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ɄŮɟɑɚɖɣɖ 

ɀɏɢɟɘ ŰŬ Űɏɚɖ Űɞɡ 2023, ůɢŮŭɧɜ ŰŬ 2/3 Űɞɡ ˊŬɔəɧůɛɘɞɡ ˊɚɖɗɡůɛɞɨ ɗŬ ɏɢɞɡɜ ˊɟɧůɓŬůɖ 

ůŰɞ ȹɘŬŭɑəŰɡɞ, Ůɜɩ ɞ Ŭɟɘɗɛɧɠ Űɤɜ ůɡůəŮɡɩɜ ˊɞɡ ɗŬ ŮɑɜŬɘ ůɡɜŭŮŭŮɛɏɜŮɠ ůŮ ŭɑəŰɡŬ ɏɢɞɜŰŬɠ 

ɛɘŬ ŭɘŮɨɗɡɜůɖ IP ɗŬ ŮɑɜŬɘ ˊŮɟɑˊɞɡ ŰɟɘˊɚɎůɘɞɠ Ŭˊɧ Űɞɜ ˊŬɔəɧůɛɘɞ ˊɚɖɗɡůɛɧ. ɄŬɟɎɚɚɖɚŬ, 

ɛŮ ŭŮŭɞɛɏɜɖ Űɖɜ Ůɝɏɚɘɝɖ Űɞɡ ȹɘŬŭɘəŰɨɞɡ Űɤɜ ɄɟŬɔɛɎŰɤɜ, Űɖɠ ɇŮɢɜɖŰɐɠ Ɂɞɖɛɞůɨɜɖɠ əŬɘ 

Űɤɜ ŮűŬɟɛɞɔɩɜ ɜɏűɞɡɠ, ŬɜŬɛɏɜŮŰŬɘ ˊŮɟŬɘŰɏɟɤ ɏəɟɖɝɖ ůŰɖ ŭɘŬəɑɜɖůɖ Űɤɜ ŭŮŭɞɛɏɜɤɜ 

ŮŰɖůɑɤɠ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ɖ əɑɜɖůɖ ůŰŬ əɏɜŰɟŬ ŭŮŭɞɛɏɜɤɜ ɔɘŬ Űɞ 2021 ŬɜŬɛɏɜŮŰŬɘ ɜŬ 

ŬɔɔɑɝŮɘ ŰŬ 19.5 Ȼȸ, ɧŰŬɜ Űɞ 2016 ɐŰŬɜ ɛɧɚɘɠ 6 Ȼȸ, ɛŮ Űɖɜ ˊɚŮɘɞɣɖűɑŬ ŬɡŰɐɠ Űɖɠ əɑɜɖůɖɠ ɜŬ 

ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ŮɜŰɧɠ Űɤɜ əɏɜŰɟɤɜ ŭŮŭɞɛɏɜɤɜ (71.5%). ũɑɜŮŰŬɘ ɚɞɘˊɧɜ ɎɛŮůŬ ŬɜŰɘɚɖˊŰɧ 

ɧŰɘ ŰŬ əɏɜŰɟŬ ŭŮŭɞɛɏɜɞ əŬŰɏɢɞɡɜ ɓŬɟɨɜɞɜŰŬ ɟɧɚɞ ůŰɖ ŭɘŬəɑɜɖůɖ Űɖɠ ˊɚɖɟɞűɞɟɑŬɠ Ůɜɩ ɖ 

ŭɘŬůɨɜŭŮůɐ Űɞɡɠ ɛŮ ɧůɞ Űɞ ŭɡɜŬŰɧɜ ˊɘɞ ŬɝɘɧˊɘůŰɞ, ɔɟɐɔɞɟɞ əŬɘ ŬˊɞŭɞŰɘəɧ -Ŭˊɧ ɛŮɟɘɎɠ 

əɧůŰɞɡɠ əŬɘ əŬŰŬɜɎɚɤůɖɠ- Űɟɧˊɞ ŮɑɜŬɘ ɕɤŰɘəɐ ůɖɛŬůɑŬɠ. ȼ ˊŬɟɞɨůŬ ŭɘŭŬəŰɞɟɘəɐ ŭɘŬŰɟɘɓɐ 

