩʪʘʥʜʘʨʪʠʟʘʮʽʾ ʩʠʩʪʝʤ 3-ʛʦ ʧʦʢʦʣʽʥʥʷ [79]. 

ɿʘʧʨʦʧʦʥʦʚʘʥʘ ʚ 2003 ʨʦʮʽ ʽ ʧʽʜʪʨʠʤʫʻ ʰʝʩʪʠʧʨʦʤʝʥʝʚʫ ʤʦʜʝʣʴ ʟʘʪʨʠʤʢʠ ʟ 

ʧʨʦʧʫʩʢʥʦʶ ʟʜʘʪʥʽʩʪʶ 5 ʄɻʮ ʚ ʯʘʩʪʦʪʥʦʤʫ ʜʽʘʧʘʟʦʥʽ 2 ɻɻʮ ʚ ʪʨʴʦʭ ʩʮʝʥʘʨʽʷʭ 

ʨʦʟʛʦʨʪʘʥʥʷ: ʤʘʢʨʦʩʪʽʣʴʥʠʢ ʚ ʤʽʩʴʢʦʤʫ ʩʝʨʝʜʦʚʠʱʽ (ʘʥʛʣ. Urban Macro; UMa), 

ʤʽʢʨʦʩʪʽʣʴʥʠʢʠ ʚ ʤʽʩʴʢʦʤʫ ʩʝʨʝʜʦʚʠʱʽ (ʘʥʛʣ. Urban Micro; UMi), ʤʘʢʨʦʩʪʽʣʴʥʠʢʠ 

ʚ ʧʨʠʤʽʩʴʢʦʤʫ ʩʝʨʝʜʦʚʠʱʽ (ʘʥʛʣ. Suburb Macro; SMa). ɸʥʘʣʦʛʽʯʥʘ ʤʦʜʝʣʴ SCM-

Extended [80] ʜʦʜʘʪʢʦʚʦ ʨʦʟʰʠʨʠʣʘ ʩʤʫʛʫ ʧʨʦʧʫʩʢʘʥʥʷ ʜʦ 100 ʄɻʮ. 

2) 3D-ʤʦʜʝʣʴ 3GPP (3GPP 3D) [81,82]: ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʚ ʜʽʘʧʘʟʦʥʽ 2 ɻɻʮ 

ʧʨʠ ʧʦʨʽʚʥʷʥʦ ʥʝʚʝʣʠʢʽʡ ʩʤʫʟʽ ʧʨʦʧʫʩʢʘʥʥʷ 10 ʄɻʮ. ʄʦʜʝʣʴ ʦʙ'ʻʜʥʫʻ ʧʘʨʘʤʝʪʨʠ 

ʜʣʷ ʜʚʦʭ ʥʘʡʙʽʣʴʰ ʧʦʰʠʨʝʥʠʭ ʩʮʝʥʘʨʽʾʚ: UMa ʽ UMi, ʚʢʣʶʯʘʶʯʠ ʚʫʣʠʯʥʠʡ 

ʢʘʥʴʡʦʥ, ʚʽʜʢʨʠʪʫ ʤʽʩʮʝʚʽʩʪʴ, ʪʨʘʥʩʧʦʨʪʥʫ ʤʝʨʝʞʫ, D2D, ʩʪʘʜʽʦʥ ʽ ʪ.ʧ. 3GPP 3D 

ʧʦʩʪʽʡʥʦ ʨʦʟʚʠʚʘʻʪʴʩʷ. ʅʝʱʦʜʘʚʥʦ ʟ'ʷʚʠʣʠʩʷ ʤʦʜʠʬʽʢʘʮʽʾ 3GPP TR 38.900 [83] ʜʣʷ 

ʜʽʘʧʘʟʦʥʫ 6-100 ɻɻʮ ʽ 3GPP TR 38.901 ʚ ʜʽʘʧʘʟʦʥʽ ʚʽʜ 0,5 ʜʦ 100 ɻɻʮ. 

3) ʄʦʜʝʣʽ WINNER I ʽ WINNER II ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ ʤʦʙʽʣʴʥʠʭ 

ʧʨʦʝʢʪʽʚ ʜʣʷ ʪʝʭʥʦʣʦʛʠ 4G. ʄʦʜʝʣʴ WINNER I [84] ʥʝʟʘʣʝʞʥʘ ʚʽʜ ʧʘʨʘʤʝʪʨʽʚ 

ʘʥʪʝʥ, ʚ ʥʽʡ ʤʦʞʫʪʴ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʨʽʟʥʽ ʢʦʥʬʽʛʫʨʘʮʽʾ ʘʥʪʝʥ. ʄʦʜʝʣʴ 

WINNER II ʨʦʟʨʦʙʣʝʥʘ ʜʣʷ ʧʽʜʪʨʠʤʢʠ ʙʽʣʴʰʦʾ ʢʽʣʴʢʦʩʪʽ ʩʮʝʥʘʨʽʾʚ ʧʦ ʟʘ 

ʧʨʠʤʽʱʝʥʥʷʤʠ ʽ ʚʩʝʨʝʜʠʥʽ ʧʨʠʤʽʱʝʥʴ.  

4) ʄʦʜʝʣʴ COST 273/2100: ʮʷ ʤʦʜʝʣʴ [85] ʻ ʝʚʦʣʶʮʽʻʶ ʙʽʣʴʰ ʨʘʥʥʴʦʾ ʤʦʜʝʣʽ 

ʢʘʥʘʣʫ COST 259 ʚ ʙʽʢ ʤʦʙʽʣʴʥʦʛʦ ʰʠʨʦʢʦʩʤʫʛʦʚʦʛʦ ʟʚ'ʷʟʢʫ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʪʝʭʥʦʣʦʛʽʡ MIMO. ʄʦʜʝʣʴ ʟʘʩʥʦʚʘʥʘ ʥʘ ʢʦʥʮʝʧʮʽʾ ʛʝʦʤʝʪʨʠʯʥʦʾ 

ʙʘʛʘʪʦʧʨʦʤʝʥʝʚʦʾ ʤʦʜʝʣʽ ʧʦʰʠʨʝʥʥʷ ʚ 2D ʩʝʨʝʜʦʚʠʱʽ. ʎʷ ʢʦʥʮʝʧʮʽʷ ʝʬʝʢʪʠʚʥʘ 

ʜʣʷ ʟʙʝʨʝʞʝʥʥʷ ʧʨʦʩʪʦʨʦʚʦʾ ʫʟʛʦʜʞʝʥʦʩʪʽ ʪʘ ʜʦʟʚʦʣʷʻ ʙʽʣʴʰ ʪʦʯʥʦ ʦʮʽʥʶʚʘʪʠ 

ʝʬʝʢʪʠʚʥʽʩʪʴ ʬʦʨʤʫʚʘʥʥʷ ʧʨʦʤʝʥ ̫MIMO ʽ ʙʘʛʘʪʦʩʪʽʣʴʥʠʢʦʚʫ ʧʝʨʝʜʘʯʫ. 
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5) ʄʦʜʝʣʴ QuaDRiGa [86]  ʜʦʜʘʪʢʦʚʦ ʨʦʟʰʠʨʝʥʘ ʥʘ ʦʩʥʦʚʽ ʤʦʜʝʣʽ 3GPP-3D 

ʟ ʤʦʞʣʠʚʦʩʪʷʤʠ ʧʨʦʩʪʦʨʦʚʦʾ ʫʟʛʦʜʞʝʥʦʩʪʽ (ʜʣʷ ʪʦʯʥʦʾ ʦʮʽʥʢʠ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ 

ʤʘʩʠʚʥʠʭ MIMO) ʽ ʙʘʛʘʪʦ ʩʪʽʣʴʥʠʢʦʚʦʾ ʧʝʨʝʜʘʯʽ ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʧʽʜʭʽʜ ʚ SCM-E 

ʽ COST 273. 

6) ʄʦʜʝʣʴ IEEE 802.11ad [87] ʨʦʟʨʦʙʣʝʥʘ ʜʣʷ ʧʽʜʪʨʠʤʢʠ ʚʥʫʪʨʽʰʥʽʭ ʙʣʠʟʴʢʦ 

ʜʽʶʯʠʭ ʢʦʤʫʥʽʢʘʮʽʡ (1-10 ʤ), ʥʘʧʨʠʢʣʘʜ, ʚ ʦʬʽʩʘʭ ʽ ʙʫʜʠʥʢʘʭ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʥʝʣʽʮʝʥʟʽʡʥʦʾ ʩʤʫʛʠ 60 ɻɻʮ. ʄʦʜʝʣʴ ʢʚʘʟʽʜʝʪʝʨʤʽʥʦʚʘʥʘ, ʪʘʢ ʷʢ ʚʨʘʭʦʚʫʶʪʴʩʷ 

ʝʬʝʢʪʠ ʚʽʜʙʠʪʪʷ ʩʠʛʥʘʣʫ (ʦʜʥʦʨʘʟʦʚ ̔ ʽ ʧʦʜʚʽʡʥʽ ʚʽʜʙʠʪʪʷ) ʚ ʪʨʠ ʚʠʤʽʨʥʠʭ 

ʩʝʨʝʜʦʚʠʱʘʭ ʧʦʰʠʨʝʥʥʷ, ʽʥʰʽ ʚʢʣʘʜʠ ʚʪʨʘʪ ʩʠʛʥʘʣʫ, ʥʘʧʨʠʢʣʘʜ ʷʢ ʙʣʦʢʫʚʘʥʥʷ, 

ʤʦʜʝʣʶʶʪʴʩʷ ʥʘ ʦʩʥʦʚʽ ʩʪʦʭʘʩʪʠʯʥʦʾ ʛʝʦʤʝʪʨʽʾ. 

7) ʄʦʜʝʣʴ MiWEBA [88] ʷʚʣʷʻ ʩʦʙʦʶ ʨʦʟʰʠʨʝʥʥʷ ʤʦʜʝʣʽ ʢʘʥʘʣʫ IEEE 

802.11ad ʜʣʷ ʩʮʝʥʘʨʽʾʚ ʜʦʩʪʫʧʫ ʥʘ ʚʽʜʢʨʠʪʦʤʫ ʧʨʦʩʪʦʨʽ, ʟ'ʻʜʥʘʥʴ ʪʠʧʫ ʧʨʠʩʪʨʽʡ-

ʧʨʠʩʪʨʽʡ (D2D). ʋ MiWEBA ʙʫʣʘ ʨʦʟʨʦʙʣʝʥʘ ʧʝʨʰʘ 60 ɻɻʮ ʤʦʜʝʣʴ ʚʪʨʘʪ ʫ 

ʩʝʨʝʜʦʚʠʱʽ UMi. ɹʫʣʦ ʚʠʷʚʣʝʥʦ, ʱʦ ʚʧʣʠʚ ʟʤʽʥʶʚʘʥʥʷ ʪʨʘʻʢʪʦʨʽʡ ʚʽʜʙʠʪʪʷ 

ʩʠʛʥʘʣʫ, ʧʝʨʝʤʽʱʝʥʥʷ ʚ ʧʨʦʩʪʦʨʽ ʙʣʦʢʫʶʯʠʭ ʦʙôʻʢʪʽʚ ʽ ʢʦʨʠʩʪʫʚʘʯʽʚ ʤʘʻ ʚʝʣʠʢʝ 

ʟʥʘʯʝʥʥʷ. 

8) ʄʦʜʝʣʴ IMT-Advanced [89] ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʜʚʦʭ ʤʦʜʫʣʽʚ, ʜʝ ʧʝʨʰʠʡ 

ʟʘʩʥʦʚʘʥʠʡ ʥʘ ʤʦʜʝʣʽ ʢʘʥʘʣʫ WINNER II, ʜʨʫʛʠʡ ʧʦʢʨʘʱʫʻ ʚʟʘʻʤʦʟʚ'ʷʟʦʢ ʤʽʞ 

ʟʤʽʥʦʶ ʚʠʩʦʪʠ ʘʥʪʝʥʠ ʙʘʟʦʚʦʾ ʩʪʘʥʮʽʾ, ʰʠʨʠʥʦʶ ʚʫʣʠʮʴ ʽ ʤʽʩʴʢʠʭ ʩʪʨʫʢʪʫʨ. 

9) ʄʦʜʝʣʴ METIS [90] ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʜʝʪʝʨʤʽʥʦʚʘʥʦʶ ʤʦʜʝʣʽ, ʟʘʩʥʦʚʘʥʦʾ ʥʘ 

ʢʘʨʪʦʛʨʘʬʽʾ, ʩʪʦʭʘʩʪʠʯʥʦʾ ʤʦʜʝʣʽ ʽ ʛʽʙʨʠʜʥʦʾ ʤʦʜʝʣʽ ʚ ʷʢʦʩʪʽ ʢʦʤʙʽʥʘʮʽʾ ʦʙʦʭ. 

ɺʠʤʽʨʠ ʧʨʦʚʦʜʠʣʠʩʷ ʜʣʷ ʜʽʘʧʘʟʦʥʽʚ ʜʦ 6 ɻɻʮ ʽ ʚʽʜ 50 ʜʦ 70 ɻɻʮ. ʉʪʦʭʘʩʪʠʯʥʘ 

ʤʦʜʝʣʴ ʨʦʟʰʠʨʶʻ ʤʦʜʝʣʽ WINNER + 3GPP-3D ʜʣʷ ʧʽʜʪʨʠʤʢʠ 3D ʢʘʨʪ ʟʘʪʽʥʝʥʥʷ 

ʩʠʛʥʘʣʫ, ʯʘʩʪʦʪʥʦ-ʟʘʣʝʞʥʽ ʤʦʜʝʣʽ ʚʪʨʘʪ ʜʣʷ ʄʄɼ. 

10) ʄʦʜʝʣʴ mmMAGIC [91] ʽʤʦʚʽʨʥʽʩʥʘ ʥʘ ʨʽʚʥʽ ʢʘʥʘʣʫ ʽ ʩʠʩʪʝʤʠ, ʷʢʘ 

ʧʨʠʟʥʘʯʝʥʘ ʜʣʷ ʚʩʴʦʛʦ ʜʽʘʧʘʟʦʥʫ ʯʘʩʪʦʪ ʚʽʜ 6 ʜʦ 100 ɻɻʮ ʜʣʷ ʚʝʣʠʢʦʾ ʢʽʣʴʢʦʩʪʽ 

ʩʮʝʥʘʨʽʾʚ. ʄʦʜʝʣʴ ʚʠʢʦʨʠʩʪʦʚʫʻ ʪʝʦʨʝʪʠʯʥʠʡ ʧʽʜʭʽʜ ʜʦ ʽʩʥʫʶʯʦʾ 3D-ʤʦʜʝʣʽ 3GPP. 

ʆʜʥʘʢ ʚ ʥʽʡ ʽʩʪʦʪʥʦ ʧʦʢʨʘʱʝʥʘ ʧʨʦʩʪʦʨʦʚʘ ʪʦʯʥʽʩʪʴ ʨʦʟʧʦʜʽʣʫ ʜʣʷ ʙʘʛʘʪʦ 

ʧʨʦʤʝʥʝʚʦʾ ʤʦʜʝʣʽ, ʽʩʥʫʻ ʫʟʛʦʜʞʝʥʽʩʪʴ ʚ ʯʘʩʪʦʪʥʦʤʫ ʜʽʘʧʘʟʦʥʽ (6-100 ɻɻʮ), 

ʚʨʘʭʦʚʫʻʪʴʩʷ ʯʘʩʪʦʪʥʘ ʟʘʣʝʞʥʽʩʪʴ ʧʘʨʘʤʝʪʨʽʚ ʘʥʪʝʥ, ʚʨʘʭʦʚʫʻʪʴʩʷ ʩʧʝʮʠʬʽʯʥʘ 
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ʚʠʧʘʜʢʦʚʘ ʤʦʜʝʣʴ ʙʣʦʢʫʚʘʥʥʷ ʜʣʷ ʩʠʛʥʘʣʽʚ ʄʄɼ, ʤʦʜʝʣʶʻʪʴʩʷ ʢʣʘʩʪʝʨʠʟʘʮʽʷ, 

ʚʨʘʭʦʚʫʶʪʴʩʷ ʝʬʝʢʪʠ ʨʦʟʩʽʶʚʘʥʥʷ, ʚʽʜʙʠʪʪʷ ʚʽʜ ʟʝʤʣʽ ʘʙʦ ʧʽʜʣʦʛʠ ʽ ʪ.ʜ. 

11) ʄʦʜʝʣʴ 3GPP-like [92] ʜʣʷ ʜʽʘʧʘʟʦʥʫ ʚʽʜ 6 ʜʦ 100 ɻɻʮ. ʄʦʜʝʣʴ ʪʨʠ 

ʚʠʤʽʨʥʦʛʦ ʢʘʥʘʣʫ, ʷʢʘ ʚʢʣʶʯʘʻ ʚ ʩʝʙʝ: 1) ʪʠʧʦʚʽ ʩʮʝʥʘʨʽʾ ʨʦʟʛʦʨʪʘʥʥʷ ʜʣʷ ʤʽʩʴʢʠʭ 

ʤʽʢʨʦ- ʽ ʤʘʢʨʦʩʪʽʣʴʥʠʢʽʚ; 2) ʙʘʟʦʚʫ ʤʦʜʝʣʴ, ʷʢʘ ʚʢʣʶʯʘʻ ʚʪʨʘʪʠ, ʧʦʚ'ʷʟʘʥʽ ʟ ʥʘ 

ʨʦʟʙʽʞʥʽʩʪʶ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ʟʘʪʽʥʝʥʥʷ, ʧʦʛʣʠʥʘʥʥʷ, ʧʨʦʥʠʢʥʝʥʥʷ, ʙʣʦʢʫʚʘʥʥʷ 

ʜʣʷ ʪʠʧʦʚʠʭ ʩʮʝʥʘʨʽʾʚ. ɿʘʩʪʦʩʦʚʫʶʪʴʩʷ ʨʽʟʥʽ ʤʝʪʦʜʠ ʦʙʨʦʙʢʠ, ʪʘʢʽ ʷʢ ʘʣʛʦʨʠʪʤʠ 

ʢʣʘʩʪʝʨʠʟʘʮʽʾ, ʤʦʜʝʣʽ ʚʩʝʨʝʜʠʥʽ ʧʨʠʤʽʱʝʥʴ ʜʣʷ ʦʬʽʩʥʠʭ ʽ ʪʦʨʛʦʚʠʭ ʮʝʥʪʨʽʚ. ɿʘ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʚʠʤʽʨʶʚʘʥʴ [92] ʚʠʷʚʣʝʥʦ ʬʦʨʤʫ ʯʘʩʪʦʪʥʦʾ ʟʘʣʝʞʥʦʩʪʽ ʚʪʨʘʪ 

ʩʠʛʥʘʣʫ, ʘ ʪʘʢʦʞ ʨʦʟʨʦʙʣʝʥʦ ʤʦʜʝʣʴ ʧʽʜʚʠʱʝʥʦʾ ʡʤʦʚʽʨʥʦʩʪʽ ʚʠʥʠʢʥʝʥʥʷ 

ʙʣʦʢʫʚʘʥʴ. 

ʂʽʣʴʢʽʩʪʴ ʟʽʙʨʘʥʠʭ ʚʠʤʽʨʶʚʘʥʴ ʽ ʢʦʥʢʨʝʪʥʽ ʪʠʧʠ ʘʥʪʝʥ, ʱʦ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ, ʩʠʣʴʥʦ ʨʦʟʨʽʟʥʷʶʪʴʩʷ ʽ ʪʦʤʫ ʦʩʪʘʪʦʯʥʽ ʤʦʜʝʣʽ, ʘʧʨʦʢʩʠʤʦʚʘʥʽ 

ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ, ʤʽʞ ʮʠʤʠ ʜʦʩʣʽʜʥʠʮʴʢʠʤʠ ʛʨʫʧʘʤʠ ʚʽʜʨʽʟʥʷʶʪʴʩʷ. 

ɿ ʘʥʘʣʽʟʫ ʚʠʟʥʘʯʝʥʠʭ ʚʠʱʝ 11 ʤʦʜʝʣʝʡ, ʤʦʞʥʘ ʟʨʦʙʠʪʠ ʚʠʩʥʦʚʦʢ, ʱʦ ʾʭ ʤʦʞʥʘ 

ʧʦʜʽʣʠʪʠ ʥʘ ʥʘʩʪʫʧʥʽ ʪʠʧʠ [1]: ʽʤʦʚʽʨʥʽʩʥʽ ʤʦʜʝʣʽ LOS (ʘʥʛʣ. LOS Probability) ʪʘ 

ʤʦʜʝʣʽ ʥʘʙʣʠʞʝʥʽ ʜʦ ʤʦʜʝʣʝʡ ʚʪʨʘʪ ʫ ʚʽʣʴʥʦʤʫ ʧʨʦʩʪʦʨʽ - CI ʤʦʜʝʣʴ (ʘʥʛʣ.ʉlose-

in Model). ʊʘʢʦʞ ʨʦʟʛʣʷʜʘʶʪʴʩʷ ʨʽʟʥʽ ʩʮʝʥʘʨʽʾ: ʤʽʢʨʦʩʪʽʣʴʥʠʢʠ ʽ ʤʘʢʨʦʩʪʽʣʴʥʠʢʠ 

ʜʣʷ ʤʽʩʴʢʦʾ ʟʘʙʫʜʦʚʠ, ʤʦʜʝʣʽ ʚʪʨʘʪ ʚʩʝʨʝʜʠʥʽ ʧʨʠʤʽʱʝʥʴ, ʤʦʜʝʣʽ ʜʣʷ ʩʽʣʴʩʴʢʦʾ 

ʤʽʩʮʝʚʦʩʪʽ (ʘʥʛʣ. Rural macrocell; RMa). 

ɯʤʦʚʽʨʥʽʩʥʽ ʤʦʜʝʣʽ ʥʝʦʙʭʽʜʥʽ ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʡʤʦʚʽʨʥʦʩʪʽ ʪʦʛʦ, ʱʦ 

ʢʦʨʠʩʪʫʚʘʯ (UE) ʟʥʘʭʦʜʠʪʴʩʷ ʚ ʤʝʞʘʭ ʧʨʷʤʦʾ ʚʠʜʠʤʦʩʪʽ (LOS) ʙʘʟʦʚʦʾ ʩʪʘʥʮʽʾ 

(BS) ʘʙʦ ʚ ʦʙʣʘʩʪʽ ʧʦ ʟʘ ʟʦʥʦʶ ʧʨʷʤʦʾ ʚʠʜʠʤʦʩʪʽ (NLOS) ʯʝʨʝʟ ʥʘʷʚʥʽ ʟʘʚʘʜʠ 

(ʦʙ'ʻʢʪʠ ʙʣʦʢʫʚʘʥʥʷ ʩʠʛʥʘʣʫ). ʋ ʨʘʟʽ LOS ʜʣʷ ʄʄɼ ʢʦʤʫʥʽʢʘʮʽʡ ʧʨʦʧʦʥʫʻʪʴʩʷ 

ʙʽʣʴʰ ʥʘʜʽʡʥʘ ʨʦʙʦʪʘ ʤʝʨʝʞʽ, ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʫʤʦʚʘʤʠ NLOS, ʟʚʘʞʘʶʯʠ ʥʘ ʚʝʣʠʢʽ 

ʚʪʨʘʪʠ ʥʘ ʜʠʬʨʘʢʮʽʾ ʪʘ ʧʦʛʣʠʥʘʥʥʽ [93]. ʁʤʦʚʽʨʥʽʩʪʴ LOS ʤʦʜʝʣʶʻʪʴʩʷ ʷʢ ʬʫʥʢʮʽʷ 

ʚʽʜʩʪʘʥʽ ʚ ʜʚʦʤʽʨʥʦʤʫ ʧʨʦʩʪʦʨʽ 2D ʽ ʥʝ ʟʘʣʝʞʠʪʴ ʚʽʜ ʨʦʙʦʯʦʾ ʯʘʩʪʦʪʠ [94]. ʋ ʨʦʙʦʪʽ 

[95] ʩʪʘʥ LOS ʚʠʟʥʘʯʘʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʢʘʨʪʠ, ʧʨʠ ʮʴʦʤʫ ʨʦʟʛʣʷʜʘʶʪʴʩʷ ʪʽʣʴʢʠ 

ʧʦʣʦʞʝʥʥʷ ʧʝʨʝʜʘʚʘʣʴʥʦʾ ʽ ʧʨʠʡʤʘʣʴʥʦʾ ʘʥʪʝʥ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʙʣʦʢʫʚʘʥʥʷ ʰʣʷʭʫ. 
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ɯʤʦʚʽʨʥʽʩʥʽ ʤʦʜʝʣʽ UMi LʆS ʚʢʣʶʯʘʶʪʴ ʚʽʜʢʨʠʪʽ (ʟʦʚʥʽ ʧʨʠʤʽʱʝʥʴ) ʜʽʣʷʥʢʠ 

ʟ ʚʠʩʦʢʦʶ ʱʽʣʴʥʽʩʪʶ ʢʦʨʠʩʪʫʚʘʯʽʚ, ʚʫʣʠʮʽ ʽ ʟʥʘʭʦʜʞʝʥʥʷ ʢʦʨʠʩʪʫʚʘʯʽʚ ʚ 

ʧʨʠʤʽʱʝʥʥʷʭ. ʇʨʠ ʮʴʦʤʫ ʧʨʠʡʤʘʻʪʴʩʷ, ʱʦ ʚʠʩʦʪʠ ʘʥʪʝʥ BS 3-20 ʤ, ʚʠʩʦʪʘ 

ʢʦʨʠʩʪʫʚʘʯʘ UE 1,5 ʤ, ʚʽʜʩʪʘʥʽ ʤʽʞ ʢʦʨʠʩʪʫʚʘʯʝʤ ʽ ʙʘʟʦʚʦʶ ʩʪʘʥʮʽʻʶ 200 ʤ. ʋ 

ʤʦʜʝʣʽ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʠʩʪʘʥʮʽʡʥʘ ʚʽʜʩʪʘʥʴ ʤʽʞ ʙʘʟʦʚʦʶ ʩʪʘʥʮʽʻʶ ʽ 

ʢʦʨʠʩʪʫʚʘʯʝʤ, ʱʦ ʟʥʘʭʦʜʷʪʴʩʷ ʧʦ ʟʘ ʧʨʠʤʽʱʝʥʥʷʤ
2Dd

  

 (ʨʠʩ. 1.12,ʘ) ʪʘ ʚʩʝʨʝʜʠʥʽ 

ʧʨʠʤʽʱʝʥʥʷ (ʨʠʩ. 1.12,ʙ) [96]. 

 

 

ʈʠʩ. 1.12. ʄʦʜʝʣʶʚʘʥʥʷ ʢʘʥʘʣʫ 3GPP 2D ʪʘ 3D ʤʽʞ ʙʘʟʦʚʦʶ ʩʪʘʥʮʽʻʶ ʽ 

ʢʦʨʠʩʪʫʚʘʯʝʤ, ʷʢʠʡ ʟʥʘʭʦʜʠʪʴʩʷ  ʘ) ʧʦʟʘ ʧʨʠʤʽʱʝʥʥʷʤ, ʙ) ʚʩʝʨʝʜʠʥʽ ʧʨʠʤʽʱʝʥʥʷ 

 

ɼʣʷ ʤʦʜʝʣʽ 3GPP ʩʧʝʮʠʬʽʢʘʮʽʷ TR 38.901, ʩʮʝʥʘʨʽʡ UMi ʚʪʨʘʪʠ 
LOSPL  ʚ 

ʢʘʥʘʣʽ ʚ ʜɹ ʚʠʨʘʞʘʪʁɹ ʩʷ ʥʘʩʪʫʧʥʦʶ ʟʘʣʝʞʥʽʩʪʶ [1,2,96]: 

( ) ( )( ) ( )LOS 2D 1 2 2D 2 2D 2( ) min ,1ʤ 1 exp expPL d d d d d d d= - - + - , (1.8) 

ʜʝ 
1 18d =  ʤ, 

2 36d =  ʤ, 
2Dd  ʚʽʜʩʪʘʥʴ ʤʽʞ ʙʘʟʦʚʦʶ ʩʪʘʥʮʽʻʶ ʪʘ ʢʦʨʠʩʪʫʚʘʯʝʤ. 

ɼʣʷ ʢʦʨʠʩʪʫʚʘʯʽʚ ʚʩʝʨʝʜʠʥʽ ʧʨʠʤʽʱʝʥʴ ʟʘʤʽʩʪʴ 
2Dd  ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ 

2D-outd  ʧʣʶʩ 
2D-ind  (ʨʠʩ. 1.12,ʙ). 

ɼʣʷ ʩʮʝʥʘʨʽʶ UMʘ:  

( ) ( )( ) ( )( ) ( )( )LOS 1 2D 2D 2 2D 2 2D UEmin ,1ʤ 1 exp exp 1 ,PL d d d d d d C d h= - - + - + ,(1.9) 

ʜʝ  
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, 

1 18d = ʤ , 
2 63d = ʤ. 

ɼʣʷ ʢʦʨʠʩʪʫʚʘʯʽʚ ʚʩʝʨʝʜʠʥʽ ʧʨʠʤʽʱʝʥʴ ʪʘʢʦʞ ʟʘʤʽʩʪʴ 
2Dd  ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ 

2D-outd  ʧʣʶʩ 
2D-ind . 

ɯʥʰʽ ʡʤʦʚʽʨʥʽ ʤʦʜʝʣʽ, ʱʦ ʨʦʟʨʦʙʣʝʥʽ ʦʩʪʘʥʥʽʤ ʯʘʩʦʤ, ʤʘʶʪʴ ʘʥʘʣʦʛʽʯʥʫ 

ʟʘʣʝʞʥʽʩʪʴ, ʷʢ ʽ ʚ ʤʦʜʝʣʽ 3GPP TR 38.9015: 5GCM, METIS, mmMAGIC [1,2,90]. 

ɼʦ ʤʦʜʝʣʝʡ, ʟʘʩʥʦʚʘʥʠʭ ʥʘ ʬʦʨʤʫʣʽ ʌʨʽʽʩʘ: CI-ʤʦʜʝʣʴ, ʚ ʷʢʽʡ ʚʪʨʘʪʠ 

ʧʦʪʫʞʥʦʩʪʽ ʩʠʛʥʘʣʫ ʥʘʙʣʠʞʝʥʽ ʜʦ ʚʪʨʘʪ ʫ ʚʽʣʴʥʦʤʫ ʧʨʦʩʪʦʨʽ (ʘʥʛʣ. Close-in; CI) 

[94], CIF- ʤʦʜʝʣʴ ʥʘʙʣʠʞʝʥʘ ʜʦ ʚʪʨʘʪ ʫ ʚʽʣʴʥʦʤʫ ʧʨʦʩʪʦʨʽ ʟ ʯʘʩʪʦʪʥʦ-ʟʘʣʝʞʥʠʤ 

ʧʦʢʘʟʥʠʢʦʤ [97] ʽ ʤʦʜʝʣʴ ʚʪʨʘʪ Alpha-Beta-Gamma (ABG) [98]. 

ʄʦʜʝʣʴ ʚʪʨʘʪ ʧʦʪʫʞʥʦʩʪʽ ʩʠʛʥʘʣʫ ʚ ʢʘʥʘʣʽ CI ʚʨʘʭʦʚʫʻ ʯʘʩʪʦʪʥʫ ʟʘʣʝʞʥʽʩʪʴ, 

ʱʦ ʟʘʩʥʦʚʘʥʘ ʥʘ ʬʦʨʤʫʣʽ ʌʨʽʽʩʘ, ʷʢ ʜʘʥʦ ʚ [1,94]: 

( )[ ] ( ) ( )CI CI

c 3D c 10 3D, dB FSPL ,1ʤ 10 logPL f d f n d sc= + +  ,  (1.10) 

ʜʝ CI

sc  - ʚʪʨʘʪʠ ʯʝʨʝʟ ʟʘʪʽʥʝʥʥʷ, ʷʢʝ ʤʦʜʝʣʶʻʪʴʩʷ ʷʢ ʥʫʣʴʦʚʘ ʩʝʨʝʜʥʷ ʛʘʫʩcʦʚʘ 

ʚʠʧʘʜʢʦʚʘ ʚʝʣʠʯʠʥʘ ʟʽ ʩʪʘʥʜʘʨʪʥʠʤ ʚʽʜʭʠʣʝʥʥʷʤ ʚ ʜɹ; n - ʧʦʢʘʟʥʠʢ ʚʪʨʘʪʠ ʰʣʷʭʫ, 

ʟʥʘʡʜʝʥʠʡ ʰʣʷʭʦʤ ʟʚʝʜʝʥʥʷ ʜʦ ʤʽʥʽʤʫʤʫ ʧʦʤʠʣʢʠ ʚʽʜ ʚʠʤʽʨʷʥʠʭ ʜʘʥʠʭ ʜʦ  

ʟʥʘʯʝʥʥʷ 2, 
3Dd  > 1 ʤ, ( )cFSPL ,1ʤf  - ʚʪʨʘʪʠ ʫ ʚʽʣʴʥʦʤʫ ʧʨʦʩʪʦʨʽ ʥʘ ʚʽʜʩʪʘʥʽ ʚ 1 ʤ. 

( )[ ] ( )
9

c
c 10 10 c

4 10
FSPL ,1ʤ ʜɹ 20log 32,4 20log

f
f f

c

på õ³
= = +æ ö

ç ÷
. (1.11) 

CIF-ʤʦʜʝʣʴ  ̒ʨʦʟʰʠʨʝʥʥʷʤ CI-ʤʦʜʝʣʽ, ʜʝ ʚʪʨʘʪʠ ʤʘʶʪʴ ʯʘʩʪʦʪʥʦ-ʟʘʣʝʞʥʠʡ 

ʭʘʨʘʢʪʝʨ. ʋ CIF ʚʠʢʦʨʠʩʪʦʚʫʻ ʜʚʘ ʧʘʨʘʤʝʪʨʠ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʩʝʨʝʜʥʽʭ ʚʪʨʘʪ. 
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( )[ ] ( ) ()CIF CIFc 0
c 10 c 10

0

, dB 32,4 20log 10 1 log
f f

PL f d f n b d
f

sc
å õå õ-

= + + + +æ öæ öæ ö
ç ÷ç ÷

, (1.12) 

ʜʝ n ʧʦʟʥʘʯʘʻ ʧʦʢʘʟʥʠʢ ʚʪʨʘʪ, b - ʧʘʨʘʤʝʪʨ ʦʧʪʠʤʽʟʘʮʽʾ, ʷʢʠʡ ʦʧʠʩʫʻ ʣʽʥʽʡʥʫ 

ʯʘʩʪʦʪʥʫ ʟʘʣʝʞʥʽʩʪʴ ʧʦʢʘʟʥʠʢʘ ʚʪʨʘʪ ʥʘ ʪʨʘʩʽ ʚʽʜ ʩʝʨʝʜʥʴʦʛʦ ʟʥʘʯʝʥʥʷ ʯʘʩʪʦʪʠ 
0f  

(ʚ ɻɻʮ), ʟ ʜʘʥʠʭ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ ʦʧʪʠʤʽʟʘʮʽʾ ʤʦʜʝʣʽ [99]. ʄʦʜʝʣʴ CIF 

ʧʦʚʝʨʪʘʻʪʴʩʷ ʜʦ ʤʦʜʝʣʽ CI ʧʨʠ b = 0 ʜʣʷ ʜʝʢʽʣʴʢʦʭ ʯʘʩʪʦʪ ʘʙʦ ʢʦʣʠ 
c 0f f= .  

ʋ ʤʦʜʝʣʽ ABG ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʪʨʠ ʧʘʨʘʤʝʪʨʘ ʜʣʷ ʦʧʪʠʤʽʟʘʮʽʾ [1]:  

( )[ ] () ( )ABG ABG

c 10 10 c, dB 10 log 10 logPL f d d f sa b g c= + + +   (1.13) 

ʜʝ ʧʘʨʘʤʝʪʨʠ Ŭ, ɓ ʪʘ ɔ ʚʠʟʥʘʯʘʶʪʴʩʷ ʰʣʷʭʦʤ ʟʥʘʭʦʜʞʝʥʥʷ ʥʘʡʢʨʘʱʦʛʦ ʟʥʘʯʝʥʥʷ 

ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʤʽʞ ʤʦʜʝʣʣʶ ʽ ʚʠʤʽʨʶʚʘʥʠʤʠ ʜʘʥʠʤʠ, 
cf  ʚʠʤʽʨʶʻʪʴʩʷ ʚ ɻɻʮ. 

ɼʣʷ ʨʦʟʨʦʙʢʠ ʤʘʪʝʤʘʪʠʯʥʠʭ ʤʦʜʝʣʝʡ ʢʘʥʘʣʽʚ ʄʄɼ ʯʘʩʪʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ 

ʥʝ ʬʫʥʜʘʤʝʥʪʘʣʴʥʽ ʬʽʟʠʯʥʽ ʧʽʜʭʦʜʠ, ʘ ʝʤʧʽʨʠʯʥʽ ʤʦʜʝʣʽ, ʟʘʩʥʦʚʘʥʽ ʥʘ ʨʝʟʫʣʴʪʘʪʘʭ 

ʚʠʤʽʨʶʚʘʥʥʷ ʢʘʥʘʣʽʚ. ʊʘʢʦʞ ʜʦ ʤʦʪʠʚʘʮʽʡ ʨʦʟʨʦʙʦʢ ʤʦʜʝʣʝʡ ʯʘʩʪʦ ʚʢʣʶʯʘʶʪʴ 

ʧʨʘʛʥʝʥʥʷ ʥʘʙʣʠʞʝʥʥʷ ʜʦ ʟʘʩʪʘʨʽʣʠʭ ʧʽʜʭʦʜʽʚ ʜʣʷ ʤʦʜʝʨʥʽʟʘʮʽʾ ʟʘʩʪʘʨʽʣʦʛʦ 

ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ, ʷʢʝ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʙʽʣʴʰ ʥʠʟʴʢʠʭ ʯʘʩʪʦʪ [1]. 

ʇʨʠ ʮʴʦʤʫ ʚ ʪʘʢʠʭ ʤʦʜʝʣʷʭ, ʨʦʟʨʦʙʣʝʥʠʭ ʨʽʟʥʠʤʠ ʜʦʩʣʽʜʥʠʮʴʢʠʤʠ ʛʨʫʧʘʤʠ, 

ʚʠʥʠʢʘʶʪʴ ʩʫʪʪʻʚʽ ʚʽʜʤʽʥʥʦʩʪʽ (ʨʠʩ. 1.13). 
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ʈʠʩ. 1.13. ʇʦʨʽʚʥʷʥʥʷ ʨʽʟʥʠʭ ʤʦʜʝʣʝʡ ʚʪʨʘʪ ʧʦʪʫʞʥʦʩʪʽ ʩʠʛʥʘʣʫ ʚʽʜ 

ʚʽʜʩʪʘʥʽ ʤʽʞ ʧʝʨʝʜʘʚʘʯʝʤ ʪʘ ʧʨʠʡʤʘʯʝʤ ʫ ʩʮʝʥʘʨʽʾ UMi [1] 

 

ʄʦʜʝʣʶʚʘʥʥʷ ʢʘʥʘʣʽʚ ʜʣʷ 5G ʻ ʪʨʠʚʘʶʯʠʤ ʧʨʦʮʝʩʦʤ, ʽ ʧʨʠ ʮʴʦʤʫ ʥʝʦʙʭʽʜʥʽ 

ʥʦʚʽ ʢʦʥʮʝʧʮʽʾ ʨʦʟʨʦʙʢʠ ʤʦʜʝʣʝʡ ʧʦʰʠʨʝʥʥʷ ʨʘʜʽʦʭʚʠʣʴ ʚ ʄʄɼ, ʟʘʩʥʦʚʘʥʽ ʥʘ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʬʽʟʠʯʥʠʭ ʧʽʜʭʦʜʘʭ. ʈʦʟʨʦʙʢʘ ʧʨʘʚʠʣʴʥʠʭ ʤʦʜʝʣʝʡ ʧʦʰʠʨʝʥʥʷ 

ʞʠʪʪʻʚʦ ʚʘʞʣʠʚʘ ʜʣʷ ʜʦʚʛʦʩʪʨʦʢʦʚʦʛʦ ʨʦʟʚʠʪʢʫ ʤʘʡʙʫʪʥʽʭ ʙʝʟʧʨʦʚʦʜʦʚʠʭ ʩʠʩʪʝʤ 

ʄʄɼ, ʦʩʦʙʣʠʚʦ ʜʣʷ ʤʦʙʽʣʴʥʦʾ ʽʥʜʫʩʪʨʽʾ ʚ ʄʄɼ, ʷʢʘ ʪʽʣʴʢʠ ʟʘʨʘʟ ʨʦʟʨʦʙʣʷʻʪʴʩʷ, ʽ 

ʜʣʷ ʤʦʞʣʠʚʦʩʪʽ ʧʦʜʘʣʴʰʦʛʦ ʨʦʟʰʠʨʝʥʥʷ ʨʘʜʽʦʜʽʘʧʘʟʦʥʽʚ ʽ ʟʙʽʣʴʰʝʥʥʷ ʧʨʦʧʫʩʢʥʦʾ 

ʟʜʘʪʥʦʩʪʽ. ʆʜʥʘʢ, ʯʝʨʝʟ ʚʠʩʦʢʫ ʥʝʩʫʯʫ ʯʘʩʪʦʪʫ ʩʠʩʪʝʤʠ ʟʚ'ʷʟʢʫ ʄʄɼ ʙʽʣʴʰ 

ʯʫʪʣʠʚʽ ʜʦ ʬʘʟʦʚʠʭ ʩʧʦʪʚʦʨʝʥʴ, ʥʽʞ ʟʚʠʯʘʡʥʽ ʥʠʟʴʢʦʯʘʩʪʦʪʥʽ.  

ʇʽʜʭʦʜʘʤʠ ʜʦ ʤʦʜʝʣʶʚʘʥʥʷ ʄʄɼ ʢʘʥʘʣʽʚ ʪʘ ʤʝʨʝʞ ʻ ʤʘʪʝʤʘʪʠʯʥʠʡ ʘʥʘʣʽʟ 

ʙʘʛʘʪʦʧʨʦʤʝʥʝʚʠʭ ʤʦʜʝʣʝʡ ʢʘʥʘʣʫ ʥʘ ʦʩʥʦʚʽ ʟʘʢʦʥʽʚ ʜʠʬʨʘʢʮʽʾ, ʧʦʛʣʠʥʘʥʥʷ, 

ʚʽʜʙʠʪʪʷ. ʆʩʦʙʣʠʚʦʩʪʽ ʧʦʰʠʨʝʥʥʷ (ʧʦʛʣʠʥʘʥʥʷ, ʚʽʜʙʠʪʪʷ, ʙʣʦʢʫʚʘʥʥʷ) ʩʠʛʥʘʣʽʚ 

ʄʄɼ ʘʢʪʠʚʥʦ ʜʦʩʣʽʜʞʫʶʪʴʩʷ, ʟôʷʚʣʷʶʪʴʩʷ ʥʦʚʽ ʨʝʟʫʣʴʪʘʪʠ ʪʘ ʧʽʜʭʦʜʠ ʜʦ 

ʦʙʯʠʩʣʝʥʴ [14-18]. ʊʘʢʦʞ ʚʘʞʣʠʚʦʶ ʧʨʦʙʣʝʤʦʶ ʧʨʠ ʧʨʦʝʢʪʫʚʘʥʥʽ ʪʘ 

ʤʦʜʝʣʶʚʘʥʥʽ ʩʠʩʪʝʤ ʄʄɼ ʻ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʠʡʤʘʣʴʥʦ-ʧʝʨʝʜʘʚʘʣʴʥʦʛʦ 

ʦʙʣʘʜʥʘʥʥʷ, ʷʢʽ ʧʦʚôʷʟʘʥʽ ʟ ʬʘʟʦʚʠʤʠ ʰʫʤʘʤʠ, ʥʝʣʽʥʽʡʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ 
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ʧʽʜʩʠʣʶʚʘʯʽʚ, ʜʠʩʙʘʣʘʥʩʦʤ I/Q ʪʘ ʦʙʤʝʞʝʥʦʶ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ ɸʎʇ 

[19,100,101]. ʎʽ ʝʬʝʢʪʠ ʦʙʤʝʞʫʶʪʴ ʧʨʦʧʫʩʢʥʫ ʟʜʘʪʥʽʩʪʴ ʢʘʥʘʣʫ [95], ʦʩʦʙʣʠʚʦ 

ʢʦʣʠ ʧʝʨʝʜʙʘʯʘʻʪʴʩʷ ʚʠʩʦʢʘ ʩʧʝʢʪʨʘʣʴʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ. ʊʘʢʦʞ ʬʘʟʦʚʽ ʩʧʦʪʚʦʨʝʥʥʷ 

ʪʘ ʽʥʰʽ ʦʙʤʝʞʝʥʥʷ ʧʨʠʡʤʘʣʴʥʦ-ʧʝʨʝʜʘʚʘʣʴʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, ʦʩʦʙʣʠʚʦʩʪʽ 

ʧʦʰʠʨʝʥʥʷ ʄʄʍ ʚʧʣʠʚʘʶʪʴ ʥʘ ʚʠʙʽʨ ʤʝʪʦʜʽʚ ʤʦʜʫʣʷʮʽʾ ʩʠʛʥʘʣʽʚ ʪʘ ʫʱʽʣʴʥʝʥʥʷ 

ʢʘʥʘʣʽʚ, ʝʥʝʨʛʝʪʠʯʥʠʡ ʧʦʪʝʥʮʽʘʣ ʢʘʥʘʣʽʚ. 

 

ɺʠʩʥʦʚʢʠ ʜʦ ʨʦʟʜʽʣʫ 1 

ʅʘ ʦʩʥʦʚʽ ʧʨʦʚʝʜʝʥʦʛʦ ʘʥʘʣʽʟʫ ʩʫʯʘʩʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʚ ʛʘʣʫʟʽ ʦʩʦʙʣʠʚʦʩʪʝʡ 

ʧʦʰʠʨʝʥʥʷ ʭʚʠʣʴ ʄʄɼ ʚ ʨʽʟʥʠʭ ʩʝʨʝʜʦʚʠʱʘʭ ʪʘ ʚ ʨʽʟʥʠʭ ʩʮʝʥʘʨʽʷʭ ʨʦʟʛʦʨʪʘʥʥʷ, 

ʩʪʘʥʜʘʨʪʽʚ, ʪʝʭʥʦʣʦʛʽʡ, ʧʝʨʩʧʝʢʪʠʚ ʪʘ ʪʝʭʥʽʯʥʠʭ ʧʨʦʙʣʝʤ ʨʝʘʣʽʟʘʮʽʾ 

ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡ, ʱʦ ʧʨʘʮʶʶʪʴ ʚ ʄʄɼ, ʚʠʟʥʘʯʝʥʦ ʥʘʩʪʫʧʥʝ. 

1. ɿʘʩʪʦʩʫʚʘʥʥʷ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ ʟʤʦʞʝ ʟʥʘʯʥʦ ʨʦʟʰʠʨʠʪʠ 

ʯʘʩʪʦʪʥʠʡ ʨʝʩʫʨʩ, ʥʝʦʙʭʽʜʥʠʡ ʜʣʷ ʟʙʽʣʴʰʝʥʥʷ ʧʨʦʧʫʩʢʥʦʾ ʟʜʘʪʥʦʩʪʽ 

ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʪʘ ʚʧʨʦʚʘʜʞʝʥʥʷ ʥʦʚʠʭ ʪʝʭʥʦʣʦʛʽʡ ʽ ʜʦʜʘʪʢʽʚ. 

2. ɼʦʩʣʽʜʞʝʥʥʷ ʚ ʛʘʣʫʟʽ ʦʩʚʦʻʥʥʷ ʄʄɼ ʬʦʢʫʩʫʶʪʴʩʷ ʥʘ ʚʫʟʴʢʠʭ, ʘʣʝ 

ʨʦʟʨʽʟʥʝʥʠʭ ʪʝʭʥʽʯʥʠʭ ʧʨʦʙʣʝʤʘʭ. ɼʣʷ ʨʝʘʣʽʟʘʮʽʾ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʚ 

ʄʄɼ ʥʝʦʙʭʜ̔ʥʝ ʚʩʝʙʽʯʥʝ ʜʦʩʣʽʜʞʝʥʥʷ, ʱʦ ʦʙ'ʻʜʥʘ̒  ʜʦʩʷʛʥʝʥʥʷ ʚ ʛʘʣʫʟʽ ʛʽʙʨʠʜʥʠʭ 

ʪʝʭʥʦʣʦʛʽʡ, ʱʦ ʧʨʘʮʶʶʪʴ ʚ ʄʄɼ. 

3. ʄʦʜʝʣʶʚʘʥʥʷ ʢʘʥʘʣʽʚ ʜʣʷ 5G ʚ ʄʄɼ ʤʘʻ ˇʨʫʥʪʫʚʘʪʠʩʷ ʥʘ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʬʽʟʠʯʥʠʭ ʧʽʜʭʦʜʘʭ, ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʧʘʨʘʤʝʪʨʽʚ, ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʽ 

ʦʙʤʝʞʝʥʴ ʷʢ ʚ ʧʨʠʡʤʘʣʴʥʦ/ʧʝʨʝʜʘʚʘʣʴʥʦʤʫ ʦʙʣʘʜʥʘʥʥʽ, ʚ ʪʦʤʫ ʯʠʩʣʽ 

ʫʩʪʘʪʢʫʚʘʥʥʽ, ʱʦ ʧʨʘʮʶʻ ʥʘ ʦʩʥʦʚʽ ʛʽʙʨʠʜʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʽʟ ʟʘʙʝʟʧʝʯʝʥʥʷʤ 

ʙʝʟʰʦʚʥʦʾ ʽʥʪʝʛʨʘʮʽʾ, ʪʘʢ ʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʰʠʨʝʥʥʷ ʄʄʍ ʚʩʝʨʝʜʠʥʽ ʧʨʠʤʽʱʝʥʴ 

ʪʘ ʫ ʚʽʜʢʨʠʪʠʭ ʩʝʨʝʜʦʚʠʱʘʭ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʚ ʨʦʟʜiʣi ʫʪʦʯʥʝʥʘ i ʩʬʦʨʤʫʣʴʦʚʘʥʘ ʥʘʫʢʦʚʦ-ʧʨʠʢʣʘʜʥʘ 

ʧʨʦʙʣʝʤʘ ʜʦʩʣʽʜʞʝʥʥʷ, ʷʢʘ ʧʦʣʷʛʘʻ ʫ ʥʝʦʙʭʽʜʥʦʩʪʽ ʨʦʟʨʦʙʢʠ ʥʦʚʠʭ ʢʦʥʮʝʧʮʽʡ, 

ʧʽʜʭʦʜʽʚ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʤʝʪʦʜʽʚ ʧʦʙʫʜʦʚʠ ʪʘ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ 

ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʥʘ ʦʩʥʦʚʽ ʛʽʙʨʠʜʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʚ 

ʄʄɼ ʭʚʠʣʴ.  



61 

 

ʈʆɿɼɯʃ 2 

 

ɿɸʉʊʆʉʋɺɸʅʅʗ ɻɯɹʈʀɼʅʀʍ ʊɽʍʅʆʃʆɻɯʁ ɼʃʗ ʈɽɸʃɯɿɸʎɯɰ 

ʊɽʃɽʂʆʄʋʅɯʂɸʎɯʁʅʀʍ ʉʀʉʊɽʄ ʄɯʃɯʄɽʊʈʆɺʆɻʆ ɼɯɸʇɸɿʆʅʋ 

 

ʈʝʘʣʽʟʘʮʽʷ ʙʝʟʧʨʦʚʦʜʦʚʠʭ ʄʄɼ ʩʠʩʪʝʤ ʧʦʚôʷʟʘʥʘ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʛʽʙʨʠʜʥʠʭ ʪʝʭʥʦʣʦʛʽʡ : 

ῐ ʦʧʪʦʝʣʝʢʪʨʦʥʥʽ ʤʝʪʦʜʠ ʬʦʨʤʫʚʘʥʥʷ ʨʘʜʽʦʩʠʛʥʘʣʽʚ; 

ῐ ʦʧʪʦʝʣʝʢʪʨʦʥʥʽ ʤʝʪʦʜʠ ʬʦʨʤʫʚʘʥʥʷ ʜʽʘʛʨʘʤ ʩʧʨʷʤʦʚʘʥʦʩʪʽ ʬʘʟʦʚʘʥʠʭ 

ʘʥʪʝʥʥʠʭ ʨʝʰʽʪʦʢ; 

ῐ ʛʽʙʨʠʜʥʽ ʘʨʭʽʪʝʢʪʫʨʠ ʤʝʨʝʞ: ʚʦʣʦʢʦʥʥʦ-ʝʬʽʨʥʽ, ʚ ʷʢʠʭ ʨʘʜʽʦʩʠʛʥʘʣʠ 

ʢʦʥʚʝʨʪʫʶʶʪʴʩʷ ʚ ʦʧʪʠʯʥʠʡ ʜʽʘʧʘʟʦʥ ʟʘ ʪʝʭʥʦʣʦʛʽʻʶ RoF (ʘʥʛʣ. Radio over fiber, 

ʨʘʜʽʦ ʧʦ ʦʧʪʦʚʦʣʦʢʥʫ); ʛʽʙʨʠʜʥʽ ʛʝʪʝʨʦʛʝʥʥʽ ʤʝʨʝʞʽ (ʘʥʛʣ. Heterogenic Networks; 

HetNet); ʪʦʧʦʣʦʛʽʾ ʪʠʧʫ çʪʦʯʢʘ - ʪʦʯʢʘè ʘʙʦ çʪʦʯʢʘ - ʤʥʦʞʠʥʘ ʪʦʯʦʢè ʜʣʷ 

ʤʘʛʽʩʪʨʘʣʴʥʠʭ ʟ'ʻʜʥʘʥʴ ʘʙʦ ʨʘʜʽʦʤʦʩʪʽʚ; ʩʪʨʘʪʦʩʬʝʨʥʽ ʢʦʤʧʣʝʢʩʠ ʟʚôʷʟʢʫ. 

ɻʽʙʨʠʜʥʽ ʪʝʭʥʦʣʦʛʽʾ ʧʨʘʮʶʶʪʴ ʚ ʨʽʟʥʠʭ ʩʪʘʥʜʘʨʪʘʭ, ʟʘ ʨʽʟʥʠʤʠ ʪʝʭʥʦʣʦʛʽʷʤʠ 

ʪʘ ʚ ʨʽʟʥʠʭ ʧʽʜʜʽʘʧʘʟʦʥʘʭ ʯʘʩʪʦʪ ʄʄɼ. 

ʊʘʢʦʞ ʜʣʷ ʄʄʍ ʩʠʩʪʝʤ ʟ ʛʽʛʘʙʽʪʥʠʤʠ ʰʚʠʜʢʦʩʪʷʤʠ ʧʝʨʝʜʘʯʽ ʽʥʬʦʨʤʘʮʽʾ 

ʧʝʨʝʜʙʘʯʘʻʪʴʩʷ ʩʤʫʛʘ ʜʣʷ ʦʜʥʦʛʦ ʢʘʥʘʣʫ ʜʦ 10 ɻɻʮ ʟ ʤʠʪʪʻʚʦʶ ʦʙʨʦʙʢʦʶ ʩʠʛʥʘʣʫ, 

ʱʦ ʪʘʢʦʞ ʚʠʤʘʛʘʻ ʦʧʪʦʝʣʝʢʪʨʦʥʥʠʭ ʤʝʪʦʜʽʚ ʦʙʨʦʙʢʠ ʨʘʜʽʦʩʠʛʥʘʣʽʚ [10, 32,101]. 

ʆʧʪʦʝʣʝʢʪʨʦʥʥʽ ʤʝʪʦʜʠ ʪʘʢʦʞ ʧʨʦʜʦʚʞʫʶʪʴ ʚʠʚʯʘʪʠ ʜʣʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚ 

ʢʦʤʧ'ʶʪʝʨʥʠʭ ʘʨʭʽʪʝʢʪʫʨʘʭ [102]. ʊʦʤʫ ʥʘ ʨʦʟʚʠʪʦʢ ʦʧʪʠʯʥʠʭ ʤʝʪʦʜʽʚ 

ʬʦʨʤʫʚʘʥʥʷ ʪʘ ʦʙʨʦʙʢʠ ʨʘʜʽʦʩʠʛʥʘʣʽʚ ʄʄɼ ʚʘʞʣʠʚʠʡ ʚʧʣʠʚ ʯʠʥʷʪʴ ʜʦʩʷʛʥʝʥʥʷ 

ʚ ʬʦʪʦʥʥʽʡ ʽʥʪʝʛʨʘʣʴʥʽʡ ʪʝʭʥʽʮʽ, ʢʨʝʤʥʽʻʚʽʡ ʬʦʪʦʥʽʮʽ. ʉʫʤʽʩʥʽʩʪʴ ʪʘ ʚʽʜʤʽʥʥʽʩʪʴ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʽʞ ʛʽʙʨʠʜʥʠʤʠ ʪʝʭʥʦʣʦʛʽʷʤʠ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ ʄʄʍ 

ʪʝʭʥʦʣʦʛʽʡ ʥʝʦʙʭʽʜʥʦ ʚʨʘʭʦʚʫʚʘʪʠ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʪʘʢʠʭ ʩʠʩʪʝʤ. ʄʘʛʽʩʪʨʘʣʴʥʽ 

ʣʽʥʽʾ ʥʘ ʦʩʥʦʚʽ ʦʧʪʦʚʦʣʦʢʥʘ ʧʨʦʧʦʥʫʶʪʴʩʷ ʚ ʷʢʦʩʪʽ ʟ'ʻʜʥʘʥʴ ʙʘʟʦʚʠʭ ʩʪʘʥʮʽʡ 

[1,103]. ʊʘʢʦʞ ʘʣʴʪʝʨʥʘʪʠʚʦʶ ʦʧʪʦʚʦʣʦʢʥʘ (ʘʙʦ ʚ ʤʽʩʮʷʭ, ʜʝ ʥʝʤʦʞʣʠʚʘ 

ʧʨʦʢʣʘʜʢʘ ʦʧʪʦʚʦʣʦʢʥʘ), ʨʽʰʝʥʥʷ ʦʩʪʘʥʥʴʦʾ ʤʠʣʽ, ʨʘʜʽʦʤʦʩʪʽʚ ʚ ʄʄɼ [104,105]. 

ɺ ʨʦʙʦʪʽ [106] ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʘ ʤʦʞʣʠʚʽʩʪʴ ʧʝʨʝʜʘʯʽ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʩʠʛʥʘʣʽʚ ʥʘ 
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ʯʘʩʪʦʪʽ 60 ɻɻʮ ʯʝʨʝʟ ʦʧʪʠʯʥʝ ʚʦʣʦʢʥʦ ʜʦʚʞʠʥʦʶ 20 ʢʤ ʽ ʙʝʟʧʨʦʚʦʜʦʚʫ ʣʽʥʽʶ 

ʟʚ'ʷʟʢʫ ʜʦʚʞʠʥʦʶ 10 ʤ ʽʟ ʟʥʠʞʝʥʥʷʤ ʦʧʪʠʯʥʦʾ ʧʦʪʫʞʥʦʩʪʽ 0,7 ʜɹʤ. ɿʘ ʪʝʭʥʦʣʦʛʽʻʶ 

RoF ʤʦʞʣʠʚʦ ʥʝ ʪʽʣʴʢʠ ʧʝʨʝʜʘʚʘʪʠ ʢʦʥʚʝʨʪʦʚʘʥʽ ʤʽʣʽʤʝʪʨʦʚʽ ʨʘʜʽʦʩʠʛʥʘʣʠ ʯʝʨʝʟ 

ʦʧʪʠʯʥʝ ʚʦʣʦʢʥʦ ʥʘ ʚʝʣʠʢʽ ʚʽʜʩʪʘʥʽ (ʢʽʣʦʤʝʪʨʠ) ʜʦ ʚʽʜʜʘʣʝʥʦʛʦ ʩʘʡʪʫ, ʘ ʪʘʢʦʞ 

ʤʫʣʴʪʠʧʣʝʢʩʫʚʘʪʠ ʢʘʥʘʣʠ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʪʝʭʥʦʣʦʛʽʶ ʩʧʝʢʪʨʘʣʴʥʦʛʦ 

ʫʱʽʣʴʥʝʥʥʷ (ʘʥʛʣ. Wavelength Division Multiplexing, WDM). 

 

2.1. ɻʽʙʨʠʜʥʽ ʦʧʪʦʝʣʝʢʪʨʦʥʥʽ ʤʝʪʦʜʠ ʬʦʨʤʫʚʘʥʥʷ ʨʘʜʽʦʩʠʛʥʘʣʽʚ 

ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ 

ɻʝʥʝʨʘʮʽʷ ʤʽʣʽʤʝʪʨʦʚʠʭ ʭʚʠʣʴ ʤʦʞʝ ʙʫʪʠ ʟʜʽʡʩʥʝʥʘ ʷʢ ʝʣʝʢʪʨʦʥʥʠʤʠ, ʪʘʢ ʽ 

ʦʧʪʠʯʥʠʤʠ ʤʝʪʦʜʘʤʠ. ʇʨʦʪʝ ʝʣʝʢʪʨʦʥʥʽ ʪʚʝʨʜʦʪʽʣʴʥʽ ʧʨʠʩʪʨʦʾ ʤʦʞʫʪʴ ʛʝʥʝʨʫʚʘʪʠ 

ʩʪʘʙʽʣʴʥʽ ʩʠʛʥʘʣʠ ʟ ʥʠʟʴʢʠʤ ʬʘʟʦʚʠʤ ʰʫʤʦʤ ʪʽʣʴʢʠ ʥʘ ʯʘʩʪʦʪʘʭ, ʱʦ ʥʝ 

ʧʝʨʝʚʠʱʫʶʪʴ ʢʽʣʴʢʦʭ ʄɻʮ. ʇʨʠ ʟʙʽʣʴʰʝʥʥʽ ʯʘʩʪʦʪʠ ʜʦ ɻɻʮ, ʬʘʟʦʚʠʡ ʰʫʤ 

ʟʙʽʣʴʰʫʻʪʴʩʷ ʥʘ 6 ʜɹ ʧʨʠ ʢʦʞʥʦʤʫ ʧʦʜʚʦʻʥʥʽ ʯʘʩʪʦʪʠ [30]. 

ʆʧʪʦʝʣʝʢʪʨʦʥʥʽ ʤʝʪʦʜʠ ʬʦʨʤʫʚʘʥʥʷ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʩʠʛʥʘʣʫ ʻ ʙʽʣʴʰ 

ʚʠʚʯʝʥʠʤʠ ʽ ʚʞʝ ʨʝʘʣʽʟʦʚʘʥʽ ʧʨʘʢʪʠʯʥʦ, ʘ ʪʘʢʦʞ ʤʘʶʪʴ ʢʨʘʱʫ ʬʘʟʦʚʫ ʪʘ 

ʘʤʧʣʽʪʫʜʥʫ ʩʪʘʙʽʣʴʥʽʩʪʴ, ʩʫʪʪʻʚʽ ʧʝʨʝʚʘʛʠ ʟʘ ʚʘʛʦʚʠʤʠ ʽ ʨʦʟʤʽʨʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, 

ʟʘ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʶ, ʟʘ ʤʦʜʫʣʷʮʽʡʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ (ʪʦʥʢʝ 

ʤʘʩʰʪʘʙʫʚʘʥʥʷ ʫ ʰʠʨʦʢʦʤʫ ʜʽʘʧʘʟʦʥʽ ʟʘ ʯʘʩʪʦʪʦʶ ʪʘ ʘʤʧʣʽʪʫʜʦʶ),  

ʊʘʢ, ʚ ʨʦʙʦʪʘʭ [107-109] ʜʝʪʘʣʴʥʦ ʧʨʦʘʥʘʣʽʟʦʚʘʥʽ ʧʨʦʙʣʝʤʠ ʟ ʜʠʟʘʡʥʦʤ 

ʄʄʍ ʂʄʆʅ (ʢʦʤʧʣʝʤʝʥʪʘʨʥʘ ʩʪʨʫʢʪʫʨʘ ʤʝʪʘʣ-ʦʢʩʠʜ-ʥʘʧʽʚʧʨʦʚʽʜʥʠʢ) 

ʪʝʭʥʦʣʦʛʽʡ, ʧʦʯʠʥʘʶʯʠ ʚʽʜ ʧʨʦʙʣʝʤ ʥʘ ʨʽʚʥʽ ʧʨʠʩʪʨʦʶ ʽ ʟʘʢʽʥʯʫʶʯʠ ʧʨʦʙʣʝʤʘʤʠ 

ʨʽʚʥʷ ʘʨʭʽʪʝʢʪʫʨʠ. ɿʦʢʨʝʤʘ, ʬʘʟʦʚʠʡ ʰʫʤ ʽ ʜʠʩʙʘʣʘʥʩ I/Q ʪʘʢʦʞ ʚʠʢʣʠʢʘʶʪʴ 

ʩʝʨʡʦʟʥʽ ʪʝʭʥʽʯʥʽ ʧʨʦʙʣʝʤʠ ʧʦʨʽʚʥʷʥʦ ʟ ʨʝʘʣʽʟʘʮʽʻʶ ʨʘʜʽʦʯʘʩʪʦʪʥʠʭ ʩʭʝʤ ʥʘ 

ʦʩʥʦʚʽ ʂʄʆʅ ʜʣʷ ʄʄɼ . ɿʘʛʘʣʦʤ ʦʧʪʦʝʣʝʢʪʨʦʥʥʽ (ʬʦʪʦʥʥʽ) ʨʘʜʽʦʯʘʩʪʦʪʥʽ ʤʝʪʦʜʠ 

ʦʭʦʧʣʶʶʪʴ ʪʘʢʽ ʥʘʧʨʷʤʠ, ʷʢ ʬʦʪʦʥʥʘ ʛʝʥʝʨʘʮʽʷ ʅɺʏ ʩʠʛʥʘʣʽʚ, ʬʦʪʦʥʥʘ ʦʙʨʦʙʢʘ 

ʅɺʏ-ʩʠʛʥʘʣʽʚ, ʬʦʪʦʥʥʠʡ ʨʦʟʧʦʜʽʣ ʤʽʢʨʦʭʚʠʣʴʦʚʠʭ ʪʘ ʄʄʍ ʩʠʛʥʘʣʽʚ ʽ ʬʦʪʦʥʥʝ 

ʘʥʘʣʦʛʦ-ʮʠʬʨʦʚʝ ʧʝʨʝʪʚʦʨʝʥʥʷ ʩʠʛʥʘʣʽʚ [30,32]. ʇʝʨʝʣʽʯʝʥʽ ʦʧʪʦʝʣʝʢʪʨʦʥʥʽ 

ʤʝʪʦʜʠ ʧʦʚôʷʟʘʥʽ ʟ ʛʝʥʝʨʘʮʽʻʶ, ʦʙʨʦʙʢʦʶ, ʢʝʨʫʚʘʥʥʷʤ, ʧʝʨʝʜʘʯʝʶ ʪʘ ʨʦʟʧʦʜʽʣʦʤ 

ʨʘʜʽʦʩʠʛʥʘʣʽʚ ʜʦ ʪʝʨʘʛʝʨʮʝʚʦʛʦ ʜʽʘʧʘʟʦʥʫ ʚʢʣʶʯʥʦ, ʥʘʟʠʚʘʶʪʴ ʨʘʜʽʦʬʦʪʦʥʥʦʶ 
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ʪʝʭʥʦʣʦʛʽʶ [30]. ɼʦ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʧʝʨʝʚʘʛ ʨʘʜʽʦʬʦʪʦʥʥʦʾ ʪʝʭʥʦʣʦʛʽʾ ʥʘʜ 

ʝʣʝʢʪʨʦʥʥʠʤʠ, ʱʦ ʜʦʟʚʦʣʷʶʪʴ ʚʜʦʩʢʦʥʘʣʶʚʘʪʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʘʜʽʦʝʣʝʢʪʨʦʥʥʦʾ 

ʘʧʘʨʘʪʫʨʠ ʅɺʏ-ʜʽʘʧʘʟʦʥʫ, ʤʦʞʥʘ ʚʽʜʥʝʩʪʠ ʥʘʩʪʫʧʥʽ [30]: 

1. ʇʝʨʝʚʘʛʠ, ʱʦ ʙʘʟʫʶʪʴʩʷ ʥʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʚʣʘʩʪʠʚʦʩʪʷʭ ʥʦʩʽʾʚ 

ʽʥʬʦʨʤʘʮʽʾ: 

ῐ ʬʦʪʦʥ ï ʝʣʝʤʝʥʪʘʨʥʘ ʯʘʩʪʠʥʢʘ ʙʝʟ ʤʘʩʠ, ʱʦ ʽʩʥʫʻ ʪʽʣʴʢʠ ʫ ʨʫʩʽ ʟʽ 

ʰʚʠʜʢʽʩʪʶ ʩʚʽʪʣʘ; 

ῐ ʝʣʝʢʪʨʠʯʥʠʡ ʟʘʨʷʜ ʬʦʪʦʥʫ ʜʦʨʽʚʥʶʻ ʥʫʣʶ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʧʽʜʚʠʱʝʥʫ 

ʰʚʠʜʢʦʜʽʶ (ʜʦ ʜʝʩʷʪʢʽʚ ʬʝʤʪʦʩʝʢʫʥʜ), ʨʦʟʰʠʨʝʥʫ ʩʤʫʛʫ ʧʨʦʧʫʩʢʘʥʥʷ (ʜʦ 

ʪʝʨʘʛʝʨʮʝʚʦʛʦ ʜʽʘʧʘʟʦʥʫ). 

ɺ ʨʝʟʫʣʴʪʘʪʽ ʧʦʢʨʘʱʫʶʪʴʩʷ ʪʘʢʪʠʢʦ-ʪʝʭʥʽʯʥʽ ʧʦʢʘʟʥʠʢʠ ʪʨʘʜʠʮʽʡʥʠʭ ʚʫʟʣʽʚ 

ʬʦʨʤʫʚʘʥʥʷ ʪʘ ʦʙʨʦʙʢʠ ʅɺʏ-ʩʠʛʥʘʣʽʚ: ʛʝʥʝʨʘʪʦʨʘ, ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʯʘʩʪʦʪʠ, ʣʽʥʽʾ 

ʟʘʪʨʠʤʢʠ, ʬʽʣʴʪʨʫ ʽ ʪ. ʽʥ. 

2. ʇʝʨʝʚʘʛʠ, ʱʦ ʙʘʟʫʶʪʴʩʷ ʥʘ ʚʣʘʩʪʠʚʦʩʪʷʭ ʩʝʨʝʜʦʚʠʱʘ ʧʦʰʠʨʝʥʥʷ - 

ʦʧʪʠʯʥʦʛʦ ʚʦʣʦʢʥʘ: 

ῐ ʤʘʣʽ ʚʪʨʘʪʠ ʧʨʠ ʧʝʨʝʜʘʯʽ (<0,2 ʜɹ/ʢʤ) ʪʘ ʥʝʟʘʣʝʞʥʽʩʪʴ ʾʭ ʚʽʜ ʯʘʩʪʦʪʠ 

ʤʦʜʫʣʷʮʽʾ ʫ ʨʘʜʽʦʯʘʩʪʦʪʥʦʤʫ ʜʽʘʧʘʟʦʥʽ;  

ῐ ʨʦʟʰʠʨʝʥʘ ʨʦʙʦʯʘ ʩʤʫʛʘ ʯʘʩʪʦʪ (ʜʦ 15 ʊɻʮ); 

ῐ ʥʘʙʘʛʘʪʦ ʢʨʘʱʽ ʤʘʩʦ-ʛʘʙʘʨʠʪʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ (ʚʦʣʦʢʦʥʥʠʡ ʢʘʙʝʣʴ: ʤʘʩʘ 

1,7 ʢʛ/ʢʤ, ʜʽʘʤʝʪʨ 250 ʤʢʤ);  

ῐ ʥʝʯʫʪʣʠʚʽʩʪʴ ʜʦ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʭ ʥʘʚʝʜʝʥʴ: ʧʦʢʨʘʱʝʥʥʷ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʾ 

ʩʫʤʽʩʥʦʩʪʽ ʚʩʝʨʝʜʠʥʽ ʩʠʩʪʝʤʠ, ʧʽʜʚʠʱʝʥʥʷ ʽʤʽʪʦʩʪʽʡʢʦʩʪʽ ʘʧʘʨʘʪʫʨʠ; 

ῐ ʟʥʘʯʥʦ ʢʨʘʱʽ ʬʘʟʦ-ʪʝʤʧʝʨʘʪʫʨʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ - ʬʘʟʦʚʘ ʩʪʘʙʽʣʴʥʽʩʪʴ ʪʘ 

ʤʦʞʣʠʚʽʩʪʴ ʢʦʛʝʨʝʥʪʥʦʛʦ ʧʨʠʡʤʘʥʥʷ ʪʘ ʦʙʨʦʙʢʠ ʩʠʛʥʘʣʽʚ. 

ɺʠʢʦʨʠʩʪʘʥʥʷ ʚʠʱʝʥʘʟʚʘʥʠʭ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʧʝʨʝʚʘʛ ʟʘʙʝʟʧʝʯʫʻ 

ʥʘʩʪʫʧʥʽ ʧʨʘʢʪʠʯʥʽ ʧʝʨʝʚʘʛʠ:  

1. ʄʦʞʣʠʚʽʩʪʴ ʨʦʙʦʪʠ ʟ ʧʨʦʩʪʦʨʦʚʠʤ ʘʙʦ/ʪʘ ʩʧʝʢʪʨʘʣʴʥʠʤ ʫʱʽʣʴʥʝʥʥʷʤ. 

2. ʇʦʢʨʘʱʝʥʥʷ ʤʘʩʦ-ʛʘʙʘʨʠʪʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʘ ʩʧʨʦʱʝʥʥʷ ʩʭʝʤʠ 

ʜʽʘʛʨʘʤʦʫʪʚʦʨʶʶʯʦʛʦ ʧʨʠʩʪʨʦʶ. 



64 

 

3. ɹʘʛʘʪʦʬʫʥʢʮʽʦʥʘʣʴʥʝ ʚʠʢʦʨʠʩʪʘʥʥʷ (ʣʦʢʘʮʽʷ, ʟʚôʷʟʦʢ, ʤʦʥʽʪʦʨʠʥʛ), 

ʙʘʛʘʪʦʜʽʘʧʘʟʦʥʥʝ (ʚʽʜ L- ʜʦ ʂ-ʜʽʘʧʘʟʦʥʫ) ʬʫʥʢʮʽʶʚʘʥʥʷ. 

4. ʐʠʨʦʢʦʩʤʫʛʦʚʽʩʪʴ: ʨʦʟʰʠʨʝʥʥʷ ʤʠʪʪʻʚʦʾ ʩʤʫʛʠ ʦʙʨʦʙʢʠ ʜʦ 10 ɻɻʮ. 

5. ʇʽʜʚʠʱʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʪʘ ʧʨʦʧʫʩʢʥʦʾ ʟʜʘʪʥʦʩʪʽ ʩʠʩʪʝʤ ʦʙʨʦʙʢʠ. 

6. ʐʠʨʦʢʠʡ ʜʠʥʘʤʽʯʥʠʡ ʜʽʘʧʘʟʦʥ ʪʨʘʢʪʫ ʧʨʠʡʤʘʥʥʷ: ʧʽʜʚʠʱʝʥʥʷ 

ʧʨʠʭʦʚʘʥʦʩʪʽ ʬʫʥʢʮʽʶʚʘʥʥʷ ʈɽʉ ʟʘ ʨʘʭʫʥʦʢ ʨʦʙʦʪʠ ʥʘ ʬʦʥʽ ʩʠʣʴʥʠʭ ʩʠʛʥʘʣʽʚ ʪʘ 

ʟʘʚʘʜ.  

7. ʄʘʣʽ ʚʪʨʘʪʠ ʪʘ ʜʠʩʧʝʨʩʽʷ ʚ ʦʧʪʠʯʥʦʤʫ ʚʦʣʦʢʥʽ: ʚʠʩʦʢʦʷʢʽʩʥʘ ʧʝʨʝʜʘʯʘ 

ʮʠʬʨʦʚʠʭ ʪʘ ʘʥʘʣʦʛʦʚʠʭ ʅɺʏ-ʩʠʛʥʘʣʽʚ ʤʽʞ ʨʦʟʥʝʩʝʥʠʤʠ ʧʦʩʪʘʤʠ ʘʧʘʨʘʪʫʨʠ, ʱʦ 

ʩʧʨʦʱʫʻ ʨʦʟʤʽʱʝʥʥʷ ʘʧʘʨʘʪʫʨʠ ʥʘ ʥʦʩʽʷʭ ʪʘ ʜʦʟʚʦʣʷʻ ʩʪʚʦʨʶʚʘʪʠ ʢʦʛʝʨʝʥʪʥʝ 

ʧʨʠʡʤʘʥʥʷ ʚ ʩʠʩʪʝʤʘʭ ʨʦʟʧʦʜʽʣʝʥʦʾ ʩʪʨʫʢʪʫʨʠ. 

8. ʐʠʨʦʢʠʡ ʜʠʥʘʤʽʯʥʠʡ ʜʽʘʧʘʟʦʥ ʧʝʨʝʩʪʨʦʶʚʘʥʥʷ ʯʘʩʪʦʪʠ: ʬʦʪʦʥʥʽ ʤʝʪʦʜʠ 

ʛʝʥʝʨʘʮʽʾ ʽ ʤʦʜʫʣʷʮʽʾ ʩʠʛʥʘʣʽʚ ʜʦʟʚʦʣʷʶʪʴ ʧʝʨʝʙʫʜʦʚʫʚʘʪʠ ʯʘʩʪʦʪʫ ʟ ʢʨʦʢʦʤ 

ʤʝʥʰʝ 125 ʢɻʮ (ʜʣʷ ʜʽʘʧʘʟʦʥʫ ʥʘʩʪʨʦʡʢʠ 69-112 ɻɻʮ, [13]).. 

ʌʦʪʦʥʥʽ ʤʝʪʦʜʠ ʦʙʨʦʙʢʠ ʩʠʛʥʘʣʽʚ ʩʪʘʶʪʴ ʙʽʣʴʰ ʝʬʝʢʪʠʚʥʠʤʠ ʫ ʧʦʨʽʚʥʷʥʥʽ 

ʟ ʝʣʝʢʪʨʦʥʥʠʤʠ ʤʝʪʦʜʘʤʠ, ʪʦʤʫ ʩʫʯʘʩʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʩʧʨʷʤʦʚʘʥʽ ʥʘ ʩʪʚʦʨʝʥʥʷ 

ʧʦʚʥʽʩʪʶ ʦʧʪʠʯʥʠʭ ʩʠʩʪʝʤ ʦʙʨʦʙʢʠ ʩʠʛʥʘʣʽʚ. ʆʜʥʘʢ ʝʣʝʢʪʨʦʚʘʢʫʫʤʥʽ ʡ 

ʦʧʪʦʝʣʝʢʪʨʦʥʥʽ ʧʨʠʩʪʨʦʾ ʤʘʶʪʴ ʨʽʟʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʽ ʤʦʞʣʠʚʦʩʪʽ ʨʝʘʣʽʟʘʮʽʾ ʚ 

ʙʝʟʧʨʦʚʦʜʦʚʠʭ ʩʠʩʪʝʤʘʭ. ʄʦʞʣʠʚʦ, ʧʨʠʥʮʠʧʠ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʤʘʡʙʫʪʥʽʭ ʩʠʩʪʝʤ 

ʬʦʨʤʫʚʘʥʥʷ ʩʠʛʥʘʣʽʚ ʄʄɼ ʙʫʜʫʪʴ ˇʨʫʥʪʫʚʘʪʠʩʷ ʥʘ ʢʦʥʚʝʨʛʝʥʮʽʾ ʪʨʴʦʭ ʦʩʥʦʚʥʠʭ 

ʪʝʭʥʦʣʦʛʽʡ: ʚʘʢʫʫʤʥʘ ʝʣʝʢʪʨʦʥʽʢʘ, ʪʚʝʨʜʦʪʽʣʴʥʘ ʝʣʝʢʪʨʦʥʽʢʘ ʪʘ ʦʧʪʦʝʣʝʢʪʨʦʥʽʢʘ 

(ʬʦʪʦʥʽʢʘ) [30]. ʇʨʦʪʝ ʢʦʞʝʥ ʧʽʜʭʽʜ ʤʘʻ ʩʚʦʾ ʧʝʨʝʚʘʛʠ ʽ ʥʝʜʦʣʽʢʠ, ʽ ʮʽ ʧʽʜʭʦʜʠ 

ʧʦʚʠʥʥʽ ʙʫʪʠ ʨʦʟʫʤʥʦ ʦʙ'ʻʜʥʘʥʽ ʜʣʷ ʜʦʩʷʛʥʝʥʥʷ ʥʘʜʽʡʥʦʾ ʽ ʝʬʝʢʪʠʚʥʦʾ 

ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ. 

ʌʦʪʦʥʥʽ ʤʝʪʦʜʠ ʧʦʥʠʞʫʶʯʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ ʯʘʩʪʦʪʠ (ʇʇʏ) ʜʦʟʚʦʣʷʶʪʴ 

ʨʦʟʚôʷʟʘʪʠ ʜʝʷʢʽ ʧʨʦʙʣʝʤʠ ʧʦʚʥʽʩʪʶ ʨʘʜʽʦʪʝʭʥʽʯʥʠʭ ʧʨʠʩʪʨʦʾʚ ʇʇʏ ï ʪʘʢʽ, ʷʢ 

ʽʟʦʣʷʮʽʷ ʤʽʞ ʚʭʦʜʘʤʠ ʩʠʛʥʘʣʫ ʪʘ ʛʝʪʝʨʦʜʠʥʫ, ʥʝʣʽʥʽʡʥʽʩʪʴ, ʤʘʩʰʪʘʙʦʚʘʥʽʩʪʴ ʪʘ 

ʝʬʝʢʪʠʚʥʽʩʪʴ. ʏʠʩʣʝʥʥʽ ʢʣʘʩʠ ʬʦʪʦʥʥʠʭ ʣʽʥʽʡ ʧʝʨʝʜʘʯʽ, ʱʦ ʤʽʩʪʷʪʴ ʇʇʏ, 

ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʽ ʚ [110], ʚ ʪʦʤʫ ʯʠʩʣʽ ʟ ʛʝʪʝʨʦʜʠʥʦʤ ʥʘ ʚʠʭʦʜʽ ʪʘ ʪʨʘʜʠʮʽʡʥʠʤ 

ʨʘʜʽʦʯʘʩʪʦʪʥʠʤ (ʈʏ) ʟʤʽʰʫʚʘʯʝʤ ʘʙʦ ʬʦʪʦʜʽʦʜʦʤ, ʷʢʠʡ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʷʢ 
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ʟʤʽʰʫʶʯʠʡ ʝʣʝʤʝʥʪ; ʟ ʽʥʞʝʢʮʽʻʶ ʝʣʝʢʪʨʦʥʥʦʛʦ ʛʝʪʝʨʦʜʠʥʫ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʫ ʣʘʟʝʨ 

ʘʙʦ ʫ ʟʦʚʥʽʰʥʽʡ ʤʦʜʫʣʷʪʦʨ; ʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʦʧʪʠʯʥʦʛʦ ʛʝʪʝʨʦʜʠʥʫ. ʎʽ ʧʽʜʭʦʜʠ 

ʥʘʚʝʜʝʥʽ ʫ ʚʠʛʣʷʜʽ ʩʪʨʫʢʪʫʨʥʠʭ ʩʭʝʤ ʥʘ ʨʠʩ. 2.1.  
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ʈʠʩ. 2.1. ʉʪʨʫʢʪʫʨʥʽ ʩʭʝʤʠ ʬʦʪʦʥʥʠʭ ʤʝʪʦʜʽʚ ʧʦʥʠʞʫʶʯʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ 

ʯʘʩʪʦʪʠ ʩʠʛʥʘʣʫ ʟ ʥʘʩʪʫʧʥʦʶ ʧʝʨʝʜʘʯʝʶ ʯʝʨʝʟ ʬʦʪʦʥʥʫ ʣʽʥʽʶ: 

ʘ) ʪʨʘʜʠʮʽʡʥʠʡ ʈʏ ʟʤʽʰʫʚʘʯ, ʙ) ʧʨʷʤʘ ʤʦʜʫʣʷʮʽʷ ʣʘʟʝʨʥʦʛʦ ʜʽʦʜʘ, ʚ) ʦʧʪʠʯʥʝ 

ʟʤʽʰʫʚʘʥʥʷ, ʱʦ ʧʦʻʜʥʫʻ ʚ ʩʦʙʽ ʧʨʷʤʫ ʪʘ ʟʦʚʥʽʰʥʶ ʤʦʜʫʣʷʮʽʶ, ʛ) ʟʦʚʥʽʰʥʷ 

ʤʦʜʫʣʷʮʽʷ ʬʦʪʦʥʥʦʾ ʣʽʥʽʾ, ʜ) ʬʦʪʦʥʥʘ ʣʽʥʽʷ ʟ ʜʚʦʤʘ ʣʘʟʝʨʥʠʤʠ ʜʽʦʜʘʤʠ 
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ɿʦʢʨʝʤʘ, ʥʘ ʨʠʩ. 2.1,ʘ ʧʦʢʘʟʘʥʠʡ ʝʣʝʢʪʨʦʥʥʠʡ ʟʤʽʰʫʚʘʯ, ʚ ʷʢʦʤʫ ʪʘʢʦʞ 

ʤʦʞʥʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʷʢ ʈʏ, ʪʘʢ ʽ ʇʏ ʬʽʣʴʪʨʠ [30]. ɼʣʷ ʧʽʜʚʠʱʝʥʥʷ 

ʝʬʝʢʪʠʚʥʦʩʪʽ ʧʝʨʝʪʚʦʨʝʥʥʷ ʧʦʪʫʞʥʦʩʪʽ ʈʏ ʟʤʽʰʫʚʘʯ ʤʦʞʝ ʙʫʪʠ ʟʘʤʽʥʝʥʦ ʥʘ 

ʬʦʪʦʜʽʦʜ. ʗʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 2.1,ʙ ʇʇʏ ʤʦʞʥʘ ʨʝʘʣʽʟʫʚʘʪʠ ʧʨʠ ʙʝʟʧʦʩʝʨʝʜʥʽʡ 

(ʧʨʷʤʽʡ) ʤʦʜʫʣʷʮʽʾ ʘʤʧʣʽʪʫʜʠ ʘʙʦ ʯʘʩʪʦʪʠ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʣʘʟʝʨʫ ʩʠʛʥʘʣʘʤʠ ʈʏ 

ʽ ʛʝʪʝʨʦʜʠʥʫ ʪʘ ʥʘʩʪʫʧʥʦʛʦ ʧʨʦʮʝʩʫ ʦʧʪʦʝʣʝʢʪʨʦʥʥʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ. ɹʣʦʢʠ 

ʦʧʪʦʝʣʝʢʪʨʦʥʥʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ ʥʘ ʨʠʩ. 2.1,ʚ, ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʚʠʢʦʨʠʩʪʘʥʦʛʦ 

ʬʦʨʤʘʪʫ ʤʦʜʫʣʷʮʽʾ, ʤʦʞʫʪʴ ʤʽʩʪʠʪʠ ʜʝʷʢʽ ʜʦʜʘʪʢʦʚʽ ʝʣʝʤʝʥʪʠ, ʷʢ, ʥʘʧʨʠʢʣʘʜ, 

ʄʄʎ. ɿʦʚʥʽʰʥʷ ʤʦʜʫʣʷʮʽʷ ʥʘʜʘʻ ʙʘʛʘʪʦ ʧʝʨʝʚʘʛ ʧʦʨʽʚʥʷʥʦ ʟ ʧʨʷʤʦʶ; ʜʘʥʘ 

ʪʝʥʜʝʥʮʽʷ ʟʘʣʠʰʘʻʪʴʩʷ ʚʽʨʥʦʶ ʽ ʜʣʷ ʬʦʪʦʥʥʦʛʦ ʇʇʏ. ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʦʢʨʝʤʦʛʦ 

ʤʦʜʫʣʷʪʦʨʘ ʜʚʘ ʧʦʩʣʽʜʦʚʥʠʭ ʩʪʫʧʝʥʽ ʤʦʜʫʣʷʮʽʾ (ʨʠʩ. 2.1, ʚ,ʛ) ʤʦʞʫʪʴ ʟʘʙʝʟʧʝʯʠʪʠ 

ʧʝʚʥʽ ʧʝʨʝʚʘʛʠ. ʎʝ ʙʫʣʦ ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ ʚ [111] ʧʨʠ ʧʦʨʽʚʥʷʥʥʽ ʜʚʦʭ 

ʧʦʩʣʽʜʦʚʥʠʭ ʢʚʘʜʨʘʪʫʨʥʦ-ʟʤʽʱʝʥʠʭ ʄʄʎ ʟ ʦʢʨʝʤʠʤ ʄʄʎ, ʟʤʽʱʝʥʠʤ ʚ ʪʦʯʢʫ 

ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʧʨʦʧʫʩʢʘʥʥʷ. ɺ ʷʢʦʩʪʽ ʛʝʪʝʨʦʜʠʥʫ ʫ ʬʦʪʦʥʥʦʤʫ ʇʇʏ ʪʘʢʦʞ 

ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʦʧʪʠʯʥʽ ʜʞʝʨʝʣʘ. ʅʘ ʨʠʩ. 2.1, ʜ ʥʘʚʝʜʝʥʦ ʧʨʠʢʣʘʜ, ʚ 

ʷʢʦʤʫ ʯʘʩʪʦʪʘ ʛʝʪʝʨʦʜʠʥʫ ʬʦʨʤʫʻʪʴʩʷ ʨʽʟʥʠʮʝʶ ʯʘʩʪʦʪ ʜʚʦʭ ʣʘʟʝʨʽʚ. 

ɿ ʫʩʽʭ ʬʦʪʦʥʥʠʭ ʩʭʝʤ ʇʇʏ ʦʩʦʙʣʠʚʦ ʢʦʨʠʩʥʦʶ ʚʠʷʚʠʣʘʩʴ ʧʦʩʣʽʜʦʚʥʘ 

ʟʦʚʥʽʰʥʷ ʤʦʜʫʣʷʮʽʷ ʟʘ ʽʥʪʝʥʩʠʚʥʽʩʪʶ ʟ ʝʣʝʢʪʨʦʥʥʠʤ ʛʝʪʝʨʦʜʠʥʦʤ, ʱʦ 

ʟʜʽʡʩʥʶʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʄʄʎ ʟ ʜʚʦʤʘ ʚʠʭʦʜʘʤʠ ʘʙʦ ʟ ʦʜʥʠʤ ʚʠʭʦʜʦʤ [112]. 

ʇʨʠ ʜʝʤʦʥʩʪʨʘʮʽʾ ʜʘʥʠʭ ʩʭʝʤ ʜʦʩʷʛʥʫʪʦ ʟʥʘʯʝʥʥʷ SFDR, ʱʦ ʜʦʨʽʚʥʶʻ 64 ʜɹ ʫ 

ʩʤʫʟʽ 500 ʄɻʮ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʩʫʯʘʩʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʤʦʜʫʣʷʪʦʨʽʚ ʪʘ ʤʝʪʦʜʽʚ 

ʣʽʥʝʘʨʠʟʘʮʽʾ. ʇʦʪʝʥʮʽʘʣʴʥʠʤ ʰʣʷʭʦʤ ʜʦ ʧʦʢʨʘʱʝʥʥʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʝʨʝʪʚʦʨʝʥʥʷ 

ʻ ʢʦʛʝʨʝʥʪʥʠʡ ʧʽʜʭʽʜ, ʚ ʪʦʤʫ ʯʠʩʣʽ ʧʦʩʣʽʜʦʚʥʘ ʬʘʟʦʚʘ ʤʦʜʫʣʷʮʽʷ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʦʧʪʠʯʥʦʛʦ ɻʄɿ ʜʣʷ ʜʝʤʦʜʫʣʷʮʽʾ [113].  

ʇʨʠ ʛʝʥʝʨʘʮʽʾ ʩʠʛʥʘʣʽʚ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ ʜʣʷ ʙʝʟʧʨʦʚʦʜʦʚʠʭ ʩʠʩʪʝʤ 

ʥʘʡʯʘʩʪʽʰʝ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʥʘʩʪʫʧʥʽ ʤʝʪʦʜʠ:   

ð ʬʦʪʦʜʝʪʝʢʪʫʚʘʥʥʷ ʜʚʦʭ ʣʘʟʝʨʥʠʭ ʩʠʛʥʘʣʽʚ, ʨʦʟʥʝʩʝʥʠʭ ʥʘ ʧʦʪʨʽʙʥʫ ʯʘʩʪʦʪʫ; 

ʪʘʢʠʡ ʧʨʦʮʝʩ ʩʪʘʙʽʣʽʟʫʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʭʝʤʠ ʬʘʟʦʚʦʾ ʩʠʥʭʨʦʥʽʟʘʮʽʾ (ʉʌʉ) ʘʙʦ 

ʽʥʞʝʢʮʽʡʥʦʾ ʩʠʥʭʨʦʥʽʟʘʮʽʾ [114]; 
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ð ʟʤʽʰʫʚʘʥʥʷ ʚʠʙʨʘʥʠʭ ʙʽʯʥʠʭ ʩʤʫʛ ʣʘʟʝʨʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʧʨʠ ʟʦʚʥʽʰʥʽʡ 

ʤʦʜʫʣʷʮʽʾ ʣʘʟʝʨʘ ʟ ʩʠʥʭʨʦʥʽʟʘʮʽʻʶ ʤʦʜ ʘʙʦ ʽʥʞʝʢʮʽʡʥʫ ʩʠʥʭʨʦʥʽʟʘʮʽʶ ʥʘ ʙʽʯʥʽʡ 

ʩʤʫʟʽ [115].  

 

2.2. ʌʦʪʦʥʥʽ ʤʝʪʦʜʠ ʫʪʚʦʨʝʥʥʷ ʜʽʘʛʨʘʤ ʩʧʨʷʤʦʚʘʥʦʩʪʽ ʬʘʟʦʚʘʥʠʭ 

ʘʥʪʝʥʥʠʭ ʨʝʰʽʪʦʢ 

ʋ ʄʄʍ ʩʠʩʪʝʤʘʭ ʟʚ'ʷʟʢʫ ʙʘʟʦʚʦʶ ʻ ʪʝʭʥʦʣʦʛʽʷ MIMO (ʟ ʙʝʟʣʽʯʯʶ ʚʭʦʜʽʚ ʽ 

ʙʝʟʣʽʯʯʶ ʚʠʭʦʜʽʚ), ʷʢʘ ʜʦʟʚʦʣʷʻ ʢʦʤʧʝʥʩʫʚʘʪʠ ʚʝʣʠʢʽ ʘʪʤʦʩʬʝʨʥʽ ʚʪʨʘʪʠ ʄʄʍ 

ʚʫʟʴʢʦʶ ʜʽʘʛʨʘʤʦʶ ʩʧʨʷʤʦʚʘʥʦʩʪʽ. ʌʘʟʦʚʘʥʽ ʘʥʪʝʥʥʽ ʨʝʰʽʪʢʠ (ʌɸʈ) ʚʽʜʽʛʨʘʶʪʴ 

ʚʘʞʣʠʚʫ ʨʦʣʴ ʚ ʩʫʯʘʩʥʠʭ ʨʘʜʽʦʣʦʢʘʮʽʡʥʠʭ ʽ ʙʝʟʧʨʦʚʦʜʦʚʠʭ ʩʠʩʪʝʤʘʭ ʟʚ'ʷʟʢʫ. ʌɸʈ 

 ʮʝ ʩʠʩʪʝʤʠ, ʱʦ ʩʢʣʘʜʘʶʪʴʩʷ ʟ ʛʨʫʧʠ ʚʠʧʨʦʤʽʥʶʚʘʯʽʚ, ʚ ʷʢʠʭ ʰʣʷʭʦʤ ʟʤʽʥʠ 

ʘʤʧʣʽʪʫʜʠ ʽ ʬʘʟʠ ʩʠʛʥʘʣʽʚ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʧʽʜʩʠʣʝʥʥʷ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʘʥʪʝʥʠ ʚ 

ʙʘʞʘʥʦʤʫ ʥʘʧʨʷʤʢʫ ʽ ʡʦʛʦ ʧʨʠʛʥʽʯʝʥʥʷ ʫ ʚʩʽʭ ʽʥʰʠʭ ʥʘʧʨʷʤʢʘʭ. ʌʘʟʦʚʘʥʽ ʘʥʪʝʥʥʽ 

ʨʝʰʽʪʢʠ ʜʣʷ ʄʄʍ ʤʦʞʫʪʴ ʤʘʪʠ ʩʦʪʥʽ ʚʠʧʨʦʤʽʥʶʶʯʠʭ ʝʣʝʤʝʥʪʽʚ ʨʘʟʦʤ ʽʟ 

ʤʘʣʦʨʦʟʤʽʨʥʦʶ ʘʧʘʨʘʪʫʨʦʶ. ɯ ʟʘ ʪʘʢʦʾ ʤʘʩʰʪʘʙʦʚʘʥʦʩʪʽ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʻ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʬʦʪʦʥʽʢʠ ʽ ʛʽʙʨʠʜʥʦʛʦ ʘʥʘʣʦʛʦ-ʮʠʬʨʦʚʦʛʦ ʩʪʚʦʨʝʥʥʷ ʜʽʘʛʨʘʤ 

ʩʧʨʷʤʦʚʘʥʦʩʪʽ. ʋʪʚʦʨʝʥʥʷ ʜʽʘʛʨʘʤ ʩʧʨʷʤʦʚʘʥʦʩʪʽ ʚ ʘʥʘʣʦʛʦʚʽʡ ʌɸʈ ʥʘ ʦʩʥʦʚʽ 

ʬʦʪʦʥʽʢʠ ʙʫʣʦ ʽʜʝʥʪʠʬʽʢʦʚʘʥʦ ʷʢ ʧʝʨʩʧʝʢʪʠʚʥʠʡ ʥʘʧʨʷʤ ʟʘʩʪʦʩʫʚʘʥʥʷ ʪʝʭʥʦʣʦʛʽʾ 

ʱʝ ʚ 90-ʭ ʨʦʢʘʭ ʤʠʥʫʣʦʛʦ ʩʪʦʣʽʪʪʷ [30]. ʏʠʩʣʝʥʥʽ ʬʦʪʦʥʥʽ ʤʝʪʦʜʠ ʟʘʧʨʦʧʦʥʦʚʘʥʽ 

ʜʣʷ ʬʘʟʦʚʦʛʦ ʟʩʫʚʫ ʨʘʜʽʦʩʠʛʥʘʣʽʚ ʥʘ ʦʩʥʦʚʽ ʦʧʪʠʯʥʠʭ ʣʽʥʽʡ ʟʘʪʨʠʤʢʠ ʘʙʦ 

ʽʥʪʝʛʨʦʚʘʥʠʭ ʧʘʨʘʣʝʣʴʥʠʭ ʄʄʎ. ɼʣʷ ʧʽʜʚʠʱʝʥʥʷ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ, ʝʬʝʢʪʠʚʥʦʩʪʽ 

ʧʦʢʨʠʪʪʷ, ʰʚʠʜʢʦʩʪʽ ʧʝʨʝʜʘʯʽ ʧʨʦʧʦʥʫʶʪʴʩʷ ʨʽʟʥʽ ʤʦʜʝʣʽ ʛʽʙʨʠʜʥʦʛʦ ʘʥʘʣʦʛʦʚʦ-

ʮʠʬʨʦʚʦʛʦ ʫʪʚʦʨʝʥʥʷ ʜʽʘʛʨʘʤ ʩʧʨʷʤʦʚʘʥʦʩʪʽ ʥʘ ʙʘʛʘʪʦ ʢʦʨʠʩʪʫʚʘʯʽʚ 

(ʨʦʟʨʘʭʦʚʘʥʦʛʦ ʥʘ ʦʜʥʦʛʦ ʢʦʨʠʩʪʫʚʘʯʘ) ʧʨʦʩʪʦʨʦʚʦʛʦ ʤʫʣʴʪʠʧʣʝʢʩʫʚʘʥʥʷ ʜʣʷ 

ʨʽʟʥʠʭ ʨʽʚʥʽʚ ʧʦʪʫʞʥʦʩʪʽ ʩʠʛʥʘʣʫ. 

ɼʣʷ ʬʘʟʦʚʘʥʠʭ ʘʥʪʝʥʥʠʭ ʨʝʰʽʪʦʢ ʢʫʪʦʚʘ ʰʠʨʠʥʘ ʧʨʦʤʝʥ ̫ʜʦʨʽʚʥʶʻ [115]: 

Nda lº ,     (2.1) 

ʜʝ N ï ʢʽʣʴʢʽʩʪʴ ʚʠʧʨʦʤʽʥʶʶʯʠʭ ʝʣʝʤʝʥʪʽʚ, d ï ʚʽʜʩʪʘʥʴ ʤʽʞ ʮʠʤʠ ʝʣʝʤʝʥʪʘʤʠ.  
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ɿʚʠʯʘʡʥʽ ʌɸʈ ʨʝʘʣʽʟʫʶʪʴ ʥʘ ʦʩʥʦʚʽ ʝʣʝʢʪʨʠʯʥʠʭ ʬʘʟʦʦʙʝʨʪʘʯʽʚ, ʷʢʽ ʤʘʶʪʴ 

ʧʨʦʙʣʝʤʫ ʟ ʥʝʪʦʯʥʽʩʪʶ ʥʘʚʝʜʝʥʥʷ ʘʥʪʝʥ, ʘ ʪʦʤʫ ʦʙʤʝʞʝʥʽ ʜʣʷ ʚʫʟʴʢʦ- ʩʤʫʛʦʚʠʭ 

ʦʧʝʨʘʮʽʡ. ʆʜʥʘʢ ʜʣʷ ʙʘʛʘʪʴʦʭ ʟʘʩʪʦʩʫʚʘʥʴ ʜʫʞʝ ʚʘʞʣʠʚʦ, ʱʦʙ ʘʥʪʝʥʠ ʬʘʟʦʚʦʾ 

ʤʘʪʨʠʮʽ ʤʦʛʣʠ ʧʨʘʮʶʚʘʪʠ ʚ ʰʠʨʦʢʽʡ ʩʤʫʟʽ ʯʘʩʪʦʪ ʟ ʬʦʨʤʫʚʘʥʥʷʤ ʚʫʟʴʢʠʭ ʜʽʘʛʨʘʤ 

ʩʧʨʷʤʦʚʘʥʦʩʪʽ (ʚʽʜ ʜʝʢʽʣʴʢʦʭ ʛʨʘʜʫʩʽʚ ʜʦ ʯʘʩʪʠʥ ʦʜʥʦʛʦ ʛʨʘʜʫʩʘ). ɺ ʤʦʙʽʣʴʥʠʭ 

ʩʠʩʪʝʤʘʭ ʄʄɼ 5G ʜʣʷ ʢʦʞʥʦʛʦ ʢʦʨʠʩʪʫʚʘʯʘ ʧʣʘʥʫʻʪʴʩʷ ʫʪʚʦʨʝʥʥʷ ʚʣʘʩʥʦʾ 

ʜʽʘʛʨʘʤʠ ʩʧʨʷʤʦʚʘʥʦʩʪʽ (ʧʨʦʩʪʦʨʦʚʝ ʨʦʟʜʽʣʝʥʥʷ ʢʘʥʘʣʽʚ). ɽʬʝʢʪʠʚʥʠʤ 

ʨʦʟʚôʷʟʘʥʥʷʤ ʪʘʢʠʭ ʟʘʚʜʘʥʴ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʬʦʨʤʫʚʘʥʥʷ ʜʽʘʛʨʘʤʠ ʩʧʨʷʤʦʚʘʥʦʩʪʽ 

ʚ ʨʝʞʠʤʽ ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ TTD (ʘʥʛʣ. True time delay). ʄʦʜʫʣʽ TTD ʧʝʚʥʠʤ ʯʠʥʦʤ 

ʚʩʪʘʥʦʚʣʶʶʪʴ ʬʘʟʫ ʨʘʜʽʦʩʠʛʥʘʣʫ, ʷʢʘ ʚʘʨʽʶʻʪʴʩʷ ʟ ʯʘʩʪʦʪʦʶ, ʚ ʪʦʡ ʯʘʩ ʷʢ 

ʬʘʟʦʦʙʝʨʪʘʯʽ ʻ ʥʝʟʘʣʝʞʥʠʤʠ ʚʽʜ ʯʘʩʪʦʪʠ. ʅʘʡʙʽʣʴʰʦʶ ʧʨʦʙʣʝʤʦʶ ʚ ʮʠʭ 

ʢʦʤʧʦʥʝʥʪʘʭ ʻ ʤʘʩʰʪʘʙʦʚʘʥʽʩʪʴ, ʦʩʢʽʣʴʢʠ ʢʽʣʴʢʽʩʪʴ ʘʥʪʝʥʥʠʭ ʝʣʝʤʝʥʪʽʚ ʚ ʤʘʩʠʚʽ 

ʤʦʞʝ ʦʙʯʠʩʣʶʚʘʪʠʩʷ ʩʦʪʥʷʤʠ. ɹʽʣʴʰʽʩʪʴ ʚʽʜʦʤʠʭ ʫ ʜʘʥʠʡ ʯʘʩ ʤʝʪʦʜʽʚ 

ʬʦʨʤʫʚʘʥʥʷ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʚʠʤʘʛʘʶʪʴ ʽʩʪʦʪʥʠʭ ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʧʦʪʫʞʥʦʩʪʝʡ 

ʽ ʪʨʠʚʘʣʦʛʦ ʯʘʩʫ ʦʙʨʦʙʢʠ. ɺ ʧʨʠʢʣʘʜʽ, ʢʦʣʠ ʨʘʜʽʦʣʦʢʘʪʦʨ ʩʪʚʦʨʝʥʠʡ ʥʘ ʙʘʟʽ ʌɸˆ, 

ʱʦ ʩʢʣʘʜʘʻʪʴʩʷ ʟ 1000 ʧʨʠʡʤʘʣʴʥʠʭ ʝʣʝʤʝʥʪʽʚ, ʷʢʽ ʧʨʘʮʶʶʪʴ ʧʨʠ ʤʠʪʪʻʚʽʡ ʩʤʫʟʽ 

10 ɻɻʮ, ʚʠʤʘʛʘʻʪʴʩʷ ʚʽʜʥʦʰʝʥʥʷ ʩʠʛʥʘʣ/ʰʫʤ ʥʝ ʤʝʥʰ 90 ʜɹ, ʜʣʷ ʯʦʛʦ ʥʝʦʙʭʽʜʥʠʤ 

ʻ 15-ʨʦʟʨʷʜʥʠʡ ʧʨʦʮʝʩʦʨ. ʄʦʞʥʘ ʨʦʟʨʘʭʫʚʘʪʠ, ʱʦ ʜʣʷ ʩʪʨʦʙʫʚʘʥʥʷ ʥʘ ʯʘʩʪʦʪʽ 

ʅʘʡʢʚʽʩʪʘ ʧʦʪʨʽʙʥʦ 20Ĭ109  ʚʠʙʽʨʦʢ ʚ ʩʝʢʫʥʜʫ, ʪʘ ʢʦʞʥʘ ʚʠʙʽʨʢʘ ʧʦʚʠʥʥʘ ʙʫʪʠ 

ʧʦʜʘʥʘ 15-ʨʦʟʨʷʜʥʦʶ ʮʠʬʨʦʚʦʶ ʧʦʩʣʽʜʦʚʥʽʩʪʶ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʩʫʢʫʧʥʘ ʰʚʠʜʢʽʩʪʴ 

ʧʝʨʝʜʘʯʽ ʥʘ ʘʥʪʝʥʥʫ ʩʪʘʥʦʚʠʪʴ 300 ɻʙʽʪ/ʩ. ɺʥʘʩʣʽʜʦʢ ʪʦʛʦ, ʱʦ ʮʝ ʬʘʟʦʚʘʥʘ 

ʨʝʰʽʪʢʘ, ʚʠʭʽʜʥʽ ʩʠʛʥʘʣʠ ʫʩʽʭ ʾʾ 1000 ʝʣʝʤʝʥʪʽʚ ʧʦʚʠʥʥʽ ʙʫʪʠ ʦʙʨʦʙʣʝʥʽ 

ʢʦʛʝʨʝʥʪʥʦ, ʪʦʙʪʦ ʧʦʚʥʘ ʰʚʠʜʢʽʩʪʴ ʜʘʥʠʭ, ʱʦ ʧʦʪʨʝʙʫʶʪʴ ʦʙʨʦʙʢʠ, ʩʪʘʥʦʚʠʪʴ 300 

ʊʙʽʪ/ʩ [30]. ʊʘʢʘ ʰʚʠʜʢʽʩʪʴ ʥʝʦʙʭʽʜʥʘ ʜʣʷ ʫʧʨʘʚʣʽʥʥʷ ʪʘ ʦʙʨʦʙʢʠ ʥʘʜʟʚʠʯʘʡʥʦ 

ʚʝʣʠʢʦʛʦ ʦʙʩʷʛʫ ʜʘʥʠʭ, ʘʣʝ ʚʦʥʘ ʩʫʪʪʻʚʦ ʧʝʨʝʚʠʱʫʻ ʩʫʯʘʩʥʽ ʪʝʭʥʦʣʦʛʽʯʥʽ 

ʤʦʞʣʠʚʦʩʪʽ. ɸʥʘʣʦʛʦʚʘ ʦʙʨʦʙʢʘ ʩʠʛʥʘʣʽʚ, ʘʙʦ ʜʽʘʛʨʘʤʦʫʪʚʦʨʝʥʥʷ, ʤʦʞʣʠʚʦ, 

ʙʫʜʫʪʴ ʥʝʦʙʭʽʜʥʽ ʟʘʚʞʜʠ, ʦʩʢʽʣʴʢʠ ʩʠʩʪʝʤʥʽ ʚʠʤʦʛʠ ʧʦ ʚʽʜʥʦʰʝʥʥʶ ʜʦ ʟʙʽʣʴʰʝʥʥʷ 

ʜʠʥʘʤʽʯʥʦʛʦ ʜʽʘʧʘʟʦʥʫ, ʤʠʪʪʻʚʦʾ ʩʤʫʛʠ ʧʨʦʧʫʩʢʘʥʥʷ ʪʘ ʨʦʟʤʽʨʽʚ ʨʝʰʽʪʢʠ ʤʦʞʫʪʴ 

ʟʨʦʩʪʘʪʠ ʟ ʙʽʣʴʰʦʶ ʰʚʠʜʢʽʩʪʶ, ʥʽʞ ʧʨʦʛʨʝʩ ʫ ʮʠʬʨʦʚʽʡ ʦʙʨʦʙʮʽ ʩʠʛʥʘʣʽʚ. 
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ʍʘʨʘʢʪʝʨʥʫ ʩʭʝʤʫ ʘʢʪʠʚʥʦʾ ʬʘʟʦʚʘʥʦʾ ʘʥʪʝʥʥʦʾ ʨʝʰʽʪʢʠ (ɸʌɸʈ) ʥʘʚʝʜʝʥʦ 

ʥʘ ʨʠʩ. 2.2 [32]. ɺʦʥʘ ʤʽʩʪʠʪʴ ʤʦʜʫʣʽ, ʷʢʽ ʜʠʩʢʨʝʪʥʦ ʧʝʨʝʣʘʰʪʦʚʫʶʪʴʩʷ ʚ ʨʝʞʠʤʽ 

ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ (TTD) ʪʘ ʈʏ ʬʘʟʦʦʙʝʨʪʘʯ.  

ɿ ʬʦʨʤʫʣʠ (2.1) ʚʠʜʥʦ, ʱʦ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʚʫʟʴʢʠʭ ʜʽʘʛʨʘʤ ʩʧʨʷʤʦʚʘʥʦʩʪʽ 

ʥʝʦʙʭʽʜʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʚʠʩʦʢʦʯʘʩʪʦʪʥʝ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʄʄɼ. ʋ ʮʴʦʤʫ 

ʚʠʧʘʜʢʫ ʫ ʚʠʨʘʟʽ (2.1) ʙʫʜʫʪʴ ʧʨʠʩʫʪʥʽ ʤʘʣʽ ʟʥʘʯʝʥʥʷ ʜʦʚʞʠʥʠ ʭʚʠʣʽ ʪʘ, 

ʚʽʜʧʦʚʽʜʥʦ, ʟʥʘʯʝʥʥʷ ʢʫʪʘ ʨʦʟʢʨʠʚʫ ʘʥʪʝʥʠ ʪʘʢʦʞ ʙʫʜʫʪʴ ʤʘʪʠ ʤʘʣʽ ʟʥʘʯʝʥʥʷ. 

 

 

ʈʠʩ. 2.2. ʇʨʠʢʣʘʜ ʩʝʛʤʝʥʪʫ ɸʌɸP ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʦʜʫʣʽʚ, ʷʢʽ ʜʠʩʢʨʝʪʥʦ 

ʧʝʨʝʣʘʰʪʦʚʫʶʪʴʩʷ ʫ TTD, ʬʘʟʦʦʙʝʨʪʘʯʽʚ (ȹʌ) ʪʘ ʨʝʛʫʣʶʚʘʥʥʷ ʘʤʧʣʽʪʫʜʠ (ȹV) 

 

ʅʘ ʨʠʩ. 2.3 ʧʦʢʘʟʘʥʦ ʜʚʘ ʧʨʠʥʮʠʧʠ ʢʝʨʫʚʘʥʥʷ ʨʘʜʽʦʧʨʦʤʝʥʝʤ. ʗʢ ʚʠʜʥʦ ʟ 

ʨʠʩʫʥʢʫ 2.3,ʘ, ʱʦʙ ʥʘʧʨʘʚʠʪʠ ʧʨʦʤʽʥʴ ʧʽʜ ʢʫʪʦʤ q
 

ʜʦ ʥʦʨʤʘʣʽ ʜʦ ʧʣʦʱʽ ʨʦʟʢʨʠʚʫ 

ʌɸʈ ʧʦʪʨʽʙʝʥ ʬʘʟʦʚʠʡ ʟʩʫʚ: 

  
sin

2 2
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j p p
l l

D
D = =  .   (2.2) 

ɿʚʽʜʩʠ: 

arcsin
2 d

jl
q

p

D
= .     (2.3) 

ʂʫʪ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ q ʟʘʣʝʞʠʪʴ ʚʽʜ ʜʦʚʞʠʥʠ ʭʚʠʣʽ ʅɺʏ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ. 

ʆʪʞʝ ʩʠʩʪʝʤʘ ʬʦʨʤʫʚʘʥʥʷ ʧʨʦʤʝʥ ̫ ʟ ʝʣʝʢʪʨʠʯʥʠʤʠ ʬʘʟʦʦʙʝʨʪʘʯʘʤʠ ʤʦʞʝ 

ʧʨʘʮʶʚʘʪʠ ʪʽʣʴʢʠ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʚʫʟʴʢʦʩʤʫʛʦʚʠʭ ʩʠʛʥʘʣʽʚ. ʎʶ ʧʨʦʙʣʝʤʫ ʤʦʞʥʘ 
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ʚʠʨʽʰʠʪʠ, ʷʢʱʦ ʬʘʟʦʚʠʡ ʟʩʫʚ ʟʜʽʡʩʥʶʚʘʪʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʣʽʥʽʾ ʟʘʪʨʠʤʢʠ, ʷʢ 

ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 2.3,ʙ, ʜʝ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʣʽʥʽʷ ʟʘʪʨʠʤʢʠ ʟ ʜʦʚʞʠʥʦʶ 

sinL d qD = . ʊʦʜʽ ʥʘʧʨʷʤ ʧʨʦʤʝʥ ̫ʟʘʜʘʻʪʴʩʷ ʬʦʨʤʫʣʦʶ: 

arcsin
L

d
q

D
= .     (2.4) 

 

 

                                              ʘ)                                           ʙ)     

ʈʠʩ. 2.3. ʂʝʨʫʚʘʥʥʷ ʧʨʦʤʝʥʝʤ ʘ) ʟʘ ʜʦʧʦʤʦʛʦʶ ʬʘʟʦʦʙʝʨʪʘʯʘ,  ʙ) ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʣʽʥʽʾ ʟʘʪʨʠʤʢʠ 

 

ɺʽʥ ʻ ʥʝʟʘʣʝʞʥʠʤ ʚʽʜ ʜʦʚʞʠʥʠ ʭʚʠʣʽ (ʯʘʩʪʦʪʠ) ʽ ʰʠʨʠʥʠ ʩʤʫʛʠ ʩʠʛʥʘʣʫ. ʅʘ 

ʨʠʩ. 2.4 ʥʘʚʝʜʝʥʦ ʧʨʠʢʣʘʜ ʜʽʘʛʨʘʤʠ ʩʧʨʷʤʦʚʘʥʦʩʪʽ ʘʥʪʝʥʠ ʟ ʰʝʩʪʠ ʝʣʝʤʝʥʪʽʚ, 

ʨʦʟʜʽʣʝʥʠʭ ʥʘ ʚʽʜʩʪʘʥʴ 1 ʩʤ, ʱʦ ʧʨʘʮʶʶʪʴ ʥʘ ʮʝʥʪʨʘʣʴʥʽʡ ʯʘʩʪʦʪʽ 15 ɻɻʮ ʟ 

ʰʠʨʠʥʦʶ ʩʤʫʛʠ ʩʠʛʥʘʣʫ 10 ɻɻʮ, ʜʣʷ ʟʚʠʯʘʡʥʠʭ ʝʣʝʢʪʨʦʥʥʠʭ ʬʘʟʦʦʙʝʨʪʘʯʽʚ ʪʘ 

ʬʘʟʦʦʙʝʨʪʘʯʽʚ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʢʦʤʧʦʥʝʥʪ ʟʘʪʨʠʤʢʠ ʟʘ ʯʘʩʦʤ [32]. 

ʈʦʟʚʠʪʦʢ ʪʝʭʥʦʣʦʛʽʾ ʟʫʩʪʨʽʯʘʻ ʩʝʨʡʦʟʥʽ ʦʙʤʝʞʝʥʥʷ, ʱʦ ʧʨʠʪʘʤʘʥʥʽ 

ʝʣʝʢʪʨʠʯʥʠʤ ʧʨʠʩʪʨʦʷʤ. ʅʘʧʨʠʢʣʘʜ, ʤʽʜʥʽ ʧʨʦʚʽʜʥʠʢʠ ʤʘʶʪʴ ʚʠʩʦʢʽ ʚʪʨʘʪʠ ʥʘ 

ʚʠʩʦʢʠʭ ʯʘʩʪʦʪʘʭ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʦʙʤʝʞʝʥʦʾ ʩʤʫʛʠ ʧʨʦʧʫʩʢʘʥʥʷ ʪʨʘʢʪʫ 

ʧʝʨʝʜʘʯʽ. ʂʨʽʤ ʪʦʛʦ, ʝʣʝʢʪʨʠʯʥʽ ʢʦʤʧʦʥʝʥʪʠ ʬʦʨʤʫʚʘʥʥʷ ʧʨʦʤʝʥ ̫ʤʘʶʪʴ ʚʽʜʥʦʩʥʦ 

ʚʝʣʠʢʫ ʚʘʛʫ, ʱʦ ʪʘʢʦʞ ʦʙʤʝʞʫʻ ʾʭ ʚʠʢʦʨʠʩʪʘʥʥʷ. 

ʊʦʤʫ ʟʘ ʦʩʪʘʥʥʽ ʢʽʣʴʢʘ ʨʦʢʽʚ ʰʠʨʦʢʦ ʨʦʟʛʦʨʥʫʣʠʩʴ ʜʦʩʣʽʜʞʝʥʥʷ ʟ 

ʬʦʨʤʫʚʘʥʥʷ ʜʽʘʛʨʘʤʠ ʩʧʨʷʤʦʚʘʥʦʩʪʽ ʚ ʨʝʞʠʤʽ TTD ʥʘ ʦʩʥʦʚʽ ʬʦʪʦʥʥʠʭ 

ʪʝʭʥʦʣʦʛʽʡ [30,32]. 



71 

 

ʅʦʚʽ ʤʝʪʦʜʠʢʠ ʧʦʜʽʣʷʶʪʴʩʷ ʥʘ ʜʚʽ ʢʘʪʝʛʦʨʽʾ: ʬʦʨʤʫʚʘʥʥʷ ʜʽʘʛʨʘʤʠ 

ʩʧʨʷʤʦʚʘʥʦʩʪʽ ʚ ʨʝʞʠʤʽ TTD ʥʘ ʦʩʥʦʚʽ ʦʧʪʠʢʠ ʚʽʣʴʥʦʛʦ ʧʨʦʩʪʦʨʫ ʪʘ ʥʘ ʦʩʥʦʚʽ 

ʦʧʪʦʚʦʣʦʢʦʥʥʦʾ ʪʝʭʥʽʢʠ. 

 

  ʘ)       ʙ) 

ʈʠʩ. 2.4. ʇʦʨʽʚʥʷʥʥʷ ʜʽʘʛʨʘʤ ʩʧʨʷʤʦʚʘʥʦʩʪʽ ʌɸP ʥʘ ʯʘʩʪʦʪʽ 10-20 ɻɻʮ: ʘ) ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʝʣʝʢʪʨʦʥʥʠʭ ʬʘʟʦʦʙʝʨʪʘʯʽʚ (ʥʝʪʦʯʥʽʩʪʴ ʥʘʚʝʜʝʥʥʷ, ʨʦʟʰʠʨʝʥʥʷ 

ʜʽʘʛʨʘʤʠ ʩʧʨʷʤʦʚʘʥʦʩʪʽ), ʙ) ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʢʦʤʧʦʥʝʥʪʽʚ ʟ ʯʘʩʦʚʦʶ ʟʘʪʨʠʤʢʦʶ 

 

ʈʝʘʣʽʟʘʮʽʷ ʢʝʨʦʚʘʥʠʭ ʯʘʩʦʚʠʭ ʟʘʪʨʠʤʦʢ ʥʘ ʦʩʥʦʚʽ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʥʠʭ ʣʽʥʽʡ 

ʙʫʣʘ ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʘ ʚ 1993 ʨʦʮʽ. ʄʝʪʦʜʠ ʥʘ ʦʩʥʦʚʽ ʚʦʣʦʢʥʘ ʜʣʷ ʨʝʞʠʤʫ TTD 

ʚʨʘʭʦʚʫʶʪʴ ʭʨʦʤʘʪʠʯʥʫ ʜʠʩʧʝʨʩʽʶ ʚ ʦʜʥʦʤʦʜʦʚʦʤʫ ʚʦʣʦʢʥʽ [116] ʪʘ ʤʽʞʤʦʜʦʚʫ 

ʜʠʩʧʝʨʩʽʶ ʚ ʙʘʛʘʪʦʤʦʜʦʚʦʤʫ ʚʦʣʦʢʥʽ [117]. ɼʣʷ ʟʤʝʥʰʝʥʥʷ ʨʦʟʤʽʨʫ ʚʦʣʦʢʦʥʥʦ-

ʦʧʪʠʯʥʦʾ ʧʨʠʟʤʠ, ʜʠʩʧʝʨʩʽʡʥʽ ʣʽʥʽʾ ʟʘʪʨʠʤʢʠ ʤʦʞʥʘ ʟʘʤʽʥʠʪʠ ʣʽʥʽʷʤʠ ʟʘʪʨʠʤʢʠ ʥʘ 

ʦʩʥʦʚʽ ʚʦʣʦʢʦʥʥʠʭ ʙʨʝʛʛ̔ ʚʩʴʢʠʭ ˇʨʘʪʦʢ FBG (ʘʥʛʣ. fiber Bragg grating) [32]. 

ʉʠʩʪʝʤʘ, ʱʦ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʧ'ʷʪʠ ʢʘʥʘʣʽʚ ʣʽʥʽʡ ʟʘʪʨʠʤʢʠ FBG, ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 2.5.  

ɼʣʷ ʬʦʨʤʫʚʘʥʥʷ ʧʨʦʤʝʥʽʚ ʚ ʨʝʞʠʤʽ ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʤʘʩʠʚ 

ʚʦʣʦʢʦʥʥʠʭ ʙʨʝʛʛ̔ ʚʩʴʢʠʭ ˇʨʘʪʦʢ. ɺʠʧʨʦʤʽʥʶʚʘʥʥʷ ʣʘʟʝʨʘ, ʷʢʝ ʧʝʨʝʣʘʰʪʦʚʫʻʪʴʩʷ 

ʟʘ ʯʘʩʪʦʪʦʶ (TLS), ʯʝʨʝʟ ʢʦʥʪʨʦʣʝʨ ʧʦʣʷʨʠʟʘʮʽʾ (ʈʉ) ʧʦʜʘʻʪʴʩʷ ʥʘ ʤʦʜʫʣʷʪʦʨ, ʱʦ 

ʤʦʜʫʣʶʻʪʴʩʷ ʩʠʛʥʘʣʦʤ ʨʘʜʽʦʯʘʩʪʦʪʠ. ʄʦʜʫʣʴʦʚʘʥʠʡ ʦʧʪʠʯʥʠʡ ʩʠʛʥʘʣ ʯʝʨʝʟ 

ʜʽʣʴʥʠʢ ʧʦʪʨʘʧʣʷʻ ʚ ʢʘʥʘʣʠ ʟ ʙʨʝʛʛ̔ ʚʩʴʢʠʤʠ ˇʨʘʪʢʘʤʠ. 
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ʅʘ ʨʠʩ. 2.6 ʥʘʚʝʜʝʥʘ ʦʧʪʦʝʣʝʢʪʨʦʥʥʘ ʩʠʩʪʝʤʘ, ʫ ʷʢʽʡ ʚʠʢʦʨʠʩʪʘʥʦ 

ʙʘʛʘʪʦʯʘʩʪʦʪʥʠʡ ʣʘʟʝʨ ʽ ʦʜʥʘ ʰʠʨʦʢʦʩʤʫʛʦʚʘ ʙʨʝʛʛ̔ ʚʩʴʢʘ ˇʨʘʪʢʘ, ʱʦ 

ʧʝʨʝʣʘʰʪʦʚʫʻʪʴʩʷ. ʈʽʟʥʽ ʟʘʪʨʠʤʢʠ ʫ ʯʘʩʽ ʜʦʩʷʛʘʶʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ ʚʽʜʙʠʪʪʷ ʭʚʠʣʴ ʚ 

ʨʽʟʥʠʭ ʤʽʩʮʷʭ ʙʨʝʛʛ̔ ʚʩʴʢʦʾ ˇʨʘʪʢʠ, ʱʦ ʧʝʨʝʣʘʰʪʦʚʫʻʪʴʩʷ [32].  

 

 

 

ʈʠʩ. 2.5. ʆʧʪʦʝʣʝʢʪʨʦʥʥʘ ʩʠʩʪʝʤʘ ʟʘʪʨʠʤʢʠ ʚ ʨʝʞʠʤʽ ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ 

 

 

 

ʈʠʩ. 2.6. ʆʧʪʦʝʣʝʢʪʨʦʥʥʘ ʩʠʩʪʝʤʘ ʟʘʪʨʠʤʢʠ ʚ ʨʝʞʠʤʽ ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ ʜʣʷ 

ʬʦʨʤʫʚʘʥʥʷ ʧʨʦʤʝʥʽʚ ʟʘ ʜʦʧʦʤʦʛʦʶ ʦʜʥʽʻʾ ʚʦʣʦʢʦʥʥʦʾ ʙʨʝʛʛ̔ ʚʩʴʢʦʾ ˇʨʘʪʢʠ, ʱʦ 

ʧʝʨʝʣʘʰʪʦʚʫʻʪʴʩʷ. MWLS ï ʙʘʛʘʪʦʯʘʩʪʦʪʥʠʡ ʣʘʟʝʨ, 

TLCFG ï ʙʨʝʛʛʽʚʩʴʢʘ ˇʨʘʪʢʘ, ʱʦ ʧʝʨʝʣʘʰʪʦʚʫʻʪʴʩʷ 
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ʍʚʠʣʽ ʛʝʥʝʨʫʶʪʴʩʷ ʙʘʛʘʪʦʯʘʩʪʦʪʥʠʤ ʣʘʟʝʨʥʠʤ ʜʞʝʨʝʣʦʤ. ɸʨʭʽʪʝʢʪʫʨʠ, 

ʧʦʜʘʥʽ ʥʘ ʨʠʩ. 2.5 ʽ ʨʠʩ. 2.6, ʧʨʠʪʘʤʘʥʥʽ ʦʜʥʦʚʠʤʽʨʥʦʤʫ ʬʦʨʤʫʚʘʥʥʶ ʧʨʦʤʝʥʶ. 

ʆʜʥʘʢ, ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʢʽʣʴʢʘ ʘʨʭʽʪʝʢʪʫʨ, ʱʦ ʜʦʟʚʦʣʷʶʪʴ ʜʚʦʚʠʤʽʨʥʝ ʬʦʨʤʫʚʘʥʥʷ 

ʧʨʦʤʝʥʶ [118,119]. ʎʝ ʘʨʭʽʪʝʢʪʫʨʠ ʟ ʬʽʢʩʦʚʘʥʦʶ ʯʘʩʦʚʦʶ ʟʘʪʨʠʤʢʦʶ ʪʘ ʟʽ 

ʟʤʽʥʥʠʤʠ ʯʘʩʦʚʠʤʠ ʟʘʪʨʠʤʢʘʤʠ, ʷʢʽ ʦʪʨʠʤʫʶʪʴ ʰʣʷʭʦʤ ʚʠʢʦʨʠʩʪʘʥʥʷ ʦʧʪʠʯʥʠʭ 

ʧʨʠʟʤ ʚʽʣʴʥʦʛʦ ʧʨʦʩʪʦʨʫ ʽ ʜʚʦʚʠʤʽʨʥʠʭ ʧʨʦʩʪʦʨʦʚʠʭ ʤʦʜʫʣʷʪʦʨʽʚ ʩʚʽʪʣʘ. ɼʣʷ 

ʨʝʘʣʽʟʘʮʽʾ ʰʠʨʦʢʦʩʤʫʛʦʚʦʛʦ I-Q- ʬʘʟʦʦʙʝʨʪʘʯʘ ʪʘʢʦʞ ʤʦʞʥʘ ʚʠʢʦʨʠʩʪʘʪʠ 

ʽʥʪʝʛʨʦʚʘʥʽ ʤʦʜʫʣʷʪʦʨʠ MZM ʘʙʦ DʈMZM. ʊʘʢʠʡ ʬʘʟʦʦʙʝʨʪʘʯ ʟʘʙʝʟʧʝʯʫʻ 

ʰʠʨʦʢʫ ʩʤʫʛʫ, ʰʚʠʜʢʦ ʧʝʨʝʣʘʰʪʦʚʫʻʪʴʩʷ, ʜʘʻ ʤʽʥʽʤʘʣʴʥʽ ʚʘʨʽʘʮʽʾ ʘʤʧʣʽʪʫʜʠ 

ʨʘʜʽʦʩʠʛʥʘʣʽʚ ʽ ʤʘʩʰʪʘʙʫʻʪʴʩʷ ʥʘ ʚʝʣʠʢʫ ʢʽʣʴʢʽʩʪʴ ʢʘʥʘʣʽʚ. ʎʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʤʘʶʪʴ ʧʝʨʰʦʨʷʜʥʝ ʟʥʘʯʝʥʥʷ ʜʣʷ ʨʦʟʚôʷʟʢʫ ʦʧʪʦʝʣʝʢʪʨʦʥʥʠʭ ʟʘʚʜʘʥʴ ʫʧʨʘʚʣʽʥʥʷ 

ʬʘʟʦʶ ʩʠʛʥʘʣʫ ʄʄʍ ʚ ʧʨʠʩʪʨʦʷʭ, ʷʢʽ ʫʪʚʦʨʶʶʪʴ ʜʽʘʛʨʘʤʫ ʩʧʨʷʤʦʚʘʥʦʩʪʽ ʘʥʪʝʥʠ. 

ɿʘʛʘʣʴʥʦʶ ʭʘʨʘʢʪʝʨʥʦʶ ʨʠʩʦʶ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʥʠʭ ʧʨʠʩʪʨʦʾʚ, ʱʦ 

ʫʪʚʦʨʶʶʪʴ ʜʽʘʛʨʘʤʫ ʩʧʨʷʤʦʚʘʥʦʩʪʽ ʘʥʪʝʥʠ ʚ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ, ʻ ʨʦʙʦʪʘ ʚ 

ʩʧʝʢʪʨʘʣʴʥʠʭ ʜʽʘʧʘʟʦʥʘʭ ʉ (1530ð1565 ʥʤ) ʪʘ/ʘʙʦ L (1565ð1625 ʥʤ) ʟʘ 

ʢʣʘʩʠʬʽʢʘʮʽʻʶ ʄʉɽ-ʊ. ʆʩʥʦʚʥʠʤʠ ʧʨʠʯʠʥʘʤʠ ʪʘʢʦʛʦ ʚʠʙʦʨʫ ʻ ʥʠʟʴʢʽ ʚʪʨʘʪʠ ʫ 

ʢʚʘʨʮʦʚʦʤʫ ʚʦʣʦʢʥʽ ʪʘ ʰʠʨʦʢʘ ʨʦʙʦʯʘ ʩʧʝʢʪʨʘʣʴʥʘ ʩʤʫʛʘ, ʱʦ ʜʦʟʚʦʣʷʻ, 

ʥʘʧʨʠʢʣʘʜ, ʝʬʝʢʪʠʚʥʦ ʟʘʤʽʥʶʚʘʪʠ ʥʘʙʽʨ ʧʝʨʝʤʠʢʘʶʯʠʭ ʣʽʥʽʡ ʟʘʪʨʠʤʢʠ ʥʘ ʙʘʟʽ 

ʚʝʣʠʢʦʾ ʢʽʣʴʢʦʩʪʽ ʅɺʏ-ʣʽʥʽʡ ʧʝʨʝʜʘʯʽ, ʱʦ ʟʘʟʚʠʯʘʡ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʚ ɸʌɸP, ʥʘ 

ʙʘʛʘʪʦʭʚʠʣʴʦʚʫ ʧʝʨʝʜʘʯʫ ʟʽ ʩʧʝʢʪʨʘʣʴʥʠʤ ʨʦʟʜʽʣʝʥʥʷʤ ʢʘʥʘʣʽʚ ʧʦ ʦʜʥʽʡ ʟʘʛʘʣʴʥʽʡ 

ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʥʽʡ ʣʽʥʽʾ. 

 

2.3. ɻʽʙʨʠʜʥʽ ʘʨʭʽʪʝʢʪʫʨʠ ʤʝʨʝʞ ʜʣʷ ʟʚôʷʟʢʫ ʫ ʤʽʣʽʤʝʪʨʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ 

ʇʝʨʝʜ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʤʠ ʢʦʤʧʘʥʽʷʤʠ ʧʦʩʪʘʻ ʟʘʚʜʘʥʥʷ ʩʪʚʦʨʝʥʥʷ ʤʝʨʝʞ, 

ʷʢʽ ʙʫʣʠ ʙ ʽʥʪʝʛʨʦʚʘʥʽ ʥʘ ʩʘʤʠʭ ʨʽʟʥʠʭ ʨʽʚʥʷʭ, ʧʦʻʜʥʫʚʘʣʠ ʨʽʟʥʽ ʩʪʘʥʜʘʨʪʠ  ̔

ʪʝʭʥʦʣʦʛʽʾ, ʟʘʙʝʟʧʝʯʫʶʯʠ ʙʝʟʰʦʚʥʠʡ ʧʝʨʝʭʽʜ ʟ ʦʜʥʦʛʦ ʩʪʘʥʜʘʨʪʫ ʜʦ ʽʥʰʦʛʦ, ʚʽʜ 

ʦʜʥʽʻʾ ʪʝʭʥʦʣʦʛʽʾ ʜʦ ʽʥʰʦʾ. ʊʘʢʽ ʤʝʨʝʞʽ ʧʦʚʠʥʥʽ ʥʝ ʧʨʦʩʪʦ ʧʦʻʜʥʫʚʘʪʠ ʨʽʟʥʽ 

ʩʪʘʥʜʘʨʪʠ (ʚʽʜ GSM ʜʦ LTE  ̔ 5G), ʘʣʝ  ̔ʟʘʙʝʟʧʝʯʫʚʘʪʠ ʧʦʚʥʫ ʚʟʘʻʤʦʜʽʶ ʤʽʞ 

ʨʽʟʥʠʤʠ ʤʝʨʝʞʝʚʠʤʠ ʨʽʚʥʷʤʠ, ʘ ʪʘʢʦʞ ʤʝʨʝʞʘʤʠ, ʧʦʙʫʜʦʚʘʥʠʤʠ ʥʘ ʨʽʟʥʠʭ 
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ʪʝʭʥʦʣʦʛʽʷʭ ʨʘʜʽʦʜʦʩʪʫʧʫ. ɻʝʪʝʨʦʛʝʥʥʘ ʤʝʨʝʞʘ (ʘʥʛʣ. HetNets) ʙʫʜʫʻʪʴʩʷ ʟ 

ʧʽʜʤʝʨʝʞ, ̫ ʢʽ ʧʨʘʮʶʶʪʴ ʚ ʨʽʟʥʠʭ ʩʪʘʥʜʘʨʪʘʭ, ʟʘ ʨʽʟʥʠʤʠ ʪʝʭʥʦʣʦʛʽʷʤʠ. ʇʨʠ ʮʴʦʤʫ 

ʚʩʽ ʚʦʥʠ ʫʪʚʦʨʶʶʪʴ ʻʜʠʥʫ ʽʥʪʝʛʨʦʚʘʥʝ ʩʝʨʝʜʦʚʠʱʝ, ʜʝ ʟʘʙʝʟʧʝʯʝʥʠʡ ʙʝʟʰʦʚʥʠʡ 

ʥʝʧʦʤʽʪʥʠʡ ʜʣʷ ʢʦʨʠʩʪʫʚʘʯʘ ʧʝʨʝʭʽʜ ʟ ʦʜʥʽʻʾ ʧʽʜʤʝʨʝʞʽ ʚ ̔ ʥʰʫ. ʊʦʙʪʦ, ʛʝʪʝʨʦʛʝʥʥʘ 

ʤʝʨʝʞʘ ʬʫʥʢʮʽʦʥʫʻ, ʷʢ ʻʜʠʥʘ ʩʠʩʪʝʤʘ.  

ʄʦʙʽʣʴʥʽ ʤʝʨʝʞʽ ʨʦʟʚʠʚʘʶʪʴʩʷ ʚʽʜ 4G ʜʦ 5G [120] (ʨʠʩ.2.7).  

 

 

ʈʠ.2.7. ɿʨʦʩʪʘʥʥʷ ʤʦʙʽʣʴʥʦʛʦ ʪʨʘʬʽʢʫ ʟʘ ʧʨʦʛʥʦʟʘʤʠ Ericsson [120] 

 

ʅʘʡʙʽʣʴʰ ʚʘʞʣʠʚʽ ʧʨʦʙʣʝʤʠ ʫ ʨʦʟʚʠʪʢʫ ʚʢʣʶʯʘʶʪʴ ʚ ʩʝʙʝ ʚʝʣʠʯʝʟʥʫ 

ʢʽʣʴʢʽʩʪʴ ʧʨʠʩʪʨʦʾʚ, ʥʝʦʙʭʽʜʥʽʩʪʴ ʚ ʥʠʟʴʢʽʡ ʟʘʪʨʠʤʮʽ ʧʝʨʝʜʘʯʽ ʜʘʥʠʭ, ʚ ʥʠʟʴʢʦʤʫ 

ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʽ ʽ ʪ.ʜ. ʊʘʢʦʞ ʥʝʦʙʭʽʜʥʦ ʚʨʘʭʦʚʫʚʘʪʠ ʦʙʤʝʞʝʥʽ ʤʦʞʣʠʚʦʩʪʽ 

ʧʨʠʩʪʨʦʾʚ ʦʙʨʦʙʢʠ ʽʥʬʦʨʤʘʮʽʾ, ʦʙʤʝʞʝʥʥʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʄʄɼ. ɺʠʨʽʰʝʥʥʷ ʪʘʢʠʭ 

ʧʨʦʙʣʝʤ ʟʥʘʭʦʜʷʪʴ ʚ ʛʝʪʝʨʦʛʝʥʥʽʡ ʤʝʨʝʞʝʚʽʡ ʘʨʭʽʪʝʢʪʫʨʽ [1,2,44]. 

ʄʝʨʝʞʽ HetNets ʧʽʜʚʠʱʫʶʪʴ ʝʬʝʢʪʠʚʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʤʫʛʠ 

ʧʨʦʧʫʩʢʘʥʥʷ ʽ ʧʨʦʧʫʩʢʥʫ ʟʜʘʪʥʽʩʪʴ ʙʝʟʧʨʦʚʦʜʦʚʠʭ ʤʝʨʝʞ ʟʘ ʨʘʭʫʥʦʢ ʙʽʣʴʰ 

ʝʬʝʢʪʠʚʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʝʨʝʞʝʚʠʭ ʨʝʩʫʨʩʽʚ. ʑʝ ʚ 90-ʭ ʨʦʢʘʭ ʙʫʣʠ ʨʦʟʨʦʙʣʝʥʽ 
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ʪʝʭʥʦʣʦʛʽʾ LMDS (local multipoint distribution service) ʽ MVDS (multipoint video 

distribution system) ʜʣʷ ʩʪʽʣʴʥʠʢʦʚʦʛʦ ʪʝʣʝʙʘʯʝʥʥʷ, ʱʦ ʤʦʞʫʪʴ ʧʨʘʮʶʚʘʪʠ ʚ ʄʄɼ 

ʥʘ ʚʽʜʩʪʘʥʷʭ ʚʽʜ 3 ʜʦ 10 ʢʤ ʧʨʷʤʦʾ ʚʠʜʠʤʦʩʪʽ, ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʘʥʘʣʦʛʦʚʦʾ ʪʘ 

ʮʠʬʨʦʚʦʾ ʤʦʜʫʣʷʮʽʾ [44]. ʋ ʮʠʭ ʪʝʭʥʦʣʦʛʽʷʭ ʧʝʨʝʜʙʘʯʘʣʘʩʷ ʢʦʥʚʝʨʪʘʮʽʷ ʩʧʝʢʪʨʘ 

ʩʠʛʥʘʣʫ, ʱʦ ʥʘʜʭʦʜʠʪʴ ʟ ʢʘʙʝʣʶ ʘʙʦ ʩʫʧʫʪʥʠʢʦʚʦʛʦ ʪʝʣʝʙʘʯʝʥʥʷ ʟʽ ʩʤʫʛʠ 50ï860 

ʄɻʮ ʚ ʩʤʫʛʫ 2 ɻɻʮ ʄʄɼ ʙʝʟ ʜʝʤʦʜʫʣʷʮʽʾ ʽ ʜʝʤʫʣʴʪʠʧʣʝʢʩʫʚʘʥʥʷ ʩʠʛʥʘʣʫ.  

ɻʦʣʦʚʥʠʤʠ ʧʝʨʝʚʘʛʘʤʠ ʪʘʢʠʭ ʩʠʩʪʝʤ ʻ ʤʘʣʠʡ ʨʽʚʝʥʴ ʰʫʤʽʚ ʩʠʩʪʝʤ ʄʄɼ, ʘ 

ʪʘʢʦʞ ʤʦʞʣʠʚʽʩʪʴ ʫʱʽʣʴʥʝʥʥʷ ʢʘʥʘʣʽʚ. ʇʦʪʫʞʥʽʩʪʴ ʥʘ ʦʜʠʥ ʢʘʥʘʣ ʩʪʘʥʦʚʠʣʘ 

ʜʝʩʷʪʢʠ ʤʽʣʽʚʘʪ. ɿʛʦʜʦʤ ʮʷ ʪʝʭʥʦʣʦʛʽʷ ʙʫʣʘ ʟʘʧʦʟʠʯʝʥʘ ʚ ʩʪʘʥʜʘʨʪʠ LTE ʜʣʷ 

ʦʨʛʘʥʽʟʘʮʽʾ ʨʘʜʽʦʤʦʩʪʽʚ (ʟ'ʻʜʥʘʥʴ ʪʠʧʫ çʪʦʯʢʘ-ʪʦʯʢʘè ʘʙʦ çʪʦʯʢʘ - ʙʘʛʘʪʦ ʪʦʯʦʢè).  

Pʝʟʫʣʴʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʽʚ, ʱʦ ʧʨʦʚʝʜʝʥʽ ʚ ʅʴʶ-ʁʦʨʢʫ (ʎʝʥʪʨ 

ʙʝʟʧʨʦʚʦʜʦʚʠʭ ʪʝʭʥʦʣʦʛʽʡ ʅʴʶ-ʁʦʨʢʩʴʢʦʛʦ ʫʥʽʚʝʨʩʠʪʝʪʫ), ʧʦʢʘʟʘʣʠ ʤʦʞʣʠʚʽʩʪʴ 

ʧʝʨʝʜʘʯʽ ʩʠʛʥʘʣʫ ʥʘ ʯʘʩʪʦʪʘʭ 28 ɻɻʮ ʪʘ 73 ɻɻʮ ʥʘ ʚʽʜʩʪʘʥʴ ʜʦ 100-200 ʤ ʟʘ ʨʘʭʫʥʦʢ 

ʚʽʜʙʠʪʪʷ ʪʘ ʨʦʟʩʽʶʚʘʥʥʷ ʩʠʛʥʘʣʫ [44]. ʇʨʦʪʝ ʄʄɼ ʩʠʩʪʝʤʠ ʥʝ ʤʦʞʫʪʴ ʙʫʪʠ 

ʨʦʟʛʦʨʥʫʪʽ ʚ ʘʚʪʦʥʦʤʥʦʤʫ ʨʝʞʠʤʽ. ɼʣʷ ʥʘʜʽʡʥʦʛʦ ʧʦʢʨʠʪʪʷ ʥʝʦʙʭʽʜʥʘ ʧʽʜʪʨʠʤʢʘ 

ʨʽʟʥʦʨʽʜʥʠʭ ʤʝʨʝʞ ʽ ʪʝʭʥʦʣʦʛʽʡ, ʚ ʪʦʤʫ ʯʠʩʣʽ ʛʝʪʝʨʦʛʝʥʥʠʭ ʤʝʨʝʞ ʚ ʄʄɼ, ʚ ʷʢʠʭ 

ʙʫʜʫʪʴ ʚʠʢʦʨʠʩʪʘʥʥʽ ʩʪʽʣʴʥʠʢʠ ʨʽʟʥʠʭ ʨʦʟʤʽʨʽʚ, ʧʝʨʝʤʠʢʘʥʥʷ ʢʘʥʘʣʽʚ ʟ ʨʽʟʥʠʤʠ 

ʰʚʠʜʢʦʩʪʷʤʠ. ʏʝʨʝʟ ʫʨʘʟʣʠʚʽʩʪʴ ʄʄʍ ʜʦ ʟʘʪʽʥʝʥʥʴ, ʧʦʚ'ʷʟʘʥʠʭ ʟ ʧʝʨʝʤʽʱʝʥʥʷʤ 

ʢʦʨʠʩʪʫʚʘʯʽʚ, ʟʤʽʥʠ ʩʝʨʝʜʦʚʠʱʘ ʧʦʰʠʨʝʥʥʷ, ʧʨʦʧʦʥʫʻʪʴʩʷ ʘʛʨʝʛʘʮʽʷ ʥʝʩʫʯʠʭ, ʧʨʠ 

ʷʢʽʡ ʤʦʙʽʣʴʥʽ ʧʨʠʩʪʨʦʾ ʤʦʞʫʪʴ ʧʽʜʢʣʶʯʘʪʠʩʷ ʜʦ ʜʝʢʽʣʴʢʦʭ ʙʘʟʦʚʠʭ ʩʪʘʥʮʽʡ 

ʦʜʥʦʯʘʩʥʦ. ʊʘʢʦʞ ʧʨʦʧʦʥʫʻʪʴʩʷ ʛʝʪʝʨʦʛʝʥʥʘ ʘʨʭʽʪʝʢʪʫʨʘ ʤʝʨʝʞʽ, ʱʦ ʩʢʣʘʜʘʻʪʴʩʷ 

ʟ ʤʘʣʠʭ ʩʪʽʣʴʥʠʢʽʚ, ʷʢʽ ʧʨʘʮʶʶʪʴ ʚ ʩʤʫʛʘʭ ʄʄɼ, ʽ ʤʘʢʨʦʩʪʽʣʴʥʠʢʽʚ, ʷʢʽ ʧʨʘʮʶʶʪʴ 

ʚ ʤʽʢʨʦʭʚʠʣʴʦʚʠʭ ʜʽʘʧʘʟʦʥʘʭ. ʄʘʢʨʦʩʪʽʣʴʥʠʢʠ ʙʫʜʫʪʴ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʚ ʷʢʦʩʪʽ 

ʤʝʨʝʞʽ ʩʠʛʥʘʣʽʟʘʮʽʾ ʜʣʷ ʚʠʷʚʣʝʥʥʷ ʩʪʽʣʴʥʠʢʽʚ ʽ ʧʝʨʝʜʘʯʽ ʩʠʛʥʘʣʽʚ, ʱʦʙ ʛʘʨʘʥʪʫʚʘʪʠ 

ʧʦʚʥʝ ʦʭʦʧʣʝʥʥʷ ʽ ʟʘʙʝʟʧʝʯʠʪʠ ʥʘʜʽʡʥʽ ʢʘʥʘʣʠ ʢʝʨʫʚʘʥʥʷ. ʄʽʢʨʦʩʪʽʣʴʥʠʢʠ 

ʫʪʚʦʨʶʶʪʴ ʧʽʜʤʝʨʝʞʫ ʜʘʥʠʭ, ʷʢʘ ʟʘʙʝʟʧʝʯʫʻ ʚʠʩʦʢʽ ʰʚʠʜʢʦʩʪʽ ʧʝʨʝʜʘʯʽ ʜʘʥʠʭ, 

ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʩʤʫʛʠ ʄʄɼ ʜʣʷ ʢʦʨʠʩʪʫʚʘʯʽʚ, ʷʢʠʭ ʚʦʥʠ ʦʭʦʧʣʶʶʪʴ. 

ʇʨʦʙʣʝʤʦʶ ʚ ʨʦʟʚʠʪʢʫ HetNets ʻ ʚʠʩʦʢʘ ʱʽʣʴʥʽʩʪʴ ʢʦʨʠʩʪʫʚʘʯʽʚ ʽ ʪʦʯʦʢ 

ʜʦʩʪʫʧʫ ʚ ʤʝʨʝʞʘʭ, ʱʦ ʩʪʚʦʨʶʻ ʟʥʘʯʥʽ ʟʘʚʘʜʠ ʤʽʞ ʢʦʨʠʩʪʫʚʘʯʘʤʠ, ʷʢʽ ʥʝʦʙʭʽʜʥʦ 

ʧʦʩʣʘʙʣʶʚʘʪʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʢʣʘʜʥʠʭ ʩʭʝʤ ʟʥʠʞʝʥʥʷ ʟʘʚʘʜ. ʂʨʽʤ ʪʦʛʦ, ʯʝʨʝʟ 
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ʟʥʘʯʥʝ ʧʦʩʣʘʙʣʝʥʥʷ ʢʘʥʘʣʫ ʽ ʥʘʷʚʥʽʩʪʴ ʘʧʘʨʘʪʥʠʭ ʦʙʤʝʞʝʥʴ, ʥʘʧʨʠʢʣʘʜ, ʬʘʟʦʚʦʛʦ 

ʰʫʤ ʽ ʥʝʣʽʥʽʡʥʦʩʪʽ ʧʽʜʩʠʣʶʚʘʯʘ, ʩʢʣʘʜʥʦʩʪʽ ʫʧʨʘʚʣʽʥʥʷ ʜʠʥʘʤʽʢʦʶ ʽ ʪ.ʽʥ., ʰʠʨʦʢʘ 

ʩʤʫʛʘ ʧʨʦʧʫʩʢʘʥʥʷ ʄʄɼ ʜʦ ʪʝʧʝʨʽʰʥʴʦʛʦ ʯʘʩʫ ʥʝ ʙʫʣʘ ʧʦʚʥʽʩʪʶ ʚʠʢʦʨʠʩʪʘʥʘ. 

ɼʣʷ ʚʠʨʽʰʝʥʥʷ ʪʘʢʠʭ ʧʨʦʙʣʝʤ ʧʨʦʧʦʥʫʻʪʴʩʷ ʛʽʙʨʠʜʥʘ HetNets, ʚ ʷʢʽʡ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʨʽʟʥʽ ʧʽʜʜʽʘʧʘʟʦʥʠ ʄʄɼ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʰʠʨʦʢʫ ʩʤʫʛʫ 

ʧʨʦʧʫʩʢʘʥʥʷ ʪʘ ʨʽʟʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʦʰʠʨʝʥʥʷ ʚ ʩʤʫʛʘʭ 60 ɻɻʮ ʽ 70-80 ɻɻʮ, ʟ 

ʤʝʪʦʶ ʟʤʝʥʰʝʥʥʷ ʚʧʣʠʚʫ ʟʘʚʘʜ ʪʘ ʟʙʽʣʴʰʝʥʥʷ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʤʝʨʝʞʽ. 

ʆʩʥʦʚʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʩʤʫʛ 60 ɻɻʮ ʻ ʚʠʩʦʢʽ ʚʪʨʘʪʠ, ʧʦʚ'ʷʟʘʥʽ ʟ 

ʧʦʛʣʠʥʘʥʥʷʤ ʚ ʤʦʣʝʢʫʣʘʭ ʢʠʩʥʶ ʜʦ 14 ʜɹ/ʢʤ (ʨʠʩ.1.2), ʦʙʤʝʞʝʥʘ ʧʦʪʫʞʥʽʩʪʴ 

ʧʝʨʝʜʘʯʽ [121] ʽ ʚʪʨʘʪʠ ʩʠʛʥʘʣʫ ʯʝʨʝʟ ʟʘʪʽʥʝʥʥʷ. ɼʣʷ ʚʠʨʽʰʝʥʥʷ ʮʠʭ ʧʨʦʙʣʝʤ 

ʜʦʩʣʽʜʞʫʶʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚʫʟʴʢʦʩʧʨʷʤʦʚʘʥʠʭ ʌɸʈ ʟ ʘʣʛʦʨʠʪʤʘʤʠ ʚʽʜʩʪʝʞʝʥʥʷ, 

ʷʢʽ ʦʮʽʥʶʶʪʴ ʨʦʟʪʘʰʫʚʘʥʥʷ ʢʦʨʠʩʪʫʚʘʯʘ ʽ ʢʦʨʠʛʫʶʪʴ ʜʽʘʛʨʘʤʫ ʩʧʨʷʤʦʚʘʥʦʩʪʽ 

ʘʥʪʝʥʠ. ʆʜʥʘʢ ʪʘʢʽ ʨʽʰʝʥʥʷ ʩʢʣʘʜʥʦ ʨʝʘʣʽʟʫʚʘʪʠ [121]. ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ 60 ɻɻʮ 

ʜʽʘʧʘʟʦʥʫ, ʚ ɽ-ʜʽʘʧʘʟʦʥʽ 70-80 ɻɻʮ ʥʝʤʘʻ ʟʥʘʯʥʦʛʦ ʧʦʩʣʘʙʣʝʥʥʷ ʢʘʥʘʣʫ (ʜʦ 0,5 

ʜɹ/ʢʤ) ʚ ʘʪʤʦʩʬʝʨʽ ʪʘ ʜʦʩʪʫʧʥʘ ʩʤʫʛʘ 10 ɻɻʮ. ʋ ʛʽʙʨʠʜʥʽʡ ʩʠʩʪʝʤʽ HetNets, ʱʦ 

ʚʠʢʦʨʠʩʪʦʚʫʻ ʩʧʝʢʪʨʠ 60 ɻɻʮ ʽ 70-80 ɻɻʮ ʧʝʨʝʜʙʘʯʘʻʪʴʩʷ ʥʘʩʪʫʧʥʠʡ ʩʮʝʥʘʨʽʡ: 

- ʚʠʢʦʨʠʩʪʘʥʥʷ ʱʽʣʴʥʦ ʨʦʟʛʦʨʥʫʪʠʭ ʤʝʨʝʞ ʚ ʜʽʘʧʘʟʦʥʽ 60 ɻɻʮ ʚ ʟʦʥʽ 

ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʤʘʢʨʦʩʪʽʣʴʥʠʢʘʤʠ, ʜʝ ʚʠʩʦʢʝ ʟʛʘʩʘʥʥʷ ʟʘʙʝʟʧʝʯʫʻ ʟʥʠʞʝʥʥʷ 

ʟʘʛʘʣʴʥʦʛʦ ʨʽʚʥʷ ʟʘʚʘʜ ʚ ʤʝʨʝʞʽ; 

- ʜʽʘʧʘʟʦʥ 70-80 ɻɻʮ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʚ ʨʝʞʠʤʽ ʩʠʣʴʥʠʭ ʟʘʚʘʜ ʘʙʦ ʜʣʷ 

ʚʩʪʘʥʦʚʣʝʥʥʷ ʣʽʥʽʡ ʟʚ'ʷʟʢʫ ʥʘ ʙʽʣʴʰ ʜʦʚʛʽ ʜʠʩʪʘʥʮʽʾ, ʥʘʧʨʠʢʣʘʜ ʜʣʷ ʟôʻʜʥʘʥʥʷ 

ʙʘʟʦʚʠʭ ʩʪʘʥʮʽʡ (ʜʣʷ ʤʘʢʨʦʩʪʽʣʴʥʠʢʽʚ). 

ɻʽʙʨʠʜʥʘ ʢʦʥʬʽʛʫʨʘʮʽʷ Het-Nets ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʄʄɼ ʽ ʜʽʘʧʘʟʦʥʫ LTE (ʚ 

ʦʩʥʦʚʥʦʤʫ ʜʝʮʠʤʝʪʨʦʚʠʡ ʜʽʘʧʘʟʦʥ) ʤʦʞʝ ʟʥʘʯʥʦ ʟʙʽʣʴʰʠʪʠ ʧʨʦʧʫʩʢʥʫ ʟʜʘʪʥʽʩʪʴ 

ʤʝʨʝʞ [122]. ɺ ʜʘʥʦʤʫ ʚʠʧʘʜʢʫ ʧʨʦʧʦʥʫʶʪʴʩʷ ʙʘʟʦʚʽ ʩʪʘʥʮʽʾ, ʦʩʥʘʱʝʥʽ ʢʽʣʴʢʦʤʘ 

ʧʨʠʡʤʘʣʴʥʦ-ʧʝʨʝʜʘʚʘʣʴʥʠʤʠ ʘʥʪʝʥʘʤʠ, ʱʦ ʧʨʘʮʶʶʪʴ ʚ ʨʽʟʥʠʭ ʩʤʫʛʘʭ (ʨʠʩ.2.8). 

ɹʫʣʦ ʧʨʦʚʝʜʝʥʦ ʙʘʛʘʪʦ ʜʦʩʣʽʜʞʝʥʴ ʟ ʧʝʨʝʜʘʯʽ ʄʄʍ ʧʦ ʦʧʪʦʚʦʣʦʢʦʥʥʠʤ 

ʣʽʥʽʷʤ ʟʚ'ʷʟʢʫ, ʷʢʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʧʝʨʝʚʘʛʠ ʷʢ ʦʧʪʠʯʥʠʭ ʚʦʣʦʢʦʥ, ʪʘʢ ʽ ʭʚʠʣʴ 

ʄʄɼ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʰʠʨʦʢʦʩʤʫʛʦʚʠʭ ʩʠʩʪʝʤ (ʜʦ 10 ɻɻʮ) ʟʚ'ʷʟʢʫ RoF [30, 32, 

106,123]. 
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ʈʠʩ.2.8. ɻʽʙʨʠʜʥʘ ʢʦʥʬʽʛʫʨʘʮʽʷ Het-Nets ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʽʣʽʤʝʪʨʦʚʦʛʦ 

ʜʽʘʧʘʟʦʥʫ ʪʘ ʜʽʘʧʘʟʦʥʫ LTE 

 

ʅʘ ʨʠʩ.2.9 ʧʨʝʜʩʪʘʚʣʝʥʘ ʚʦʣʦʢʦʥʥʦ-ʝʬʽʨʥʘ ʢʦʥʬʽʛʫʨʘʮʽʷ ʤʝʨʝʞʽ ʟ̔ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʄʄɼ. ʎʝʥʪʨʘʣʴʥʘ ʩʪʘʥʮʽʷ (ʎʉ) ʽ ʨʦʟʧʦʜʽʣʝʥʽ ʙʘʟʦʚʽ ʩʪʘʥʮʽʾ (ɹʉ) 

ʧʦʚ'ʷʟʘʥʽ ʟ ʦʧʪʠʯʥʠʤʠ ʚʦʣʦʢʥʘʤʠ. 

 

 

 

ʈʠʩ.2.9. ɻʽʙʨʠʜʥʘ ʚʦʣʦʢʦʥʥʦ-ʝʬʽʨʥʘ ʢʦʥʬʽʛʫʨʘʮʽʷ ʤʝʨʝʞʽ ʫ ʄʄɼ : ʙʘʟʦʚʽ 

ʩʪʘʥʮʽʾ ʩʪʽʣʴʥʠʢʽʚ, ʱʦ ʧʨʘʮʶʶʪʴ ʚ ʄʄɼ ʟʚ'ʷʟʘʥʽ ʯʝʨʝʟ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʥʽ ʣʽʥʽʡ  
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ʋ ʢʦʞʥʦʤʫ ʬʝʤʪʦ- ʘʙʦ ʧʽʢʦ-ʩʪʽʣʴʥʠʢʫ ʚʟʘʻʤʦʜʽʷ ʤʽʞ ʤʦʙʽʣʴʥʠʤʠ 

ʪʝʨʤʽʥʘʣʘʤʠ ʽ ʙʘʟʦʚʠʤʠ ʩʪʘʥʮʽʷʤʠ ʚʽʜʙʫʚʘʻʪʴʩʷ ʚ ʄʄɼ. ɺʠʨʽʰʘʣʴʥʝ ʟʥʘʯʝʥʥʷ ʜʣʷ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʄʄʍ ʚ ʩʪʽʣʴʥʠʢʦʚʠʭ ʤʝʨʝʞʘʭ ʤʘʻ ʚʝʣʠʢʘ ʰʚʠʜʢʽʩʪʴ ʦʙʨʦʙʢʠ 

ʩʠʛʥʘʣʽʚ ʽ ʧʝʨʝʜʘʯʽ ʥʘ ʚʝʣʠʢʽ ʚʽʜʩʪʘʥʽ, ʷʢʽ ʥʝ ʤʦʞʝ ʟʘʙʝʟʧʝʯʠʪʠ ʄʄɼ, ʩʧʨʷʤʦʚʘʥʘ 

ʧʝʨʝʜʘʯʘ ʽ ʛʽʙʨʠʜʥʝ ʘʥʘʣʦʛʦʚʦ-ʮʠʬʨʦʚʝ ʬʦʨʤʫʚʘʥʥʷ ʧʨʦʤʝʥʶ ʚ ʪʝʭʥʦʣʦʛʽʾ MIMO, 

ʚ ʷʢʽʡ ʪʘʢʦʞ ʟʘʜʽʷʥʽ ʦʧʪʦʝʣʝʢʪʨʦʥʥʽ ʤʝʪʦʜʠ ʤʽʢʨʦʭʚʠʣʴʦʚʦʾ ʬʦʪʦʥʽʢʠ. 

ʂʦʥʢʫʨʝʥʪʦʤ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʥʠʭ ʣʽʥʽʡ ʟʚ'ʷʟʢʫ ʤʦʞʫʪʴ ʩʪʘʪʠ ʩʪʨʘʪʦʩʬʝʨʥʽ 

ʩʠʩʪʝʤʠ, ʚ ʷʢʠʭ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʢʘʥʘʣʠ ʟʚ'ʷʟʢʫ ʟ ʨʝʪʨʘʥʩʣʷʪʦʨʘʤʠ ʥʘ ʚʠʩʦʪʽ 

ʙʣʠʟʴʢʦ 20 ʢʤ (ʨʠʩ. 2.10). ʉʪʨʘʪʦʩʬʝʨʥʽ ʨʝʪʨʘʥʩʣʷʪʦʨʠ, ʷʢʽ ʤʦʞʫʪʴ ʚʠʢʦʥʫʚʘʪʠ 

ʬʫʥʢʮʽʶ ʙʘʟʦʚʠʭ ʩʪʘʥʮʽʡ, ʨʦʟʧʦʜʽʣʝʥʽ ʚ ʛʦʨʠʟʦʥʪʘʣʴʥʠʡ ʣʘʥʮʶʛ, ʟʚ'ʷʟʦʢ ʽ 

ʢʦʨʠʛʫʚʘʥʥʷ ʧʦʣʦʞʝʥʥʷ ʚʠʢʦʥʫʻʪʴʩʷ ʚ ʦʧʪʠʯʥʦʤʫ ʜʽʘʧʘʟʦʥʽ.  ʇʨʦʝʢʪʠ ʩʪʚʦʨʝʥʥʷ 

ʩʪʨʘʪʦʩʬʝʨʥʠʭ ʩʠʩʪʝʤ ʟʚôʷʟʢʫ ʟ ʧʝʚʥʦʶ ʧʝʨʽʦʜʠʯʥʽʩʪʶ ʟ'ʷʚʣʷʣʠʩʷ ʧʦʯʠʥʘʶʯʠ ʟ 

1940-ʭ ʨʨ., ʢʦʣʠ ʨʦʟʛʣʷʜʘʣʘʩʷ ʢʦʥʮʝʧʮʽʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʪʨʘʪʦʩʬʝʨʥʠʭ ʜʠʨʠʞʘʙʣʽʚ 

ʚ ʷʢʦʩʪʽ ʥʠʟʴʢʦʦʨʙʽʪʘʣʴʥʠʭ ʩʫʧʫʪʥʠʢʽʚ ɿʝʤʣʽ [124]. 

 

 

ʈʠʩ.2.10. ʊʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʘ ʩʭʝʤʘ ʨʦʙʦʪʠ ʩʪʨʘʪʦʩʬʝʨʥʦʛʦ ʢʦʤʧʣʝʢʩʫ 

ʟʚôʷʟʢʫ 

 

ʇʝʨʝʚʘʛʘ ʩʪʨʘʪʦʩʬʝʨʥʠʭ ʢʘʥʘʣʽʚ ʟʚôʷʟʢʫ ʥʘʜ ʥʘʟʝʤʥʠʤʠ (ʝʬʽʨʥʠʤʠ) ʧʦʣʷʛʘʻ 

ʚ ʪʦʤʫ, ʱʦ ʘʢʪʠʚʥʘ ʪʦʚʱʠʥʘ ʧʨʠʟʝʤʥʦʛʦ ʰʘʨʫ ʘʪʤʦʩʬʝʨʠ ʩʪʘʥʦʚʠʪʴ 1,5 - 2 ʢʤ ʧʨʠ 
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ʜʽʘʤʝʪʨʽ ʟʦʥʠ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʙʽʣʴʰʝ 100 ʢʤ [125]. ɺ ʷʢʦʩʪʽ ʩʪʨʘʪʦʩʬʝʨʥʠʭ 

ʧʣʘʪʬʦʨʤ ʤʦʞʫʪʴ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʧʦʚʽʪʨʷʥʽ ʢʫʣʽ, ʜʨʦʥʠ, ʜʠʨʠʞʘʙʣʽ ʽ ʪ.ʽʥ., ʷʢʽ 

ʧʦʚʠʥʥʽ ʣʝʪʽʪʠ ʥʘ ʚʠʩʦʪʽ 18-25 ʢʤ, ʱʦ ʥʝ ʟʘʚʘʞʘʻ ʮʠʚʽʣʴʥʽʡ ʘʚʽʘʮʽʾ (13-15 ʢʤ). ʅʘ 

ʪʘʢʠʭ ʚʠʩʦʪʘʭ ʰʚʠʜʢʽʩʪʴ ʚʽʪʨʽʚ ʩʧʘʜʘʻ ʜʦ ʤʽʥʽʤʫʤʫ (ʙʣʠʟʴʢʦ 10 ʤ/c) ʽ 

ʚʽʜʟʥʘʯʘʻʪʴʩʷ ʪʘʢʦʞ ʚʽʜʥʦʩʥʘ ʩʪʘʣʽʩʪʴ ʾʭ ʥʘʧʨʷʤʢʫ. ʂʨʽʤ ʪʦʛʦ, ʧʦʚʽʪʨʷ ʤʘʻ ʛʫʩʪʠʥʫ 

ʚ 30-40 ʨʘʟʽʚ ʤʝʥʰʫ, ʥʽʞ ʚ ʧʨʠʟʝʤʥʦʤʫ ʰʘʨʽ. ʇʝʨʝʜʙʘʯʘʣʦʩʷ, ʱʦ ʦʩʥʦʚʥʠʤ 

ʧʦʣʴʦʪʥʠʤ ʨʝʞʠʤʦʤ ʧʨʠ ʝʢʩʧʣʫʘʪʘʮʽʾ ʩʪʨʘʪʦʩʬʝʨʥʠʭ ʜʠʨʠʞʘʙʣʽʚ ʙʫʜʝ ʟʘʚʠʩʘʥʥʷ 

ʥʘʜ ʟʘʜʘʥʦʶ ʪʦʯʢʦʶ ʟʝʤʥʦʾ ʧʦʚʝʨʭʥʽ ʽ ʜʨʝʡʬ ʚ ʤʝʞʘʭ ʙʣʠʟʴʢʦ 500 ʤ.  

ʇʨʠ ʟʘʜʘʥʽʡ ʚʠʩʦʪʽ ʧʣʘʪʬʦʨʤʠ h ̔  ʢʫʪ ̔ʤʽʩʮʷ ɓ, ʷʢʠʡ ʚʠʟʥʘʯʘʻʪʴʩʷ ʷʢ ʢʫʪ ʤʽʞ 

ʥʘʧʨʷʤʢʦʤ ʥʘ ʛʦʨʠʟʦʥʪ ʽ ʥʘʧʨʷʤʢʦʤ ʦʩʽ ʧʨʦʤʝʥʷ ʘʥʪʝʥʠ ʟʝʤʥʦʾ ʩʪʘʥʮʽʾ ʥʘ ʘʥʪʝʥʫ 

ʩʪʨʘʪʦʩʬʝʨʥʦʾ ʧʣʘʪʬʦʨʤʠ ʧʦʭʠʣʘ ʜʘʣʴʥʽʩʪʴ ʟʚ'ʷʟʢʫ (ʨʠʩ.2.11): 

( )
22 2 ( )cosɿ ɿ ɿ ɿD R R h R R h g= + + - +    (2.5) 

ʜʝ ɿR  - ʨʘʜʽʫʩ ɿʝʤʣʽ (6378 ʢʤ), g - ʛʝʦʮʝʥʪʨʠʯʥʠʡ ʢʫʪ, ʚʠʟʥʘʯʘʻʪʴʩʷ ʟ ʬʦʨʤʫʣʠ: 

b
b

g -ö
ö
÷

õ
æ
æ
ç

å

+
=

ɿRh1

cos
arccos .    (2.6) 

 

ɼʣʷ ʤʘʢʩʽʤʘʣʴʥʦʾ ʧʦʭʠʣʽʡ ʜʘʣʴʥʦʩʪʽ, ʧʨʠ 0=b : 

( )hRhD ɿ+= 2max      (2.7) 

ʇʨʠ 090=b  ʤʽʥʽʤʘʣʴʥʘ ʧʦʭʠʣʘ ʜʘʣʴʥʽʩʪʴ hD =min . 

ɼʽʘʤʝʪʨ ʟʦʥʠ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʙʝʟ ʫʨʘʭʫʚʘʥʥʷ ʨʝʬʨʘʢʮʽʾ ʟ ʬʦʨʤʫʣ (2.5) ʽ (2.7) ʤʦʞʝ 

ʙʫʪʠ ʦʙʯʠʩʣʝʥʠʡ ʟʘ ʬʦʨʤʫʣʦʶ: 

  ( )gcos12 -= ɿRd      (2.8) 

ʘʙʦ ʪʘʢ ʷʢ 010¢g ʪʦʜʽ  

( )ʨʘʜ
Rh

Rd
ɿ

ɿ ö
ö

÷

õ

æ
æ

ç

å
-ù
ú

ø
é
ê

è

+
Ö= b

b

1

cos
arccos2    (2.9) 
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ʈʠʩ.2.11. ɺʠʟʥʘʯʝʥʥʷ ʧʦʭʠʣʦʾ ʜʘʣʴʥʦʩʪʽ ʟʚ'ʷʟʢʫ; ɿʉ ïʟʝʤʥʘ ʩʪʘʥʮʽʷ, ʉʇ ï 

ʩʪʨʘʪʦʩʬʝʨʥʘ ʧʣʘʪʬʦʨʤʘ 

 

ɼʣʷ ʢʫʪʘ ʤʽʩʮʷ ɓ=15 ʽ ʚʠʩʦʪʠ ʧʣʘʪʬʦʨʤʠ h= 20 ʢʤ ʜʽʘʤʝʪʨ ʟʦʥʠ 

ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʜʦʨʽʚʥʶʻ =d 148 ʢʤ, ʘ ʜʣʷ  03=b  505=d  ʢʤ, ʷʢ ʧʦʢʘʟʘʥʦ ʥʘ 

ʨʠʩ.2.12. 

ʆʜʥʘʢ ʪʨʘʻʢʪʦʨʽʷ ʨʘʜʽʦʧʨʦʤʝʥʷ ʚʥʘʩʣʽʜʦʢ ʘʪʤʦʩʬʝʨʥʦʾ ʨʝʬʨʘʢʮʽʾ ʙʫʜʝ 

ʟʛʠʥʘʪʠʩʷ ʚ ʙʽʢ ʧʦʚʝʨʭʥʽ ɿʝʤʣʽ. ʂʫʪ ʨʝʬʨʘʢʮʽʾ, ʱʦ ʧʨʝʜʩʪʘʚʣʷʻ ʩʦʙʦʶ ʢʫʪ ʚ ʪʦʯʮʽ 

ʧʨʠʡʦʤʫ ʤʽʞ ʽʩʪʠʥʥʠʤ ʽ ʫʷʚʥʠʤ ʥʘʧʨʷʤʢʦʤ ʥʘ ʜʞʝʨʝʣʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ʥʝ 

ʟʘʣʝʞʠʪʴ ʚʽʜ ʯʘʩʪʦʪʠ ʧʘʜʘʶʯʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ. 
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ʈʠʩʫʥʦʢ 2.12. ɿʘʣʝʞʥʽʩʪʴ ʜʽʘʤʝʪʨʫ ʟʦʥʘ ʧʦʢʨʠʪʪʷ  ʚʽʜ ʚʠʩʦʪʠ ʨʦʟʪʘʰʫʚʘʥʥʷ 

ʩʪʨʘʪʦʩʬʝʨʥʦʛʦ ʨʝʪʨʘʥʩʣʷʪʦʨʘ ʜʣʷ ʨʽʟʥʠʭ ʢʫʪʽʚ ʤʽʩʮʷ ɓ 

 

ɼʦ ʥʘʡʙʽʣʴʰʠʭ ʧʝʨʝʚʘʛ ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʪʨʘʪʦʩʬʝʨʥʠʭ ʩʠʩʪʝʤ ʟʚ'ʷʟʢʫ ʜʣʷ 

ʧʦʣʽʧʰʝʥʥʷ ʪʝʭʥʽʢʦ-ʝʢʦʥʦʤʽʯʥʠʭ ʧʦʢʘʟʥʠʢʽʚ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʤʦʞʥʘ 

ʚʽʜʥʝʩʪʠ:  

ï ʨʦʟʰʠʨʝʥʥʷ ʯʘʩʪʦʪʥʦʛʦ ʨʝʩʫʨʩʫ (ʜʝʬʽʮʠʪ ʷʢʦʛʦ ʻ ʟʘʛʘʣʴʥʦʩʚʽʪʦʚʦʶ 

ʧʨʦʙʣʝʤʦʶ) ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʄʄɼ;  

ï ʩʪʚʦʨʝʥʥʷ ʚʠʩʦʢʦʰʚʠʜʢʽʩʥʠʭ ʤʘʛʽʩʪʨʘʣʝʡ ʥʘʨʽʚʥʽ ʟ ʦʧʪʠʯʥʠʤʠ;  

ï ʨʦʟʰʠʨʝʥʥʷ ʟʦʥʠ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ;  

ï ʽʩʪʦʪʥʝ ʟʥʠʞʝʥʥʷ ʧʦʢʘʟʥʠʢʘ ʮʽʥʘ/ʧʦʩʣʫʛʘ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʟʚ'ʷʟʢʫ, ʱʦ 

ʤʦʞʝ ʩʪʘʪʠ ʩʪʠʤʫʣʦʤ ʨʦʟʚʠʪʢʫ ʽʥʥʦʚʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ. 

ʇʨʠʙʣʠʟʥʦ ʟ 2010 ʨʦʢʫ ʟʥʦʚʫ ʟʙʽʣʴʰʠʣʘʩʴ ʟʘʮʽʢʘʚʣʝʥʽʩʪʴ IT-ʢʦʤʧʘʥʽʡ ʜʦ 

ʩʪʨʘʪʦʩʬʝʨʥʠʭ ʩʠʩʪʝʤ ʟʚ'ʷʟʢʫ ʟʘʚʜʷʢʠ ʨʦʟʚʠʪʢʫ ʽʥʥʦʚʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ, 

ʦʩʦʙʣʠʚʦ ʚ ʦʙʣʘʩʪʽ ʨʝʛʝʥʝʨʘʪʠʚʥʠʭ ʝʥʝʨʛʝʪʠʯʥʠʭ ʝʣʝʤʝʥʪʽʚ, ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʦʛʦ 

ʦʙʣʘʜʥʘʥʥʷ, ʥʘʥʦʪʝʭʥʦʣʦʛʽʡ. ɿʘ ʦʩʪʘʥʥʽʤʠ ʜʘʥʠʤʠ, ʢʦʤʧʘʥʽʾ Google ʽ Facebook ʜʣʷ 

ʟʙʽʣʴʰʝʥʥʷ ʯʠʩʣʘ ʢʦʨʠʩʪʫʚʘʯʽʚ ʚ ʤʘʣʦʥʘʩʝʣʝʥʠʭ ʽ ʤʘʣʦʜʦʩʪʫʧʥʠʭ ʨʘʡʦʥʘʭ ɿʝʤʣʽ, 

ʧʨʦʚʦʜʷʪʴ ʟ 2013 ʨʦʢʫ ʚʠʧʨʦʙʫʚʘʥʥʷ ʧʦ ʟʘʧʫʩʢʫ ʩʪʨʘʪʦʩʬʝʨʥʠʭ ʨʝʪʨʘʥʩʣʷʪʦʨʽʚ 
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[126,127]. ʆʜʥʘʢ ʜʦ ʮʠʭ ʧʽʨ ʞʦʜʝʥ ʧʨʦʝʢʪ ʥʝ ʚʚʝʜʝʥʠʡ ʚ ʢʦʤʝʨʮʽʡʥʫ ʝʢʩʧʣʫʘʪʘʮʽʶ. 

ɹʣʠʟʴʢʦ ʜʦ ʨʝʘʣʽʟʘʮʽʾ ʟʥʘʭʦʜʷʪʴʩʷ ʧʨʦʝʢʪʠ Google ʽ Facebook. ɿ 2016 ʨʦʢʫ Google 

ʧʨʦʚʦʜʠʪʴ ʚʠʧʨʦʙʫʚʘʥʥʷ ʚ ɽ-ʜʽʘʧʘʟʦʥʽ 71-76 ɻɻʮ, 81-86 ɻɻʮ [66].  