ŮˊɘɢŮɘɟŮɑ ɜŬ ůɡɛɓɎɚɚŮɘ Ŭəɟɘɓɩɠ ůŰɞ əɞɛɛɎŰɘ ŬɡŰɧ. ȺəəɘɜɩɜŰŬɠ Ŭˊɧ Űɖ ɛŮɚɏŰɖ, Űɞ 

ůɢŮŭɘŬůɛɧ əŬɘ Űɖɜ ˊŮɘɟŬɛŬŰɘəɐ Ŭɝɘɞɚɧɔɖůɖ ɞɚɞəɚɖɟɤɛɏɜɤɜ űɤŰɞɜɘəɩɜ əɡəɚɤɛɎŰɤɜ əŬɘ 

əŬŰŬɚɐɔɞɜŰŬɠ ůŰɖɜ ˊŮɘɟŬɛŬŰɘəɐ ŮˊɑŭŮɘɝɖ Ůɜɧɠ ŰŬɢɨɟɟɡɗɛɞɡ əŬɘ ɛŮɔɎɚɞɡ Ůɨɟɞɡɠ ɕɩɜɖɠ 

ȺɜŮɟɔɞɨ ɃˊŰɘəɞɨ ȾŬɚɤŭɑɞɡ, ˊɟɞŰŮɑɜŮɘ ɛɘŬ ɞˊŰɘəɐ ŭɘŬůɨɜŭŮůɖ ŮɜŰɧɠ Űɤɜ əɏɜŰɟɤɜ 

ŭŮŭɞɛɏɜɤɜ ˊɞɡ ŬˊŬɜŰɎ ůŰɘɠ ůɨɔɢɟɞɜŮɠ ˊɟɞəɚɐůŮɘɠ.  

Ƀ ˊɟɩŰɞɠ ɓŬůɘəɧɠ ɎɝɞɜŬɠ Űɖɠ ŭɘŬŰɟɘɓɐɠ ŬűɞɟɎ ůŰɞ ůɢŮŭɘŬůɛɧ Ůɜɧɠ ˊɞɚɡˊɚɏəŰɖ/ 

ŬˊɞˊɞɚɡˊɚɏəŰɖ ɛŮ ŬɜŬɘůɗɖůɑŬ ůŰɖɜ ˊɧɚɤůɖ, ɞɚɞəɚɖɟɤɛɏɜɞɡ ůŮ ˊɚŬŰűɧɟɛŬ ŰŮɢɜɞɚɞɔɑŬɠ 

SOI. Ɇəɞˊɧɠ Űɖɠ ŬɜɎˊŰɡɝɖɠ ŬɡŰɐ Űɖɠ ŭɞɛɐɠ ŮɑɜŬɘ ɖ ɢɟɐůɖ Űɖɠ ɔɘŬ 

ˊɞɚɡˊɚŮɝɑŬ/ŬˊɞˊɞɚɡˊɚŮɝɑŬ əŬŰɎ ɛɐəɞɠ əɨɛŬŰɞɠ ůŮ ɏɜŬ ȺɜŮɟɔɧ ɃˊŰɘəɧ ȾŬɚɩŭɘɞ. ũɘŬ Űɞ 

ɚɧɔɞ ŬɡŰɧ ůɢŮŭɘɎůŰɖəŮ əŬɘ ɛŮɚŮŰɐɗɖəŮ ůŮ ˊɟɞůɞɛɞɘɤŰɘəɧ ˊŮɟɘɓɎɚɚɞɜ ɛɘŬ ŭɞɛɐ ɓŬůɘůɛɏɜɖ 

ůŰɖɜ ŰɞˊɞɚɞɔɑŬ Ůɜɧɠ ůɡɛɓɞɚɞɛɏŰɟɞɡ Mach-Zehnder Ůɝɞˊɚɘůɛɏɜɞɡ ɛŮ ůɡɕŮɨəŰŮɠ ɀɀȽ. Ƀ 

ŭŮɨŰŮɟɞɠ ɎɝɞɜŬɠ Űɖɠ ŭɘŬŰɟɘɓɐɠ ŬűɞɟɎ ůŰɖ ɛŮɚɏŰɖ ɛɞɜɞɟɡɗɛɘəɩɜ VCSELs ɛŮ ɛɐəɞɠ 

əɨɛŬŰɞɠ ɚŮɘŰɞɡɟɔɑŬɠ ůŰɞ ˊŬɟɎɗɡɟɞ Űɤɜ 1550 nm. Ƀɘ ŭɞɛɏɠ ŬɡŰɏɠ, ɞɘ ɞˊɞɑŮɠ ŬˊɞŰŮɚɞɨɜ ŰŬ 