ʆʩʚʦʻʥʥʷ ʩʪʨʘʪʦʩʬʝʨʥʠʭ ʩʠʩʪʝʤ ʟʚ'ʷʟʢʫ ʤʦʞʝ ʧʨʠʟʚʝʩʪʠ ʜʦ ʪʘʢʠʭ ʷʢʽʩʥʠʭ 

ʨʝʟʫʣʴʪʘʪʽʚ [128-130]:  

ï ʽʩʪʦʪʥʝ ʨʦʟʰʠʨʝʥʥʷ ʯʘʩʪʦʪʥʦʛʦ ʨʝʩʫʨʩʫ ʟʘ ʨʘʭʫʥʦʢ ʦʨʛʘʥʽʟʘʮʽʾ 

ʜʚʦʩʝʛʤʝʥʪʥʦʾ ʩʠʩʪʝʤʠ, ʫ ʷʢʽʡ ʤʦʞʝ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʦʧʪʠʯʥʠʡ ʜʽʘʧʘʟʦʥ ʜʣʷ 

ʟʚ'ʷʟʢʫ ʩʪʨʘʪʦʩʬʝʨʥʠʭ ʧʣʘʪʬʦʨʤ ʟ ʩʫʧʫʪʥʠʢʘʤʠ ʽ ʤʽʞ ʩʦʙʦʶ, ʘ ʫ ʚʝʨʪʠʢʘʣʴʥʠʭ 

ʪʨʘʩʘʭ ʤʽʞ ʩʪʨʘʪʦʩʬʝʨʥʦʾ ʧʣʘʪʬʦʨʤʦʶ ʽ ʥʘʟʝʤʥʠʤʠ ʪʦʯʢʘʤʠ ʜʦʩʪʫʧʫ ʤʦʞʝ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʤʽʣʽʤʝʪʨʦʚʠʡ ʜʽʘʧʘʟʦʥ;  

ï ʟʙʽʣʴʰʝʥʥʷ ʟʦʥʠ ʧʦʢʨʠʪʪʷ, ʥʘʧʨʠʢʣʘʜ, ʜʣʷ ʚʠʩʦʪʠ ʩʪʨʘʪʦʩʬʝʨʥʦʛʦ 

ʨʝʪʨʘʥʩʣʷʪʦʨʘ 20 ʢʤ - ʚʽʜ 100-150 ʢʤ ʜʦ 500 ʢʤ, ʱʦ ʥʝʤʦʞʣʠʚʦ ʜʣʷ ʥʘʟʝʤʥʠʭ 

ʨʘʜʽʦʢʘʥʘʣʽʚ;  

ï ʝʥʝʨʛʝʪʠʯʥʦ ʚʠʛʽʜʥʠʤ ʤʦʞʝ ʩʪʘʪʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʦʥʷʯʥʠʭ 

ʥʘʢʦʧʠʯʫʚʘʣʴʥʠʭ ʝʣʝʤʝʥʪʽʚ, ʚʫʟʴʢʦʩʧʨʷʤʦʚʘʥʠʭ ʘʥʪʝʥ, ʤʘʣʦʧʦʪʫʞʥʠʭ 

ʨʝʪʨʘʥʩʣʷʪʦʨʽʚ.  
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ɺʠʩʥʦʚʦʢ ʜʦ ʨʦʟʜʽʣʫ 2 

ɿ ʧʨʦʚʝʜʝʥʦʛʦ ʘʥʘʣʽʟʫ ʛʽʙʨʠʜʥʠʭ ʪʝʭʥʦʣʦʛʽʡ, ʷʢʽ ʩʧʨʠʷʶʪʴ ʝʬʝʢʪʠʚʥʦʤʫ 

ʚʠʢʦʨʠʩʪʘʥʥʶ ʨʘʜʽʦʯʘʩʪʦʪʥʦʛʦ ʨʝʩʫʨʩʫ ʄʄɼ, ʟʙʽʣʴʰʝʥʥʶ ʧʨʦʧʫʩʥʦʾ 

ʩʧʨʦʤʦʞʥʦʩʪʽ ʪʘ ʱʽʣʴʥʦʩʪʽ ʧʦʢʨʠʪʪʷ ʤʝʨʝʞ, ʤʦʞʣʠʚʦ ʚʠʜʽʣʠʪʠ ʥʘʩʪʫʧʥʽ 

ʪʝʭʥʦʣʦʛʽʾ: ʦʧʪʦʝʣʝʢʪʨʦʥʥʽ ʤʝʪʦʜʠ ʬʦʨʤʫʚʘʥʥʷ ʨʘʜʽʦʩʠʛʥʘʣʽʚ ʪʘ ʜʽʘʛʨʘʤ 

ʩʧʨʷʤʦʚʘʥʦʩʪʽ ʬʘʟʦʚʘʥʠʭ ʘʥʪʝʥʥʠʭ ʨʝʰʽʪʦʢ; ʛʽʙʨʠʜʥʽ ʘʨʭʽʪʝʢʪʫʨʠ ʤʝʨʝʞ: 

ʚʦʣʦʢʦʥʥʦ-ʝʬʽʨʥʽ, ʛʝʪʝʨʦʛʝʥʥʽ ʤʝʨʝʞʽ HetNet ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʄʄɼ ʽ ʜʽʘʧʘʟʦʥʫ 

LTE, ʟʘʩʪʦʩʫʚʘʥʥʷ ʤʘʛʽʩʪʨʘʣʴʥʠʭ ʨʽʰʝʥʴ (ʘʙʦ ʟôʻʜʥʘʥʴ ʪʠʧʫ çʪʦʯʢʘ - ʪʦʯʢʘè, 

çʪʦʯʢʘ - ʤʥʦʞʠʥʘ ʪʦʯʦʢè) ʫ ʚʽʢʥʘʭ ʧʨʦʟʦʨʦʩʪʽ ʄʄɼ ʜʣʷ ʥʘʟʝʤʥʠʭ ʪʘ 

ʩʪʨʘʪʦʩʬʝʨʥʠʭ ʢʦʤʧʣʝʢʩʽʚ ʟʚôʷʟʢʫ. 

ɺʦʣʦʢʦʥʥʦ-ʝʬʽʨʥʘ ʢʦʥʬʽʛʫʨʘʮʽʷ ʤʝʨʝʞ ʚ ʄʄɼ ʤʦʞʝ ʤʘʪʠ ʧʝʨʝʚʘʛʠ ʷʢ 

ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʥʦʾ, ʪʘʢ ʽ ʙʝʟʧʨʦʚʦʜʦʚʦʾ ʧʝʨʝʜʘʯʽ ʟʘ ʚʝʣʠʢʦʶ ʧʨʦʧʫʩʢʥʦʶ 

ʩʧʨʦʤʦʞʥʽʩʪʶ, ʟʦʢʨʝʤʘ, ʦʧʪʦʝʣʝʢʪʨʦʥʥʽ ʤʝʪʦʜʠ ʬʦʨʤʫʚʘʥʥʷ ʪʘ ʧʝʨʝʜʘʯʽ 

ʨʘʜʽʦʩʠʛʥʘʣʽʚ ʤʦʞʫʪʴ ʩʪʘʪʠ ʢʣʶʯʝʤ ʜʦ ʧʨʘʢʪʠʯʥʦʾ ʨʝʘʣʽʟʘʮʽʾ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ 

ʩʠʩʪʝʤ ʚ ʄʄɼ.  
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3 ɻɯɹʈʀɼʅɯ ʆʇʊʆɽʃɽʂʊʈʆʅʅɯ ʄɽʊʆɼʀ ʄʆɼʋʃʗʎɯɰ ʊɸ   

ʇɽʈɽɼɸʏɯ ʈɸɼɯʆʏɸʉʊʆʊʅʆɻʆ ʉʀɻʅɸʃʋ  

 

3.1. ʌʦʨʤʫʚʘʥʥʷ ʨʘʜʽʦʩʠʛʥʘʣʽʚ ʰʣʷʭʦʤ ʤʦʜʫʣʷʮʽʾ ʽʥʪʝʥʩʠʚʥʦʩʪʽ 

ʦʧʪʠʯʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ 

ʗʢ ʚʞʝ ʙʫʣʦ ʟʘʟʥʘʯʝʥʦ ʚ ʧʽʜʨʦʟʜʽʣʽ 2.1 ʧʨʠ ʬʦʨʤʫʚʘʥʥʽ ʩʠʛʥʘʣʽʚ ʄʄɼ 

ʝʣʝʢʪʨʦʥʥʠʤʠ ʤʝʪʦʜʘʤʠ ʩʪʠʢʘʶʪʴʩʷ ʟʽ ʩʢʣʘʜʥʠʤʠ ʧʨʦʙʣʝʤʘʤʠ, ʧʦʚ'ʷʟʘʥʠʤʠ ʟ 

ʬʘʟʦʚʠʤ ʰʫʤʦʤ, ʜʠʩʙʘʣʘʥʩʦʤ I/Q, ʥʝʣʽʥʽʡʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʧʽʜʩʠʣʶʚʘʯʽʚ 

ʧʦʪʫʞʥʦʩʪʽ, ʧʨʦʙʣʝʤʘʤʠ ʩʪʚʦʨʝʥʥʷ ʘʥʘʣʦʛʦ-ʮʠʬʨʦʚʠʭ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ, ʷʢʽ ʙ 

ʧʨʘʮʶʚʘʣʠ ʚ ʩʤʫʟʽ ʄʄʍ, ʽ ʪ.ʜ. [131]. ɼʣʷ ʦʧʪʦʝʣʝʢʪʨʦʥʥʠʭ ʤʝʪʦʜʽʚ ʬʦʨʤʫʚʘʥʥʷ 

ʩʠʛʥʘʣʽʚ ʄʄɼ, ʷʢʽ ʚʚʘʞʘʶʪʴʩʷ ʧʝʨʩʧʝʢʪʠʚʥʠʤʠ, ʤʦʞʥʘ ʚʠʜʽʣʠʪʠ ʥʘʩʪʫʧʥʽ 

ʧʽʜʭʦʜʠ [30,32, 131]: 

1. ʄʝʪʦʜ ʧʨʷʤʦʾ ʤʦʜʫʣʷʮʽʾ ʩʪʨʫʤʫ ʥʘʢʘʯʢʠ ʣʘʟʝʨʘ. ɼʞʝʨʝʣʦʤ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʚ ʧʝʨʝʜʘʚʘʯʘʭ, ʷʢʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʜʣʷ ʧʨʷʤʦʾ ʤʦʜʫʣʷʮʽʾ, ʻ 

ʩʚʽʪʣʦ ʚʠʧʨʦʤʽʥʶʶʯʠʡ ʜʽʦʜ ʪʘ ʣʘʟʝʨʥʠʡ ʜʽʦʜ ʟ ʨʝʟʦʥʘʪʦʨʦʤ ʌʘʙʨʽ-ʇʝʨʦ [30]. ʋ 

ʤʝʪʦʜʽ ʧʨʷʤʦʾ ʤʦʜʫʣʷʮʽʾ ʩʪʨʫʤ ʥʘʢʘʯʢʠ ʜʽʦʜʫ ʤʦʜʫʣʶʻʪʴʩʷ ʨʘʜʽʦʯʘʩʪʦʪʥʠʤ 

ʩʠʛʥʘʣʦʤ (RF). ʇʨʠ ʮʴʦʤʫ ʥʘ ʚʠʭʦʜʽ ʣʘʟʝʨʘ ʛʝʥʝʨʫʶʪʴʩʷ ʜʚʽ ʙʽʯʥʽ ʦʧʪʠʯʥʽ ʩʤʫʛʠ. 

ʅʝʜʦʣʽʢʘʤʠ ʧʝʨʝʜʘʚʘʯʽʚ ʟ ʧʨʷʤʦʶ ʤʦʜʫʣʷʮʽʻʶ ʻ ʦʙʤʝʞʝʥʘ ʰʚʠʜʢʦʜʽʷ (ʰʚʠʜʢʽʩʪʴ 

ʧʝʨʝʜʘʯʽ ʽʥʬʦʨʤʘʮʽʾ ʚ ʩʠʩʪʝʤʽ ʟʚôʷʟʢʫ) ʪʘ ʤʦʞʣʠʚʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʽʣʴʢʠ ʦʜʥʦʛʦ 

ʧʘʨʘʤʝʪʨʫ ʩʚʽʪʣʦʚʦʾ ʭʚʠʣʽ (ʽʥʪʝʥʩʠʚʥʦʩʪʽ) ʜʣʷ ʤʦʜʫʣʷʮʽʾ. ʇʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʮʴʦʛʦ 

ʤʝʪʦʜʫ ʚʠʥʠʢʘʻ ʬʘʟʦʚʠʡ ʰʫʤ ʩʠʛʥʘʣʫ ʄʄɼ, ʷʢʠʡ ʧʝʨʝʜʘʻʪʴʩʷ ʚʟʜʦʚʞ ʦʧʪʠʯʥʦʛʦ 

ʚʦʣʦʢʥʘ, ʪʦʤʫ ʧʨʦʧʫʩʢʥʘ ʟʜʘʪʥʽʩʪʴ ʦʙʤʝʞʝʥʘ (ʜʦ 10 ɻɻʮ), ʱʦ ʻ ʥʝʜʦʩʪʘʪʥʽʤ ʜʣʷ 

ʧʨʘʢʪʠʯʥʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʤʽʣʽʤʝʪʨʦʚʠʭ ʭʚʠʣʴ [31]. 

2. ʄʝʪʦʜʠ ʟʦʚʥʽʰʥʴʦʾ ʤʦʜʫʣʷʮʽʾ, ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʷʢʠʭ ʩʚʽʪʣʦ ʚʽʜ ʣʘʟʝʨʘ 

ʧʨʦʭʦʜʠʪʴ ʯʝʨʝʟ ʤʦʜʫʣʷʪʦʨ, ʷʢʠʡ ʟʤʽʥʶʻ ʧʝʚʥʠʡ ʧʘʨʘʤʝʪʨ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ 

(ʯʘʩʪʦʪʫ, ʽʥʪʝʥʩʠʚʥʽʩʪʴ, ʬʘʟʫ, ʧʦʣʷʨʠʟʘʮʽʶ). ʎʽ ʤʝʪʦʜʠ, ʘ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʥʠʭ ʽ 

ʤʦʜʫʣʷʪʦʨʠ, ʤʦʞʥʘ ʢʣʘʩʠʬʽʢʫʚʘʪʠ ʟʘ ʬʽʟʠʯʥʠʤʠ ʷʚʠʱʘʤʠ, ʷʢʽ ʟʫʤʦʚʣʶʶʪʴ ʟʤʽʥʫ 

ʧʘʨʘʤʝʪʨʽʚ ʩʚʽʪʣʘ: 

 ʝʣʝʢʪʨʦʦʧʪʠʯʥʽ, 
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 ʤʘʛʥʽʪʦʦʧʪʠʯʥʽ, 

 ʘʢʫʩʪʦʦʧʪʠʯʥʽ,  

 ʘʙʩʦʨʙʮʽʡʥʽ. 

ʅʘ ʧʨʠʡʤʘʣʴʥʦʤʫ ʢʽʥʮʽ ʣʽʥʽʾ ʧʝʨʝʜʘʯʽ, ʘʙʦ ʣʽʥʽʾ ʬʦʨʤʫʚʘʥʥʷ ʩʠʛʥʘʣʫ ʄʄɼ, 

ʤʦʜʫʣʴʦʚʘʥʝ ʦʧʪʠʯʥʝ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʜʝʤʦʜʫʣʶʻʪʴʩʷ ʦʜʥʠʤ ʟ ʥʘʩʪʫʧʥʠʭ 

ʤʝʪʦʜʽʚ. 

1. ʄʝʪʦʜ ʧʨʷʤʦʛʦ ʜʝʪʝʢʪʫʚʘʥʥʷ, ʷʢʠʡ ʙʘʟʫʻʪʴʩʷ ʥʘ ʚʥʫʪʨʽʰʥʴʦʤʫ (ʬʦʪʦʜʽʦʜ) 

ʘʙʦ ʟʦʚʥʽʰʥʴʦʤʫ (ʬʦʪʦʝʣʝʢʪʨʦʥʥʽ ʧʦʤʥʦʞʫʚʘʯʽ, ʬʦʪʦ ʅɺʏ ʧʨʠʣʘʜʠ) ʬʦʪʦʝʬʝʢʪʽ. 

ʊʘʢʠʡ ʤʝʪʦʜ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʧʨʠ ʜʝʪʝʢʪʫʚʘʥʥʽ ʦʧʪʠʯʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ʱʦ 

ʤʦʜʫʣʴʦʚʘʥʝ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʬʦʨʤʘʪʽʚ ʤʦʜʫʣʷʮʽʾ ʪʠʧʫ DPSK, ASK, FSK. ʄʝʪʦʜ 

ʧʨʷʤʦʛʦ ʜʝʪʝʢʪʫʚʘʥʥʷ ʜʦʙʨʝ ʟʘʨʝʢʦʤʝʥʜʫʚʘʚ ʩʝʙʝ ʧʨʠ ʟʥʘʯʥʦʤʫ ʧʝʨʝʚʠʱʝʥʥʷ 

ʩʠʛʥʘʣʫ ʥʘʜ ʟʘʚʘʜʦʶ ʥʘ ʚʭʦʜʽ ʜʝʪʝʢʪʦʨʫ. ʇʨʠ ʤʘʣʦʤʫ ʧʝʨʝʚʠʱʝʥʥʽ ʩʠʛʥʘʣʫ ʥʘʜ 

ʟʘʚʘʜʦʶ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʨʠʜʫʰʝʥʥʷ ʩʠʛʥʘʣʫ ʟʘʚʘʜʦʶ, ʪʦʤʫ ʩʠʩʪʝʤʠ RoF, ʱʦ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʤʝʪʦʜ ʧʨʷʤʦʛʦ ʜʝʪʝʢʪʫʚʘʥʥʷ, ʧʦʚʠʥʥʽ ʤʘʪʠ ʚʠʩʦʢʝ ʟʥʘʯʝʥʥʷ 

ʚʽʜʥʦʰʝʥʥʷ ʩʠʛʥʘʣʫ ʜʦ ʟʘʚʘʜʠ. 

2. ʄʝʪʦʜ ʦʧʪʠʯʥʦʛʦ ʛʝʪʝʨʦʜʠʥʫʚʘʥʥʷ ʜʚʦʭ ʦʧʪʠʯʥʠʭ ʭʚʠʣʴ ʚ ʬʦʪʦʧʨʠʡʤʘʯʽ. 

ʊʘʢʠʡ ʩʧʦʩʽʙ ʻ ʥʘʡʙʽʣʴʰ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʩʠʛʥʘʣʽʚ ʚʠʱʝ 30 ɻɻʮ 

ʜʦ ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ ʚʢʣʶʯʥʦ, ʦʜʥʘʢ ʦʙʤʝʞʝʥʥʷ ʥʘʢʣʘʜʘʻ ʩʤʫʛʘ 

ʧʨʦʧʫʩʢʘʥʥʷ ʬʦʪʦʧʨʠʡʤʘʯʘ. ɼʣʷ ʦʧʪʠʯʥʦʛʦ ʛʝʪʝʨʦʜʠʥʫʚʘʥʥʷ ʤʦʞʥʘ ʚʠʢʦʨʠʩʪʘʪʠ 

ʜʚʘ ʣʘʟʝʨʠ, ʷʢʽ ʧʨʘʮʶʶʪʴ ʥʘ ʨʽʟʥʠʭ ʯʘʩʪʦʪʘʭ ʘʙʦ ʜʚʦʭ ʯʘʩʪʦʪʥʽ ʣʘʟʝʨʠ. 

ʆʜʥʘʢ, ʷʢ ʫ ʚʠʧʘʜʢʫ ʜʚʦʭ ʯʘʩʪʦʪʥʦʛʦ ʣʘʟʝʨʘ, ʪʘʢ ʽ ʛʝʪʝʨʦʜʠʥʫʚʘʥʥʷ ʜʚʦʭ 

ʥʝʟʘʣʝʞʥʠʭ ʣʘʟʝʨʽʚ, ʚʘʞʢʦ ʦʪʨʠʤʘʪʠ ʩʠʣʴʥʫ ʢʦʨʝʣʷʮʽʶ ʤʽʞ ʜʚʦʤʘ ʤʦʜʘʤʠ, ʱʦ 

ʧʨʠʟʚʝʜʝ ʜʦ ʛʝʥʝʨʘʮʽʾ ʩʠʛʥʘʣʽʚ ʄʄɼ ʟ ʚʠʩʦʢʠʤ ʬʘʟʦʚʠʤ ʰʫʤʦʤ. ɼʣʷ ʩʪʚʦʨʝʥʥʷ 

ʤʽʢʨʦʭʚʠʣʴ ʟ ʥʠʟʴʢʠʤ ʨʽʚʥʝʤ ʰʫʤʫ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʙʘʛʘʪʦ ʤʝʪʦʜʽʚ, ʦʩʥʦʚʥʽ ʟ ʷʢʠʭ: 

1) ʦʧʪʠʯʥʝ ʙʣʦʢʫʚʘʥʥʷ ʽʥʞʝʢʮʽʾ (OIL), 2) ʦʧʪʠʯʥʘ ʟʘʤʢʥʫʪʘ ʧʝʪʣʷ ʬʘʟʦʚʦʛʦ 

ʘʚʪʦʧʽʜʩʪʨʦʶʚʘʥʥʷ ʯʘʩʪʦʪʠ ʘʙʦ ʦʧʪʠʯʥʘ ʧʝʪʣʷ ʬʘʟʦʚʦʾ ʩʠʥʭʨʦʥʽʟʘʮʽʾ (OPLL), 3) 

ʜʚʦʭʯʘʩʪʦʪʥʝ ʣʘʟʝʨʥʝ ʜʞʝʨʝʣʦ [32]. 
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3.2. ʇʨʠʥʮʠʧ ʨʦʙʦʪʠ ʪʘ ʧʦʙʫʜʦʚʘ ʣʽʥʽʾ ʧʝʨʝʜʘʯʽ ʟ ʤʦʜʫʣʷʮʽʻʶ 

ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʪʘ ʧʨʷʤʠʤ ʜʝʪʝʢʪʫʚʘʥʥʷʤ 

ɿʦʚʥʽʰʥʷ ʤʦʜʫʣʷʮʽʷ ʟʘ ʽʥʪʝʥʩʠʚʥʽʩʪʶ ʥʘ ʦʩʥʦʚʽ ʤʦʜʫʣʷʪʦʨʘ ʄʘʭʘ-ʎʝʥʜʝʨʘ 

(ʄʄʎ) ʽ ʧʨʷʤʝ ʜʝʪʝʢʪʫʚʘʥʥʷ ʻ ʥʘʡʙʽʣʴʰ ʧʦʰʠʨʝʥʦʶ ʘʨʭʽʪʝʢʪʫʨʦʶ ʣʽʥʽʡ ʧʝʨʝʜʘʯʽ 

ʭʚʠʣʴ ʄʄɼ ʯʝʨʝʟ ʦʧʪʠʯʥʝ ʚʦʣʦʢʥʦ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʚ ʜʘʥʠʡ ʯʘʩ. 

ʇʨʠʥʮʠʧʦʚʠʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ ʣʽʥʽʡ ʧʝʨʝʜʘʯ ʽʟ ʟʦʚʥʽʰʥʴʦʾ ʤʦʜʫʣʷʮʽʻʶ 

ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʽ ʧʨʷʤʠʤ ʜʝʪʝʢʪʫʚʘʥʥʷʤ (ʄɯɺʇɼ) ʻ ʣʘʟʝʨ, ʄʄʎ ʽ 

ʬʦʪʦʜʝʪʝʢʪʦʨ. ʄʄʎ ʧʝʨʝʥʦʩʠʪʴ ʨʘʜʽʦʯʘʩʪʦʪʥʫ ʽʥʬʦʨʤʘʮʽʶ ʥʘ ʽʥʪʝʥʩʠʚʥʽʩʪʴ 

ʣʘʟʝʨʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ʘ ʬʦʪʦʜʝʪʝʢʪʦʨ ʧʝʨʝʪʚʦʨʶʻ ʩʠʛʥʘʣ ʚ ʨʘʜʽʦʯʘʩʪʦʪʥʠʡ 

ʜʽʘʧʘʟʦʥ. ʈʦʟʛʣʷʥʝʤʦ, ʧʝʨʰ ʟʘ ʚʩʝ, ʜʚʽ ʙʘʟʦʚʽ ʩʪʨʫʢʪʫʨʠ ʄʄʎ, ʱʦ ʧʦʢʘʟʘʥʽ ʥʘ ʨʠʩ. 

3.1. 

ʉʚʽʪʣʦ ʚʽʜ ʣʘʟʝʨʘ ʚʚʦʜʠʪʴʩʷ ʯʝʨʝʟ ʚʭʽʜʥʠʡ ʭʚʠʣʝʚʦʜ, ʷʢʠʡ ʨʦʟʜʽʣʷʻʪʴʩʷ ʥʘ 

ʜʚʘ ʧʣʝʯʘ, ʘ ʧʦʪʽʤ ʦʙ'ʻʜʥʫʻʪʴʩʷ ʥʘ ʚʠʭʦʜʽ. ɭʜʠʥʠʡ ʚʠʭʽʜ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ 

Y-ʨʦʟʛʘʣʫʞʫʚʘʯʘ (ʨʠʩ. 3.1,ʘ). ʗʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 3.1, ʙ, ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʄʄʎ ʟ 

ʜʚʦʤʘ ʚʠʭʦʜʘʤʠ ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʠʡ ʩʧʨʷʤʦʚʘʥʠʡ ʚʽʜʛʘʣʫʞʫʚʘʯ. ʅʘʡʙʽʣʴʰ 

ʧʦʰʠʨʝʥʠʤ ʤʘʪʝʨʽʘʣʦʤ ʜʣʷ ʄʄʎ ʪʨʠʚʘʣʠʡ ʯʘʩ ʙʫʚ ʝʣʝʢʪʨʦʦʧʪʠʯʥʠʡ ʢʨʠʩʪʘʣ 

LiNbʆ3. ʇʨʦʪʝ ʩʫʯʘʩʥʽ ʄʄʎ ʚʠʛʦʪʦʚʣʷʶʪʴʩʷ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʰʠʨʦʢʦʛʦ 

ʜʽʘʧʘʟʦʥʫ ʤʘʪʝʨʽʘʣʽʚ, ʪʘʢʠʭ ʷʢ GaAs, Si, ʘ ʪʘʢʦʞ ʽʟ ʧʦʣʽʤʝʨʽʚ.  

 

 

 

ʈʠʩ. 3.1. ɼʚʽ ʩʭʝʤʠ ʤʦʜʫʣʷʪʦʨʘ ʄʘʭʘ-ʎʝʥʜʝʨʘ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʥʘ ʚʠʭʦʜʽ 

ʘ) ʟ'ʻʜʥʫʚʘʯʘ, ʙ)Y-ʪʠʧʫ ʽ ʩʧʨʷʤʦʚʘʥʦʛʦ ʚʽʜʛʘʣʫʞʫʚʘʯʘ  
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ʆʩʥʦʚʦʶ ʩʭʝʤʠ ʤʦʜʫʣʷʪʦʨʽʚ, ʱʦ ʧʦʢʘʟʘʥʽ ʥʘ ʨʠʩ. 3.1, ʻ ʧʨʦʩʪʠʡ 

ʽʥʪʝʨʬʝʨʦʤʝʪʨ ʄʘʭʘ-ʎʝʥʜʝʨʘ. ʈʝʟʫʣʴʪʘʪ ʽʥʪʝʨʬʝʨʝʥʮʽʾ ʜʚʦʭ ʩʚʽʪʣʦʚʠʭ ʧʫʯʢʽʚ ʫ 

ʚʠʭʽʜʥʦʤʫ ʚʽʜʛʘʣʫʞʫʚʘʯʽ ʟʘʣʝʞʠʪʴ ʚʽʜ ʾʭ ʚʽʜʥʦʩʥʦʾ ʬʘʟʠ ʚ ʪʦʯʮʽ ʨʝʢʦʤʙʽʥʘʮʽʾ. 

ʗʢʱʦ ʄʄʎ ʙʫʜʫʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʝʣʝʢʪʨʦʦʧʪʠʯʥʦʛʦ ʤʘʪʝʨʽʘʣʫ, ʪʘʢʦʛʦ ʷʢ 

LiNbʆ3, ʪʦ ʚʽʜʥʦʩʥʦʶ ʬʘʟʦʶ ʤʦʞʥʘ ʢʝʨʫʚʘʪʠ ʰʣʷʭʦʤ ʧʨʠʢʣʘʜʘʥʥʷ ʥʘʧʨʫʛʠ ʜʦ 

ʦʜʥʦʛʦ ʘʙʦ ʦʙʦʭ ʧʣʝʯʝʡ ʽʥʪʝʨʬʝʨʦʤʝʪʨʘ. ʇʨʠʢʣʘʜʝʥʘ ʥʘʧʨʫʛʘ ʟʤʽʥʶʻ ʧʦʢʘʟʥʠʢ 

ʟʘʣʦʤʣʝʥʥʷ, ʱʦ, ʚ ʩʚʦʶ ʯʝʨʛʫ, ʧʨʷʤʦ ʚʧʣʠʚʘʻ ʥʘ ʬʘʟʫ. ʌʦʪʦʜʽʦʜʠ ʥʝ ʟʜʘʪʥʽ 

ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʜʝʤʦʜʫʣʶʚʘʪʠ ʬʘʟʦʤʦʜʫʣʴʦʚʘʥʠʡ ʩʠʛʥʘʣ, ʪʦʤʫ ʩʭʝʤʘ ʄʄʎ 

ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʧʝʨʝʪʚʦʨʝʥʥʷ ʝʣʝʢʪʨʦʦʧʪʠʯʥʦʾ ʬʘʟʦʚʦʾ ʤʦʜʫʣʷʮʽʾ ʚ 

ʤʦʜʫʣʷʮʽʶ ʟʘ ʽʥʪʝʥʩʠʚʥʽʩʪʶ. ʇʝʨʝʪʚʦʨʝʥʥʷ ʬʘʟʦʚʦʾ ʤʦʜʫʣʷʮʽʾ ʚ ʤʦʜʫʣʷʮʽʶ 

ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʚʽʜʙʫʚʘʻʪʴʩʷ ʰʣʷʭʦʤ ʟʤʽʥʠ ʩʪʘʪʠʯʥʦʾ ʬʘʟʠ (ű1 - ű2) ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʧʨʠʢʣʘʜʘʥʥʷ ʚʭʽʜʥʦʾ ʥʘʧʨʫʛʠ  RF ʜʣʷ ʬʘʟʦʚʦʾ ʤʦʜʫʣʷʮʽʾ ʩʚʽʪʣʘ ʪʘ ʟ ʥʘʩʪʫʧʥʠʤ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʽʥʪʝʨʬʝʨʦʤʝʪʨʘ. ʅʘ ʨʠʩ. 3.1, ʙ ʧʦʢʘʟʘʥʦ ʜʚʘ ʩʠʛʥʘʣʠ, ʷʢʽ 

ʽʥʪʝʨʬʝʨʫʶʪʴ ʤʽʞ ʩʦʙʦʶ ʧʨʠ ʦʙ'ʻʜʥʘʥʥʽ ʪʘ ʥʘʜʭʦʜʷʪʴ ʥʘ ʚʠʭʦʜʠ 1 ʽ 2. ɺʥʘʩʣʽʜʦʢ 

ʽʥʪʝʨʬʝʨʝʥʮʽʾ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʦʧʪʠʯʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʤʦʞʝ ʟʙʽʣʴʰʫʚʘʪʠʩʷ ʘʙʦ 

ʟʤʝʥʰʫʚʘʪʠʩʷ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʨʽʟʥʠʮʽ ʬʘʟ ʤʽʞ ʦʧʪʠʯʥʠʤʠ ʧʦʣʷʤʠ (ű1 - ű2). 

ʅʘ ʨʠʩ. 3.2. ʧʦʢʘʟʘʥʠʡ ʛʨʘʬʽʢ ʤʦʜʫʣʷʮʽʾ ʟʘ ʽʥʪʝʥʩʠʚʥʽʩʪʶ ʥʘ ʚʠʭʦʜʽ I1, ʧʨʠ 

ʮʴʦʤʫ ʥʘ ʚʠʭʦʜʽ I2 ʙʫʜʝ ʩʧʦʩʪʝʨʽʛʘʪʠʩʷ ʢʦʤʧʣʝʤʝʥʪʘʨʥʘ (ʟ ʬʘʟʦʚʠʤ ʟʩʫʚʦʤ 180Ü) 

ʤʦʜʫʣʷʮʽʷ ʟʘ ʽʥʪʝʥʩʠʚʥʽʩʪʶ [30]. ʊʘʢʘ ʢʦʥʬʽʛʫʨʘʮʽʷ ʢʦʨʠʩʥʘ ʜʣʷ ʧʨʠʜʫʰʝʥʥʷ 

ʜʝʷʢʠʭ ʪʠʧʽʚ ʦʧʪʠʯʥʠʭ ʘʤʧʣʽʪʫʜʥʠʭ ʰʫʤʽʚ. ɼʣʷ ʚʠʧʘʜʢʫ ʙʝʟʧʝʨʝʨʚʥʦʛʦ ʩʠʛʥʘʣʫ 

ʥʘ ʦʧʪʠʯʥʦʤʫ ʚʭʦʜʽ ʥʘ ʨʠʩ. 3.2. ʧʦʢʘʟʘʥʘ ʥʦʨʤʦʚʘʥʘ ʬʫʥʢʮʽʷ ʧʝʨʝʜʘʯʽ ʄʄʎ ʟ 

ʜʚʦʤʘ ʚʠʭʦʜʘʤʠ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʧʨʠʢʣʘʜʝʥʦʾ ʝʣʝʢʪʨʠʯʥʦʾ ʥʘʧʨʫʛʠ. ʇʦʚʥʘ 

ʢʦʥʩʪʨʫʢʪʠʚʥʘ ʽʥʪʝʨʬʝʨʝʥʮʽʷ ʚʽʜʙʫʚʘʻʪʴʩʷ, ʷʢʱʦ ʩʠʛʥʘʣʠ ʦʙ'ʻʜʥʫʶʪʴʩʷ ʫ ʬʘʟʽ, ʽ ʚ 

ʮʠʭ ʪʦʯʢʘʭ ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʤʘʢʩʠʤʘʣʴʥʽ ʟʥʘʯʝʥʥʷ ʧʝʨʝʜʘʚʘʣʴʥʦʾ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. 

ʄʘʢʩʠʤʫʤ ʢʦʝʬʽʮʽʻʥʪʘ ʧʝʨʝʜʘʯʽ ʥʘ ʄʄʎ ʟ ʦʜʥʠʤ ʚʠʭʦʜʦʤ ʚʽʜʧʦʚʽʜʘʻ ʥʫʣʶ 

ʧʝʨʝʜʘʯʽ ʥʘ ʽʥʰʠʡ ʚʠʭʽʜ, ʪʦʙʪʦ ʪʦʯʮʽ ʧʦʚʥʦʾ ʜʝʩʪʨʫʢʪʠʚʥʦʾ ʽʥʪʝʨʬʝʨʝʥʮʽʾ. 

ʇʦʩʝʨʝʜʠʥʽ ʤʽʞ ʤʘʢʩʠʤʫʤʦʤ ʽ ʥʫʣʝʤ ʢʦʝʬʽʮʽʻʥʪʘ ʧʝʨʝʜʘʯʽ, ʚ ʪʘʢ ʟʚʘʥʽʡ 

ʢʚʘʜʨʘʪʫʨʥʽʡ ʪʦʯʮʽ, ʽʩʥʫʻ ʜʦʩʪʘʪʥʴʦ ʣʽʥʽʡʥʘ ʜʽʣʷʥʢʘ.  
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ʈʠʩ. 3.2. ʊʠʧʦʚʘ ʧʝʨʝʜʘʚʘʣʴʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʤʦʜʫʣʷʪʦʨʘ ʄʘʭʘ-ʎʝʥʜʝʨʘ ʟ 

ʢʦʤʧʣʝʤʝʥʪʘʨʥʠʤʠ ʦʧʪʠʯʥʠʤʠ ʚʠʭʦʜʘʤʠ. ʈʦʙʦʯʘ ʪʦʯʢʘ ʤʦʜʫʣʷʪʦʨʘ ʟʤʽʱʫʻʪʴʩʷ 

ʟʘ ʜʦʧʦʤʦʛʦʶ ʟʤʽʥʠ ʬʽʢʩʦʚʘʥʦʾ ʧʦʩʪʽʡʥʦʾ ʥʘʧʨʫʛʠ, ʩʠʛʥʘʣ ʨʘʜʽʦʯʘʩʪʦʪʥʦʛʦ 

ʜʽʘʧʘʟʦʥʫ ʤʦʜʫʣʶʻ ʦʧʪʠʯʥʝ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ 

 

ʇʦʩʪʽʡʥʫ ʥʘʧʨʫʛʫ ʟʩʫʚʫ ʤʦʞʥʘ ʧʽʜʽʙʨʘʪʠ, ʱʦʙ ʚʩʪʘʥʦʚʠʪʠ ʄʄʎ ʚ 

ʢʚʘʜʨʘʪʫʨʽ, ʚʥʘʩʣʽʜʦʢ ʯʦʛʦ ʦʪʨʠʤʫʶʪʴ ʤʘʡʞʝ ʣʽʥʽʡʥʫ ʤʦʜʫʣʷʮʽʶ ʦʧʪʠʯʥʦʾ 

ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʨʘʜʽʦʯʘʩʪʦʪʥʠʤ ʩʠʛʥʘʣʦʤ. ʄʦʜʫʣʷʮʽʶ ʟʘ ʽʥʪʝʥʩʠʚʥʽʩʪʶ ʥʘ ʚʠʭʦʜʽ 

ʄʄʎ ʤʦʞʥʘ ʣʝʛʢʦ ʧʝʨʝʪʚʦʨʠʪʠ ʥʘʟʘʜ ʚ ʝʣʝʢʪʨʠʯʥʠʡ ʩʠʛʥʘʣ ʰʣʷʭʦʤ ʜʝʤʦʜʫʣʷʮʽʾ 

ʫ ʬʦʪʦʜʝʪʝʢʪʦʨʽ. ʋ ʄʄʎ ʟ ʜʚʦʤʘ ʚʠʭʦʜʘʤʠ ʬʦʨʤʫʶʪʴʩʷ ʤʦʜʫʣʴʦʚʘʥʽ ʟʘ 

ʽʥʪʝʥʩʠʚʥʽʩʪʶ ʦʧʪʠʯʥʽ ʩʠʛʥʘʣʠ ʟ ʚʽʜʥʦʩʥʦʶ ʨʽʟʥʠʮʝʶ ʬʘʟ 180Á, ʱʦ ʤʦʞʥʘ 

ʚʠʢʦʨʠʩʪʘʪʠ ʜʣʷ ʙʘʣʘʥʩʥʦʛʦ ʬʦʪʦ ʜʝʪʝʢʪʫʚʘʥʥʷ. ʅʘ ʨʠʩ. 3.3 ʥʘʚʝʜʝʥʦ ʜʚʘ ʤʝʪʦʜʠ 

ʧʦʜʘʯʽ ɺʏ-ʩʠʛʥʘʣʫ ʥʘ ʄʄʎ. ʆʙʠʜʚʘ ʄʄʎ ʤʘʶʪʴ ʜʚʘ ʦʧʪʠʯʥʽ ʚʠʭʦʜʠ Et(t)  ̔  E2(t), 

ʘʣʝ ʦʧʠʩʘʥʽ ʤʝʪʦʜʠ ʤʦʞʥʘ ʪʘʢʦʞ ʟʘʩʪʦʩʦʚʫʚʘʪʠ ʜʦ ʄʄʎ ʟ ʦʜʥʠʤ ʚʠʭʦʜʦʤ. ʅʘ ʨʠʩ. 

3.3,ʘ ʧʦʢʘʟʘʥʠʡ ʚʘʨʽʘʥʪ ʧʦʜʘʯʽ ɺʏ-ʩʠʛʥʘʣʫ Vʚʭ (t) ʪʽʣʴʢʠ ʥʘ ʦʜʥʝ ʧʣʝʯʝ ʄʄʎ. 

ɺʘʨʽʘʥʪ ʟ ʧʦʜʘʯʝʶ ʩʠʛʥʘʣʫ ʥʘ ʦʙʠʜʚʘ ʧʣʝʯʘ, ʘʙʦ ʜʚʦʭʪʘʢʪʥʘ ʩʭʝʤʘ ʄʄʎ, 

ʽʣʶʩʪʨʫʻʪʴʩʷ ʥʘ ʨʠʩ. 3.3,ʙ. ɺʭʽʜʥʠʡ ʨʘʜʽʦʩʠʛʥʘʣ RF ʤʦʜʫʣʷʮʽʾ ʨʦʟʜʽʣʷʻʪʴʩʷ 

ʧʦʨʽʚʥʫ ʤʽʞ ʜʚʦʤʘ ʧʣʝʯʠʤʘ, ʧʨʠ ʮʴʦʤʫ ʩʠʛʥʘʣʠ, ʱʦ ʧʨʠʢʣʘʜʘʶʪʴʩʷ ʜʦ ʢʦʞʥʦʛʦ 

ʧʣʝʯʘ, ʟʩʫʥʫʪʽ ʟʘ ʬʘʟʦʶ ʥʘ 180Á. 
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ʘ) 

 

   ʙ) 

 

ʈʠʩ. 3.3. ʉʭʝʤʠ ʤʦʜʫʣʷʪʦʨʘ ʄʘʭʘ-ʎʝʥʜʝʨʘ ʟ ʦʜʥʦʪʘʢʪʥʠʭ (ʘ) ʽ ʜʚʦʪʘʢʪʥʠʤ 

(ʙ) ʫʧʨʘʚʣʽʥʥʷʤ 

 

ʊʨʠ ʪʠʧʠ ʣʽʥʽʡ ʧʝʨʝʜʘʯʽ ʤʦʜʫʣʷʮʽʾ ʟʘ ʽʥʪʝʥʩʠʚʥʽʩʪʶ ʽ ʧʨʷʤʠʤ ʜʝʪʝʢʪʫʚʘʥʥʷʤ 

(ʄɯɺʇɼ-ʣʽʥʽʡ) ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʟʦʚʥʽʰʥʽʡ ʄʄʎ, ʥʘʚʝʜʝʥʽ ʥʘ ʨʠʩ. 3.4-3.6. 

 

 

 

ʈʠʩ. 3.4. ʃʽʥʽʷ ʧʝʨʝʜʘʯʽ ʄɯɺʇɼ-ʪʠʧʫ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʄʄʎ (MZM) ʟ 

ʦʜʥʠʤ ʚʠʭʦʜʦʤ ʨʘʜʠʦʯʘʩʪʦʪʥʦʛʦ RF ʩʠʛʥʘʣʫ ʽ ʦʜʠʥʦʯʥʠʤ ʬʦʪʦʜʽʦʜʦʤ (PD); DC 

bias (ʥʘʧʨʫʛʘ ʧʦʩʪʽʡʥʦʛʦ ʟʤʽʱʝʥʥʷ) 
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ʈʠʩ. 3.5. ʃʽʥʽʷ ʧʝʨʝʜʘʯʽ ʄɯɺʇɼ-ʪʠʧʫ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʄʄʎ ʟ ʜʚʦʤʘ 

ʚʠʭʦʜʘʤʠ ʪʘ ʙʘʣʘʥʩʦʚʦʛʦ ʜʝʪʝʢʪʫʚʘʥʥʷ ʥʘ ʦʩʥʦʚʽ ʧʨʷʤʦʛʦ ʚʽʜʥʽʤʘʥʥʷ 

ʬʦʪʦʩʪʨʫʤʽʚ 

 

 

ʈʠʩ. 3.6. ʃʽʥʽʷ ʧʝʨʝʜʘʯʽ ʄɯɺʇɼ-ʪʠʧʫ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʄʄʎ ʟ ʜʚʦʤʘ 

ʚʠʭʦʜʘʤʠ ʪʘ ʙʘʣʘʥʩʦʚʦʛʦ ʜʝʪʝʢʪʫʚʘʥʥʷ ʥʘ ʦʩʥʦʚʽ ɺʏ ʧʨʦʪʠʬʘʟʥʦʛʦ ʛʽʙʨʠʜʥʦʛʦ 

ʤʦʩʪʦʚʦʛʦ ʟôʻʜʥʘʥʥʷ 

 

ʋ ʚʩʽʭ ʮʠʭ ʣʽʥʽʷʭ ʙʝʟʧʝʨʝʨʚʥʝ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʣʘʟʝʨʘ ʧʽʜʢʣʶʯʝʥʝ ʜʦ ʚʭʦʜʫ 

ʄʄʎ, ʷʢ ʧʨʘʚʠʣʦ, ʯʝʨʝʟ ʚʦʣʦʢʥʦ ʽʟ ʟʙʝʨʝʞʝʥʥʷʤ ʧʣʦʱʠʥʠ ʧʦʣʷʨʠʟʘʮʽʾ (ʈʄ-

ʚʦʣʦʢʥʦ). ʉʘʤʝ ʚʦʣʦʢʥʦ ʽʟ ʟʙʝʨʝʞʝʥʥʷʤ ʧʦʣʷʨʠʟʘʮʽʾ ʥʝʦʙʭʽʜʥʝ ʜʣʷ ʬʽʢʩʘʮʽʾ 

ʥʘʧʨʷʤʫ ʣʘʟʝʨʥʦʾ ʧʦʣʷʨʠʟʘʮʽʾ ʚʽʜʥʦʩʥʦ ʚʽʜʧʦʚʽʜʥʦʾ ʦʩʽ ʢʨʠʩʪʘʣʘ LiNbO3. 

ɽʣʝʢʪʨʠʯʥʠʡ ʩʠʛʥʘʣ ʤʽʩʪʠʪʴ ʧʦʩʪʽʡʥʠʡ ʟʩʫʚ ʽ ɺʏ-ʩʠʛʥʘʣ. ʎʽ ʜʚʽ ʥʘʧʨʫʛʠ ʯʘʩʪʦ 

ʧʦʜʘʶʪʴ ʥʘ ʦʢʨʝʤʽ ʝʣʝʢʪʨʦʜʠ, ʘʣʝ ʪʘʢʦʞ ʤʦʞʝ ʙʫʪʠ ʨʝʘʣʽʟʦʚʘʥʠʡ ʦʜʠʥ 

ʝʣʝʢʪʨʠʯʥʠʡ ʚʭʽʜ ʟʘ ʜʦʧʦʤʦʛʦʶ ʪʨʽʡʥʠʢʘ ʟʤʽʱʝʥʥʷ. ʅʘ ʨʠʩ. 3.4 ʧʦʜʘʥʦ ʩʭʝʤʫ 

ʦʧʪʠʯʥʦʾ ʣʽʥʽʾ ʧʝʨʝʜʘʯʽ ʟ ʦʜʥʠʤ ʚʠʭʦʜʦʤ ʽ ʜʝʤʦʜʫʣʷʮʽʻʶ ʟʘ ʜʦʧʦʤʦʛʦʶ ʦʜʥʦʛʦ 

ʬʦʪʦʜʽʦʜʘ. ɼʘʥʫ ʩʭʝʤʫ ʣʽʥʽʾ ʤʦʞʥʘ ʪʘʢʦʞ ʨʝʘʣʽʟʫʚʘʪʠ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʦʜʥʦʛʦ 

ʄʄʎ ʟ ʜʚʦʤʘ ʚʠʭʦʜʘʤʠ. ʆʙʠʜʚʘ ʚʠʭʦʜʠ ʪʘʢʦʛʦ ʄʄʎ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ 
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ʜʣʷ ʧʦʙʫʜʦʚʠ ʣʽʥʽʡ ʟ ʙʘʣʘʥʩʥʠʤ ʜʝʪʝʢʪʫʚʘʥʥʷʤ ʘʙʦ ʩʠʤʝʪʨʠʯʥʠʭ ʣʽʥʽʡ (ʨʠʩ. 3.5 ʽ 

3.6). ʗʢ ʦʧʠʩʘʥʦ ʚ ʮʴʦʤʫ ʨʦʟʜʽʣʽ, ʩʠʤʝʪʨʠʯʥʽ ʣʽʥʽʾ ʤʦʞʫʪʴ ʟʘʙʝʟʧʝʯʠʪʠ ʙʽʣʴʰ 

ʚʠʩʦʢʽ ʧʘʨʘʤʝʪʨʠ, ʥʽʞ ʣʽʥʽʾ ʟ ʦʜʥʠʤ ʚʠʭʦʜʦʤ, ʘʣʝ ʟʘ ʨʘʭʫʥʦʢ ʚʢʣʶʯʝʥʥʷ ʜʚʦʭ ɺʏ 

ʬʘʟʦ ʫʟʛʦʜʞʝʥʠʭ ʚʦʣʦʢʦʥʥʠʭ ʪʨʘʢʪʽʚ. ʋ ʩʠʤʝʪʨʠʯʥʦʾ ʣʽʥʽʾ, ʷʢʘ ʥʘʚʝʜʝʥʘ ʥʘ ʨʠʩ. 

3.5, ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʪʘʢʝ ʧʽʜʢʣʶʯʝʥʥʷ ʬʦʪʦʜʽʦʜʽʚ, ʱʦ ʜʦʟʚʦʣʷʻ ʚʠʜʽʣʠʪʠ ʥʘ 

ʥʘʚʘʥʪʘʞʝʥʥʽ ʨʽʟʥʠʮʶ ʾʭ ʬʦʪʦʩʪʨʫʤʽʚ. 

ɼʣʷ ʚʽʜʥʽʤʘʥʥʷ ʬʦʪʦʩʪʨʫʤʽʚ ʪʘʢʦʞ ʤʦʞʥʘ ʟʘʩʪʦʩʫʚʘʪʠ ʨʘʜʽʦʯʘʩʪʦʪʥʝ 

ʧʨʦʪʠʬʘʟʥʝ ʛʽʙʨʠʜʥʝ ʤʦʩʪʦʚʝ ʟ'ʻʜʥʘʥʥʷ (ɻʄɿ), ʱʦ ʧʦʜʘʥʦ ʥʘ ʨʠʩ. 3.6. ʆʩʥʦʚʥʽ 

ʥʝʜʦʣʽʢʠ ʩʭʝʤʠ ʨʘʜʽʦʯʘʩʪʦʪʥʦʛʦ ʧʨʦʪʠʬʘʟʥʦʛʦ ɻʄɿ, ʧʦʨʽʚʥʷʥʦ ʽʟ ʩʭʝʤʦʶ ʧʨʷʤʦʛʦ 

ʚʽʜʥʽʤʘʥʥʷ ʩʪʨʫʤʽʚ, ʷʢ ʧʨʘʚʠʣʦ, ʧʦʣʷʛʘʶʪʴ ʫ ʤʝʥʰʽʡ ʧʨʦʧʫʩʢʥʽʡ ʟʜʘʪʥʦʩʪʽ, 

ʙʽʣʴʰʽʡ ʛʨʦʤʽʟʜʢʦʩʪʽ ʪʘ ʙʽʣʴʰʠʭ ʥʘ 3 ʜɹ ʚʪʨʘʪʘʭ. 

 

3.3. ʆʩʥʦʚʥʽ ʛʽʙʨʠʜʥʽ ʦʧʪʦʝʣʝʢʪʨʦʥʥʽ ʤʝʪʦʜʠ ʬʦʨʤʫʚʘʥʥʷ ʪʘ ʧʝʨʝʜʘʯʽ 

ʩʠʛʥʘʣʽʚ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ 

3.3.1. ʄʝʪʦʜʠ ʟʦʚʥʽʰʥʴʦʾ ʤʦʜʫʣʷʮʽʾ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʤʦʜʫʣʷʪʦʨʽʚ ʄʘʭʘ-

ʎʝʥʜʝʨʘ 

ʈʦʟʛʣʷʥʝʤʦ ʤʝʪʦʜ ʟʦʚʥʽʰʥʴʦʾ ʤʦʜʫʣʷʮʽʾ ʽʥʪʝʥʩʠʚʥʦʩʪʽ [30], ʚ ʷʢʦʤʫ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʤʦʜʫʣʷʪʦʨʘ ʄʄʎ ʬʦʨʤʫʶʪʴʩʷ ʜʚʘ ʬʘʟʦ-ʢʦʨʝʣʴʦʚʘʥʽ ʦʧʪʠʯʥʽ ʩʠʛʥʘʣʠ. 

ʊʘʢʠʤ ʯʠʥʦʤ ʬʦʨʤʫʻʪʴʩʷ ʦʧʪʠʯʥʠʡ ʩʠʛʥʘʣ ʟ ʘʤʧʣʽʪʫʜʥʦ  ʁ ʤʦʜʫʣʷʮʽʻʶ ʟʘ 

ʥʘʩʪʫʧʥʠʤʠ ʩʭʝʤʘʤʠ: ʧʦʜʚʽʡʥʘ ʙʽʯʥʘ ʩʤʫʛʘ ʪʘ ʥʝʩʫʯʘ (ʘʥʛʣ. optical double sideband 

with carrier, ODSB + C,), ʦʜʥʘ ʙʽʯʥʘ ʩʤʫʛʘ ʪʘ ʥʝʩʫʯʘ (ʘʥʛʣ. optical single sideband 

with carrier, OSSB + C,), ʧʦʜʚʽʡʥʘ ʙʽʯʥʘ ʩʤʫʛʘ ʟ ʧʨʠʜʫʰʝʥʥʷʤ ʥʝʩʫʯʦʾ (ʘʥʛʣ. optical 

carrier-suppressed double sideband, DSB-OCS,). ʏʘʩʪʦʪʥʠʡ ʧʦʜʚʦʶʚʘʯ ʥʘ ʦʩʥʦʚʽ 

ʜʚʦʭʝʣʝʢʪʨʦʜʥʠʭ ʤʦʜʫʣʷʪʦʨʽʚ ʄʘʭʘ-ʎʝʥʜʝʨʘ (ɼɽʄʄʎ), ʚʧʝʨʰʝ ʙʫʚ 

ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʠʡ ʚ 1992 ʨʦʮʽ [31]. ʇʦʪʽʤ ʙʫʣʠ ʜʦʩʷʛʥʫʪʽ ʙʽʣʴʰ ʚʠʩʦʢʽ 

ʢʦʝʬʽʮʽʻʥʪʠ ʤʥʦʞʝʥʥʷ 4, 6, 8 [108, 132-137]. ʅʘ ʨʠʩ. 3.7-3.11 ʧʦʜʘʥʽ ʙʘʟʦʚʽ ʩʭʝʤʠ 

ʟʦʚʥʽʰʥʴʦʾ ʤʦʜʫʣʷʮʽʾ ʥʘ ʦʩʥʦʚʽ ʄʄʎ, ɼɽʄʄʎ ʽ ʜʚʦʭʧʘʨʘʣʝʣʴʥʦʛʦ ʤʦʜʫʣʷʪʦʨʘ 

ʄʘʭʘ-ʎʝʥʜʝʨʘ (ɼʇʄʄʎ), ʚ ʷʢʠʭ ʦʪʨʠʤʘʥʘ ʤʦʜʫʣʷʮʽʷ ʦʧʪʠʯʥʦʛʦ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʩʠʛʥʘʣʦʤ ʄʄʍ.  
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ʈʠʩ. 3.7. ɹʘʟʦʚʘ ʩʭʝʤʘ ʥʘ ʦʩʥʦʚʽ ʄʄʎ (MZM), ʥʘ ʦʩʥʦʚʽ ʷʢʦʾ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʪʨʠʤʘʥʘ ʛʝʥʝʨʘʮʽʷ ʅɺʏ ʩʠʛʥʘʣʽʚ OSSB + C ʥʘ ʦʩʥʦʚʽ 

ʟʦʚʥʽʰʥʴʦʾ ʤʦʜʫʣʷʮʽʾ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʄʄʎ ʽ ʦʧʪʠʯʥʦʛʦ ʨʝʞʝʢʪʦʨʥʦʛʦ ʬʽʣʴʪʨʘ 

(Notch Filter), ʟʘ ʜʦʧʦʤʦʛʦʶ ʷʢʦʛʦ ʚʠʜʘʣʷʻʪʴʩʷ ʦʜʥʘ ʟ ʙʽʯʥʠʭ ʩʤʫʛ ODSB + C  

 

 

 

 

ʈʠʩ. 3.8. ɹʘʟʦʚʘ ʩʭʝʤʘ ʥʘ ʦʩʥʦʚʽ ɼɽʄʄʎ, ʟʤʽʱʝʥʦʛʦ ʚ ʢʚʘʜʨʘʪʫʨʥʽʡ ʪʦʯʮʽ, 

ʽʟ ʨʘʜʽʦʯʘʩʪʦʪʥʠʤ ʩʠʛʥʘʣʦʤ, ʧʦʜʘʥʠʤ ʟ ʬʘʟʦʚʠʤ ʟʤʽʱʝʥʥʷʤ ˊ/2 ʤʽʞ 

ʝʣʝʢʪʨʦʜʘʤʠ. ɿʘ ʜʦʧʦʤʦʛʦʶ ʮʽʻʾ ʩʭʝʤʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʩʬʦʨʤʦʚʘʥʠʡ ʩʠʛʥʘʣ 

OSSB + C ʥʘ ʯʘʩʪʦʪʽ 38 ɻɻʮ  

 

ʆʧʠʩʘʥʽ ʧʽʜʭʦʜʠ ʚʠʤʘʛʘʶʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚʠʩʦʢʦʰʚʠʜʢʽʩʥʠʭ 

ʦʧʪʦʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʾʚ: ʤʦʜʫʣʷʪʦʨʽʚ, ʬʘʟʦʚʠʭ ʜʝʪʝʢʪʦʨʽʚ, ʅɺʏ ʛʝʥʝʨʘʪʦʨʽʚ, 

ʟʤʽʰʫʚʘʯʽʚ, ʬʽʣʴʪʨʽʚ (ʦʧʪʠʯʥʠʭ ʽ ʨʘʜʽʦʯʘʩʪʦʪʥʠʭ). ʆʜʥʘʢ ʙʽʣʴʰʽʩʪʴ ʧʨʠʩʪʨʦʾʚ 

ʟʥʘʭʦʜʠʪʴʩʷ ʚ ʩʪʘʜʽʾ ʨʦʟʨʦʙʢʠ [30]. ʉʫʯʘʩʥʽ ʄʄʎ ʤʘʶʪʴ ʚʝʨʭʥʶ ʛʨʘʥʠʯʥʫ ʯʘʩʪʦʪʫ 

ʤʦʜʫʣʷʮʽʾ ʙʣʠʟʴʢʦ 40 ɻɻʮ [31], ʦʜʥʘʢ ʟʘʧʨʦʧʦʥʦʚʘʥʽ ʚ [138] ʩʧʦʩʦʙʠ ʤʦʜʫʣʷʮʽʾ, 

ʟʘʩʥʦʚʘʥʽ ʥʘ ɼʇʄʄʎ, ʟʜʘʪʥʽ ʬʦʨʤʫʚʘʪʠ ʩʠʛʥʘʣʠ ʯʘʩʪʦʪʦʶ ʜʦ 160 ɻɻʮ ʚ 

ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʥʠʭ ʣʽʥʽʷʭ. 
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ʈʠʩ. 3.9. ʌʦʨʤʫʚʘʥʥʷ ʩʠʛʥʘʣʫ DSB-OCS ʟ ʯʘʩʪʦʪʦʶ 40 ɻɻʮ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ɼɽʄʄʎ, ʟʤʽʱʝʥʦʛʦ ʚ ʤʽʥʽʤʘʣʴʥʽʡ ʪʦʯʮʽ ʧʨʦʧʫʩʢʘʥʥʷ (Vˊ) ʜʣʷ ʧʨʠʜʫʰʝʥʥʷ 

ʦʧʪʠʯʥʦʾ ʥʝʩʫʯʦʾ. ʋ ʪʘʢʽʡ ʨʝʘʣʽʟʘʮʽʾ ʨʘʜʽʦʯʘʩʪʦʪʘ RF ʛʝʥʝʨʘʪʦʨʘ ʥʘ ʚʭʦʜʽ ʚʜʚʽʯʽ 

ʤʝʥʘh ʟʘ ʯʘʩʪʦʪʫ, ʱʦ ʦʪʨʠʤʘʥʘ ʥʘ ʚʠʭʦʜʽ PD  

 

 

 

 

ʈʠʩ. 3.10. ɹʘʟʦʚʘ ʩʭʝʤʘ ʯʦʪʠʨʠʨʘʟʦʚʦʛʦ ʤʥʦʞʝʥʥʷ ʯʘʩʪʦʪʠ RF ʩʠʛʥʘʣʫ 10 

(18) ɻɻʮ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʤʽʣʽʤʝʪʨʦʚʠʭ ʩʠʛʥʘʣʽʚ 40 (72) ɻɻʮ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ɼʇʄʄʎ ʪʘ ʦʧʪʠʯʥʦʾ ʬʽʣʴʪʨʘʮʽʾ; ʢʦʝʬʽʮʽʻʥʪ ʧʨʠʜʫʰʝʥʥʷ  

ʛʘʨʤʦʥʽʢ ʙʽʣʴʰʝ 36 ʜɹ  

 

ʂʨʽʤ ʪʦʛʦ, ʤʝʪʦʜʠ, ʟʘʩʥʦʚʘʥʽ ʥʘ ʄʄʎ, ʧʦʪʨʝʙʫʶʪʴ ʥʘʧʨʫʛʫ ʧʦʩʪʽʡʥʦʛʦ 

ʟʤʽʱʝʥʥʷ ʽ ʥʘʧʨʫʛʫ (V )́, ʷʢʽ ʟʘʣʝʞʘʪʴ ʚʽʜ ʯʘʩʪʦʪʠ. ʎʝ ʧʝʨʝʰʢʦʜʞʘʻ ʧʝʨʝ 

ʥʘʣʘʰʪʫʚʘʥʥʶ ʩʠʩʪʝʤʠ ʟʘ ʯʘʩʪʦʪʦʶ.  
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ʈʠʩ. 3.11. ɹʘʟʦʚʘ ʩʭʝʤʘ ʚʦʩʴʤʠʢʨʘʪʥʦʛʦ ʤʥʦʞʝʥʥʷ ʯʘʩʪʦʪʠ RF ʩʠʛʥʘʣʫ 

 4,6(5,3) ɻɻʮ, ʜʝ ʦʪʨʠʤʘʥʘ ʯʘʩʪʦʪʘ 36,8 (42,4) ɻɻʮ. ʆʩʥʦʚʥʽ ʝʣʝʤʝʥʪʠ ʩʭʝʤʠ: 

ɼʇʄʄʎ ʽ ʨʝʞʝʢʪʦʨʥʠʡ ʬʽʣʴʪʨ (Notch Filter) (ʜʣʷ ʧʨʠʜʫʰʝʥʥʷ ʥʝʩʫʯʦʾ). 

ʂʦʝʬʽʮʽʻʥʪ ʧʨʠʜʫʰʝʥʥʷ ʥʝʩʫʯʦʾ ʪʘ ʛʘʨʤʦʥʽʢ ʙʽʣʴʰʝ 30 ʜɹ 

 

ɼʣʷ ʩʠʩʪʝʤ ʥʘ ʦʩʥʦʚʽ ʄʄʎ ʧʦʪʨʽʙʥʽ ʩʭʝʤʠ ʫʧʨʘʚʣʽʥʥʷ ʜʣʷ ʥʘʣʘʰʪʫʚʘʥʥʷ 

ʥʘʧʨʫʛʠ ʧʦʩʪʽʡʥʦʛʦ ʟʤʽʱʝʥʥʷ, ʷʢʝ ʟʩʫʚʘʻʪʴʩʷ ʘʙʦ ʜʨʝʡʬʫʻ ʧʽʜ ʯʘʩ ʨʦʙʦʪʠ 

ʤʦʜʫʣʷʪʦʨʽʚ. ʊʘʢʦʞ ʟʘʩʪʦʩʫʚʘʥʥʷ ʦʧʪʠʯʥʠʭ ʬʽʣʴʪʨʽʚ ʧʝʨʝʰʢʦʜʞʘʻ ʙʝʟʧʝʨʝʨʚʥʦʤʫ 

ʥʘʣʘʰʪʦʚʫʚʘʥʥʶ ʯʘʩʪʦʪʠ. ʆʜʥʘʢ ʚ [132] ʧʨʦʧʦʥʫʶʪʴ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʨʝʞʠʤ 

ʨʦʙʦʪʠ, ʚ ʷʢʦʤʫ ɼɽʄʄʎ ʟʤʽʱʝʥʠʡ ʚ ʤʘʢʩʠʤʘʣʴʥʦʾ ʪʦʯʮʽ ʧʝʨʝʜʘʯʽ ʧʝʨʝʜʘʚʘʣʴʥʦʾ 

ʬʫʥʢʮʽʾ ʜʣʷ ʧʨʠʜʫʰʝʥʥʷ ʦʧʪʠʯʥʠʭ ʙʽʯʥʠʭ ʩʤʫʛ ʥʝʧʘʨʥʦʛʦ ʧʦʨʷʜʢʫ. ɺ ʮʴʦʤʫ 

ʚʠʧʘʜʢʫ ʥʝ ʧʦʪʨʽʙʥʦ ʥʘʣʘʰʪʫʚʘʥʥʷ ʦʧʪʠʯʥʦʛʦ ʬʽʣʴʪʨʫ (ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ 

ʚʦʣʦʢʦʥʥʘ ʙʨʝʛʛ̔ ʚʩʴʢʘ ˇʨʘʪʢʘ ʟ ʬʽʢʩʦʚʘʥʠʤʠ ʜʦʚʞʠʥʘʤʠ ʭʚʠʣʴ), ʱʦ ʟʥʘʯʥʦ 

ʩʧʨʦʱʫʻ ʨʝʘʣʽʟʘʮʽʶ ʩʠʩʪʝʤʠ. ʇʨʠ ʮʴʦʤʫ ʛʝʥʝʨʫʶʪʴʩʷ ʜʚʽ ʩʤʫʛʠ ʩʠʛʥʘʣʽʚ ʄʄʍ, 

ʷʢʽ ʤʦʞʫʪʴ ʥʘʣʘʰʪʦʚʫʚʘʪʠʩʷ ʥʘ ʯʘʩʪʦʪʠ ʚʽʜ 37,6 ʜʦ 50 ɻɻʮ ʟ ʧʦʜʚʦʻʥʥʷʤ ʯʘʩʪʦʪʠ 

(ʚʽʜ 75,2 ʜʦ 100 ɻɻʮ ʟ ʤʥʦʞʝʥʥʷʤ ʯʘʩʪʦʪʠ ʚ ʯʦʪʠʨʠ ʨʘʟʠ) ʧʨʠ ʯʘʩʪʦʪʽ ʛʝʪʝʨʦʜʠʥʫ 

18,8 25 ɻɻʮ. ɼʣʷ ʚʠʙʽʨʢʦʚʦʛʦ ʧʽʜʩʠʣʝʥʥʷ ʛʘʨʤʦʥʽʢ ʚ ʨʦʙʦʪʽ [139] 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʚʩʷ ʬʽʣʴʪʨ ʌʘʙʨʽ-ʇʝʨʦ, ʚ ʨʦʙʦʪʽ [140]  ʚʦʣʦʢʦʥʥʠʡ ʢʽʣʴʮʝʚʠʡ 

ʨʝʟʦʥʘʪʦʨ, ʜʝ ʦʧʪʠʯʥʽ ʛʘʨʤʦʥʽʢʠ ʚʠʩʦʢʦʛʦ ʧʦʨʷʜʢʫ ʧʽʜʩʠʣʶʚʘʣʠʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʝʬʝʢʪʫ ʚʠʤʫʰʝʥʦʛʦ ʨʦʟʩʽʶʚʘʥʥʷ ɹʨʽʣʣʁ ʝʥʘ. 

ʋ ʤʝʪʦʜʽ ʤʥʦʞʝʥʥʷ ʯʘʩʪʦʪʠ ʥʘ ʦʩʥʦʚʽ ʄʄʎ ʦʧʪʠʯʥʽ ʛʘʨʤʦʥʽʢʠ ʩʠʣʴʥʦ 

ʢʦʨʝʣʴʦʚʘʥʽ. ʆʩʢʽʣʴʢʠ ʰʫʤ ʨʽʚʥʦʤʽʨʥʦ ʨʦʟʧʦʜʽʣʝʥʠʡ ʚ ʦʧʪʠʯʥʦʤʫ ʽʤʧʫʣʴʩʽ, ʪʦ ʮʝ 
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ʩʧʨʠʷʻ ʬʦʨʤʫʚʘʥʥʶ ʩʠʛʥʘʣʽʚ ʄʄɼ ʟ ʥʠʟʴʢʠʤ ʰʫʤʦʤ. ɭʜʠʥʦʶ ʧʨʦʙʣʝʤʦʶ ʮʴʦʛʦ 

ʤʝʪʦʜʫ ʻ ʥʠʟʴʢʠʡ ʨʽʚʝʥʴ ʧʦʪʫʞʥʦʩʪʽ ʛʘʨʤʦʥʽʢ, ʦʩʦʙʣʠʚʦ ʚ ʨʘʟʽ ʛʘʨʤʦʥʽʢ ʚʠʩʦʢʦʛʦ 

ʧʦʨʷʜʢʫ, ʱʦ ʧʦʛʽʨʰʫʻ ʚʽʜʥʦʰʝʥʥʷ ʩʠʛʥʘʣ/ʰʫʤ. ɼʣʷ ʧʨʠʜʫʰʝʥʥʷ ʦʧʪʠʯʥʠʭ ʙʽʯʥʠʭ 

ʩʤʫʛ ʥʝʧʘʨʥʦʛʦ ʘʙʦ ʧʘʨʥʦʛʦ ʧʦʨʷʜʢʫ ʤʦʜʫʣʷʪʦʨ ʄʄʎ ʧʦʚʠʥʝʥ ʙʫʪʠ ʟʤʽʱʝʥʠʡ ʚ 

ʪʦʯʢʫ ʤʽʥʽʤʫʤʫ ʘʙʦ ʤʘʢʩʠʤʫʤʫ ʧʝʨʝʜʘʚʘʣʴʥʦʾ ʬʫʥʢʮʽʾ, ʱʦ ʚʠʢʣʠʯʝ ʧʨʦʙʣʝʤʫ 

ʟʩʫʚʫ, ʷʢʘ ʤʦʞʝ ʧʨʠʟʚʝʩʪʠ ʜʦ ʥʠʟʴʢʦʾ ʥʘʜʽʡʥʦʩʪʽ ʩʠʩʪʝʤʠ ʘʙʦ ʫʩʢʣʘʜʥʝʥʥʷ ʩʭʝʤʠ 

ʫʧʨʘʚʣʽʥʥʷ. 

 

3.3.2. ʄʝʪʦʜʠ ʟʦʚʥʽʰʥʴʦʾ ʤʦʜʫʣʷʮʽʾ ʬʘʟʠ ʦʧʪʠʯʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ 

ɯʥʰʠʡ ʧʽʜʭʽʜ ʜʦ ʟʦʚʥʽʰʥʴʦʾ ʤʦʜʫʣʷʮʽʾ ʟʘʩʥʦʚʘʥʠʡ ʥʘ ʦʧʪʠʯʥʠʭ ʬʘʟʦʚʠʭ 

ʤʦʜʫʣʷʪʦʨʘʭ (PM) [32]. ɺʽʥ ʥʝ ʧʦʪʨʝʙʫʻ ʨʘʜʽʦʯʘʩʪʦʪʥʠʭ ʘʙʦ ʦʧʪʠʯʥʠʭ ʬʽʣʴʪʨʽʚ ʪʘ 

ʨʝʛʫʣʶʚʘʥʥʷ ʥʘʧʨʫʛʠ ʧʦʩʪʽʡʥʦʛʦ ʟʤʽʱʝʥʥʷ. ʌʘʟʦʚʠʡ ʤʦʜʫʣʷʪʦʨ ʥʝ ʤʘʻ ʪʘʢʦʾ 

ʚʥʫʪʨʽʰʥʴʦʾ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʧʪʠʯʥʠʭ ʚʪʨʘʪ, ʷʢ ʢʚʘʜʨʘʪʫʨʥʦ-ʟʤʽʱʝʥʠʡ ʄʄʎ 

(ʨʠʩ. 3.12). ɹʘʟʦʚʘ ʩʭʝʤʘ ʥʘ ʦʩʥʦʚʽ ʬʘʟʦʚʦʛʦ ʤʦʜʫʣʷʪʦʨʘ ʧʦʜʘʥʘ ʥʘ ʨʠʩ. 3.12, ʜʝ 

ʦʧʪʠʯʥʘ ʥʝʩʫʯʘ ʚʽʜ ʣʘʟʝʨʥʦʛʦ ʜʞʝʨʝʣʘ, ʱʦ ʧʝʨʝʣʘʰʪʦʚʫʻʪʴʩʷ, ʥʘʜʭʦʜʠʪʴ ʚ 

ʦʧʪʠʯʥʠʡ ʬʘʟʦʚʠʡ ʤʦʜʫʣʷʪʦʨ ʯʝʨʝʟ ʧʦʣʷʨʠʟʘʮʽʡʥʠʡ ʢʦʥʪʨʦʣʝʨ. 

 

 

 

ʈʠʩ. 3.12. ʌʦʨʤʫʚʘʥʥʷ ʪʘ ʧʝʨʝʜʘʯʘ ʩʠʛʥʘʣʫ ʄʄɼ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʧʦʣʷʨʠʟʘʮʽʡʥʦʛʦ ʢʦʥʪʨʦʣʝʨʫ (PC), ʦʧʪʠʯʥʦʛʦ ʬʘʟʦʚʦʛʦ ʤʦʜʫʣʷʪʦʨʫ (PM), 

ʦʧʪʠʯʥʦʛʦ ʨʝʞʝʢʪʦʨʥʦʛʦ ʬʽʣʴʪʨʫ (Notch Filter), ʝʨʙʽʻʚʦʛʦ ʧʽʜʩʠʣʶʚʘʯʘ (EDFA) ʪʘ 

ʢʦʤʧʝʥʩʘʪʦʨʫ ʜʠʩʧʝʨʩʽʾ (DCM) 

 

ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʄʄʎ, ʷʢʠʡ ʤʦʞʝ ʙʫʪʠ ʟʤʽʱʝʥʠʡ ʜʣʷ ʧʨʠʛʥʽʯʝʥʥʷ ʙʽʯʥʠʭ 

ʩʤʫʛ ʥʝʧʘʨʥʠʭ ʘʙʦ ʧʘʨʥʠʭ ʧʦʨʷʜʢʽʚ, ʦʧʪʠʯʥʠʡ ʬʘʟʦʚʠʡ ʤʦʜʫʣʷʪʦʨ ʛʝʥʝʨʫʻ ʚʩʽ 

ʙʽʯʥʽ ʩʤʫʛʠ, ʽʟ ʦʧʪʠʯʥʦʶ ʥʝʩʫʯʦʶ ʚʢʣʶʯʥʦ. ʊʦʤʫ ʜʣʷ ʚʽʜʩʽʢʘʥʥʷ ʦʧʪʠʯʥʦʾ ʥʝʩʫʯʦʾ 
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ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʚʫʟʴʢʦ ʩʤʫʛʦʚʠʡ ʬʽʣʴʪʨ ʥʘ ʦʩʥʦʚʽ ʚʦʣʦʢʦʥʥʦʾ ʙʨʝʛʛ̔ ʚʩʴʢʦʾ 

ʨ̌ʘʪʢʠ (ʘʥʛʣ. fiber Bragg gratings, FBG).  

ɺ ʝʢʩʧʝʨʠʤʝʥʪʽ [139] ʜʦʚʞʠʥʘ ʭʚʠʣʽ ʦʧʪʠʯʥʦʾ ʥʝʩʫʯʦʾ ʙʫʣʘ ʥʘʣʘʰʪʦʚʘʥʘ 

ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʜʦʚʞʠʥʠ ʭʚʠʣʽ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʛʘʩʘʥʥʷ FBG. ʈʝʰʪʘ ʙʽʯʥʠʭ ʩʤʫʛ ʥʘ 

ʚʠʭʦʜʽ FBG ʙʫʣʠ ʧʽʜʩʠʣʝʥʽ ʚʦʣʦʢʦʥʥʠʤ ʝʨʙʽʻʚʠʤ ʧʽʜʩʠʣʶʚʘʯʝʤ EDFA, ʘ ʧʦʪʽʤ 

ʧʝʨʝʜʘʚʘʣʠʩʷ ʚʟʜʦʚʞ ʦʜʥʦʤʦʜʦʚʦʛʦ ʚʦʣʦʢʥʘ. ɼʣʷ ʧʽʜʪʨʠʤʢʠ ʦʜʥʦʛʦ ʽ ʪʦʛʦ ʞ 

ʬʘʟʦʚʦʛʦ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʤʽʞ ʦʧʪʠʯʥʠʤʠ ʙʽʯʥʠʤʠ ʩʤʫʛʘʤʠ ʚʠʢʦʨʠʩʪʦʚʫʚʘʚʩʷ 

ʢʦʤʧʝʥʩʘʪʦʨ ʜʠʩʧʝʨʩʽʾ DCM. ʇʽʜ ʯʘʩ ʥʘʣʘʰʪʫʚʘʥʥʷ ʩʠʛʥʘʣʫ ʚʽʜ ʛʝʥʝʨʘʪʦʨʘ, ʱʦ 

ʟʘʜʘʻ ʯʘʩʪʦʪʫ 18,8 25 ɻɻʮ, ʣʦʢʘʣʴʥʦ ʽ ʜʠʩʪʘʥʮʽʡʥʦ ʛʝʥʝʨʫʚʘʣʠʩʷ ʜʚʽ ʩʤʫʛʠ 

ʩʠʛʥʘʣʽʚ ʄʄʍ ʚʽʜ 37,6 50 ɻɻʮ ʽ ʚʽʜ 75,2 ʜʦ 100 ɻɻʮ ʟ ʚʠʩʦʢʦʶ ʩʧʝʢʪʨʘʣʴʥʦʶ 

ʯʠʩʪʦʪʦʶ. 

ʐʣʷʭʦʤ ʤʥʦʞʝʥʥʷ ʯʘʩʪʦʪʠ ʚʭʽʜʥʦʛʦ ʨʘʜʽʦʯʘʩʪʦʪʥʦʛʦ ʩʠʛʥʘʣʫ RF (7,5 ɻɻʮ) 

ʥʘ ʢʦʝʬʽʮʽʻʥʪ 8 ʥʘ ʦʩʥʦʚʽ ʩʭʝʤʠ ʬʘʟʦʚʠʭ ʤʦʜʫʣʷʪʦʨʽʚ (ʨʠʩ. 3.13) ʦʪʨʠʤʘʥʠʡ ʩʠʛʥʘʣ 

ʥʘ ʯʘʩʪʦʪʽ 60 ɻɻʮ [141]. ʅʘ ʨʠʩ. 3.1ɿ  ʧʦʢʘʟʘʥʘ ʤʦʞʣʠʚʽʩʪʴ ʬʦʨʤʫʚʘʥʥʷ ʦʧʪʠʯʥʦʛʦ 

ʩʠʛʥʘʣʫ DQPSK ʽ FSK ʤʦʜʫʣʷʮʽʾ ʥʘ ʯʘʩʪʦʪʽ 40 ɻɻʮ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʢʦʤʙʽʥʘʮʽʾ 

ʄʄʎ ʽ ʦʧʪʠʯʥʦʛʦ ʬʘʟʦʚʦʛʦ ʤʦʜʫʣʷʪʦʨʘ. 

 

 

 

ʈʠʩ. 3.13. ʉʠʩʪʝʤʘ ʤʥʦʞʝʥʥʷ ʯʘʩʪʦʪʠ ʚʭʽʜʥʦʛʦ ʨʘʜʽʦʯʘʩʪʦʪʥʦʛʦ ʩʠʛʥʘʣʫ RF 

ʄʄɼ, ʟʘ ʜʦʧʦʤʦʛʦʶ ʷʢʦʛʦ ʦʪʨʠʤʘʥʦ ʩʠʛʥʘʣ ʯʘʩʪʦʪʦʶ 60 ɻɻʮ  
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3.3.3. ʄʝʪʦʜʠ ʦʧʪʠʯʥʦʛʦ ʛʝʪʝʨʦʜʠʥʫ 

ɿʤʽʰʫʚʘʥʥʷ ʜʚʦʭ ʦʧʪʠʯʥʠʭ ʭʚʠʣʴ ʙʣʠʟʴʢʠʭ ʟʘ ʯʘʩʪʦʪʦʶ ʣʘʟʝʨʥʠʭ ʜʞʝʨʝʣ, 

ʱʦ ʜʘʻ ʙʠʪʪʷ ʫ ʬʦʪʦʧʨʠʡʤʘʯʽ, ʧʨʠʯʦʤʫ ʨʽʟʥʠʮʷ ʤʽʞ ʯʘʩʪʦʪʘʤʠ ʣʘʟʝʨʽʚ ʚʽʜʧʦʚʽʜʘʻ 

ʩʠʛʥʘʣʫ ʄʄʍ (ʨʠʩ. 3.14), ʻ ʥʘʡʙʽʣʴʰ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʤʝʪʦʜʦʤ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ 

ʩʠʛʥʘʣʽʚ ʚʠʱʝ 30 ɻɻʮ ʜʦ ʩʫʙʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ ʚʢʣʶʯʥʦ, ʦʜʥʘʢ ʛʦʣʦʚʥʽ 

ʪʨʫʜʥʦʱʽ ʤʝʪʦʜʫ ʧʦʚôʷʟʘʥʽ ʽʟ ʦʙʤʝʞʝʥʦʶ ʩʤʫʛʦʶ ʧʨʦʧʫʩʢʘʥʥʷ ʬʦʪʦʧʨʠʡʤʘʯʘ 

[32].  

 

 

ʈʠʩ. 3.14. ʉʭʝʤʘ ʦʧʪʠʯʥʦʛʦ ʛʝʪʝʨʦʜʠʥʫʚʘʥʥʷ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʜʚʦʭ 

ʥʝʟʘʣʝʞʥʠʭ ʣʘʟʝʨʽʚ LD1 ʪʘ LD2 ʽʟ ʬʽʢʩʦʚʘʥʠʤ ʟʩʫʚʦʤ ʟʘ ʯʘʩʪʦʪʦʶ |f1 f2| 

 

ʋ ʤʝʪʦʜʽ ʦʧʪʠʯʥʦʛʦ ʛʝʪʝʨʦʜʠʥʫ ʤʦʞʥʘ ʚʠʢʦʨʠʩʪʘʪʠ ʜʚʘ (ʘʙʦ ʙʽʣʴʰʝ) ʣʘʟʝʨʠ, 

ʷʢʽ ʧʨʘʮʶʶʪʴ ʥʘ ʨʽʟʥʠʭ ʯʘʩʪʦʪʘʭ ʘʙʦ ʜʚʦʭ ʯʘʩʪʦʪʥʽ ʣʘʟʝʨʠ.  

ɿʥʘʡʜʝʤʦ ʦʧʪʠʯʥʝ ʧʦʣʝ, ʷʢʝ ʦʜʝʨʞʘʥʝ ʚ ʨʝʟʫʣʴʪʘʪʽ ʛʝʪʝʨʦʜʠʥʫʚʘʥʥʷ 

ʩʠʛʥʘʣʽʚ. ɽʣʝʢʪʨʠʯʥʽ ʧʦʣʷ ʜʚʦʭ ʦʧʪʠʯʥʠʭ ʭʚʠʣʴ, ʷʢʽ ʟʤʽʰʫʶʪʴʩʷ ʚ ʬʦʪʦʧʨʠʡʤʘʯʽ 

PD ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʪʨʝʪʴʦʛʦ ʩʠʛʥʘʣʫ ʟ ʚʽʜʧʦʚʽʜʥʦʶ ʨʽʟʥʠʮʝʚʦʶ ʯʘʩʪʦʪʦʶ ʤʦʞʥʘ 

ʟʘʧʠʩʘʪʠ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ: 

Ὁ ὸ ὉÃÏÓ ὸ ‫ • , Ὁ ὸ Ὁ ÃÏÓ‫ὸ • ,         (3.1) 

ʜʝ Ὁ  ʪʘ Ὁ  ï ʘʤʧʣʽʪʫʜʠ; •  ʪʘ •  ï ʬʘʟʠ; ‫  ʪʘ ‫  ï ʮʠʢʣʽʯʥʽ ʯʘʩʪʦʪʠ ʜʚʦʭ 

ʦʧʪʠʯʥʠʭ ʭʚʠʣʴ.  

ʉʫʤʘʨʥʝ ʝʣʝʢʪʨʠʯʥʝ ʧʦʣʝ ʤʦʞʥʘ ʟʘʜʘʪʠ ʬʦʨʤʫʣʦʶ  

Ὁὸ Ὁ ὸ Ὁ ὸ. ʊʦʜʽ ʩʪʨʫʤ ʥʘ ʚʠʭʦʜʽ PD ʤʦʞʣʠʚʦ ʟʥʘʡʪʠ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ:  

Ὅὸ ᴘὉ Ὁ ςὉ Ὁ ÃÏÓ‫ ‫ ὸ • • , (3.2) 

ʜʝ ᴘ ï ʩʪʨʫʤʦʚʘ ʯʫʪʣʠʚʽʩʪʴ ʬʦʪʦʧʨʠʡʤʘʯʘ. 
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ɼʣʷ ʢʽʣʴʢʽʩʥʦʛʦ ʦʧʠʩʘʥʥʷ ʬʦʨʤʠ ʦʧʪʠʯʥʦʛʦ ʩʠʛʥʘʣʫ Ὁὸ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ 

ʨʦʟʧʦʜʽʣ ʘʤʧʣʽʪʫʜʠ ʝʣʝʢʪʨʠʯʥʦʛʦ ʧʦʣʷ ʚ ʦʧʪʠʯʥʽʡ ʭʚʠʣʽ, ʱʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʯʘʩʫ. 

ʊʝʨʤʽʥ çʯʫʪʣʠʚʽʩʪʴè ʜʣʷ ʚʝʣʠʯʠʥʠ ᴘ, ʱʦ ʯʘʩʪʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʚ ʣʽʪʝʨʘʪʫʨʽ, ʪʫʪ 

ʽ ʥʘʜʘʣʽ ʤʠ ʪʘʢʦʞ ʟʘʩʪʦʩʦʚʫʻʤʦ ʜʣʷ ʧʦʟʥʘʯʝʥʥʷ ʬʘʢʪʠʯʥʦʛʦ ʚʽʜʛʫʢʫ (ʘʥʛʣ. 

responsivity) ʬʦʪʦʧʨʠʡʤʘʯʘ ʚ ʘʤʧʝʨʘʭ ʩʪʨʫʤʫ ʥʘ ʚʘʪ ʧʦʪʫʞʥʦʩʪʽ ʧʘʜʘʶʯʦʾ 

ʦʧʪʠʯʥʦʾ ʭʚʠʣʽ. 

ʆʜʥʘʢ, ʷʢ ʫ ʚʠʧʘʜʢʫ ʜʚʦʭ ʯʘʩʪʦʪʥʦʛʦ ʣʘʟʝʨʘ, ʪʘʢ ʽ ʛʝʪʝʨʦʜʠʥʫʚʘʥʥʷ 

ʚʠʧʨʦʤʽʥʶʚʘʥʴ ʜʚʦʭ ʥʝʟʘʣʝʞʥʠʭ ʣʘʟʝʨʽʚ (ʨʠʩ. 3.14), ʚʘʞʢʦ ʦʪʨʠʤʘʪʠ ʩʠʣʴʥʫ 

ʢʦʨʝʣʷʮʽʶ ʤʽʞ ʜʚʦʤʘ ʤʦʜʘʤʠ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʛʝʥʝʨʘʮʽʾ ʩʠʛʥʘʣʽʚ ʄʄɼ ʟ 

ʚʠʩʦʢʠʤ ʬʘʟʦʚʠʤ ʰʫʤʦʤ. ʏʘʩʪʦʪʘ ʣʘʟʝʨʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʤʦʞʝ ʨʝʛʫʣʶʚʘʪʠʩʷ 

ʟʘ ʜʦʧʦʤʦʛʦʶ ʟʤʽʥʠ ʪʝʤʧʝʨʘʪʫʨʠ ʣʘʟʝʨʽʚ. 

ɼʣʷ ʩʪʚʦʨʝʥʥʷ ʤʽʢʨʦʭʚʠʣʴ ʟ ʥʠʟʴʢʠʤ ʨʽʚʥʝʤ ʰʫʤʫ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʙʘʛʘʪʦ 

ʤʝʪʦʜʽʚ, ʦʩʥʦʚʥʠʤʠ ʟ ʷʢʠʭ ʚʚʘʞʘʶʪʴ: 1) ʦʧʪʠʯʥʘ  ʬʘʟʦʚʘ ʩʠʥʭʨʦʥʽʟʘʮʽʷ (ʘʥʛʣ. 

optical phase lock loop, OPLL) [32], 2) ʽʥʞʝʢʮʽʡʥʘ ʩʠʥʭʨʦʥʽʟʘʮʽʷ (ʘʥʛʣ. optical 

injection locking, OIL), 3) ʜʚʦʭ ʯʘʩʪʦʪʥʝ ʣʘʟʝʨʥʝ ʜʞʝʨʝʣʦ.  

ʋ ʤʝʪʦʜʽ OPLL (optical phase lock loop) ʟʜʽʡʩʥʶʻʪʴʩʷ ʬʘʟʦʚʘ ʩʠʥʭʨʦʥʽʟʘʮʽʷ 

ʟʘ ʜʦʧʦʤʦʛʦʶ ʦʧʪʠʯʥʦʾ ʟʘʤʢʥʝʥʦʾ ʧʝʪʣʽ ʬʘʟʦʚʦʛʦ ʘʚʪʦʧʽʜʩʪʨʦʶʚʘʥʥʷ ʯʘʩʪʦʪʠ: 

ʬʘʟʘ ʦʜʥʦʛʦ ʣʘʟʝʨʘ ʘʢʪʠʚʥʦ ʧʨʠʜʫʰʫʻʪʴʩʷ ʬʘʟʦʶ ʽʥʰʦʛʦ (ʨʠʩ. 3.15).  

 

 

ʈʠʩ. 3.15. ʉʭʝʤʘ ʧʝʪʣʽ ʦʧʪʠʯʥʦʾ ʬʘʟʦʚʦʾ ʩʠʥʭʨʦʥʽʟʘʮʽʾ (OPLL), ʱʦ 

ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʜʚʦʭ ʚʫʟʴʢʦ ʩʤʫʛʦʚʠʭ ʣʘʟʝʨʽʚ LD1 ʽ LD2, ʬʦʪʦʜʽʦʜʘ, ʟʤʽʰʫʚʘʯʘ, 

ʛʝʪʝʨʦʜʠʥʫ RF, ʧʝʪʣʝʚʦʛʦ ʬʽʣʴʪʨʫ  



99 

 

ɼʣʷ ʜʦʩʷʛʥʝʥʥʷ ʝʬʝʢʪʠʚʥʦʛʦ ʧʨʠʜʫʰʝʥʥʷ ʬʘʟʠ ʜʚʘ ʣʘʟʝʨʘ ʧʦʚʠʥʥʽ ʙʫʪʠ 

ʚʫʟʴʢʦ ʩʤʫʛʦʚʠʤʠ ʜʣʷ ʟʤʝʥʰʝʥʥʷ ʯʘʩʫ ʟʘʪʨʠʤʢʠ ʟʚʦʨʦʪʥʦʛʦ ʟʚ'ʷʟʢʫ. 

ɺ ʨʝʟʫʣʴʪʘʪʽ ʙʠʪʪʷ ʦʧʪʠʯʥʠʭ ʤʦʜ ʜʚʦʭ ʣʘʟʝʨʽʚ ʥʘ ʚʠʭʦʜʽ ʬʦʪʦʧʨʠʡʤʘʯʘ 

ʛʝʥʝʨʫʻʪʴʩʷ ʩʠʛʥʘʣ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ, ʬʘʟʘ ʷʢʦʛʦ ʧʦʨʽʚʥʶʻʪʴʩʷ ʟ ʬʘʟʦʶ 

ʨʘʜʽʦʯʘʩʪʦʪʥʦʛʦ ʛʝʥʝʨʘʪʦʨʘ ʚʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ RF ʚ ʟʤʽʰʫʚʘʯʽ. ʆʪʨʠʤʘʥʠʡ ʩʠʛʥʘʣ 

ʬʘʟʦʚʦʾ ʧʦʭʠʙʢʠ (ʥʘʧʨʫʛʘ ʧʨʦʧʦʨʮʽʡʥʘ ʨʽʟʥʠʮʽ ʬʘʟ ʤʽʞ ʚʭʽʜʥʠʤ RF ʩʠʛʥʘʣʦʤ ʽ 

ʦʪʨʠʤʘʥʠʤ ʥʘ ʚʠʭʦʜʽ ʬʦʪʦʧʨʠʡʤʘʯʘ) ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʫʧʨʘʚʣʽʥʥʷ ʯʘʩʪʦʪʦʶ 

ʣʘʟʝʨʘ LD1 (ʰʣʷʭʦʤ ʟʤʽʥʠ ʜʦʚʞʠʥʠ ʣʘʟʝʨʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʘʙʦ ʩʪʨʫʤʫ 

ʥʘʢʘʯʫʚʘʥʥʷ). ʇʨʠ ʥʘʣʝʞʥʦʤʫ ʯʘʩʽ ʟʘʪʨʠʤʢʠ ʟʚʦʨʦʪʥʦʛʦ ʟʚ'ʷʟʢʫ ʚʽʜʥʦʩʥʽ ʬʘʟʦʚʽ 

ʢʦʣʠʚʘʥʥʷ ʤʽʞ ʜʚʦʤʘ ʣʘʟʝʨʘʤʠ ʟʥʘʯʥʦ ʟʤʝʥʰʫʶʪʴʩʷ. ʉʠʩʪʝʤʘ OPLL ʤʦʞʝ 

ʛʝʥʝʨʫʚʘʪʠ ʤʽʢʨʦʭʚʠʣʴʦʚʠʡ ʩʠʛʥʘʣ, ʱʦ ʙʝʟʧʝʨʝʨʚʥʦ ʥʘʣʘʰʪʦʚʫʻʪʴʩʷ ʚʽʜ 6 ʜʦ 34 

ɻɻʮ ʟ ʰʠʨʠʥʦʶ ʩʧʝʢʪʨʘʣʴʥʦʾ ʣʽʥʽʾ ʤʝʥʰʝ 1 ʄɻʮ. ʆʜʥʘʢ ʥʝʜʦʣʽʢʘʤʠ ʮʴʦʛʦ ʤʝʪʦʜʫ 

ʻ ʚʠʩʦʢʘ ʩʢʣʘʜʥʽʩʪʴ ʥʘʣʘʰʪʫʚʘʥʥʷ ʽ ʥʝʦʙʭʽʜʥʽʩʪʴ ʯʠʩʪʦʛʦ ʩʠʛʥʘʣʫ ʨʘʜʽʦʯʘʩʪʦʪʥʦʛʦ 

ʛʝʥʝʨʘʪʦʨʘ. 

ʉʪʨʫʢʪʫʨʥʘ ʩʭʝʤʘ ʘʣʴʪʝʨʥʘʪʠʚʥʦʛʦ ʤʝʪʦʜʫ ʦʧʪʠʯʥʦʛʦ ʙʣʦʢʫʚʘʥʥʷ ʽʥʞʝʢʮʽʾ 

(OIL) [32], ʧʦʢʘʟʘʥʘ ʚ ʨʠʩ. 3.16.  

 

 

ʈʠʩ. 3.16. ʉʭʝʤʘ ʦʧʪʠʯʥʦʛʦ ʙʣʦʢʫʚʘʥʥʷ ʽʥʞʝʢʮʽʾ (OIL). ɺʦʥʘ ʩʢʣʘʜʘʻʪʴʩʷ ʟ 

ʦʩʥʦʚʥʦʛʦ (Master Laser), ʜʚʦʭ ʧʽʜʣʝʛʣʠʭ ʣʘʟʝʨʽʚ (Laser1 ʽ Laser2), ʛʝʥʝʨʘʪʦʨʘ, 

ʱʦ ʟʘʜʘʻ RF, ʪʘ ʬʦʪʦʜʽʦʜʘ (PD) 
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ɺʦʥʘ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʦʩʥʦʚʥʦʛʦ ʚʝʜʫʯʦʛʦ ʣʘʟʝʨʘ ʽ ʜʚʦʭ ʧʽʜʣʝʛʣʠʭ ʣʘʟʝʨʽʚ. 

ɺʝʜʫʯʠʡ ʣʘʟʝʨ ʤʦʜʫʣʶʻʪʴʩʷ RF ʩʠʛʥʘʣʦʤ ʽ ʥʘʚʢʦʣʦ ʮʝʥʪʨʘʣʴʥʦʾ ʜʦʚʞʠʥʠ ʭʚʠʣʽ ʥʘ 

ʚʠʭʦʜʽ ʚʝʜʫʯʦʛʦ ʣʘʟʝʨʘ ʛʝʥʝʨʫʶʪʴʩʷ ʢʽʣʴʢʘ ʦʧʪʠʯʥʠʭ ʙʽʯʥʠʭ ʩʤʫʛ ʨʽʟʥʠʭ ʧʦʨʷʜʢʽʚ. 

ʎʝʡ ʩʠʛʥʘʣ ʚʚʦʜʠʪʴʩʷ ʚ ʜʚʘ ʧʽʜʣʝʛʣʠʭ ʣʘʟʝʨʠ, ʷʢʽ ʚʠʙʠʨʘʶʪʴʩʷ ʪʘʢʠʤ ʯʠʥʦʤ, ʱʦ 

ʾʭʥʽ ʚʣʘʩʥʽ ʜʦʚʞʠʥʠ ʭʚʠʣʴ ʙʣʠʟʴʢʽ ʜʦ ʜʚʦʭ ʙʽʯʥʠʭ ʩʤʫʛ n-ʛʦ ʧʦʨʷʜʢʫ, ʥʘʧʨʠʢʣʘʜ 

ʜʦ ʙʽʯʥʠʭ ʩʤʫʛ 2-ʛʦ ʽ + 2-ʛʦ, ʪʘʢ ʱʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʜʚʦʭ ʧʽʜʣʝʛʣʠʭ ʣʘʟʝʨʽʚ 

ʙʫʜʫʪʴ ʧʨʠʜʫʰʝʥʽ ʥʘ ʟʘʟʥʘʯʝʥʠʭ ʯʘʩʪʦʪʘʭ. ʄʝʪʦʜ OIL ʟʤʝʥʰʫʻ ʬʘʟʦʚʠʡ ʰʫʤ 

ʩʠʛʥʘʣʫ, ʱʦ ʛʝʥʝʨʫʻʪʴʩʷ ʩʠʛʥʘʣʦʤ RF, ʽ ʜʦʟʚʦʣʷʻ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʥʠʟʴʢʦʯʘʩʪʦʪʥʽ 

ʩʠʛʥʘʣʠ ʚ ʷʢʦʩʪʽ ʦʧʦʨʥʦʛʦ ʜʞʝʨʝʣʘ [32]. ʆʜʥʘʢ OIL ʜʦʧʫʩʢʘʻ ʥʝʚʝʣʠʢʠʡ ʜʽʘʧʘʟʦʥ 

ʥʘʣʘʰʪʫʚʘʥʥʷ ʽ ʤʘʻ ʧʦʨʽʚʥʷʥʦ ʚʠʩʦʢʠʡ ʩʪʫʧʽʥʴ ʩʢʣʘʜʥʦʩʪʽ. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʜʦʚʝʜʝʥʦ, ʱʦ ʦʙ'ʻʜʥʘʥʥʷ ʪʝʭʥʦʣʦʛʽʡ OIL ʽ OPLL ʜʘʻ ʱʝ ʙʽʣʴʰ ʥʠʟʴʢʠʡ ʰʫʤ (ʥʘ 

ʯʘʩʪʦʪʽ ʚʠʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ 26 ɻɻʮ) [32]. 

ʗʢʱʦ ʦʧʪʠʯʥʽ ʥʝʩʫʯʽ ʚʠʧʨʦʤʽʥʶʶʪʴʩʷ ʟ ʦʜʥʦʛʦ ʽ ʪʦʛʦ ʞ ʣʘʟʝʨʥʦʛʦ ʜʞʝʨʝʣʘ, 

ʪʦ ʚʦʥʠ ʧʝʨʝʚʘʞʥʦ ʢʦʛʝʨʝʥʪʥʽ, ʪʦʤʫ ʝʬʝʢʪʠʚʥʠʤ ʻ ʚʠʜʽʣʝʥʥʷ ʯʘʩʪʦʪ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʦʧʪʠʯʥʠʭ ʬʽʣʴʪʨʽʚ. ɿʘʚʜʷʢʠ ʛʝʥʝʨʘʮʽʾ ʦʙʦʭ ʜʦʚʞʠʥ ʭʚʠʣʴ ʚ ʦʜʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ, 

ʬʘʟʦʚʘ ʢʦʨʝʣʷʮʽʷ ʤʽʞ ʜʚʦʤʘ ʜʦʚʞʠʥʘʤʠ ʭʚʠʣʴ ʢʨʘʱʘ, ʥʽʞ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʜʚʦʭ 

ʥʝʟʘʣʝʞʥʠʭ ʣʘʟʝʨʥʠʭ ʜʞʝʨʝʣ. ʉʭʝʤʫ ʥʘ ʦʩʥʦʚʽ ʜʚʦʭʯʘʩʪʦʪʥʦʛʦ ʣʘʟʝʨʘ ʧʦʢʘʟʘʥʦ ʥʘ  

ʨʠʩ. 3.17 [32]. 

 

 

ʈʠʩ. 3.17. ʉʭʝʤʘ ʥʘ ʦʩʥʦʚʽ ʜʚʦʭʯʘʩʪʦʪʥʦʛʦ ʚʦʣʦʢʦʥʥʦ-ʢʽʣʴʮʝʚʦʛʦ ʣʘʟʝʨʘ 

ʜʣʷ ʛʝʥʝʨʘʮʽʾ ʄʄʍ.  SOA  ʦʧʪʠʯʥʠʡ ʧʽʜʩʠʣʶʚʘʯ, FBG1 ʽ FBG2  ʦʧʪʠʯʥʽ 

ʬʽʣʴʪʨʠ, ʱʦ ʥʘʣʘʰʪʦʚʫʶʪʴʩʷ 
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ɼʣʷ ʚʠʙʦʨʫ ʦʧʪʠʯʥʠʭ ʥʝʩʫʯʠʭ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʦʧʪʠʯʥʽ ʬʽʣʴʪʨʠ, ʷʢʽ 

ʥʘʣʘʰʪʦʚʫʶʪʴʩʷ. ʎʽ ʬʽʣʴʪʨʠ ʚʠʢʦʥʘʥʽ [32]: 

- ʥʘ ʦʩʥʦʚʽ ʚʦʣʦʢʦʥʥʠʭ ʙʨʝʛʛ̔ ʚʩʴʢʠʭ ˇʨʘʪʦʢ (FBG); ʥʘʨʘʟʽ ʚʧʨʦʚʘʜʞʝʥʠʡ 

ʬʽʣʴʪʨ FBG, ʷʢʠʡ ʷʚʣʷʻ ʩʦʙʦʶ ʬʦʨʤʫʚʘʯ ʭʚʠʣʴ ʽʟ ʧʨʦʩʪʦʨʦʚʠʤʠ ʤʦʜʫʣʷʪʦʨʘʤʠ 

ʩʚʽʪʣʘ, ʜʽʘʧʘʟʦʥ ʥʘʣʘʰʪʫʚʘʥʥʷ ʷʢʠʭ ʜʦʩʷʛʘʻ 20 ɻɻʮ ʟ ʰʠʨʠʥʦʶ ʩʤʫʛʠ 100 ʄɻʮ; 

- ʥʘ ʦʩʥʦʚʽ ʽʥʪʝʨʬʝʨʦʤʝʪʨʘ ʌʘʙʨʽ-ʇʝʨʦ (FP, Fabry Perot), ʷʢʽ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʽʥʪʝʨʬʝʨʝʥʮʽʶ ʚʽʜʙʠʪʠʭ ʩʚʽʪʣʦʚʠʭ ʭʚʠʣʴ ʚ ʨʝʟʦʥʘʪʦʨʽ. 

ʉʠʩʪʝʤʠ ʧʝʨʝʜʘʯʽ ʥʘ ʦʩʥʦʚʽ FP ʜʦʩʷʛʘʶʪʴ ʩʤʫʛʠ ʧʨʦʧʫʩʢʘʥʥʷ ʜʦ 3 ɻɻʮ ʥʘ 

ʜʦʚʞʠʥʽ ʭʚʠʣʽ 1550 ʥʤ, ʘ ʧʨʦʧʫʩʢʥʘ ʟʜʘʪʥʽʩʪʴ ʟʤʽʥʶʻʪʴʩʷ ʥʝʟʘʣʝʞʥʦ ʚʽʜ ʜʦʚʞʠʥʠ 

ʭʚʠʣʽ. 

 

3.3.4. ʅʝʢʦʛʝʨʝʥʪʥʽ ʦʧʪʦʝʣʝʢʪʨʦʥʥʽ ʤʝʪʦʜʠ ʜʝʤʦʜʫʣʷʮʽʾ ʩʠʛʥʘʣʽʚ 

ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ 

ʉʢʣʘʜʥʽ ʬʦʨʤʘʪʠ ʤʦʜʫʣʷʮʽʾ ʽ ʤʝʪʦʜʠ ʢʦʛʝʨʝʥʪʥʦʾ ʜʝʤʦʜʫʣʷʮʽʾ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚ ʩʠʩʪʝʤʘʭ ʟʚ'ʷʟʢʫ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʧʨʦʧʫʩʢʥʦʾ ʟʜʘʪʥʦʩʪʽ. 

ʆʜʥʘʢ ʜʣʷ ʥʠʭ ʧʦʪʨʽʙʥʝ ʩʢʣʘʜʥʝ ʪʘ ʢʦʰʪʦʚʥʝ ʦʙʣʘʜʥʘʥʥʷ, ʥʘʧʨʠʢʣʘʜ ʬʘʟʦʚʦ-

ʢʦʨʝʣʴʦʚʘʥʽ ʣʘʟʝʨʠ, ʚʫʟʴʢʦ ʩʤʫʛʦʚʽ ʬʽʣʴʪʨʠ, ʣʘʟʝʨʠ ʟ ʧʘʩʠʚʥʦʶ ʩʠʥʭʨʦʥʽʟʘʮʽʻʶ 

ʤʦʜ, ʚʠʩʦʢʦ ʩʪʘʙʽʣʴʥʽ ʨʘʜʽʦʯʘʩʪʦʪʥʽ ʛʝʥʝʨʘʪʦʨʠ, ʪʦʱʦ [32,33,142].  

ʇʦʢʘʟʥʠʢʠ ʢʦʛʝʨʝʥʪʥʠʭ ʽ ʥʝʢʦʛʝʨʝʥʪʥʠʭ ʤʝʪʦʜʽʚ ʧʦʥʠʞʫʶʯʦʛʦ 

ʧʝʨʝʪʚʦʨʝʥʥʷ ʜʦʩʣʽʜʞʫʚʘʣʠʩʴ ʚ ʩʠʩʪʝʤʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʪʝʭʥʦʣʦʛʽʾ RoF ʥʘ 60 ɻɻʮ 

ʜʣʷ ʛʝʥʝʨʘʮʽʾ ʽ ʤʦʜʫʣʷʮʽʾ ʟ ʢʦʨʝʣʴʦʚʘʥʠʤʠ ʽ ʥʝʢʦʨʝʣʴʦʚʘʥʠʤʠ ʣʘʟʝʨʥʠʤʠ 

ʜʞʝʨʝʣʘʤʠ. ʇʦʢʘʟʘʥʦ, ʱʦ ʚʧʣʠʚ ʬʘʟʦʚʦʛʦ ʰʫʤʫ ʣʘʟʝʨʽʚ ʥʘ ʚʝʣʠʯʠʥʫ ʚʝʢʪʦʨʘ 

ʧʦʭʠʙʦʢ (EVM) ʥʝʢʦʛʝʨʝʥʪʥʦʛʦ ʧʨʠʡʦʤʫ ʩʠʣʴʥʦ ʟʥʠʞʫʻʪʴʩʷ ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ 

ʢʦʛʝʨʝʥʪʥʠʤ ʧʨʠʡʦʤʦʤ (ʨʠʩ. 3.18) [33].  

ɻʝʥʝʨʘʮʽʷ ʤʽʣʽʤʝʪʨʦʚʠʭ ʩʠʛʥʘʣʽʚ ʨ̌ʫʥʪʫʻʪʴʩʷ ʥʘ ʛʝʪʝʨʦʜʠʥʫʚʘʥʥʽ ʜʚʦʭ 

ʥʝʟʘʣʝʞʥʠʭ DFB ʣʘʟʝʨʽʚ ʽ ʥʝʢʦʛʝʨʝʥʪʥʦʤʫ ʜʝʪʝʢʪʫʚʘʥʥʽ. ɼʣʷ ʥʝʩʫʯʦʾ ʯʘʩʪʦʪʠ 100 

ɻɻʮ ʜʣʷ ʤʝʪʦʜʽʚ ʤʦʜʫʣʷʮʽʾ 16 QAM, QPSK, ʆʆʂ ʦʪʨʠʤʘʥʘ ʰʚʠʜʢʽʩʪʴ ʧʝʨʝʜʘʯʽ 

ʜʘʥʠʭ ʧʦʥʘʜ 1 ɻʙʽʪ/ʩ. ɼʣʷ ʥʝʢʦʛʝʨʝʥʪʥʦʾ ʜʝʤʦʜʫʣʷʮʽʾ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʬʦʨʤʘʪʠ 

ʤʦʜʫʣʷʮʽʾ DPSK, ASK, FSK [33]. ʅʘ ʨʠʩ. 3.19. ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʽ ʪʘʢʽ ʩʠʩʪʝʤʠ.  
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ʈʠʩ. 3.18. ɺʝʣʠʯʠʥʘ ʚʝʢʪʦʨʘ ʧʦʭʠʙʦʢ ʫ ʧʦʨʽʚʥʷʥʥʽ ʟ ʦʪʨʠʤʘʥʦʶ ʦʧʪʠʯʥʦʶ 

ʧʦʪʫʞʥʽʩʪʶ ʜʣʷ ʢʦʛʝʨʝʥʪʥʠʭ ʽ ʥʝʢʦʛʝʨʝʥʪʥʠʭ ʧʨʠʡʤʘʯʽʚ ʧʨʠ 400 ʽ 200 ʄʙʽʪ/ʩ ʜʣʷ 

ʤʦʜʫʣʷʮʽʾ QPSK 

 

 

ʘ) 

 

ʙ) 

ʈʠʩ. 3.19. ʉʭʝʤʠ ʥʝʢʦʛʝʨʝʥʪʥʠʭ ʦʧʪʦʝʣʝʢʪʨʦʥʥʠʭ ʤʝʪʦʜʽʚ ʤʦʜʫʣʷʮʽʾ ʪʘ 

ʧʝʨʝʜʘʯʽ ʩʠʛʥʘʣʽʚ ʄʄɼ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʛʝʪʝʨʦʜʠʥʥʝ ʟʤʽʰʫʚʘʥʥʷ ʦʧʪʠʯʥʠʭ 

ʭʚʠʣʴ ʚʽʜ ʜʚʦʭ ʥʝ ʢʦʨʝʣʴʦʚʘʥʠʭ ʣʘʟʝʨʥʠʭ ʜʽʦʜʽʚ: ʘ) ʜʘʥʽ ʥʘʢʣʘʜʝʥʽ ʥʘ ʜʚʽ 

ʥʝʟʘʣʝʞʥʽ ʦʧʪʠʯʥʽ ʥʝʩʫʯʽ ʯʘʩʪʦʪʠ, ʷʢʽ ʨʦʟʥʝʩʝʥʽ ʥʘ ȿὪ Ὢȿ=35,75 ɻɻʮ, 

ʘʥʘʣʦʛʽʯʥʦ ʬʦʨʤʘʪʫ ʤʦʜʫʣʷʮʽʾ OCS-DSB; ʙ) ʜʘʥʽ ʥʘʢʣʘʜʝʥʽ ʥʘ ʦʜʥʫ ʦʧʪʠʯʥʫ 

ʥʝʩʫʯʫ ʪʘ ʜʘʣʽ ʦʙ'ʻʜʥʘʥʫ ʟ ʽʥʰʦʶ ʦʧʪʠʯʥʦʶ ʥʝʩʫʯʦʶ, ʷʢʽ ʨʦʟʥʝʩʝʥʽ ʥʘ 

ȿὪ Ὢȿ=35,75 ɻɻʮ, ʧʦʜʽʙʥʦ ʬʦʨʤʘʪʫ ʤʦʜʫʣʷʮʽʾ OSSB + C 
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3.3.5. ʄʝʪʦʜ ʬʦʨʤʫʚʘʥʥʷ ʩʠʛʥʘʣʽʚ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ ʥʘ ʦʩʥʦʚʽ 

ʩʝʣʝʢʪʠʚʥʦʛʦ ʧʽʜʩʠʣʝʥʥʷ ʦʧʪʠʯʥʠʭ ʛʘʨʤʦʥʽʢ  

ʃʘʟʝʨʠ, ʷʢʽ ʥʘʣʘʰʪʦʚʫʶʪʴʩʷ ʟʘ ʯʘʩʪʦʪʦʶ, ʤʦʞʥʘ ʦʜʝʨʞʘʪʠ, ʥʘʧʨʠʢʣʘʜ, ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʝʬʝʢʪʫ ʚʠʤʫʰʝʥʦʛʦ ʨʦʟʩʽʶʚʘʥʥʷ ɹʨʽʣʣʁ ʝʥʘ (SBS, stimulated 

Brillouin scattering). ʎʝ ʥʝʣʽʥʽʡʥʠʡ ʧʨʦʮʝʩ, ʷʢʠʡ ʚʽʜʙʫʚʘʻʪʴʩʷ ʚ ʦʧʪʠʯʥʠʭ 

ʚʦʣʦʢʥʘʭ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʫʪʚʦʨʝʥʥʷ ʟʚʦʨʦʪʥʦʾ ʨʦʟʩʽʷʥʦʾ ʩʪʦʢʩʦʚʦʾ ʭʚʠʣʽ. 

ʐʠʨʠʥʫ ʩʤʫʛʠ, ʧʨʦʬʽʣʴ ʧʽʜʩʠʣʝʥʥʷ ʪʘ ʜʦʚʞʠʥʫ ʭʚʠʣʽ ʧʨʦʮʝʩʫ SBS ʤʦʞʥʘ 

ʨʝʛʫʣʶʚʘʪʠ ʚ ʜʽʘʧʘʟʦʥʽ ʚʽʜ ʜʝʩʷʪʢʽʚ ʄɻʮ ʜʦ 10 ɻɻʮ. 

ʄʝʪʦʜʦʤ ʩʝʣʝʢʪʠʚʥʦʛʦ ʥʝʟʘʣʝʞʥʦʛʦ ʧʽʜʩʠʣʝʥʥʷ ʦʧʪʠʯʥʠʭ ʛʘʨʤʦʥʽʢ ʥʘ 

ʦʩʥʦʚʽ ʝʬʝʢʪʽʚ ʚʠʤʫʰʝʥʦʛʦ ʨʦʟʩʽʶʚʘʥʥʷ ɹʨʽʣʣʁ ʝʥʘ (ʪʦʯʥʽʰʝ ʤʝʪʦʜʽ ʩʝʣʝʢʪʠʚʥʦʛʦ 

ʧʽʜʩʠʣʝʥʥʷ ʙʽʯʥʦʾ ʩʤʫʛʠ ɹʨʽʣʣʁ ʝʥʘ (BSSA)) ʤʦʞʣʠʚʦ ʦʪʨʠʤʘʪʠ ʚʠʩʦʢʫ ʚʠʭʽʜʥʫ 

ʧʦʪʫʞʥʽʩʪʴ ʽ ʚʠʩʦʢʝ ʚʽʜʥʦʰʝʥʥʷ ʩʠʛʥʘʣ/ʰʫʤ ʚ ʄʄɼ [140].  

ʉʭʝʤʘ ʫʩʪʘʥʦʚʢʠ ʦʧʪʦʝʣʝʢʪʨʦʥʥʦʛʦ ʤʝʪʦʜʫ ʬʦʨʤʫʚʘʥʥʷ ʩʠʛʥʘʣʫ 

ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ ʥʘ ʦʩʥʦʚʽ ʤʝʪʦʜʫ ʤʥʦʞʝʥʥʷ ʯʘʩʪʦʪʠ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʄʄʎ ʜʣʷ ʛʝʥʝʨʘʮʽʾ ʛʘʨʤʦʥʽʢ ʟ ʚʠʩʦʢʦʶ ʦʧʪʠʯʥʦʶ ʤʦʜʫʣʷʮʽʻʶ ʚ ʧʦʻʜʥʘʥʥʽ ʟ 

ʦʧʪʠʯʥʠʤ ʢʽʣʴʮʝʚʠʤ ʨʝʟʦʥʘʪʦʨʦʤ ʧʦʜʘʥʘ ʥʘ ʨʠʩ. 3.20 [140].  

 

ʈʠʩ. 3.20. ʋʩʪʘʥʦʚʢʘ BSSA ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ FRR (fiber ring resonator) ʜʦʚʞʠʥʦʶ 

20 ʤʝʪʨʽʚ; ISO ï ʦʧʪʠʯʥʠʡ ʽʟʦʣʷʪʦʨ; EDFA - ʚʦʣʦʢʦʥʥʠʡ ʧʽʜʩʠʣʶʚʘʯ, ʣʝʛʦʚʘʥʠʡ 

ʝʨʙʽʻʤ; OSA - ʘʥʘʣʽʟʘʪʦʨ ʦʧʪʠʯʥʦʛʦ ʩʧʝʢʪʨʫ; PD ï ʬʦʪʦʜʽʦʜ; PDH ï ʩʠʩʪʝʤʘ 

ʣʘʟʝʨʥʦʾ ʩʪʘʙʽʣʽʟʘʮʽʾ (pound-drever-hall); ESA ï ʘʥʘʣʽʟʘʪʦʨ ʝʣʝʢʪʨʠʯʥʦʛʦ ʩʧʝʢʪʨʘ; 

A ï ʧ̔ ʜʩʠʣʶʚʘʯ ʄʄɺ; ÅÅÅ - ʦʧʪʠʯʥʽ ʽ ʨʘʜʽʦʯʘʩʪʦʪʥʽ ʧʝʨʝʤʠʢʘʯʽ 
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ɺ ʪʘʢʦʤʫ ʤʝʪʦʜʽ ʦʧʪʠʯʥʝ ʛʝʥʝʨʫʚʘʥʥʷ ʚʠʙʽʨʢʦʚʦʛʦ ʩʧʝʢʪʨʘ ʬʦʨʤʫʻʪʴʩʷ ʥʘ 

ʦʧʪʠʯʥʠʭ ʛʘʨʤʦʥʽʢʘʭ, ʷʢʽ ʥʝʟʘʣʝʞʥʦ ʧʽʜʩʠʣʶʶʪʴʩʷ ʟʘʚʜʷʢʠ ʝʬʝʢʪʫ ɹʨʽʣʣʁ ʝʥʘ. ɺ 

ʜʘʥʽʡ ʫʩʪʘʥʦʚʮʽ ʦʪʨʠʤʘʥʘ ʦʧʪʠʯʥʘ ʛʝʥʝʨʘʮʽʾ ʩʠʛʥʘʣʫ ʯʘʩʪʦʪʦʶ 65 ɻɻʮ ʟ ʥʠʟʴʢʠʤ 

ʨʽʚʥʝʤ ʰʫʤʫ, ʛʨʘʥʠʯʥʘ ʯʘʩʪʦʪʘ ʚʠʟʥʘʯʘʻʪʴʩʷ ʪʽʣʴʢʠ ʧʨʦʧʫʩʢʥʦʶ ʟʜʘʪʥʽʩʪʶ 

ʬʦʪʦʜʽʦʜʘ. 

 

3.4. ɸʥʘʣʽʟ ʨʘʜʽʦʯʘʩʪʦʪʥʠʭ ʧʝʨʝʜʘʚʘʣʴʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʧʪʠʯʥʦʾ ʣʽʥʽʾ 

ʽʟ ʟʦʚʥʽʰʥʴʦʾ ʤʦʜʫʣʷʮʽʻʶ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʽ ʧʨʷʤʠʤ 

ʜʝʪʝʢʪʫʚʘʥʥʷʤ  

3.4.1. ʆʜʥʦʯʘʩʪʦʪʥʠʡ ʘʥʘʣʽʟ  

ɽʣʝʢʪʨʠʯʥʠʡ ʩʪʨʫʤ ʥʘ ʚʠʭʦʜʽ PD ʤʦʞʥʘ ʚʠʟʥʘʯʠʪʠ ʪʘʢʠʤ ʯʠʥʦʤ [30]: 

Ὅὸ ᴘὉ ὸ,                    (3.3) 

ʜʝ Ὁὸ ï ʬʦʨʤʘ ʦʧʪʠʯʥʦʛʦ ʩʠʛʥʘʣʫ ʥʘ ʚʭʦʜʽ ʬʦʪʦʧʨʠʡʤʘʯʘ, ᴘ ï ʯʫʪʣʠʚʽʩʪʴ 

ʬʦʪʦʧʨʠʡʤʘʯʘ.  

ʌʫʥʢʮʽʦʥʫʚʘʥʥʷ LiNbʆ3 ʄʄʎ ʫ ʩʫʪʪʻʚʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʧʦʣʷʨʠʟʘʮʽʾ, ʪʦʤʫ 

ʧʨʠʥʮʠʧʦʚʠʤ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʥʘ ʡʦʛʦ ʚʭʦʜʽ ʚʦʣʦʢʥʘ, ʷʢʝ ʧʽʜʪʨʠʤʫʻ ʧʦʣʷʨʠʟʘʮʽʶ 

ʪʘ ʤʘʻ ʥʘʣʝʞʥʝ ʫʟʛʦʜʞʝʥʥʷ. ʇʦ-ʜʨʫʛʝ, ʚʚʘʞʘʻʪʴʩʷ, ʱʦ ʢʦʝʬʽʮʽʻʥʪʠ ʟʚ'ʷʟʢʫ 

ʚʭʽʜʥʦʛʦ ʽ ʚʠʭʽʜʥʦʛʦ ʨʦʟʛʘʣʫʞʫʚʘʯʽʚ ʩʭʝʤʠ ʄʄʎ ʚ ʪʦʯʥʦʩʪʽ ʜʦʨʽʚʥʶʶʪʴ 50%. ʎʝ 

ʧʨʠʧʫʱʝʥʥʷ ʮʽʣʢʦʤ ʨʝʘʣʴʥʦ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʪʠʧʦʚʠʤʠ ʄʄʎ, ʱʦ ʥʘʷʚʥʽ ʥʘ ʨʠʥʢʫ 

ʽ ʧʽʜʪʚʝʨʜʞʫʻʪʴʩʷ ʩʫʯʘʩʥʠʤʠ ʤʝʪʦʜʘʤʠ ʚʠʤʽʨʶʚʘʥʥʷ. ʅʝʽʜʝʘʣʴʥʠʡ ʢʦʝʬʽʮʽʻʥʪ 

ʟʚ'ʷʟʢʫ ʤʦʞʥʘ ʚʨʘʭʫʚʘʪʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʬʦʨʤʘʣʽʟʤʫ ʤʘʪʨʠʮʴ ʧʝʨʝʜʘʯʽ. ɺʚʘʞʘʻʪʴʩʷ 

ʪʘʢʦʞ, ʱʦ ʦʙʠʜʚʘ ʧʣʝʯʘ ʤʦʜʫʣʷʪʦʨʘ ʤʘʶʪʴ ʦʜʥʘʢʦʚʠʡ ʯʘʩ ʟʘʪʨʠʤʢʠ ʫ ʚʠʧʘʜʢʫ 

ʚʽʜʩʫʪʥʦʩʪʽ ʫʧʨʘʚʣʷʶʯʠʭ ʥʘʧʨʫʛ, ʦʜʥʘʢ ʥʘ ʧʨʘʢʪʠʮʽ ʮʝ ʥʝ ʟʘʚʞʜʠ ʨʝʘʣʽʟʫʻʪʴʩʷ 

[30]. ʇʨʦʪʝ ʥʝʚʝʣʠʢʠʡ ʩʪʘʪʠʯʥʠʡ ʟʩʫʚ ʟʘ ʬʘʟʦʶ ʤʦʞʥʘ ʜʦʩʠʪʴ ʧʨʦʩʪʦ ʚʨʘʭʫʚʘʪʠ ʫ 

ʜʠʬʝʨʝʥʮʽʘʣʴʥʦʤʫ ʟʩʫʚʽ ʬʘʟ. ɼʣʷ ʜʚʦʭʝʣʝʢʪʨʦʜʥʠʭ ʄʄʎ ʚʚʘʞʘʻʪʴʩʷ, ʱʦ ʥʘʧʨʫʛʠ, 

ʧʨʠʢʣʘʜʝʥʽ ʜʦ ʢʦʞʥʦʛʦ ʧʣʝʯʘ, ʤʘʶʪʴ ʦʜʥʘʢʦʚʫ ʘʤʧʣʽʪʫʜʫ ʽ ʚʽʜʥʦʩʥʫ ʬʘʟʫ, ʷʢʘ 

ʪʦʯʥʦ ʜʦʨʽʚʥʶʻ 180Ü. 
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ɼʣʷ ʘʥʘʣʽʟʫ ʄʄʎ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʤʘʪʨʠʮʽ ʧʝʨʝʜʘʯʽ. ʇʝʨʰ ʥʽʞ ʟʘʩʪʦʩʫʚʘʪʠ 

ʚʚʝʜʝʥʽ ʨʘʥʽʰʝ ʧʨʠʧʫʱʝʥʥʷ ʜʣʷ ʩʧʨʦʱʝʥʥʷ, ʥʠʞʯʝ ʥʘʚʦʜʠʪʴʩʷ ʢʦʨʦʪʢʠʡ 

ʫʟʘʛʘʣʴʥʝʥʠʡ ʦʧʠʩ ʮʴʦʛʦ ʧʽʜʭʦʜʫ. ɺʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʥʽ ʟ'ʻʜʥʫʚʘʯʽ ʯʘʩʪʦ ʦʧʠʩʫʶʪʴ 

ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʘʪʨʠʮʽ ʧʝʨʝʜʘʯʽ. ʋʟʘʛʘʣʴʥʝʥʘ ʤʘʪʨʠʮʷ ʚʽʜʛʘʣʫʞʫʚʘʯʘ ʢʦʥʬʽʛʫʨʘʮʽʾ 

2Ĭ2 ʤʦʞʝ ʙʫʪʠ ʟʘʧʠʩʘʥʘ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ [143]: 

ʚʠʭ,1 ʚʭ,1

ʚʠʭ,2 ʚʭ,2

E EA B

C DE E

è ø è øè ø
é ù é ù=é ù
é ù é ùê úê ú ê ú

 ,   (3.4)
  

ʜʝ ʚʭ,1E  ʽ ʚʭ,2E  ʧʦʣʷ ʥʘ ʚʭʦʜʽ ʚʽʜʛʘʣʫʞʫʚʘʯʘ; 
ʚʠʭ,1E , 

ʚʠʭ,2E   ʧʦʣʷ ʥʘ ʚʠʭʦʜʽ 

ʚʽʜʛʘʣʫʞʫʚʘʯʘ, ʟʥʘʯʝʥʥʷ ɸ, ɺ, ʉ ̔ D ʤʦʞʫʪʴ ʙʫʪʠ ʢʦʤʧʣʝʢʩʥʠʤʠ.  

ʗʢʱʦ ʟʚʦʨʦʪʥʠʤ ʚʽʜʙʠʪʪʷʤ ʤʦʞʥʘ ʥʝʭʪʫʚʘʪʠ, ʪʦ ʜʣʷ ʩʠʤʝʪʨʠʯʥʦʛʦ 

ʚʽʜʛʘʣʫʞʫʚʘʯʘ ʚʠʨʘʟ (3.4) ʤʦʞʥʘ ʧʝʨʝʧʠʩʘʪʠ ʷʢ ʜʦʙʫʪʦʢ ʧʦʚʥʦʛʦ ʢʦʝʬʽʮʽʻʥʪʘ 

ʧʝʨʝʜʘʯʽ ʘ ʪʘ ʫʥʽʪʘʨʥʦʾ ʤʘʪʨʠʮʽ [144]: 

   

ʚʠʭ,1 ʚʭ,1

ʚʠʭ,2 ʚʭ,2

1

1

E EK i K
a

E Ei K K

è ø-è ø è ø
= é ùé ù é ù

-é ùê ú ê úê ú

,

      

(3.5)

 

 

ʜʝ ʂ  ʢʦʝʬʽʮʽʻʥʪ ʟʚ'ʷʟʢʫ. ʋ ʚʠʧʘʜʢʫ ʽʜʝʘʣʴʥʦʛʦ (ʙʝʟ ʚʪʨʘʪ) ʚʽʜʛʘʣʫʞʫʚʘʯʘ ʟ 

ʢʦʝʬʽʮʽʻʥʪʘʤʠ ʧʝʨʝʜʘʯʽ  ʪʘ  ʟʚ'ʷʟʢʫ ʘ = 1, ʂ = 1/2. ʋ ʧʦʜʘʣʴʰʦʤʫ ʘʥʘʣʽʟʽ ʤʘʶʪʴ ʥʘ 

ʫʚʘʟʽ ʩʘʤʝ ʪʘʢʽ ʚʽʜʛʘʣʫʞʫʚʘʯʽ ʥʘ ʚʭʦʜʽ ʪʘ ʥʘ ʚʠʭʦʜʽ ʄʄʎ. ʌʘʟʦʚʠʡ ʟʩʫʚ ʚ ʜʚʦʭ 

ʧʣʝʯʘʭ ʤʦʜʫʣʷʪʦʨʘ ʤʦʞʥʘ ʦʧʠʩʘʪʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʬʘʟʦʚʦʾ ʤʘʪʨʠʮʽ [30]: 

()

( )

1 1

2 2

0

0

a F

a F

j

j

è ø
é ù
é ùê ú

,     (3.6) 

ʜʝ 
1ʘ̔  

2ʘ  ʢʦʝʬʽʮʽʻʥʪʠ ʚʪʨʘʪ ʜʣʷ ʢʦʞʥʦʛʦ ʧʣʝʯʘ; ()1F j ʽ ( )2F j ʬʫʥʢʮʽʾ, ʱʦ 

ʦʧʠʩʫʶʪʴ ʝʚʦʣʶʮʽʶ ʬʘʟʠ ʧʨʠ ʧʨʦʭʦʜʞʝʥʥʽ ʩʠʛʥʘʣʫ ʚ ʧʣʝʯʘʭ ʽʥʪʝʨʬʝʨʦʤʝʪʨʫ.  

ʅʠʞʯʝ ʙʫʜʝ ʨʦʟʛʣʷʜʘʪʠʩʷ ʪʽʣʴʢʠ ʚʽʜʥʦʩʥʠʡ ʬʘʟʦʚʠʡ ʟʩʫʚ ʽ ʤʘʻʪʴʩʷ ʥʘ ʫʚʘʟʽ, 

ʱʦ 
1ʘ 

2ʘ. ʂʨʽʤ ʪʦʛʦ, ʚ ʬʘʟʦʚʽʡ ʤʘʪʨʠʮʽ ʽʜʝʘʣʴʥʦʛʦ ʜʚʦʭʪʘʢʪʥʦʛʦ ʄʄʎ, 

() *

1 2( )F Fj j= , ʜʝ ʚʝʣʠʯʠʥʠ F ʦʧʠʩʫʶʪʴ ʚʽʜʥʦʩʥʫ ʨʽʟʥʠʮʶ ʬʘʟ. 

ʇʝʨʚʠʥʥʦʶ ʚʭʽʜʥʦʶ ʥʘʧʨʫʛʦʶ ʚ ʘʥʘʣʽʟʽ ʻ ʦʜʠʥʦʯʥʠʡ ʚʠʩʦʢʦʯʘʩʪʦʪʥʠʡ 
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ʩʠʛʥʘʣ ʟ ʧʦʩʪʽʡʥʠʤ ʟʤʽʱʝʥʥʷʤ:    

() ( )RF ʟʤ Rm F   sinV t V V tw= + ,      (3.7) 

RF( )V t   ʧʨʠʢʣʘʜʝʥʘ ʥʘʧʨʫʛʘ, ʷʢʘ ʢʝʨʫʻ ʨʽʟʥʠʮʝʶ ʬʘʟ ʦʧʪʠʯʥʦʾ ʥʝʩʫʯʦʾ, ʱʦ 

ʽʥʜʫʢʦʚʘʥʘ ʤʽʞ ʜʚʦʤʘ ʧʣʝʯʠʤʘ Mʄʎ; 
ʟʤV   ʥʘʧʨʫʛʘ ʧʦʩʪʽʡʥʦʛʦ ʟʤʽʱʝʥʥʷ; Vp  

ʥʘʧʽʚʭʚʠʣʴʦʚʘ ʥʘʧʨʫʛʘ Mʄʎ; mV , 
RFw   ʘʤʧʣʽʪʫʜʘ ʪʘ ʢʫʪʦʚʘ ʯʘʩʪʦʪʘ ʚʭʽʜʥʦʛʦ 

ʝʣʝʢʪʨʠʯʥʦʛʦ ʩʠʛʥʘʣʫ RF.  

ʇʦʣʝ ʫ ʚʭʽʜʥʦʤʫ ʚʦʣʦʢʥʽ ʄʄʎ ʙʝʟʧʝʨʝʨʚʥʝ ʽ ʤʦʞʝ ʙʫʪʠ ʟʘʧʠʩʘʥʦ ʷʢ 

opt

1

4
ʩʝʨ

0

2
( )

i tP
E t e

A

wm

e

å õ
= æ ö

ç ÷
,      (3.8) 

ʜʝ ɸ  ʧʣʦʱʘ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ ʩʝʨʮʝʚʠʥʠ ʚʦʣʦʢʥʘ, Ů ʽ ɛ  ʜʽʝʣʝʢʪʨʠʯʥʘ ʽ 

ʤʘʛʥʽʪʥʘ ʧʨʦʥʠʢʥʦʩʪʽ ʩʝʨʮʝʚʠʥʠ ʚʦʣʦʢʥʘ ʚʽʜʧʦʚʽʜʥʦ, ʩʝʨP - ʩʝʨʝʜʥʻ ʟʥʘʯʝʥʥʷ 

ʦʧʪʠʯʥʦʾ ʧʦʪʫʞʥʦʩʪʽ ʽ ɤopt  ʮʠʢʣʽʯʥʘ ʦʧʪʠʯʥʘ ʯʘʩʪʦʪʘ. 

ʈʽʚʥʷʥʥʷ 3.8 ʤʦʞʥʘ ʧʝʨʝʧʠʩʘʪʠ ʪʘʢ, ʱʦʙ ʧʦʢʘʟʘʪʠ ʫ ʷʚʥʦʤʫ ʚʠʛʣʷʜʽ ʟʚ'ʷʟʦʢ 

ʤʽʞ 
cʝʨP  ʽ ʢʦʤʧʣʝʢʩʥʠʤʠ ʦʧʪʠʯʥʠʤʠ ʧʦʣʷʤʠ: 

1

2
*

ʩʝʨ 0 0
2

A
P E E

e

m

å õ
= æ ö
ç ÷

.       (3.9) 

ʇʝʨʰʦʶ ʩʭʦʜʠʥʢʦʶ ʘʥʘʣʽʟʫ ʻ ʨʦʟʛʣʷʜ ʝʣʝʢʪʨʠʯʥʠʭ ʧʦʣʽʚ ʥʘ ʚʠʭʦʜʘʭ ʄʄʎ, 

ʧʦʢʘʟʘʥʠʭ ʥʘ ʨʠʩ. 3.3. ʆʙʠʜʚʘ ʝʣʝʢʪʨʠʯʥʠʭ ʧʦʣʷ ʨʦʟʨʘʭʦʚʫʶʪʴʩʷ ʜʣʷ ʄʄʎ ʟ 

ʜʚʦʤʘ ʚʠʭʦʜʘʤʠ, ʚʚʘʞʘʶʯʠ ʱʦ ʧʦʣʝ ʥʘ ʢʦʞʥʦʤʫ ʟ ʡʦʛʦ ʚʠʭʦʜʽʚ ʚʽʜʧʦʚʽʜʘʻ ʧʦʣʶ 

ʥʘ ʚʠʭʦʜʽ ʄʄʎ ʟ ʦʜʥʠʤ ʚʠʭʦʜʦʤ. ɿ ʦʛʣʷʜʫ ʥʘ ʚʠʱʝʥʘʚʝʜʝʥʽ ʧʨʠʧʫʱʝʥʥʷ, ʤʘʪʨʠʮʷ 

ʧʝʨʝʜʘʯʽ ʜʣʷ ʤʦʜʫʣʷʪʦʨʘ, ʧʦʜʘʥʦʛʦ ʥʘ ʨʠʩ. 3.3, ʘ, ʤʦʞʝ ʙʫʪʠ ʟʘʧʠʩʘʥʘ ʫ ʚʠʛʣʷʜʽ 

( )
ʄʄʎ1 0

2

( ) 1 1 ( )0

( ) 1 1 02 0 1

i taE t i i E te

E t i i

jè øè ø è ø è øè ø
= é ùé ù é ù é ùé ù

ê ú ê úê úê ú ê ú
,      (3.10) 

ʜʝ ʄMʎa   ʢʦʝʬʽʮʽʻʥʪ ʚʪʨʘʪ ʦʧʪʠʯʥʦʾ ʧʦʪʫʞʥʦʩʪʽ ʚ ʄʄʎ, ű  ʚʽʜʥʦʩʥʠʡ ʬʘʟʦʚʠʡ 

ʟʩʫʚ ʤʽʞ ʧʣʝʯʠʤʘ ʄʄʎ.  
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ʌʘʟʦʚʠʡ ʟʩʫʚ ʟʘʧʠʩʫʻʪʴʩʷ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ: 

ʟʤ RF RF( ) sin( )t tj j j w= + ,          (3.11) 

ʜʝ 
ʟʤ ʟʤˊ/ (0)V Vj p=  ʽ 

RF m ˊ RF/ ( )V Vj p w= , ʘ ˊV   ʯʘʩʪʦʪʥʦ ʟʘʣʝʞʥʘ ʚʝʣʠʯʠʥʘ 

ʥʘʧʨʫʛʠ, ʥʝʦʙʭʽʜʥʘ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʚ ʤʦʜʫʣʷʪʦʨʽ ʚʽʜʥʦʩʥʦʛʦ ʬʘʟʦʚʦʛʦ ʟʩʫʚʫ ʥʘ ˊ 

ʨʘʜʽʘʥ (ʨʠʩ. 3.2).  

ʇʽʜʩʪʘʚʠʚʰʠ (3.8) ʽ (3.10) ʚ (3.11), ʦʪʨʠʤʘʻʤʦ 

opt

( )
1

( )
2

( ) 1

( ) 2

i t
i t

i t

E t e
e

E t ie i

j
w

j

g è øè ø -
= é ùé ù

+ê ú ê ú
 ,   (3.12) 

ʜʝ ʚʩʽ ʩʪʘʣʽ ʧʦʟʥʘʯʝʥʽ ʷʢ ɔ: 

1

4
ʄʄʎ ʩʝʨ2a P

A

m
g

e

å õ
= æ ö

ç ÷
 (3.13) 

ʇʦʣʷ ʚ ʨʽʚʥʷʥʥʽ (3.12) ʤʦʞʥʘ ʨʦʟʢʣʘʩʪʠ ʚ ʨʷʜ ʧʦ ʬʫʥʢʮʽʷʤ ɹʝʩʩʝʣʷ: 

( )

( )

2 opt ʟʤ RF opt RF

ʟʤ RF opt RF

Re(E ) cos( t) cos( ) ( ) cos
2 2

sin( ) ( )sin
2

k

k

m

m

J m t

J m t

g g
w j j w w

g
j j w w

¤

=-¤

¤

=-¤

è ø=- + + -
ê ú

è ø- +
ê ú

ä

ä

,            (3.14) 

 

( )

( )

2 opt ʟʤ RF opt RF

ʟʤ RF opt RF

Re(E ) sin( ) cos( ) ( ) sin
2 2

ɔ
sin( ) ( )cos

2

k

k

m

m

t J m t

J m t

g g
w j j w w

j f w w

¤

=-¤

¤

=-¤

è ø=- + + -
ê ú

è ø- +
ê ú

ä

ä

, (3.15) 

 

ʜʝ nJ   ʬʫʥʢʮʽʷ ɹʝʩʩʝʣʷ ʧʝʨʰʦʛʦ ʨʦʜʫ n-ʛʦ ʧʦʨʷʜʢʫ. 

ʈʽʚʥʷʥʥʷ (3.14) ʽ (3.15) ʦʧʠʩʫʶʪʴ ʜʚʦʭ ʩʤʫʛʦʚʫ ʤʦʜʫʣʷʮʽʶ ʟ ʥʝʩʢʽʥʯʝʥʥʠʤ 

ʯʠʩʣʦʤ ʙʽʯʥʠʭ ʩʤʫʛ, ʨʦʟʪʘʰʦʚʘʥʠʭ ʩʠʤʝʪʨʠʯʥʦ ʚʽʜʥʦʩʥʦ ʥʝʩʫʯʦʾ ʦʧʪʠʯʥʦʾ 

ʯʘʩʪʦʪʠ. ɺʽʜʩʪʘʥʴ ʤʽʞ ʙʽʯʥʠʤʠ ʩʤʫʛʘʤʠ ʚʠʟʥʘʯʘʻʪʴʩʷ ʯʘʩʪʦʪʦʶ ʨʘʜʽʦʯʘʩʪʦʪʥʦʾ 

ʤʦʜʫʣʷʮʽʾ, ʘ ʘʤʧʣʽʪʫʜʘ ʢʦʞʥʦʾ ʩʧʝʢʪʨʘʣʴʥʦʾ ʩʢʣʘʜʦʚʦʾ  ʨʘʜʽʦʯʘʩʪʦʪʥʦʶ 

ʫʧʨʘʚʣʷʶʯʦʶ ʥʘʧʨʫʛʦʶ ʚ ʘʨʛʫʤʝʥʪʽ ʬʫʥʢʮʽʡ ɹʝʩʩʝʣʷ. ɺʘʞʣʠʚʠʤ ʘʩʧʝʢʪʦʤ ʮʠʭ 
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ʧʦʣʽʚ ʫ ʧʦʨʽʚʥʷʥʥʽ ʟ ʧʦʣʷʤʠ ʚ ʜʚʦʭ ʪʘʢʪʥʦʤʫ ʤʦʜʫʣʷʪʦʨʽ ʻ ʾʭ ʟʘʣʝʞʥʽʩʪʴ ʚʽʜ 

ʚʝʣʠʯʠʥʠ ʥʘʧʨʫʛʠ ʧʦʩʪʽʡʥʦʛʦ ʟʤʽʱʝʥʥʷ. ɺ ʦʙʦʭ ʚʠʧʘʜʢʘʭ ʨʦʟʚôʷʟʢʽʚ ʟʘ ʜʦʧʦʤʦʛʦʶ 

(3.14) ʽ (3.15) ʙʽʯʥʽ ʩʤʫʛʠ ʟ'ʷʚʣʷʶʪʴʩʷ ʥʘ ʪʽʡ ʞʝ ʯʘʩʪʦʪʽ. ʇʦʚʥʘ ʧʦʪʫʞʥʽʩʪʴ ʜʣʷ 

ʙʫʜʴ-ʷʢʦʾ ʟ ʙʽʯʥʠʭ ʩʤʫʛ ʤʦʜʫʣʷʮʽʾ ʧʨʦʧʦʨʮʽʡʥʘ ( )2 2

ʟʤ ʟʤsin cosj j+  ʽ, ʦʪʞʝ, ʥʝ ʤʦʞʝ 

ʨʝʛʫʣʶʚʘʪʠʩʷ ʟʤʽʥʦʶ  ʥʘʧʨʫʛʠ ʟʤʽʱʝʥʥʷ ʄʄʎ. ʇʨʦʪʝ ʤʦʞʥʘ ʨʝʛʫʣʶʚʘʪʠ 

ʧʦʪʫʞʥʽʩʪʴ ʦʧʪʠʯʥʦʾ ʥʝʩʫʯʦʾ, ʦʩʢʽʣʴʢʠ ʧʨʠʩʫʪʥʽ ʪʨʠ ʯʣʝʥʘ, ʷʢʽ ʤʦʞʫʪʴ ʮʴʦʤʫ 

ʩʧʨʠʷʪʠ. ʅʘʧʨʠʢʣʘʜ, ʦʧʪʠʯʥʫ ʥʝʩʫʯʫ ʚ (3.14) ʤʦʞʥʘ ʚʠʢʣʶʯʠʪʠ ʫ ʚʠʧʘʜʢʫ 

ʟʤ 2nj p=  ʧʨʠ ʙʫʜʴ-ʷʢʦʤʫ ʮʽʣʦʯʠʩʝʣʴʥʦʤʫ ʟʥʘʯʝʥʥʽ n. ʅʫʣʴʦʚʘ ʫʤʦʚʘ ʜʣʷ (3.15): 

ʟʤ (2 1)nj p= + . ʎʶ ʦʩʦʙʣʠʚʽʩʪʴ (3.14) ʽ (3.15) ʤʦʞʥʘ ʷʢʽʩʥʦ ʧʦʷʩʥʠʪʠ ʪʠʤ, ʱʦ 

ʦʧʪʠʯʥʘ ʥʝʩʫʯʘ ʧʨʠʩʫʪʥʷ ʚ ʦʙʦʭ ʧʣʝʯʘʭ ʽʥʪʝʨʬʝʨʦʤʝʪʨʘ, ʚ ʪʦʡ ʯʘʩ ʷʢ ʙʽʯʥʽ ʩʤʫʛʠ 

ʤʦʜʫʣʷʮʽʾ ʛʝʥʝʨʫʶʪʴʩʷ ʪʽʣʴʢʠ ʚ ʦʜʥʦʤʫ. ʊʘʢʠʤ ʯʠʥʦʤ, ʽʥʪʝʨʬʝʨʝʥʮʽʷ ʥʘ ʙʽʯʥʠʭ 

ʯʘʩʪʦʪʘʭ ʚʽʜʩʫʪʥʷ. 

ʋ ʜʚʦʪʘʢʪʥʦʤʫ ʄʄʎ, ʧʦʜʘʥʦʤʫ ʥʘ ʨʠʩ. 3.3,ʙ, ʤʦʜʫʣʷʮʽʷ ʚʠʥʠʢʘʻ ʚ ʦʙʦʭ 

ʧʣʝʯʘʭ ʽʥʪʝʨʬʝʨʦʤʝʪʨʘ ʽ ʾʾ ʤʦʞʥʘ ʦʧʠʩʘʪʠ ʥʘʩʪʫʧʥʦʶ ʤʘʪʨʠʮʝʶ ʧʝʨʝʜʘʯʽ:

  

           

( )
1 ʄʄʎ 0

2

( ) 1 10 ( )

( ) 1 12 00 1

i tE t i iea E t

E t i i

jè øè ø è ø è øè ø
= é ùé ù é ù é ùé ù

ê úê ú ê úê ú ê ú
.     (3.16) 

ʈʦʟʚôʷʟʦʢ ʨʽʚʥʷʥʥʷ (3.16) ʜʘʻ 

opt

( )/2 ( )/2
1

( )/2 ( )/2
2

( )

( ) 2

i t i t
i t

i t i t

E t e e
e

E t ie ie

j j
w

j j

g
-

-

è ø-è ø
= é ùé ù

+ê ú ê ú.
 (3.17) 

ʈʝʟʫʣʴʪʫʶʯʽ ʝʣʝʢʪʨʠʯʥʽ ʧʦʣʷ ʤʦʞʥʘ ʚʠʟʥʘʯʠʪʠ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ: 

( )

ʟʤ RF
1 2 opt RF

ʟʤ RF
2 1 opt RF

Re( ) sin sin ( 2 )
2 2

cos cos (2 1)
2 2

k

k

m

m

E J k t

J m t

j j
g w w

j j
g w w

¤

=-¤

¤

+

=-¤

å õ å õ
è ø=- + +æ ö æ öê ú

ç ÷ ç ÷

å õ å õè ø+ + +æ ö æ öê úç ÷ ç ÷

ä

ä
 (3.18) 
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( )

ʟʤ RF
2 2 opt RF

ʟʤ RF
2 1 opt RF

Re( ) cos sin ( 2 )
2 2

sin cos (2 1) .
2 2

k

k

m

m

E J k t

J m t

j j
g w w

j j
g w w

¤

=-¤

¤

+

=-¤

å õ å õ
è ø=- + +æ ö æ öê ú

ç ÷ ç ÷

å õ å õè ø+ + +æ ö æ öê úç ÷ ç ÷

ä

ä
 (3.19) 

ʋ ʨʽʚʥʷʥʥʷʭ (3.18) ʽ (3.19) ʦʧʪʠʯʥʘ ʥʝʩʫʯʘ ʪʘ ʙʽʯʥʽ ʩʤʫʛʠ ʧʘʨʥʠʭ ʧʦʨʷʜʢʽʚ 

ʤʘʶʪʴ ʦʜʥʘʢʦʚʫ ʟʘʣʝʞʥʽʩʪʴ ʚʽʜ ʟʤj  ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ ʩʤʫʛ ʥʝʧʘʨʥʠʭ ʧʦʨʷʜʢʽʚ. ʆʪʞʝ, 

ʚ ʜʚʦʪʘʢʪʥʦʤʫ ʄʄʎ ʚʩʽ ʯʘʩʪʦʪʥʽ ʢʦʤʧʦʥʝʥʪʠ ʟʘʣʝʞʘʪʴ ʚʽʜ ʧʦʩʪʽʡʥʦʛʦ ʟʤʽʱʝʥʥʷ. 

ɼʽʘʛʨʘʤʫ, ʱʦ ʧʦʙʫʜʦʚʘʥʘ ʟʘ ʨʽʚʥʷʥʥʷʤ (3.15), ʧʦʜʘʥʦ ʥʘ ʨʠʩ. 3.21, ʜʝ ʧʦʢʘʟʘʥʦ 

ʚʽʜʥʦʩʥʽ ʧʦʣʦʞʝʥʥʷ ʢʦʤʧʣʝʢʩʥʠʭ ʘʤʧʣʽʪʫʜ ʜʣʷ ʢʦʞʥʦʾ ʯʘʩʪʦʪʥʦʾ ʢʦʤʧʦʥʝʥʪʠ ʚ 

ʢʚʘʜʨʘʪʫʨʽ. 

 

ʈʠʩ. 3.21. ʈʦʟʨʘʭʦʚʘʥʘ ʟʘ ʜʦʧʦʤʦʛʦʶ ʨʽʚʥʷʥʥʷ (3.18) ʚʝʢʪʦʨʥʘ ʜʽʘʛʨʘʤʘ ʥʘ 

ʚʠʭʦʜʽ ʜʚʦʭʝʣʝʢʪʨʦʜʥʦʛʦ ʄʄʎ, ʱʦ ʟʤʽʱʝʥʘ ʪʦʯʥʦ ʚ ʢʚʘʜʨʘʪʫʨʥʽʡ ʪʦʯʮʽ ʪʘ 

ʫʧʨʘʚʣʷʻʪʴʩʷ ʦʜʥʠʤ ʛʘʨʤʦʥʽʯʥʠʤ ʩʠʛʥʘʣʦʤ ʯʘʩʪʦʪʦʶ 
RFf  ʘʤʧʣʽʪʫʜʦʶ 0,3V .́ optf  

ï ʯʘʩʪʦʪʘ ʦʧʪʠʯʥʦʾ ʥʝʩʫʯʦʾ . ʂʦʤʧʣʝʢʩʥʘ ʧʣʦʱʠʥʘ ʨʦʟʪʘʰʦʚʘʥʘ ʥʦʨʤʘʣʴʥʦ ʜʦ 

ʧʣʦʱʠʥʠ ʨʠʩʫʥʢʫ ʟ ʩʧʨʷʤʦʚʘʥʠʤʠ ʚʽʜ ʥʘʩ ʜʦʜʘʪʥʠʤʠ ʟʥʘʯʝʥʥʷʤʠ ʜʽʡʩʥʦʾ ʦʩʽ 

 

ʗʢ ʙʫʜʝ ʧʦʢʘʟʘʥʦ, ʟʘ ʚʽʜʩʫʪʥʦʩʪʽ ʙʫʜʴ-ʷʢʠʭ ʝʬʝʢʪʽʚ ʧʦʰʠʨʝʥʥʷ ʬʦʪʦʩʪʨʫʤʠ 

ʦʜʥʦ ʧʣʝʯʦʚʦʛʦ ʽ ʜʚʦʪʘʢʪʥʦʛʦ ʄʄʎ ʤʘʶʪʴ ʽʜʝʥʪʠʯʥʫ ʬʦʨʤʫ. ʌʦʪʦʩʪʨʫʤ 

ʨʦʟʨʘʭʦʚʫʻʪʴʩʷ ʟʘ ʬʦʨʤʫʣʦʶ (3.3) ʘ ʩʝʨʈ
 ʚʠʟʥʘʯʘʻʪʴʩʷ ʨʽʚʥʷʥʥʷʤ (3.9). ʏʫʪʣʠʚʽʩʪʴ 
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ʬʦʪʦʜʽʦʜʫ ʯʘʩʪʦ ʚʠʟʥʘʯʘʻʪʴʩʷ ʷʢ opt/ ( )q hfhÁ= , ʜʝ h  ʢʚʘʥʪʦʚʘ ʝʬʝʢʪʠʚʥʽʩʪʴ 

ʬʦʪʦʜʽʦʜʫ, q  ʟʘʨʷʜ ʝʣʝʢʪʨʦʥʫ, h  ʩʪʘʣʘ ʇʣʘʥʢʘ, optf  ʦʧʪʠʯʥʘ ʯʘʩʪʦʪʘ (

opt opt2 fw p= ). ɼʘʥʝ ʚʠʟʥʘʯʝʥʥʷ ʜʣʷ Á ʻ ʢʦʨʝʢʪʥʠʤ, ʪʽʣʴʢʠ ʷʢʱʦ ʦʧʪʠʯʥʘ 

ʧʦʪʫʞʥʽʩʪʴ ʟ ʩʝʨʮʝʚʠʥʠ ʚʦʣʦʢʥʘ ʧʦʚʥʽʩʪʶ ʧʝʨʝʜʘʻʪʴʩʷ ʬʦʪʦʜʽʦʜʫ. ʗʢʱʦ ʞ ʤʽʞ 

ʚʦʣʦʢʥʦʤ ʽ ʬʦʪʦʜʽʦʜʦʤ ʻ ʚʪʨʘʪʠ, ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʧʘʨʘʤʝʪʨ çʝʬʝʢʪʠʚʥʘ 

ʯʫʪʣʠʚʽʩʪʴè: eff PD opt/ ( )a q hfhÁ = , ʜʝ 
PDa  ʚʨʘʭʦʚʫʻ ʚʪʨʘʪʠ ʧʦʪʫʞʥʦʩʪʽ (

PDa <1). 

ɿʘʩʪʦʩʦʚʫʶʯʠ ʮʽ ʦʟʥʘʯʝʥʥʷ ʚ (3.12) ʽ (3.17) ʪʘ ʧʽʜʩʪʘʚʣʷʶʯʠ ʚ (3.12), ʦʪʨʠʤʫʻʤʦ 

ʚʠʨʘʟ ʜʣʷ ʬʦʪʦʩʪʨʫʤʽʚ 

  [ ]0 ʄʄʎ ʩʝʨ

1,2( ) 1 cos ( )
2

G a P
I t tj

Á
= °  ,                          (3.20) 

ʜʝ ʧʽʜʨʷʜʢʦʚʽ ʽʥʜʝʢʩʠ ç1è ʽ ç2è ʚʽʜʧʦʚʽʜʘʶʪʴ ʟʥʘʢʘʤ ç è ʽ ç+è, ʧʘʨʘʤʝʪʨ 
0G  ʜʦʜʘʥʦ 

ʜʣʷ ʚʨʘʭʫʚʘʥʥʷ ʯʠʩʪʦʛʦ ʦʧʪʠʯʥʦʛʦ ʧʽʜʩʠʣʝʥʥʷ (ʘʙʦ ʚʪʨʘʪ) ʤʽʞ ʤʦʜʫʣʷʪʦʨʦʤ ʽ 

ʬʦʪʦʜʽʦʜʦʤ. ɺʽʜʤʽʪʠʤʦ, ʱʦ 2E  ʚ ʨʽʚʥʷʥʥʽ (3.12) ʽ 1E  ʚ ʨʽʚʥʷʥʥʽ (3.17) ʜʘʶʪʴ 

ʦʜʥʘʢʦʚʽ 
1I , ʚ ʨʽʚʥʷʥʥʽ (3.20), ʱʦ ʚʽʨʥʦ ʽ ʜʣʷ ɽ2. ɹʽʣʴʰ ʪʦʛʦ, ʙʫʜʴ-ʷʢʫ ʟ ʜʚʦʭ 

ʚʝʣʠʯʠʥ 1E  ʘʙʦ 2E  ʤʦʞʥʘ ʦʙʨʘʪʠ ʷʢ ʚʠʭʽʜʥʝ ʧʦʣʝ ʫ ʚʠʧʘʜʢʫ ʤʦʜʫʣʷʪʦʨʘ ʟ ʦʜʥʠʤ 

ʚʠʭʦʜʦʤ. ʆʪʞʝ, ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʚʠʩʦʢʦʯʘʩʪʦʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʘʥʘʣʽʟ ʙʫʜʝ 

ʧʨʦʜʦʚʞʝʥʦ ʜʣʷ ʄʄʎ ʽʟ ʜʚʦʤʘ ʚʠʭʦʜʘʤʠ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʨʽʚʥʷʥʥʷ (3.20), 

ʦʩʢʽʣʴʢʠ ʬʦʪʦʜʽʦʜ ʻ ʜʞʝʨʝʣʦʤ ʩʪʨʫʤʫ. ʈʽʚʥʷʥʥʷ (3.20) ʤʦʞʥʘ ʨʦʟʢʣʘʩʪʠ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʨʷʜʽʚ ɸʥʛʝʨʘ: 

( )

1,2 ʟʤ,q ʟʤ ʟʤ,q 0 RF

ʟʤ ʟʤ,q 2 RF RF

1

ʟʤ ʟʤ,q 2 1 RF RF

0

( ) cos( ) ( )

2cos( ) ( )cos(2 )

2sin( ) ( )sin 2 1

k

k

m

k

I t I I J

I J k t

I J m t

j j

j j w

j j w

¤

=

¤

+

=

=

+è øê ú

ä

ä
,       

(3.21) 

ʜʝ ʟʤ,q 0 ʄʄʎ ʩʝʨ/ 2I g a P=Á   ʧʦʩʪʽʡʥʘ ʩʢʣʘʜʦʚʘ ʬʦʪʦʩʪʨʫʤʫ, Ὣ- ʧʽʜʩʠʣʝʥʥʷ 

ʦʧʪʠʯʥʦʛʦ ʩʠʛʥʘʣʫ ʤʽʞ ʤʦʜʫʣʷʪʦʨʦʤ ʪʘ ʬʦʪʦʜʽʦʜʦʤ. 

ʉʪʨʫʤʦʚʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʬʦʪʦʜʽʦʜʘ ʤʽʩʪʠʪʴ ʟʘʣʝʞʥʽʩʪʴ ʚʽʜ ʧʦʩʪʽʡʥʦʛʦ 
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ʟʤʽʱʝʥʥʷ ʚ ʷʚʥʦʤʫ ʚʠʛʣʷʜʽ ʚ (3.21) ʽ ʙʫʜʝ ʚʠʢʦʨʠʩʪʘʥʘ ʜʣʷ ʦʧʠʩʫ ʩʧʦʪʚʦʨʝʥʴ 

ʧʘʨʥʦʛʦ ʧʦʨʷʜʢʫ ʧʨʠ ʤʘʣʠʭ ʚʽʜʭʠʣʝʥʥʷʭ ʚʽʜ ʢʚʘʜʨʘʪʫʨʥʦʾ ʪʦʯʢʠ. ʇʽʜʩʪʘʚʣʷʶʯʠ ʚ 

(3.21) ʫʤʦʚʠ ʟʤʽʱʝʥʥʷ ʚ ʢʚʘʜʨʘʪʫʨʽ, ʦʪʨʠʤʘʻʤʦ 

( )1,2 ʟʤ ʟʤ 2 1 RF RF

0

( ) 2 ( )sin 2 1 ,m

m

I t I I J m tj w
¤

+

=

= ° +è øê úä       (3.22) 

ʜʝ  
ʟʤ,qI ʟʤʽʥʝʥʝ ʥʘ 

ʟʤI  (ʩʝʨʝʜʥʽʡ ʬʦʪʦʩʪʨʫʤ). 

ʉʢʣʘʜʦʚʘ ʬʦʪʦʩʪʨʫʤʫ ʥʘ ʦʩʥʦʚʥʽʡ ʯʘʩʪʦʪʽ ʤʦʜʫʣʷʮʽʾ ʚʘʞʣʠʚʘ ʜʣʷ 

ʧʦʜʘʣʴʰʦʛʦ ʘʥʘʣʽʟʫ ʽ ʾʾ ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ ʜʣʷ ʦʜʠʥʦʯʥʦʛʦ ʬʦʪʦʜʽʦʜʫ ʫ ʚʠʛʣʷʜʽ 

   
( )

RF ʟʤ 1 RF RF( ) 2 ( )sinI t I J tw j w=
.                  

(3.23) 

ɼʣʷ ʟʨʫʯʥʦʩʪʽ ʨʦʟʨʘʭʫʥʢʽʚ ʚ (3.22) ʦʙʨʘʥʠʡ ʜʦʜʘʪʥʠʡ ʟʥʘʢ ʬʦʪʦʩʪʨʫʤʫ. ʋ 

ʚʠʧʘʜʢʫ ʜʚʦʭ ʬʦʪʦʜʽʦʜʽʚ ʚ ʙʘʣʘʥʩʦʚʽʡ ʩʭʝʤʽ ʚʠʨʘʟ ʜʣʷ ʬʦʪʦʩʪʨʫʤʫ ʤʘʻ ʚʠʛʣʷʜ 

( )ʙʘʣ 2 1 ʟʤ 2 1 RF RF

0

( ) ( ) ( ) 4 ( )sin 2 1m

m

I t I t I t I J m tj w
¤

+

=

= - = +è øê úä .  (3.24) 

ɺʽʜʤʽʪʠʤʦ, ʱʦ ʨʽʟʥʠʮʷ 
1 2I I-  ʜʘʻ ʪʝ ʞ ʩʘʤʝ ʟʘ ʚʝʣʠʯʠʥʦʶ ʟʥʘʯʝʥʥʷ, ʘʣʝ ʟ 

ʧʨʦʪʠʣʝʞʥʠʤ ʟʥʘʢʦʤ. ɹʘʟʠʩʥʠʡ ʯʣʝʥ (3.23) ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ ʫ ʚʠʛʣʷʜʽ 

RF,ʙʘʣ ʟʤ 1 RF RF4 ( )sin( )I I J tw j w=  .                     (3.25)  

ʈʽʚʥʷʥʥʷ (3.24) ʽ (3.25) ʩʪʘʶʪʴ ʽʜʝʥʪʠʯʥʠʤʠ ʧʨʠ ʟʘʤʽʥʽ Iʟʤ ʚ (3.23) ʥʘ 2Iʟʤ. ʎʝ 

ʦʟʥʘʯʘʻ, ʱʦ ʨʽʚʥʷʥʥʷ ʙʫʜʫʪʴ ʝʢʚʽʚʘʣʝʥʪʥʽ, ʷʢʱʦ ʧʦʩʪʽʡʥʠʡ ʩʪʨʫʤ ʬʦʪʦʜʽʦʜʫ ʚ 

(3.22) ʟʘʤʽʥʠʪʠ ʩʫʤʦʶ ʧʦʩʪʽʡʥʠʭ ʬʦʪʦʩʪʨʫʤʽʚ ʢʦʞʥʦʛʦ ʬʦʪʦʜʽʦʜʫ. ɹʫʜʝʤʦ 

ʚʚʘʞʘʪʠ Iʟʤ ʬʦʪʦʩʪʨʫʤʦʤ ʦʜʥʦʛʦ ʬʦʪʦʜʽʦʜʫ ʘʙʦ ʩʫʤʦʶ ʬʦʪʦʩʪʨʫʤʽʚ ʬʦʪʦʜʽʦʜʽʚ ʚ 

ʙʘʣʘʥʩʦʚʽʡ ʩʭʝʤʽ. ʎʷ ʫʤʦʚʘ ʜʦʟʚʦʣʷʻ ʟʘʩʪʦʩʦʚʫʚʘʪʠ ʚʠʱʝʥʘʚʝʜʝʥʽ ʨʽʚʥʷʥʥʷ ʜʣʷ 

ʚʩʽʭ ʩʭʝʤ ʄʄʎ. 

ʉʝʨʝʜʥʷ ʧʦʪʫʞʥʽʩʪʴ ʚʠʭʽʜʥʦʛʦ ɺʏ-ʩʠʛʥʘʣʫ ʥʘ ʯʘʩʪʦʪʽ ʧʝʨʰʦʾ ʛʘʨʤʦʥʽʢʠ 

ʨʦʟʨʘʭʦʚʫʻʪʴʩʷ ʷʢ 

RF RF

22

ʚʠʭ PDP I R Hw w=
,                                

(3.26) 
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ʜʝ ʚʠʭR  ʚʠʭʽʜʥʠʡ ʦʧʽʨ, PD( )H f   ʬʽʣʴʪʨʫʶʯʘ ʬʫʥʢʮʽʷ ʩʭʝʤʠ ʬʦʪʦʜʽʦʜʫ 

(ʢʫʪʦʚʠʤʠ ʜʫʞʢʘʤʠ ʧʦʟʥʘʯʝʥʦ ʫʩʝʨʝʜʥʝʥʥʷ ʟʘ ʯʘʩʦʤ). ʌʫʥʢʮʽʷ 
PDH  ʧʨʠʟʥʘʯʝʥʘ 

ʜʣʷ ʚʨʘʭʫʚʘʥʥʷ ʯʘʩʪʦʪʥʦ-ʟʘʣʝʞʥʦʛʦ ʚʽʜʛʫʢʫ ʬʦʪʦʜʽʦʜʫ, ʘ ʪʘʢʦʞ ʝʣʝʢʪʨʠʯʥʦʛʦ 

ʢʦʣʘ ʤʽʞ ʡʦʛʦ p-i-n-ʧʝʨʝʭʦʜʦʤ ʽ ʥʘʚʘʥʪʘʞʝʥʥʷʤ. ɺ ʽʜʝʘʣʴʥʦʤʫ ʚʠʧʘʜʢʫ 
PDH = 1, 

ʦʜʥʘʢ ʮʝ ʥʝ ʚʜʘʻʪʴʩʷ ʨʝʘʣʽʟʫʚʘʪʠ ʥʘ ʧʨʘʢʪʠʮʽ ʜʣʷ ʧʨʠʣʘʜʽʚ ʟ ʩʤʫʛʦʶ ʚ ʅɺʏ-

ʜʽʘʧʘʟʦʥʽ. ʋ ʰʠʨʦʢʦʩʤʫʛʦʚʠʭ ʬʦʪʦʜʽʦʜʘʭ ʟʘʟʚʠʯʘʡ ʟʘʩʪʦʩʦʚʫʶʪʴ ʣʘʥʮʶʛʠ 

ʫʟʛʦʜʞʝʥʥʷ ʽʤʧʝʜʘʥʩʽʚ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʦʜʽʣʫ ʩʪʨʫʤʽʚ ʤʽʞ ʫʟʛʦʜʞʫʶʯʠʤ 

ʣʘʥʮʶʛʦʤ ʽ ʥʘʚʘʥʪʘʞʝʥʥʷʤ. ʇʦʜʽʙʥʽ ʣʘʥʮʶʛʠ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚ ʢʦʞʥʽʡ ʟ ʩʭʝʤ 

ʣʽʥʽʾ ʧʝʨʝʜʘʯʽ ʄɯɺʇɼ-ʪʠʧʫ, ʥʘʚʝʜʝʥʠʭ ʥʘ ʨʠʩ. 3.4-3.6. ʅʝʭʪʫʶʯʠ ʯʘʩʪʦʪʥʦʶ 

ʟʘʣʝʞʥʽʩʪʶ ʧʘʨʘʤʝʪʨʽʚ ʢʦʤʧʦʥʝʥʪʽʚ, ʜʣʷ ʣʽʥʽʡ, ʧʨʦʜʘʥʠʭ ʥʘ ʨʠʩ. 3.4 ʽ 3.6, PDH   = 

1/2  ʚʥʘʩʣʽʜʦʢ ʚʽʜʛʘʣʫʞʝʥʥʷ ʩʪʨʫʤʫ ʚ ʣʘʥʮʶʛʫ, ʱʦ ʫʟʛʦʜʞʫʻ. ʇʦʜʽʣ ʩʪʨʫʤʽʚ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʚʪʨʘʪʠ ʧʦʪʫʞʥʦʩʪʽ ʥʘ 6 ʜɹ, ʪʘʢ ʷʢ ὖ  ͯ Ὅ . ʋ ʙʘʣʘʥʩʥʦʾ ʣʽʥʽʾ 

ʧʝʨʝʜʘʯʽ ʨʠʩ. 3.6 ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʨʦʪʠʬʘʟʥʦʛʦ ɻʄɿ PD 1/ (2 2)H =
 ʢʦʝʬʽʮʽʻʥʪ 

1/2 ʚʨʘʭʦʚʫʻ ʚʧʣʠʚ ʣʘʥʮʶʛʘ ʫʟʛʦʜʞʝʥʥʷ ʽʤʧʝʜʘʥʩʽʚ, ʘ ʜʦʜʘʪʢʦʚʠʡ ʢʦʝʬʽʮʽʻʥʪ 1 2  

 ʚʣʘʩʥʽ ʚʪʨʘʪʠ ʧʨʦʪʠʬʘʟʥʦʛʦ ɻʄɿ. ʇʽʜʩʪʘʥʦʚʢʘ (3.23) ʚ (3.26) ʜʘʻ ʥʘʩʪʫʧʥʠʡ 

ʚʠʨʘʟ ʜʣʷ ʚʠʭʽʜʥʦʾ ʧʦʪʫʞʥʦʩʪʽ ʄɯɺʇɼ-ʣʽʥʽʾ ʟ ʟʦʚʥʽʰʥʴʦʾ ʤʦʜʫʣʷʮʽʻʶ: 

RF

22 2

ʟʤ 1 RF ʚʠʭ PD2 ( )P I J R Hw j= .                          (3.27) 

ʆʪʨʠʤʘʥʘ ʚ (3.27) ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʚʠʟʥʘʯʘʻʪʴʩʷ ʬʫʥʢʮʽʻʶ ɹʝʩʩʝʣʷ ʧʝʨʰʦʛʦ 

ʧʦʨʷʜʢʫ. ɿ (3.27) ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʤʘʣʦʩʠʛʥʘʣʴʥʠʡ ʘʙʦ ʣʽʥʽʡʥʠʡ ʚʠʨʘʟ ʜʣʷ 

ʚʠʭʽʜʥʦʾ ʧʦʪʫʞʥʦʩʪʽ, ʟʘʩʪʦʩʦʚʫʶʯʠ ʤʘʣʦʩʠʛʥʘʣʴʥʫ ʘʧʨʦʢʩʠʤʘʮʽʶ ʬʫʥʢʮʽʾ 

ɹʝʩʩʝʣʷ  
RF RF( ) / (2 !)n n

nJ nj jº , ʜʣʷ 
RF 1j <<, ʱʦ ʚʠʢʦʥʫʻʪʴʩʷ ʚ ʜʘʥʦʤʫ ʚʠʧʘʜʢʫ ʧʨʠ 

RF ˊ/ ˊV V<< . ɺ ʨʝʟʫʣʴʪʘʪʽ ʤʘʣʦʩʠʛʥʘʣʴʥʫ ʧʦʪʫʞʥʽʩʪʴ ʥʘ ʦʩʥʦʚʥʽʡ ʛʘʨʤʦʥʽʮʽ 

ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ ʫ ʚʠʛʣʷʜʽ: 

RF

22 2

ʟʤ RF ʚʠʭ PD

,
2

SS

I R H
Pw

j
= .                       (3.28) 

ɿʘ ʜʦʧʦʤʦʛʦʶ (3.28) ʤʦʞʥʘ ʨʦʟʨʘʭʫʚʘʪʠ ʤʘʣʦʩʠʛʥʘʣʴʥʠʡ ʢʦʝʬʽʮʽʻʥʪ 

ʚʠʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʧʽʜʩʠʣʝʥʥʷ G ʚ ʘʥʘʣʦʛʦʚʦʾ ʣʽʥʽʾ ʧʝʨʝʜʘʯʽ, ʧʦʢʣʘʚʰʠ 
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2 2 2

RF ʚʭ ʚʭˊ2ˊ /P R Vj = , ʜʝ ʚʭP   ʩʝʨʝʜʥʻ ʟʥʘʯʝʥʥʷ ʚʭʽʜʥʦʾ ɺʏ ʧʦʪʫʞʥʦʩʪʽ, ʚʭR   ʚʭʽʜʥʠʡ 

ʦʧʽʨ: 

2
22ʟʤ

ʚʭ ʚʠʭ PD2
ˊ

I
G R R H

Vp
= .    (3.29) 

ɼʣʷ ʢʦʥʢʨʝʪʥʦʛʦ ʟʥʘʯʝʥʥʷ ˊV
 ʣʽʥʽʷ ʄɯɺʇɼ-ʪʠʧʫ ʤʦʞʝ ʧʨʘʮʶʚʘʪʠ ʷʢ 

ʧʽʜʩʠʣʶʚʘʯ ʩʠʛʥʘʣʫ ʚʠʩʦʢʦʾ ʯʘʩʪʦʪʠ ʟʘ ʫʤʦʚʠ ʚʚʝʜʝʥʥʷ ʜʦʩʪʘʪʥʴʦʾ ʦʧʪʠʯʥʦʾ 

ʧʦʪʫʞʥʦʩʪʽ ʘʙʦ ʧʨʠ ʜʦʩʠʪʴ ʚʝʣʠʢʦʤʫ ʟʤI . ʈʽʚʥʷʥʥʷ (3.29) ʚ ʜɹ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ 

ʜʣʷ ʧʨʦʝʢʪʫʚʘʥʥʷ ʣʽʥʽʾ: 

[ ]
[ ]
[]

ʟʤ

ˊ

ʤA
ʜɹ 22,1 20log

I
G

V

å õ
=- + æ öæ öBç ÷

,   (3.30)  

ʜʝ ʚʭ ʚʠʭR R=  = 50 ʆʤ ʽ 
PD 1/ 2H = . ɺʠʨʘʟ (3.27) ʤʦʞʥʘ ʟʘʩʪʦʩʫʚʘʪʠ ʜʣʷ 

ʨʦʟʨʘʭʫʥʢʫ ʣʽʥʽʡ ʨʠʩ. 3.4 ʽ 3.5, ʷʢʱʦ ʚ ʦʩʪʘʥʥʽʡ ʩʭʝʤʽ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʩʫʤʘ ʜʚʦʭ 

ʬʦʪʦʩʪʨʫʤʽʚ. ʈʦʟʨʘʭʫʥʢʦʚʠʡ ʛʨʘʬʽʢ ʧʦʜʘʥʦ ʥʘ ʨʠʩ. 3.22, ʜʝ ʧʦʢʘʟʘʥʽ ʜʦʩʷʛʥʫʪʽ 

ʟʥʘʯʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʘ ʧʽʜʩʠʣʝʥʥʷ ʜʣʷ ʢʦʥʢʨʝʪʥʠʭ ʟʥʘʯʝʥʴ Iʟʤ  ʽ ́V . 

 

ʈʠʩ.3.22. ʄʘʣʦʩʠʛʥʘʣʴʥʠʡ ʢʦʝʬʽʮʽʻʥʪ ʧʽʜʩʠʣʝʥʥʷ ʄɯɺʇɼ-ʣʽʥʽʾ ʧʨʠ 

ʚʭ ʚʠʭR R= =50 ʆʤ  ʽ 
PDH = 1/2, ʨʦʟʨʘʭʦʚʘʥʠʡ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʨʽʚʥʷʥʥʷ (3.30) 
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ɼʘʥʽ ʚʠʤʽʨʶʚʘʥʴ, ʱʦ ʜʝʤʦʥʩʪʨʫʶʪʴ ʟʤʽʥʫ G ʜʣʷ ʙʘʣʘʥʩʥʦʾ ʣʽʥʽʾ ʚ ʧʦʨʽʚʥʷʥʥʽ 

ʟ ʦʜʥʠʤ ʚʠʭʦʜʦʤ, ʥʘʚʝʜʝʥʽ ʥʘ ʨʠʩ. 3.23 [30].  

 

ʈʠʩ. 3.23. ɺʠʤʽʨʷʥʽ ʩʠʛʥʘʣʠ ʥʘ ʚʠʭʦʜʽ 12-ɻɻʮ ʣʽʥʽʾ ʧʝʨʝʜʘʯʽ ʽʟ ʟʥʠʞʫʶʯʠʤ 

ʧʝʨʝʪʚʦʨʝʥʥʷʤ ʯʘʩʪʦʪʠ ʜʣʷ ʚʠʧʘʜʢʽʚ ʚʠʢʦʨʠʩʪʘʥʥʷ ʥʝʩʠʤʝʪʨʠʯʥʦʾ ʽ ʙʘʣʘʥʩʥʦʾ  

ʩʭʝʤ ʧʦʙʫʜʦʚʠ  

 

ʎʽ ʨʝʟʫʣʴʪʘʪʠ ʦʪʨʠʤʘʥʽ ʥʘ ʧʨʦʤʽʞʥʽʡ ʯʘʩʪʦʪʽ (ʇʏ) ʚ 12-ɻɻʮ ʬʦʪʦʥʥʦʾ ʣʽʥʽʾ 

ʧʝʨʝʜʘʯʽ ʽʟ ʟʥʠʞʫʶʯʠʤ ʧʝʨʝʪʚʦʨʝʥʥʷʤ ʜʣʷ ʚʠʧʘʜʢʽʚ ʚʠʢʦʨʠʩʪʘʥʥʷ ʥʝʩʠʤʝʪʨʠʯʥʦʾ 

(ʨʠʩ. 3.4) ʽ ʙʘʣʘʥʩʥʦʾ (ʨʠʩ. 3.5) ʩʭʝʤ ʧʦʙʫʜʦʚʠ [30]. ʂʦʞʥʝ ʟ ʚʠʭʽʜʥʠʭ ʧʣʝʯʝʡ 

ʧʨʘʮʶʚʘʣʦ ʧʨʠ ʧʦʩʪʽʡʥʦʤʫ ʬʦʪʦʩʪʨʫʤʽ 30 ʤɸ, ʪʦʙʪʦ ʧʨʠ Iʟʤ= 30 ʤɸ ʜʣʷ ʣʽʥʽʾ ʟ 

ʦʜʥʠʤ ʚʠʭʦʜʦʤ ʽ ʧʨʠ Iʟʤ = 60 ʤɸ ʜʣʷ ʩʠʤʝʪʨʠʯʥʦʾ ʣʽʥʽʾ. ʗʢ ʚʠʜʥʦ ʟ ʨʠʩʫʥʢʘ, 

ʙʘʣʘʥʩʥʘ ʣʽʥʽʷ ʤʘʻ ʙʽʣʴʰʠʡ ʥʘ 6 ʜɹ ʢʦʝʬʽʮʽʻʥʪ ʧʽʜʩʠʣʝʥʥʷ ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʣʽʥʽʻʶ ʟ 

ʦʜʥʠʤ ʚʠʭʦʜʦʤ, ʱʦ ʫʟʛʦʜʞʫʻʪʴʩʷ ʟ (3.29). ʎʝ ʟʙʽʣʴʰʝʥʥʷ ʜʦʩʷʛʘʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ 

ʫʩʢʣʘʜʥʝʥʥʷ ʩʭʝʤʠ ʧʨʠʡʤʘʯʘ ʽ ʥʝʦʙʭʽʜʥʦʩʪʽ ʫʟʛʦʜʞʝʥʥʷ ʬʘʟ ʜʚʦʭ ʪʨʘʢʪʽʚ 

ʧʝʨʝʜʘʯʽ. ʇʨʦʪʝ ʙʘʣʘʥʩʥʘ ʢʦʥʬʽʛʫʨʘʮʽʷ ʤʘʻ ʜʦʜʘʪʢʦʚʽ ʧʝʨʝʚʘʛʠ, ʷʢ ʚʠʜʥʦ ʟ ʨʠʩ. 

3.23, ʘ ʩʘʤʝ ʟʥʘʯʥʝ (ʙʣʠʟʴʢʦ 15,5 ʜɹ) ʟʥʠʞʝʥʥʷ ʨʽʚʥʷ ʚʣʘʩʥʠʭ ʰʫʤʽʚ. ʎʝ ʻ 

ʥʘʩʣʽʜʢʦʤ ʝʬʝʢʪʫ ʬʽʣʴʪʨʘʮʽʾ ʩʠʥʬʘʟʥʦʛʦ ʰʫʤʫ ʚ ʙʘʣʘʥʩʥʽʡ ʢʦʥʬʽʛʫʨʘʮʽʾ. 
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ɯʥʰʠʤʠ ʚʘʞʣʠʚʠʤʠ ʟ ʩʠʩʪʝʤʥʦʾ ʪʦʯʢʠ ʟʦʨʫ ʧʘʨʘʤʝʪʨʘʤʠ, ʷʢʽ ʤʦʞʥʘ 

ʨʦʟʨʘʭʫʚʘʪʠ ʟ (3.27), ʻ ʤʘʢʩʠʤʘʣʴʥʘ ʚʠʭʽʜʥʘ ʧʦʪʫʞʥʽʩʪʴ ʽ ʚʠʭʽʜʥʘ ʧʦʪʫʞʥʽʩʪʴ ʧʨʠ 

ʨʽʚʥʽ ʢʦʤʧʨʝʩʽʾ 1 ʜɹ. ʄʘʢʩʠʤʘʣʴʥʠʡ ʚʠʭʽʜʥʠʡ ʨʽʚʝʥʴ ʚʽʜʧʦʚʽʜʘʻ ʤʘʢʩʠʤʫʤʫ 

ʬʫʥʢʮʽʾ ɹʝʩʩʝʣʷ ʧʝʨʰʦʛʦ ʧʦʨʷʜʢʫ: 

22 2

ʚʠʭ,max ʟʤ 1 max ʚʠʭ PD2 ( )P I J R Hj=  .   (3.31)  

ʈʽʚʥʷʥʥʷ (3.31) ʤʦʞʥʘ ʩʧʨʦʩʪʠʪʠ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʨʦʟʨʘʭʦʚʘʥʠʭ ʟʥʘʯʝʥʴ 

ʬʫʥʢʮʽʾ ɹʝʩʩʝʣʷ 
1 max 1( ) (1,8412) 0,5819J Jj = = .  ɿʦʢʨʝʤʘ ʜʣʷ 

ʚʠʭR = 50 ʆʤ ʽ 
PDH = 1/2 

ʨʽʚʥʷʥʥʷ (3.31) ʥʘʙʫʚʘʻ ʚʠʛʣʷʜʫ 

[ ] [ ]( )ʚʠʭ,max ʟʤʜɹʤ 20,7 20log ʤɸP I=- + .   (3.32) 

ɿʥʘʯʝʥʥʷ ʚʭʽʜʥʦʾ ʧʦʪʫʞʥʦʩʪʽ, ʷʢʝ ʥʝʦʙʭʽʜʥʝ ʜʣʷ ʦʪʨʠʤʘʥʥʷ 
ʚʠʭ,maxP , ʤʦʞʥʘ 

ʚʠʟʥʘʯʠʪʠ ʟ ʫʤʦʚʠ  
max ʚʭ,maxˊˊ/V Vj = , ʜʝ 

ʚʭ,maxV  ʥʘʧʨʫʛʘ, ʥʝʦʙʭʽʜʥʘ ʜʣʷ ʜʦʩʷʛʥʝʥʥʷ 

ʚʠʭʽʜʥʦʾ ʧʦʪʫʞʥʦʩʪʽ ʚʠʭ,maxP ,: 

2 2

max
ʚʭ,max 2

ʚʭ2

V
P

R

pj

p
= .                                      (3.33) 

ʇʨʠ 
maxj = 1,8412  ʽ 

ʚʭR  = 50 ʆʤ  ʚʠʨʘʟ ʜʣʷ ʤʘʢʩʠʤʘʣʴʥʦʾ ʚʭʽʜʥʦʾ ʧʦʪʫʞʥʦʩʪʽ 

ʤʦʞʥʘ ʧʨʝʜʩʪʘʚʠʪʠ ʚ ʚʠʛʣʷʜʽ 

[ ] []ʚʭ,max ˊʜɹʤ 5,4 20log( B)P V=- +  .   (3.34) 

ɼʠʥʘʤʽʯʥʠʡ ʜʽʘʧʘʟʦʥ ʧʦ ʢʦʤʧʨʝʩʽʾ ʧʽʜʩʠʣʝʥʥʷ ʚʠʟʥʘʯʘʻʪʴʩʷ ʥʘ ʦʩʥʦʚʽ 

ʚʠʭʽʜʥʦʾ ʧʦʪʫʞʥʦʩʪʽ ʚ ʪʦʯʮʽ ʢʦʤʧʨʝʩʽʾ ʥʘ 1 ʜɹ [30]: 

                             

22

ʚʠʭ,1dB ʟʤ 1 1dB ʚʠʭ PD2 ( )P I J R Hj= ,     (3.35) 

ʜʝ
1ʜɹj   ʧʽʢʦʚʝ ʟʥʘʯʝʥʥʷ ʬʘʟʦʚʦʛʦ ʟʩʫʚʫ ʧʨʠ 1-ʜɹ ʢʦʤʧʨʝʩʽʾ.  

ɿʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʫ ʜʠʥʘʤʽʯʥʦʛʦ ʜʽʘʧʘʟʦʥʫ ʧʦ ʢʦʤʧʨʝʩʽʾ ʧʽʜʩʠʣʝʥʥʷ ʤʦʞʥʘ 

ʦʪʨʠʤʘʪʠ ʟʘ ʫʤʦʚʠ, ʱʦ ʚʽʜʥʦʰʝʥʥʷ ʣʽʥʝʘʨʠʟʦʚʘʥʦʛʦ ʚʽʜʛʫʢʫ (3.28) ʜʦ ʨʝʘʣʴʥʦʛʦ 

ʚʽʜʛʫʢʫ (3.27) ʜʦʨʽʚʥʶʻ 1 ʜɹ: 
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( )
RF

RF

2
,ss 0,1 0,11ʜɹ

2

1 1ʜɹ

10 4 10
P

P J

w

w

j

j
= Ý = Ö  .   (3.36) 

ʈʽʚʥʷʥʥʷ (3.36) ʯʠʩʝʣʴʥʦ ʨʦʟʚôʷʟʫʻʪʴʩʷ ʽ ʜʘʻ 
1ʜɹj = 0,9504, ʱʦ ʚʽʜʧʦʚʽʜʘʻ 

ʟʥʘʯʝʥʥʶ 
1J  (0,9504) = 0,4235. ʇʽʜʩʪʘʥʦʚʢʘ ʨʘʟʦʤ ʟʽ ʟʥʘʯʝʥʥʷʤʠ 

ʚʠʭR = 50 ʆʤ ʽ 

PD 1 2H =  ʚ ʨʽʚʥʷʥʥʷ (3.35) ʜʘʻ ʚʠʨʘʟ ʚ ʜʝʮʠʙʝʣʘʭ ʜʣʷ ʚʠʭʽʜʥʦʾ ʧʦʪʫʞʥʦʩʪʽ ʧʨʠ ʨʽʚʥʽ 

ʢʦʤʧʨʝʩʽʾ 1 ʜɹ: 

                   
[ ] [ ]( )ʚʠʭ,1ʜɹ ʟʤʜɹʤ 23,5 20log ʤɸP I=- +  .                     (3.37) 

ʊʦʯʢʘ ʢʦʤʧʨʝʩʽʾ ʟʘ ʚʭʦʜʦʤ 
ʚʭ,1ʜɹP  ʪʝʞ ʻ ʚʘʞʣʠʚʠʤ ʪʝʭʥʽʯʥʠʤ ʧʦʢʘʟʥʠʢʦʤ 

[30], ʾʾ ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʟ ʦʟʥʘʯʝʥʥʷ  1ʜɹ ʚʭ,1ʜɹ́V Vj p= , ʜʝ 
ʚʭ,1ʜɹV - ʥʘʧʨʫʛʘ ʜʣʷ 

ʜʦʩʷʛʥʝʥʥʷ 1-ʜɹ ʢʦʤʧʨʝʩʽʾ ʥʘ ʚʠʭʦʜʽ. ʎʝʡ ʚʠʨʘʟ ʤʦʞʥʘ ʧʦʜʘʪʠ ʫ ʚʠʛʣʷʜʽ 

22
1ʜɹˊ

ʚʭ,1ʜɹ 2

ʚʭ2ˊ

V
P

R

j
= .     (3.38) 

ʇʽʜʩʪʘʚʣʷʶʯʠ ʚ (3.38) 1ʜɹj  = 0,9504 ʽ 
ʚʭR = 50 ʆʤ, ʦʪʨʠʤʫʻʤʦ 

                          
[ ] []( )ʚʭ,1ʜɹ ˊʜɹʤ 0,4 20log BP V=- +  .                     (3.39) 

ɺʠʱʝʥʘʚʝʜʝʥʽ ʚʠʨʘʟʠ ʜʣʷ ʢʦʤʧʨʝʩʽʾ ʽ ʤʘʢʩʠʤʘʣʴʥʦʾ ʧʦʪʫʞʥʦʩʪʽ ʧʦʢʘʟʫʶʪʴ, 

ʱʦ ʩʘʤʝ ʄʄʎ ʥʘʢʣʘʜʘʻ ʛʦʣʦʚʥʽ ʦʙʤʝʞʝʥʥʷ ʥʘ ʧʘʨʘʤʝʪʨʠ ʩʠʩʪʝʤʠ. ʅʘ ʧʨʘʢʪʠʮʽ 

ʦʙʤʝʞʝʥʥʷ ʤʦʞʫʪʴ ʩʪʚʦʨʶʚʘʪʠ ʽ ʽʥʰʽ ʢʦʤʧʦʥʝʥʪʠ, ʟʦʢʨʝʤʘ ʬʦʪʦʜʝʪʝʢʪʦʨ. 

ʅʘ ʨʠʩ. 3.24 ʧʦʜʘʥʦ ʛʨʘʬʽʢ ʚʠʤʽʨʷʥʦʾ ʚʠʭʽʜʥʦʾ ʧʦʪʫʞʥʦʩʪʽ ʥʘ ʨʘʜʽʦʯʘʩʪʦʪʽ ʚ 

ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʚʭʽʜʥʦʾ ʧʦʪʫʞʥʦʩʪʽ ʜʣʷ ʣʽʥʽʾ ʧʝʨʝʜʘʯʽ ʪʠʧʫ ʄɯɺʇɼ [30], ʷʢʠʡ 

ʽʣʶʩʪʨʫʻ ʜʝʷʢʽ ʚʣʘʩʪʠʚʦʩʪʽ ʩʠʛʥʘʣʫ, ʱʦ ʦʙʛʦʚʦʨʶʚʘʣʠʩʷ ʨʘʥʽʰʝ. ɼʣʷ ʦʪʨʠʤʘʥʥʷ 

ʮʠʭ ʜʘʥʠʭ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʘʩʷ ʣʽʥʽʷ, ʩʭʝʤʘ ʷʢʦʾ ʥʘʚʝʜʝʥʘ ʥʘ ʨʠʩ. 3.4, ʧʨʠ 

ʩʝʨʝʜʥʴʦʤʫ ʩʪʨʫʤʽʟʤI  = 2,4 ʤɸ, ʯʘʩʪʦʪʽ  ʤʦʜʫʣʷʮʽʾ 6 ɻɻʮ  ʽ  
ˊV = 2,6 ɺ.  ɺʠʭʽʜ 

ʫʟʛʦʜʞʝʥʠʡ ʟ ʥʘʚʘʥʪʘʞʝʥʥʷʤ ʚ 50 ʆʤ, ʽ ʧʨʠʡʥʷʪʦ 
PDH = 1/2. ɺʠʭʦʜʷʯʠ ʟ (3.27), 

ʬʦʨʤʘ ʢʨʠʚʦʾ ʥʘ ʨʠʩ. 3.23 ʟʫʤʦʚʣʝʥʘ ʬʫʥʢʮʽʻʶ ɹʝʩʩʝʣʷ ʧʝʨʰʦʛʦ ʧʦʨʷʜʢʫ. ɼʣʷ 

ʦʪʨʠʤʘʥʥʷ ʮʠʭ ʜʘʥʠʭ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʘʩʷ ʣʽʥʽʷ, ʩʭʝʤʘ ʷʢʦʾ ʥʘʚʝʜʝʥʘ ʥʘ ʨʠʩ. 3.4, 

ʧʨʠ ʩʝʨʝʜʥʴʦʤʫ ʩʪʨʫʤʽʟʤI  = 2,4 ʤɸ, ʯʘʩʪʦʪʽ  ʤʦʜʫʣʷʮʽʾ 6 ɻɻʮ  ʽ  
ˊV = 2,6 ɺ.  ɺʠʭʽʜ 
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ʫʟʛʦʜʞʝʥʠʡ ʟ ʥʘʚʘʥʪʘʞʝʥʥʷʤ ʚ 50 ʆʤ, ʽ ʧʨʠʡʥʷʪʦ 
PDH = 1/2. ɺʠʭʦʜʷʯʠ ʟ (3.27), 

ʬʦʨʤʘ ʢʨʠʚʦʾ ʥʘ ʨʠʩ. 3.23 ʟʫʤʦʚʣʝʥʘ ʬʫʥʢʮʽʻʶ ɹʝʩʩʝʣʷ ʧʝʨʰʦʛʦ ʧʦʨʷʜʢʫ.  

 

ʈʠʩ.3.24. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʪʨʠʤʘʥʘ (ʢʦʣʘ) ʽ ʨʦʟʨʘʭʫʥʢʦʚʘ (ʥʝʧʝʨʝʨʚʥʘ 

ʢʨʠʚʘ) ʨʘʜʽʦʯʘʩʪʦʪʥʘ ʧʝʨʝʜʘʚʘʣʴʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʣʽʥʽʾ ʟ ʤʦʜʫʣʷʮʽʻʶ ʟʘ 

ʽʥʪʝʥʩʠʚʥʽʩʪʶ ʽ ʧʨʷʤʠʤ ʜʝʪʝʢʪʫʚʘʥʥʷʤ 

 

ʈʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʫ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ (3.27) ʪʘʢʦʞ ʥʘʚʝʜʝʥʽ ʥʘ ʨʠʩ. 3.25, 

ʱʦ ʜʝʤʦʥʩʪʨʫʻ ʥʘʙʣʠʞʝʥʫ ʚʽʜʧʦʚʽʜʥʽʩʪʴ ʜʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ [30]. 

ʅʦʨʤʦʚʘʥʽ ʜʘʥʽ ʥʘ ʨʠʩ. 3.25 ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʜʣʷ ʣʽʥʽʾ ʄɯɺʇɼ-ʪʠʧʫ ʟ ʟʦʚʥʽʰʥʽʤ 

ʄʄʎ, ʦʪʞʝ, ʚʦʥʠ ʪʘʢʦʞ ʚʠʟʥʘʯʘʶʪʴʩʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʶ ʟʛʽʜʥʦ (3.27).  

 

ʈʠʩ. 3.25.  ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʪʨʠʤʘʥʽ ʥʦʨʤʦʚʘʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʝʨʝʜʘʯʽ 

ʬʦʪʦʥʥʦʾ ʣʽʥʽʾ ʽ ʨʘʜʽʦʯʘʩʪʦʪʥʦʛʦ ʧʽʜʩʠʣʶʚʘʯʘ RF ʥʘ ʯʘʩʪʦʪʽ 1 ɻɻʮ, ʱʦ 

ʜʝʤʦʥʩʪʨʫʶʪʴ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʷʢʽ ʟʥʘʯʥʦ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʚ ʨʝʞʠʤʽ ʢʦʤʧʨʝʩʽʾ [30]. 

ʉʫʮʽʣʴʥʠʤʠ ʣʽʥʽʷʤʠ ʧʦʜʘʥʘ ʽʥʪʝʨʧʦʣʷʮʽʷ ʤʽʞ ʚʠʤʽʨʷʥʠʤʠ ʜʘʥʠʤʠ 
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ʈʠʩ.3.25 ʷʚʣʷʻ ʩʦʙʦʶ ʨʝʟʫʣʴʪʘʪ ʚʠʤʽʨʶʚʘʥʥʷ ʢʦʝʬʽʮʽʻʥʪʘ ʧʝʨʝʜʘʯʽ 

ʧʦʪʫʞʥʦʩʪʽ ʚ ʪʘʢʽʡ ʣʽʥʽʾ. ʋ ʣʽʥʽʡʥʦʤʫ ʨʝʞʠʤʽ ʚʠʤʽʨʷʥʠʡ ʢʦʝʬʽʮʽʻʥʪ ʧʝʨʝʜʘʯʽ 

ʜʦʨʽʚʥʶʻ 23 ʜɹ, ʱʦ ʫʟʛʦʜʞʫʻʪʴʩʷ ʟ ʨʦʟʨʘʭʫʥʢʘʤʠ ʟʘ ʜʦʧʦʤʦʛʦʶ   (3.30), ʜʝ G = 

22,8 ʜɹ. ʄʘʢʩʠʤʘʣʴʥʘ ʚʠʭʽʜʥʘ ʧʦʪʫʞʥʽʩʪʴ ʮʽʻʾ ʣʽʥʽʾ 13 ʜɹʤ ʦʪʨʠʤʘʥʘ ʧʨʠ ʚʭʽʜʥʽʡ 

ʧʦʪʫʞʥʦʩʪʽ 13,5 ʜɹʤ. ʎʽ ʨʝʟʫʣʴʪʘʪʠ ʚʽʜʧʦʚʽʜʘʶʪʴ ʪʝʦʨʝʪʠʯʥʠʤ, ʨʦʟʨʘʭʦʚʘʥʠʤ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʨʽʚʥʷʥʴ (3.32) ʽ (3.34) ʚʽʜʧʦʚʽʜʥʦ: 
ʚʠʭ,max13,1P =-  

ʜɹʤ ʽ 
ʚʭ,max13,7P =  

ʜɹʤ. ʋ ʮʽʻʾ ʣʽʥʽʾ ʧʝʨʝʜʘʯʽ ʢʦʤʧʨʝʩʽʷ ʥʘ 1 ʜɹ ʧʨʠ ʚʠʭʽʜʥʽʡ ʧʦʪʫʞʥʦʩʪʽ 16 ʜɹʤ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʨʠ ʨʽʚʥʽ ʚʭʽʜʥʦʾ ʧʦʪʫʞʥʦʩʪʽ 7,5 ʜɹʤ. ʈʦʟʨʘʭʫʥʢʠ ʟʘ ʨʽʚʥʷʥʥʷʤʠ 

(3.37) ʽ (3.39) ʧʝʨʝʜʙʘʯʘʶʪʴ ʟʥʘʯʝʥʥʷ 
ʚʠʭ,1ʜɹP = 15,9 ʜɹʤ ʽ 

ʚʭ,1ʜɹP = 7,9 ʜɹʤ 

ʚʽʜʧʦʚʽʜʥʦ. 

 

3.4.2. ɼʚʦʭʯʘʩʪʦʪʥʠʡ ʘʥʘʣʽʟ 

ɺʠʱʝʥʘʚʝʜʝʥʠʡ ʦʜʥʦʯʘʩʪʦʪʥʠʡ ʘʥʘʣʽʟ ʜʦʟʚʦʣʷʻ ʚʠʟʥʘʯʠʪʠ ʢʦʝʬʽʮʽʻʥʪ 

ʧʽʜʩʠʣʝʥʥʷ ʨʘʜʽʦʯʘʩʪʦʪʥʦʛʦ ʩʠʛʥʘʣʫ RF, ʢʦʝʬʽʮʽʻʥʪ ʰʫʤʫ ʽ ʜʠʥʘʤʽʯʥʠʡ ʜʽʘʧʘʟʦʥ 

ʧʦ ʢʦʤʧʨʝʩʽʾ ʧʽʜʩʠʣʝʥʥʷ ʜʣʷ ʣʽʥʽʾ ʪʠʧʫ ʄɯɺʇɼ. ʃʽʥʽʡʥʽʩʪʴ ʨʘʜʽʦʯʘʩʪʦʪʥʠʭ ʩʠʩʪʝʤ, 

ʷʢ ʧʨʘʚʠʣʦ, ʚʠʟʥʘʯʘʶʪʴ ʜʚʦʯʘʩʪʦʪʥʠʡ ʤʝʪʦʜʦʤ. ʊʦʤʫ ʫ ʚʠʧʘʜʢʫ ʜʚʦʭ ʯʘʩʪʦʪʥʦʛʦ 

ʚʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ: 

                             
() ( ) ( )ʚʭ ʟʤ 1 RF1 2 RF2sin sinV t V V t V tw w= + +  .                         (3.40) 

ɿʩʫʚ ʬʘʟ, ʚʽʜʧʦʚʽʜʥʠʡ (3.40): 

                              
() ( ) ( )ʟʤ 1 RF1 2 RF2sin sint t tj j j w j w= + +  .                            (3.41) 

ʅʘʧʨʫʞʝʥʦʩʪʽ ʧʦʣʽʚ ʜʣʷ ʚʠʧʘʜʢʫ ʜʚʦʭ ʯʘʩʪʦʪʥʦʾ ʤʦʜʫʣʷʮʽʾ ʤʦʞʫʪʴ ʙʫʪʠ 

ʚʠʟʥʘʯʝʥʽ ʧʽʜʩʪʘʥʦʚʢʦʶ (3.41) ʚ (3.12) ʽ (3.17). ʈʦʟʛʦʨʥʫʪʽ ʚʠʨʘʟʠ ʜʣʷ ʮʠʭ ʧʦʣʽʚ 

ʜʦʩʠʪʴ ʦʙ'ʻʤʥʽ, ʽ ʤʠ ʥʘʚʝʜʝʤʦ ʪʽʣʴʢʠ ʦʜʠʥ ʧʨʠʢʣʘʜ. ɽʣʝʢʪʨʠʯʥʝ ʧʦʣʝ ɽ, ʚ (3.17) 

ʜʣʷ ʜʚʦʪʘʢʪʥʦʛʦ ʄʄʎ ʤʦʞʝ ʙʫʪʠ ʟʘʧʠʩʘʥʦ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ: 

 



119 

 

( ) ( )

( )

( )

ʟʤ 1 2
1 0 0 opt

ʟʤ 2 1
0 2 1 opt RF1

ʟʤ 1 2
0 2 1 opt RF2

ʟʤ

Re sin sin
2 2 2

cos cos 2 1
2 2 2

cos cos 2 1
2 2 2

sin
2

m

m

u

u

E J J t

J J t m t

J J t u t

j j j
g w

j j j
g w w

j j j
g w w

j
g

¤

+

=-¤

¤

+

=-¤

å õ å õ å õ
=- +æ ö æ ö æ ö

ç ÷ ç ÷ ç ÷

å õ å õ å õ
è ø+ + + +æ ö æ ö æ öê ú

ç ÷ ç ÷ ç ÷

å õ å õ å õ
è ø+ + + -æ ö æ ö æ öê ú

ç ÷ ç ÷ ç ÷

å
-

ç

ä

ä

( )

2 1
0 2 opt RF1

0

ʟʤ 1 2
0 2 opt RF2

0

ʟʤ 1 2
2 1 2 1 opt RF1

sin 2
2 2

sin sin 2
2 2 2

sin sin 2 1 2
2 2 2

k

k
k

j

j
j

r s

r s

J J t k t

J J t j t

J J t r t

j j
w w

j j j
g w w

j j j
g w w

¤

=-¤
¸

¤

=-¤
¸

¤ ¤

+ +

=-¤ =-¤

õ å õ å õ
è ø+ -æ ö æ ö æ öê ú

÷ ç ÷ ç ÷

å õ å õ å õ
è ø- + °æ ö æ ö æ öê ú

ç ÷ ç ÷ ç ÷

å õ å õ å õ
° + +æ ö æ ö æ ö

ç ÷ ç ÷ ç ÷

ä

ä

ää ( )( )

( )

( )( )

RF2

ʟʤ 1 2
2 2 opt RF1 RF2

0 0

ʟʤ 1 2
2 2 1 opt RF1 RF2

0

ʟʤ

1

sin sin 2 2
2 2 2

cos cos 2 2 1
2 2 2

cos
2

k j

j k
j k

q u

q u
q

s t

J J t k t j t

J J t q t u j t

w

j j j
g w w w

j j j
g w w w

j
g

¤ ¤

=-¤ =-¤
¸ ¸

¤ ¤

+

=-¤ =-¤
¸

è ø+ -ê ú

å õ å õ å õ
è ø- + ° °æ ö æ ö æ öê ú

ç ÷ ç ÷ ç ÷

å õ å õ å õ
è ø° + ° + °æ ö æ ö æ öê ú

ç ÷ ç ÷ ç ÷

å õ
° æ

ç

ää

ää

( )( )1 2
2 1 2 opt 2 1

0

cos 2 2 1 .
2 2

m n RF RF

m n
n

J J t n t m j t
j j

w w w
¤ ¤

+

=-¤ =-¤
¸

å õ å õ
è ø+ ° +ö æ ö æ öê ú

÷ ç ÷ ç ÷
ä ä

(3.42) 

 

ʇʝʨʰʠʡ ʨʷʜʦʢ ʫ (3.42)  ʮʝ ʦʧʪʠʯʥʘ ʥʝʩʫʯʘ, ʪʦʜʽ ʷʢ ʜʨʫʛʠʡ ʽ ʪʨʝʪʽʡ ʨʷʜʢʠ - 

ʚʽʜʧʦʚʽʜʥʦ ʚʝʨʭʥʷ ʽ ʥʠʞʥʷ ʙʽʯʥʽ ʩʤʫʛʠ, ʱʦ ʚʠʥʠʢʘʶʪʴ ʚʥʘʩʣʽʜʦʢ ʚʧʣʠʚʫ ʧʝʨʰʠʭ 

ʥʝʧʘʨʥʠʭ ʚʠʱʠʭ ʛʘʨʤʦʥʽʢ ʯʘʩʪʦʪ
1f   ̔

2f . ʏʝʪʚʝʨʪʠʡ ʽ ʧ'ʷʪʠʡ ʨʷʜʢʠ ʚʨʘʭʦʚʫʶʪʴ 

ʛʘʨʤʦʥʽʢʠ ʧʘʨʥʦʛʦ ʧʦʨʷʜʢʫ. ʐʦʩʪʠʡ ʽ ʩʴʦʤʠʡ ʨʷʜʢʠ ʚʽʜʧʦʚʽʜʘʶʪʴ 

ʽʥʪʝʨʤʦʜʫʣʷʮʽʡʥʠʤ ʩʧʦʪʚʦʨʝʥʥʷʤ (ɯʄʉ) ʧʘʨʥʦʛʦ ʧʦʨʷʜʢʫ, ʘ ʚʦʩʴʤʠʡ ʽ ʜʝʚ'ʷʪʠʡ  

ɯʄʉ ʥʝʧʘʨʥʦʛʦ ʧʦʨʷʜʢʫ. ɺʽʜʤʽʪʠʤʦ, ʱʦ ʚʠʨʘʟʠ ʜʣʷ ɯʄʉ ʚ ʨʷʜʢʘʭ ʟ ʰʦʩʪʦʛʦ ʧʦ 

ʜʝʚ'ʷʪʠʡ ʤʽʩʪʷʪʴ ʧʦ ʜʚʘ ʯʣʝʥʠ, ʱʦ ʧʦʢʘʟʘʥʦ ʟʥʘʢʘʤʠ ç+è ʚʩʝʨʝʜʠʥʽ ʘʨʛʫʤʝʥʪʫ 

ʪʨʠʛʦʥʦʤʝʪʨʠʯʥʦʾ ʬʫʥʢʮʽʾ ʽ ʥʘ ʧʦʯʘʪʢʫ ʨʷʜʢʽʚ. ʇʦʣʷ ʥʘ ʜʚʦʭ ʯʘʩʪʦʪʘʭ ʜʣʷ 

ʦʜʥʦʪʘʢʪʥʦʛʦ ʽ ʜʣʷ ʜʚʦʪʘʢʪʥʦʛʦ ʄʄʎ ʤʘʶʪʴ ʪʽ ʞ ʪʝʥʜʝʥʮʽʾ, ʱʦ ʚ ʦʜʥʦʯʘʩʪʦʪʥʦʤʫ 

ʚʠʧʘʜʢʫ ʫ ʤʘʣʦʩʠʛʥʘʣʴʥʦʤʫ ʥʘʙʣʠʞʝʥʥʽ. ʎʝ ʧʦʣʦʞʝʥʥʷ ʧʨʦʽʣʶʩʪʨʦʚʘʥʦ ʥʘ ʨʠʩ. 

3.26, ʥʘ ʷʢʦʤʫ ʧʦʜʘʥʽ ʚʠʤʽʨʷʥʽ ʩʧʝʢʪʨʠ ʜʣʷ ʦʙʦʭ ʪʠʧʽʚ ʤʦʜʫʣʷʪʦʨʽʚ [145]. 
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ɿʩʫʚ ʯʘʩʪʦʪʠ ʚʽʜʥʦʩʥʦ                  ɿʩʫʚ ʯʘʩʪʦʪʠ ʚʽʜʥʦʩʥʦ

        ʥʝʩʽʚʥʦʾ, ɻɻʮ                                  ʥʝʩʽʚʥʦʾ, ɻɻʮ 

    ʘ)     ʙ) 

ʈʠʩ. 3.26. ɺʠʤʽʨʷʥʽ ʦʧʪʠʯʥʽ ʩʧʝʢʪʨʠ ʜʣʷ ʣʽʥʽʾ ʧʝʨʝʜʘʯʽ ʟ ʄɯɺʇɼ, ʱʦ 

ʤʦʜʫʣʴʦʚʘʥʘ ʜʚʦʤʘ ʨʘʜʽʦʩʠʛʥʘʣʘʤʠ ʽʟ ʯʘʩʪʦʪʘʤʠ 9 ʽ 12 ɻɻʮ. ʇʦʜʘʥʦ ʨʝʟʫʣʴʪʘʪ 

ʤʦʜʫʣʷʮʽʾ ʚ ʢʚʘʜʨʘʪʫʨʽ (ʯʦʨʥʘ ʣʽʥʽʷ) ʽ ʧʨʠ ʥʫʣʴʦʚʦʤʫ ʟʤʽʱʝʥʥʽ (ʩʽʨʘ ʣʽʥʽʷ) ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʦʜʥʦʪʘʢʪʥʦʛʦ (ʘ) ʽ ʜʚʦʪʘʢʪʥʦʛʦ (ʙ) ʄʄʎ 

 

ɼʣʷ ʚʩʽʭ ʜʘʥʠʭ, ʱʦ ʥʘʚʝʜʝʥʽ ʥʘ ʨʠʩ. 3.26, ʚʠʢʦʨʠʩʪʘʥʦ ʜʚʘ ʩʠʛʥʘʣʠ ʟ 

ʯʘʩʪʦʪʘʤʠ 9 ʽ 12 ɻɻʮ ʪʘ ʦʜʥʘʢʦʚʦʶ ʘʤʧʣʽʪʫʜʦʶ. ʉʧʝʢʪʨʠ ʚʠʤʽʨʷʥʽ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʦʧʪʠʯʥʦʛʦ ʘʥʘʣʽʟʘʪʦʨʘ ʩʧʝʢʪʨʫ. 

ʅʘ ʨʠʩ. 3.26, ʘ ʧʦʜʘʥʦ ʩʧʝʢʪʨʠ ʥʘ ʚʠʭʦʜʽ ʦʜʥʦʪʘʢʪʥʦʛʦ ʄʄʎ ʜʣʷ ʪʦʯʦʢ 

ʢʚʘʜʨʘʪʫʨʥʦʛʦ ʽ ʥʫʣʴʦʚʦʛʦ ʟʤʽʱʝʥʴ. ʋ ʢʚʘʜʨʘʪʫʨʥʽʡ ʪʦʯʮʽ ʧʦ ʦʙʠʜʚʘ ʙʦʢʠ ʥʝʩʫʯʦʾ 

ʯʽʪʢʦ ʧʨʦʛʣʷʜʘʶʪʴʩʷ ʙʽʯʥʽ ʩʤʫʛʠ ʥʘ ʯʘʩʪʦʪʥʠʭ ʚʽʜʣʽʢʘʭ 9 ʽ 12 ɻɻʮ. ʊʘʢʦʞ ʚʠʜʥʽ 

ʜʨʫʛʽ ʛʘʨʤʦʥʽʢʠ ʥʘ ʯʘʩʪʦʪʥʠʭ ʚʽʜʣʽʢʘʭ Ñ 18 ʽ Ñ 24 ɻɻʮ ʨʘʟʦʤ ʟ ʽʥʪʝʨʤʦʜʫʣʷʮʽʡʥʠʤʠ 

ʩʧʦʪʚʦʨʝʥʥʷʤʠ ʜʨʫʛʦʛʦ ʧʦʨʷʜʢʫ ɯʄʉ2 ʥʘ ʯʘʩʪʦʪʥʠʭ ʚʽʜʣʽʢʘʭ Ñ 21 ɻɻʮ. ʇʨʠ 

ʥʫʣʴʦʚʦʤʫ ʟʤʽʱʝʥʥʽ ʥʝʩʫʯʘ ʯʘʩʪʦʪʘ ʧʨʠʜʫʰʝʥʘ ʧʨʠʙʣʠʟʥʦ ʥʘ 24 ʜɹ ʟ ʤʘʣʠʤʠ 

ʟʤʽʥʘʤʠ ʩʤʫʛ ʤʦʜʫʣʷʮʽʾ (ʷʢʠʤʠ ʤʦʞʥʘ ʟʥʝʭʪʫʚʘʪʠ), ʷʢ ʧʝʨʝʜʙʘʯʝʥʦ ʨʽʚʥʷʥʥʷʤʠ 

(3.14) ʽ (3.15). ʊʘʢʦʞ ʟʘ ʥʫʣʴʦʚʦʛʦ ʟʤʽʱʝʥʥʷ ʚʠʷʚʣʷʶʪʴʩʷ ʨʽʟʥʠʮʝʚʽ ʯʣʝʥʠ ɯʄʉ2 

ʥʘ ʯʘʩʪʦʪʥʠʭ ʚʽʜʣʽʢʘʭ Ñ 3 ɻɻʮ, ʷʢʽ ʙʫʣʠ ʟʘʤʘʩʢʦʚʘʥʽ ʧʨʠ ʢʚʘʜʨʘʪʫʨʥʦʤʫ ʟʤʽʱʝʥʥʽ. 

ʅʘ ʨʠʩ. 3.26,ʙ ʧʦʜʘʥʦ ʦʙʠʜʚʘ ʩʧʝʢʪʨʠ ʜʣʷ ʜʚʦʪʘʢʪʥʦʛʦ ʄʄʎ. ʇʨʠ ʢʚʘʜʨʘʪʫʨʥʦʤʫ 

ʟʤʽʱʝʥʥʽ ʤʦʞʥʘ ʙʘʯʠʪʠ ʪʽ ʞ ʩʘʤʽ ʯʘʩʪʦʪʥʽ ʢʦʤʧʦʥʝʥʪʠ, ʱʦ ʽ ʥʘ ʨʠʩ. 3.26,ʘ. ʆʜʥʘʢ 

ʧʨʠ ʥʫʣʴʦʚʦʤʫ ʟʤʽʱʝʥʥʽ ʩʧʝʢʪʨ ʤʘʻ ʟʥʘʯʥʽ ʚʽʜʤʽʥʥʦʩʪʽ. ʇʨʠ ʧʨʠʜʫʰʝʥʥʽ ʥʝʩʫʯʦʾ 

ʥʘ 25 ʜɹ ʥʝ ʚʠʷʚʣʷʶʪʴʩʷ ʯʣʝʥʠ ʧʘʨʥʦʛʦ ʧʦʨʷʜʢʫ, ʘ ʙʽʯʥʽ ʢʦʤʧʦʥʝʥʪʠ ʥʘ ʯʘʩʪʦʪʘʭ 



121 

 

ʤʦʜʫʣʷʮʽʾ ʟʙʽʣʴʰʠʣʠʩʷ ʥʘ 3 ʜɹ. ɺʩʽ ʮʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʝʦʨʝʪʠʯʥʦ ʧʝʨʝʜʙʘʯʘʶʪʴʩʷ 

ʨʦʟʨʘʭʫʥʢʘʤʠ ʟʘ ʨʽʚʥʷʥʥʷʤ (3.42). ʗʢʱʦ ʨʽʚʥʷʥʥʷ (3.41) ʧʽʜʩʪʘʚʠʪʠ ʚ (3.11) ʪʦ 

ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʚʠʨʘʟʠ ʜʣʷ ʬʦʪʦʩʪʨʫʤʽʚ. ʈʝʟʫʣʴʪʘʪ ʚʠʭʦʜʠʪʴ ʱʝ ʙʽʣʴʰ ʦʙ'ʻʤʥʠʤ, 

ʥʽʞ ʜʣʷ ʚʠʧʘʜʢʫ ʦʜʥʦʯʘʩʪʦʪʥʦʾ ʤʦʜʫʣʷʮʽʾ, ʽ ʡʦʛʦ ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ ʫ ʚʠʛʣʷʜʽ ʪʨʴʦʭ 

ʯʘʩʪʠʥ: 

() ( ) ( )ʩʝʨ

1,2 ʟʤ,q ʟʤ,q 0 1 0 2 ʟʤcos ,I I I J Jj j j=    (3.43) 
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(3.44) 

 

() ( ) ( ) ( ) ( )

( ) ( ) ( )
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ʈʽʚʥʷʥʥʷ (3.43) ʭʘʨʘʢʪʝʨʠʟʫʻ ʩʝʨʝʜʥʽʡ ʩʪʨʫʤ ʜʣʷ ʢʦʞʥʦʛʦ ʧʣʝʯʘ, ʜʝ ʯʣʝʥ 

ʟʤ,qI
 
ʙʘʛʘʪʦʨʘʟʦʚʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ ʧʨʠ 

ʢʚʘʜʨʘʪʫʨʥʦʤʫ ʟʤʽʱʝʥʥʽ [( )ʟʤ 2 1 ,n nj p= +   ʮʽʣʝ ʯʠʩʣʦ]. ʏʣʝʥʠ ʥʝʧʘʨʥʦʛʦ 

ʧʦʨʷʜʢʫ, ʚ ʪʦʤʫ ʯʠʩʣʽ ʦʙʠʜʚʽ ʧʝʨʰʽ ʛʘʨʤʦʥʽʢʠ, ʟʽʙʨʘʥʽ ʚ (3.44), ʘ ʩʧʦʪʚʦʨʝʥʥʷ 

ʧʘʨʥʦʛʦ ʧʦʨʷʜʢʫ ʜʘʶʪʴʩʷ ʚ (3.45). ɿʥʘʢʠ ʩʫʤʠ ʚʢʣʶʯʘʶʪʴ ʛʘʨʤʦʥʽʯʥʽ 

ʩʧʦʪʚʦʨʝʥʥʷ, ʚ ʪʦʡ ʯʘʩ ʷʢ ʧʦʜʚʽʡʥʽ ʩʫʤʠ ʚʽʜʧʦʚʽʜʘʶʪʴ ʽʥʪʝʨʤʦʜʫʣʷʮʽʡʥʠʤ 

ʩʧʦʪʚʦʨʝʥʥʷʤ. ʋ ʚʠʧʘʜʢʫ ʪʦʯʥʦʛʦ ʢʚʘʜʨʘʪʫʨʥʦʛʦ ʟʤʽʱʝʥʥʷ ʯʣʝʥʠ ʧʘʨʥʦʛʦ 

ʧʦʨʷʜʢʫ ʜʦʨʽʚʥʶʶʪʴ ʥʫʣʶ. ʇʨʦʪʝ ʚ (3.43)-(3.45) ʚʭʦʜʠʪʴ ʪʘʢʦʞ ʟʘʣʝʞʥʽʩʪʴ ʚʽʜ 

ʟʩʫʚʫ ʜʣʷ ʤʦʞʣʠʚʦʩʪʽ ʧʨʦʘʥʘʣʽʟʫʚʘʪʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʫ ʬʫʥʢʮʽʾ ʜʣʷ ʤʘʣʠʭ 

ʚʽʜʭʠʣʝʥʴ ʚʽʜ ʢʚʘʜʨʘʪʫʨʥʦʾ ʪʦʯʢʠ. 

ʇʨʠ ʢʚʘʜʨʘʪʫʨʥʦʤʫ ʨʝʞʠʤʽ ʟʤʽʱʝʥʥʷ ʥʘʡʙʽʣʴʰʽ ʟʥʘʯʝʥʥʷ ʤʘʣʦʩʠʛʥʘʣʴʥʠʭ 

ʩʧʦʪʚʦʨʝʥʴ ʤʘʶʪʴ ʢʦʤʧʦʥʝʥʪʠ ɯʄʉ ʪʨʝʪʴʦʛʦ ʧʦʨʷʜʢʫ ʥʘ ʯʘʩʪʦʪʘʭ ( )2 12 f f-  ʽ    

( )1 22 f f- , ʟʘʜʘʥʽ ʚ ʪʨʝʪʴʦʤʫ ʽ ʯʝʪʚʝʨʪʦʤʫ ʨʷʜʢʘʭ (3.44) ʚʽʜʧʦʚʽʜʥʦ. ʉʝʨʝʜʥʶ 

ʧʦʪʫʞʥʽʩʪʴ ʥʘ ʤʘʣʠʭ ʩʠʛʥʘʣʘʭ ʜʣʷ ʮʠʭ ʯʣʝʥʽʚ ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʰʣʷʭʦʤ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʪʘʢ ʟʚʘʥʦʛʦ çʤʘʣʦʢʫʪʦʚʦʛʦè ʥʘʙʣʠʞʝʥʥʷ ɹʝʩʩʝʣʷ: 

22 6

ʟʤ RF ʚʠʭ PD

ʩʝʨ
128

I R H
P

j
=  .   (3.46) 

ʄʘʣʦʩʠʛʥʘʣʴʥʠʡ ʚʽʜʛʫʢ ʥʘ ʦʩʥʦʚʥʽʡ ʯʘʩʪʦʪʽ ʧʨʠ ʜʚʦʭ ʯʘʩʪʦʪʥʦʤʫ ʚʧʣʠʚʽ 

ʝʢʚʽʚʘʣʝʥʪʥʠʡ ʚʠʧʘʜʢʫ ʦʜʥʦʯʘʩʪʦʪʥʦʾ ʤʦʜʫʣʷʮʽʾ (3.28). ɼʣʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʩʧʦʪʚʦʨʝʥʴ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʦʩʦʙʣʠʚʠʡ ʧʘʨʘʤʝʪʨ  ʚʠʭʽʜʥʘ ʪʦʯʢʘ ʧʝʨʝʪʠʥʫ n-ʛʦ 

ʧʦʨʷʜʢʫ (ʘʥʛʣ.order output intercept point, OIP) [30]: 

                                                        

( )

RF

1 1

OIP

n
n

n

P
n

P

w

-

å õ
=æ öæ ö
ç ÷

 ,    (3.47) 

ʜʝ 
RF

nPw  ʚʠʭʽʜʥʘ ʧʦʪʫʞʥʽʩʪʴ ʥʘ ʦʩʥʦʚʥʽʡ ʯʘʩʪʦʪʽ, 
nP  ʧʦʪʫʞʥʽʩʪʴ ʩʧʦʪʚʦʨʝʥʴ  

n-ʛʦ ʧʦʨʷʜʢʫ. ʇʘʨʘʤʝʪʨ OIP3 ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʩʧʦʪʚʦʨʝʥʴ ʚ (3.44) ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ, 

ʧʨʠʨʽʚʥʷʚʰʠ (3.28) ʜʦ (3.46) ʪʘ  ʨʦʟʚ'ʷʟʘʚʰʠ ʚʽʜʥʦʩʥʦ 
RFj , ʱʦ ʜʘʻ ʟʥʘʯʝʥʥʷ 

RF 2 2j = . ɿʘ ʧʽʜʩʪʘʥʦʚʢʠ ʮʴʦʛʦ ʟʥʘʯʝʥʥʷ ʚ (3.28) ʘʙʦ (3.46) ʦʪʨʠʤʘʻʤʦ 
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22

ʟʤ ʚʠʭ PDOIP3 4I R H=  .                              (3.48) 

ɯʥʦʜʽ ʣʽʥʽʡʥʽʩʪʴ ʚ ʣʽʥʽʷʭ ʟ ʄɯɺʇɼ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʩʧʦʪʚʦʨʝʥʥʷʤʠ ʟʘ 

ʪʨʝʪʴʦʶ ʛʘʨʤʦʥʽʢʦʶ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʘʥʘʣʽʟʫ, ʘʥʘʣʦʛʽʯʥʦʛʦ ʜʦ ʚʠʱʝʥʘʚʝʜʝʥʦʛʦ, 

ʧʦʢʘʟʫʻ, ʱʦ OIP3 ʟʘ ʪʨʝʪʴʦʶ ʛʘʨʤʦʥʽʢʦʶ ʚʠʭʦʜʠʪʴ ʚ ʪʨʠ ʨʘʟʠ ʙʽʣʴʰʠʤ, ʥʽʞ ʟʘ 

(3.48). ʈʽʚʥʷʥʥʷ (3.48) ʤʦʞʥʘ ʧʝʨʝʧʠʩʘʪʠ ʚ ʣʦʛʘʨʠʬʤʽʯʥʦʤʫ ʬʦʨʤʘʪʽ ʜʣʷ 
ʚʠʭR = 50 

ʆʤ ʽ 
pdH  = İ:    [ ] [ ]ʟʤOIP3ʜɹʤ 13,0 120log( ʤɸ ).I=- +    

ɺʭʽʜʥʘ ʪʦʯʢʘ ʧʝʨʝʪʠʥʫ n-ʛʦ ʧʦʨʷʜʢʫ (IIPn) ʟʥʘʭʦʜʠʪʴʩʷ ʰʣʷʭʦʤ ʜʽʣʝʥʥʷ 

OIPn ʥʘ ʢʦʝʬʽʮʽʻʥʪ ʧʽʜʩʠʣʝʥʥʷ. ʇʘʨʘʤʝʪʨ IIP3 ʦʜʝʨʞʫʻʪʴʩʷ h ʣʷʭʦʤ ʜʽʣʝʥʥʷ (3.48) 

ʥʘ (3.29): 

                                                   

2

ˊ

2

ʚʭ

4
IIP3

V

Rp
=  ,     (3.49) 

ʘʙʦ ʫ ʣʦʛʘʨʠʬʤʽʯʥʽʡ ʬʦʨʤʽ ʜʣʷ
i 50R=  ʆʤ:

 
[ ] []( )ˊIIP3 ʜɹʤ 9,1 20log B .V= +  

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ OIP3 ʚ ʣʽʥʽʾ 

ʧʝʨʝʜʘʯʽ ʟ ʄɯɺʇɼ, ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩ. 3.27 [147]. 

 

 

ʈʠʩ. 3.27. ʈʝʟʫʣʴʪʘʪ ʚʠʤʽʨʶʚʘʥʥʷ ʆIP3 ʜʣʷ ʣʽʥʽʾ ʟ ʄɯɺʇɼ  ɯʄʉ 

(ʽʥʪʝʨʤʦʜʫʣʷʮʽʡʥʽ ʩʧʦʪʚʦʨʝʥʥʷ) 
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ʋ ʣʽʥʽʾ ʟʘʩʪʦʩʦʚʘʥʠʡ ʄʄʎ ʟ ʜʚʦʤʘ ʚʠʭʦʜʘʤʠ ʽ ʙʘʣʘʥʩʥʽ ʬʦʪʦʜʽʦʜʠ ʟ
PDH  = 

1/2 ʥʘ 1 ɻɻʮ ʜʣʷ ʫʟʛʦʜʞʝʥʥʷ ʚʠʭʦʜʽʚ ʟ 50 ʆʤ. ʂʦʞʝʥ ʬʦʪʦʜʽʦʜ ʧʨʘʮʶʻ ʧʨʠ 

ʩʝʨʝʜʥʴʦʤʫ ʩʪʨʫʤʽ 30 ʤɸ. ɼʣʷ ʤʦʜʫʣʷʮʽʾ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʚʘ ʚʭʽʜʥʠʭ ʩʠʛʥʘʣʠ 

ʨʽʚʥʦʾ ʘʤʧʣʽʪʫʜʠ ʯʘʩʪʦʪʦʶ 1,0 ʽ 1,1 ɻɻʮ. ʅʘ ʨʠʩ. 3.27 ʥʘʚʝʜʝʥʽ ʨʝʟʫʣʴʪʘʪʠ 

ʚʠʤʽʨʶʚʘʥʴ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʝʨʝʜʘʯʽ ʥʘ ʧʝʨʰʽʡ ʛʘʨʤʦʥʽʮʽ ʪʘ OIP3, ʦʪʨʠʤʘʥʽ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʘʥʘʣʽʟʘʪʦʨʘ ʝʣʝʢʪʨʠʯʥʦʛʦ ʩʧʝʢʪʨʫ. 

ʈʽʟʥʠʮʷ ʚʠʟʥʘʯʝʥʦʛʦ ʥʘ ʦʩʥʦʚʽ ʝʢʩʧʝʨʠʤʝʥʪʫ OIP3 = 23,5 ʜɹʤ ʚ ʧʦʨʽʚʥʷʥʥʽ 

ʟ OIP3 = 22,6 ʜɹʤ, ʪʝʦʨʝʪʠʯʥʦ ʚʠʟʥʘʯʝʥʦʾ ʨʽʚʥʷʥʥʷʤ (3.43) ʧʨʠ 
ʟʤI  = 60 ʤɸ, 

ʩʪʘʥʦʚʠʪʴ 0,9 ʜɹ, ʪʦʙʪʦ ʥʝʚʽʜʧʦʚʽʜʥʽʩʪʴ ʤʽʞ ʨʝʟʫʣʴʪʘʪʘʤʠ ʚʠʤʽʨʶʚʘʥʥʷ ʽ ʪʝʦʨʽʻʶ 

ʟʥʘʭʦʜʠʪʴʩʷ ʚ ʤʝʞʘʭ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʧʦʭʠʙʢʠ. 

ʆʩʢʽʣʴʢʠ ʥʘ ʧʨʘʢʪʠʮʽ ʚʘʞʢʦ ʟʘʙʝʟʧʝʯʠʪʠ ʪʦʯʥʝ ʢʚʘʜʨʘʪʫʨʥʝ ʟʤʽʱʝʥʥʷ, ʪʦ 

ʢʦʨʠʩʥʦ ʘʥʘʣʽʟʫʚʘʪʠ ʩʧʦʪʚʦʨʝʥʥʷ ʧʘʨʥʦʛʦ ʧʦʨʷʜʢʫ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʬʘʟʠ 

ʟʤʽʱʝʥʥʷ. ʅʘʡʙʽʣʴʰʠʤʠ ʩʧʦʪʚʦʨʝʥʥʷʤʠ ʧʘʨʥʦʛʦ ʧʦʨʷʜʢʫ ʻ ʽʥʪʝʨʤʦʜʫʣʷʮʽʡʥʽ 

ʩʧʦʪʚʦʨʝʥʥʷ ʜʨʫʛʦʛʦ ʧʦʨʷʜʢʫ ɯʄʉ2 ʥʘ ʯʘʩʪʦʪʘʭ 
2 1f f-  ʽ ( )2 1f f+ , ʷʢʽ ʟʘʜʘʶʪʴʩʷ 

ʧ'ʷʪʦʶ ʪʘ ʰʦʩʪʦʶ ʛʘʨʤʦʥʽʢʘʤʠ (3.45) ʚʽʜʧʦʚʽʜʥʦ. ʉʝʨʝʜʥʷ ʧʦʪʫʞʥʽʩʪʴ 

ʤʘʣʦʩʠʛʥʘʣʴʥʦʛʦ ʨʝʞʠʤʫ ʜʣʷ ʮʠʭ ʩʢʣʘʜʦʚʠʭ ʜʦʨʽʚʥʶʻ 

                            

22 2 4

ʟʤ ʟʤ RF ʚʠʭ PD

IMC2,ss

cos ( )
.

8

I R H
P

j j
=

   
(3.50) 

ʗʢ ʚʠʜʥʦ ʽʟ (3.44), ʧʦʪʫʞʥʽʩʪʴ ʧʝʨʰʦʾ ʛʘʨʤʦʥʽʢʠ ʧʨʦʧʦʨʮʽʡʥʘ sin2(űʟʤ). 

ʇʦʤʥʦʞʠʚʰʠ (3.28) ʥʘ ( )2

ʟʤsin j  ʽ ʧʽʜʩʪʘʚʠʚʰʠ ʟʤ ʟʤ,qI I= , ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ 

ʟʘʣʝʞʥʽʩʪʴ ʚʠʭʽʜʥʦʾ ʧʦʪʫʞʥʦʩʪʽ ʥʘ ʦʩʥʦʚʥʽʡ ʯʘʩʪʦʪʽ ʚʽʜ ʟʤj . ʇʨʠʨʽʚʥʶʶʯʠ ʮʝʡ 

ʚʠʨʘʟ ʜʦ (3.50), ʦʪʨʠʤʘʻʤʦ RF ʟʤ2tg( )j j= . ʇʽʜʩʪʘʥʦʚʢʘ ʮʴʦʛʦ ʚʠʨʘʟʫ ʜʣʷ 
RFj  ʚ (3.50) 

ʚʠʟʥʘʯʘʻ OIP2 ʷʢ ʬʫʥʢʮʽʶ ʚʽʜ ʟʤj : 

( )
( )

( )

22 2

ʟʤ ʟʤ,q ʚʠʭ PD

ʟʤ 2

ʟʤ

2sin
OIP2

cos

I R Hj
j

j
= .   (3.51) 

ʄʦʞʥʘ ʧʦʢʘʟʘʪʠ, ʱʦ OIP2 ʟʘ ʜʨʫʛʦʶ ʛʘʨʤʦʥʽʢʦʶ ʚ ʯʦʪʠʨʠ ʨʘʟʠ ʙʽʣʴʰʝ, ʥʽʞ 

ʜʘʻ (3.51). ɸʥʘʣʦʛʽʯʥʦ ʧʦʪʫʞʥʦʩʪʽ ʟʘ ʧʝʨʰʦʶ ʛʘʨʤʦʥʽʢʦʶ ʢʦʝʬʽʮʽʻʥʪ ʧʝʨʝʜʘʯʽ ʥʘ 
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ʨʘʜʽʦʯʘʩʪʦʪʽ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ biasj  ʪʘʢʦʞ ʧʨʦʧʦʨʮʽʡʥʠʡ ( )2

ʟʤsin j . ʇʦʜʽʣʠʚʰʠ (3.51) 

ʥʘ (3.28) ʽ ʧʦʤʥʦʞʠʚʰʠ ʥʘ ( )2

ʟʤsin j , ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ IIP2 ʫ ʚʠʛʣʷʜʽ 

                                   

2 2

ʟʤ ˊ
ʟʤ 2

ʚʭ

2tg ( )
IIʈ2( )

ˊ

V

R

j
j =   .                                (3.52) 

ɻʨʘʬʽʢ, ʱʦ ʧʦʙʫʜʦʚʘʥʦ ʥʘ ʦʩʥʦʚʽ (3.51), ʟʦʙʨʘʞʝʥʦ ʥʘ ʨʠʩ. 3.28 ʜʣʷ 
ʚʠʭR = 50 

ʆʤ ʽ
PD 1 2H = . ʇʦ ʛʦʨʠʟʦʥʪʘʣʴʥʽʡ ʦʩʽ ʚʽʜʢʣʘʜʝʥʘ ʚʝʣʠʯʠʥʘ ʬʘʟʦʚʦʾ ʧʦʭʠʙʢʠ 

ʢʚʘʜʨʘʪʫʨʥʦʛʦ ʨʝʞʠʤʫ ʟʤʽʱʝʥʥʷ. ʂʨʠʚʘ ʩʠʤʝʪʨʠʯʥʘ ʱʦʜʦ ʢʚʘʜʨʘʪʫʨʥʦʾ ʪʦʯʢʠ, ʽ 

OIP2 ʟʥʘʯʥʦ ʟʥʠʞʫʻʪʴʩʷ ʥʘʚʽʪʴ ʧʨʠ ʥʝʚʝʣʠʢʽʡ ʬʘʟʦʚʽʡ ʧʦʭʠʙʮʽ ʟʤʽʱʝʥʥʷ. ɺ 

ʤʫʣʴʪʠʦʢʪʘʚʥʠʭ ʩʠʩʪʝʤʘʭ ʧʦʭʠʙʢʠ ʟʤʽʱʝʥʥʷ ʤʦʞʫʪʴ ʧʦʛʽʨʰʠʪʠ ʟʘʛʘʣʴʥʠʡ 

ʜʠʥʘʤʽʯʥʠʡ ʜʽʘʧʘʟʦʥ ʧʦ ʟʘʚʘʜʘʤ (ʘʥʛʣ. spurious-free dynamic range, SFDR) ʚ 

ʧʦʨʽʚʥʷʥʥʽ ʟ ʚʣʘʩʥʠʤ ʟʥʘʯʝʥʥʷʤ SFDR ʪʨʝʪʴʦʛʦ ʧʦʨʷʜʢʫ, ʷʢʠʡ ʦʙʤʝʞʝʥʠʡ ʩʘʤʠʤ 

ʤʦʜʫʣʷʪʦʨʦʤ.  

 

 

ʈʠʩ. 3.28. ʈʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʫ OIP2 ʣʽʥʽʾ ʟ ʄɯɺʇɼ ʧʨʠ 

 ʚʠʭR = 50 ʆʤ ʽ 
PD 1 2H =  

 

ɸʥʘʣʽʟ ʟʘʛʘʣʴʥʦʛʦ SFDR ʜʣʷ ʣʽʥʽʾ ʧʝʨʝʜʘʯʽ ʟ ʄɯɺʇɼ ʙʫʜʝ ʚʠʢʦʥʘʥʠʡ ʚ 

ʥʘʩʪʫʧʥʦʤʫ ʨʦʟʜʽʣʽ. ʅʘ ʨʠʩ. 3.29 ʨʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʽʚ ʟʘ ʬʦʨʤʘʣʴʥʦʶ ʤʦʜʝʣʣʶ 

(ʚʠʨʘʟ 3.51) ʧʦʨʽʚʥʶʶʪʴʩʷ ʽʟ ʨʝʟʫʣʴʪʘʪʘʤʠ ʚʠʤʽʨʶʚʘʥʥʷ [30].  
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ʈʠʩ. 3.29. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ (ʢʦʣʘ) ʽ ʨʦʟʨʘʭʫʥʢʦʚʽ (ʥʝʧʝʨʝʨʚʥʘ ʣʽʥʽʷ) 

ʟʥʘʯʝʥʥʷ OIP2 ʷʢ ʬʫʥʢʮʽʷ ʧʦʭʠʙʢʠ ʫʩʪʘʥʦʚʢʠ ʟʤʽʱʝʥʥʷ ʄʄʎ 

 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʧʘʨʘʤʝʪʨʠ ʜʣʷ ʮʠʭ ʜʘʥʠʭ, ʷʢʽ ʪʘʢʦʞ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ 

ʜʣʷ ʨʦʟʨʘʭʫʥʢʽʚ, ʩʪʘʥʦʚʣʷʪʴ 
ʟʤI = 5,2 ʤɸ, ʚʠʭR = 50 ʆʤ ʽ PD 1 2H = .

 
ɿ ʨʠʩʫʥʢʘ ʚʠʜʥʦ 

ʚʠʩʦʢʠʡ ʟʙʽʛ ʤʽʞ ʨʝʟʫʣʴʪʘʪʘʤʠ ʚʠʤʽʨʶʚʘʥʥʷ ʽ ʪʝʦʨʽʻʶ. ʄʘʢʩʠʤʘʣʴʥʠʡ ʚʠʤʽʨʷʥʠʡ 

ʨʽʚʝʥʴ OIP2 ʟʥʘʭʦʜʠʪʴʩʷ ʙʣʠʟʴʢʦ 35 ʜɹʤ ʽ ʦʙʤʝʞʫʻʪʴʩʷ ʩʧʦʪʚʦʨʝʥʥʷʤʠ ʚ 

ʬʦʪʦʜʽʦʜʽ. 

 

3.5. ʇʦʢʘʟʥʠʢʠ ʷʢʦʩʪʽ ʜʣʷ ʣʽʥʽʡ ʧʝʨʝʜʘʯ ʽʟ ʟʦʚʥʽʰʥʴʦʾ ʤʦʜʫʣʷʮʽʻʶ 

ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʽ ʧʨʷʤʠʤ ʜʝʪʝʢʪʫʚʘʥʥʷʤ 

3.5.1. ʂʦʝʬʽʮʽʻʥʪ ʰʫʤʫ, ʚʽʜʥʦʰʝʥʥʷ ʩʠʛʥʘʣ/ʰʫʤ, ʜʠʥʘʤʽʯʥʠʡ ʜʽʘʧʘʟʦʥ 

ʋ ʧʦʧʝʨʝʜʥʴʦʤʫ ʨʦʟʜʽʣʽ ʚʠʚʝʜʝʥʦ ʥʘʡʙʽʣʴʰ ʚʘʞʣʠʚʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʣʽʥʽʾ ʟ 

ʄɯɺʇɼ, ʧʦʯʠʥʘʶʯʠ ʟ ʤʘʪʨʠʮʴ ʧʝʨʝʜʘʯʽ. ɺʽʜ ʾʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʟʘʣʝʞʘʪʴ ʧʦʢʘʟʥʠʢʠ 

ʷʢʦʩʪʽ, ʪʘʢʽ ʷʢ ʢʦʝʬʽʮʽʻʥʪ ʰʫʤʫ, ʚʽʜʥʦʰʝʥʥʷ ʩʠʛʥʘʣ/ʰʫʤ (SNR) ʽ ʜʠʥʘʤʽʯʥʠʡ 

ʜʽʘʧʘʟʦʥ. ʆʜʥʘʢ ʰʫʤ, ʚʥʝʩʝʥʠʡ ʣʽʥʽʻʶ ʧʝʨʝʜʘʯʽ ʟ ʄɯɺʇɼ, ʪʘʢʦʞ ʻ ʢʨʠʪʠʯʥʠʤ 

ʧʘʨʘʤʝʪʨʦʤ. 
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ɺʠʨʘʟ ʜʣʷ ʩʧʝʢʪʨʘʣʴʥʦʾ ʱʽʣʴʥʦʩʪʽ ʧʦʪʫʞʥʦʩʪʽ ʰʫʤʫ (ʉʑʇʐ) ʥʘ ʚʠʭʦʜʽ 

ʣʽʥʽʾ ʧʝʨʝʜʘʯʽ ʟ ʄɯɺʇɼ ʥʘ ʙʘʟʽ ʟʦʚʥʽʰʥʴʦʛʦ ʄʄʎ ʟ ʢʚʘʜʨʘʪʫʨʥʠʤ ʟʤʽʱʝʥʥʷʤ 

ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ ʫ ʚʠʛʣʷʜʽ 

2
2 2 22 2ʟʤ

ʚʠʭ ʚʭ ʚʠʭ PD B s B s ʟʤ ʚʠʭ PD ʟʤ ʚʠʭ PD2
2 RIN

I
N R R H k T k T qI R H I R H

Vp
p= + + + Ö ,       (3.53) 

ʜʝ 
ʟʤI  ʧʦʚʥʘ ʚʝʣʠʯʠʥʘ ʧʦʩʪʽʡʥʦʾ ʩʢʣʘʜʦʚʦʾ ʩʪʨʫʤʫ, ʱʦ ʩʪʚʦʨʶʻʪʴʩʷ ʫ 

ʬʦʪʦʜʝʪʝʢʪʦʨʽ, ʟʘʚʜʷʢʠ ʯʦʤʫ (3.53) ʤʦʞʝ ʟʘʩʪʦʩʦʚʫʚʘʪʠʩʷ ʜʦ ʙʫʜʴ-ʷʢʦʛʦ ʪʠʧʫ 

ʣʽʥʽʡ, ʧʨʦʜʘʥʠʭ ʥʘ ʨʠʩ. 3.4-3.6; RIN  ʚʽʜʥʦʩʥʠʡ ʰʫʤ ʽʥʪʝʥʩʠʚʥʦʩʪʽ; 
Bk  - ʩʪʘʣʘ 

ɹʦʣʴʮʤʘʥʘ, 
sT  - ʩʪʘʥʜʘʨʪʥʘ ʰʫʤʦʚʘ ʪʝʤʧʝʨʘʪʫʨʘ (

s 290T = ʂ); 
ʚʭR , 

ʚʠʭR  - ʚʭʽʜʥʠʡ ʪʘ 

ʚʠʭʽʜʥʠʡ ʦʧʽʨ. 

ʇʝʨʰʘ ʩʢʣʘʜʦʚʘ ʚ (3.53) ʧʦʚ'ʷʟʘʥʘ ʟ ʪʝʧʣʦʚʠʤ ʰʫʤʦʤ ʥʘ ʚʭʦʜʽ ʣʽʥʽʾ, 

ʧʦʤʥʦʞʝʥʠʤ ʥʘ ʤʘʣʦʩʠʛʥʘʣʴʥʠʡ ʢʦʝʬʽʮʽʻʥʪ ʧʽʜʩʠʣʝʥʥʷ (3.29), ʪʦʤʫ ʱʦ 

ʧʽʜʩʠʣʶʻʪʴʩʷ ʧʨʠ ʧʝʨʝʭʦʜʽ ʜʦ ʚʠʭʦʜʫ ʣʽʥʽʾ. ɼʨʫʛʘ ʩʢʣʘʜʦʚʘ ʚʨʘʭʦʚʫʻ ʪʝʧʣʦʚʠʡ 

ʰʫʤ ʥʘ ʚʠʭʦʜʽ ʣʽʥʽʾ ʧʝʨʝʜʘʯʽ. ʆʙʠʜʚʘ ʚʠʨʘʟʠ ʜʣʷ ʪʝʧʣʦʚʦʛʦ ʰʫʤʫ ʥʘʚʝʜʝʥʽ ʚ 

ʦʜʠʥʠʮʷʭ ʩʪʘʥʜʘʨʪʥʦʾ ʰʫʤʦʚʦʾ ʪʝʤʧʝʨʘʪʫʨʠ, ʪʦʤʫ ʨʽʚʥʷʥʥʷ (3.53) ʤʦʞʥʘ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʩʪʘʥʜʘʨʪʥʦʛʦ ʢʦʝʬʽʮʽʻʥʪʘ ʰʫʤʫ. ʋ ʜʝʷʢʠʭ 

ʚʠʧʘʜʢʘʭ ʜʣʷ ʦʧʠʩʫ ʪʝʧʣʦʚʦʛʦ ʰʫʤʫ ʤʦʞʫʪʴ ʙʫʪʠ ʥʝʦʙʭʽʜʥʠʤʠ ʜʦʜʘʪʢʦʚʽ ʫʤʦʚʠ. 

ʅʘʧʨʠʢʣʘʜ, ʚʨʘʭʫʚʘʥʥʷ ʪʝʧʣʦʚʦʛʦ ʰʫʤʫ, ʱʦ ʚʠʥʠʢʘʻ ʚ ʥʘʚʘʥʪʘʞʫʚʘʣʴʥʦʤʫ 

ʨʝʟʠʩʪʦʨʽ, ʤʦʞʫʪʴ ʧʨʠʟʚʝʩʪʠ ʜʦ ʧʦʷʚʠ ʘʜʠʪʠʚʥʠʭ ʯʣʝʥʽʚ [148]. ʊʨʝʪʷ ʩʢʣʘʜʦʚʘ ʚ 

(3.53) ʢʽʣʴʢʽʩʥʦ ʚʨʘʭʦʚʫʻ ʚʥʝʩʦʢ ʜʨʦʙʦʚʦʛʦ ʰʫʤʫ. ʆʩʪʘʥʥʷ ʩʢʣʘʜʦʚʘ ʦʧʠʩʫʻ 

ʜʦʜʘʪʢʦʚʠʡ ʦʧʪʠʯʥʠʡ ʰʫʤ, ʢʨʽʤ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʜʞʝʨʝʣ ʪʝʧʣʦʚʠʭ ʽ ʜʨʦʙʦʚʠʭ 

ʰʫʤʽʚ, ʚʠʤʽʨʷʥʠʡ ʚ ʪʝʨʤʽʥʘʭ ʚʽʜʥʦʩʥʦʛʦ ʰʫʤʫ ʽʥʪʝʥʩʠʚʥʦʩʪʽ (RIN). ɼʘʥʠʡ 

ʧʘʨʘʤʝʪʨ ʤʽʩʪʠʪʴ ʚʥʝʩʦʢ ʨʽʟʥʦʤʘʥʽʪʥʠʭ ʜʞʝʨʝʣ ʰʫʤʫ, ʩʝʨʝʜ ʷʢʠʭ ʜʦʤʽʥʫʶʯʠʤʠ ʻ 

ʢʚʘʥʪʦʚʠʡ ʰʫʤ, ʰʫʤ ʚʽʜ ʝʨʙʽʻʚʠʭ ʚʦʣʦʢʦʥʥʠʭ ʧʽʜʩʠʣʶʚʘʯʽʚ, ʝʣʝʢʪʨʠʯʥʠʡ ʰʫʤ ʽ 

ʜʨʦʙʦʚʠʡ ʰʫʤ. ʈʽʟʥʦʤʘʥʽʪʥʽ ʜʞʝʨʝʣʘ ʰʫʤʫ ʧʦ-ʨʽʟʥʦʤʫ ʧʨʦʷʚʣʷʶʪʴʩʷ ʚ ʣʽʥʽʾ ʟ 

ʄɯɺʇɼ, ʟʦʢʨʝʤʘ ʜʝʷʢʽ ʜʞʝʨʝʣʘ ʰʫʤʫ ʤʦʞʫʪʴ ʙʫʪʠ ʢʦʤʧʝʥʩʦʚʘʥʽ ʚ ʄʄʎ ʟ ʜʚʦʤʘ 

ʚʠʭʦʜʘʤʠ. 
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ʅʘ ʨʠʩ. 3.30 ʧʦʜʘʥʦ ʥʘʙʽʨ ʜʘʥʠʭ, ʷʢʠʡ ʩʚʽʜʯʠʪʴ ʧʨʦ ʟʥʘʯʥʫ ʧʝʨʝʚʘʛʫ 

ʩʠʤʝʪʨʠʯʥʦʾ ʘʨʭʽʪʝʢʪʫʨʠ ʣʽʥʽʾ ʪʠʧʫ ʄɯɺʇɼ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʄʄʎ ʟ ʜʚʦʤʘ 

ʚʠʭʦʜʘʤʠ.  

 

ʈʠʩ. 3.30. ʈʝʟʫʣʴʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʚʽʜʥʦʩʥʦʛʦ ʰʫʤʫ 

ʽʥʪʝʥʩʠʚʥʦʩʪʽ (RɯN) ʜʣʷ ʣʽʥʽʾ ʟ ʄɯɺʇɼ, ʚʠʤʽʨʷʥʦʛʦ ʥʘ ʦʙʦʭ ʥʝʩʠʤʝʪʨʠʯʥʠʭ 

ʚʠʭʦʜʘʭ ʽ ʥʘ ʚʠʭʦʜʽ ʙʘʣʘʥʩʥʦʛʦ ʜʝʪʝʢʪʦʨʘ. ʊʘʢʦʞ ʧʦʜʘʥʘ ʪʝʦʨʝʪʠʯʥʘ ʤʝʞʘ  

ʜʨʦʙʦʚʠʭ ʰʫʤʽʚ 

 

ɿ ʪʨʴʦʭ ʢʨʠʚʠʭ RIN, ʧʦʢʘʟʘʥʠʭ ʥʘ ʨʠʩʫʥʢʫ 3.30, ʜʚʽ  ʜʣʷ ʢʦʞʥʦʛʦ ʟ ʧʣʝʯʝʡ 

ʚ ʣʽʥʽʾ ʟ ʄɯɺʇɼ ʥʘ ʙʘʟʽ ʄʄʎ ʟ ʜʚʦʤʘ ʚʠʭʦʜʘʤʠ, ʘ ʦʜʥʘ  ʜʣʷ ʩʠʤʝʪʨʠʯʥʦʾ 

ʢʦʥʬʽʛʫʨʘʮʽʾ [30]. ʋ ʣʽʥʽʾ ʧʝʨʝʜʘʯʽ ʧʝʨʝʜ ʤʦʜʫʣʷʪʦʨʦʤ ʚʩʪʘʥʦʚʣʝʥʦ 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʡ ʣʘʟʝʨ, ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʷʢʦʛʦ ʧʽʜʩʠʣʶʻʪʴʩʷ ʝʨʙʽʻʚʠʤ 

ʚʦʣʦʢʦʥʥʠʤ ʧʽʜʩʠʣʶʚʘʯʝʤ . ʂʦʞʥʝ ʟ ʧʣʝʯʝʡ ʧʨʘʮʶʻ ʧʨʠ ʬʦʪʦʩʪʨʫʤʽ 
ʟʤI = 50 ʤɸ, 

ʪʦʙʪʦ ʚ ʙʘʣʘʥʩʥʦʾ ʩʭʝʤʽ ʧʦʚʥʠʡ ʩʝʨʝʜʥʽʡ ʩʪʨʫʤ ʜʝʪʝʢʪʫʚʘʥʥʷ ʩʪʘʥʦʚʠʪʴ 100 ʤɸ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʚ ʙʘʣʘʥʩʥʦʾ ʩʭʝʤʽ ʚʝʣʠʯʠʥʘ RIN ʥʦʨʤʫʻʪʴʩʷ ʟʘ ʯʦʪʠʨʠʢʨʘʪʥʦʶ 

ʩʝʨʝʜʥʴʦʶ ʧʦʪʫʞʥʽʩʪʶ ʫ ʧʦʨʽʚʥʷʥʥʽ ʟ ʥʝʩʠʤʝʪʨʠʯʥʠʤ ʚʘʨʽʘʥʪʦʤ. ʎʝ ʚʽʜʧʦʚʽʜʘʻ 

ʜʽʡʩʥʦʩʪʽ, ʦʩʢʽʣʴʢʠ ʧʽʜʩʠʣʝʥʥʷ ʜʣʷ ʩʠʤʝʪʨʠʯʥʦʾ ʣʽʥʽʾ ʚ ʩʪʽʣʴʢʠ ʞ ʨʘʟʽʚ ʙʽʣʴʰʝ. 

ɿʘʛʘʣʴʥʘ ʜʦʚʞʠʥʘ  ʚʠʢʦʨʠʩʪʘʥʦʾ ʣʽʥʽʾ ʧʝʨʝʜʘʯʽ 309 ʤ, ʽ ʦʙʠʜʚʘ ʪʨʘʢʪʠ ʜʦʙʨʝ 

ʧʽʜʽʛʥʘʥʽ ʟ ʚʽʜʥʦʩʥʦʶ ʯʘʩʦʚʦʶ ʟʘʪʨʠʤʢʦʶ 30 ʧʩ. ʆʩʢʽʣʴʢʠ ʰʫʤ ʣʘʟʝʨʘ ʽ ʰʫʤ ʚʽʜ 

ʰʫʤ ʚʽʜ ʝʨʙʽʻʚʠʭ ʚʦʣʦʢʦʥʥʠʭ ʧʽʜʩʠʣʶʚʘʯʽʚ ʚʚʦʜʷʪʴʩʷ ʜʦ ʩʪʘʜʽʾ ʤʦʜʫʣʷʮʽʾ, ʚʦʥʠ 
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ʚʽʜʥʦʩʷʪʴʩʷ ʜʦ ʢʘʪʝʛʦʨʽʾ ʩʠʥʬʘʟʥʦʛʦ ʰʫʤʫ. ʆʜʥʘʢ ʜʦ ʮʽʻʾ ʢʘʪʝʛʦʨʽʾ ʥʝ ʚʭʦʜʷʪʴ 

ʝʣʝʢʪʨʠʯʥʠʡ ʽ ʜʨʦʙʦʚʠʡ ʰʫʤʠ. ʋ ʩʠʤʝʪʨʠʯʥʦʾ ʣʽʥʽʾ ʩʠʥʬʘʟʥʠʡ ʰʫʤ ʤʦʞʝ ʙʫʪʠ 

ʧʨʠʜʫʰʝʥʠʡ ʟʘ ʫʤʦʚʠ ʧʨʘʚʠʣʴʥʦʛʦ ʧʽʜʙʦʨʫ ʘʤʧʣʽʪʫʜʠ ʽ ʬʘʟʠ ʢʦʞʥʦʛʦ ʧʣʝʯʘ. ʗʢ 

ʙʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ, ʚ ʥʝʩʠʤʝʪʨʠʯʥʦʾ ʣʽʥʽʾ ʜʞʝʨʝʣʦʤ ʧʽʢʦʚʦʛʦ ʰʫʤʫ ʧʦʙʣʠʟʫ 50 

ʄɻʮ ʻ ʣʘʟʝʨ. ʎʝʡ ʰʫʤ ʤʦʞʥʘ ʟʥʠʟʠʪʠ ʥʘ 25 ʜɹ ʚ ʩʠʤʝʪʨʠʯʥʦʾ ʢʦʥʬʽʛʫʨʘʮʽʾ. ɯʥʰʘ 

ʯʘʩʪʠʥʘ ʩʧʝʢʪʨʫ ʥʘ ʚʠʭʦʜʽ ʩʠʤʝʪʨʠʯʥʦʾ ʣʽʥʽʾ ʧʝʨʝʜʘʯʽ ʟʥʘʭʦʜʠʪʴʩʷ ʧʨʠʙʣʠʟʥʦ ʥʘ 

12 ʜɹ ʥʠʞʯʝ ʨʽʚʥʷ ʥʝʩʠʤʝʪʨʠʯʥʦʾ ʣʽʥʽʾ. ʎʝ ʚʢʘʟʫʻ ʥʘ ʧʨʠʜʫʰʝʥʥʷ ʙʽʣʦʛʦ ʰʫʤʫ, 

ʜʞʝʨʝʣʦʤ ʷʢʦʛʦ ʻ ʝʨʙʽʻʚʽ ʚʦʣʦʢʦʥʥʽ ʧʽʜʩʠʣʶʚʘʯʽ. ʈʽʚʝʥʴ RIN ʜʣʷ ʜʨʦʙʦʚʦʛʦ ʰʫʤʫ 

ʧʨʠ ʩʪʨʫʤʽ 100 ʤɸ ʩʪʘʥʦʚʠʪʴ 175 ʜɹʥ/ɻʮ, ʱʦ ʜʦʙʨʝ ʧʦʤʽʪʥʦ ʥʘ ʨʠʩ. 3.30. 

ʅʠʞʥʴʦʶ ʤʝʞʝʶ ʰʫʤʦʚʦʾ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʠʤʝʪʨʠʯʥʦʾ ʣʽʥʽʾ ʻ ʤʝʞʘ ʟʘ ʜʨʦʙʦʚʠʤ 

ʰʫʤʦʤ. ʇʝʨʝʚʠʱʝʥʥʷ ʥʘʜ ʨʽʚʥʝʤ ʜʨʦʙʦʚʦʛʦ ʰʫʤʫ ʚ ʩʠʤʝʪʨʠʯʥʦʾ ʢʦʥʬʽʛʫʨʘʮʽʾ 

ʚʠʟʥʘʯʘʻʪʴʩʷ ʝʣʝʢʪʨʠʯʥʠʤʠ ʰʫʤʘʤʠ ʥʘ ʚʭʦʜʽ ʤʦʜʫʣʷʪʦʨʫ, ʷʢʽ ʥʝ ʻ ʩʠʥʬʘʟʥʠʤʠ 

ʰʫʤʘʤʠ ʽ, ʦʪʞʝ, ʥʝ ʤʦʞʫʪʴ ʙʫʪʠ ʧʨʠʜʫʰʝʥʽ ʟʘ ʜʦʧʦʤʦʛʦʶ ʙʘʣʘʥʩʥʦʛʦ 

ʜʝʪʝʢʪʫʚʘʥʥʷ. ʊʘʢʠʤ ʯʠʥʦʤ, ʥʝʩʠʤʝʪʨʠʯʥʘ ʽ ʩʠʤʝʪʨʠʯʥʘ ʣʽʥʽʾ ʧʝʨʝʜʘʯʽ 

ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʦʜʥʘʢʦʚʠʤʠ ʧʦʢʘʟʥʠʢʘʤʠ, ʘʣʝ ʯʣʝʥʠ, ʱʦ ʚʭʦʜʷʪʴ ʜʦ ʩʢʣʘʜʫ 
outN

, ʤʦʞʫʪʴ ʚʽʜʨʽʟʥʷʪʠʩʷ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʘʨʭʽʪʝʢʪʫʨʠ ʩʠʩʪʝʤ. 

ʌʘʢʪʦʨ ʰʫʤʫ ʜʣʷ ʣʽʥʽʾ ʟ ʄɯɺʇɼ ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʟʽ ʩʪʘʥʜʘʨʪʥʦʛʦ 

ʚʠʟʥʘʯʝʥʥʷ [30]: 
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=  .    (3.54)  

ʜʝ
ʚʠʭN  ʦʙʠʨʘʻʪʴʩʷ ʟ (3.52) ʽ ʨʽʚʥʷʥʥʷ (3.37) ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʦʩʷ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ 

ʢʦʝʬʽʮʽʻʥʪʘ ʧʽʜʩʠʣʝʥʥʷ. ʈʽʚʥʷʥʥʷ (3.54) ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ ʫ ʣʦʛʘʨʠʬʤʽʯʥʽʡ ʬʦʨʤʽ: 
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 ,           (3.55)  

ʜʝ ʧʨʠʡʥʷʪʦ
ʚʭ ʚʠʭR R= = 50 ʆʤ ̔  PDʅ  = 1/2. ɻʨʘʬʽʢʠ, ʨʦʟʨʘʭʦʚʘʥʽ ʟʘ (3.55), ʥʘʚʝʜʝʥʽ 

ʥʘ ʨʠʩ. 3.31.  

ʅʘ ʨʠʩ. 3.31,ʘ  ʧʦʜʘʥʦ ʟʥʘʯʝʥʥʷ NF ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʬʦʪʦʩʪʨʫʤʫ ʜʣʷ ʨʽʟʥʠʭ 

ʟʥʘʯʝʥʴ Vp.  
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ʙ) 

ʈʠʩ. 3.31. ʈʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʫ ʢʦʝʬʽʮʽʻʥʪʘ ʰʫʤʫ ʟʘ ʜʦʧʦʤʦʛʦʶ (3.51):  ʘ 

 ʚʧʣʠʚ Vpʧʨʠ RIN = 0; ʙ  ʚʧʣʠʚ RIN ʧʨʠ Vp = 4 ɺ 

 

ɼʣʷ ʜʝʤʦʥʩʪʨʘʮʽʾ ʟʘʛʘʣʴʥʠʭ ʪʝʥʜʝʥʮʽʡ ʫ ʣʽʥʽʾ ʟ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʤ 

ʦʙʤʝʞʝʥʥʷʤ, ʥʘ ʜʘʥʦʤʫ ʨʠʩʫʥʢʫ ʚʨʘʭʦʚʫʶʪʴʩʷ ʪʽʣʴʢʠ ʪʝʧʣʦʚʠʡ ʽ ʜʨʦʙʦʚʠʡ ʰʫʤʠ 

(RIN = 0). ɺʠʭʽʜʥʠʡ ʪʝʧʣʦʚʠʡ ʰʫʤ ʙʫʜʝ ʦʙʤʝʞʫʚʘʪʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʫ ʪʽʣʴʢʠ ʧʨʠ 

ʥʠʟʴʢʠʭ ʟʥʘʯʝʥʥʷʭ ʨʘʜʽʦʯʘʩʪʦʪʥʦʛʦ ʢʦʝʬʽʮʽʻʥʪʫ ʧʽʜʩʠʣʝʥʥʷ; ʥʘʭʠʣ ʢʨʠʚʦʾ ʥʘ ʨʠʩ. 

3.30,ʘ ʜʣʷ ʮʽʻʾ ʤʝʞʽ m= 2. ʋ ʤʝʞʽ ʟʘ ʜʨʦʙʦʚʠʤ ʰʫʤʦʤ m= 1. 

ʗʢʱʦ ɺʏ-ʧʽʜʩʠʣʝʥʥʷ ʜʦʩʠʪʴ ʜʣʷ ʜʦʩʷʛʥʝʥʥʷ ʤʝʞʽ ʟʘ ʚʭʽʜʥʠʤ ʪʝʧʣʦʚʠʤ 

ʰʫʤʦʤ, ʪʦ m= 0 ʽ NF 0­ ʜɹ. ʄʝʞʘNF 0­  ʜɹ ʟʫʤʦʚʣʝʥʘ ʦʟʥʘʯʝʥʥʷʤ ʢʦʝʬʽʮʽʻʥʪʫ 

ʰʫʤʫ ʽ ʚʠʨʘʟʦʤ ʜʣʷ ʚʭʽʜʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʰʫʤʫ ʚ (3.54). ɯʥʰʽ ʜʞʝʨʝʣʘ ʪʝʧʣʦʚʦʛʦ 
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ʰʫʤʫ ʤʦʞʫʪʴ ʦʙʤʝʞʠʪʠ ʤʽʥʽʤʘʣʴʥʝ ʟʥʘʯʝʥʥʷ NF ʜʦ ʚʝʣʠʯʠʥʠ ʙʽʣʴʰʦʾ ʥʽʞ 0 ʜɹ. 

ʅʘ ʨʠʩ. 3.31,ʙ ʧʦʜʘʥʽ ʢʨʠʚʽ ʧʨʠ ʬʽʢʩʦʚʘʥʦʤʫ Vp = 4 ɺ ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ RIN. 

ʗʢ ʚʠʜʥʦ, ʚ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʥʘʚʽʪʴ ʚʽʜʥʦʩʥʦ ʥʝʚʠʩʦʢʠʡ RIN ʤʦʞʝ ʟʥʘʯʥʦ ʧʦʛʽʨʰʽʪʠ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʝ ʟʥʘʯʝʥʥʷ NF, ʦʩʦʙʣʠʚʦ ʧʨʠ ʚʝʣʠʢʠʭ ʬʦʪʦʩʪʨʫʤʘʭ.  

ʇʘʨʘʤʝʪʨ çʚʽʜʥʦʰʝʥʥʷ ʩʠʛʥʘʣʫ ʜʦ ʰʫʤʫè (ʘʙʦ ʩʠʛʥʘʣ/ʰʫʤ) ʚʠʟʥʘʯʘʻʪʴʩʷ ʥʘ 

ʚʠʭʦʜʽ ɺʏ ʚʫʟʣʘ ʘʙʦ ʩʠʩʪʝʤʠ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ: 

                                            ʚʠʭ
ʚʠʭ

ʚʠʭ

SNR
P

N B
= ,                                          (3.56) 

ʜʝ ɺ - h ʠʨʠʥʘ ʩʤʫʛʠ ʩʠʛʥʘʣʫ, ʱʦ ʦʜʝʨʞʘʥʘ ʧʽʩʣʷ ʧʝʨʝʪʚʦʨʝʥʥʷ ʦʧʪʠʯʥʦʛʦ ʩʠʛʥʘʣʫ 

ʚ ʝʣʝʢʪʨʠʯʥʠʡ ʚ PD. 

ʇʽʜʩʪʘʥʦʚʢʘ (3.53) ʚ (3.56) ʜʘʻ ʟʘʛʘʣʴʥʠʡ  ʚʠʨʘʟ ʜʣʷ SNR. ɺʠʢʦʨʠʩʪʘʥʥʷ 

ʨʽʚʥʷʥʥʷ (3.27)  ʜʘʻ ʟʘʛʘʣʴʥʠʡ ʚʠʨʘʟ ʜʣʷ SNR, ʨʽʚʥʷʥʥʷ (3.28)  ʣʽʥʽʡʥʠʡ. 

ʄʘʢʩʠʤʘʣʴʥʝ ʟʥʘʯʝʥʥʷ SNR ʚʠʟʥʘʯʘʻʪʴʩʷ ʰʣʷʭʦʤ ʧʽʜʩʪʘʥʦʚʢʠ (3.31),  1-ʜɹ 

ʢʦʤʧʨʝʩʽʷ ʟʥʘʭʦʜʠʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ (3.35). 

ɼʠʥʘʤʽʯʥʠʡ ʜʽʘʧʘʟʦʥ ʜʣʷ ʣʽʥʽʾ ʟ ʄɯɺʇɼ ʻ ʜʫʞʝ ʚʘʞʣʠʚʠʤ ʧʦʢʘʟʥʠʢʦʤ ʫ 

ʙʘʛʘʪʴʦʭ ʘʥʘʣʦʛʦʚʠʭ ʟʘʩʪʦʩʫʚʘʥʥʷʭ. ʇʘʨʘʤʝʪʨ çʜʠʥʘʤʽʯʥʠʡ ʜʽʘʧʘʟʦʥ ʟʘ 

ʢʦʤʧʨʝʩʽʻʶ ʧʽʜʩʠʣʝʥʥʷè (ʘʥʛʣ. compression dynamic range, CDR) ʚʠʟʥʘʯʘʻʪʴʩʷ ʟʘ 

ʬʦʨʤʫʣʦʶ [30]: 

10

ʜɹ

ʜɹ

ʚʠʭ

10
CDR

x

x

x

P

N B
=   ,  (3.57) 

ʜʝ ʜɹxP  - ʚʠʭʽʜʥʘ ʧʦʪʫʞʥʽʩʪʴ ʧʨʠ ʢʦʤʧʨʝʩʽʾ x ʜɹ.  

ʇʘʨʘʤʝʪʨ çʜʠʥʘʤʽʯʥʠʡ ʜʽʘʧʘʟʦʥ ʟʘ ʟʘʚʘʜʘʤʠè (ʘʥʛʣ. spurious-free dynamic 

range, SFDR) ʚʠʟʥʘʯʘʻʪʴʩʷ ʟʘ ʬʦʨʤʫʣʦʶ [30]: 

( 1)/

ʚʠʭ

OIP
SFDR

n n

n

n

N B

-

å õ
=æ ö
ç ÷

.    (3.58) 

ʗʢ ʧʨʘʚʠʣʦ, CDR ʚʠʟʥʘʯʘʻʪʴʩʷ ʧʽʜʩʪʘʥʦʚʢʦʶ (3.35) ʚ ʚʠʟʥʘʯʝʥʥʷ 1-ʜɹ CDR 

ʽ ʨʦʟʨʘʭʫʥʦʢ ʯʠʩʣʦʚʠʭ ʧʦʩʪʽʡʥʠʭ ʜʘʻ ʜʣʷ 1-ʜɹ CDR ʣʽʥʽʾ ʟ ʄɯɺʇɼ: 
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22

ʟʤ ʚʠʭ PD

1ʜɹ

ʚʠʭ

(0,4516)
CDR

I R H

N B
=  ,                             (3.59) 

ʜʝ 
ʚʠʭN  ʚʠʟʥʘʯʘʻʪʴʩʷ ʟ (3.53).  

ɿ ʫʨʘʭʫʚʘʥʥʷʤ 
ʚʠʭR  = 50 ʆʤ, 

PDH =1/2  ʽ  B= 1 ɻʮ   ʚʠʨʘʟ (3.59) ʤʦʞʝ ʙʫʪʠ 

ʧʝʨʝʪʚʦʨʝʥʦ ʚ ʣʦʛʘʨʠʬʤʽʯʥʫ ʬʦʨʤʫ:  

[ ] [ ] [ ]1ʜɹ ʟʤ ʚʠʭCDR ʜɹ ɻʮ 22,5 20log( ʤɸ ʜɹʤ/ɻʮI NÖ =- + -
.
 

ɻʨʘʬʽʢʠ ʥʘ ʦʩʥʦʚʽ (3.58) ʧʦʜʘʥʽ ʥʘ ʨʠʩ. 3.32. ʅʘ ʨʠʩ. 3.32,ʘ ʧʦʢʘʟʘʥʽ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʦ ʦʙʤʝʞʝʥʽ ʟʥʘʯʝʥʥʷ 
1ʜɹCDR

 
ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ 

ʜʣʷ ʨʽʟʥʠʭ ʟʥʘʯʝʥʴ Vp. ɺʝʣʠʯʠʥʘ 1ʜɹCDR
 
ʟʙʽʣʴʰʫʻʪʴʩʷ ʟ 

ʟʤI  
 
ʽ ʥʝ ʟʘʣʝʞʠʪʴ ʚʽʜ ὠ 

ʜʦʪʠ, ʜʦʢʠ ʚʭʽʜʥʠʡ ʪʝʧʣʦʚʦʾ ʰʫʤ ʥʝ ʧʦʯʠʥʘʻ ʨʦʙʠʪʠ ʧʦʤʽʪʥʠʡ ʚʥʝʩʦʢ. ʗʢ 

ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 3.32,ʘ, ʟʥʘʯʝʥʥʷ Vp ʚʠʟʥʘʯʘʻ ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʩʷʞʥʫ ʚʝʣʠʯʠʥʫ 

1ʜɹCDR , ʷʢʫ ʦʜʝʨʞʫʶʪʴ ʧʨʠ ʤʝʥʰʦʤʫ ʟʤI   ̔  ʥʠʟʴʢʦʤʫ ʟʥʘʯʝʥʥʽ Vp.  