ˊɘɞ ůɖɛŬɜŰɘəɎ ůŰɞɘɢŮɑŬ Űɖɠ ɡˊɧ ŬɜɎˊŰɡɝɖ ɞˊŰɘəɐɠ ŭɘŬůɨɜŭŮůɖɠ,  ŬɝɘɞɚɞɔɐɗɖəŬɜ Űɧůɞ ɤɠ 

ˊɟɞɠ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡɠ ɧůɞ əŬɘ ɤɠ ˊɟɞɠ Űɖ ůɡɛˊŮɟɘűɞɟɎ Űɞɡɠ ůŮ ŭɡɞ 

ůɡůŰɖɛɘəɎ ˊŮɘɟɎɛŬŰŬ. ɆŰɞ ˊɟɩŰɞ ˊŮɑɟŬɛŬ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɛɘŬ əŬɘɜɞŰɧɛɞɠ ɛɏɗɞŭɞɠ 

ŭɖɛɘɞɡɟɔɑŬɠ Ůɜɧɠ PAM-4 ˊŬɚɛɞɨ ɛɏůŬ Ŭˊɧ Űɖɜ ŰŮɢɜɘəɐ Űɖɠ ˊɞɚɡˊɚŮɝɑŬɠ ůŰɖɜ ˊɧɚɤůɖ Ůɜɩ 

ůŰɞ ŭŮɨŰŮɟɞ ˊŮɑɟŬɛŬ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮŰɎŭɞůɖ ŭŮŭɞɛɏɜɤɜ ɛŮ ɟɡɗɛɧ 80 Gb/s əŬɘ Űɟɧˊɞ 

ŭɘŬɛɧɟűɤůɖ PAM-4. Ƀ ŰŮɚŮɡŰŬɑɞɠ ɎɝɞɜŬɠ Űɖɠ ŭɘŬŰɟɘɓɐɠ, ŬűɞɟɎ ůŰɖɜ ˊŮɘɟŬɛŬŰɘəɐ ŮˊɑŭŮɘɝɖ 

ɞɚɞəɚɖɟɤɛɏɜɤɜ ůɡůəŮɡɩɜ ˊɞɛˊɞɨ, ŭɏəŰɖ əŬɘ ˊɞɚɡˊɨɟɖɜɖɠ ɑɜŬɠ ɛŮ ŭɘŮˊŬűɐ ŬˊŮɛˊɚɞəɐɠ. 

Ƀɘ ŭɞɛɏɠ ŬɡŰɏɠ, ŮˊɏŭŮɘɝŬɜ ɎɟɘůŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ɚŮɘŰɞɡɟɔɑŬɠ əŬɘ əɟɑɗɖəŬɜ əŬŰɎɚɚɖɚŮɠ 

ɔɘŬ Űɖɜ ɡɚɞˊɞɑɖůɖ ɞˊŰɘəɩɜ ŭɘŬůɡɜŭɏůŮɤɜ əɏɜŰɟɤɜ ŭŮŭɞɛɏɜɤɜ əŬɘ ɡˊɞɚɞɔɘůŰɘəɩɜ 

ůɡůŰɖɛɎŰɤɜ ɡɣɖɚɩɜ ŮˊɘŭɧůŮɤɜ.  

 

ȿɏɝŮɘɠ əɚŮɘŭɘɎ:  ȺɜŮɟɔɧ ɃˊŰɘəɧ ȾŬɚɩŭɘɞ, ɃˊŰɘəɏɠ ŭɘŬůɡɜŭɏůŮɘɠ, ȹɘŬůɡɜŭɏůŮɘɠ ŮɜŰɧɠ 
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Abstract 

By the end of 2023, almost 2/3 of the world's population will have access to the Internet, 

and the number of devices that will be connected to a network with an IP address will be 

about three times the global population. At the same time, the Internet of Things, Artificial 

Intelligence and cloud applications are thriving, pushing data traffic over the edge. In more 

detail, traffic in data centers is expected to reach 19.5 ZB by the end of 2021, when in 2016 

was only 6 ZB, with the majority of this traffic staying within the data center (71.5%). It is 

therefore clear, that data centers play a key role in the transmission of information, while 

their interconnection in the most fast, high-bandwidth and efficient way- in terms of cost 

and power consumption- is vital. This dissertation attempts to contribute to this path. 

Through the study, design and experimental evaluation of photonic integrated circuits up to 

the experimental demonstration of a high-speed and high-bandwidth Active Optical Cable, 

proposes an optical intra-datacenter interconnection that tackles the modern challenges. 

The first basic contribution of the current dissertation concerns the design of an integrated 

SOI multiplexer/demultiplexer with polarization insensitivity. The purpose of developing 

such a structure is to use it as a WDM multiplexer/demultiplexer in an Active Optical Cable. 

For this reason, a structure based on a Mach-Zehnder Interferometer equipped with MMI 

couplers, was designed through extensive simulation studies. The second contribution of the 

dissertation involves the study of single-mode VCSELs operating in the C-band window. 

These structures, that constitute the most important elements of the optical interconnect 

under development, were evaluated both in terms of their operating characteristics and of 

their behaviour in two system-level experiments. The first experiment exploited a novel 

method of generating a PAM-4 optical signal through polarization multiplexing while the 

second one achieved data transmission at 80 Gb/s with PAM-4 modulation format. The last 

main contribution of the dissertation involves the evaluation under laboratory conditions of 

different developed prototypes: a transmitter, a receiver and a multicore fiber with a 

breakout interface. These devices exhibited excellent performance and thus were considered 

as suitable for the implementation of optical interconnects of data centers and high-

performance computing systems.  

 

 

Keywords: Active Optical Cable-AOC, Optical interconnects, Intra-datacenter 

interconnects, Optical transceivers, Photonic Integrated Circuits, Silicon Photonics, Vertical 

Cavity Surface-Emitting LaserïVCSEL, Mach-Zehnder InterferometerïMZI, Data centers, 

High-performance computing-HPC. 
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ɄɑɜŬəŬɠ ɆɡɜŰɛɐůŮɤɜ 
ADC Analog-to-Digital Converter 

AI  Artificial Intelligence  

AOC Active Optical Cable 

BER Bit Error Rate 

BTJ Buried Tunnel Junction 

CMOS Complementary MetalïOxideïSemiconductor 

CXP Common Transceiver (X) Pluggable 

DAC Digital-to-Analog Converter 

DBR Distributed Bragg Reflector 

DC Data center 

DCI  Data Center Interconnects 

DCN Data Center Network 

DEMUX  De-Multiplexer 

DI  Delay Interferometer 

EDFA Erbium Doped Fiber Amplifier 

ER Extinction Ration 

FDTD Finite Difference Time Domain  

FEC Forward Error Correction  

FEM Finite Element Method 

FMM  Field Mode Matching 

FPGA Field Programable Gate Array  

FSR Free Spectral Range 

IM/DD  Intensity Modulation/Direct Detection  

InP Indium Phosphide  

IoT  Internet of Things 

IP Internet Protocol  

MBE Molecular Beam Epitaxy 
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MMI  Multimode Interference 

MRR Micro-Ring Resonator 

MUX  Multiplexer 

MZI  Mach-Zehnder Interferometer 

MZM  Mach-Zehnder Modulator 

NRZ Non-Return to Zero 

OOK On-Off Keying 

PAM-4 Pulse Amplitude Modulation 4-level 

PBC Polarization Beam Combiner 

PBS Polarization Beam Splitter 

PD Photodiode 

PMD Polarization Mode Dispersion 

QSFP Quad Small Form-factor Pluggable 

SDM Space Division Multiplexing 

SFP Small Form-factor Pluggable 

Si Silicon 

SiO2 Silicon Dioxide 

SMF Single Mode Fiber  

SNR Signal-to-Noise Ratio 

SOI Silicon on Insulator 

TE Transverse Electric 

TEC Temperature Controller 

TIA  Transimpedance Amplifier  

TM  Transverse Magnetic 

TSV Through-Silicon Vias 

VCSEL Vertical Cavity Surface Emitting Laser 

VNA Vector Network Analyzer  

WDM  Wavelength Division Multiplexing 
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ȺɡɢŬɟɘůŰɑŮɠ- ȷɜŰɑ Ʉɟɞɚɧɔɞɡ 