ʄʘʢʩʠʤʘʣʴʥʝ ʟʥʘʯʝʥʥʷ 
1ʜɹCDR

 
ʤʘʻ ʤʝʞʫ ʟʘ ʚʭʽʜʥʠʤ ʪʝʧʣʦʚʠʤ ʰʫʤʦʤ. ʗʢʱʦ 

ʧʝʨʝʚʘʞʥʠʤ ʜʞʝʨʝʣʦʤ ʚʠʭʽʜʥʦʛʦ ʰʫʤʫ ʻ ʪʝʧʣʦʚʠʡ ʰʫʤ ʥʘ ʚʭʦʜʽ ʣʽʥʽʾ, ʪʦ 

ʜʠʥʘʤʽʯʥʠʡ ʜʽʘʧʘʟʦʥ ʩʪʘʻ ʦʙʤʝʞʝʥʠʤ. ʎʝ ʧʦʷʩʥʶʻʪʴʩʷ ʪʠʤ, ʱʦ ʥʠʞʥʷ ʤʝʞʘ ʰʫʤʫ 

ʽ ʚʠʭʽʜʥʘ ʧʦʪʫʞʥʽʩʪʴ ʟʘ ʨʽʚʥʝʤ ʢʦʤʧʨʝʩʽʾ 1 ʜɹ ʧʨʦʧʦʨʮʽʡʥʽ 
ʟʤ

2I . ʎʶ ʤʝʞʫ ʤʦʞʥʘ 

ʚʠʨʘʟʠʪʠ ʤʘʪʝʤʘʪʠʯʥʦ. ɼʣʷ ʮʴʦʛʦ ʥʝʦʙʭʽʜʥʘ ʧʽʜʩʪʘʥʦʚʢʘ ʚ (3.56) ʧʝʨʰʦʛʦ ʯʣʝʥʘ 

(3.52), ʷʢʠʡ ʷʚʣʷʻ ʩʦʙʦʶ ʩʧʝʢʪʨʘʣʴʥʫ ʱʽʣʴʥʽʩʪʴ ʚʠʭʽʜʥʦʛʦ ʰʫʤʫ, ʱʦ ʚʠʥʠʢʘʻ 

ʯʝʨʝʟ ʥʘʷʚʥʽʩʪʴ ʚʭʽʜʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʰʫʤʫ: 

                                           

2

ˊ
1ʜɹ,max2

ʚʭ B s

(0,4516)
CDR =

V

R k T Bp
 .                               (3.60) 
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ʘ) 

 

ʙ) 

ʈʠʩ. 3.32. ʌʫʥʜʘʤʝʥʪʘʣʴʥʦ ʦʙʤʝʞʝʥʽ ʟʥʘʯʝʥʥʷ 
1ʜɹCDR : ʘ) ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ 

ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ ʜʣʷ ʨʽʟʥʠʭ ʟʥʘʯʝʥʴ Vp. ʙ) ʚʧʣʠʚ RIN ʥʘ 
1ʜɹCDR  ʜʣʷ 

ʬʽʢʩʦʚʘʥʦʛʦ Vp= 4 ɺ  

 

ʗʢ ʙʫʣʦ ʦʧʠʩʘʥʦ ʨʘʥʽʰʝ, NF ʦʧʪʠʤʽʟʫʻʪʴʩʷ ʰʣʷʭʦʤ ʤʽʥʽʤʽʟʘʮʽʾ Vp, ʪʘʢ ʱʦ 

ʚʠʙʽʨ ʤʽʞ ʜʠʥʘʤʽʯʥʠʤ ʜʽʘʧʘʟʦʥʦʤ ʽ NF ʷʚʣʷʻ ʚʘʞʣʠʚʝ ʢʦʤʧʨʦʤʽʩʥʝ ʨʽʰʝʥʥʷ. 

ʈʽʚʝʥʴ RIN ʤʦʞʝ ʪʘʢʦʞ ʚʧʣʠʥʫʪʠ ʥʘ ʚʣʘʩʥʠʡ 
1ʜɹCDR

 
ʚ ʣʽʥʽʾ ʟ ʄɯɺʇɼ. ɼʣʷ ʙʘʛʘʪʴʦʭ 

ʟʘʩʪʦʩʫʚʘʥʴ ʙʽʣʴʰ ʚʘʞʣʠʚʠʤ ʧʦʢʘʟʥʠʢʦʤ ʻ SFDR, ʷʢʠʡ, ʷʢ ʧʨʘʚʠʣʦ, ʤʝʥʰʝ 
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1ʜɹCDR .. ɼʘʥʠʡ ʧʘʨʘʤʝʪʨ ʫ ʚʠʧʘʜʢʫ ʽʜʝʘʣʴʥʦʾ ʣʽʥʽʾ ʟ ʄɯɺʇɼ ʦʙʤʝʞʝʥʠʡ ʟʘ OIP 

ʪʨʝʪʴʦʛʦ ʧʦʨʷʜʢʫ ʽ ʦʪʨʠʤʘʥʠʡ ʚ [30]: 

                                               

ʟʤ

2 3
22

ʚʠʭ PD

3

ʚʠʭ

4
SFDR =

I R H

N B

å õ
æ ö
æ ö
ç ÷

,   (3.61) 

ʜʝ 
ʚʠʭN

 
ʜʘʻʪʴʩʷ ʚ (3.53).  

ʂʦʨʠʩʥʫ ʜʣʷ ʧʨʘʢʪʠʢʠ ʣʦʛʘʨʠʬʤʽʯʥʫ ʚʝʨʩʽʶ ʮʴʦʛʦ ʚʠʨʘʟʫ ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ ʫ 

ʚʠʛʣʷʜʽ 

         [ ]( ) [ ]2 3

3 ʟʤ ʚʠʭ

40 2
SFDR ʜɹ×ɻʮ =-8,7 + log ʤɸ ʜɹʤ ɻʮ

3 3
I Nè ø -ê ú  , (3.62) 

ʜʝ ʚʠʢʦʨʠʩʪʘʥʽ ʟʥʘʯʝʥʥʷ ʚʠʭR  = 50 ʆʤ,
 PDH  = 1/2 ʽ B= 1 ɻʮ. 

ɻʨʘʬʽʢʠ ʨʦʟʨʘʭʦʚʘʥʽ ʟʘ (3.62) ʧʦʜʘʥʽ ʥʘ ʨʠʩ. 3.33. ʅʘ ʨʠʩ. 3.33,ʘ ʧʦʜʘʥʦ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʦ ʦʙʤʝʞʝʥʽ ʟʥʘʯʝʥʥʷ SFDR ʚ ʬʫʥʢʮʽʾ ʚʽʜ ʟʤI  ʜʣʷ ʯʦʪʠʨʴʦʭ ʟʥʘʯʝʥʴ 

Vp.  ɺʝʣʠʯʠʥʘ SFDR ʪʘʢ ʩʘʤʦ, ʷʢ1ʜɹCDR , ʟʙʽʣʴʰʫʻʪʴʩʷ ʟ ʟʤI  ʽ ʥʝ ʟʘʣʝʞʠʪʴ ʚʽʜ Vp

,
 
ʜʦʢʠ ʚʭʽʜʥʠʡ ʪʝʧʣʦʚʠʡ ʰʫʤ ʥʝ ʧʦʯʠʥʘʻ ʩʪʚʦʨʶʚʘʪʠ ʯʠʤʘʣʠʡ ʚʥʝʩʦʢ. ʗʢʱʦ SFDR 

ʦʙʤʝʞʫʻʪʴʩʷ ʚʠʭʽʜʥʠʤ ʪʝʧʣʦʚʠʤ ʰʫʤʦʤ, ʪʦ ʥʘʭʠʣ ʛʨʘʬʽʢʽʚ ʥʘ ʨʠʩ. 3.33,a  

ʚʽʜʧʦʚʽʜʘʻ 
4 3

ʟʤm I= . ʋ ʨʘʟʽ ʜʦʩʷʛʥʝʥʥʷ ʤʝʞʽ ʟʘ ʜʨʦʙʦʚʠʤ ʰʫʤʦʤ ʥʘʭʠʣ ʚʽʜʧʦʚʽʜʘʻ 

2 3

ʟʤm I= . ʗʢ 
 
ʽ ʧʨʠ ʘʥʘʣʽʟʽ CDR, ʚʝʣʠʯʠʥʘ SFDR ʩʪʘʻ ʥʝʟʘʣʝʞʥʦʶ ʚʽʜ ʟʤI , ʢʦʣʠ 

ʜʦʤʽʥʫʻ ʚʭʽʜʥʠʡ ʪʝʧʣʦʚʠʡ ʰʫʤ. ɺʠʨʘʟ ʜʣʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ SFDR ʟʥʘʭʦʜʠʪʴʩʷ 

ʰʣʷʭʦʤ ʧʽʜʩʪʘʥʦʚʢʠ ʚ (3.53) ʧʝʨʰʦʛʦ ʯʣʝʥʘ ʟ (3.61): 

                

2 3
2

ˊ
max 2

ʚʭ B s

4
SFDR =

ˊ

V

R k T B

å õ
æ ö
ç ÷

 .                          (3.63) 
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a) 

                       

   ʙ)                           

ʈʠʩ. 3.33. ʈʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʫ ʟʘ ʚʠʨʘʟʦʤ (3.62) ʜʠʥʘʤʽʯʥʦʛʦ ʜʽʘʧʘʟʦʥʫ 

ʟʘ ʟʘʚʘʜʘʤʠ ʧʨʠʚʭR = 50 ʆʤ: 

 ʘ) ï ʚʧʣʠʚ Vp ʧʨʠ RIN = 0,   ʙ) - ʚʧʣʠʚ RIN ʧʨʠ Vp= 4ɺ 

 

ʗʢ ʚʠʧʣʠʚʘʻ ʟ (3.61)  (3.63), ʚ ʽʜʝʘʣʴʥʽʡ ʣʽʥʽʾ ʟ ʄɯɺʇɼ, ʟʤʽʱʝʥʽʡ ʪʦʯʥʦ ʚ 

ʢʚʘʜʨʘʪʫʨʽ, SFDR ʙʫʜʝ ʦʙʤʝʞʝʥʠʡ ɯʄʉ ʪʨʝʪʴʦʛʦ ʧʦʨʷʜʢʫ. ʇʨʦʪʝ, ʷʢ ʚʠʜʥʦ ʟ 

(3.51), ʩʧʦʪʚʦʨʝʥʥʷ ʜʨʫʛʦʛʦ ʧʦʨʷʜʢʫ ʤʦʞʫʪʴ ʙʫʪʠ ʧʨʦʙʣʝʤʦʶ ʜʣʷ ʣʽʥʽʾ ʟʽ 

ʟʤʽʱʝʥʥʷʤ, ʱʦ ʚʽʜʨʽʟʥʷʻʪʴʩʷ ʚʽʜ ʢʚʘʜʨʘʪʫʨʥʦʾ ʪʦʯʢʠ.
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ɼʣʷ ʪʦʛʦ, ʱʦʙ ʦʪʨʠʤʘʪʠ ʚʠʨʘʟ ʜʣʷ SFDR ʜʨʫʛʦʛʦ ʧʦʨʷʜʢʫ ʚ ʣʽʥʽʾ ʟ ʄɯɺʇɼ ʚ 

ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʬʘʟʠ ʧʦʩʪʽʡʥʦʛʦ ʟʤʽʱʝʥʥʷ, ʨʽʚʥʷʥʥʷ (3.51) ʧʽʜʩʪʘʚʣʷʻʤʦ ʚ (3.58): 

          

( )
( )

( ) ( )

1 2
22

ʚʠʭ PDʟʤ

2 ʟʤ ʟʤ,q

ʚʠʭ ʟʤʟʤ

2sin
SFDR =

cos

R H
I

N B

j
j

jj

å õ
æ ö
æ ö
ç ÷

.              (3.64) 

ɼʣʷ ʢʽʣʴʢʽʩʥʦʾ ʦʮʽʥʢʠ ʚ (3.64) ʧʦʪʨʽʙʥʦ ʧʽʜʩʪʘʚʠʪʠ ʚʠʨʘʟ ʜʣʷ ( )ʚʠʭ ʟʤN j . ʗʢ 

ʚʽʜʧʨʘʚʥʫ ʪʦʯʢʫ ʧʨʠ ʮʴʦʤʫ ʤʦʞʥʘ ʚʠʢʦʨʠʩʪʘʪʠ (3.53), ʜʝ 
ʚʠʭN

 
ʚʠʟʥʘʯʘʻʪʴʩʷ ʧʨʠ 

ʢʚʘʜʨʘʪʫʨʥʦʤʫ ʟʤʽʱʝʥʥʽ. ɿ ʯʦʪʠʨʴʦʭ ʜʦʜʘʥʢʽʚ ʚ (3.53) ʪʽʣʴʢʠ ʦʜʠʥ  B sk T , 

ʚʥʘʩʣʽʜʦʢ ʚʠʭʽʜʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʰʫʤʫ ʥʝ ʟʘʣʝʞʠʪʴ ʚʽʜ ʟʤj . ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ 

(3.44), ʤʦʞʥʘ ʧʦʢʘʟʘʪʠ, ʱʦ ʧʝʨʰʠʡ ʜʦʜʘʥʦʢ ʚ (3.53), ʷʢʠʡ ʚʨʘʭʦʚʫʻ ʚʭʽʜʥʠʡ 

ʪʝʧʣʦʚʠʡ ʰʫʤ, ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ ʫ ʚʠʛʣʷʜʽ ʬʫʥʢʮʽʾ ʚʽʜ ʟʤj , ʟʨʦʙʠʚʰʠ ʟʘʤʽʥʫ 

ʟʤ ʟʤ,qI I=  ʽ ʧʦʤʥʦʞʠʚʰʠ ʥʘ ( )2

ʟʤsin j . ʊʨʝʪʽʡ ʽ ʯʝʪʚʝʨʪʠʡ ʯʣʝʥʠ ʚ (3.53) ʻ 

ʚʠʨʘʟʘʤʠ ʜʣʷ ʚʠʭʽʜʥʦʛʦ ʜʨʦʙʦʚʦʛʦ ʰʫʤʫ ʽ ʰʫʤʫ, ʱʦ ʧʦʚ'ʷʟʘʥʠʡ ʽʟ RIN, ʚʽʜʧʦʚʽʜʥʦ. 

ʈʽʚʝʥʴ ʮʠʭ ʜʚʦʭ ʜʦʜʘʥʢʽʚ ʟʘʣʝʞʠʪʴ ʚʽʜ ʩʝʨʝʜʥʴʦʛʦ ʬʦʪʦʩʪʨʫʤʫ, ʷʢʠʡ ʚʠʟʥʘʯʘʻʪʴʩʷ 

ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ 
ʟʤj  
ʟʘ (3.43) ʚ ʤʘʣʦʩʠʛʥʘʣʴʥʦʤʫ ʥʘʙʣʠʞʝʥʥʽ ʜʣʷ ʬʫʥʢʮʽʾ ɹʝʩʩʝʣʷ. 

ɺ ʨʝʟʫʣʴʪʘʪʽ 
ʚʠʭN  ʷʢ ʬʫʥʢʮʽʷ ʚʽʜ 

ʟʤj  ʟʘʧʠʩʫʻʪʴʩʷ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ: 

  

( ) ( )

( )

( ) ( )

2
22 2ʟʤ

ʚʠʭ ʟʤ ʟʤ ʚʭ ʚʠʭ PD B s2

ˊ

2

ʟʤ,q ʚʠʭ PD ʟʤ

22 2

ʟʤ,q ʚʠʭ PD ʟʤ ʟʤ

sin ˊ 1  

+ 2 1 cos

+RIN 1 2cos cos

I
N R R H k T

V

qI R H

I R H

j j

j

j j

è ø
= +é ù
ê ú

-è øê ú

è øÖ - +ê ú

.  (3.65) 

ɺ (3.65) ʟʨʦʙʣʝʥʦ ʧʨʠʧʫʱʝʥʥʷ, ʱʦ ʨʽʚʝʥʴ RIN ʩʘʤ ʧʦ ʩʦʙʽ ʥʝ ʻ ʬʫʥʢʮʽʻʶ ʚʽʜ 

ʟʤj . ʎʝ ʧʨʠʧʫʱʝʥʥʷ ʚʽʨʥʝ ʜʣʷ ʜʞʝʨʝʣʘ RIN, ʚʢʣʶʯʝʥʦʛʦ ʜʦ ʄʄʎ, ʥʘʧʨʠʢʣʘʜ RIN 

ʣʘʟʝʨʘ ʘʙʦ ʦʧʪʠʯʥʦʛʦ ʧʦʧʝʨʝʜʥʴʦʛʦ ʧʽʜʩʠʣʶʚʘʯʘ. ʇʨʦʪʝ ʦʧʪʠʯʥʝ ʧʽʜʩʠʣʝʥʥʷ ʧʽʩʣʷ 

ʄʄʎ ʙʫʜʝ ʩʪʚʦʨʶʚʘʪʠ RIN, ʨʽʚʝʥʴ ʷʢʦʛʦ ʻ ʬʫʥʢʮʽʻʶ ʚʭʽʜʥʦʾ ʧʦʪʫʞʥʦʩʪʽ, ʽ ʚ 

ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʚ (3.65) ʧʦʪʨʽʙʥʦ ʙʫʜʝ ʚʢʣʶʯʠʪʠ RIN(ʟʤj ). 
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ɻʨʘʥʠʯʥʝ ʟʥʘʯʝʥʥʷ SFDR ʚ ʬʫʥʢʮʽʾ ʚʽʜ 
ʟʤj  ʷʚʣʷʻ ʩʦʙʦʶ ʜʫʞʝ ʚʘʞʣʠʚʫ 

ʩʠʩʪʝʤʥʫ ʭʘʨʘʢʪʝʨʠʩʪʠʢʫ. ʑʦʙ ʦʪʨʠʤʘʪʠ ʡʦʛʦ, ʧʦʪʨʽʙʥʦ ʧʦʨʽʚʥʷʪʠ ʟʥʘʯʝʥʥʷ 

SFDR2( ʟʤj ) ʽ SFDR3( ʟʤj ) ʽ ʚʟʷʪʠ ʤʝʥʰʝ ʟ ʥʠʭ. ɺʝʣʠʯʠʥʘ SFDR2( ʟʤj ) 

ʨʦʟʨʘʭʦʚʫʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ (3.64) ʽ (3.65). ʅʝʦʙʭʽʜʥʝ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ SFDR3 

ʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʘ OIP3(
ʟʤj ) ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʟ (3.44) ʫ ʚʠʛʣʷʜʽ 

                     ʟʤ,q

22 2

ʟʤ ʟʤ ʚʠʭ PDOIP3( ) 4sin ( )I R Hjj j=
 .   

 (3.66) 

ɻʨʘʥʠʯʥʠʡ SFDR ʚʠʟʥʘʯʘʻʪʴʩʷ ʙʘʛʘʪʴʤʘ ʧʘʨʘʤʝʪʨʘʤʠ. ʅʘ ʨʠʩ. 3.33 ʧʦʜʘʥʦ 

ʛʨʘʬʽʢʠ SFDR(
ʟʤj ) ʟʘ ʨʽʟʥʠʭ ʫʤʦʚ. ɻʨʘʥʠʯʥʠʡ SFDR(ʟʤj ) ʤʦʞʥʘ ʚʠʟʥʘʯʠʪʠ 

ʰʣʷʭʦʤ ʨʦʟʨʘʭʫʥʢʫ ʟʘ ʜʦʧʦʤʦʛʦʶ ʚʠʱʝʥʘʚʝʜʝʥʠʭ ʚʠʨʘʟʽʚ   SFDR2( ʟʤj ) ʽ SFDR3(

ʟʤj ), ʧʨʠʡʤʘʶʯʠ ʚ ʷʢʦʩʪʽ SFDR ʤʝʥʰʠʡ ʟ ʥʠʭ ʧʨʠ ʢʦʞʥʦʤʫ ʟʥʘʯʝʥʥʽ ʟʤj . ɼʣʷ ʚʩʽʭ 

ʢʨʠʚʠʭ ʥʘ ʨʠʩ. 3.34 ʟʤ,qI  = 10 ʤɸ, ˊV  = 10 ɺ, ʚʭ ʚʠʭR R= = 50 ʆʤ,
 PDH  = 1/2 ʽ 

ʟʤ ˊ 2j =
 

ʚ ʢʚʘʜʨʘʪʫʨʥʽʡ ʪʦʯʮʽ. ʅa ʨʠʩ. 3.34,ʘ ʧʦʜʘʥʽ ʛʨʘʬʽʢʠ SFDR(
ʟʤj ) ʧʨʠ RIN = 250 

ʜɹʥ/ɻʮ (ʤʘʣʠʡ, ʷʢʠʤ ʤʦʞʥʘ ʟʥʝʭʪʫʚʘʪʠ) ʽ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʩʤʫʛʠ ɺ. ɺ ʦʢʦʣʽ 

ʢʚʘʜʨʘʪʫʨʥʦʾ ʪʦʯʢʠ ʢʨʠʚʽ ʩʪʘʶʪʴ ʧʣʦʩʢʠʤʠ ʽ ʦʙʤʝʞʝʥʽ ʚʝʣʠʯʠʥʦʶ SFDR3 ʚ ʮʴʦʤʫ 

ʽʥʪʝʨʚʘʣʽ. ɺ ʮʠʭ ʦʙʣʘʩʪʷʭ ʽʩʥʫʻ ʥʝʚʝʣʠʢʠʡ ʥʘʭʠʣ, ʚʠʟʥʘʯʝʥʠʡ ʬʦʨʤʦʶ SFDR3( ʟʤj

). ɿʘʛʘʣʴʥʘ ʪʝʥʜʝʥʮʽʷ ʧʦʣʷʛʘʻ ʚ ʩʢʦʨʦʯʝʥʥʽ ʦʙʣʘʩʪʽ, ʱʦ ʦʙʤʝʞʝʥʘ SFDR3, ʚ ʤʽʨʫ 

ʟʤʝʥʰʝʥʥʷ ɺ. ʆʙʣʘʩʪʽ ʥʘ ʨʠʩ. 3.34,ʘ ʟ ʚʝʣʠʢʠʤ ʚʠʛʠʥʦʤ ʚʠʟʥʘʯʘʶʪʴʩʷ 

ʦʙʤʝʞʝʥʥʷʤ ʧʦ SFDR2. ʗʢ ʧʦʢʘʟʘʥʦ, ʚ ʜʘʥʦʤʫ ʚʠʧʘʜʢʫ ʥʘʚʽʪʴ ʥʝʚʝʣʠʢʝ 

ʚʽʜʭʠʣʝʥʥʷ ʚʽʜ ʢʚʘʜʨʘʪʫʨʠ ʤʦʞʝ ʟʥʘʯʥʦ ʧʦʛʽʨʰʠʪʠ ʚʣʘʩʥʠʡ SFDR3. ʅʘ ʨʠʩ. 3.34,ʙ 

ʥʘʚʝʜʝʥʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ SFDR(
ʟʤj ) ʜʣʷ ʨʽʟʥʠʭ ʟʥʘʯʝʥʴ RIN ʧʨʠ ɺ= 1 ɻʮ. 

ɿʦʢʨʝʤʘ, ʚʠʤʦʛʠ ʜʦ ʪʦʯʥʦʩʪʽ ʟʤʽʱʝʥʥʷ ʜʣʷ ʟʙʝʨʝʞʝʥʥʷ ʦʙʤʝʞʝʥʥʷ SFDR(
ʟʤj ) 

ʟʥʘʯʝʥʥʷʤ SFDR3 ʧʦʩʣʘʙʣʶʶʪʴʩʷ ʚ ʤʽʨʫ ʟʙʽʣʴʰʝʥʥʷ ʨʽʚʥʷ RIN. ɸʥʘʣʦʛʽʯʥʦ 

ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ɺ ʪʘʢʘ ʪʝʥʜʝʥʮʽʷ ʧʦʚ'ʷʟʘʥʘ ʟ ʚʽʜʤʽʥʥʦʩʪʷʤʠ ʚ ʥʘʭʠʣʘʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʧʦʪʚʦʨʝʥʴ ʜʨʫʛʦʛʦ ʽ ʪʨʝʪʴʦʛʦ ʧʦʨʷʜʢʫ ʪʘ ʨʽʚʥʝʤ ʧʦʚʥʦʾ 

ʧʦʪʫʞʥʦʩʪʽ ʚʠʭʽʜʥʦʛʦ ʰʫʤʫ. 
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a) 

 

 ʙ) 

ʈʠʩ. 3.34. ʈʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʫ ʜʠʥʘʤʽʯʥʦʛʦ ʜʽʘʧʘʟʦʥʫ ʟʘ ʟʘʚʘʜʘʤʠ ʜʣʷ ʣʽʥʽʾ ʟ 

ʄɯɺʇɼ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʧʦʭʠʙʢʠ ʟʤʽʱʝʥʥʷ ʄʄʎ ʧʨʠ ʟʤ,qI = 10 ʤɸ, ˊV  = 10 ɺ, 

ʚʭ ʚʠʭR R= = 50 ʆʤ ʽ 
PDH = 1/2; ʘ)  ʚʧʣʠʚ ʩʤʫʛʠ ʧʨʦʧʫʩʢʘʥʥʷ ʝʣʝʢʪʨʠʯʥʦʛʦ ʢʘʥʘʣʫ 

(ɺ) ʧʨʠ RIN = 0; ʙ)  ʚʧʣʠʚ ʥʘʜʣʠʰʢʦʚʦʛʦ RIN ʧʨʠ ɺ = 1 ɻʮ 
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3.5.2. ʈʽʚʥʷʥʥʷ, ʱʦ ʚʨʘʭʦʚʫʶʪʴ ʤʝʞʫ ʟʘ ʜʨʦʙʦʚʠʤ ʰʫʤʦʤ 

ɸʥʘʣʽʟ ʮʴʦʛʦ ʧʽʜʨʦʟʜʽʣʫ ʙʘʟʫʻʪʴʩʷ ʥʘ ʧʝʚʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ ʟʘ ʤʝʞʝʶ, ʱʦ 

ʚʠʟʥʘʯʝʥʘ ʜʦʤʽʥʫʚʘʥʥʷʤ ʫ ʚʠʭʽʜʥʦʤʫ ʉʑʇʐ ʜʨʦʙʦʚʦʛʦ ʰʫʤʫ. ʄʝʞʘ ʟʘ 

ʜʨʦʙʦʚʠʤ ʰʫʤʦʤ ʻ ʚʘʞʣʠʚʦʶ ʫʤʦʚʦʶ ʨʦʙʦʪʠ ʜʣʷ ʣʽʥʽʾ ʪʠʧʫ ʄɯɺʇɼ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʟʦʚʥʽʰʥʴʦʛʦ ʄʄʎ. ɺʏ-ʧʦʢʘʟʥʠʢʠ ʪʘʢʦʾ ʣʽʥʽʾ ʧʦʣʽʧʰʫʶʪʴʩʷ ʷʢ 

ʬʫʥʢʮʽʷ ʚʽʜ ʩʝʨʝʜʥʴʦʛʦ ʬʦʪʦʩʪʨʫʤʫ. ʎʝ ʧʦʣʽʧʰʝʥʥʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʚʥʘʩʣʽʜʦʢ ʪʦʛʦ, 

ʱʦ ʚʠʭʽʜʥʘ ʧʦʪʫʞʥʽʩʪʴ ʧʨʦʧʦʨʮʽʡʥʘ 
2

ʟʤ,qI , ʪʦʜʽ ʷʢ ʜʨʦʙʦʚʠʡ ʰʫʤ ʥʘ ʚʠʭʦʜʽ 

ʧʨʦʧʦʨʮʽʡʥʠʡ ʟʤ,qI . ʋʩʽ ʥʘʩʪʫʧʥʽ ʚʠʨʘʟʠ ʧʨʠʧʫʩʢʘʶʪʴ ʟʘʙʝʟʧʝʯʝʥʥʷ ʪʦʯʥʦʛʦ 

ʢʚʘʜʨʘʪʫʨʥʦʛʦ ʟʤʽʱʝʥʥʷ. ɰʭ ʤʦʞʥʘ ʟʘʩʪʦʩʦʚʫʚʘʪʠ ʜʦ ʥʝʩʠʤʝʪʨʠʯʥʦʾ ʣʽʥʽʾ (ʨʠʩ. 3.4) 

ʘʙʦ ʜʦ ʩʠʤʝʪʨʠʯʥʦʾ ʣʽʥʽʾ (ʨʠʩ. 3.5 ʽ 3.6), ʜʝ ʧʦʩʪʽʡʥʠʡ ʬʦʪʦʩʪʨʫʤ ʻ ʩʫʤʦʶ ʜʚʦʭ 

ʩʝʨʝʜʥʽʭ ʬʦʪʦʩʪʨʫʤʽʚ ʢʦʞʥʦʛʦ ʜʝʪʝʢʪʦʨʘ. ʋ ʨʷʜʽ ʚʠʧʘʜʢʽʚ ʧʨʦʝʢʪʫʚʘʥʥʷ ʽ ʘʥʘʣʽʟ 

ʣʽʥʽʾ ʧʝʨʝʜʘʯʽ ʢʨʘʱʝ ʟʜʽʡʩʥʶʚʘʪʠ ʥʘ ʙʘʟʽ ʬʦʨʤʫʣ, ʚʠʨʘʞʝʥʠʭ ʚ ʜʝʮʠʙʝʣʘʭ. ʇʨʠ 

ʮʴʦʤʫ ʜʣʷ ʣʽʥʽʡ, ʩʭʝʤʠ ʷʢʠʭ ʧʦʜʘʥʽ ʥʘ ʨʠʩ. 3.4 ʽ 3.5, ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʥʘʩʪʫʧʥʽ 

ʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ: ʚʭ ʚʠʭR R= = 50 ʆʤ,
 PDH  = 1/2 ʽ ɺ = 1 ɻʮ. 

ʉʧʝʢʪʨʘʣʴʥʫ ʱʽʣʴʥʽʩʪʴ ʧʦʪʫʞʥʦʩʪʽ ʰʫʤʫ ʟ (3.53) ʜʣʷ ʦʧʠʩʫ ʤʝʞʽ ʟʘ 

ʜʨʦʙʦʚʠʤ ʰʫʤʦʤ ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ ʫ ʚʠʛʣʷʜʽ 

                                                      

2

sh ʟʤ ʚʠʭ PD2N qI R H=   .                                 (3.67) 

ʇʽʜʩʪʘʚʣʷʶʯʠ ʚ (3.67) 
ʚʠʭR = 50 ʆʤ ʽ 

PDH = 1/2 ʽ ʧʝʨʝʪʚʦʨʶʶʯʽ ʚ 

ʣʦʛʘʨʠʬʤʽʯʥʫ ʬʦʨʤʫ, ʦʪʨʠʤʫʻʤʦ 

                               
[ ] [ ]( )sh ʟʤʜɹʤ/ɻʮ 174,0 10log ʤɸN I=- +  .         (3.68) 

ʇʽʜʩʪʘʥʦʚʢʘ ʚ (3.56) ʨʽʚʥʷʥʴ (3.27) ʽ (3.67) ʜʘʻ ʟʘʛʘʣʴʥʠʡ ʚʠʨʘʟ ʜʣʷ SNR ʚ 

ʤʝʞʽ ʟʘ ʜʨʦʙʦʚʠʤ ʰʫʤʦʤ: 

                                            
( )2

ʟʤ 1 RF

shSNR
I J

qB

j
=

 

.                         (3.69) 

ʄʘʣʦʩʠʛʥʘʣʴʥʝ SNR, ʱʦ ʦʙʤʝʞʝʥʝ ʜʨʦʙʦʚʠʤ ʰʫʤʦʤ, ʚʠʭʦʜʠʪʴ ʰʣʷʭʦʤ 

ʚʚʝʜʝʥʥʷ ʚ (3.56) ʨʽʚʥʷʥʴ (3.29) ʽ (3.67): 
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2

ʟʤ ʚʭ ʚʭ
sh,ss 2

ˊ

ˊ
SNR

2

I R P

qV B
=  .                                  (3.70) 

ʈʽʚʥʷʥʥʷ (3.70) ʤʦʞʥʘ ʥʦʨʤʫʚʘʪʠ ʜʦ ɺ=1 ɻʮ ʽ ʧʝʨʝʪʚʦʨʠʪʠ ʚ ʣʦʛʘʨʠʬʤʽʯʥʫ 

ʬʦʨʤʫ: 

[ ] [ ] [ ]( ) []( )sh,ss ʚʭ ʟʤ ˊSNR ʜɹ×ɻʮ 151,9 ʜɹʤ 10log ʤɸ 20log BP I V= + + -  , (3.71) 

ʜʝ ʧʨʠʡʥʷʪʦ 
ʚʭR = 50 ʆʤ.  

ʄʘʢʩʠʤʘʣʴʥʝ ʟʥʘʯʝʥʥʷ SNR ʚ ʤʝʞʽ ʜʨʦʙʦʚʦʛʦ ʰʫʤʫ ʦʪʨʠʤʫʶʪʴ ʧʨʠ 

ʧʽʜʩʪʘʥʦʚʮʽ (3.31) ʽ (3.68) ʚ ʨʽʚʥʷʥʥʷ (3.56) ʽ ʡʦʛʦ ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ ʫ ʚʠʛʣʷʜʽ: 

                                        

ʟʤ
sh,max

(0,3386)
SNR

I

qB
=  .                              (3.72) 

ʈʽʚʥʷʥʥʷ (3.72) ʤʦʞʥʘ ʧʝʨʝʧʠʩʘʪʠ ʫ ʚʠʛʣʷʜʽ: 

[ ] [ ]( )sh,max ʟʤSNR ʜɹ×ɻʮ 153,3 10log ʤɸI= +  .            (3.73) 

ɿʥʘʯʝʥʥʷ SNR ʧʨʠ ʢʦʤʧʨʝʩʽʾ 1 ʜɹ ʥʘ 2,8 ʜɹ ʥʠʞʯʝ ʤʘʢʩʠʤʘʣʴʥʦʛʦ SNR ʽ ʤʘʻ 

ʥʘʩʪʫʧʥʠʡ ʚʠʛʣʷʜ ʚ ʣʽʥʽʡʥʦʾ ʬʦʨʤʽ ʪʘ ʜɹ: 

ʟʤ
sh,1ʜɹ

(0,1794)
SNR

I

qB
=

 

.    (3.74) 

[ ] [ ]( )sh,1ʜɹ ʟʤSNR ʜɹ×ɻʮ 150,5 10log ʤɸI= = +
 
.         (3.75) 

ʈʽʚʥʷʥʥʷ (3.74) ʽ (3.75) ʦʪʨʠʤʘʥʽ ʧʽʜʩʪʘʥʦʚʢʦʶ (3.35) ʽ (3.67) ʚ (3.56). 

ʋ ʣʽʥʽʾ ʪʠʧʫ ʄɯɺʇɼ ʜʨʦʙʦʚʠʡ ʰʫʤ ʧʨʠ ʥʘʢʣʘʜʘʥʥʽ ʥʘ ɺʏ-ʩʠʛʥʘʣ ʙʫʜʝ ʚ 

ʨʽʚʥʽʡ ʤʽʨʽ ʚʧʣʠʚʘʪʠ ʥʘ ʦʜʥʦʩʤʫʛʦʚʽ (SSB) ʘʤʧʣʽʪʫʜʥʽ ʽ ʬʘʟʦʚʽ ʰʫʤʠ. 

ʆʜʥʦʩʤʫʛʦʚʠʡ ʘʤʧʣʽʪʫʜʥʠʡ ʘʙʦ ʬʘʟʦʚʠʡ ʰʫʤ ʤʦʞʝ ʙʫʪʠ ʧʦʚ'ʷʟʘʥʠʡ ʟ 

ʚʠʱʝʥʘʚʝʜʝʥʠʤʠ ʬʦʨʤʫʣʘʤʠ ʜʣʷ SNR ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ: 

[ ] [ ]sh shSSB Noise ʜɹ/ɻʮ SNR ʜɹ ɻʮ 3=- Ö -
 
.    (3.76) 
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ɺ (3.76) ʧʘʨʘʤʝʪʨ SSB Noisesh ʚʽʜʥʦʩʠʪʴʩʷ ʘʙʦ ʜʦ ʦʜʥʦʩʤʫʛʦʚʦʛʦ 

ʘʤʧʣʽʪʫʜʥʦʛʦ, ʘʙʦ ʜʦ ʬʘʟʦʚʦʛʦ ʰʫʤʫ ʚ ʤʝʞʽ ʜʨʦʙʦʚʦʛʦ ʰʫʤʫ, ʘ ʚʝʣʠʯʠʥʘ SNRsh 

ʤʦʞʝ ʙʫʪʠ ʟʘʜʘʥʘ ʚ (3.69) - (3.75).  

ʌʘʢʪʦʨ ʰʫʤʫ ʧʦ ɺʏ ʚ ʤʝʞʽ ʜʨʦʙʦʚʦʛʦ ʰʫʤʫ ʦʜʝʨʞʫʶʪʴ ʰʣʷʭʦʤ 

ʧʽʜʩʪʘʥʦʚʢʠ (3.67) ʚ (3.54): 

                                                      

2

ˊ
sh 2

ʟʤ ʚʭ B s

2

ˊ

qV
F

I R k T
= .    (3.77) 

ɺʠʨʘʟ (3.77) ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ ʫ ʚʠʛʣʷʜʽ 

[ ] [ ]( ) []( )sh ʟʤ ˊNF ʜɹ 22,1 10log ʤɸ 20log ɺI V= - +  .            (3.78) 

ɿ (3.77) ʚʠʧʣʠʚʘʻ, ʱʦ ʢʦʝʬʽʮʽʻʥʪ ʰʫʤʫ ʚ ʤʝʞʽ ʜʨʦʙʦʚʦʛʦ ʰʫʤʫ ʚʠʟʥʘʯʘʻʪʴʩʷ 

ʟʥʘʯʝʥʥʷʤʠ  ʟʤI
  
ʽ ́V . ɺʠʤʽʨʷʥʽ ʟʥʘʯʝʥʥʷ ˊV  

ʜʣʷ ʄʄʎ ʚ ʬʫʥʢʮʽʾ ʚʽʜ ʨʘʜʽʦʯʘʩʪʦʪʠ 

ʪʘ ʢʦʝʬʽʮʽʻʥʪʘ ʰʫʤʫ ʥʘʚʝʜʝʥʽ ʥʘ ʨʠʩ. 3.35 ʪʘ ʨʠʩ. 3.36 [149].  

 

 

  

ʈʠʩ. 3.35. ɺʠʤʽʨʷʥʽ ʟʥʘʯʝʥʥʷ 
ˊV  ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʯʘʩʪʦʪʠ ʜʣʷ 

ʚʠʩʦʢʦʝʬʝʢʪʠʚʥʦʛʦ ʄʄʎ  

 



142 

 

 

ʈʠʩ. 3.36. ɺʠʤʽʨʷʥʠʡ ʢʦʝʬʽʮʽʻʥʪ ʰʫʤʫ ʜʣʷ ʚʠʩʦʢʦʷʢʽʩʥʦʾ ʣʽʥʽʾ ʟ ʄɯɺʇɼ. 

ɺʠʤʽʨʶʚʘʥʥʷ ʧʨʦʚʝʜʝʥʽ ʥʘ ʚʠʭʦʜʽ ʢʦʞʥʦʛʦ ʦʜʠʥʦʯʥʦʛʦ ʬʦʪʦʜʽʦʜʫ ʡ ʙʘʣʘʥʩʥʦʛʦ 

ʜʝʪʝʢʪʦʨʫ. ʂʦʣʘʤʠ ʧʦʟʥʘʯʝʥʦ ʨʦʟʨʘʭʫʥʢʦʚʠʡ ʢʦʝʬʽʮʽʻʥʪ ʰʫʤʫ ʚ ʤʝʞʽ ʜʨʦʙʦʚʦʛʦ 

ʰʫʤʫ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʟʥʘʯʝʥʴ 
ˊV  
ʟ ʨʠʩ. 3.34 

 

ʈʝʟʫʣʴʪʘʪʠ ʚʠʤʽʨʶʚʘʥʥʷ ʧʨʝʜʩʪʘʚʣʝʥʦ ʜʣʷ ʪʨʴʦʭ ʩʭʝʤ ʧʦʙʫʜʦʚʠ ʣʽʥʽʾ 

ʧʝʨʝʜʘʯʽ. ʅʘ ʨʠʩʫʥʢʫ ʧʦʜʘʥʦ ʢʦʝʬʽʮʽʻʥʪʠ ʰʫʤʫ ʜʣʷ ʢʦʞʥʦʛʦ ʟ ʦʜʠʥʦʯʥʠʭ ʚʠʭʦʜʽʚ, 

ʱʦ ʧʨʘʮʶʶʪʴ ʧʨʠ ʩʝʨʝʜʥʴʦʤʫ ʩʪʨʫʤʽ ʙʣʠʟʴʢʦ 18,5 ʤɸ. ʗʚʠʱʝ ʚʽʜʩʽʢʘʥʥʷ 

ʩʠʥʬʘʟʥʦʛʦ ʰʫʤʫ ʚ ʩʠʤʝʪʨʠʯʥʽʡ ʩʭʝʤʽ ʜʦʟʚʦʣʷʻ ʽʩʪʦʪʥʦ ʟʥʠʟʠʪʠ ʢʦʝʬʽʮʽʻʥʪ ʰʫʤʫ 

ʣʽʥʽʾ. ʅʘ ʨʠʩ. 3.36 ʪʘʢʦʞ ʥʘʚʝʜʝʥʽ ʜʘʥʽ ʨʦʟʨʘʭʫʥʢʫ ʢʦʝʬʽʮʽʻʥʪʘ ʰʫʤʫ ʟʘ (3.78). ɺ 

ʭʦʜʽ ʨʦʟʨʘʭʫʥʢʫ ʧʨʠʡʥʷʪʦ ʟʥʘʯʝʥʥʷ 
ʟʤI = 37 ʤɸ ʽ ʚʠʢʦʨʠʩʪʘʥʽ ʟʥʘʯʝʥʥʷ ˊV  ʟ ʨʠʩ. 

3.35.  ʗʢ ʚʠʜʥʦ, ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʪʘ ʨʦʟʨʘʭʫʥʢʦʚʽ ʜʘʥʽ ʜʦʙʨʝ ʟʙʽʛʘʶʪʴʩʷ ʟʘ 

ʚʠʥʷʪʢʦʤ ʚʠʩʦʢʦʯʘʩʪʦʪʥʦʾ ʜʽʣʷʥʢʠ, ʜʝ ʚʥʝʩʦʢ ʚʠʭʽʜʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʰʫʤʫ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʙʽʣʴʰʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʫ ʰʫʤʫ ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʤʝʞʝʶ ʟʘ ʜʨʦʙʦʚʠʤ 

ʰʫʤʦʤ.  

ɺʝʣʠʯʠʥʫ ʜʠʥʘʤʽʯʥʦʛʦ ʜʽʘʧʘʟʦʥʫ ʟʘ ʢʦʤʧʨʝʩʽʻʶ CDR ʚ ʣʽʥʽʾ ʟ ʄɯɺʇɼ, 

ʦʙʤʝʞʝʥʦʶ ʜʨʦʙʦʚʠʤ ʰʫʤʦʤ, ʤʦʞʥʘ ʚʠʟʥʘʯʠʪʠ ʟ (3.59) ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 
outN  

ʟʛʽʜʥʦ (3.67): 

    

( )ʟʤ
1ʜɹ,sh

0,2258
CDR

I

qB
=  

                                      

 (3.79) 
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ʈʽʚʥʷʥʥʷ (3.79) ʤʦʞʝ ʙʫʪʠ ʥʦʨʤʦʚʘʥʦ ʥʘ ɺ = 1 ɻʮ ʽ ʟʘʧʠʩʘʥʦ ʫ ʜɹ: 

                          
[ ] [ ]( )1ʜɹ,sh ʟʤCDR ʜɹ ɻʮ 151,5 10log ʤɸIÖ = + .

                  
 (3.80)

 
 

ʇʽʜʩʪʘʥʦʚʢʘ (3.67) ʚ (3.61) ʧʨʠʚʦʜʠʪʴ ʜʦ 

                                                            

2 3

ʟʤ
sh

2
SFDR

I

qB

å õ
=æ ö
ç ÷

.                                    (3.81) 

ʎʝʡ ʚʠʨʘʟ ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ ʚ ʜɹ ʜʣʷ ɺ = 1 ɻʮ: 

                        
[ ]( )2 3

sh ʟʤ

20
SFDR ʜɹ ɻʮ 107,3 log ʤɸ

3
Iè øÖ = +ê ú

.                  (3.82) 

ɺʘʞʣʠʚʦ ʚʽʜʟʥʘʯʠʪʠ, ʱʦ ʚʩʽ ʨʽʚʥʷʥʥʷ ʚʽʜ (3.69) ʜʦ (3.82) ʥʝ ʟʘʣʝʞʘʪʴ ʚʽʜ 

ʯʘʩʪʦʪʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʬʦʪʦʜʽʦʜʫ ʽ ʝʣʝʢʪʨʠʯʥʠʭ ʩʭʝʤ ʧʽʩʣʷ ʬʦʪʦʜʽʦʜʫ, ʷʢʽ 

ʦʧʠʩʫʶʪʴʩʷ ʯʝʨʝʟ ʬʫʥʢʮʽʶ 
PDH . ʇʨʠʯʠʥʘ ʮʴʦʛʦ ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦ ʩʠʛʥʘʣ ʽ ʰʫʤ 

ʧʽʜʜʘʶʪʴʩʷ ʦʜʥʽʡ ʬʽʣʴʪʨʫʚʘʣʴʥʽʡ ʬʫʥʢʮʽʾ ʥʘ ʚʠʭʦʜʽ ʣʽʥʽʾ. ʉʘʤʝ ʪʦʤʫ ʧʘʨʘʤʝʪʨʠ, 

ʪʘʢʽ ʷʢ SNR, ʢʦʝʬʽʮʽʻʥʪ ʰʫʤʫ, CDR ʽ SFDR, ʷʢʽ ʚʢʣʶʯʘʶʪʴ ʚ ʩʝʙʝ ʚʽʜʥʦʰʝʥʥʷ 

ʩʠʛʥʘʣʫ ʜʦ ʜʨʦʙʦʚʦʛʦ ʰʫʤʫ, ʥʝ ʙʫʜʫʪʴ ʟʘʣʝʞʘʪʠ ʚʽʜ
PDH . ʎʝ ʩʧʨʘʚʝʜʣʠʚʦ ʽ ʜʣʷ ʚʩʽʭ 

ʽʥʰʠʭ ʜʞʝʨʝʣ ʰʫʤʫ, ʧʨʠʩʫʪʥʽʭ ʚ ʦʧʪʠʯʥʦʤʫ ʜʽʘʧʘʟʦʥʽ, ʷʢ, ʥʘʧʨʠʢʣʘʜ, ʚʭʽʜʥʠʡ 

ʪʝʧʣʦʚʠʡ ʰʫʤ ʽ ʥʘʜʣʠʰʢʦʚʠʡ RIN. 

 

3.5.3. ʈʽʚʥʷʥʥʷ, ʱʦ ʚʨʘʭʦʚʫʶʪʴ ʤʝʞʫ ʟʘ ʚʽʜʥʦʩʥʠʤ ʰʫʤʦʤ 

ʽʥʪʝʥʩʠʚʥʦʩʪʽ 

ʈʽʚʥʷʥʥʷ ʚ ʮʴʦʤʫ ʧʽʜʨʦʟʜʽʣʽ ʢʽʣʴʢʽʩʥʦ ʚʠʟʥʘʯʘʶʪʴ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʣʽʥʽʾ ʪʠʧʫ 

ʄɯɺʇɼ ʽʟ ʟʦʚʥʽʰʥʽʤ ʄʄʎ ʚ ʤʝʞʽ, ʟʘ ʷʢʦʶ ʜʦʤʽʥʫʶʯʠʤ ʜʞʝʨʝʣʦʤ ʰʫʤʫ ʻ RIN 

(ʘʥʛʣ.relative intensity noise) ʚʽʜʥʦʩʥʘ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʰʫʤʫ. ɼʘʥʠʡ ʚʠʜ ʰʫʤʽʚ, ʷʢ 

ʧʨʘʚʠʣʦ, ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʦʧʠʩʫ ʥʘʜʣʠʰʢʦʚʦʛʦ ʰʫʤʫ ʚ ʬʦʪʦʥʥʠʭ ʣʽʥʽʷʭ, 

ʥʘʧʨʠʢʣʘʜ ʚʽʜ ʣʘʟʝʨʽʚ ʘʙʦ ʦʧʪʠʯʥʠʭ ʧʽʜʩʠʣʶʚʘʯʽʚ. ʇʨʦʪʝ ʟʘʩʪʦʩʫʚʘʥʥʷ RIN ʤʦʞʥʘ 

ʫʟʘʛʘʣʴʥʠʪʠ ʜʣʷ ʙʫʜʴ-ʷʢʦʛʦ ʜʞʝʨʝʣʘ ʰʫʤʫ. ʋ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʚʠʨʘʟʠ ʮʴʦʛʦ 

ʧʽʜʨʦʟʜʽʣʫ ʤʦʞʫʪʴ ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʚʘʪʠʩʷ ʜʣʷ ʢʦʨʠʩʥʦʛʦ ʽ ʢʦʤʧʘʢʪʥʦʛʦ 

ʬʦʨʤʫʣʶʚʘʥʥʷ ʩʠʩʪʝʤʠ ʧʦʢʘʟʥʠʢʽʚ ʷʢʦʩʪʽ ʣʽʥʽʾ ʧʝʨʝʜʘʯʽ. ɺ ʧʦʜʘʣʴʰʦʤʫ ʘʥʘʣʽʟʽ 

ʧʝʨʝʜʙʘʯʘʻʪʴʩʷ, ʱʦ RIN ʥʦʨʤʫʻʪʴʩʷ ʚ ʩʤʫʟʽ ʧʨʦʧʫʩʢʘʥʥʷ 1 ɻʮ ʽ ʪʦʤʫ ʚʠʨʘʞʘʻʪʴʩʷ 



144 

 

ʚ (ɻʮ)-1 (ʘʙʦ ʜɹʤ/ɻʮ ʟʘ ʣʦʛʘʨʠʬʤʽʯʥʦʶ ʰʢʘʣʦʶ). ʗʢ ʽ ʚ ʧʦʧʝʨʝʜʥʴʦʤʫ ʧʽʜʨʦʟʜʽʣʽ, 

ʨʽʚʥʷʥʥʷ ʚ ʜʝʮʠʙʝʣʘʭ ʥʘʚʦʜʷʪʴʩʷ ʜʣʷ ʣʽʥʽʡ, ʩʭʝʤʠ ʷʢʠʭ ʥʘʚʝʜʝʥʽ ʥʘ ʨʠʩ. 3.4 ʽ 3.5, 

ʟ ʥʘʩʪʫʧʥʠʤʠ ʧʨʠʧʫʱʝʥʥʷʤʠ:  ʚʭ ʚʠʭR R=  = 50 ʆʤ, 
PDH = 1/2, ɺ = 1 ɻʮ ʽ Ts = 290 ʂ. 

ɼʣʷ ʜʘʥʦʛʦ ʘʥʘʣʽʟʫ ʧʝʨʝʜʙʘʯʘʻʪʴʩʷ, ʱʦ ʩʧʝʢʪʨʘʣʴʥʘ ʱʽʣʴʥʽʩʪʴ ʧʦʪʫʞʥʦʩʪʽ 

ʚʠʭʽʜʥʦʛʦ ʰʫʤʫ ʚʠʟʥʘʯʘʻʪʴʩʷ ʷʢ 
PDH  

                                                      

22

RIN ʟʤ ʚʠʭ PDRINN I R H= Ö .                                 (3.83) 

ɼʣ
ʚ̫ʠʭR  = 50 ʆʤ ʽ 

PDH = 1/2 ʨʽʚʥʷʥʥʷ (3.83) ʤʦʞʥʘ ʧʝʨʝʧʠʩʘʪʠ ʚ ʜɹ: 

        [ ] [ ] [ ]( )RIN ʟʤʜɹʤ/ɻʮ 19,0 RIN ʜɹʥ/ɻʮ 20log ʤɸN I=- + + .
 
(3.84) 

ɿʥʘʯʝʥʥʷ SNR, ʷʢʝ ʦʙʤʝʞʝʥʝ RIN, ʦʜʝʨʞʫʻʪʴʩʷ ʰʣʷʭʦʤ ʧʽʜʩʪʘʥʦʚʢʠ (3.27) 

ʽ (3.83) ʚ (3.55): 

                                                

( )2

1 RF

RIN

2
SNR

RIN

J

B

j
=

Ö
.    (3.85) 

ɯʩʥʫʶʪʴ ʪʨʠ ʽʥʰʠʭ ʢʦʨʠʩʥʠʭ ʚʠʨʘʟʠ ʜʣʷ SNR ʚ ʤʝʞʽ RIN. ɿʦʢʨʝʤʘ, 

ʤʘʣʦʩʠʛʥʘʣʴʥʠʡ SNR ʚ ʤʝʞʽ RIN: 

                                                 

2

ʚʭ ʚʭ
RIN,ss 2

ˊ

ˊ
SNR

RIN

R P

V B
=

Ö
  ,    (3.86) 

ʷʢʠʡ ʤʦʞʝ ʙʫʪʠ ʟʘʧʠʩʘʥʠʡ ʚ ʜɹ ʧʨʠ 
ʚʭR = 50 ʆʤ ʽ ɺ = 1 ɻʮ: 

    
[ ] [ ] [ ] []( )RIN,ss ʚʭ ˊSNR ʜɹ ɻʮ 3,1 ʜɹʤ RIN ʜɹʥ/ɻʮ 20log BP VÖ =- + - -  . (3.87) 

ɺʠʨʘʟ (3.81) ʦʪʨʠʤʘʥʦ ʚ ʨʝʟʫʣʴʪʘʪʽ ʧʽʜʩʪʘʥʦʚʢʠ (3.28) ʽ (3.83) ʚ (3.56). ʑʦʙ 

ʚʠʟʥʘʯʠʪʠ ʟʥʘʯʝʥʥʷ SNR ʚ ʤʝʞʽ ʧʦ RIN, ʥʝʦʙʭʽʜʥʦ ʦʙ'ʻʜʥʘʪʠ (3.28), (3.83) ʽ (3.59): 

                                                 
RIN,max

0,6772
SNR

RIN B
=

Ö
 .                                 (3.88) 

ʅʦʨʤʫʶʯʠ (3.87) ʚ ʩʤʫʟʽ ʧʨʦʧʫʩʢʘʥʥʷ 1 ɻʮ ʽ ʧʝʨʝʪʚʦʨʶʶʯʽ ʚ ʜʝʮʠʙʝʣʠ, 

ʦʪʨʠʤʘʻʤʦ 

                                
[ ] [ ]RIN,ssSNR ʜɹ ɻʮ 1,7 RIN ʜɹʥ/ɻʮÖ =- -  .             (3.89) 
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ɺʝʣʠʯʠʥʘ SNR ʧʨʠ 1-ʜɹ ʢʦʤʧʨʝʩʽʾ ʦʪʨʠʤʫʻʪʴʩʷ ʰʣʷʭʦʤ ʧʽʜʩʪʘʥʦʚʢʠ (3.31) 

ʽ (3.81) ʚ (3.55): 

                                                      
RIN,1ʜɹ

0,3587
SNR

RIN B
=

Ö   
,                                (3.90)  

ʷʢʝ ʤʦʞʝ ʙʫʪʠ ʧʝʨʝʪʚʦʨʝʥʦ ʚ ʜʝʮʠʙʝʣʠ ʚ ʩʤʫʟʽ 1 ɻʮ: 

                                   
[ ] [ ]RIN,1ʜɹSNR ʜɹ ɻʮ 4,5 RIN ʜɹʥ/ɻʮÖ =- - .     (3.91) 

ɺʠʨʘʟ ʜʣʷ ʬʘʢʪʦʨʘ ʰʫʤʫ ʦʜʝʨʞʫʻʪʴʩʷ ʰʣʷʭʦʤ ʚʚʝʜʝʥʥʷ (3.83) ʚ (3.54): 

                                                            

2

ˊ
RIN 2

ʚʭ B s

RIN

ˊ  

V
F

R k T

Ö
=   .                                     (3.92) 

ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʘ ʰʫʤʫ ʥʝʦʙʭʽʜʥʦ ʧʝʨʝʚʝʩʪʠ (3.92) ʚ ʜʝʮʠʙʝʣʠ: 

               
[ ] [ ] []( )RIN ˊNF ʜɹ 177,0 RIN ʜɹʥ/ɻʮ 20log BV= + +   ,                (3.93) 

ʜʝ ʚʭR = 50 ʆʤ.  

ʇʽʜʩʪʘʥʦʚʢʘ (3.83) ʚ (3.59) ʜʘʻ ʟʥʘʯʝʥʥʷ CDR ʚ ʤʝʞʽ ʟʘ RIN: 

                                              
RIN,1ʜɹ

0,4516
CDR

RIN B
=

Ö
.                                      (3.94) 

ʃʦʛʘʨʠʬʤʽʯʥʘ ʚʝʨʩʽʷ (3.94) ʧʨʠ ɺ = 1 ɻʮ ʥʘʩʪʫʧʥʘ: 

                         
[ ] [ ]RIN,1ʜɹCDR ʜɹ ɻʮ 3,5 RIN ʜɹʥ/ɻʮÖ =- - .               (3.95) 

ɿʥʘʯʝʥʥʷ SFDR ʚ ʤʝʞʽ ʟʘ RIN, ʷʢʝ ʤʦʞʝ ʙʫʪʠ ʦʪʨʠʤʘʥʦ ʰʣʷʭʦʤ ʧʽʜʩʪʘʥʦʚʢʠ 

(3.83) ʜʣʷ ʚʠʭN ʚ (3.61), ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ ʫ ʚʠʛʣʷʜʽ 

                                               

2 3

RIN

4
SFDR

RIN B

å õ
=æ ö

Öç ÷
 .                                (3.96) 

ʈʽʚʥʷʥʥʷ (3.96) ʤʦʞʥʘ ʥʦʨʤʫʚʘʪʠ ʜʣʷ ɺ = 1 ɻʮ, ʚ ʨʝʟʫʣʴʪʘʪʽ ʯʦʛʦ ʦʪʨʠʤʘʻʤʦ 

                        
[ ]2 3

RIN

2
SFDR ʜɹ ɻʮ 4,0 RIN ʜɹ/ɻʮ

3
è øÖ = -ê ú  .               (3.97) 
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ɺʠʱʝʥʘʚʝʜʝʥʽ ʨʽʚʥʷʥʥʷ ʜʝʤʦʥʩʪʨʫʶʪʴ ʢʦʨʠʩʥʽʩʪʴ ʬʦʨʤʘʣʴʥʦʛʦ ʚʠʟʥʘʯʝʥʥʷ 

RIN ʜʣʷ ʦʧʠʩʫ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʣʽʥʽʡ ʟ ʄɯɺʇɼ. ʄʘʢʩʠʤʘʣʴʥʝ ʟʥʘʯʝʥʥʷ SNR, SNR 

ʧʨʠ 1-ʜɹ ʢʦʤʧʨʝʩʽʾ, CDR ʧʨʠ 1-ʜɹ ʢʦʤʧʨʝʩʽʾ ʽ SFDR ʻ ʬʫʥʢʮʽʷʤʠ ʪʽʣʴʢʠ RIN. 

ʂʦʝʬʽʮʽʻʥʪ ʰʫʤʫ ʟʘʣʝʞʠʪʴ ʪʽʣʴʢʠ ʚʽʜ RIN ʽ ʥʘʧʽʚʭʚʠʣʴʦʚʦʾ ʥʘʧʨʫʛʠ ʟʤʽʱʝʥʥʷ 

(ʤʽʥʽʤʫʤʫ ʧʨʦʧʫʩʢʘʥʥʷ) ʄʄʎ ́V . ɹʘʛʘʪʦ ʜʞʝʨʝʣ RIN, ʪʘʢʽ ʷʢ RIN ʣʘʟʝʨʘ, ʥʝ 

ʟʘʣʝʞʘʪʴ ʚʽʜ ʩʝʨʝʜʥʴʦʛʦ ʬʦʪʦʩʪʨʫʤʫ. ʊʘʢʠʤ ʯʠʥʦʤ, ʩʧʝʮʠʬʽʢʘʮʽʷ ʤʽʥʽʤʘʣʴʥʦʛʦ 

RIN ʜʣʷ ʣʽʥʽʾ ʧʝʨʝʜʘʯʽ ʙʫʜʝ ʚʠʟʥʘʯʘʪʠ ʜʝʢʽʣʴʢʘ ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʩʷʞʥʠʭ ʨʽʚʥʽʚ 

ʧʘʨʘʤʝʪʨʽʚ. 

 

3.5.4. ʂʦʤʧʨʦʤʽʩʥʽ ʨʽʰʝʥʥʷ ʚʠʙʦʨʫ ʧʦʢʘʟʥʠʢʽʚ ʷʢʦʩʪʽ 

ʇʨʦʝʢʪʫʚʘʥʥʷ ʣʽʥʽʾ ʧʝʨʝʜʘʯʽ ʄɯɺʇɼ-ʪʠʧʫ ʟ ʟʦʚʥʽʰʥʴʦʾ ʤʦʜʫʣʷʮʽʻʶ 

ʧʦʚôʷʟʘʥʦ ʟ ʚʠʙʦʨʦʤ ʟ ʚʝʣʠʢʦʛʦ ʯʠʩʣʘ ʨʽʰʝʥʴ, ʷʢʽ, ʚʠʭʦʜʷʯʠ ʟ ʥʘʚʝʜʝʥʠʭ ʚʠʱʝ 

ʧʨʠʯʠʥ, ʚʽʜʨʘʟʫ ʥʝ ʦʯʝʚʠʜʥʽ. ʂʦʝʬʽʮʽʻʥʪ ʧʽʜʩʠʣʝʥʥʷ, ʢʦʝʬʽʮʽʻʥʪ ʰʫʤʫ ʽ SFDR ʻ 

ʪʨʴʦʤʘ ʧʦʢʘʟʥʠʢʘʤʠ, ʷʢʽ, ʷʢ ʧʨʘʚʠʣʦ, ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʧʨʠ ʧʨʦʝʢʪʫʚʘʥʥʷ ʣʽʥʽʾ 

ʧʝʨʝʜʘʯʽ. ɺʽʜʧʦʚʽʜʥʦ ʜʦ (3.29) ʢʦʝʬʽʮʽʻʥʪ ʧʽʜʩʠʣʝʥʥʷ ʟʨʦʩʪʘʻ ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʟʤI
 

ʘʙʦ ʧʨʠ ʟʤʝʥʰʝʥʥʽ ˊV . ʐʣʷʭʦʤ ʧʽʜʩʪʘʥʦʚʢʠ (3.54) ʚ (3.53) ʤʦʞʥʘ ʟʘʙʝʟʧʝʯʠʪʠ 

ʙʽʣʴʰ ʛʣʠʙʦʢʝ ʨʦʟʫʤʽʥʥʷ ʭʘʨʘʢʪʝʨʫ ʟʤʽʥʠ ʬʘʢʪʦʨʘ ʰʫʤʫ: 

                        

2

ˊ

22 2
ʚʭ ʟʤ B s B sʟʤ ʚʠʭ PD

1 2 RIN
1
ˊ R

V q
F

I k T k TI R H

å õ
= + æ + + ö

æ ö
ç ÷

.                        (3.98) 

ʉʢʣʘʜʦʚʽ ʚ (3.98) ʚʽʜʧʦʚʽʜʘʶʪʴ ʚʭʽʜʥʦʤʫ ʪʝʧʣʦʚʦʤʫ ʰʫʤʫ, ʚʠʭʽʜʥʦʤʫ 

ʪʝʧʣʦʚʦʤʫ ʰʫʤʫ, ʜʨʦʙʦʚʦʤʫ ʰʫʤʫ ʽ RIN ʚʥʘʩʣʽʜʦʢ ʥʘʜʣʠʰʢʦʚʦʛʦ ʦʧʪʠʯʥʦʛʦ 

ʰʫʤʫ. ɸʥʘʣʦʛʽʯʥʦ ʢʦʝʬʽʮʽʻʥʪʫ ʧʽʜʩʠʣʝʥʥʷ ʬʘʢʪʦʨ ʰʫʤʫ ʟʤʝʥʰʫʻʪʴʩʷ ʽʟ 

ʟʙʽʣʴʰʝʥʥʷʤ ʟʤI
 
ʘʙʦ ʟʽ ʟʤʝʥʰʝʥʥʷʤˊV . 

ɿʤʝʥʰʝʥʥʷ ʨʽʚʥʷ RIN ʪʘʢʦʞ ʧʦʢʨʘʱʫʻ ʬʘʢʪʦʨ ʰʫʤʫ. ɺʧʣʠʚ ʮʠʭ ʧʘʨʘʤʝʪʨʽʚ 

ʥʘ SFDR ʤʦʞʥʘ ʚʨʘʭʫʚʘʪʠ, ʧʽʜʩʪʘʚʠʚʰʠ (3.54) ʚ (3.59): 

2 3
2

ʚʭ B s B s
3 22 2

ˊ ʟʤʟʤ ʚʠʭ PD

ˊ RIN B
SFDR

4 2 44

R k T B k T B qB

V II R H

-

å õÖ
=æ + + + ö
æ ö
ç ÷

.              (3.99) 
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ʗʢ ʽ ʚ (3.98), ʩʢʣʘʜʦʚʽ ʟ ʧʝʨʰʦʾ ʜʦ ʯʝʪʚʝʨʪʦʾ ʚ (3.99) ʚʽʜʧʦʚʽʜʘʶʪʴ ʚʭʽʜʥʦʤʫ 

ʪʝʧʣʦʚʦʤʫ ʰʫʤʫ, ʚʠʭʽʜʥʦʤʫ ʪʝʧʣʦʚʦʤʫ ʰʫʤʫ, ʜʨʦʙʦʚʦʤʫ ʰʫʤʫ ʽ RIN ʚʥʘʩʣʽʜʦʢ 

ʥʘʜʣʠʰʢʦʚʦʛʦ ʦʧʪʠʯʥʦʛʦ ʰʫʤʫ. ɿʙʽʣʴʰʝʥʥʷ ʟʤI  ʘʙʦ ʟʤʝʥʰʝʥʥʷ RIN ʧʨʠʟʚʦʜʠʪʴ 

ʜʦ ʧʦʣʽʧʰʝʥʥʷ SFDR. ʇʨʦʪʝ SFDR ʥʝ ʟʘʣʝʞʠʪʴ ʚʽʜ ˊV , ʟʘ ʚʠʥʷʪʢʦʤ ʚʠʧʘʜʢʽʚ, 

ʢʦʣʠ ʧʘʨʘʤʝʪʨʠ ʣʽʥʽʾ ʦʙʤʝʞʫʶʪʴʩʷ ʚʭʽʜʥʠʤ ʪʝʧʣʦʚʠʤ ʰʫʤʦʤ. ʂʦʣʠ ʤʘʻ ʤʽʩʮʝ ʮʝʡ 

ʚʠʧʘʜʦʢ, ʪʦ ʙʽʣʴʰʝ ʟʥʘʯʝʥʥʷ ˊV  ʙʫʜʝ ʧʽʜʚʠʱʫʚʘʪʠ ʨʽʚʝʥʴ SFDR, ʷʢ ʚʠʧʣʠʚʘʻ ʟ 

(3.63). ʊʘʢʠʤ ʯʠʥʦʤ, ʧʽʜʭʽʜ ʜʦ ʧʨʦʝʢʪʫʚʘʥʥʷ ʟʘʣʝʞʠʪʴ ʚʽʜ ʨʝʞʠʤʫ ʨʦʙʦʪʠ ʣʽʥʽʾ 

ʧʝʨʝʜʘʯʽ. 

ʂʦʤʧʨʦʤʽʩ ʤʽʞ F ʽ SFDR ʤʦʞʝ ʙʫʪʠ ʜʦʩʣʽʜʞʝʥʠʡ ʚ ʪʘʢʠʡ ʩʧʦʩʽʙ. ʇʘʨʘʤʝʪʨ 

SFDR ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ ʫ ʚʠʛʣʷʜʽ ʬʫʥʢʮʽʾ ʚʽʜ F, ʩʧʦʯʘʪʢʫ ʧʦʤʥʦʞʠʚʰʠ (3.54) ʥʘ 

(3.61), ʘ ʧʦʪʽʤ ʨʦʟʚôʷʟʘʚʰʠ  ʦʪʨʠʤʘʥʠʡ ʨʝʟʫʣʴʪʘʪ ʚʽʜʥʦʩʥʦ SFDR3: 

                                          

2 3 2 32

ˊ
3 2

ʚʭ B s

4 1
SFDR

ˊ

V

R k T B F

å õå õ
=æ öæ ö

ç ÷ç ÷
.

                           

(3.100) 

ɻʨʘʬʽʢʠ ʨʦʟʨʘʭʫʥʢʫ ʟʘ ʚʠʨʘʟʦʤ (3.100) ʧʦʜʘʥʽ ʥʘ ʨʠʩ. 3.37 ʜʣʷ ʨʽʟʥʠʭ 

ʟʥʘʯʝʥʴ ˊV  ʧʨʠ
ʚʭR  = 50 ʆʤ, ɺ = 1 ɻʮ.  

 

 

ʈʠʩ. 3.37. ʈʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʫ ʜʠʥʘʤʽʯʥʦʛʦ ʜʽʘʧʘʟʦʥʫ ʟʘ ʟʘʚʘʜʘʤʠ 

ʪʨʝʪʴʦʛʦ ʧʦʨʷʜʢʫ ʚ ʬʫʥʢʮʽʾ ʢʦʝʬʽʮʽʻʥʪʫ ʰʫʤʫ ʧʨʠ 
ʚʭR = 50 ʆʤ, ɺ = 1 ɻʮ 
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ɿ ʨʠʩ. 3.37 ʤʦʞʥʘ ʟʨʦʙʠʪʠ ʜʝʷʢʽ ʧʨʦʩʪʽ ʚʠʩʥʦʚʢʠ. ʇʦ-ʧʝʨʰʝ, ʜʣʷ ʟʘʜʘʥʦʛʦ 

ʟʥʘʯʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʫ ʰʫʤʫ SFDR ʙʽʣʴʰʝ ʧʨʠ ʙʽʣʴʰʦʤʫ ˊV . ʆʜʥʘʢ, ʟʛʽʜʥʦ ʟ (3.98), 

ʱʦʙ ʦʪʨʠʤʘʪʠ ʤʘʣʠʡ ʢʦʝʬʽʮʽʻʥʪ ʰʫʤʫ, ʟʙʽʣʴʰʝʥʥʷ ʟʥʘʯʝʥʥʷ ˊV
 
ʙʫʜʝ ʚʠʤʘʛʘʪʠ 

ʙʽʣʴʰʦʛʦ ʟʤI  ̔  ʥʠʟʴʢʦʛʦ ʨʽʚʥʷ RIN. ʅʘʚʧʘʢʠ, ʧʨʠ ʟʘʜʘʥʦʤʫ ʨʽʚʥʽ SFDR ʢʦʝʬʽʮʽʻʥʪ 

ʰʫʤʫ ʧʦʣʽʧʰʫʻʪʴʩʷ ʫ ʤʽʨʫ ʟʤʝʥʰʝʥʥʷ ˊV . ʋ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʚʭʽʜʥʠʡ ʪʝʧʣʦʚʦʾ ʰʫʤ, 

ʟʘʜʘʥʠʡ ʧʝʨʰʠʤ ʯʣʝʥʦʤ ʚ (3.99), ʤʦʞʝ ʟʙʽʣʴʰʠʪʠ ʦʙʤʝʞʝʥʥʷ ʧʦ 
ʟʤI  
ʽ RIN.  

 

3.5.5. ʇʨʦʙʣʝʤʠ ʽ ʨʽʰʝʥʥʷ ʜʣʷ ʬʦʪʦʜʝʪʝʢʪʦʨʘ 

ʇʨʠ ʨʦʟʛʣʷʜʽ ʣʽʥʽʡ ʟ ʄɯɺʇɼ ʜʦ ʮʴʦʛʦ ʤʦʤʝʥʪʫ ʚʚʘʞʘʣʦʩʷ, ʱʦ ʬʦʪʦʜʽʦʜ ʻ 

ʯʠʩʪʦ ʣʽʥʽʡʥʠʤ. ʆʜʥʘʢ ʫ ʬʦʪʦʜʽʦʜʽʚ, ʱʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʚ ʤʽʢʨʦʭʚʠʣʴʦʚʽʡ 

ʬʦʪʦʥʽʮʽ, ʤʦʞʝ ʚʠʥʠʢʘʪʠ ʮʽʣʠʡ ʨʷʜ ʥʝʣʽʥʽʡʥʦʩʪʝʡ. ɸʥʘʣʽʟ ʪʘʢʠʭ ʝʬʝʢʪʽʚ ʚ 

ʬʦʪʦʜʽʦʜʥʽʡ ʩʪʨʫʢʪʫʨʽ ʪʘ ʤʝʪʦʜʠ ʾʭ ʢʦʤʧʝʥʩʘʮʽʡ ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʚ ʨʦʙʦʪʘʭ 

[30,150-52].  ʉʧʦʪʚʦʨʝʥʥʷ ʚ ʬʦʪʦʜʽʦʜʽ, ʱʦ ʚʭʦʜʷʪʴ ʜʦ ʩʢʣʘʜʫ ʣʽʥʽʾ ʧʝʨʝʜʘʯʽ ʟ 

ʄɯɺʇɼ, ʨʦʟʛʣʷʜʘʶʪʴʩʷ ʢʽʣʴʢʽʩʥʦ ʚ ʧʨʠʧʫʱʝʥʥʽ ʷʢ ʥʝʣʽʥʽʡʥʦʩʪʽ ʜʨʫʛʦʛʦ ʽ ʪʨʝʪʴʦʛʦ 

ʧʦʨʷʜʢʫ, ʱʦ ʤʦʞʥʘ ʦʧʠʩʘʪʠ ʟʘ ʜʦʧʦʤʦʛʦʶ OIP2 ʽ OIP3, ʚʽʜʧʦʚʽʜʥʦ. ɺʧʣʠʚ 

ʥʝʣʽʥʽʡʥʦʩʪʽ ʬʦʪʦʜʽʦʜʽʚ ʥʘ ʦʜʥʦʦʢʪʘʚʥʠʡ SFDR ʜʣʷ ʣʽʥʽʾ ʪʠʧʫ ʄɯɺʇɼ ʚʠʚʯʘʻʪʴʩʷ 

ʰʣʷʭʦʤ ʢʘʩʢʘʜʥʦʛʦ ʘʥʘʣʽʟʫ. ʂʘʩʢʘʜʥʽʡ ʬʘʢʪʦʨ ʰʫʤʫ ʚ ʣʽʥʽʡʥʽʡ ʬʦʨʤʽ (ʧʝʨʰʘ 

ʧʨʝʟʝʥʪʘʮʽʷ ʬʦʨʤʫʣʠ ʜʣʷ ʢʘʩʢʘʜʥʦʛʦ ʢʦʝʬʽʮʽʻʥʪʘ ʰʫʤʫ ʧʨʠʧʠʩʫʻʪʴʩʷ ʌʨʽʽʩʫ ɻ. ʊ.  

ʫ 1944 ʨ.) ʟʘʧʠʩʫʻʪʴʩʷ ʷʢ: 

32
1 11

2 1 1 2 1 1
12

1 1 11
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...

N
i N

i
i NppN

F F FF
F F F

G G G G GG
-

= -
=²

å õ
- - --æ ö= + = + + + +

æ ö
ç ÷

ä
Ô

 (3.101) 

ʜʝ pG  - ʽʥʜʠʚʽʜʫʘʣʴʥʠʡ ʢʦʝʬʽʮʽʻʥʪ ʧʽʜʩʠʣʝʥʥʷ ʢʦʤʧʦʥʝʥʪʫ (ʧʨʠʩʪʨʦʶ). 

ʂʘʩʢʘʜʥʠʡ ʢʦʝʬʽʮʽʻʥʪ ʧʽʜʩʠʣʝʥʥʷ, ʱʦ ʚʠʟʥʘʯʘʻʪʴʩʷ ʪʘʢʠʤ ʯʠʥʦʤ: 

  
1

N

p

p

G G
=

=Ô      (3.102) 

ʂʘʩʢʘʜʥʠʡ OIPn, ʩʢʣʘʜʘʥʠʡ  ʟ N ʝʪʘʧʽʚ, ʥʘʜʘʥʠʡ ʚ [153]: 
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ʇʝʨʝʜʙʘʯʘʻʪʴʩʷ, ʱʦ ʣʽʥʽʷ ʟ ʄɯɺʇɼ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʻ ʽʜʝʘʣʴʥʠʡ ʬʦʪʦʜʽʦʜ, ʻ 

ʧʝʨʰʦʶ ʩʭʦʜʠʥʢʦʶ, ʟʘ ʷʢʦʶ ʩʣʽʜʫʻ ʥʝʣʽʥʽʡʥʠʡ ʬʦʪʦʜʽʦʜ ʟ ʦʜʠʥʠʯʥʠʤ 

ʧʽʜʩʠʣʝʥʥʷʤ ʽ ʪʦʯʢʦʶ ʧʝʨʝʪʠʥʫ ʪʨʝʪʴʦʛʦ ʧʦʨʷʜʢʫ PDOIP3 . OIP3 ʮʠʭ ʜʚʦʭ ʢʘʩʢʘʜʽʚ 

ʦʪʨʠʤʫʻʪʴʩʷ ʚ ʨʝʟʫʣʴʪʘʪʽ ʢʘʩʢʘʜʥʦʛʦ ʘʥʘʣʽʟʫ ʟ ʚʨʘʭʫʚʘʥʥʷʤ ʚʠʨʘʟʫ (103) ʪʘ (3.48) 

ʚ OIP3 ʣʽʥʽʾ ʧʝʨʝʜʘʯʽ: 

                                        

1

2

ʟʤ ʚʠʭ PD

1 1
OIP3

4 OIP3I R

-

å õ
= +æ ö
ç ÷

  .                             (3.104) 

ɺ (3.104) ʟʥʘʯʝʥʥʷ 
PDH  ʚʩʪʘʥʦʚʣʝʥʝ ʨʽʚʥʠʤ ʦʜʠʥʠʮʽ, ʷʢ ʩʘʤʝ ʚʢʘʟʘʥʝ ʜʣʷ   

PDOIP3 . ɺʽʜʥʦʰʝʥʥʷ ʢʘʩʢʘʜʥʦʛʦ SFDR3 ʜʦ SFDR3 ʚ ʣʽʥʽʾ ʪʠʧʫ ʄɯɺʇɼ ʟ ʽʜʝʘʣʴʥʠʤ 

ʬʦʪʦʜʽʦʜʦʤ ʚʠʟʥʘʯʘʻ ʟʥʠʞʝʥʥʷ ʷʢʦʩʪʽ ʧʝʨʝʜʘʯʽ ʟʘ ʨʘʭʫʥʦʢ ʬʦʪʦʜʽʦʜʫ, ʪʦʙʪʦ 

çʰʪʨʘʬè, ʱʦ ʥʘʢʣʘʜʘʻʪʴʩʷ ʬʦʪʦʜʽʦʜʦʤ [30]: 

                                               

2 3
2

ʟʤ ʚʠʭ
3

PD

4
SFDR 1

OIP3

I R
-

å õ
D = +æ ö

ç ÷
 .                           (3.105) 

ʈʽʚʥʷʥʥʷ (3.105) ʥʝ ʟʘʣʝʞʠʪʴ ʚʽʜ ʚʠʭN  ̔  ɺ. ʈʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʫ ʟʘ ʚʠʨʘʟʦʤ 

(3.105) ʥʘʚʝʜʝʥʽ ʥʘ ʨʠʩ. 3.38 ʜʣʷ 
ʚʭR = 50 ʆʤ.  

ɺʦʥʠ ʜʝʤʦʥʩʪʨʫʶʪʴ ʨʝʟʫʣʴʪʘʪ, ʟʘ ʷʢʠʤ ʧʘʨʘʤʝʪʨ OIP3 ʬʦʪʦʜʽʦʜʘ ʧʦʚʠʥʝʥ 

ʟʙʽʣʴʰʫʚʘʪʠʩʷ ʧʨʠ ʙʽʣʴʰ ʚʠʩʦʢʠʭ ʩʝʨʝʜʥʽʭ ʬʦʪʦʩʪʨʫʤʘʭ ʜʣʷ ʪʦʛʦ, ʱʦʙ 

ʧʽʜʪʨʠʤʫʚʘʪʠ ʚʣʘʩʥʫ ʣʽʥʽʡʥʽʩʪʴ ʣʽʥʽʾ ʧʝʨʝʜʘʯʽ. ɺ ʽʜʝʘʣʴʥʠʭ ʫʤʦʚʘʭ ʣʽʥʽʷ ʪʠʧʫ 

ʄɯɺʇɼ ʟ ʄʄʎ, ʟʤʽʱʝʥʦʤʫ ʪʦʯʥʦ ʚ ʢʚʘʜʨʘʪʫʨʽ, ʥʝ ʩʪʚʦʨʶʻ ʩʧʦʪʚʦʨʝʥʴ ʧʘʨʥʦʛʦ 

ʧʦʨʷʜʢʫ. 
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ʈʠʩ. 3.38. ʈʦʟʨʘʭʫʥʢʦʚʘ ʟʤʽʥʘ SFDR ʯʝʨʝʟ ʧʝʨʝʢʨʫʯʫʚʘʥʥʷ ʚ ʬʦʪʦʜʽʦʜʽ 

ʱʦʜʦ SFDR ʽʜʝʘʣʴʥʦʾ ʣʽʥʽʾ ʟ ʄɯɺʇɼ ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʚʠʭʽʜʥʦʾ ʪʦʯʢʠ 

ʧʝʨʝʪʠʥʫ OIP3 

 

ɼʣʷ ʤʫʣʴʪʠʦʢʪʘʚʥʠʭ ʟʘʩʪʦʩʫʚʘʥʴ ʨʽʚʝʥʴ OIP2 ʬʦʪʦʜʽʦʜʫ (OIP2PD), 

ʥʝʦʙʭʽʜʥʠʡ ʜʣʷ ʟʙʝʨʝʞʝʥʥʷ ʚ ʣʽʥʽʾ ʧʝʨʝʜʘʯʽ ʜʠʥʘʤʽʯʥʦʛʦ ʜʽʘʧʘʟʦʥʫ ʪʨʝʪʴʦʛʦ 

ʧʦʨʷʜʢʫ, ʤʦʞʥʘ ʚʠʨʘʟʠʪʠ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ (3.48), ʧʽʜʩʪʘʚʣʝʥʠʤ ʜʣʷ OIP3 ʧʨʠ PDH

= 1 ʪʘ ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʧʨʠʧʫʱʝʥʥʷ [30]  ( ) ( )
4 3 1/3

ʚʠʭOIP2 OIP2 N ɺ
-

= :  

                                     ( ) ( )
4 3 1 32

PD ʟʤ ʚʠʭ ʚʠʭOIP2 4I R N B
-

² .                     (3.106) 

ɺʠʧʘʜʦʢ ʨʽʚʥʦʩʪʽ ʚ (3.106) ʟʦʙʨʘʞʝʥʠʡ ʥʘ ʨʠʩ. 3.39 ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʜʣʷ 

ʚʠʟʥʘʯʝʥʥʷ outN
 
ʧʨʠ 

ʚʭ ʚʠʭR R=  = 50 ʆʤ,
 ˊV  = 4 ɺ ʽ RIN = 0. ʅʘ ʨʠʩ. 3.39 ʧʦʢʘʟʘʥʦ 

ʚʧʣʠʚ ʩʤʫʛʠ ʧʨʦʧʫʩʢʘʥʥʷ ʝʣʝʢʪʨʠʯʥʠʭ ʚʫʟʣʽʚ: ʯʠʤ ʰʠʨʰʘ ʩʤʫʛʘ, ʪʠʤ ʤʝʥʰ 

ʞʦʨʩʪʢʽ ʚʠʤʦʛʠ ʜʦ 
PDOIP2 .  
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ʈʠʩ. 3.39. ʈʦʟʨʘʭʫʥʢʦʚʽ ʟʥʘʯʝʥʥʷ OIP2 ʬʦʪʦʜʽʦʜʫ, ʱʦ ʥʝʦʙʭʽʜʥʽ ʜʣʷ 

ʧʽʜʪʨʠʤʢʠ ʚʣʘʩʥʦʛʦ SFDR ʪʨʝʪʴʦʛʦ ʧʦʨʷʜʢʫ ʚ ʣʽʥʽʾ ʟ ʄɯɺʇɼ ʧʨʠ 
ʚʭ ʚʠʭR R= =50 

ʆʤ, ˊV = 4 ɺ, RIN = 0 

 

ɺʠʨʘʟ (3.106) ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ ʚ ʤʝʞʽ ʜʨʦʙʦʚʦʛʦ ʰʫʤʫ ʷʢ [30]: 

                                     
( ) ( )

7 3 1 3

PD ʟʤ ʚʠʭOIP2 2I qB R
-

²                           (3.107) 

ʊʦʯʥʦ ʪʘʢ ʞʝ ʚʘʨʽʘʥʪ (3.107) ʚ ʤʝʞʽ ʧʦ RIN: 

                                 
() ( )

2 3 1 32

PD,RIN ʟʤ ʚʠʭOIP2 4 2 RINI B R
-

² Ö
               

 (3.108) 

ɺʠʤʦʛʠ ʜʦ ʬʦʪʦʜʽʦʜʫ ʚ ʙʘʛʘʪʦ ʦʢʪʘʚʥʠʭ ʣʽʥʽʷʭ ʟ ʄɯɺʇɼ, ʱʦ ʥʘʚʝʜʝʥʽ ʚ 

(3.108), ʜʫʞʝ ʚʘʞʢʦ ʟʘʙʝʟʧʝʯʠʪʠ [30]. ʎʝ ʦʩʦʙʣʠʚʦ ʩʪʦʩʫʻʪʴʩʷ ʣʽʥʽʡ ʧʝʨʝʜʘʯʽ ʟ 

ʤʘʣʠʤʠ ʰʫʤʘʤʠ ʘʙʦ ʣʽʥʽʡ, ʥʘʚʘʥʪʘʞʝʥʥʷʤ ʷʢʠʭ ʻ ʚʫʟʴʢʦ ʩʤʫʛʦʚʽ ʧʨʠʡʤʘʯʽ (ʟ 

ʤʘʣʦʶ ʰʠʨʠʥʦʶ ʩʤʫʛʠ ɺ). ʇʨʦʪʝ, ʽʩʥʫʶʪʴ ʤʝʪʦʜʠ ʧʦʙʫʜʦʚʠ, ʷʢʽ ʤʦʞʫʪʴ ʙʫʪʠ 

ʚʠʢʦʨʠʩʪʘʥʽ, ʱʦʙ ʧʦʜʦʣʘʪʠ ʮʽ ʦʙʤʝʞʝʥʥʷ. ɼʚʘ ʪʘʢʠʭ ʧʽʜʭʦʜʠ ʦʧʠʩʘʥʽ ʥʠʞʯʝ. ɼʣʷ 

ʧʦʷʩʥʝʥʥʷ ʦʙʦʭ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʨʦʟʢʣʘʜʘʥʥʷ ʚ ʨʷʜ ʊʝʡʣʦʨʫ ʯʘʩʪʦʪʥʦʾ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʬʦʪʦʜʽʦʜʫ. ɼʣʷ ʘʥʘʣʽʟʫ ʧʝʨʝʜʙʘʯʘʻʪʴʩʷ, ʱʦ ʩʠʛʥʘʣ, ʷʢʠʡ ʟʙʫʜʞʫʻ, 

ʷʚʣʷʻ ʩʦʙʦʶ ʧʦʩʪʽʡʥʫ ʩʢʣʘʜʦʚʫ ʩʪʨʫʤʫ (3.43) ʽ ʜʚʘ ʩʣʘʙʢʠʭ ʩʠʥʫʩʦʾʜʘʣʴʥʽ ʩʠʛʥʘʣʠ 

ʟ ʫʤʦʚʠ 1 2 1j j j= =  ʜʘʥʽ ʧʝʨʰʠʤʠ ʜʚʦʤʘ ʨʷʜʢʘʤʠ (3.44) ʧʨʠ j = k = 1. 
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ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʮʝ ʷʢ ʚʭʽʜʥʠʡ ʩʠʛʥʘʣ ʬʦʪʦʜʽʦʜʫ ʽ ʚʠʢʦʥʫʶʯʽ ʨʦʟʢʣʘʜʘʥʥʷ ʚ ʨʷʜ 

ʊʝʡʣʦʨʫ ʚ ʦʢʦʣʽ 
ʟʤI , ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʚʠʭʽʜʥʠʡ ʩʪʨʫʤ: 
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, (3.109)  

ʜʝ ( )ʟʤ,q ʟʤsinI Ij j= . 

ʈʝʟʫʣʴʪʘʪʠ ʚʠʤʽʨʶʚʘʥʴ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʬʦʪʦʜʽʦʜʫ ʧʦ ʛʘʨʤʦʥʽʢʘʭ ʥʘʚʝʜʝʥʽ ʥʘ 

ʨʠʩ. 3.40, ʨʠʩ. 3.41 [30].  

 

 

 

ʈʠʩ. 3.40. ʈʝʟʫʣʴʪʘʪʠ ʚʠʤʽʨʶʚʘʥʥʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʬʦʪʦʜʽʦʜʫ ʟʘ ʧʝʨʰʦʶ, 

ʜʨʫʛʦʶ ʪʘ ʪʨʝʪʴʦʶ ʛʘʨʤʦʥʽʢʘʤʠ ʧʨʠ ʟʙʫʜʞʝʥʥʽ ʛʘʨʤʦʥʽʯʥʠʤ ʩʠʛʥʘʣʦʤ ʯʘʩʪʦʪʦʶ 

5 ʄɻʮ. ʇʦʢʘʟʘʥʝ ʟʥʘʯʝʥʥʷ ʪʦʯʦʢ ʧʝʨʝʪʠʥʫ ʟʘ ʚʠʭʦʜʦʤ ʥʘ ʛʘʨʤʦʥʽʢʘʭ 
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ʈʠʩ. 3.41. ʈʝʟʫʣʴʪʘʪʠ ʚʠʤʽʨʶʚʘʥʥʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʣʽʥʽʾ ʟ ʄɯɺʇɼ ʟʘ 

ʧʝʨʰʦʶ (5 ʄɻʮ), ʟʘ ʜʨʫʛʦʶ  ʪʘ ʪʨʝʪʴʦʶ ʛʘʨʤʦʥʽʢʘʤʠ. ʇʦʢʘʟʘʥʦ ʟʥʘʯʝʥʥʷ ʪʦʯʦʢ 

ʧʝʨʝʪʠʥʫ ʱʦʜʦ ʚʠʭʦʜʫ ʥʘ ʛʘʨʤʦʥʽʢʘʭ 

 

ɿʦʢʨʝʤʘ, ʥʘ ʨʠʩ. 3.40 ʧʦʜʘʥʽ ʚʠʤʽʨʷʥʽ ʪʦʯʢʠ ʧʝʨʝʪʠʥʫ ʟʘ ʚʠʭʦʜʦʤ ʚʥʘʩʣʽʜʦʢ 

ʛʘʨʤʦʥʽʯʥʠʭ ʩʧʦʪʚʦʨʝʥʴ ʜʨʫʛʦʛʦ ʽ ʪʨʝʪʴʦʛʦ ʧʦʨʷʜʢʫ: OIP2h ʽ OIP3h ʚʽʜʧʦʚʽʜʥʦ, ʜʣʷ 

ʬʦʪʦʜʽʦʜʫ ʟʽ ʟʙʫʜʞʝʥʥʷʤ ʛʘʨʤʦʥʽʡʥʠʤ ʩʠʛʥʘʣʦʤ ʯʘʩʪʦʪʦʶ 5 ʄɻʮ ʧʨʠ ʩʝʨʝʜʥʴʦʤʫ 

ʩʪʨʫʤʽ 
ʟʤ 6,5I = ʤɸ. 