ɀˊɞɟŮɑ ɜŬ űŬɑɜŮŰŬɘ əɎˊɤɠ ˊŬɟɎŭɞɝɞ ŬɚɚɎ Űɞ ůɡɔəŮəɟɘɛɏɜɞ əŮűɎɚŬɘɞ ɑůɤɠ ɜŬ ŮɑɜŬɘ ŬɡŰɧ 

ˊɞɡ ɛŮ ŭɡůəɧɚŮɣŮ ˊŮɟɘůůɧŰŮɟɞ Ŭˊɧ ɞˊɞɘɞŭɐˊɞŰŮ Ɏɚɚɞ. ȷɜŬɓɞɚɐ ůŰɖɜ ŬɜŬɓɞɚɐ, Ůɜ ŰɏɚŮɘ 

ɔɟɎűŰɖəŮ ŮɚɎɢɘůŰŮɠ ɛɏɟŮɠ ˊɟɘɜ Űɖɜ ˊŬɟɞɡůɑŬůɖ Űɞɡ ŭɘŭŬəŰɞɟɘəɞɨ. Ʉɤɠ ŬɚɐɗŮɘŬ ɜŬ 

ɢɤɟɏůŮɘ ůŮ ɚɑɔŮɠ ůŮɚɑŭŮɠ ɖ Ůɡɔɜɤɛɞůɨɜɖ ůŮ Ŭɜɗɟɩˊɞɡɠ ˊɞɡ ůɖɛɎŭŮɣŬɜ ŬɡŰɐ Űɖɜ ˊɞɟŮɑŬ 

ůŰɞ ɢɟɧɜɞ əŬɘ ˊɞɡ ɢɤɟɑɠ ŬɡŰɞɨɠ ˊɘɗŬɜɩɠ ɞɘ ŮˊɧɛŮɜŮɠ ůŮɚɑŭŮɠ ɜŬ ɛɖɜ ɐŰŬɜ ŮűɘəŰɧ ɜŬ 

ɔɟŬűŰɞɨɜ; ȷɜ ɚɞɘˊɧɜ ɧɚŮɠ ɞɘ ɡˊɧɚɞɘˊŮɠ ŮɜɧŰɖŰŮɠ ɢɟɖůɘɛɞˊɞɘɞɨɜ ɏɜŬɜ ˊɘɞ çɎɢɟɤɛɞè ɚɧɔɞ 

ɔɘŬ ɜŬ ŬɜŬŭŮɑɝɞɡɜ Űɖ ŭɞɡɚŮɘɎ Űɖɠ ŭɘŬŰɟɘɓɐɠ, ɖ ůɡɔəŮəɟɘɛɏɜɖ əɟŬŰɎŮɘ ɚɑɔɞ Űɘɠ ɘůɞɟɟɞˊɑŮɠ 

əŬɘ ɢɟɤɛŬŰɑɕŮŰŬɘ ɛŮ ˊŮɟɘůůɧŰŮɟɞ ůɡɜŬɑůɗɖɛŬ. 

ȼ ˊɟɩŰɖ ɛɞɡ ŮˊŬűɐ ɛŮ Űɞ ȺɟɔŬůŰɐɟɘɞ ūɤŰɞɜɘəɩɜ Ⱥˊɘəɞɘɜɤɜɘɩɜ ɐŰŬɜ ˊŮɟɑˊɞɡ Űɞ 

Ɂɞɏɛɓɟɘɞ Űɞɡ 2010, ˊɟɞˊŰɡɢɘŬəɧɠ űɞɘŰɖŰɐɠ ŬəɧɛŬ, ɣɎɢɜɞɜŰŬɠ ɗɏɛŬ ɔɘŬ Űɖ ŭɘˊɚɤɛŬŰɘəɐ.  