ɿʘʛʘʣʴʥʠʡ ʧʽʜʭʽʜ ʜʣʷ ʟʙʽʣʴʰʝʥʥʷ ʝʬʝʢʪʠʚʥʦʾ ʣʽʥʽʡʥʦʩʪʽ ʥʝʣʽʥʽʡʥʦʛʦ 

ʧʨʠʩʪʨʦʶ  ʮʝ ʬʦʨʤʫʚʘʥʥʷ ʤʘʪʨʠʮʽ (ˇʨʘʪʢʠ) ʪʘʢʠʭ ʧʨʠʩʪʨʦʾʚ. ʗʢʱʦ ʚʩʽ N 

ʧʨʠʩʪʨʦʾʚ ʫ ʛʨʘʪʮʽ ʤʘʶʪʴ ʽʜʝʥʪʠʯʥʫ ʥʝ ʣʽʥʽʡʥʽʩʪʴ ʽ ʾʭ ʚʠʭʽʜʥʽ ʩʪʨʫʤʠ ʢʦʤʙʽʥʫʶʪʴʩʷ 

ʣʽʥʽʡʥʦ ʙʝʟ ʚʪʨʘʪ ʘʙʦ ʬʘʟʦʚʠʭ ʟʩʫʚʽʚ, ʦʯʽʢʫʻʪʴʩʷ ʟʙʽʣʴʰʝʥʥʷ ʟ ʢʦʝʬʽʮʽʻʥʪʦʤ N2 

ʪʦʯʢʠ ʧʝʨʝʪʠʥʫ ʟʘ ʚʠʭʦʜʦʤ ʫ ʧʦʨʽʚʥʷʥʥʽ ʟ ʘʥʘʣʦʛʽʯʥʠʤ ʧʘʨʘʤʝʪʨʦʤ ʙʫʜʴ-ʷʢʦʛʦ 

ʦʢʨʝʤʦʛʦ ʧʨʠʩʪʨʦʶ. ɼʣʷ ʧʽʜʪʚʝʨʜʞʝʥʥʷ ʮʴʦʛʦ ʧʦʣʦʞʝʥʥʷ ʩʢʦʥʩʪʨʫʡʦʚʘʥʘ ˇʨʘʪʢʘ 

ʟ ʯʦʪʠʨʴʦʭ ʬʦʪʦʜʽʦʜʽʚ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʨʠʣʘʜʽʚ, ʩʭʦʞʠʭ ʥʘ ʪʦʡ, ʨʝʟʫʣʴʪʘʪʠ 

ʜʦʩʣʽʜʞʝʥʥʷ ʷʢʦʛʦ ʥʘʚʝʜʝʥʽ ʥʘ ʨʠʩ. 3.41. 

ɺ ʩʭʝʤʽ, ʱʦ ʦʧʠʩʫʻʪʴʩʷ, ʜʚʘ ʬʦʪʦʜʽʦʜʠ ʧʨʠʻʜʥʘʥʽ ʜʦ ʢʦʞʥʦʛʦ ʚʠʭʦʜʫ 

ʢʚʘʜʨʘʪʫʨʥʦ-ʟʤʽʱʝʥʦʛʦ ʄʄʎ. ʉʪʨʫʤʠ ʚʽʜ ʜʚʦʭ ʬʦʪʦʜʽʦʜʽʚ ʥʘ ʢʦʞʥʦʤʫ ʧʣʝʯʽ 

ʄʄʎ ʜʦʜʘʚʘʣʠʩʷ, ʘ ʨʝʟʫʣʴʪʫʶʯʠʡ ʩʪʨʫʤ ʚʽʜ ʢʦʞʥʦʛʦ ʧʣʝʯʘ ʄʄʎ ʚʽʜʥʽʤʘʚʩʷ. 
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ʇʦʚʥʠʡ ʬʦʪʦʩʪʨʫʤ ʜʣʷ ʣʽʥʽʾ ʙʫʚ ʟʤ 26I =  ʤɸ (6,5 ʤɸ ʥʘ ʬʦʪʦʜʽʦʜ). ɿʥʘʯʝʥʥʷ 

ʧʘʨʘʤʝʪʨʽʚ OIP2h ʽ OIP3h ʚ ʮʽʡ ʣʽʥʽʾ ʧʦʜʘʥʽ ʥʘ ʨʠʩ. 3.40. ɺʠʛʨʘʰ ʚʽʜ ʟ'ʻʜʥʘʥʥʷ 

ʬʦʪʦʜʽʦʜʽʚ ʚ ʛʨʘʪʢʫ ʜʣʷ ʧʨʠʡʤʘʯʘ ʧʦʚʠʥʝʥ ʙʫʪʠ 12 ʜɹ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ OIP2h = 

71 ʜɹʤ ʽ OIP3h = 45 ʜɹʤ, ʷʢʙʠ ʬʦʪʦʜʽʦʜʠ ʙʫʣʠ ʻʜʠʥʠʤ ʜʞʝʨʝʣʦʤ ʩʧʦʪʚʦʨʝʥʴ. 

ɺʠʤʽʨʷʥʝ ʟʥʘʯʝʥʥʷ OIP3h = 27 ʜɹʤ ʦʙʤʝʞʝʥʦ ʩʧʦʪʚʦʨʝʥʥʷʤʠ ʚ ʄʄʎ. ʇʨʦʪʝ 

ʚʠʤʽʨʷʥʝ ʟʥʘʯʝʥʥʷ OIP2h = 105 ʜɹʤ ʤʦʞʥʘ ʧʨʠʧʠʩʘʪʠ ʧʝʨʝʜʙʘʯʝʥʦʤʫ ʝʬʝʢʪʫ 

ʧʨʠʜʫʰʝʥʥʷ ʧʘʨʥʠʭ ʛʘʨʤʦʥʽʢ. ʇʨʠʯʠʥʫ ʧʨʠʜʫʰʝʥʥʷ ʤʦʞʥʘ ʧʦʙʘʯʠʪʠ ʙʽʣʴʰ ʯʽʪʢʦ 

ʥʘ ʨʠʩ. 3.42, ʜʝ ʥʘʚʝʜʝʥʽ ʩʠʛʥʘʣʠ ʧʝʨʰʦʾ ʪʘ ʜʨʫʛʦʾ ʛʘʨʤʦʥʽʢ ʥʘ ʚʠʭʦʜʽ ʧʨʠʡʤʘʯʘ 

ʚʽʜ ʢʦʞʥʦʛʦ ʄʄʎ, ʱʦ ʚʠʤʽʨʶʶʪʴʩʷ. ʉʠʛʥʘʣʠ ʦʩʥʦʚʥʦʾ ʯʘʩʪʦʪʠ ʟʥʘʭʦʜʷʪʴʩʷ ʚ 

ʬʘʟʽ, ʘ ʾʭ ʜʨʫʛʽ ʛʘʨʤʦʥʽʢʠ - ʫ ʧʨʦʪʠʣʝʞʥʠʭ ʬʘʟʘʭ. ɭ ʜʝʷʢʽ ʥʝʜʦʣʽʢʠ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʙʘʣʘʥʩʥʦʛʦ ʧʨʠʡʤʘʯʘ ʜʣʷ ʧʨʠʜʫʰʝʥʥʷ ʚʥʝʩʝʥʠʭ ʬʦʪʦʜʽʦʜʦʤ ʩʧʦʪʚʦʨʝʥʴ ʧʘʨʥʦʛʦ 

ʧʦʨʷʜʢʫ [154]. ʄʝʪʦʜ ʚʠʤʘʛʘʻ ʜʚʘ ʬʘʟʦ-ʫʟʛʦʜʞʝʥʠʭ ʚʦʣʦʢʥʘ, ʱʦ ʤʦʞʝ ʙʫʪʠ 

ʥʝʨʝʘʣʴʥʠʤ ʥʘ ʧʨʘʢʪʠʮʽ ʜʣʷ ʧʨʦʪʷʞʥʠʭ ʣʽʥʽʡ ʤʽʞ ʜʚʦʤʘ ʪʦʯʢʘʤʠ ʽ/ʘʙʦ ʚʠʩʦʢʠʭ 

ʯʘʩʪʦʪ ʤʦʜʫʣʷʮʽʾ. 

 

 

  

ʈʠʩ. 3.42. ʆʩʮʠʣʦʛʨʘʤʠ ʩʠʛʥʘʣʽʚ ʥʘ ʚʠʭʦʜʽ ʩʠʤʝʪʨʠʯʥʦʾ ʣʽʥʽʾ ʟ ʄɯɺʇɼ, ʱʦ 

ʧʦʢʘʟʫʶʪʴ (ʟʚʝʨʭʫ, ʣʽʚʘ ʚʽʩʴ) ʧʝʨʰʽ ʛʘʨʤʦʥʽʢʠ ʚʽʜ ʢʦʞʥʦʛʦ ʧʣʝʯʘ, ʷʢʽ ʙʫʣʠ 

ʟʤʽʱʝʥʽ, ʱʦʙ ʙʫʪʠ ʚ ʬʘʟʽ ʧʽʩʣʷ ʚʽʜʥʽʤʘʥʥʷ ʽ (ʟʥʠʟʫ, ʧʨʘʚʘ ʚʽʩʴ) ʜʨʫʛʽ ʛʘʨʤʦʥʽʢʠ, 

ʷʢʽ ʟʤʽʱʝʥʽ ʟʘ ʬʘʟʦʶ ʥʘ 180 ʛʨʘʜ [154]. 
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ʇʽʜʭʽʜ ʪʘʢʦʞ ˇʨʫʥʪʫʻʪʴʩʷ ʥʘ ʜʦʙʨʝ ʫʟʛʦʜʞʝʥʦʤʫ ʥʘʙʦʨʽ ʬʦʪʦʜʽʦʜʽʚ, ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʷʢʠʭ ʨʝʘʣʽʟʫʻʪʴʩʷ ʬʫʥʢʮʽʷ ʧʨʠʜʫʰʝʥʥʷ. ʄʝʪʦʜ, ʟʘʧʨʦʧʦʥʦʚʘʥʠʡ ʚ 

[154], ʫʩʫʚʘʻ ʮʽ ʧʨʦʙʣʝʤʠ ʰʣʷʭʦʤ ʧʨʠʜʫʰʝʥʥʷ ʩʧʦʪʚʦʨʝʥʴ ʬʦʪʦʜʽʦʜʫ ʧʘʨʥʦʛʦ 

ʧʦʨʷʜʢʫ ʚ ʄʄʎ ʟ ʦʜʥʠʤ ʚʠʭʦʜʦʤ. 

ʇʽʜʭʽʜ ˇʨʫʥʪʫʻʪʴʩʷ ʥʘ ʟʤʽʱʝʥʥʽ ʄʄʎ ʪʘʢ, ʱʦʙ ʥʘʚʤʠʩʥʦ ʛʝʥʝʨʫʚʘʪʠ 

ʩʧʦʪʚʦʨʝʥʥʷ ʧʘʨʥʦʛʦ ʧʦʨʷʜʢʫ, ʧʽʜʙʠʨʘʶʯʠ ʘʤʧʣʽʪʫʜʫ ʩʧʦʪʚʦʨʝʥʴ, ʚʠʢʣʠʢʘʥʠʭ 

ʬʦʪʦʜʽʦʜʦʤ. ʈʽʚʥʷʥʥʷ ʚ ʮʴʦʤʫ ʨʦʟʜʽʣʽ ʧʽʜʪʚʝʨʜʞʫʶʪʴ, ʱʦ ʜʚʘ ʜʞʝʨʝʣʘ ʤʦʞʫʪʴ 

ʩʪʚʦʨʶʚʘʪʠ ʩʧʦʪʚʦʨʝʥʥʷ ʧʘʨʥʦʛʦ ʧʦʨʷʜʢʫ, ʷʢʽ ʟʥʘʭʦʜʷʪʴʩʷ ʚ ʧʨʦʪʠʣʝʞʥʠʭ ʬʘʟʘʭ. 

ɺ ʜʘʥʦʤʫ ʧʽʜʨʦʟʜʽʣʽ ʧʦʜʘʥʠʡ ʢʦʨʦʪʢʠʡ ʚʠʢʣʘʜ ʪʝʦʨʽʾ ʽ ʜʝʷʢʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ 

ʜʣʷ ʮʴʦʛʦ ʤʝʪʦʜʫ. 

ʈʦʟʛʣʷʥʝʤʦ ʄʄʎ ʟ ʦʜʥʠʤ ʚʠʭʦʜʦʤ, ʷʢʽʡ ʫʧʨʘʚʣʷʻ ʦʜʥʠʤ ʬʦʪʦʜʽʦʜʦʤ, ʷʢ 

ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 3.4. ʇʘʨʘʤʝʪʨ ʽʥʪʝʨʤʦʜʫʣʷʮʽʡʥʠʭ ʩʧʦʪʚʦʨʝʥʴ ʜʨʫʛʦʛʦ ʧʦʨʷʜʢʫ 

ɯʄʉ2 ʜʣʷ ʪʘʢʦʾ ʣʽʥʽʾ ʤʦʞʝ ʙʫʪʠ ʟʤʦʜʝʣʴʦʚʘʥʠʡ ʷʢ ʩʢʣʘʜʦʚʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʟ 

(3.109). ʆʪʨʠʤʘʥʠʡ ʚʠʨʘʟ ʤʘʻ ʚʠʛʣʷʜ: 

( )
( ) ( )2 ʟʤ 2

ɯʄʉ2 ʟʤ,q 2 ʟʤ,q ʟʤ 2 1
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sin cos
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,      (3.110) 

ʜʝ ʧʝʨʰʠʡ ʯʣʝʥ ʚ ʜʫʞʢʘʭ ʧʦʚ'ʷʟʘʥʠʡ ʟ ʄʄʎ, ʘ ʜʨʫʛʠʡ - ʟ ʬʦʪʦʜʽʦʜʦʤ.  

ʌʘʟʠ ʜʦʜʘʥʢʫ, ʧʦʚ'ʷʟʘʥʦʛʦ ʟ ʄʄʎ, ʨʦʟʪʘʰʦʚʫʶʪʴʩʷ ʧʦ ʦʙʠʜʚʘ ʙʦʢʠ ʚʽʜ 

ʢʚʘʜʨʘʪʫʨʥʦʾ ʪʦʯʢʠ, ʚʽʜʨʽʟʥʷʶʯʠʩʴ ʥʘ 180Á. ʆʜʥʘʢ ʩʠʛʥʘʣ ʧʝʨʰʦʾ ʛʘʨʤʦʥʽʢʠ, ʷʢʽʡ 

ʛʝʥʝʨʫʻʪʴʩʷ ʄʄʎ, ʤʘʻ ʦʜʥʘʢʦʚʫ ʬʘʟʫ ʱʦʜʦ ʢʚʘʜʨʘʪʫʨʥʦʾ ʪʦʯʢʠ, ʚʨʘʭʦʚʫʶʯʠ, ʱʦ 

ʘ2 ʧʦʚʠʥʥʽ ʤʘʪʠ ʪʦʡ ʞʝ ʟʥʘʢ ʚ ʾʾ ʦʢʦʣʽ (3.109). ɺʝʣʠʯʠʥʘ ʘ2 ʤʦʞʝ ʙʫʪʠ ʚʠʟʥʘʯʝʥʘ 

ʚʠʤʽʨʶʚʘʥʥʷʤ OIP2 ʬʦʪʦʜʽʦʜʫ, ʘ ʽʥʰʽ ʧʘʨʘʤʝʪʨʠ ʚ (3.109) ʤʦʞʥʘ ʣʝʛʢʦ ʦʪʨʠʤʘʪʠ. 

ʆʪʞʝ, ʧʨʠ ʜʝʷʢʠʭ ʬʘʟʘʭ ʟʩʫʚʫ, ʷʢʽ ʥʘʚʝʜʝʥʽ ʚ (3.110), ʤʦʞʝ ʙʫʪʠ ʜʦʩʷʛʥʫʪʠʡ ʝʬʝʢʪ 

ʧʨʠʜʫʰʝʥʥʷ. 

ɽʬʝʢʪ ʧʨʠʜʫʰʝʥʥʷ ʥʘʙʘʛʘʪʦ ʢʨʘʱʝ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʚʽʜʥʦʰʝʥʥʷ ʥʝʩʫʯʦʾ ʜʦ ʽʥʪʝʨʤʦʜʫʣʷʮʽʡʥʠʭ ʩʧʦʪʚʦʨʝʥʴ. ʇʨʠ ʚʠʩʦʢʠʭ ʚʭʽʜʥʠʭ 

ʧʦʪʫʞʥʦʩʪʷʭ ɯʄʉ ʥʘ 17,5 ʜɹ ʚʠʱʝ ʥʘ 2,5 ʤɸ, ʥʽʞ ʥʘ 3,0 ʤɸ (ʢʦʣʠ ʄʄʎ ʚ 

ʢʚʘʜʨʘʪʫʨʽ). ɺ ʦʙʣʘʩʪʽ ʩʠʣʴʥʦʛʦ ʧʨʠʜʫʰʝʥʥʷ ʨʽʟʥʠʮʷ ɯʄʉ ʩʪʘʥʦʚʠʪʴ ʧʦʥʘʜ 40 ʜɹ. 
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ʈʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʫ ʽ ʚʠʤʽʨʶʚʘʥʥʷ ʩʠʛʥʘʣʫ ʦʩʥʦʚʥʦʾ ʯʘʩʪʦʪʠ ʽ ɯʄʉ2 ʜʣʷ ʣʽʥʽʾ 

ʧʝʨʝʜʘʯʽ ʚ ʬʫʥʢʮʽʾ ʚʽʜ ʟʤʽʱʝʥʥʷ ʄʄʎ ʥʘʚʝʜʝʥʽ ʥʘ ʨʠʩ. 3.43 [30].  

 

 

ʈʠʩ. 3.43. ʈʝʟʫʣʴʪʘʪʠ ʚʠʤʽʨʶʚʘʥʥʷ (ʩʠʤʚʦʣʠ) ʽ ʨʦʟʨʘʭʫʥʢʫ (ʩʫʮʽʣʴʥʽ ʣʽʥʽʾ) 

ʧʦʪʫʞʥʦʩʪʽ ʟʘ ʧʝʨʰʦʶ ʛʘʨʤʦʥʽʢʦʶ ʽ ʟʘ ɯʄʉ2 ʜʣʷ ʣʽʥʽʾ ʟ ʄɯɺʇɼ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ 

ʬʘʟʠ ʟʤʽʱʝʥʥʷ ʄʄʎ 

 

ʗʢ ʧʦʢʘʟʘʥʦ, ʨʦʟʨʘʭʫʥʢʦʚʘ ʧʦʪʫʞʥʽʩʪʴ ʩʠʛʥʘʣʫ ʦʩʥʦʚʥʦʾ ʯʘʩʪʦʪʠ (3.109) ʽ 

ʧʦʪʫʞʥʽʩʪʴ ɯʄʉ2 (3.110) ʙʣʠʟʴʢʦ ʟʙʽʛʘʶʪʴʩʷ ʟ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ ʜʘʥʠʤʠ. 

ʈʦʟʨʘʭʫʥʢʦʚʽ ʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʧʦʪʫʞʥʦʩʪʽ ʩʠʛʥʘʣʽʚ ʦʩʥʦʚʥʦʾ ʯʘʩʪʦʪʠ ʜʦʙʨʝ 

ʫʟʛʦʜʞʫʶʪʴʩʷ ʚ ʢʚʘʜʨʘʪʫʨʥʽʡ ʪʦʯʮʽ (
ʟʤI = 3,0 ʤɸ). ʆʜʥʘʢ ʚʠʤʽʨʷʥʽ ʟʥʘʯʝʥʥʷ 

ʟʥʘʭʦʜʷʪʴʩʷ ʚʠʱʝ ʨʦʟʨʘʭʫʥʢʦʚʠʭ ʧʨʠ ʩʪʨʫʤʘʭ ʤʝʥʰʝ 3,0 ʤɸ ʽ ʥʠʞʯʝ 

ʨʦʟʨʘʭʫʥʢʦʚʠʭ ʜʣʷ ʬʦʪʦʩʪʨʫʤʽʚ ʚʠʱʝ 3,0 ʤɸ. ʂʨʠʚʽ ɯʄʉ2 ʤʘʶʪʴ ʪʫ ʞ ʪʝʥʜʝʥʮʽʶ 

ʟ ʚʝʣʠʢʦʶ ʨʦʟʙʽʞʥʽʩʪʶ, ʘʣʝ ʜʦʩʠʪʴ ʜʦʙʨʝ ʫʟʛʦʜʞʫʶʪʴʩʷ ʚ ʦʙʣʘʩʪʽ ʧʨʠʜʫʰʝʥʥʷ. 

ʇʨʠʯʠʥʦʶ ʥʝʚʽʜʧʦʚʽʜʥʦʩʪʽ ʪʝʦʨʽʾ ʽ ʝʢʩʧʝʨʠʤʝʥʪʫ ʚʚʘʞʘʻʪʴʩʷ ʢʦʤʧʨʝʩʽʷ 

ʬʦʪʦʜʽʦʜʘ, ʷʢʘ ʟʙʽʣʴʰʫʻʪʴʩʷ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʬʦʪʦʩʪʨʫʤʫ ʽ ʨʦʙʦʯʦʾ ʯʘʩʪʦʪʠ. 

ʂʦʤʧʨʝʩʽʷ ʩʠʛʥʘʣʽʚ ʥʘ ʬʦʪʦʜʽʦʜʽ ʻ ʧʘʨʘʟʠʪʥʠʤ ʝʬʝʢʪʦʤ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ 

ʧʝʨʝʚʽʨʢʠ. ɼʣʷ ʜʝʤʦʥʩʪʨʘʮʽʾ ʤʝʪʦʜʫ ʚ ʧʦʚʥʦʾ ʤʽʨʽ, ʬʦʪʦʜʽʦʜ ʧʨʘʮʶʻ ʧʨʠ ʥʠʟʴʢʠʭ 

ʟʚʦʨʦʪʥʠʭ ʟʤʽʱʝʥʥʷʭ ʟ ʤʝʪʦʶ ʟʩʫʚʫ ʝʬʝʢʪʫ ʧʨʠʜʫʰʝʥʥʷ ʜʦʩʠʪʴ ʜʘʣʝʢʦ ʚʽʜ 

ʢʚʘʜʨʘʪʫʨʥʦʾ ʪʦʯʢʠ. ʂʦʤʧʨʝʩʽʶ ʩʠʛʥʘʣʽʚ ʥʘ ʬʦʪʦʜʝʪʝʢʪʦʨʽ ʤʦʞʥʘ ʦʧʠʩʘʪʠ 

ʰʣʷʭʦʤ ʨʦʟʛʣʷʜʫ ʙʽʣʴʰʦʾ ʢʽʣʴʢʦʩʪʽ ʯʣʝʥʽʚ ʨʷʜʫ ʊʝʡʣʦʨʫ (3.109). 
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ɸʥʘʣʦʛʽʯʥʽ ʜʘʥʽ ʧʦʜʘʥʽ ʥʘ ʨʠʩ. 3.32, ʜʝ ʚʠʩʦʢʦʯʘʩʪʦʪʥʠʡ ʬʦʪʦʜʽʦʜ (U2T, 

ʩʤʫʛʘ 75 ɻɻʮ) ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʚ ʣʽʥʽʾ ʪʠʧʫ ʄɯɺʇɼ ʟ ʦʜʥʠʤ ʚʠʭʦʜʦʤ ʄʄʎ [155]. 

ɼʣʷ ʜʘʥʦʾ ʣʽʥʽʾ ʬʦʪʦʩʪʨʫʤ ʚ ʢʚʘʜʨʘʪʫʨʥʽʡ ʪʦʯʮʽ ʜʦʨʽʚʥʶʻ 2,5 ʤɸ, ʽ ʥʘ ʚʭʽʜ ʄʄʎ 

ʧʦʜʘʶʪʴʩʷ ʜʚʘ ʩʠʛʥʘʣʠ ʟ ʯʘʩʪʦʪʘʤʠ 35,0 ʽ 35,5 ɻɻʮ. ʅʘ ʨʠʩ. 3.44 ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ 

ʟʤʽʱʝʥʥʷ ʄʄʎ ʧʦʜʘʥʽ ɯʄʉ2 ʥʘ ʨʽʟʥʠʮʝʚʽʡ ʯʘʩʪʦʪʽ 500 ʄɻʮ ʽ ʧʦʪʫʞʥʽʩʪʴ ʥʘ ʦʜʥʽʡ 

ʟ ʦʩʥʦʚʥʠʭ ʯʘʩʪʦʪ. ʊʝʦʨʝʪʠʯʥʽ ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ ʚ ʪʦʯʥʦʩʪʽ ʟʙʽʛʘʶʪʴʩʷ ʜʣʷ 

ʬʦʪʦʜʽʦʜʫ, ʚ ʷʢʦʤʫ ʝʬʝʢʪ ʢʦʤʧʨʝʩʽʾ ʚʽʜʩʫʪʥʽʡ. ʂʨʽʤ ʪʦʛʦ, ʥʘ ʨʠʩ. 3.44 ʧʦʢʘʟʘʥʦ 

ʨʦʟʨʘʭʦʚʘʥʠʡ ʚʽʜʛʫʢ ɯʄʉ2 ʜʣʷ ʧʘʨʘʤʝʪʨʽʚ ʣʽʥʽʾ ʟ ʽʜʝʘʣʴʥʠʤ ʬʦʪʦʜʽʦʜʦʤ 

ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʚʠʨʘʟʫ (3.43) [30]. ʎʝʡ ʛʨʘʬʽʢ ʱʝ ʨʘʟ ʧʽʜʢʨʝʩʣʶʻ ʚʧʣʠʚ ɯʄʉ2 

ʬʦʪʦʜʽʦʜʫ ʟʘ ʤʝʞʝʶ ʨʝʞʠʤʫ ʧʦʚʥʦʛʦ ʧʨʠʜʫʰʝʥʥʷ. 

 

 

 

 

ʈʠʩ. 3.44. ʈʝʟʫʣʴʪʘʪʠ ʚʠʤʽʨʶʚʘʥʥʷ (ʩʠʤʚʦʣʠ) ʽ ʨʦʟʨʘʭʫʥʢʫ (ʩʫʮʽʣʴʥʽ ʣʽʥʽʾ) 

ʧʦʪʫʞʥʦʩʪʽ ʟʘ ʧʝʨʰʦʶ ʛʘʨʤʦʥʽʢʦʶ ʽ ʟʘ ɯʄʉ2 ʜʣʷ ʣʽʥʽʾ ʟ ʄɯɺʇɼ ʂ-ʜʽʘʧʘʟʦʥʫ ʚ 

ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʬʘʟʠ ʟʤʽʱʝʥʥʷ ʄʄʎ  
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3.5.6. ʄʝʪʦʜʠ ʽʥʪʝʛʨʘʮʽʾ ʤʦʜʫʣʷʪʦʨʽʚ ʄʘʭʘ-ʎʝʥʜʝʨʘ 

ɺ ̔ʜʝʘʣʴʥʦʤʫ ʄʄʎ, ʟʤʽʱʝʥʦʤʫ ʪʦʯʥʦ ʚ ʢʚʘʜʨʘʪʫʨʽ, ʚʽʜʩʫʪʥʽ ʩʧʦʪʚʦʨʝʥʥʷ 

ʧʘʨʥʦʛʦ ʧʦʨʷʜʢʫ, ʱʦ ʨʦʙʠʪʴ ʣʽʥʽʶ ʟ ʄɯɺʇɼ ʽʜʝʘʣʴʥʠʤ ʢʘʥʜʠʜʘʪʦʤ ʜʣʷ ʤʫʣʴʪʠ 

ʦʢʪʘʚʥʠʭ ʟʘʩʪʦʩʫʚʘʥʴ. ɺ ʜʘʥʠʡ ʯʘʩ ʧʨʦʚʝʜʝʥʽ ʯʠʩʣʝʥʥʽ ʜʝʤʦʥʩʪʨʘʮʽʾ ʤʝʪʦʜʽʚ 

ʣʽʥʝʘʨʠʟʘʮʽʾ ʚʣʘʩʥʦʾ ʧʝʨʝʜʘʚʘʣʴʥʦʾ ʬʫʥʢʮʽʾ ʄʄʎ ʜʣʷ ʟʤʝʥʰʝʥʥʷ ʩʧʦʪʚʦʨʝʥʴ 

ʪʨʝʪʴʦʛʦ ʧʦʨʷʜʢʫ, ʷʢʽ ʻ ʦʩʥʦʚʥʠʤ ʜʞʝʨʝʣʦʤ ʩʧʦʪʚʦʨʝʥʥʷ ʩʠʛʥʘʣʽʚ ʫ ʚʠʧʘʜʢʫ ʦʜʥʦ 

ʦʢʪʘʚʥʠʭ ʟʘʩʪʦʩʫʚʘʥʴ. ʆʜʠʥ ʟ ʨʘʥʥʽʭ ʤʝʪʦʜʽʚ, ʚ ʷʢʦʤʫ ʜʚʘ ʄʄʎ ʦʧʪʠʯʥʦ ʟ'ʻʜʥʘʥʽ 

ʧʦʩʣʽʜʦʚʥʦ ʽ ʫʧʨʘʚʣʷʶʪʴʩʷ ʦʜʥʠʤ ɺʏ-ʩʠʛʥʘʣʦʤ, ʧʦʜʘʥʦ ʥʘ ʨʠʩ. 3.45. 

 

 

 

ʈʠʩ. 3.45. ʉʭʝʤʘ ʧʦʩʣʽʜʦʚʥʦʛʦ ʚʢʣʶʯʝʥʥʷ ʤʦʜʫʣʷʪʦʨʽʚ ʄʘʭʘ-ʎʝʥʜʝʨʘ 

 

ʋ ʮʽʻʾ ʩʭʝʤʽ ʻ ʜʚʘ ʦʩʥʦʚʥʽ ʧʘʨʘʤʝʪʨʘ ʨʝʛʫʣʶʚʘʥʥʷ: ʢʦʝʬʽʮʽʻʥʪ ʨʦʟʛʘʣʫʞʝʥʥʷ 

ʨʘʜʽʦʯʘʩʪʦʪʥʦʛʦ ʩʠʛʥʘʣʫ, ʷʢʠʡ ʧʦʜʽʣʷʻʪʴʩʷ ʤʽʞ ʚʭʦʜʘʤʠ ʜʚʦʭ ʄʄʎ, ʽ ʧʦʩʪʽʡʥʝ 

ʟʤʽʱʝʥʥʷ ʥʘ ʢʦʞʥʦʤʫ ʄʄʎ. ʇʨʠ ʨʝʘʣʽʟʘʮʽʾ, ʷʢ ʚʠʧʣʠʚʘʻ ʟ ʨʠʩ. 3.44, ʜʣʷ ʄʄʎ ʟ 

ʦʜʥʠʤ ʚʠʭʦʜʦʤ ʽ ʢʦʝʬʽʮʽʻʥʪʘʤʠ ʦʧʪʠʯʥʦʛʦ ʨʦʟʛʘʣʫʞʝʥʥʷ 50/50 ʮʽ ʨʝʛʫʣʶʚʘʥʥʷ 

ʤʦʞʫʪʴ ʙʫʪʠ ʦʧʪʠʤʽʟʦʚʘʥʽ ʜʣʷ ʜʦʩʷʛʥʝʥʥʷ ʣʽʥʝʘʨʠʟʘʮʽʾ ʩʧʦʪʚʦʨʝʥʴ ʪʨʝʪʴʦʛʦ 

ʧʦʨʷʜʢʫ ʟʘ ʨʘʭʫʥʦʢ ʟʙʽʣʴʰʝʥʥʷ ʩʧʦʪʚʦʨʝʥʴ ʧʘʨʥʦʛʦ ʧʦʨʷʜʢʫ. ʋ ʪʘʢʽʡ ʞʝ ʩʭʝʤʽ 

ʤʦʞʫʪʴ ʙʫʪʠ ʩʪʚʦʨʝʥʽ ʜʦʜʘʪʢʦʚʽ ʨʝʛʫʣʶʚʘʥʥʷ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʟʤʽʥʥʠʡ ʦʧʪʠʯʥʠʡ 

ʟʚ'ʷʟʦʢ ʟʘ ʧʦʪʫʞʥʽʩʪʶ ʘʙʦ ʄʄʎ ʟ ʜʚʦʤʘ ʚʭʦʜʘʤʠ ʽ ʜʚʦʤʘ ʚʠʭʦʜʘʤʠ [156]. ʎʽ 

ʩʪʨʫʢʪʫʨʠ ʟʘʙʝʟʧʝʯʫʶʪʴ ʦʜʥʦʯʘʩʥʫ ʣʽʥʝʘʨʠʟʘʮʽʶ ʩʧʦʪʚʦʨʝʥʴ ʜʨʫʛʦʛʦ ʽ ʪʨʝʪʴʦʛʦ 

ʧʦʨʷʜʢʽʚ ʟʘ ʨʘʭʫʥʦʢ ʧʽʜʚʠʱʝʥʦʾ ʩʢʣʘʜʥʦʩʪʽ ʩʭʝʤʠ ʫʧʨʘʚʣʽʥʥʷ. ʑʦʙ ʚʠʚʝʩʪʠ ʫʤʦʚʠ 
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ʣʽʥʝʘʨʠʟʘʮʽʾ ʜʣʷ ʘʥʘʣʽʟʫ ʧʦʩʣʽʜʦʚʥʦ ʚʢʣʶʯʝʥʠʭ ʄʄʎ ʤʦʞʥʘ ʟʘʩʪʦʩʫʚʘʪʠ 

ʬʦʨʤʘʣʽʟʤ ʤʘʪʨʠʮʴ ʧʝʨʝʜʘʯʽ. ɼʣʷ ʣʽʥʝʘʨʠʟʘʮʽʾ ʘʥʘʣʦʛʦʚʠʭ ʦʧʪʠʯʥʠʭ ʣʽʥʽʡ ʪʘʢʦʞ 

ʚʠʢʦʨʠʩʪʘʥʽ ʜʚʘ ʧʘʨʘʣʝʣʴʥʦ ʚʢʣʶʯʝʥʠʭ ʄʄʎ [157]. ɹʘʟʦʚʘ ʩʭʝʤʘ ʪʘʢʦʛʦ 

ʧʦʜʚʽʡʥʦʛʦ ʧʘʨʘʣʝʣʴʥʦʛʦ ʄʄʎ (ɼʇʄʄʎ) ʥʘʚʝʜʝʥʘ ʥʘ ʨʠʩ. 3.46, ʜʝ ʧʦ ʜʚʘ ʄʄʎ 

ʨʦʟʪʘʰʦʚʘʥʽ ʚ ʢʦʞʥʦʤʫ ʧʣʝʯʽ ʪʨʝʪʴʦʛʦ ʟʘʛʘʣʴʥʦʛʦ ʄʄʎ. 

 

 

ʈʠʩ. 3.46. ʉʭʝʤʘ ʧʦʜʚʽʡʥʦʛʦ ʧʘʨʘʣʝʣʴʥʦʛʦ ʤʦʜʫʣʷʪʦʨʫ ʄʘʭʘ-ʎʝʥʜʝʨʘ ɼʇʄʄʎ 

 

ʆʪʨʠʤʘʥʘ ʩʪʨʫʢʪʫʨʘ ʜʘʻ ʯʦʪʠʨʠ ʤʦʞʣʠʚʽ ʧʘʨʘʣʝʣʴʥʽ ʦʧʪʠʯʥʽ ʰʣʷʭʠ, 

ʚʽʜʥʦʩʥʽ ʬʘʟʠ ʷʢʠʭ ʢʦʥʪʨʦʣʶʶʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʪʨʴʦʭ ʝʣʝʢʪʨʦʜʽʚ ʧʦʩʪʽʡʥʦʛʦ 

ʩʪʨʫʤʫ. ʅʘ ʢʦʞʝʥ ʟ ʜʚʦʭ ʚʢʣʘʜʝʥʠʭ ʄʄʎ ʧʦʜʘʻʪʴʩʷ ʨʘʜʽʦʯʘʩʪʦʪʥʠʡ ʩʠʛʥʘʣ. ɿʘ 

ʨʘʭʫʥʦʢ ʟʤʽʥʠ ʚʽʜʥʦʩʥʦʾ ʘʤʧʣʽʪʫʜʠ ʽ ʬʘʟʠ ʤʦʜʫʣʷʮʽʾ ʥʘ ʢʦʞʥʦʤʫ ʄʄʎ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʯʠʩʣʝʥʥʠʭ ʨʝʛʫʣʶʚʘʥʴ ʤʦʞʥʘ ʜʦʩʷʛʪʠ ʪʦʛʦ, ʱʦ ʩʧʦʪʚʦʨʝʥʥʷ ʚʽʜ 

ʦʜʥʦʛʦ ʄʄʎ ʢʦʤʧʝʥʩʫʚʘʣʦ ʙ ʩʧʦʪʚʦʨʝʥʥʷ, ʱʦ ʚʥʦʩʠʪʴʩʷ ʽʥʰʠʤ ʄʄʎ. 

ɯʥʪʝʛʨʦʚʘʥʽ ɼʇʄʄʎ ʚʠʷʚʠʣʠʩʷ ʢʦʨʠʩʥʠʤʠ ʜʣʷ ʨʽʟʥʠʭ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ 

ʬʦʨʤʘʪʽʚ, ʷʢ, ʥʘʧʨʠʢʣʘʜ, ʦʧʪʠʯʥʘ ʢʚʘʜʨʘʪʫʨʥʘ ʘʤʧʣʽʪʫʜʥʘ ʤʦʜʫʣʷʮʽʷ, ʜʝ ʮʠʬʨʦʚʽ 

ʩʠʛʥʘʣʠ ʥʘʜʭʦʜʷʪʴ ʥʘ ʚʭʦʜʠ ʚʢʣʘʜʝʥʠʭ ʄʄʎ. ɼʝʷʢʽ ʨʝʟʫʣʴʪʘʪʠ ʙʫʣʠ 

ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʽ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ɼʇʄʄʎ, ʪʘʢʽ ʷʢ ʣʽʥʝʘʨʠʟʦʚʘʥʘ ʦʜʥʦʩʤʫʛʦʚʘ 

ʤʦʜʫʣʷʮʽʷ, ʣʽʥʝʘʨʠʟʦʚʘʥʘ ʜʚʦʭʩʤʫʛʦʚʘ ʤʦʜʫʣʷʮʽʷ ʟ ʧʨʠʜʫʰʝʥʦʶ ʥʝʩʫʯʦʶ ʽ 

ʰʠʨʦʢʦʩʤʫʛʦʚʠʡ ʨʘʜʽʦʯʘʩʪʦʪʥʠʡ ʬʘʟʦʦʙʝʨʪʘʯ [157,159]. ʈʦʟʛʣʷʥʫʪʽ ʚʠʱʝ ʩʭʝʤʠ 
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ʜʚʦʭ ʧʦʩʣʽʜʦʚʥʦ ʚʢʣʶʯʝʥʠʭ ʄʄʎ ʽ ɼʇʄʄʎ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʛʦʪʦʚʣʝʥʽ ʥʘ ʦʜʥʦʤʫ 

ʢʨʠʩʪʘʣʽ, ʙʘʞʘʥʘ ʣʽʥʝʘʨʠʟʘʮʽʷ ʦʜʠʥʦʯʥʦʛʦ ʄʄʎ. ɿ ʮʽʻʾ ʤʝʪʦʶ ʤʦʞʥʘ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʦʧʪʠʯʥʽ ʤʝʪʦʜʠ, ʥʘʧʨʠʢʣʘʜ ʩʪʨʫʢʪʫʨʠ ʟ ʧʦʜʚʽʡʥʦʶ 

ʧʦʣʷʨʠʟʘʮʽʻʶ ʽ ʜʚʦʭ ʭʚʠʣʴʦʚʽ ʩʪʨʫʢʪʫʨʠ. ʋʤʦʚʠ ʣʽʥʝʘʨʠʟʘʮʽʾ ʜʦʩʷʛʘʶʪʴʩʷ ʰʣʷʭʦʤ 

ʧʦʜʘʣʴʰʦʛʦ ʨʦʟʢʣʘʜʘʥʥʷ ʚʭʽʜʥʦʾ ʧʦʣʷʨʠʟʘʮʽʾ ʥʘ ʜʚʘ ʦʨʪʦʛʦʥʘʣʴʥʠʭ ʩʪʘʥʠ (ʊɽ ʽ 

ʊʄ), ʷʢʽ ʤʘʶʪʴ ʜʦʩʠʪʴ ʨʽʟʥʽ ʝʣʝʢʪʨʦʦʧʪʠʯʥʽ ʬʘʟʦʚʽ ʟʩʫʚʠ. ʇʨʠ ʮʴʦʤʫ ʾʭ ʤʦʞʥʘ 

ʚʽʜʨʝʛʫʣʶʚʘʪʠ ʪʘʢʠʤ ʯʠʥʦʤ, ʱʦʙ ʚ ʨʝʟʫʣʴʪʘʪʽ ʩʧʦʪʚʦʨʝʥʥʷ ʥʘ ʢʦʞʥʽʡ ʽʟ 

ʧʦʣʷʨʠʟʘʮʽʡ ʚʦʥʠ ʛʘʩʠʣʠ ʦʜʠʥ ʦʜʥʦʛʦ. 

ɸʥʘʣʦʛʽʯʥʠʤ ʯʠʥʦʤ ʧʨʘʮʶʻ ʜʚʦʭ ʭʚʠʣʴʦʚʠʡ ʤʝʪʦʜ [160], ʚ ʷʢʦʤʫ ʜʚʽ ʭʚʠʣʽ 

ʨʽʟʥʦʾ ʜʦʚʞʠʥʠ ʧʦʜʘʶʪʴʩʷ ʥʘ ʚʭʽʜ ʦʜʥʦʛʦ ʄʄʎ. ʉʧʦʪʚʦʨʝʥʥʷ ʦʜʥʽʻʾ ʜʦʚʞʠʥʠ 

ʭʚʠʣʽ ʤʦʞʝ ʧʨʠʜʫʰʠʪʠ ʽʥʰʫ ʰʣʷʭʦʤ ʨʝʛʫʣʶʚʘʥʥʷ ʟʤʽʱʝʥʥʷ ʄʄʎ ʽ ʦʧʪʠʯʥʦʾ 

ʧʦʪʫʞʥʦʩʪʽ ʢʦʞʥʦʾ ʭʚʠʣʽ.  

ʉʭʝʤʠ ʣʽʥʝʘʨʠʟʘʮʽʾ, ʷʢʽ ʙʫʣʠ ʨʦʟʛʣʷʥʫʪʽ ʚʠʱʝ, ʤʦʞʥʘ ʨʦʟʛʣʷʜʘʪʠ ʷʢ 

ʚʙʫʜʦʚʘʥʽ, ʜʝ ʤʝʭʘʥʽʟʤ ʣʽʥʝʘʨʠʟʘʮʽʾ ʻ ʯʘʩʪʠʥʦʶ ʩʘʤʦʾ ʣʽʥʽʾ. ɼʣʷ ʣʽʥʝʘʨʠʟʘʮʽʾ 

ʧʝʨʝʜʘʚʘʣʴʥʦʾ ʬʫʥʢʮʽʾ ʣʽʥʽʾ ʟ ʄɯɺʇɼ ʤʦʞʫʪʴ ʙʫʪʠ ʪʘʢʦʞ ʚʠʢʦʨʠʩʪʘʥʽ ʟʦʚʥʽʰʥʽ 

ʣʘʥʮʶʛʠ, ʚ ʪʦʤʫ ʯʠʩʣʽ ʮʠʬʨʦʚʽ ʘʙʦ ʘʥʘʣʦʛʦʚʽ ʝʣʝʢʪʨʦʥʥʽ ʩʭʝʤʠ, ʝʣʝʢʪʨʦʦʧʪʠʯʥʽ 

ʣʘʥʮʶʛʠ ʘʙʦ ʛʽʙʨʠʜʥʽ ʧʽʜʭʦʜʠ. ʄʝʪʦʜʠ ʣʽʥʝʘʨʠʟʘʮʽʾ ʬʦʪʦʥʥʠʭ ʣʽʥʽʡ ʤʦʞʫʪʴ 

ʚʢʣʶʯʘʪʠ ʚ ʩʝʙʝ ʧʽʜʭʦʜʠ, ʨʦʟʨʦʙʣʝʥʽ ʜʣʷ ʣʽʥʝʘʨʠʟʘʮʽʾ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʽʜʩʠʣʶʚʘʯʘ, 

ʚ ʪʦʤʫ ʯʠʩʣʽ ʥʘ ʧʨʠʥʮʠʧʘʭ ʧʨʷʤʦʛʦ ʟʚ'ʷʟʢʫ, ʟʚʦʨʦʪʥʦʛʦ ʟʚ'ʷʟʢʫ ʽ ʧʦʧʝʨʝʜʥʽʭ 

ʩʧʦʪʚʦʨʝʥʴ. ʇʨʠ ʚʠʢʦʥʘʥʥʽ ʦʧʝʨʘʮʽʾ ʣʽʥʝʘʨʠʟʘʮʽʾ ʰʣʷʭʦʤ ʚʚʝʜʝʥʥʷ ʧʦʧʝʨʝʜʥʴʦʛʦ 

ʚʠʢʨʠʚʣʝʥʥʷ ʥʝʣʽʥʽʡʥʘ ʧʦʚʝʜʽʥʢʘ ʣʽʥʽʾ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʘʧʨʽʦʨʽ, ʘ ʩʭʝʤʘ, ʱʦ 

ʬʦʨʤʫʻ ʯʘʩʪʦʪʥʽ ʢʦʤʧʦʥʝʥʪʠ ʜʣʷ ʧʨʠʜʫʰʝʥʥʷ ʩʧʦʪʚʦʨʝʥʴ, ʨʦʟʤʽʱʫʻʪʴʩʷ ʥʘ ʚʭʦʜʽ 

ʣʽʥʽʾ, ʱʦʙ ʚʠʢʣʶʯʠʪʠ ʚʠʢʨʠʚʣʝʥʥʷ ʟʚ'ʷʟʢʫ [161]. ɼʣʷ ʣʽʥʝʘʨʠʟʘʮʽʾ ʟ ʧʨʷʤʠʤ 

ʟʚ'ʷʟʢʦʤ ʩʧʦʪʚʦʨʝʥʥʷ ʚ ʣʽʥʽʾ ʧʝʨʝʜʘʯʽ ʚʠʤʽʨʶʶʪʴʩʷ ʫ ʟʦʚʥʽʰʥʽʡ ʩʭʝʤʽ, ʷʢʘ ʬʦʨʤʫʻ 

ʩʠʛʥʘʣ ʢʦʨʝʢʮʽʾ. ʎʝʡ ʩʠʛʥʘʣ ʧʦʪʽʤ ʢʦʤʙʽʥʫʻʪʴʩʷ ʟ ʧʝʨʝʜʘʥʠʤ ʧʦ ʣʽʥʽʾ ʩʧʦʪʚʦʨʝʥʠʤ 

ʩʠʛʥʘʣʦʤ, ʧʨʠʜʫʰʫʶʯʠ ʡʦʛʦ ʩʧʦʪʚʦʨʝʥʥʷ. ɿʘ ʜʦʧʦʤʦʛʦʶ ʜʘʥʦʛʦ ʧʽʜʭʦʜʫ ʚ 

ʣʽʥʝʘʨʠʟʦʚʘʥʦʾ ʬʦʪʦʥʥʦʾ ʣʽʥʽʾ, ʷʢʘ ʧʨʘʮʶʻ ʚ ʩʤʫʟʽ 2-18 ɻɻʮ, ʙʫʣʦ 

ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ ʧʨʠʜʫʰʝʥʥʷ ʩʧʦʪʚʦʨʝʥʴ ʜʦ 25 ʜɹ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ 

ʢʦʤʙʽʥʘʮʽʶ ʝʣʝʢʪʨʦʦʧʪʠʯʥʦʾ ʽ ʅɺʏ-ʩʭʝʤ ʽ ʮʠʬʨʦʚʦʾ ʦʙʨʦʙʢʠ ʩʠʛʥʘʣʽʚ [162]. 

ʇʨʦʪʝ ʚʨʘʭʫʚʘʥʥʷ ʪʽʣʴʢʠ ʦʜʥʽʻʾ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʟʘʟʚʠʯʘʡ ʥʝ ʜʘʻ ʧʦʚʥʦʾ ʢʘʨʪʠʥʠ 
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ʜʣʷ ʚʠʙʦʨʫ ʩʭʝʤʠ ʣʽʥʝʘʨʠʟʘʮʽʾ, ʽ ʮʝ ʤʘʻ ʧʝʨʰʦʨʷʜʥʝ ʟʥʘʯʝʥʥʷ ʜʣʷ ʯʽʪʢʦʾ ʢʽʣʴʢʽʩʥʦʾ 

ʦʮʽʥʢʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʨʦʟʛʣʷʥʫʪʠʭ ʚʠʱʝ, ʪʘ ʽʥʰʠʭ ʧʽʜʭʦʜʽʚ. ʅʘʨʘʟʽ ʚʽʜʦʤʘ ʚʝʣʠʢʘ 

ʢʽʣʴʢʽʩʪʴ ʧʦʢʘʟʥʠʢʽʚ ʷʢʦʩʪʽ ʩʭʝʤ ʣʽʥʝʘʨʠʟʘʮʽʾ [30]. ʅʘ ʨʠʩ. 3.47. ʧʦʢʘʟʘʥʽ 

ʨʝʟʫʣʴʪʘʪʠ ʚʠʤʽʨʶʚʘʥʥʷ ʥʘ ʦʩʥʦʚʥʽʡ ʯʘʩʪʦʪʽ ʪʘ ʩʧʦʪʚʦʨʝʥʴ ʜʣʷ ʣʽʥʝʘʨʠʟʦʚʘʥʦ ʾ

ʩʭʝʤʠ ʧʝʨʝʜʘʯʽ ʟ ʄɯɺʇɼ, ʱʦ ʧʨʘʮʶʻ ʚ ʩʤʫʟʽ 6-12 ɻɻʮ.  

 

 

 

ʈʠʩ. 3.47. ʈʝʟʫʣʴʪʘʪʠ ʚʠʤʽʨʶʚʘʥʥʷ ʥʘ ʦʩʥʦʚʥʽʡ ʯʘʩʪʦʪʽ ʪʘ ʩʧʦʪʚʦʨʝʥʴ (ʩʠʤʚʦʣʠ) 

ʜʣʷ ʣʽʥʽʾ ʟ ʄɯɺʇɼ ʧʨʠ ʥʘʷʚʥʦʩʪʽ ʪʘ ʟʘ ʚʽʜʩʫʪʥʦʩʪʽ ʩʭʝʤʠ ʣʽʥʝʘʨʠʟʘʮʽʾ ʤʝʪʦʜʦʤ 

ʧʦʧʝʨʝʜʥʽʭ ʩʧʦʪʚʦʨʝʥʴ [30]. ʉʫʮʽʣʴʥʽ ʣʽʥʽʾ ʷʚʣʷʶʪʴ ʩʦʙʦʶ ʽʥʪʝʨʧʦʣʷʮʽʾ, 

ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʫ ʣʽʥʽʡʥʦʩʪʽ OIP3. ʇʦʜʘʥʦ ʪʘʢʦʞ ʚʝʣʠʯʠʥʫ 

ʩʧʝʢʪʨʘʣʴʥʦʾ ʱʽʣʴʥʦʩʪʽ ʧʦʪʫʞʥʦʩʪʽ ʚʠʭʽʜʥʦʛʦ ʰʫʤʫ (
ʚʠʭN ), ʱʦ ʜʦʨʽʚʥʶʻ 148 

ʜɹʤ/ɻʮ 

 

ʅʘ ʮʴʦʤʫ ʨʠʩʫʥʢʫ ʧʦʜʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʚʠʤʽʨʶʚʘʥʥʷ ɯʄʉ3 ʥʘ ʦʩʥʦʚʥʦʾ ʯʘʩʪʦʪʽ 

ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʚʭʽʜʥʦʾ ʧʦʪʫʞʥʦʩʪʽ ʜʣʷ ʣʽʥʽʾ ʟ ʄɯɺʇɼ ʧʨʠ ʥʘʷʚʥʦʩʪʽ ʪʘ ʟʘ 

ʚʽʜʩʫʪʥʦʩʪʽ ʩʭʝʤʠ ʣʽʥʝʘʨʠʟʘʮʽʾ [30]. ʆʙʠʜʚʽ ʣʽʥʽʾ ʧʝʨʝʜʘʯʽ ʟʙʫʜʞʫʶʪʴʩʷ ʜʚʦʤʘ 

ʛʘʨʤʦʥʽʯʥʠʤʠ ʩʠʛʥʘʣʘʤʠ ʯʘʩʪʦʪʘʤʠ 9,000 ɻɻʮ ʽ 9,011 ɻɻʮ. ʗʢ ʚʠʧʣʠʚʘʻ ʟ ʨʠʩʫʥʢʫ, 

ʧʨʷʤʽ ʟ ʥʘʭʠʣʦʤ 1: 1 ʽ 1: 3 ʚ ʦʩʥʦʚʥʦʤʫ ʙʣʠʟʴʢʦ ʟʙʽʛʘʶʪʴʩʷ ʟ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ 

ʜʘʥʠʤʠ ʜʣʷ ʣʽʥʽʾ ʙʝʟ ʩʭʝʤʠ ʣʽʥʝʘʨʠʟʘʮʽʾ ʟ ʜʝʷʢʦʶ ʢʦʤʧʨʝʩʽʻʶ ʜʣʷ ʦʙʦʭ ʢʨʠʚʠʭ ʧʨʠ 
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ʚʠʩʦʢʠʭ ʚʭʽʜʥʠʭ ʧʦʪʫʞʥʦʩʪʷʭ. ʆʜʥʘʢ ʚ ʣʽʥʽʾ ʟʽ ʩʭʝʤʦʶ ʣʽʥʝʘʨʠʟʘʮʽʾ ʭʽʜ ʟʥʘʯʝʥʴ 

ɯʄʉ3 ʥʝ ʚʽʜʧʦʚʽʜʘʻ ʥʘʭʠʣʫ 1: 3 ʥʘ ʙʽʣʴʰʦʾ ʯʘʩʪʠʥʽ ʜʽʘʧʘʟʦʥʫ ʚʠʤʽʨʶʚʘʥʴ. 

ʌʘʢʪʠʯʥʦ ʩʧʦʪʚʦʨʝʥʥʷ ʧʨʠ ʨʽʚʥʽ ʚʭʽʜʥʦʾ ʧʦʪʫʞʥʦʩʪʽ ʚʠʱʝ -35 ʜɹʤ ʟʨʦʩʪʘʶʪʴ ʟ 

ʙʽʣʴʰ ʚʠʩʦʢʦʶ ʢʨʫʪʠʟʥʦʶ. ʊʘʢʠʤ ʯʠʥʦʤ, ʚʠʟʥʘʯʘʶʯʠ ʧʦʢʘʟʥʠʢ ʣʽʥʽʡʥʦʩʪʽ ʢʦʞʥʦʾ 

ʣʽʥʽʾ ʚ ʤʝʞʘʭ ʪʦʯʢʠ ʧʝʨʝʪʠʥʫ ʟʘ ʚʠʭʦʜʦʤ (OIP3 = 5,7 ʜɹʤ ʙʝʟ ʩʭʝʤʠ ʣʽʥʝʘʨʠʟʘʮʽʾ,  

OIP3 = 14,6 ʜɹʤ ʽʟ ʩʭʝʤʦʶ ʣʽʥʝʘʨʠʟʘʮʽʾ), ʥʝʦʙʭʽʜʥʦ ʯʽʪʢʦ ʚʢʘʟʫʚʘʪʠ ʽʥʪʝʨʚʘʣ 

ʚʭʽʜʥʠʭ ʧʦʪʫʞʥʦʩʪʝʡ, ʚ ʷʢʦʤʫ ʮʽ ʧʦʢʘʟʥʠʢʠ ʜʽʡʩʥʽ. ɺ ʜʘʥʦʤʫ ʚʠʧʘʜʢʫ ʦʙʠʜʚʽ ʣʽʥʽʾ 

ʤʘʶʪʴ ʦʜʥʘʢʦʚʠʡ 
outN  = -148 ʜɹʤ/ɻʮ. ɹʽʣʴʰ ʢʦʨʝʢʪʥʝ ʧʦʨʽʚʥʷʥʥʷ ʮʠʭ ʜʚʦʭ ʣʽʥʽʡ 

ʧʨʦʚʦʜʠʪʴʩʷ ʰʣʷʭʦʤ ʧʦʙʫʜʦʚʠ SFDR ʚ ʜʝʮʠʙʝʣʘʭ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʚʠʭʽʜʥʦʾ ʩʤʫʛʠ 

ʧʨʦʧʫʩʢʘʥʥʷ (ɺ), ʷʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 3.48 [30].  

 

 

  

ʈʠʩ. 3.48. ɿʘʣʝʞʥʽʩʪʴ ʜʠʥʘʤʽʯʥʦʛʦ ʜʽʘʧʘʟʦʥʫ ʟʘ ʧʝʨʝʰʢʦʜʘʤʠ (SFDR) ʚʽʜ ʩʤʫʛʠ 

ʧʨʦʧʫʩʢʫ ʝʣʝʢʪʨʠʯʥʦʾ ʩʭʝʤʠ 

 

ʗʢ ʚʠʧʣʠʚʘʻ ʟ ʨʠʩʫʥʢʫ, ʣʽʥʝʘʨʠʟʦʚʘʥʘ ʣʽʥʽʷ ʧʝʨʝʜʘʯʽ ʤʘʻ ʧʝʨʝʚʘʛʫ ʚ 6 ʜɹ ʟʘ 

ʚʝʣʠʯʠʥʦʶ SFDR ʧʨʠ ɺ < 10 ʄɻʮ, ʘʣʝ ʦʙʠʜʚʽ ʣʽʥʽʾ ʤʘʶʪʴ ʧʨʠʙʣʠʟʥʦ ʦʜʥʘʢʦʚʠʡ 

SFDR ʧʨʠ ɺ > 100 ʄɻʮ. ʎʝ ʥʝʪʨʠʚʽʘʣʴʥʝ ʧʦʣʦʞʝʥʥʷ ʜʣʷ ʣʽʥʽʾ, ʱʦ ʧʨʘʮʶʻ ʚ ʩʤʫʟʽ 

6-12 ɻɻʮ, ʧʽʜʢʨʝʩʣʶʻ ʱʝ ʨʘʟ ʚʘʞʣʠʚʽʩʪʴ ʨʦʟʫʤʽʥʥʷ ʤʝʪʨʠʢʠ SFDR. 
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3.5.7. ɽʬʝʢʪʠ ʧʦʰʠʨʝʥʥʷ ʚ ʦʧʪʠʯʥʦʤʫ ʢʘʥʘʣʽ 

ɺʘʞʣʠʚʽ ʦʜʥʦʢʘʥʘʣʴʥʽ ʝʬʝʢʪʠ ʚʢʣʶʯʘʶʪʴ ʭʨʦʤʘʪʠʯʥʫ ʜʠʩʧʝʨʩʽʶ ʽ 

ʚʠʤʫʰʝʥʝ ʨʦʟʩʽʷʥʥʷ ʄʘʥʜʝʣʴʰʪʘʤʘ-ɹʨʽʣʣʁ ʝʥʘ (ɺʈʄɹ). ʋ ʮʴʦʤʫ ʨʦʟʜʽʣʽ 

ʜʝʪʘʣʴʥʦ ʜʦʩʣʽʜʞʫʻʪʴʩʷ ʚʧʣʠʚ ʭʨʦʤʘʪʠʯʥʦʾ ʜʠʩʧʝʨʩʽʾ ʥʘ ʣʽʥʽʶ ʪʠʧʫ ʄɯɺʇɼ ʟ 

ʄʄʎ. ɺ ʪʘʢʦʤʫ ʬʦʨʤʘʪʽ ʤʦʜʫʣʷʮʽʾ ʚʝʣʠʢʘ ʯʘʩʪʠʥʘ ʦʧʪʠʯʥʦʾ ʧʦʪʫʞʥʦʩʪʽ 

ʚʪʨʘʯʘʻʪʴʩʷ ʥʘ ʧʝʨʝʜʘʯʫ ʥʝʩʫʯʦʾ ʧʨʠ ʤʘʣʽʡ ʛʣʠʙʠʥʽ ʤʦʜʫʣʷʮʽʾ, ʪʦʤʫ ʧʦʢʘʟʥʠʢʠ 

ʷʢʦʩʪʽ ʣʽʥʽʾ ʟ ʄɯɺʇɼ ʦʙʤʝʞʫʚʘʪʠʤʫʪʴʩʷ ɺʈʄɹ. ʆʙʤʝʞʝʥʘ ʦʧʪʠʯʥʘ ʧʦʪʫʞʥʽʩʪʴ 

ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚʧʣʠʚʘʻ ʥʘ ʤʘʢʩʠʤʘʣʴʥʠʡ 
biasI , ʷʢʠʡ ʤʦʞʝ ʚʧʣʠʚʘʪʠ ʥʘ ɺʏ-

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʧʨʦ ʱʦ ʽ ʧʽʜʝ ʤʦʚʘ ʫ ʮʴʦʤʫ ʨʦʟʜʽʣʽ. ʄʝʭʘʥʽʟʤ ʟʥʠʞʝʥʥʷ ʷʢʦʩʪʽ 

ʧʨʠ ʙʘʛʘʪʦʢʘʥʘʣʴʥʦʾ ʧʝʨʝʜʘʯʽ ʧʦ ʣʽʥʽʾ ʟ ʄɯɺʇɼ ʦʧʠʩʫʻʪʴʩʷ ʨʽʚʥʷʥʥʷʤʠ 

ʧʝʨʝʭʽʜʥʠʭ ʟʘʚʘʜ ʜʣʷ ʚʠʤʫʰʝʥʦʛʦ ʢʦʤʙʽʥʘʮʽʡʥʦʛʦ (ʨʘʤʘʥʽʚʩʴʢʦʛʦ) ʨʦʟʩʽʶʚʘʥʥʷ, 

ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʟʘʩʪʦʩʦʚʘʥʠʤʠ ʜʦ ʣʽʥʽʾ ʪʠʧʫ ʄɯɺʇɼ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʄʄʎ, 

ʟʤʽʱʝʥʦʛʦ ʚ ʢʚʘʜʨʘʪʫʨʽ. ɺʧʣʠʚ ʭʨʦʤʘʪʠʯʥʦʾ ʜʠʩʧʝʨʩʽʾ ʥʘ ʣʽʥʽʶ ʟ ʄɯɺʇɼ ʤʦʞʝ 

ʙʫʪʠ ʚʠʟʥʘʯʝʥʦ ʢʽʣʴʢʽʩʥʦ ʰʣʷʭʦʤ ʚʢʣʶʯʝʥʥʷ ʩʪʘʣʦʾ ʧʦʰʠʨʝʥʥʷ ʚ ʝʣʝʢʪʨʠʯʥʦʤʫ 

ʧʦʣʽ. ɺ ʜʘʥʦʤʫ ʨʦʟʜʽʣʽ ʘʥʘʣʽʟ ʧʦʜʘʥʠʡ ʧʨʠʢʣʘʜʦʤ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʦʣʷ, 

ʚʠʟʥʘʯʝʥʦʛʦ ʚʠʨʘʟʦʤ (3.18), ʷʢʝ ʤʦʞʥʘ ʧʝʨʝʧʠʩʘʪʠ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ:  
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( )
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1 2 1
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2

cos
2

sin
2
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m
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k

E J t L

J t L

j
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j
g w b w

¤
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¤

=-¤

å õ
¡ è ø= - -æ öê ú

ç ÷

å õ
¡ è ø- -æ öê ú

ç ÷

ä

ä
  ,             (3.111) 

ʜʝ ʩʪʘʣʘ 0 2Gg g¡= ;  g ʚʠʟʥʘʯʘʻʪʴʩʷ ʟ (3.13);
 0G   ʟʘʛʘʣʴʥʠʡ ʢʦʝʬʽʮʽʻʥʪ 

ʧʽʜʩʠʣʝʥʥʷ ʣʽʥʽʾ; ʢʦʝʬʽʮʽʻʥʪ 1 2ʧʦʚ'ʷʟʘʥʠʡ ʟ ʢʚʘʜʨʘʪʫʨʥʠʤ ʟʤʽʱʝʥʥʷʤ ʄʄʎ; L 

 ʜʦʚʞʠʥʘ ʜʽʣʷʥʢʠ ʧʦʰʠʨʝʥʥʷ.  

ʅʝʧʘʨʥʽ ʯʘʩʪʦʪʥʽ ʢʦʤʧʦʥʝʥʪʠ ʧʦʟʥʘʯʝʥʽ ʷʢ ( )opt RF2 1m mw w w= + + , ʧʘʨʥʽ  ̫ ʢ 

opt RF2k kw w w= + . ʅʘʨʝʰʪʽ, ʩʪʘʣʘ ʧʦʰʠʨʝʥʥʷ ʚ (3.111) ʚʠʟʥʘʯʘʻʪʴʩʷ ʷʢ [163]: 

       
( ) ( ) ( )

2
2

0 1 opt opt ...
2

n n n

b
b w b b w w w w= + - + - + .             (3.112) 
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ʈʽʚʥʷʥʥʷ (3.112) ʻ ʨʦʟʢʣʘʜʦʤ ʚ ʨʷʜ ʊʝʡʣʦʨʘ ʚ ʦʢʦʣʽ ʥʝʩʫʯʦʾ ʯʘʩʪʦʪʠ optw . 

ʇʘʨʘʤʝʪʨ ɓ2 ʚ (3.112) ʜʘʻ ʢʽʣʴʢʽʩʥʫ ʦʮʽʥʢʫ ʜʠʩʧʝʨʩʽʾ ʛʨʫʧʦʚʦʾ ʰʚʠʜʢʦʩʪʽ ʽ ʤʦʞʝ 

ʙʫʪʠ ʧʦʜʘʥʠʡ ʫ ʚʠʛʣʷʜʽ [163]:
  

                                                        

2

2
2

D

c

l
b

p

-
= ,                                              (3.113) 

ʜʝ ɚ  ʜʦʚʞʠʥʘ ʭʚʠʣʽ ʩʚʽʪʣʘ, D  ʧʘʨʘʤʝʪʨ ʜʠʩʧʝʨʩʽʾ ʜʣʷ ʚʦʣʦʢʥʘ, ʩ  ʰʚʠʜʢʽʩʪʴ 

ʩʚʽʪʣʘ.  

ʇʘʨʘʤʝʪʨ D ʻ ʭʘʨʘʢʪʝʨʠʩʪʠʯʥʦʶ ʚʝʣʠʯʠʥʦʶ ʚʦʣʦʢʥʘ ʽ ʚʠʨʘʞʘʻʪʴʩʷ ʚ 

ʧʩ/(ʥʤĿʢʤ), ʦʧʠʩʫʶʯʠ ʯʘʩʦʚʠʡ ʟʩʫʚ ʥʘ ʦʜʠʥʠʮʶ ʜʦʚʞʠʥʠ ʩʤʫʛʠ ʜʞʝʨʝʣʘ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʽ ʜʦʚʞʠʥʠ ʣʽʥʽʾ. 

ɿ ʚʨʘʭʫʚʘʥʥʷʤ ʚʠʱʝʥʘʚʝʜʝʥʠʭ ʦʟʥʘʯʝʥʴ, ʟʘʚʜʘʥʥʷ ʧʦʣʷʛʘʻ ʫ ʦʙʯʠʩʣʝʥʥʽ ɺʏ 

ʤʘʣʦʩʠʛʥʘʣʴʥʦʛʦ ʧʽʜʩʠʣʝʥʥʷ ʜʣʷ ʣʽʥʽʾ ʟ ʄɯɺʇɼ, ʚʢʣʶʯʘʶʯʠ ʝʬʝʢʪʠ ʭʨʦʤʘʪʠʯʥʦʾ 

ʜʠʩʧʝʨʩʽʾ. ɼʣʷ ʮʴʦʛʦ ʩʢʣʘʜʦʚʽ ʦʧʪʠʯʥʦʾ ʥʝʩʫʯʦʾ (k = 0), ʧʝʨʰʦʾ ʚʝʨʭʥʴʦʾ ʙʽʯʥʦʾ 

ʩʤʫʛʠ ( ʪ = 0) ʽ ʧʝʨʰʦʾ ʥʠʞʥʴʦʾ ʙʽʯʥʦʾ ʩʤʫʛʠ (ʪ = 1) ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʚʝʜʝʥʽ ʟ 

(3.111) ʷʢ 

2
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2

RF 2 RF
opt RF 0 1 RF

sin cos
4 2

cos
4 2

L
E t L t t L L
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w w b bw

¡ å õ
¡ è ø= + + + - + - -æ öê ú
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¡ å õ
- - - - -æ ö

ç ÷

. (3.114) 

ʇʨʠ ʟʘʩʪʦʩʫʚʘʥʥʽ ʜʦ (3.114) ʥʘʙʣʠʞʝʥʥʷ ʩʣʘʙʢʦʛʦ ʩʠʛʥʘʣʫ( )0 RF 2 1J j ­  ʽ 

( )1 RF RF2 4J j j­ . ʈʘʜʽʦʯʘʩʪʦʪʥʠʡ RF ʬʦʪʦʩʪʨʫʤ ʤʦʞʥʘ ʦʙʯʠʩʣʠʪʠ ʚʠʭʦʜʷʯʠ ʟ 

(3.114) ʟʘ ʜʦʧʦʤʦʛʦʶ ʥʘʩʪʫʧʥʦʛʦ ʚʠʨʘʟʫ: 

                                         

()
1 2

2( )I t A E t
e

m

å õ
=Áæ ö

ç ÷
  ,                                    (3.115) 

ʜʝ Ö ʚʢʘʟʫʻ ʥʘ ʫʩʝʨʝʜʥʝʥʥʷ ʟʘ ʯʘʩʦʤ ʥʘ ʦʧʪʠʯʥʽʡ ʰʢʘʣʽ.  

ɺʽʜʟʥʘʯʠʤʦ, ʱʦ (3.115) ʪʘʢ ʩʘʤʦ, ʷʢ ʽ (3.114), ʚʽʜʥʦʩʠʪʴʩʷ ʜʦ ʜʽʡʩʥʦʾ ʯʘʩʪʠʥʠ 

ʧʦʣʷ. ʉʝʨʝʜʥʷ ʦʧʪʠʯʥʘ ʧʦʪʫʞʥʽʩʪʴ ʨʦʟʨʘʭʦʚʫʻʪʴʩʷ ʽʥʘʢʰʝ, ʥʽʞ ʚ (3.6), ʷʢʝ 
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ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʜʦ ʢʦʤʧʣʝʢʩʥʦʛʦ ʧʦʣʷ. ʈʦʟʨʘʭʫʥʦʢ ʧʦ (3.111) ʟ ʚʨʘʭʫʚʘʥʥʷʤ 

(3.115) ʜʘʻ 
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2

2 RF
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,       (3.116) 

ʜʝ ʟʙʝʨʝʞʝʥʽ ʩʢʣʘʜʦʚʽ ʪʽʣʴʢʠ ʧʝʨʰʦʛʦ ʧʦʨʷʜʢʫ ʚ 
RFj  (ʩʢʣʘʜʦʚʽ 2

RFj  
ʥʝ ʚʨʘʭʦʚʘʥʦ) ʽ 

ʟʤ 0 ʄʄʎ ʚʠʭ2I G a P=Á . ʄʘʣʦʩʠʛʥʘʣʴʥʠʡ ʢʦʝʬʽʮʽʻʥʪ ʧʽʜʩʠʣʝʥʥʷ ɺʏ-ʩʠʛʥʘʣʫ ʤʦʞʥʘ 

ʦʪʨʠʤʘʪʠ, ʨʦʟʨʘʭʫʚʘʚʰʠ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ (3.113) ʩʝʨʝʜʥʶ ʧʦʪʫʞʥʽʩʪʴ ʥʘ ʦʩʥʦʚʥʦʾ 

ʯʘʩʪʦʪʽ,
 RF RF 2f w p= . ʇʦʪʽʤ ʥʝʦʙʭʽʜʥʦ ʚʠʟʥʘʯʠʪʠ ʾʾ ʚʽʜʥʦʰʝʥʥʷ ʜʦ ʩʝʨʝʜʥʴʦʾ 

ʚʝʣʠʯʠʥʠ ʚʭʽʜʥʦʾ ʦʧʪʠʯʥʦʾ ʧʦʪʫʞʥʦʩʪʽ: 

                             

2 2 2
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ˊ
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I f DL

G R R H
V c

pl
p

å õ
= = æ ö

ç ÷
 .                   (3.117) 

ʈʽʚʥʷʥʥʷ (3.117) ʟʚʦʜʠʪʴʩʷ ʜʦ ʬʦʨʤʫʣʠ ʜʣʷ ɺʏ-ʧʽʜʩʠʣʝʥʥʷ, ʜʘʥʦʾ ʚ (3.29).  

ɺʦʥʦ ʯʠʩʝʣʴʥʦ ʚʠʟʥʘʯʘʻ ʟʘʚʤʠʨʘʥʥʷ ʚʥʘʩʣʽʜʦʢ ʭʨʦʤʘʪʠʯʥʦʾ ʜʠʩʧʝʨʩʽʾ ʚ 

ʘʥʘʣʦʛʦʚʦʾ ʣʽʥʽʾ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʙʝʟʧʦʩʝʨʝʜʥʴʦʾ ʤʦʜʫʣʷʮʽʾ ʽʥʪʝʥʩʠʚʥʦʩʪʽ 

ʣʘʟʝʨʥʦʛʦ ʜʞʝʨʝʣʘ ʙʝʟʧʝʨʝʨʚʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʟ ʚʢʣʶʯʝʥʥʷʤ ʢʦʥʢʨʝʪʥʠʭ 

ʢʦʥʩʪʘʥʪ, ʱʦ ʧʦʚ'ʷʟʘʥʽ ʽʟ ʣʽʥʽʻʶ ʧʝʨʝʜʘʯʽ ʥʘ ʦʩʥʦʚʽ ʄʄʎ. ɯʟ (3.117) ʤʦʞʥʘ 

ʦʪʨʠʤʘʪʠ ʧʝʨʰʫ ʪʦʯʢʫ ʟʘ ʨʽʚʥʝʤ  3 ʜɹ ʚ ʪʘʢʽʡ ʣʽʥʽʾ: 

                                             

1 2

3dB 2 2
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c
f

f DLpl

å õ
=æ ö
ç ÷

.                                  (3.118) 

ʇʨʦʩʪʽ ʧʝʨʝʪʚʦʨʝʥʥʷ ʦʜʠʥʠʮʴ ʜʦʟʚʦʣʷʶʪʴ ʧʝʨʝʧʠʩʘʪʠ (3.118) ʚ ʟʨʫʯʥʽʡ 

ʬʦʨʤʽ: 

              
[ ] [ ] [ ] [ ]( )

1 2
5 2

3dB ɻɻʮ 2,74 10 ʥʤ ʧʩ/ʥʤ/ʢʤ ʢʤf D Ll
-

= ³ Ö Ö  , (3.119) 

ʜʝ ʚʢʘʟʘʥʽ ʦʜʠʥʠʮʽ ʚʠʤʽʨʶʚʘʥʥʷ, ʷʢʽ ʟʘʟʚʠʯʘʡ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ ʢʦʞʥʦʛʦ ʟ 

ʧʘʨʘʤʝʪʨʽʚ. 
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ʈʝʟʫʣʴʪʘʪʠ ʚʠʤʽʨʶʚʘʥʥʷ ʯʘʩʪʦʪʥʦʾ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʣʽʥʽʾ ʟ ʄɯɺʇɼ ʧʦʜʘʥʽ ʥʘ 

ʨʠʩ. 3.49 ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʨʦʟʨʘʭʫʥʢʦʤ ʟʘ (3.117) [30]. 

 

 

 

ʈʠʩ. 3.49. ʈʝʟʫʣʴʪʘʪʠ ʚʠʤʽʨʶʚʘʥʥʷ (ʩʠʤʚʦʣʠ) ʽ ʨʦʟʨʘʭʫʥʢʫ (ʩʫʮʽʣʴʥʽ ʣʽʥʽʾ) 

ʥʦʨʤʦʚʘʥʦʾ ʯʘʩʪʦʪʥʦʾ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʣʷ 50-ʢʤ ʄɯɺʇɼ-ʣʽʥʽʾ ʧʨʠ D = 16,5 

ʧʩ/(ʥʤÖʢʤ) ʽ ɚ = 1 551 ʥʤ. ʇʨʦʚʘʣʠ ʫ ʚʠʤʽʨʷʥʽʡ ʭʘʨʘʢʪʝʨʠʩʪʠʮʽ ʚʠʥʠʢʘʶʪʴ ʯʝʨʝʟ 

ʝʣʝʢʪʨʦʦʧʪʠʯʥʽ ʢʦʤʧʦʥʝʥʪʠ, ʘ ʥʝ ʟʘʚʜʷʢʠ ʭʨʦʤʘʪʠʯʥʽʡ ʜʠʩʧʝʨʩʽʾ ʫ ʚʦʣʦʢʥʽ 

 

ɼʘʥʽ ʥʦʨʤʦʚʘʥʽ ʜʦ ʟʥʘʯʝʥʥʷ 
22 2 2

ʟʤ ʚʭ ʚʠʭ PD́I R R H Vp
 
ʥʘ ʯʘʩʪʦʪʽ 1 ɻɻʮ. ʇʘʨʘʤʝʪʨʠ 

ʜʣʷ ʝʢʩʧʝʨʠʤʝʥʪʫ: D = 16,5 ʧʩ/ʥʤ/ʢʤ, ɚ = 1551 ʥʤ ʽ L = 50 ʢʤ. ʗʢ ʚʠʜʥʦ, ʪʝʦʨʽʷ ʚ 

ʦʩʥʦʚʥʦʤʫ ʙʣʠʟʴʢʦ ʟʙʽʛʘʻʪʴʩʷ ʟ ʝʢʩʧʝʨʠʤʝʥʪʦʤ: ʨʦʟʙʽʞʥʦʩʪʽ ʤʽʞ ʨʦʟʨʘʭʫʥʢʦʤ ʽ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ ʚʠʤʽʨʶʚʘʥʥʷ ʚ ʤʽʨʫ ʟʙʽʣʴʰʝʥʥʷ ʯʘʩʪʦʪʠ 

ʚʠʢʣʠʢʘʥʽ ʯʘʩʪʦʪʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʄʄʎ ʽ ʬʦʪʦʜʽʦʜʫ. 

ʇʨʠ ʧʽʜʩʪʘʥʦʚʮʽ ʚ (3.119) ʪʠʭ ʞʝ ʧʘʨʘʤʝʪʨʽʚ ʤʦʞʥʘ ʚʠʟʥʘʯʠʪʠ, ʱʦ ʦʙʤʝʞʝʥʘ 

ʚʦʣʦʢʥʦʤ ʩʤʫʛʘ ʧʨʦʧʫʩʢʘʥʥʷ  ʟʘ ʨʽʚʥʝʤ 3 ʜɹ ʩʪʘʥʦʚʠʪʴ 6,15 ɻɻʮ. ʗʢ ʚʠʜʥʦ ʟ ʨʠʩ. 

3.49 ʽ ʧʝʨʝʜʙʘʯʝʥʝ ʟʘ ʜʦʧʦʤʦʛʦʶ (3.117), ʰʠʨʠʥʘ ʩʤʫʛʠ ʯʘʩʪʦʪ ʟʘ ʢʦʞʥʠʤ 

ʤʘʢʩʠʤʫʤʦʤ ʟʤʝʥʰʫʻʪʴʩʷ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʡʦʛʦ ʧʦʨʷʜʢʫ. ʆʪʞʝ, ʪʘʢʽ ʚʘʨʽʘʥʪʠ 

ʤʦʞʫʪʴ ʙʫʪʠ ʟʘʩʪʦʩʦʚʥʽ ʪʽʣʴʢʠ ʫ ʚʫʟʴʢʦ ʩʤʫʛʦʚʠʭ ʣʽʥʽʷʭ. 

ʋ ʣʽʥʽʷʭ ʧʝʨʝʜʘʯʽ ʥʘ ʦʩʥʦʚʽ ʄʄʎ ʥʘ ʜʦʜʘʪʦʢ ʜʦ ʟʘʚʤʠʨʘʥʥʷ ʦʩʥʦʚʥʦʾ 

ʩʢʣʘʜʦʚʦʾ ʩʠʛʥʘʣʫ ʭʨʦʤʘʪʠʯʥʘ ʜʠʩʧʝʨʩʽʷ ʤʦʞʝ ʚʠʢʣʠʢʘʪʠ ʩʧʦʪʚʦʨʝʥʥʷ ʧʘʨʥʦʛʦ 
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ʧʦʨʷʜʢʫ.  ɿ ʬʦʨʤʫʣʠ (3.45), ʫ ʚʠʧʘʜʢʫ ʟʤʽʱʝʥʥʷ ʄʄʎ ʪʦʯʥʦ ʚ ʢʚʘʜʨʘʪʫʨʥʽʡ ʪʦʯʮʽ, 

ʤʦʞʥʘ ʟʨʦʙʠʪʠ ʚʠʩʥʦʚʦʢ, ʱʦ ʩʧʦʪʚʦʨʝʥʥʷ ʧʘʨʥʦʛʦ ʧʦʨʷʜʢʫ ʧʦʚʥʽʩʪʶ ʚʽʜʩʫʪʥʽ. 

ʇʨʦʪʝ ʯʘʩʪʦʪʥʦ-ʟʘʣʝʞʥʽ ʬʘʟʦʚʽ ʟʩʫʚʠ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʧʦʷʚʠ ʜʦʜʘʥʢʽʚ ʧʘʨʥʦʛʦ 

ʧʦʨʷʜʢʫ ʚ ʬʦʪʦʩʪʨʫʤʽ, ʱʦ ʚʠʥʠʢʘʻ ʧʽʜ ʜʽʻʶ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʧʦʣʶ ʚ (3.111). 

ɿʦʢʨʝʤʘ, ʜʨʫʛʘ ʛʘʨʤʦʥʽʢʘ ʤʦʞʝ ʙʫʪʠ ʦʧʠʩʘʥʘ ʧʨʠ ʟʘʩʪʦʩʫʚʘʥʥʽ ʜʦ (3.111) 

ʤʘʣʦʩʠʛʥʘʣʴʥʦʛʦ ʥʘʙʣʠʞʝʥʥʷ ɹʝʩʩʝʣʷ ʽ ʟʙʝʨʝʞʝʥʥʷʤ ʩʢʣʘʜʦʚʠʭ ʨʦʟʢʣʘʜʫ 
RFj  
ʜʦ 

ʜʨʫʛʦʛʦ ʧʦʨʷʜʢʫ. ɸʣʛʝʙʨʘʾʯʥʽ ʪʘ ʪʨʠʛʦʥʦʤʝʪʨʠʯʥʽ ʬʫʥʢʮʽʾ, ʱʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ 

ʧʨʠ ʨʦʟʨʘʭʫʥʢʫ ʧʦʪʫʞʥʦʩʪʽ ʜʨʫʛʦʾ ʛʘʨʤʦʥʽʢʠ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ D, ʻ ʙʽʣʴʰ 

ʜʦʨʝʯʥʠʤʠ, ʥʽʞ ʧʦʭʽʜʥʘ ʚʽʜ (3.117). ʈʝʟʫʣʴʪʫʶʯʽʡ ʚʠʨʘʟ: 

                    

224 2 2 2
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 .                      (3.120) 

ʅʘ ʨʠʩ. 3.50 ʥʘʚʝʜʝʥʦ ʚʠʤʽʨʷʥʽ ʜʘʥʽ ʜʣʷ 50-ʢʤ ʣʽʥʽʾ ʟ ʄɯɺʇɼ ʫ ʧʦʨʽʚʥʷʥʥʽ ʟ 

ʨʦʟʨʘʭʫʥʢʦʤ ʟʘ ʚʠʨʘʟʦʤ (3.120) [164].  

 

 

ʈʠʩ. 3.50. ʈʝʟʫʣʴʪʘʪʠ ʚʠʤʽʨʶʚʘʥʥʷ (ʩʠʤʚʦʣʠ) ʽ ʨʦʟʨʘʭʫʥʢʫ (ʩʫʮʽʣʴʥʽ ʣʽʥʽʾ) 

ʜʨʫʛʦʾ ʛʘʨʤʦʥʽʢʠ ʜʣʷ 50-ʢʤ ʣʽʥʽʾ ʟ ʄɯɺʇɼ ʧʨʠ D = 17 ʧʩ/ʥʤ/ʢʤ ʽ 

 ɚ = 1550 ʥʤ 

 

ʊʝʦʨʽʷ ʽ ʝʢʩʧʝʨʠʤʝʥʪ ʜʦʙʨʝ ʫʟʛʦʜʞʫʶʪʴʩʷ ʪʘʤ, ʜʝ ʜʨʫʛʘ ʛʘʨʤʦʥʽʢʘ, 

ʚʠʢʣʠʢʘʥʘ ʭʨʦʤʘʪʠʯʥʦʶ ʜʠʩʧʝʨʩʽʻʶ, ʧʝʨʝʚʘʞʘʻ ʫʩʽ ʽʥʰʽ ʜʞʝʨʝʣʘ ʩʧʦʪʚʦʨʝʥʴ ʟʘ 
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ʜʨʫʛʦʶ ʛʘʨʤʦʥʽʢʦʶ. ʊʘʢʦʞ ʥʝʦʙʭʽʜʥʦ ʚʽʜʟʥʘʯʠʪʠ ʧʨʦʚʘʣ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ 

ʚʠʩʦʢʠʭ ʯʘʩʪʦʪʘʭ ʚʥʘʩʣʽʜʦʢ ʚʧʣʠʚʫ ʝʣʝʢʪʨʦʦʧʪʠʯʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ. ʗʢ ʦʧʠʩʘʥʦ 

ʚʠʱʝ, ʧʦʤʠʣʢʘ ʟʤʽʱʝʥʥʷ ʄʄʎ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʩʧʦʪʚʦʨʝʥʴ ʧʘʨʥʦʛʦ ʧʦʨʷʜʢʫ. ɸ 

ʩʘʤʝ, ʟʘ ʜʘʥʠʤʠ ʨʠʩ. 3.50, ʨʽʚʝʥʴ ʜʨʫʛʦʾ ʛʘʨʤʦʥʽʢʠ ʯʝʨʝʟ ʥʝʪʦʯʥʦʩʪʽ ʟʤʽʱʝʥʥʷ 

ʄʄʎ  ʙʣʠʟʴʢʦ 90 ʜɹʤ. 

ʉʤʫʛʘ ʧʨʦʧʫʩʢʘʥʥʷ ʟʘ ʨʽʚʥʝʤ 3 ʜɹ, ʨʦʟʨʘʭʦʚʘʥʘ ʟʘ ʜʦʧʦʤʦʛʦʶ (3.119) ʜʣʷ 

ʮʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʜʦʨʽʚʥʶʻ 6,1 ɻɻʮ, ʱʦ ʤʦʞʝ ʚʚʝʩʪʠ ʚ ʦʤʘʥʫ, ʷʢʱʦ ʧʦʪʨʽʙʥʘ ʙʘʛʘʪʦ 

ʦʢʪʘʚʥʘ ʨʦʙʦʯʘ ʩʤʫʛʘ ʧʨʦʧʫʩʢʘʥʥʷ.  

ʆʪʞʝ, ʧʨʠ ʧʨʦʝʢʪʫʚʘʥʥʽ ʚʠʩʦʢʦʷʢʽʩʥʦʾ ʙʘʛʘʪʦ ʦʢʪʘʚʥʦʾ ʧʨʦʪʷʞʥʦʾ 

ʘʥʘʣʦʛʦʚʦʾ ʣʽʥʽʾ ʧʝʨʝʜʘʯʽ ʥʝʦʙʭʽʜʥʦ ʚʨʘʭʦʚʫʚʘʪʠ ʚʠʢʣʠʢʘʥʝ ʜʠʩʧʝʨʩʽʻʶ ʟʨʦʩʪʘʥʥʷ 

ʩʧʦʪʚʦʨʝʥʴ ʧʘʨʥʦʛʦ ʧʦʨʷʜʢʫ, ʘ ʪʘʢʦʞ ʟʘʚʤʠʨʘʥʥʷ ʩʠʛʥʘʣʫ ʦʩʥʦʚʥʦʾ ʯʘʩʪʦʪʠ ʽ 

ʧʝʨʝʪʚʦʨʝʥʥʷ ʬʘʟʦʚʦʛʦ ʰʫʤʫ ʚ ʰʫʤ ʽʥʪʝʥʩʠʚʥʦʩʪʽ. ʇʦʢʘʟʥʠʢʦʤ ʷʢʦʩʪʽ, ʱʦ ʦʧʠʩʫʻ 

ʚʧʣʠʚ ʟʘʚʤʠʨʘʥʴ ʥʘ ʦʩʥʦʚʥʽʡ ʯʘʩʪʦʪʽ ʪʘ ʟʨʦʩʪʘʥʥʷ ʩʧʦʪʚʦʨʝʥʴ ʜʨʫʛʦʛʦ ʧʦʨʷʜʢʫ, ʻ 

OIP2 ʣʽʥʽʾ ʚ ʬʫʥʢʮʽʾ ʚʽʜ ʧʘʨʘʤʝʪʨʘ ʜʠʩʧʝʨʩʽʾ, ʷʢʠʡ ʤʦʞʝ ʙʫʪʠ ʦʪʨʠʤʘʥʠʡ ʟʘ 

ʜʦʧʦʤʦʛʦʶ (3.117), (3.120): 
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ɺ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʧʝʨʝʜʙʘʯʘʣʦʩʷ, ʱʦ ˊV  ʽ PDH  ʦʜʥʘʢʦʚʽ ʥʘ ʦʩʥʦʚʥʠʭ 

ʯʘʩʪʦʪʘʭ ʽ ʯʘʩʪʦʪʘʭ ʩʧʦʪʚʦʨʝʥʴ ʜʨʫʛʦʛʦ ʧʦʨʷʜʢʫ, ʘʣʝ ʮʷ ʫʤʦʚʘ ʥʝ ʟʘʚʞʜʠ 

ʚʠʢʦʥʫʻʪʴʩʷ. ɺʽʜʟʥʘʯʠʤʦ ʪʘʢʦʞ, ʱʦ ʧʨʠ ʚʠʚʦʜʽ (3.121) ʚ ʨʽʚʥʷʥʥʷ (3.120) ʙʫʚ 

ʚʢʣʶʯʝʥʠʡ ʤʥʦʞʥʠʢ 4, ʱʦʙ ʚʚʘʞʘʪʠ OIP2 ʚ ʦʜʠʥʠʮʷʭ ɯʄʉ, ʘ ʥʝ ʛʘʨʤʦʥʽʯʥʠʭ 

ʩʧʦʪʚʦʨʝʥʴ. 

ʌʘʟʦʚʽ ʰʫʤʠ ʦʧʪʠʯʥʦ ʛʝʥʝʨʦʚʘʥʠʭ ʝʣʝʢʪʨʠʯʥʠʭ ʩʠʛʥʘʣʽʚ ʥʘ ʦʩʥʦʚʽ ʤʝʪʦʜʽʚ 

ʟʦʚʥʽʰʥʴʦʾ ʦʧʪʠʯʥʦʾ ʤʦʜʫʣʷʮʽʾ ʜʦʩʣʽʜʞʫʚʘʣʠʩʴ ʚ [146]. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ 

ʨʝʟʫʣʴʪʘʪʠ ʧʦʢʘʟʫʶʪʴ ʧʦʛʽʨʰʝʥʥʷ ʬʘʟʦʚʦʛʦ ʰʫʤʫ, ʷʢʠʡ ʩʢʣʘʜʘʻ 12,5 ʜɹ ʚ 

ʧʦʨʽʚʥʷʥʥʽ ʟ ʬʘʟʦʚʠʤ ʰʫʤʦʤ ʩʠʛʥʘʣʫ ʝʣʝʢʪʨʠʯʥʦʛʦ ʢʝʨʫʶʯʦʛʦ ʨʘʜʽʦʯʘʩʪʦʪʥʦʛʦ 

ʛʝʥʝʨʘʪʦʨʘ. ʇʦʢʘʟʘʥʦ, ʱʦ ʢʦʣʠ ʰʠʨʠʥʘ ʣʽʥʽʾ ʦʧʪʠʯʥʦʛʦ ʜʞʝʨʝʣʘ ʟʥʘʭʦʜʠʪʴʩʷ ʚ 

ʤʝʞʘʭ 50 ʄɻʮ, ʘ ʚʽʜʩʪʘʥʴ ʧʝʨʝʜʘʯʽ ʟʥʘʭʦʜʠʪʴʩʷ ʚ ʤʝʞʘʭ 50 ʢʤ, ʚʦʣʦʢʦʥʥʘ 

ʭʨʦʤʘʪʠʯʥʘ ʜʠʩʧʝʨʩʽʷ ʽ ʰʠʨʠʥʘ ʣʽʥʽʾ ʜʞʝʨʝʣʘ ʩʚʽʪʣʘ ʙʫʜʫʪʴ ʚʠʢʣʠʢʘʪʠ ʥʝʟʥʘʯʥʝ 
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ʧʦʛʽʨʰʝʥʥʷ ʬʘʟʦʚʦʛʦ ʰʫʤʫ ʦʧʪʠʯʥʦ ʛʝʥʝʨʦʚʘʥʦʛʦ ʝʣʝʢʪʨʠʯʥʦʛʦ ʩʠʛʥʘʣʫ (ʨʠʩ. 

3.51) [146].  

 

ʈʠʩ. 3.51. ʉʧʝʢʪʨʠ ʝʣʝʢʪʨʠʯʥʠʭ ʩʠʛʥʘʣʽʚ, ʱʦ ʛʝʥʝʨʫʶʪʴʩʷ 

ʦʧʪʦʝʣʝʢʪʨʦʥʥʠʤ ʤʝʪʦʜʦʤ ʣʦʢʘʣʴʥʦ ʽ ʜʠʩʪʘʥʮʽʡʥʦ ʥʘ ʯʘʩʪʦʪʽ 50 ɻɻʮ ʧʨʠ ʰʠʨʠʥʽ 

ʦʧʪʠʯʥʦʛʦ ʩʠʛʥʘʣʫ 50 ʄɻʮ  ʪʘ ʜʦʚʞʠʥʽ ʦʧʪʠʯʥʦʾ ʣʽʥʽʾ 25 ʢʤ ʪʘ 50 ʢʤ 

 

ʂʨʽʤ ʭʨʦʤʘʪʠʯʥʦʾ ʜʠʩʧʝʨʩʽʾ ʚ ʦʧʪʠʯʥʦʤʫ ʚʦʣʦʢʥʽ ʽʩʥʫʻ ʥʘʙʘʛʘʪʦ ʙʽʣʴʰʝ 

ʯʠʩʣʦ ʝʬʝʢʪʽʚ, ʧʦʯʠʥʘʶʯʠ ʟ ʣʽʥʽʡʥʠʭ ʤʝʭʘʥʽʟʤʽʚ ʨʦʟʩʽʶʚʘʥʥʷ ʜʦ ʚʽʜʥʦʩʥʦ 

ʩʢʣʘʜʥʠʭ ʥʝʣʽʥʽʡʥʠʭ ʧʨʦʮʝʩʽʚ. ʃʽʥʽʡʥʝ ʨʝʣʝʚʾʩʴʢʝ ʨʦʟʩʽʶʚʘʥʥʷ ʻ ʦʩʥʦʚʥʠʤ 

ʜʞʝʨʝʣʦʤ ʚʪʨʘʪ ʜʣʷ ʣʽʥʽʡ ʧʝʨʝʜʘʯʽ ʟ ʜʦʚʞʠʥʦʶ ʭʚʠʣʽ ʧʦʙʣʠʟʫ 1550 ʥʤ, ʱʦ ʪʘʢʦʞ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʚʪʨʘʪ ʨʘʜʽʦʯʘʩʪʦʪʥʦʛʦ ʩʠʛʥʘʣʫ. ʇʦʜʚʽʡʥʝ ʨʝʣʝʚʾʩʴʢʝ ʨʦʟʩʽʶʚʘʥʥʷ ʻ 

ʧʨʠʯʠʥʦʶ ʚʠʥʠʢʥʝʥʥʷ ʙʘʛʘʪʦʧʨʦʤʝʥʝʚʦʾ ʽʥʪʝʨʬʝʨʝʥʮʽʾ ʚ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʥʠʭ 

ʣʽʥʽʷʭ ʧʝʨʝʜʘʯʽ. ʌʘʟʦʚʘ ʩʪʘʙʽʣʴʥʽʩʪʴ ʨʘʜʽʦʯʘʩʪʦʪʥʦʛʦ ʩʠʛʥʘʣʫ ʻ ʦʜʥʠʤ ʟ 

ʥʘʡʚʘʞʣʠʚʽʰʠʭ ʧʘʨʘʤʝʪʨʽʚ ʨʘʜʽʦʬʦʪʦʥʥʠʭ ʣʽʥʽʡ, ʟʦʢʨʝʤʘ ʚ ʙʘʛʘʪʦʢʘʥʘʣʴʥʠʭ 

ʟʘʩʪʦʩʫʚʘʥʥʷʭ, ʜʝ ʚʘʞʣʠʚʦ ʟʙʝʨʝʛʪʠ ʚʽʜʥʦʩʥʫ ʬʘʟʫ ʩʠʛʥʘʣʫ ʚ ʢʦʞʥʦʤʫ ʢʘʥʘʣʽ. 

ɽʬʝʢʪ ʜʚʦʧʨʦʤʝʥʝʚʦʛʦ ʟʘʣʦʤʣʝʥʥʷ ʚʠʥʠʢʘʻ ʯʝʨʝʟ ʥʝʽʜʝʘʣʴʥʦ ʢʨʫʛʣʫ ʛʝʦʤʝʪʨʽʶ 

ʨʝʘʣʴʥʦʛʦ ʦʧʪʠʯʥʦʛʦ ʚʦʣʦʢʥʘ, ʚʥʘʩʣʽʜʦʢ ʮʴʦʛʦ, ʜʚʽ ʦʨʪʦʛʦʥʘʣʴʥʽ ʧʦʣʷʨʠʟʘʮʽʾ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʤʘʶʪʴ ʨʽʟʥʽ ʧʦʢʘʟʥʠʢʠ ʟʘʣʦʤʣʝʥʥʷ. ɼʚʦʧʨʦʤʝʥʝʚʝ ʟʘʣʦʤʣʝʥʥʷ ʚ 
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ʦʧʪʠʯʥʠʭ ʚʦʣʦʢʥʘʭ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʦʣʷʨʠʟʘʮʽʡʥʦʾ ʤʦʜʦʚʦʾ ʜʠʩʧʝʨʩʽʾ. ʅʝʣʽʥʽʡʥʽ 

ʧʨʦʮʝʩʠ ʨʦʟʩʽʶʚʘʥʥʷ, ʪʘʢʽ ʷʢ ʚʠʤʫʰʝʥʝ ʙʨʽʣʣʶʝʥʽʚʩʴʢʝ ʨʦʟʩʽʶʚʘʥʥʷ ʽ ʚʠʤʫʰʝʥʝ 

ʨʘʤʘʥʽʚʩʴʢʝ ʪʘʢʦʞ ʧʦʛʽʨʰʫʶʪʴ ʷʢʽʩʪʴ ʧʦʰʠʨʝʥʥʷ ʩʠʛʥʘʣʽʚ ʚ ʚʦʣʦʢʥʽ. 

ɽʣʝʢʪʨʦʤʘʛʥʽʪʥʽ ʧʦʣʷ ʚ ʦʧʪʠʯʥʠʭ ʚʦʣʦʢʥʘʭ ʚʠʢʣʠʢʘʶʪʴ ʧʦʣʷʨʠʟʘʮʽʶ ʚ 

ʜʽʝʣʝʢʪʨʠʯʥʽʡ ʩʝʨʝʜʦʚʠʱʽ. ʎʷ ʥʘʚʝʜʝʥʘ ʧʦʣʷʨʠʟʘʮʽʷ ʈ ʻ ʥʝʣʽʥʽʡʥʦʾ ʬʫʥʢʮʽʻʶ 

ʧʨʠʢʣʘʜʝʥʦʛʦ ʝʣʝʢʪʨʠʯʥʦʛʦ ʧʦʣʷ ɽ ʽ ʤʦʞʝ ʙʫʪʠ ʟʘʧʠʩʘʥʘ ʫ ʚʠʛʣʷʜʽ ʨʦʟʢʣʘʜʘʥʥʷ ʚ 

ʩʪʘʪʝʯʥʦʾ ʨʷʜ: 

(1) (2) (3)

0 ...P E EE EEEe c c cè ø= Ö + Ö + Ö +ê ú,   (3.122) 

ʜʝ 
0e ð ʜʽʝʣʝʢʪʨʠʯʥʘ ʧʨʦʥʠʢʥʽʩʪʴ ʚʘʢʫʫʤʫ, ( )nc  ð ʜʽʝʣʝʢʪʨʠʯʥʘ ʩʧʨʠʡʥʷʪʣʠʚʽʩʪʴ 

(ʘʙʦ ʧʦʣʷʨʠʟʦʚʘʥʽʩʪʴ) n-ʛʦ ʧʦʨʷʜʢʫ. 

ɿʘ ʜʦʧʦʤʦʛʦʶ ʯʣʝʥʘ ʧʝʨʰʦʛʦ ʧʦʨʷʜʢʫ (1)c , ʱʦ ʤʽʩʪʠʪʴ ʦʧʠʩʫʻʪʴʩʷ ʣʽʥʽʡʥʝ 

ʧʦʰʠʨʝʥʥʷ ʚ ʚʦʣʦʢʥʽ. ɺʩʽ ʯʣʝʥʠ ʩʪʘʨʰʦʛʦ ʧʦʨʷʜʢʫ ʚ (3.122) ʤʽʩʪʷʪʴ ʤʥʦʞʝʥʥʷ 

ʝʣʝʢʪʨʠʯʥʠʭ ʧʦʣʽʚ ʽ, ʦʪʞʝ, ʭʘʨʘʢʪʝʨʠʟʫʶʪʴ ʥʝʣʽʥʽʡʥʽʩʪʴ. ʅʘʧʨʠʢʣʘʜ, 

ʩʧʨʠʡʥʷʪʣʠʚʽʩʪʴ ʜʨʫʛʦʛʦ ʧʦʨʷʜʢʫ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʛʝʥʝʨʘʮʽʾ ʜʨʫʛʦʾ ʛʘʨʤʦʥʽʢʠ. 

ʅʘʡʙʽʣʴʰ ʚʘʞʣʠʚʠʤ ʥʝʣʽʥʽʡʥʠʤ ʧʘʨʘʤʝʪʨʦʤ ʜʣʷ ʟʘʩʪʦʩʫʚʘʥʴ ʨʘʜʽʦʬʦʪʦʥʽʢʠ ʻ 

ʩʧʨʠʡʥʷʪʣʠʚʽʩʪʴ ʪʨʝʪʴʦʛʦ ʧʦʨʷʜʢʫ (3)c . ʂʦʝʬʽʮʽʻʥʪʠ ʧʦʩʠʣʝʥʥʷ, ʧʦʚ'ʷʟʘʥʽ ʟ 

ʙʨʽʣʣʶʝʥʽʚʩʴʢʠʤ ʪʘ ʨʘʤʘʥʽʚʩʴʢʠʤ ʨʦʟʩʽʶʚʘʥʥʷʤ, ʚʠʟʥʘʯʘʶʪʴʩʷ ʫʷʚʥʦʶ ʯʘʩʪʠʥʦʶ 

ʩʧʨʠʡʥʷʪʣʠʚʦʩʪʽ (3)c . ʉʧʨʠʡʥʷʪʣʠʚʽʩʪʴ ʪʨʝʪʴʦʛʦ ʧʦʨʷʜʢʫ ʚʠʢʣʠʢʘʻ ʧʘʨʘʤʝʪʨʠʯʥʝ 

ʯʦʪʠʨʴʦʭ ʭʚʠʣʴʦʚʝ ʟʤʽʱʝʥʥʷ. ʅʝʣʽʥʽʡʥʠʡ ʧʦʢʘʟʥʠʢ ʟʘʣʦʤʣʝʥʥʷ ʪʘʢʦʞ ˇʨʫʥʪʫʻʪʴʩʷ 

ʥʘ (3)c , ʱʦ ʤʦʞʝ ʧʨʠʚʝʩʪʠ ʜʦ ʧʦʷʚʠ ʬʘʟʦʚʦʛʦ ʩʘʤʦʤʦʜʫʣʷʮʽʽ ʪʘ ʬʘʟʦʚʦʾ ʢʨʦʩ-

ʤʦʜʫʣʷʮʽʾ. ʇʦʣʷʨʠʟʘʮʽʡʥʘ ʟʘʣʝʞʥʽʩʪʴ ʬʘʟʦʚʦʾ ʢʨʦʩʩʤʦʜʫʣʷʮʽʽ ʤʦʞʝ ʧʨʠʚʝʩʪʠ ʜʦ 

ʧʦʷʚʠ ʥʝʣʽʥʽʡʥʦʛʦ ʧʦʜʚʽʡʥʦʛʦ ʧʨʦʤʝʥʝʟʘʣʦʤʣʝʥʥʷ, ʷʢʝ, ʚ ʩʚʦʶ ʯʝʨʛʫ, ʤʦʞʝ ʩʪʘʪʠ 

ʧʨʠʯʠʥʦʶ ʧʦʣʷʨʠʟʘʮʽʡʥʦʾ ʢʨʦʩʩ-ʤʦʜʫʣʷʮʽʽ. ɺʩʽ ʮʽ ʥʝʣʽʥʽʡʥʽ ʝʬʝʢʪʠ ʧʦʚ'ʷʟʘʥʽ ʟ 

ʩʧʨʠʡʥʷʪʣʠʚʽʩʪʶ ʪʨʝʪʴʦʛʦ ʧʦʨʷʜʢʫ. ɺʩʽ ʧʝʨʝʨʘʭʦʚʘʥʽ ʚʠʱʝ ʝʬʝʢʪʠ ʧʦʰʠʨʝʥʥʷ 

ʤʦʞʫʪʴ ʜʽʷʪʠ ʩʧʽʣʴʥʦ, ʚʥʦʩʷʯʠ ʩʢʣʘʜʥʽ ʩʧʦʪʚʦʨʝʥʥʷ ʚ ʨʘʜʽʦʬʦʪʦʥʥʽ ʣʽʥʽʾ ʧʝʨʝʜʘʯʽ. 
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ɺʠʩʥʦʚʢʠ ʜʦ ʨʦʟʜʽʣʫ 3 

ɿ ʧʨʦʚʝʜʝʥʦʛʦ ʘʥʘʣʽʟʫ ʤʝʪʦʜʽʚ ʧʦʙʫʜʦʚʠ, ʨʦʟʨʘʭʫʥʢʽʚ ʨʘʜʽʦʯʘʩʪʦʪʥʠʭ 

ʧʝʨʝʜʘʚʘʣʴʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʘ ʧʦʢʘʟʥʠʢʽʚ ʷʢʦʩʪʽ ʜʣʷ ʦʧʪʠʯʥʠʭ ʣʽʥʽʡ ʧʝʨʝʜʘʯ ʽʟ 

ʟʦʚʥʽʰʥʴʦʶ ʄɯɺʇɼ ʟʨʦʙʣʝʥʦ ʥʘʩʪʫʧʥʽ ʚʠʩʥʦʚʢʠ. 

1. ʄʝʪʦʜʠ ʟʦʚʥʽʰʥʴʦʾ ʤʦʜʫʣʷʮʽʾ ʥʘ ʦʩʥʦʚʽ ʦʧʪʦʝʣʝʢʪʨʦʥʥʠʭ ʤʦʜʫʣʷʪʦʨʽʚ 

ʰʣʷʭʦʤ ʤʥʦʞʝʥʥʷ ʯʘʩʪʦʪʠ ʚʭʽʜʥʦʛʦ ʨʘʜʽʦʯʘʩʪʦʪʥʦʛʦ ʩʠʛʥʘʣʫ RF ʜʦʟʚʦʣʷʶʪʴ 

ʛʝʥʝʨʫʚʘʪʠ ʩʠʛʥʘʣʠ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ ʜʦ 100 ɻɻʮ (ʪʝʦʨʝʪʠʯʥʦ ʜʦ 160 ɻɻʮ) 

ʟ ʥʘʩʪʫʧʥʦʶ ʧʝʨʝʜʘʯʝʶ ʧʦ ʦʧʪʦʚʦʣʦʢʥʫ. 

2. ʄʝʪʦʜʠ ʦʧʪʠʯʥʦʛʦ ʛʝʪʝʨʦʜʠʥʫ ʜʦʟʚʦʣʷʶʪʴ ʢʦʥʚʝʨʪʫʚʘʪʠ ʨʘʜʽʦʩʠʛʥʘʣʠ ʫ 

ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʥʝ ʩʝʨʝʜʦʚʠʱʝ ʚ ʫʩʴʦʤʫ ʩʫʙʤʽʣʽʤʝʪʨʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ (ʜʦ 1 ʊɻʮ) 

ʙʝʟ ʩʫʪʪʻʚʠʭ ʦʙʤʝʞʝʥʴ, ʧʨʦʪʝ ʜʣʷ ʦʙʝʨʥʝʥʦʾ ʛʝʥʝʨʘʮʽʾ ʨʘʜʽʦʩʠʛʥʘʣʽʚ ʫ ʚʽʜʢʨʠʪʠʭ 

ʩʠʩʪʝʤʘʭ ʛʦʣʦʚʥʠʤ ʦʙʤʝʞʫʶʯʠʤ ʬʘʢʪʦʨʦʤ ʻ ʩʤʫʛʘ ʧʨʦʧʫʩʢʘʥʥʷ ʬʦʪʦʜʽʦʜʘ. 

3. ʌʦʪʦʜʽʦʜʠ p-i-n-ʪʠʧʫ, ʷʢʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʜʣʷ ʧʝʨʝʪʚʦʨʝʥʥʷ ʦʧʪʠʯʥʠʭ 

ʧʦʣʽʚ ʚ ʝʣʝʢʪʨʠʯʥʽ ʩʠʛʥʘʣʠ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ, ʤʘʶʪʴ ʩʤʫʛʫ ʧʨʦʧʫʩʢʘʥʥʷ, 

ʱʦ ʦʙʤʝʞʝʥʘ ʟʥʘʯʝʥʥʷʤ 70 ɻɻʮ.  

4. ʅʝʢʦʛʝʨʝʥʪʥʽ ʤʝʪʦʜʠ ʧʦʥʠʞʫʶʯʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ (ʦʧʪʠʯʥʦʛʦ 

ʟʤʽʰʫʚʘʥʥʷ), ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚ ʩʠʩʪʝʤʽ ʟ ʪʝʭʥʦʣʦʛʽʻʶ RoF ʜʣʷ 60 ɻɻʮ, ʤʝʥʰ 

ʟʘ ʚʩʝ ʧʽʜʜʘʶʪʴʩʷ ʚʧʣʠʚʫ ʬʘʟʦʚʦʛʦ ʰʫʤʫ ʣʘʟʝʨʽʚ, ʷʢ ʢʦʨʝʣʴʦʚʘʥʠʭ ʟʘ ʯʘʩʪʦʪʦʶ, 

ʪʘʢ ʽ ʣʘʟʝʨʽʚ, ʱʦ ʥʝ ʻ ʢʦʨʝʣʴʦʚʘʥʠʤʠ.  

5. ɼʣʷ ʦʧʪʦʝʣʝʢʪʨʦʥʥʠʭ ʤʝʪʦʜʽʚ ʬʦʨʤʫʚʘʥʥʷ ʪʘ ʧʝʨʝʜʘʯʽ ʩʠʛʥʘʣʽʚ 

ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʪʘ ʩʫʙʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʽʚ ʜʦʚʞʠʥ ʭʚʠʣʴ ʧʝʨʩʧʝʢʪʠʚʥʠʤ 

ʨʽʰʝʥʥʷʤ ʻ ʟʘʩʪʦʩʫʚʘʥʥʷ ʣʘʟʝʨʽʚ ʟ ʥʘʣʘʰʪʫʚʘʥʥʷʤ ʟʘ ʯʘʩʪʦʪʦʶ ʥʘ ʦʩʥʦʚʽ ʝʬʝʢʪʫ 

ʚʠʤʫʰʝʥʦʛʦ ʨʦʟʩʽʶʚʘʥʥʷ ɹʨʽʣʣʁ ʝʥʘ.  

6. ɿ ʘʥʘʣʽʟʫ ʨʘʜʽʦʯʘʩʪʦʪʥʠʭ ʧʝʨʝʜʘʚʘʣʴʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʘ ʧʦʢʘʟʥʠʢʽʚ 

ʷʢʦʩʪʽ (ʥʘʩʘʤʧʝʨʝʜ ʚʽʜʥʦʰʝʥʥʷ ʩʠʛʥʘʣ/ʰʫʤ ʽ ʜʠʥʘʤʽʯʥʠʡ ʜʽʘʧʘʟʦʥ) ʜʣʷ ʦʧʪʠʯʥʠʭ 

ʣʽʥʽʡ ʧʝʨʝʜʘʯ ʽʟ ʟʦʚʥʽʰʥʴʦ ʁʤʦʜʫʣʷʮʽʻʶ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʽ ʧʨʷʤʠʤ 

ʜʝʪʝʢʪʫʚʘʥʥʷʤ ʤʦʞʥʘ ʟʨʦʙʠʪʠ ʚʠʩʥʦʚʢʠ, ʱʦ ʜʦʤʽʥʫʶʯʠʤ ʜʞʝʨʝʣʦʤ ʰʫʤʽʚ ʚ 

ʦʧʪʠʯʥʽʡ ʣʽʥʽʾ ʻ RIN ʚʽʜʥʦʩʥʘ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʰʫʤʫ ʣʘʟʝʨʫ; ʤʝʪʦʜʘʤʠ ʽʥʪʝʛʨʘʮʽʾ 

ʤʦʜʫʣʷʪʦʨʽʚ ʄʄʎ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʚʠʨʽʚʥʶʚʘʥʥʷ ʦʧʪʠʯʥʦʾ ʧʦʪʫʞʥʦʩʪʽ; ʄʄʎ 
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ʥʘʢʣʘʜʘʻ ʛʦʣʦʚʥʽ ʦʙʤʝʞʝʥʥʷ ʥʘ ʜʠʥʘʤʽʯʥʽ ʧʘʨʘʤʝʪʨʠ ʩʠʩʪʝʤʠ; ʧʨʘʢʪʠʯʥʽ 

ʦʙʤʝʞʝʥʥʷ ʪʘʢʦʞ ʚʥʦʩʠʪʴ ʬʦʪʦʜʝʪʝʢʪʦʨ. 

7. ɿ ʘʥʘʣʽʟʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ ʤʦʞʥʘ ʟʨʦʙʠʪʠ ʚʠʩʥʦʚʦʢ, ʱʦ ʧʨʠ 

ʰʠʨʠʥʽ ʩʧʝʢʪʨʘʣʴʥʦʾ ʣʽʥʽʾ ʦʧʪʠʯʥʦʛʦ ʜʞʝʨʝʣʘ ʚ ʤʝʞʘʭ 50 ʄɻʮ  ʽ ʜʦʚʞʠʥʽ 

ʤʘʛʽʩʪʨʘʣʽ ʜʦ 50 ʢʤ ʭʨʦʤʘʪʠʯʥʘ ʜʠʩʧʝʨʩʽʷ ʚ ʩʪʘʥʜʘʨʪʥʦʤʫ ʦʜʥʦʤʦʜʦʚʦʤʫ ʚʦʣʦʢʥʽ 

ʥʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʥʘʯʥʦʛʦ ʟʙʽʣʴʰʝʥʥʷ ʬʘʟʦʚʦʛʦ ʰʫʤʫ. 

8. ʐʫʤʦʚʽ ʧʘʨʘʤʝʪʨʠ ʽ ʦʙʤʝʞʝʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ ʩʠʩʪʝʤʠ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʪʝʭʥʦʣʦʛʽʾ RoF, ʷʢ ʝʣʝʢʪʨʠʯʥʠʭ ʪʘʢ ʽ ʦʧʪʠʯʥʠʭ, ʥʝʦʙʭʽʜʥʦ ʚʨʘʭʦʚʫʚʘʪʠ ʧʨʠ 

ʧʨʦʝʢʪʫʚʘʥʥʷ ʙʝʟʧʨʦʚʦʜʦʚʠʭ ʩʠʩʪʝʤ ʟʚ'ʷʟʢʫ. ʆʩʦʙʣʠʚʦ ʜʣʷ ʦʧʪʠʯʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ 

RoF ʄʄɼ, ʜʝ ʦʩʥʦʚʥʠʤʠ ʜʞʝʨʝʣʘʤʠ ʰʫʤʽʚ ʪʘ ʥʝʣʽʥʽʡʥʠʭ ʩʧʦʪʚʦʨʝʥʴ ʻ ʣʘʟʝʨʠ, 

ʦʧʪʠʯʥʽ ʧʽʜʩʠʣʶʚʘʯʽ, ʬʦʪʦʧʨʠʡʤʘʯʽ.  

ɿʨʦʙʣʝʥʽ ʚʠʩʥʦʚʢʠ ʢʦʨʠʩʥʽ ʜʣʷ ʧʦʜʘʣʴʰʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʚ ʦʙʣʘʩʪʽ ʨʦʟʨʦʙʢʠ 

ʥʦʚʦ ʾ ʢʦʥʮʝʧʮʽ ʾ ʤʦʜʝʣʽ ʝʥʝʨʛʝʪʠʯʥʦʛʦ ʙʶʜʞʝʪʫ ʨʘʜʽʦʣʽʥʽʾ ʄʄɼ, ʚ ʷʢʽʡ 

ʚʨʘʭʦʚʫʶʪʴʩʷ ʰʫʤʠ ʪʘ ʦʙʤʝʞʝʥʥʷ, ʧʦʚ'ʷʟʘʥʽ ʟ ʦʧʪʦʝʣʝʢʪʨʦʥʥʠʤʠ ʤʝʪʦʜʘʤʠ 

ʛʝʥʝʨʘʮʽʾ, ʧʝʨʝʜʘʯʽ ʪʘ ʬʦʨʤʫʚʘʥʥʷ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʨʘʜʽʦʩʠʛʥʘʣʽʚ. 

 

  



173 

 

ʈʆɿɼɯʃ 4 

ʄɸʊɽʄɸʊʀʏʅɽ ʄʆɼɽʃʖɺɸʅʅʗ ʈɸɼɯʆʂɸʅɸʃʋ  ʊɸ ʐʋʄɯɺ ɺ 

ʄɯʃɯʄɽʊʈʆɺʆʄʋ ɼɯɸʇɸɿʆʅɯ 

 

4.1. ʇʽʜʭʦʜʠ ʜʦ ʤʦʜʝʣʶʚʘʥʥʷ ʨʘʜʽʦʢʘʥʘʣʫ ʚ ʤʽʣʽʤʝʪʨʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ  

ʗʢ ʟʘʟʥʘʯʝʥʦ ʨʘʥʽʰʝ (ʚ 1 ʨʦʟʜʽʣʽ) ʤʦʜʝʣʶʚʘʥʥʷ ʨʘʜʽʦʢʘʥʘʣʽʚ ʚ ʄʄɼ ʻ 

ʪʨʠʚʘʶʯʠʤ ʧʨʦʮʝʩʦʤ, ʘ ʪʘʢʦʞ ʥʝʦʙʭʽʜʥʽ ʥʦʚʽ ʢʦʥʮʝʧʮʽʾ, ʟʘʩʥʦʚʘʥʽ ʥʘ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʬʽʟʠʯʥʠʭ ʧʽʜʭʦʜʘʭ, ʜʣʷ ʙʽʣʴʰ ʝʬʝʢʪʠʚʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʯʘʩʪʦʪʥʦʛʦ ʨʝʩʫʨʩʫ ʄʄɼ. ʊʘʢ ʷʢ ʟʘʩʪʦʩʫʚʘʥʥʷ ʄʄɼ ʟʥʘʯʥʦ ʚʽʜʨʽʟʥʷʻʪʴʩʷ, 

ʥʘʧʨʠʢʣʘʜ, ʚʽʜ ʜʝʮʠʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ ʧʦ ʬʽʟʠʯʥʠʤ ʦʩʦʙʣʠʚʦʩʪʷʤ ʧʦʰʠʨʝʥʥʷ, 

ʟʘ ʤʝʪʦʜʘʤʠ ʬʦʨʤʫʚʘʥʥʷ ʩʠʛʥʘʣʽʚ, ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ ʛʝʥʝʨʫʶʯʠʭ ʧʨʠʩʪʨʦʾʚ, ʪ.ʽʥ. 

ɿʘʛʘʣʴʥʦʚʽʜʦʤʦ, ʱʦ ʦʩʥʦʚʥʠʤ ʬʘʢʪʦʨʦʤ, ʱʦ ʚʧʣʠʚʘʻ ʥʘ ʚʠʙʽʨ ʤʝʪʦʜʽʚ ʤʦʜʫʣʷʮʽʾ, 

ʢʦʜʫʚʘʥʥʷ ʽ ʜʦʩʷʛʥʝʥʥʷ ʤʘʢʩʠʤʘʣʴʥʦʾ ʰʚʠʜʢʦʩʪʽ ʧʝʨʝʜʘʯʽ ʜʘʥʠʭ, ʻ ʟʥʘʯʝʥʥʷ 

ʚʽʜʥʦʰʝʥʥʷ ʩʠʛʥʘʣ/ʟʘʚʘʜʠ ʧʣʶʩ ʽʥʪʝʨʬʝʨʝʥʮʽʡʥʠʡ ʰʫʤ (ʘʥʛʣ. SINR, signal-to-

interference-plus-noise ratio). ɼʣʷ ʄʄɼ ʦʩʥʦʚʥʠʤʠ ʤʝʭʘʥʽʟʤʘʤʠ ʧʦʰʠʨʝʥʥʷ ʻ 

ʧʦʛʣʠʥʘʥʥʷ ʚ ʘʪʤʦʩʬʝʨʽ, ʚʽʜʙʠʪʪʷ, ʚ ʤʝʥʰʽʡ ʤʽʨʽ - ʜʠʬʨʘʢʮʽʷ, ʪʦʤʫ ʧʽʜʭʦʜʠ ʜʦ 

ʤʦʜʝʣʶʚʘʥʥʷ ʨʘʜʽʦʢʘʥʘʣʽʚ, ʟʘʚʘʜ ʽ ʰʫʤʽʚ ʜʣʷ ʄʄɼ ʤʦʞʫʪʴ ʽʩʪʦʪʥʦ ʚʽʜʨʽʟʥʷʪʠʩʷ 

ʚʽʜ ʧʽʜʭʦʜʽʚ ʜʦ ʤʦʜʝʣʶʚʘʥʥʷ ʢʘʥʘʣʽʚ ʥʘ ʙʽʣʴʰ ʥʠʟʴʢʠʭ ʯʘʩʪʦʪʘʭ [165-167]. 

ʅʘʧʨʠʢʣʘʜ, ʚ ʜʽʘʧʘʟʦʥʽ 100 ʄɻʮ ʜʦ 6 ɻɻʮ ʦʩʥʦʚʥʠʤ ʬʘʢʪʦʨʦʤ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ 

ʝʥʝʨʛʝʪʠʯʥʦʛʦ ʧʦʢʨʠʪʪʷ ʚ ʤʽʩʴʢʦʤʫ ʩʮʝʥʘʨʽʶ ʻ ʜʠʬʨʘʢʮʽʷ ʭʚʠʣʴ. ʉʪʚʦʨʝʥʦ ʤʦʜʝʣʽ 

ʢʘʥʘʣʫ, ʱʦ ʚʨʘʭʦʚʫʶʪʴ ʨʽʟʥʫ ʜʠʬʨʘʢʮʽʶ, ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʛʝʦʤʝʪʨʽʾ (ʪʠʧʦʚʦʩʪʽ) 

ʟʘʙʫʜʦʚʠ ʤʽʩʪ [168]. 

ʋ ʄʄɼ ʧʦʛʣʠʥʘʥʥʷ ʽ ʥʠʟʴʢʠʡ ʧʨʦʷʚ ʜʠʬʨʘʢʮʽʡʥʠʭ ʦʩʦʙʣʠʚʦʩʪʝʡ ʭʚʠʣʴ 

ʄʄɼ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʘʣʠʭ ʩʪʽʣʴʥʠʢʽʚ: ʜʣʷ 60 ɻɻʮ (ʚʽʢʥʦ 

ʧʦʛʣʠʥʘʥʥʷ ʄʄɼ) ʨʘʜʽʫʩʦʤ ʜʦ 10 ʤʝʪʨʽʚ, ʜʣʷ ʤʦʙʽʣʴʥʠʭ ʩʠʩʪʝʤ (28, 73 ɻɻʮ) ʜʦ 

150 - 200 ʤ, ʜʣʷ ʥʘʥʦʤʝʨʝʞ ʚ ʄʄɼ (ʚʢʣʶʯʘʶʯʠ ʩʫʙʤʽʣʽʤʝʪʨʦʚʠʡ ʜʽʘʧʘʟʦʥ) - 

ʢʽʣʴʢʘ ʜʝʩʷʪʢʽʚ ʤʽʣʽʤʝʪʨʽʚ [1,17,43]. ʊʘʢʦʞ ʜʣʷ ʄʄɼ ʭʚʠʣʴ ʭʘʨʘʢʪʝʨʥʘ 

ʤʦʞʣʠʚʽʩʪʴ ʚʫʟʴʢʦʩʧʨʷʤʦʚʘʥʥʦʾ ʧʝʨʝʜʘʯʽ ʝʥʝʨʛʽʾ - ʚʽʜ ʜʝʢʽʣʴʢʦʭ ʛʨʘʜʫʩʽʚ ʜʦ 
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ʯʘʩʪʢʠ ʦʜʥʦʛʦ ʛʨʘʜʫʩʘ, ʱʦ ʜʘʻ ʤʦʞʣʠʚʽʩʪʴ ʧʽʜʚʠʱʝʥʥʷ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʩʪʽ ʪʘʢʠʭ 

ʩʠʩʪʝʤ ʽ ʢʦʤʧʝʥʩʘʮʽʾ ʚʠʩʦʢʦʛʦ ʧʦʛʣʠʥʘʥʥʷ ʚ ʘʪʤʦʩʬʝʨʽ. 

ʄʝʪʦʜʠ ʬʦʨʤʫʚʘʥʥʷ ʩʠʛʥʘʣʽʚ ʪʘ ʤʦʜʝʣʶʚʘʥʥʷ ʢʘʥʘʣʽʚ ʚ ʄʄɼ ʱʝ 

ʜʦʩʣʽʜʞʫʶʪʴʩʷ [166,167,169, 170]. ʇʨʠ ʤʘʣʽʡ ʜʦʚʞʠʥʽ ʭʚʠʣʽ ʄʄɼ ʚʘʞʣʠʚʽ ʰʫʤʦʚʽ 

ʽ ʜʠʥʘʤʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʠʧʨʦʤʽʥʶʚʘʣʴʥʠʭ ʧʨʠʩʪʨʦʾʚ. ɼʣʷ ʛʝʥʝʨʘʮʽʾ ʭʚʠʣʴ 

ʄʄɼ ʧʝʨʩʧʝʢʪʠʚʥʠʤʠ ʻ ʤʝʪʦʜʠ ʦʧʪʠʯʥʦʛʦ ʛʝʪʝʨʦʜʠʥʫʚʘʥʥʷ, ʪʦʙʪʦ, ʧʝʨʝʪʚʦʨʝʥʥʷ 

ʚ ʬʦʪʦʜʽʦʜʽ ʦʧʪʠʯʥʠʭ ʜʦʤʝʥʽʚ ʚ ʝʣʝʢʪʨʠʯʥʽ ʩʠʛʥʘʣʠ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ [30, 

16]. ʊʘʢʠʡ ʩʧʦʩʽʙ ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʷʢ ʜʣʷ ʛʝʥʝʨʘʮʽʾ ʩʠʛʥʘʣʽʚ ʄʄɼ, 

ʪʘʢ ʽ ʜʣʷ ʤʦʜʫʣʷʮʽʾ, ʘ ʪʘʢʦʞ ʜʣʷ ʢʦʥʚʝʨʪʘʮʽʾ ʤʽʣʽʤʝʪʨʦʚʠʭ ʨʘʜʽʦʩʠʛʥʘʣʽʚ ʚ ʦʧʪʠʯʥʽ, 

ʤʫʣʴʪʠʧʣʝʢʩʫʚʘʥʥʷ, ʧʝʨʝʜʘʯʽ ʧʦ ʦʧʪʦʚʦʣʦʢʦʥʥʠʤ ʣʽʥʽʷʤ ʟʚ'ʷʟʢʫ ʥʘ ʚʝʣʠʢʽ 

ʚʽʜʩʪʘʥʽ, ʥʘʧʨʠʢʣʘʜ, ʜʣʷ ʦʙ'ʻʜʥʘʥʥʷ ʙʘʟʦʚʠʭ ʩʪʘʥʮʽʡ ʽ ʜʘʪʘ-ʮʝʥʪʨʽʚ. 

ʆʧʪʦʝʣʝʢʪʨʦʥʥʽ ʤʝʪʦʜʠ ʪʘʢʦʞ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʜʽʘʛʨʘʤ 

ʩʧʨʷʤʦʚʘʥʦʩʪʽ ʬʘʟʦʚʘʥʠʭ ʘʥʪʝʥʥʠʭ ʨʝʰʽʪʦʢ (ʌɸʈ) [30,32]. 

ɼʦʩʣʽʜʞʝʥʥʷ ʰʫʤʫ, ʚʪʨʘʪ ʽ ʟʘʪʨʠʤʢʠ ʩʠʛʥʘʣʫ ʻ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʤ ʜʣʷ MMɼ 

ʩʠʩʪʝʤ. ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʢʣʘʩʠʯʥʦʛʦ ʧʽʜʭʦʜʫ ʜʣʷ ʩʠʩʪʝʤ, ʱʦ ʧʨʘʮʶʶʪʴ ʚ 

ʜʝʮʠʤʝʪʨʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ, ʜʝ ʚ ʷʢʦʩʪʽ ʰʫʤʫ ʚʠʟʥʘʯʘʻʪʴʩʷ ʪʽʣʴʢʠ ʪʝʧʣʦʚʠʡ ʰʫʤ, 

ʥʝʦʙʭʽʜʥʦ ʚʨʘʭʦʚʫʚʘʪʠ ʟʘʣʝʞʥʽʩʪʴ ʚʠʭʽʜʥʦʾ ʧʦʪʫʞʥʦʩʪʽ ʚʽʜ ʰʫʤʫ ʽ ʜʠʥʘʤʽʯʥʠʡ 

ʜʽʘʧʘʟʦʥ ʧʦ ʟʘʚʘʜʘʤ. ʊʝʨʤʽʥʠ ʚʪʨʘʪ ʽ ʰʫʤʽʚ ʯʘʩʪʦ ʥʝ ʨʦʟʨʽʟʥʷʶʪʴʩʷ, ʦʩʢʽʣʴʢʠ ʾʭ 

ʚʧʣʠʚ ʥʘ ʩʠʩʪʝʤʫ ʦʜʥʘʢʦʚʠʡ [76]. 

ɼʣʷ ʘʥʘʣʽʟʫ ʙʶʜʞʝʪʫ ʨʘʜʽʦʩʠʩʪʝʤ ʥʝʦʙʭʽʜʥʦ ʚʠʟʥʘʯʠʪʠ ʤʽʥʽʤʘʣʴʥʦ 

ʜʦʧʫʩʪʠʤʫ ʧʦʪʫʞʥʽʩʪʴ ʩʠʛʥʘʣʫ ʚ ʧʨʠʡʤʘʯʽ, ʪʦʙʪʦ ʯʫʪʣʠʚʽʩʪʴ ʧʨʠʡʤʘʯʘ: 

 ( )RX-sens S int TX RXP P N N N N= + + ,  (4.1) 

ʜʝ 
SP N  ʧʦʟʥʘʯʘʻ ʚʽʜʥʦʰʝʥʥʷ ʧʦʪʫʞʥʦʩʪʽ ʥʝʩʫʯʦʾ ʜʦ ʧʦʪʫʞʥʦʩʪʽ ʰʫʤʫ, ʥʝʦʙʭʽʜʥʝ 

ʜʣʷ ʜʝʤʦʜʫʣʷʮʽʾ; TXN   ʧʦʪʫʞʥʽʩʪʴ ʰʫʤʫ ʜʞʝʨʝʣʘ ʩʠʛʥʘʣʫ, ʷʢʘ ʚʢʣʶʯʘʻ ʚ ʩʝʙʝ ʥʝ 

ʪʽʣʴʢʠ ʪʝʧʣʦʚʠʡ ʰʫʤ, ʘ ʡ ʽʥʰʽ ʢʦʤʧʦʥʝʥʪʠ, ʧʦʚ'ʷʟʘʥʽ ʟ ʤʝʪʦʜʦʤ ʛʝʥʝʨʘʮʽʾ ʩʠʛʥʘʣʫ; 

RXN   ʚʪʨʘʪʠ ʧʦʪʫʞʥʦʩʪʽ ʩʠʛʥʘʣʫ ʚ ʧʨʠʡʤʘʯʽ; intN   ʧʦʪʫʞʥʽʩʪʴ ʽʥʪʝʨʬʝʨʝʥʮʽʡʥʠʭ 

ʟʘʚʘʜ, ʷʢʘ ʚʢʣʶʯʘʻ:int K M NLOSN N N N= + + , ʜʝ 
KN   ʽʥʪʝʨʬʝʨʝʥʮʽʡʥʽ ʟʘʚʘʜʠ ʚʽʜ 
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ʽʥʰʠʭ ʢʘʥʘʣʽʚ ʟʚ'ʷʟʢʫ; 
MN   h ʫʤ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʧʦʛʣʠʥʘʥʥʷ; 

NLOSN   ʟʤʽʥʠ ʨʽʚʥʷ 

ʩʠʛʥʘʣʫ, ʧʦʚ'ʷʟʘʥʽ ʟ ʜʠʬʨʘʢʮʽʻʶ ʽ ʚʽʜʙʠʪʢʘʤʠ ʚʽʜ ʦʙ'ʻʢʪʽʚ ʤʽʩʴʢʦʾ ʟʘʙʫʜʦʚʠ. 

ʄʦʞʣʠʚʦ, ʪʘʢʦʞ ʥʝʦʙʭʽʜʥʦ ʚʨʘʭʦʚʫʚʘʪʠ ʨʦʟʩʽʶʚʘʥʥʷ ʟʘ ʨʘʭʫʥʦʢ ʜʠʬʫʟʥʠʭ 

(ʘʙʦ ʤʥʦʞʠʥʥʠʭ) ʚʽʜʦʙʨʘʞʝʥʴ, ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʨʦʟʩʽʶʚʘʥʥʷ ʽ ʨʦʟʩʽʶʚʘʥʥʷ ʥʘ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʷʭ ʘʪʤʦʩʬʝʨʠ. ɼʞʝʨʝʣʘ ʰʫʤʽʚ MN  ʪʘ 
NLOSN  ʤʦʞʫʪʴ ʙʫʪʠ ʷʢ 

ʚʩʝʨʝʜʠʥʽ ʢʘʥʘʣʫ, ʪʘʢ ʽ ʚ ʽʥʰʠʭ ʢʘʥʘʣʘʭ ʟʚ'ʷʟʢʫ. ʉʠʛʥʘʣ ʤʦʞʥʘ ʚʽʜʥʦʚʠʪʠ 

ʥʘʣʝʞʥʠʤ ʯʠʥʦʤ, ʷʢʱʦ ʡʦʛʦ ʧʦʪʫʞʥʽʩʪʴ ʥʘ ʚʽʜʩʪʘʥʽ d ʚʽʜ ʧʝʨʝʜʘʚʘʣʴʥʦʾ ʘʥʪʝʥʠ 

ʧʝʨʝʚʠʱʫʻ ʯʫʪʣʠʚʽʩʪʴ ʧʨʠʡʤʘʯʘ, ʪʦʙʪʦ ʢʦʣʠ 
RX RX-sens 0P P- ². ɺʽʜʥʦʰʝʥʥʷ 

ʩʠʛʥʘʣ/ʰʫʤ ʧʣʶʩ ʽʥʪʝʨʬʝʨʝʥʮʽʡʥʽ ʟʘʚʘʜʠ (ʘʥʛʣ. SINR, signal-to-interference-plus-

noise ratio), ʱʦ ʚʠʟʥʘʯʘʻ ʷʢʽʩʪʴ ʩʠʛʥʘʣʫ, ʧʨʠʡʤʘʻ ʬʦʨʤʫ: 

( )
RX

int TX RX

P
SINR

N N N
=

+ +
,         (4.2) 

ʘʙʦ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʬʦʨʤʫʣ (1.2), (1.3) ʪʘ ʚʪʨʘʪ 
atmL , ʧʦʚôʷʟʘʥʠʭ ʟ ʧʦʛʣʠʥʘʥʥʷʤ 

ʩʠʛʥʘʣʫ  ʚ ʘʪʤʦʩʬʝʨʽ: 

( )
TX TX RX

2

int TX RX atm4

P D A
SINR

d N N N Lp
=

+ +
,    (4.3) 

ʜʝ 
TXD  ï ʢʦʝʬʽʮʽʻʥʪ ʩʧʨʷʤʦʚʘʥʦʾ ʜʽʾ ʧʝʨʝʜʘʚʘʣʴʥʦʾ ʘʥʪʝʥʠ, 

RXA ï ʝʬʝʢʪʠʚʥʘ ʧʣʦʱʘ 

ʧʨʠʡʤʘʣʴʥʦʾ ʘʥʪʝʥʠ. 

ɼʦ ʪʦʛʦ ʞ, ʤʦʞʣʠʚʦ, ʚʘʛʦʤʠʤʠ ʟʘ ʢʦʤʧʦʥʝʥʪʘʤʠ ʚ ʝʥʝʨʛʝʪʠʯʥʦʤʫ ʙʶʜʞʝʪʽ 

ʨʘʜʽʦʢʘʥʘʣʫ ʄʄɼ ʤʦʞʫʪʴ ʙʫʪʠ ʰʫʤ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʧʦʛʣʠʥʘʥʥʷ [16,170] ʽ 

ʨʦʟʩʽʶʚʘʥʥʷ ʚʥʘʩʣʽʜʦʢ ʚʽʜʦʙʨʘʞʝʥʴ (ʷʢ ʜʠʬʫʟʥʠʭ, ʪʘʢ ʽ ʜʟʝʨʢʘʣʴʥʠʭ) [15,171]. 

ɹʘʛʘʪʦ ʨʦʙʽʪ ʧʨʠʩʚʷʯʝʥʦ ʤʘʪʝʤʘʪʠʯʥʦʤʫ ʤʦʜʝʣʶʚʘʥʥʶ ʽʥʪʝʨʬʝʨʝʥʮʽʡʥʠʭ 

ʟʘʚʘʜ ʪʘ ʡʤʦʚʽʨʥʦʩʪʽ ʙʣʦʢʫʚʘʥʥʷ ʚ ʢʘʥʘʣʘʭ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ ʜʣʷ 

ʤʦʙʽʣʴʥʠʭ ʩʠʩʪʝʤ ʥʘ ʦʩʥʦʚʽ ʩʪʦʭʘʩʪʠʯʥʦʾ ʛʝʦʤʝʪʨʽʾ, ʥʘʧʨʠʢʣʘʜ, [13,172]. ʆʜʥʘʢ ʚ 

ʥʠʭ ʥʝ ʚʨʘʭʦʚʫʶʪʴʩʷ ʰʫʤʠ, ʧʦʚ'ʷʟʘʥʽ ʟ ʤʝʪʦʜʦʤ ʬʦʨʤʫʚʘʥʥʷ ʩʠʛʥʘʣʫ, ʰʫʤʠ 

ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʧʦʛʣʠʥʘʥʥʷ [173], ʰʫʤʠ ʽ ʧʦʩʠʣʝʥʥʷ ʩʠʛʥʘʣʫ, ʧʦʚ'ʷʟʘʥʽ ʟ ʷʚʠʱʘʤʠ 

ʚʽʜʙʠʪʪʷ, ʜʠʬʨʘʢʮʽʾ, ʨʦʟʩʽʶʚʘʥʥʷ ʩʠʛʥʘʣʫ ʄʄɼ. ʅʘʜʘʣʽ ʧʨʦʘʥʘʣʽʟʦʚʘʥʽ ʟʥʘʯʝʥʥʷ 

ʚʝʣʠʯʠʥ, ʧʝʨʝʨʘʭʦʚʘʥʠʭ ʰʫʤʽʚ (ʧʽʜʩʠʣʝʥʴ) ʩʠʛʥʘʣʫ, ʾʭ ʚʥʝʩʦʢ ʚ ʟʥʘʯʝʥʥʷ 
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ʚʽʜʥʦʰʝʥʥʷ ʩʠʛʥʘʣ/ʽʥʪʝʨʬʝʨʝʥʮʽʡʥʽ ʟʘʚʘʜʠ ( ʘʥʛʣ.SIR, signal-to-interference ratio) ʽ 

ʟʥʘʯʝʥʥʷ ʚʽʜʥʦʰʝʥʥʷ ʩʠʛʥʘʣ/ ʰʫʤ SNR (signal-to-noise ratio). 

 

4.2. ʂʚʘʟʽʦʧʪʠʯʥʘ ʤʦʜʝʣʴ ʨʘʜʽʦʢʘʥʘʣʫ ʚ ʤʽʣʽʤʝʪʨʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ 

ɽʥʝʨʛʝʪʠʯʥʠʡ ʧʦʪʝʥʮʽʘʣ ʨʘʜʽʦʣʽʥʽʾ ʧʨʷʤʦʾ ʚʠʜʠʤʦʩʪʽ ʚ ʨʘʜʽʦʪʝʭʥʽʮʽ 

ʦʧʠʩʫʶʪʴ ʢʣʘʩʠʯʥʠʤ ʨʽʚʥʷʥʥʷʤ ʌʨʽʽʩʘ: 

( )
2

RX TX TX RX 4P P G G dl p= ,    (4.4) 

ʜʝ   
TXP  ʪʘ 

RXP   ʧʦʪʫʞʥʦʩʪʽ ʧʝʨʝʜʘʚʘʣʴʥʦʾ ʽ ʧʨʠʡʤʘʶʯʦʾ ʘʥʪʝʥ ʚʽʜʧʦʚʽʜʥʦ; 
TXG  

ʪʘ 
RXG   ʧʽʜʩʠʣʝʥʥʷ ʧʝʨʝʜʘʚʘʣʴʥʦʾ ʽ ʧʨʠʡʤʘʶʯʦʾ ʘʥʪʝʥ ʚʽʜʧʦʚʽʜʥʦ; ɚ - ʜʦʚʞʠʥʘ 

ʭʚʠʣʽ ʩʠʛʥʘʣʫ, ʱʦ ʧʝʨʝʜʘʻʪʴʩʷ; Ὠ - ʚʽʜʩʪʘʥʴ ʤʽʞ ʧʝʨʝʜʘʚʘʯʝʤ ʽ ʧʨʠʡʤʘʯʝʤ; 

( )
2

4 dl p   ʚʪʨʘʪʠ ʚ "ʚʽʣʴʥʦʤʫ ʧʨʦʩʪʦʨʽ". 

ʅʘʙʣʠʞʝʥʽ ʜʦ ʨʽʚʥʷʥʥʷ ʌʨʽʽʩʘ ʤʘʪʝʤʘʪʠʯʥʽ ʝʤʧʽʨʠʯʥʽ ʤʦʜʝʣʽ ʨʘʜʽʦʢʘʥʘʣʽʚ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʥʘ ʜʘʥʠʡ ʤʦʤʝʥʪ ʨʽʟʥʽ ʜʦʩʣʽʜʥʠʮʴʢʽ ʛʨʫʧʠ (5GCM, ʤʤ MAGIC, 

METIS, 3GPPTR 38.901, ...) ʜʣʷ ʨʝʘʣʽʟʘʮʽʾ ʤʦʙʽʣʴʥʠʭ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡ ʚ ʩʤʫʟʽ 0,5-

100 ɻɻʮ [1]. ʇʨʠ ʚʠʚʝʜʝʥʥʽ ʨʽʚʥʷʥʥʷ ʌʨʽʽʩʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʦʩʷ ʯʘʩʪʦʪʥʦ 

ʟʘʣʝʞʥʠʡ ʚʠʨʘʟ ʜʣʷ ʝʬʝʢʪʠʚʥʦʾ ʧʣʦʱʽ ʘʥʪʝʥʠ. 

ɸʥʪʝʥʠ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ ʧʝʨʝʪʚʦʨʝʥʥʷ ʩʪʨʫʤʽʚ ʽ ʥʘʧʨʫʛ, ʱʦ 

ʛʝʥʝʨʫʶʪʴʩʷ ʧʝʨʝʜʘʚʘʣʴʥʦʶ ʩʭʝʤʦʶ, ʚ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʽ ʧʦʣʷ, ʱʦ ʧʦʰʠʨʶʶʪʴʩʷ ʚ 

ʧʨʦʩʪʦʨʽ. ɿʘ ʚʽʜʩʫʪʥʦʩʪʽ ʤʘʪʝʨʽʘʣʴʥʠʭ ʦʙʤʝʞʝʥʴ, ʱʦ ʚʽʜʙʠʚʘʶʪʴ ʘʙʦ ʨʦʟʩʽʶʶʪʴ 

ʭʚʠʣʽ, ʧʦʣʷ ʧʦʰʠʨʶʶʪʴʩʷ ʫ ʚʠʛʣʷʜʽ ʩʬʝʨʠʯʥʠʭ ʭʚʠʣʴ, ʘʤʧʣʽʪʫʜʠ ʷʢʠʭ 

ʟʤʽʥʶʶʪʴʩʷ ʦʙʝʨʥʝʥʦ ʧʨʦʧʦʨʮʽʡʥʦ ʚʽʜʩʪʘʥʽ ʚʽʜ ʘʥʪʝʥʠ. ʅʘʧʨʫʞʝʥʽʩʪʴ ʧʦʣʷ ʽ 

ʧʦʣʷʨʠʟʘʮʽʷ ʪʘʢʦʞ ʤʦʞʫʪʴ ʟʘʣʝʞʘʪʠ ʚʽʜ ʥʘʧʨʷʤʫ ʧʦʰʠʨʝʥʥʷ.  

ɹʫʜʝʤʦ ʚʚʘʞʘʪʠ, ʱʦ ʜʣʷ ʧʘʨʘʙʦʣʽʯʥʠʭ ʜʟʝʨʢʘʣʴʥʠʭ ʘʥʪʝʥ ʚ ʜʘʣʴʥʽʡ 

ʧʦʣʴʦʚʠʡ ʟʦʥʽ ʘʥʪʝʥʘ ʚʠʧʨʦʤʽʥʶʻ ʩʬʝʨʠʯʥʽ ʧʦʣʷ: 

)(TX0 aD
r

e
E

ikr-

= raE ,        (4.5) 

ʜʝ r ï ʨʘʜʽʘʣʴʥʘ ʚʽʜʩʪʘʥʴ ʚʽʜ ʘʥʪʝʥʠ; 
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lw ˊ2== ck  ï ʭʚʠʣʴʦʚʝ ʯʠʩʣʦ, ʷʢʝ ʟʘʙʝʟʧʝʯʫʻ, ʱʦ ʬʘʟʘ kr ʚ (4.5) ʻ ʧʦʩʪʽʡʥʦʶ 

ʟʘ ʩʬʝʨʘʤʠ, ʮʝʥʪʨʦʚʘʥʠʤʠ ʥʘ ʘʥʪʝʥʽ; 

ra  ï ʦʜʠʥʠʯʥʠʡ ʚʝʢʪʦʨ, ʱʦ ʦʧʠʩʫʻ ʥʘʧʨʷʤ ʧʦʣʷʨʠʟʘʮʽʾ ʝʣʝʢʪʨʠʯʥʦʛʦ ʧʦʣʷ; 

 ï ʘʤʧʣʽʪʫʜʘ ʥʘʧʨʫʞʝʥʦʩʪʽ ʝʣʝʢʪʨʠʯʥʦʛʦ ʧʦʣʷ; 

TX ( )D aï ʢʦʝʬʽʮʽʻʥʪ ʩʧʨʷʤʦʚʘʥʦʾ ʜʽʾ ʘʥʪʝʥʠ.
 

( )( )TX 4 2 1 cos 2D p a= W= -  , Ŭ ï ʢʫʪ ʨʦʟʢʨʠʪʪʷ ʘʥʪʝʥʠ; 

ɼʣʷ ʢʚʘʟʽʦʧʪʠʯʥʦʛʦ ʭʘʨʘʢʪʝʨʫ ʧʦʰʠʨʝʥʥʷ ʭʚʠʣʴ ʄʄɼ (ʨʠʩ. 4.1) ʪʘ ʫ 

ʚʠʧʘʜʢʫ, ʢʦʣʠ ʧʨʠʡʦʤʥʘ ʡ ʧʝʨʝʜʘʚʘʣʴʥʘ ʘʥʪʝʥʠ ʤʘʶʪʴ ʦʜʥʘʢʦʚʫ ʧʦʣʷʨʠʟʘʮʽʶ 

ʝʣʝʢʪʨʠʯʥʦʛʦ (ʤʘʛʥʽʪʥʦʛʦ) ʧʦʣʷ, ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ [168,174]: 

,    (4.6) 

TX RX RX
RX TX TX2 2 2

( ) 4

4

D A A
P P P

r r

a

p pa
= º

,
           (4.7) 

ʜʝ ʤʥʦʞʥʠʢ  ʚʠʟʥʘʯʘʻ ʚʪʨʘʪʠ ʩʠʛʥʘʣʫ, ʧʦʚ'ʷʟʘʥʽ ʟ ʨʦʟʙʽʞʥʽʩʪʶ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ; 

RXP  ï ʧʦʪʫʞʥʽʩʪʴ ʥʘ ʚʭʦʜʽ ʧʨʠʡʤʘʣʴʥʦʾ ʘʥʪʝʥ; 

  ï  ʧʦʪʫʞʥʽʩʪʴ ʧʝʨʝʜʘʚʘʣʴʥʦʾ ʘʥʪʝʥʠ; 

RXA   ï  ʝʬʝʢʪʠʚʥʘ ʧʣʦʱʘ ʧʨʠʡʤʘʣʴʥʦʾ ʘʥʪʝʥʠ (, 0<K<1), 

 physA  ï ʬʽʟʠʯʥʘ ʧʣʦʱʘ ʘʥʪʝʥʠ). 

ʇʨʠ ʚʠʚʝʜʝʥʽ ʨʽʚʥʷʥʥʷ (4.5) ʢʣʘʩʠʯʥʝ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʤʽʞ ʩʧʨʷʤʦʚʘʥʽʩʪʶ 

ʘʥʪʝʥʠ  ʪʘ ʾʾ ʝʬʝʢʪʠʚʥʦʶ ʧʣʦʱʝʶ  ʽ ʜʦʚʞʠʥʦʶ ʭʚʠʣʽ ɚ:  ʚʽʨʥʦ 

ʜʣʷ ʚʫʟʴʢʦʩʤʫʛʦʚʠʭ ʩʠʩʪʝʤ. ʎʝ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʜʣʷ ʘʧʝʨʪʫʨʠ ʘʥʪʝʥʠ ʚʠʚʝʜʝʥʦ 

ʚʠʭʦʜʷʯʠ ʽʟ ʟʘʢʦʥʽʚ ʜʠʬʨʘʢʮʽʾ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʭ ʭʚʠʣʴ, ʟ ʷʢʠʭ ʚʠʧʣʠʚʘʻ, ʱʦ 

ʰʠʨʠʥʘ ʧʨʦʤʝʥʶ Ŭ = ɚ/L, ʜʝ L ï ʣʽʥʽʡʥʠʡ ʨʦʟʤʽʨ ʩʠʤʝʪʨʠʯʥʦʾ ʚʽʙʨʘʪʦʨʥʦʾ ʘʥʪʝʥʠ 

[174]. 
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ʈʠʩ. 4.1. ɼʽʘʛʨʘʤʘ ʚʫʟʴʢʦʩʧʨʷʤʦʚʘʥʦʾ ʘʥʪʝʥʠ ʪʘ ʢʦʥʫʩʦʧʦʜʽʙʥʘ ʤʦʜʝʣʴ 

ʧʦʰʠʨʝʥʥʷ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʤʽʣʽʤʝʪʨʦʚʠʭ ʭʚʠʣʴ 

 

ʄʦʞʣʠʚʦ, ʥʝʦʙʭʽʜʥʦ ʚʟʷʪʠ ʜʦ ʫʚʘʛʠ, ʱʦ ʷʢ ʩʧʨʷʤʦʚʘʥʽʩʪʴ, ʪʘʢ ʽ ʝʬʝʢʪʠʚʥʘ 

ʧʣʦʱʘ ʟʘʣʝʞʘʪʴ ʚʽʜ ʯʘʩʪʦʪʠ (ʜʦʚʞʠʥʠ ʭʚʠʣʽ) ʩʘʤʦʛʦ ʩʠʛʥʘʣʫ ʥʝʩʫʯʦʾ ʽ, ʦʪʞʝ, 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʥʘʚʝʜʝʥʦʛʦ ʚʠʱʝ ʚʠʨʘʟʫ ʙʫʜʝ ʚ ʚʫʟʴʢʦʩʤʫʛʦʚʦʤʫ ʥʘʙʣʠʞʝʥʥʽ. 

ʅʘʧʨʠʢʣʘʜ, ʚ [173] ʚʠʚʯʘʻʪʴʩʷ ʽʤʧʫʣʴʩʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʘʥʪʝʥʠ ʧʨʠ ʧʝʨʝʜʘʯʽ ʪʘ 

ʧʨʠʡʦʤʫ ʩʠʛʥʘʣʽʚ ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ. 

ɺʫʟʴʢʦʩʧʨʷʤʦʚʘʥʝ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʚ ʄʄɼ ʬʦʨʤʫʻʪʴʩʷ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʬʘʟʦʚʘʥʦʾ ʘʥʪʝʥʥʦʾ ʨʝʰʽʪʢʠ (ʌɸʈ) ʟ ʚʝʣʠʢʦʶ ʢʽʣʴʢʽʩʪʶ ʚʠʧʨʦʤʽʥʶʶʯʠʭ 

ʝʣʝʤʝʥʪʽʚ. ʂʦʝʬʽʮʽʻʥʪ ʩʧʨʷʤʦʚʘʥʦʾ ʜʽʾ ʌɸʈ (ʢʦʝʬʽʮʽʻʥʪ ʧʽʜʩʠʣʝʥʥʷ) ʟʘʣʝʞʠʪʴ ʚʽʜ 

ʢʽʣʴʢʦʩʪʽ ʚʠʧʨʦʤʽʥʶʶʯʠʭ ʝʣʝʤʝʥʪʽʚ (D å 2Nd/ɚ). ɼʣʷ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ 

ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʚʠʧʨʦʤʽʥʶʚʘʣʴʥʽ ʝʣʝʤʝʥʪʠ ʪʠʧʫ V-ʧʦʜʽʙʥʠʭ ʩʤʫʛʦʚʠʭ ʜʠʧʦʣʽʚ ʽ 

ʨʫʧʦʨʥʽ TEM ʘʥʪʝʥʠ. ɺ [115] ʚʽʜʟʥʘʯʝʥʦ, ʱʦ ʚʠʨʘʟʠʪʠ ʟʘʣʝʞʥʽʩʪʴ ʟʥʘʯʝʥʥʷ
effA  

ʩʢʣʘʜʥʦ, ʪʘʢ ʷʢ ʮʝ ʧʦʚ'ʷʟʘʥʦ ʟ ʚʝʣʠʢʦʶ ʢʽʣʴʢʽʩʪʶ ʟʤʽʥʥʠʭ, ʩʢʣʘʜʥʦʶ ʛʝʦʤʝʪʨʽʻʶ 

ʚʠʧʨʦʤʽʥʶʶʯʠʭ ʝʣʝʤʝʥʪʽʚ ʌɸʈ, ʚ ʷʢʦʩʪʽ ʷʢʠʭ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʨʫʧʦʨʥʽ TEM 

ʘʥʪʝʥʠ. ʂʨʽʤ ʪʦʛʦ, ʚ ʩʠʩʪʝʤʘʭ 5G ʧʝʨʝʜʙʘʯʘʻʪʴʩʷ ʘʜʘʧʪʠʚʥʝ ʬʦʨʤʫʚʘʥʥʷ ʧʨʦʤʝʥʶ 

ʧʦ ʧʦʪʫʞʥʦʩʪʽ, ʥʘʧʨʷʤʢʫ, ʢʫʪʢʫ ʨʦʟʢʨʠʪʪʷ ʽ ʪ.ʽʥ. [1,2]. ɼʣʷ ʤʦʙʽʣʴʥʠʭ ʩʠʩʪʝʤ 

ʟʚ'ʷʟʦʢ ʚ ʄʄɼ ʥʘ ʩʧʦʯʘʪʢʫ ʧʝʨʝʜʙʘʯʘʻʪʴʩʷ ʪʽʣʴʢʠ ʚʽʜ ʙʘʟʦʚʦʾ ʩʪʘʥʮʽʾ ʜʦ 

ʢʦʨʠʩʪʫʚʘʯʘ, ʪʦʙʪʦ ʚ ʧʨʷʤʦʤʫ ʢʘʥʘʣʽ. ʊʦʤʫ, ʜʣʷ ʘʥʘʣʽʟʫ ʝʥʝʨʛʝʪʠʯʥʦʛʦ ʙʶʜʞʝʪʫ 
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ʨʘʜʽʦʩʠʩʪʝʤ ʄʄɼ ʤʦʞʣʠʚʦ ʢʨʘʱʘ ʢʚʘʟʽʦʧʪʠʯʥʘ ʤʦʜʝʣʴ ʢʦʥʫʩʦʧʦʜʽʙʥʦʛʦ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʘʥʪʝʥʠ, ʷʢʘ ʻ ʪʠʧʦʚʦʶ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʦʧʪʠʯʥʠʭ ʚʽʜʢʨʠʪʠʭ 

ʩʠʩʪʝʤ (ʨʠʩ. 4.1): 

2

atm c
TX RX

TX RX

4 ( , )d L f d
P P

D A

p
= ,     (4.8) 

ʜʝ c( , )atmL f d  ï ʢʦʝʬʽʮʽʻʥʪ ʟʛʘʩʘʥʥʷ ʩʠʛʥʘʣʫ ʚ ʘʪʤʦʩʬʝʨʽ ʟʘʣʝʞʥʦ ʚʽʜ ʯʘʩʪʦʪʠ 

ʥʝʩʫʯʦʾ 
cf . 

ɼʣʷ ʚʫʟʴʢʦʩʧʨʷʤʦʚʘʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʽ ʧʝʨʝʜʘʯʽ ʥʘ ʤʘʣʽ ʚʽʜʩʪʘʥʽ, 

ʥʘʧʨʠʢʣʘʜ, ʜʣʷ ʥʘʥʦʤʝʨʝʞ, ʤʦʞʣʠʚʦ ʬʦʨʤʫʣʫ (4.8) ʚʠʨʘʟʠʪʠ ʯʝʨʝʟ ʧʦʚʝʨʭʥʝʚʫ 

ʱʽʣʴʥʽʩʪʴ ʧʦʪʦʢʫ ʝʥʝʨʛʽʾ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ: 

 
2

atm c
TX RX

TX

4 ( , )d L f d
E E

D

p
= .            (4.9) 

ɹʽʯʥʽ ʧʝʣʶʩʪʢʠ ʜʽʘʛʨʘʤʠ ʩʧʨʷʤʦʚʘʥʦʩʪʽ ʘʥʪʝʥʠ ʪʘʢʦʞ ʤʦʞʥʘ ʚʨʘʭʦʚʫʚʘʪʠ 

ʢʚʘʟʽʦʧʪʠʯʥʦʶ ʤʦʜʝʣʣʶ (4.8) ʘʙʦ (4.9), ʷʢ ʽ ʟʘʛʘʩʘʥʥʷ ʚ ʨʽʟʥʠʭ ʩʝʨʝʜʦʚʠʱʘʭ. 

ʂʚʘʟʽʦʧʪʠʯʥʽ ʤʦʜʝʣʽ (4.8.) ʽ (4.9), ʜʝ ʥʝ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʯʘʩʪʦʪʥʦʟʘʣʝʞʥʠʡ 

ʧʘʨʘʤʝʪʨ ʟʘʛʘʩʘʥʥʷ ʚ "ʚʽʣʴʥʦʤʫ ʧʨʦʩʪʦʨʽ" ( )
2

4 dl p , ʤʦʞʣʠʚʦ, ʙʽʣʴʰ ʧʨʠʡʥʷʪʥʽ 

ʜʣʷ ʨʦʟʨʘʭʫʥʢʽʚ ʰʫʤʦʚʠʭ ʟʘʚʘʜ ʽ ʚʪʨʘʪ ʩʠʛʥʘʣʫ ʚ ʙʘʛʘʪʦʧʨʦʤʝʥʝʚʠʭ ʤʦʜʝʣʷʭ 

ʧʦʰʠʨʝʥʥʷ, ʦʩʦʙʣʠʚʦ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʛʝʦʤʝʪʨʽʾ ʟʘʙʫʜʦʚʠ [175]. 

 

4.3. ʇʦʩʠʣʝʥʥʷ, ʰʫʤʠ ʩʠʛʥʘʣʫ ʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ, ʧʦʚ'ʷʟʘʥʽ ʟ 

ʷʚʠʱʘʤʠ ʚʽʜʙʠʪʪʷ ʪʘ ʜʠʬʨʘʢʮʽʾ ʚ ʫʤʦʚʘʭ ʧʦʰʠʨʝʥʥʷ ʜʣʷ ʤʽʩʴʢʦʛʦ ʩʮʝʥʘʨʽʶ 

ɼʣʷ ʄʄɼ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡ 5G ʧʝʨʝʜʙʘʯʘʶʪʴʩʷ ʤʘʣʽ ʨʦʟʤʽʨʠ ʩʪʽʣʴʥʠʢʽʚ (10-

150 ʤ ʽ ʤʝʥʰʝ) ʟ-ʟʘ ʧʦʪʨʝʙʠ ʚ ʰʚʠʜʢʦʤʫ ʦʙʤʽʥʽ ʤʫʣʴʪʠʤʝʜʽʡʥʠʤʠ ʜʘʥʠʤʠ, 

ʥʘʧʨʠʢʣʘʜ, ʤʽʞ D2D-ʢʦʤʫʥʽʢʘʮʽʷʤʠ, ʩʠʣʴʥʦʛʦ ʧʦʛʣʠʥʘʥʥʷ ʭʚʠʣʴ ʄʄɼ, 

ʧʦʰʠʨʝʥʥʷ ʭʚʠʣʴ ʄʄɼ ʚ ʦʙʣʘʩʪʽ ʧʨʷʤʦʾ ʚʠʜʠʤʦʩʪʽ LOS, ʚʫʟʴʢʦ ʩʧʨʷʤʦʚʘʥʘ 

ʧʝʨʝʜʘʯʘ ʩʠʛʥʘʣʫ ʆʩʪʘʥʥʽʤ ʯʘʩʦʤ ʧʨʦʚʦʜʷʪʴʩʷ ʝʢʩʧʝʨʠʤʝʥʪʠ, ʚ ʷʢʠʭ 

ʜʦʩʣʽʜʞʫʶʪʴʩʷ ʤʦʞʣʠʚʦʩʪʽ ʚʠʢʦʨʠʩʪʘʥʥʷ ʄʄʍ ʜʣʷ ʤʦʙʽʣʴʥʠʭ ʩʪʽʣʴʥʠʢʦʚʠʭ 
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ʩʠʩʪʝʤ ʚ ʫʤʦʚʘʭ ʱʽʣʴʥʦʾ ʤʽʩʴʢʦʾ ʟʘʙʫʜʦʚʠ, ʧʨʦʧʦʥʫʶʪʴʩʷ ʝʤʧʽʨʠʯʥʽ ʤʦʜʝʣʽ ʚʪʨʘʪ 

ʩʠʛʥʘʣʫ, ʘʥʘʣʽʟʫʶʪʴʩʷ ʤʝʪʦʜʠ ʙʘʛʘʪʦʢʘʥʘʣʴʥʦʛʦ ʨʦʟʧʦʜʽʣʫ ʨʝʩʫʨʩʽʚ 

[13,43,45,176]. ɼʣʷ ʪʘʢʠʭ ʩʠʩʪʝʤ ʚ ʄʄɼ ʘʥʘʣʽʟʫʻʪʴʩʷ ʚʧʣʠʚ ʚʽʜʦʙʨʘʞʝʥʴ ʽ 

ʜʠʬʨʘʢʮʽʡ ʥʘ ʧʦʩʠʣʝʥʥʷ ʩʠʛʥʘʣʫ ʜʣʷ ʦʙʣʘʩʪʝʡ LOS ʽ NLOS. ʇʨʦʚʝʜʝʥʽ 

ʚʠʤʽʨʶʚʘʥʥʷ ʢʦʝʬʽʮʽʻʥʪʽʚ ʚʽʜʙʠʪʪʷ ʚʽʜ ʙʫʜʽʚʝʣʴʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʯʘʩʪʦʪʽ 28 ɻɻʮ 

[14] ʧʦʢʘʟʫʶʪʴ ʟʥʘʯʝʥʥʷ ʜʦ 0,896. 

ʆʙʤʝʞʝʥʥʷ ʟʘʩʪʦʩʫʚʘʥʥʷ ʄʄɼ ʧʦʚ'ʷʟʘʥʽ ʟ ʚʠʩʦʢʠʤʠ ʚʪʨʘʪʘʤʠ ʚ ʘʪʤʦʩʬʝʨʽ (ʫ 

ʚʽʢʥʘʭ ʧʦʛʣʠʥʘʥʥʷ), ʨʦʟʩʽʶʚʘʥʥʷʤ, ʥʝʤʦʞʣʠʚʽʩʪʶ ʧʨʦʭʦʜʞʝʥʥʷ (ʘʙʦ ʟ ʚʝʣʠʢʠʤʠ 

ʚʪʨʘʪʘʤʠ) ʯʝʨʝʟ ʟʘʚʘʜʠ, ʟ ʧʨʠʯʠʥ ʤʘʣʦʛʦ ʨʦʟʤʽʨʫ ʜʦʚʞʠʥʠ ʭʚʠʣʽ 1-10 ʤʤ. ʆʜʥʘʢ 

ʜʦʩʣʽʜʞʝʥʥʷ ʱʦʜʦ ʧʦʰʠʨʝʥʥʷ ʄʄʍ, ʧʨʦʚʝʜʝʥʽ ʧʽʜ ʢʝʨʽʚʥʠʮʪʚʦʤ ʊʝʦʜʦʨʘ 

ʈʘʧʘʧʧʦʨʪʘ [177] ʚ ʅʴʶ-ʁʦʨʢʩʴʢʦʤʫ ʫʥʽʚʝʨʩʠʪʝʪʽ, ʧʨʠʧʫʩʢʘʶʪʴ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ 

ʰʚʠʜʰʝ ʙʘʛʘʪʦʧʨʦʤʝʥʝʚʫ ʤʦʜʝʣʴ ʧʦʰʠʨʝʥʥʷ. ʏʝʨʝʟ ʦʙʤʝʞʝʥʥʷ ʟʘ ʧʦʪʫʞʥʽʩʪʶ 

ʩʠʛʥʘʣʫ ʄʄɼ, ʘ ʪʘʢʦʞ ʚʠʩʦʢʠʤʠ ʚʪʨʘʪʘʤʠ, ʘʥʘʣʽʟʫʶʪʴʩʷ ʚʫʟʴʢʦʩʧʨʷʤʦʚʘʥʘ 

ʧʝʨʝʜʘʯʘ ʚ ʩʪʽʣʴʥʠʢʘʭ ʤʘʣʦʛʦ ʨʘʜʽʫʩʫ (ʜʦ 150-200 ʤ) ʽ ʧʨʦʷʚʠ ʰʫʤʦʚʠʭ ʟʘʚʘʜ. ɿ 

ʧʨʠʯʠʥʠ ʩʢʣʘʜʥʠʭ ʫʤʦʚ ʧʦʰʠʨʝʥʥʷ ʨʘʜʽʦʭʚʠʣʴ ʄʄɼ, ʦʩʦʙʣʠʚʦ ʚ ʤʽʩʴʢʠʭ ʫʤʦʚʘʭ, 

ʘʥʘʣʽʪʠʯʥʽ ʤʝʪʦʜʠ ʨʦʟʨʘʭʫʥʢʫ ʝʥʝʨʛʝʪʠʯʥʦʛʦ ʧʦʢʨʠʪʪʷ ʩʪʚʦʨʠʪʠ ʧʨʘʢʪʠʯʥʦ 

ʥʝʤʦʞʣʠʚʦ. ʆʜʥʘʢ ʤʦʞʥʘ ʧʨʠʧʫʩʪʠʪʠ, ʱʦ ʚʠʭʦʜʷʯʠ ʟ ʧʝʚʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʜʘʥʦʛʦ 

ʧʨʦʩʪʦʨʦʚʦʛʦ ʨʘʜʽʦʢʘʥʘʣʫ ʄʄɼ ʚ ʟʘʜʘʥʠʭ ʢʦʦʨʜʠʥʘʪʘʭ (ʢʦʛʝʨʝʥʪʥʽʩʪʴ, ʨʦʟʧʦʜʽʣʫ 

ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʚ ʨʦʟʢʨʠʚʽ ʘʥʪʝʥʠ) ʽ ʡʦʛʦ ʧʦʰʠʨʝʥʥʷ ʚ ʟʘʜʘʥʠʭ 

ʢʦʦʨʜʠʥʘʪʘʭ ʟʘʙʫʜʦʚʠ ʟ ʚʽʜʦʤʠʤʠ ʚʽʜʙʠʚʘʶʯʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʧʦʢʨʠʪʪʷ, 

ʤʦʞʣʠʚʦ ʟ ʧʝʚʥʦʶ ʡʤʦʚʽʨʥʽʩʪʶ ʩʪʚʦʨʠʪʠ ʝʥʝʨʛʝʪʠʯʥʫ ʤʦʜʝʣʴ ʧʦʢʨʠʪʪʷ ʤʝʨʝʞʽ. 

ʅʘʧʨʠʢʣʘʜ, ʘʚʪʦʨʠ ʚ [178] ʧʨʦʧʦʥʫʶʪʴ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʤʝʪʦʜʠ ʟʦʥʜʫʚʘʥʥʷ ʟʘʚʘʜ 

ʚ ʙʝʟʧʨʦʚʦʜʦʚʠʭ ʤʝʨʝʞʘʭ ʧʝʨʩʦʥʘʣʴʥʦʛʦ ʜʦʩʪʫʧʫ (ʘʥʛʣ.WPAN, wireless personal 

area network), ʷʢʠʡ ʧʝʨʝʚʝʨʰʫʻ ʩʣʽʧʽ ʘʣʛʦʨʠʪʤʠ ʚʠʙʦʨʫ ʥʘ 15-31%. ʊʘʢʦʞ 

ʢʚʘʟʽʦʧʪʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʄʄɼ ʤʦʞʫʪʴ ʚʠʷʚʣʷʪʠʩʷ ʚ ʧʝʨʝʨʦʟʧʦʜʽʣʽ ʽʥʪʝʥʩʠʚʥʦʩʪʽ 

ʭʚʠʣʴʦʚʦʛʦ ʧʦʣʷ ʧʨʠ ʜʠʬʨʘʢʮʽʾ ʥʘ ʙʣʦʢʫʶʯʠʭ ʝʣʝʤʝʥʪʘʭ, ʨʦʟʤʽʨʠ ʽ ʬʦʨʤʠ ʷʢʠʭ 

ʚʽʜʧʦʚʽʜʘʶʪʴ ʜʦʚʞʠʥʽ ʭʚʠʣʽ ʽ ʤʦʞʣʠʚʽ ʚ ʤʽʩʴʢʦʤʫ ʩʮʝʥʘʨʽʾ. ʈʦʟʫʤʽʥʥʷ ʟʘʣʝʞʥʦʩʪʽ 

ʧʘʨʘʤʝʪʨʽʚ ʨʘʜʽʦʢʘʥʘʣʫ ʚʽʜ ʛʝʦʤʝʪʨʽʾ ʟʘʙʫʜʦʚʠ ʤʦʞʝ ʧʨʠʚʝʩʪʠ, ʥʘʧʨʠʢʣʘʜ, ʜʦ 

ʤʦʞʣʠʚʦʩʪʽ çʧʦʩʠʣʝʥʥʷè ʧʦʣʷ ʭʚʠʣʽ ʧʨʠ ʧʨʦʭʦʜʞʝʥʥʽ ʯʝʨʝʟ ʟʘʚʘʜʠ, ʥʘʧʨʠʢʣʘʜ, 

ʢʨʘʶ ʙʫʜʽʚʝʣʴ, ʙʫʜʽʚʝʣʴʥʽ ʝʣʝʤʝʥʪʠ, ʘ ʪʘʢʦʞ ʽʥʪʝʨʬʝʨʝʥʮʽʡʥʽ ʥʘʢʣʘʜʝʥʥʷ ʧʨʠ 
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ʚʽʜʙʠʪʪʽ ʚʽʜ ʨʽʟʥʠʭ ʙʫʜʽʚʝʣʴʥʠʭ ʧʦʚʝʨʭʦʥʴ, ʽ ʪʘʢʠʤ ʯʠʥʦʤ ʤʦʞʣʠʚʝ ʧʽʜʚʠʱʝʥʥʷ 

ʝʥʝʨʛʝʪʠʯʥʦʾ, ʘ ʦʪʞʝ ʽ ʩʧʝʢʪʨʘʣʴʥʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ ʩʠʩʪʝʤ ʄʄɼ. 

ʊʘʢʦʞ ʮʽʢʘʚʠʤ ʤʦʞʝ ʙʫʪʠ ʘʥʘʣʽʟ ʤʦʞʣʠʚʦʩʪʽ ʩʧʝʮʽʘʣʴʥʦʛʦ (ʧʨʦʛʥʦʟʦʚʘʥʦʛʦ) 

ʩʪʚʦʨʝʥʥʷ ʧʦʩʠʣʝʥʥʷ ʩʠʛʥʘʣʫ ʄʄɼ ʜʣʷ ʟʦʥ ʧʦʟʘ ʧʨʷʤʦʶ ʚʠʜʠʤʽʩʪʶ NLOS ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʚʽʜʙʠʪʪʷ ʽ ʢʫʪʦʚʠʭ ʜʠʬʨʘʢʮʽʡ, ʷʢʽ ʧʨʠʨʦʜʥʠʤ ʯʠʥʦʤ ʤʦʞʣʠʚʽ ʚ 

ʩʫʯʘʩʥʽʡ ʤʽʩʴʢʽʡ ʟʘʙʫʜʦʚʽ ʘʙʦ ʤʦʞʫʪʴ ʙʫʪʠ ʩʪʚʦʨʝʥʽ ʰʪʫʯʥʦ. ʋ ʨʦʙʦʪʘʭ [179] 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʜʠʬʨʘʢʮʽʶ ʜʣʷ ʚʠʚʯʝʥʥʷ ʚʧʣʠʚʫ ʨʝʣʴʻʬʫ ʽ ʨʦʩʣʠʥʥʦʩʪʽ ʥʘ 

ʩʝʨʝʜʥʽ ʚʪʨʘʪʠ ʥʘ ʪʨʘʩʽ. ʄʥʦʞʠʥʥʽ ʜʠʬʨʘʢʮʽʡʥʽ ʝʬʝʢʪʠ ʽ ʚʽʜʙʠʪʪʷ ʚʠʚʯʘʣʠʩʷ ʫ 

[168] ʜʣʷ ʤʽʩʴʢʦʾ ʟʘʙʫʜʦʚʠ ʚ ʨʽʟʥʠʭ ʤʦʜʝʣʷʭ ʥʘ ʦʩʥʦʚʽ ʧʨʦʤʝʥʽʚ, ʱʦ ʚʢʣʶʯʘʶʪʴ 

ʧʨʦʮʝʩʠ ʚʽʜʙʠʪʪʷ ̔  ʜʠʬʨʘʢʮʽʾ ʥʘ ʦʢʨʝʤʠʭ ʙʫʜʽʚʣʷʭ ʧʨʠ ʧʦʙʫʜʦʚʽ ʤʦʙʽʣʴʥʠʭ ʩʠʩʪʝʤ 

ʜʝʮʠʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ. ɿʘ ʜʦʧʦʤʦʛʦʶ ʽʤʽʪʘʮʽʡ ʄʦʥʪʝ-ʂʘʨʣʦ ʜʣʷ 

ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʩʪʘʪʠʩʪʠʢʠ ʨʘʜʽʦʢʘʥʘʣʫ (ʢʫʪʦʚʠʡ ʨʦʟʢʠʜ, ʯʘʩʦʚʘ ʟʘʪʨʠʤʢʘ) ʚ [168] 

ʙʫʣʦ ʦʪʨʠʤʘʥʦ, ʱʦ ʪʘʢʠʡ ʧʽʜʭʽʜ ʤʦʞʝ ʚʠʟʥʘʯʘʪʠ ʟʥʘʯʝʥʥʷ ʜʣʷ ʩʪʘʪʠʩʪʠʯʥʠʭ 

ʜʝʩʢʨʠʧʪʦʨʽʚ ʨʘʜʽʦʢʘʥʘʣʫ, ʷʢʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚ ʩʫʯʘʩʥʠʭ ʩʠʩʪʝʤʘʭ ʟʚ'ʷʟʢʫ, ʽ 

ʧʦʢʘʟʫʶʪʴ, ʱʦ ʮʽ ʟʥʘʯʝʥʥʷ ʜʣʷ ʜʝʮʠʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ ʟʘʣʝʞʘʪʴ ʚʽʜ ʨʦʟʧʦʜʽʣʫ, 

ʨʦʟʤʽʨʽʚ ʽ ʬʦʨʤʠ ʙʫʜʽʚʣʽ ʚ ʨʽʟʥʠʭ ʤʽʩʪʘʭ. 

 

4.3.1. ʄʦʜʝʣʴ ʙʶʜʞʝʪʫ ʢʘʥʘʣʫ ʚ ʤʽʣʽʤʝʪʨʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ ʟ ʫʨʘʭʫʚʘʥʥʷʤ 

ʟʦʥ ʧʽʜʩʠʣʝʥʥʷ ʩʠʛʥʘʣʫ 

ʅʘ ʨʠʩ. 4.2 ʧʦʜʘʥʽ ʚʘʨʽʘʥʪʠ ʧʦʩʠʣʝʥʥʷ ʩʠʛʥʘʣʫ ʄʄɼ ʜʣʷ ʤʽʩʴʢʦʾ ʟʘʙʫʜʦʚʠ, 

ʷʢʽ ʙʫʜʫʪʴ ʘʥʘʣʽʟʫʚʘʪʠʩʷ ʥʠʞʯʝ. ʋ ʪʽʥʴʦʚʠʭ ʦʙʣʘʩʪʷʭ ʜʠʬʨʘʛʦʚʘʥʝ ʧʦʣʝ 

ʟʘʙʝʟʧʝʯʫʻ ʻʜʠʥʠʡ ʚʥʝʩʦʢ ʚ ʧʦʚʥʝ ʧʦʣʝ, ʘ ʢʦʝʬʽʮʽʻʥʪ ʧʦʩʠʣʝʥʥʷ ʢʘʥʘʣʫ, ʷʢʠʡ 

ʚʠʟʥʘʯʘʻʪʴʩʷ ʚʽʜʥʦʰʝʥʥʷʤ ʧʨʠʡʥʷʪʦʾ ʽ ʧʝʨʝʜʘʥʦʾ ʧʦʪʫʞʥʦʩʪʝʡ, ʚʽʜʧʦʚʽʜʥʦ ʜʦ 

ʬʦʨʤʫʣʠ (4.7) ʽ [168] ʤʦʞʝ ʙʫʪʠ ʦʙʯʠʩʣʝʥʠʡ ʟʘ ʬʦʨʤʫʣʦʶ: 

,   (4.10) 

ʜʝ  ï ʢʦʝʬʽʮʽʻʥʪ ʜʠʬʨʘʢʮʽʾ, ʘ ʢʫʪʠ  ʪʘ ʚʽʜʩʪʘʥʽ , ʱʦ ʚʠʟʥʘʯʘʶʪʴ 

ʜʠʬʨʘʢʮʽʡʥʝ ʧʦʩʠʣʝʥʥʷ, ʧʦʢʘʟʘʥʽ ʥʘ ʨʠʩ.4.2,ʚ,ʛ. 
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ʚ) 
 

ʛ) 

ʈʠʩ. 4.2. ɺʘʨʽʘʥʪʠ ʨʝʟʫʣʴʪʫʶʯʦʛʦ ʧʦʩʠʣʝʥʥʷ ʩʠʛʥʘʣʫ ʄʄɼ 

 ʜʣʷ ʤʽʩʴʢʦʾ ʟʘʙʫʜʦʚʠ: 

ʘ) ʤʥʦʞʠʥʥʘ ʜʠʬʨʘʢʮʽʷ ʥʘ ʢʣʠʥʘʭ; ʙ) ʤʥʦʞʠʥʥʝ ʚʽʜʙʠʪʪʷ; ʚ)  ʧʦʩʠʣʝʥʥʷ ʟʘ 

ʨʘʭʫʥʦʢ ʜʠʬʨʘʢʮʽʾ; 

ʛ) ʧʦʩʠʣʝʥʥʷ ʟʘ ʨʘʭʫʥʦʢ ʚʽʜʙʠʪʪʷ ʪʘ ʜʠʬʨʘʢʮʽʾ ʥʘ ʧʨʷʤʦʢʫʪʥʠʭ ʢʫʪʘʭ 

 

ɽʬʝʢʪʠʚʥʝ ʟʥʘʯʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʘ ʟʤʝʥʰʝʥʥʷ ʧʦʣʷ ʧʨʠ ʜʠʬʨʘʢʮʽʾ ʥʘ 

ʜʝʢʽʣʴʢʦʭ ʢʣʠʥʘʭ ʚ ʢʽʣʴʢʦʩʪʽ ʄ ʦʜʥʘʢʦʚʦʾ ʚʠʩʦʪʠ (ʨʠʩ. 4.2,ʘ) ʟʛʽʜʥʦ [168] ʤʦʞʝ 

ʙʫʪʠ ʧʦʜʘʥʝ ʟʘ ʜʦʧʦʤʦʛʦʶ ʬʦʨʤʫʣʠ 

. 