ȹɡɞ ˊɟɎɔɛŬŰŬ ɗɡɛɎɛŬɘ ɛɞɡ ɏəŬɜŬɜ ˊɞɚɨ ɏɜŰɞɜɖ ŮɜŰɨˊɤůɖĿ ɖ ŮˊɘɛŮɚɐɠ ŬŰŬɝɑŬ Űɞɡ ˊɎɔəɞɡ 

ůəŮˊŰɧɛŮɜɞɠ çˊɞɘɞɠ ŰŬ əɎɜŮɘ ɧɚŬ ŬɡŰɎ ɜŬ ŭɞɡɚŮɨɞɡɜ;è əŬɘ ɖ ˊɟɩŰɖ ůɡɜɎɜŰɖůɖ-ůɡɕɐŰɖůɖ 

ɛŮ Űɞɜ ȾŬɗɖɔɖŰɐ ə. ȼɟŬəɚɐ ȷɓɟŬɛɧˊɞɡɚɞ. ȼ əɞɡɓɏɜŰŬ ɝŮəɑɜɖůŮ Ŭˊɧ Űɖ ɘůŰɞɟɑŬ Űɞɡ 

ȺɟɔŬůŰɖɟɑɞɡ əŬɘ Űɘɠ ˊɟɞəɚɐůŮɘɠ Űɖɠ ūɤŰɞɜɘəɐɠ, ˊɏɟŬůŮ Ŭˊɧ ŮɝɤŰɘəɞɨɠ ŮɟŮɡɜɖŰɘəɞɨɠ 

ˊɟɞɞɟɘůɛɞɨɠ əŬɘ ɏəŬɜŮ əŬɘ ɛɘŬ ůŰɎůɖ ůŰɖ ɔŮɜɘəɧŰŮɟɖ əɞɘɜɤɜɘəɞˊɞɚɘŰɘəɐ əŬŰɎůŰŬůɖ (2010 

ɔŬɟ). ɆŮ ɏɜŬ ˊɟɎɔɛŬ əŬŰɏɚɖɝŮ ɧɛɤɠ çȺɜɜɞŮɑŰŬɘ ɧŰɘ ŮɑůŬɘ ŮɡˊɟɧůŭŮəŰɞɠ ŬɚɚɎ ɢɟŮɘɎɕŮŰŬɘ 

əɧˊɞ əŬɘ ɛŮɟɎəɘè.  ȼ ůɡɕɐŰɖůɖ ŬɡŰɐ ɐŰŬɜ ˊɞɡ ɛɞɡ əɑɜɖůŮ Űɞ ŮɜŭɘŬűɏɟɞɜ ɜŬ Ůəˊɞɜɐůɤ Űɖ 

ŭɘˊɚɤɛŬŰɘəɐ ɛɞɡ ůŰɞ ȺūȺ əŬɘ ɛŮŰɎ ɚɑɔɞ ˊɞɚɨ ŰŬ ˊɟɎɔɛŬŰŬ ˊɐɟŬɜ Űɞ ŭɟɧɛɞ Űɞɡɠ. 

ɂŮəɘɜɩɜŰŬɠ ɚɞɘˊɧɜ Űɘɠ ŮɡɢŬɟɘůŰɑŮɠ ɛɞɡ, ɗŬ ɐɗŮɚŬ ɜŬ ůŰŬɗɩ ˊɟɩŰŬ ůŰɞɜ ȾŬɗɖɔɖŰɐ ə. 

ȼɟŬəɚɐ ȷɓɟŬɛɧˊɞɡɚɞ, ɧɢɘ ɔɘŬŰɑ ɏŰůɘ Űɞ ŮˊɘɓɎɚɚŮɘ ɖ ŮɗɘɛɞŰɡˊɑŬ ŬɚɚɎ ɔɘŬŰɑ ŮɑɜŬɘ ɏɜŬɠ 

Ɏɜɗɟɤˊɞɠ ˊɞɡ ůɡɜɏɓŬɚŮ ɞɡůɘŬůŰɘəɎ ůŮ ŬɡŰɐ ɛɞɡ Űɖɜ ˊɞɟŮɑŬ. ȷɟɢɘəɎ ɔɘŬŰɑ ɛɞɡ ɏŭɤůŮ Űɖɜ 

ŮɡəŬɘɟɑŬ ɜŬ ɔɑɜɤ ɛɏɚɞɠ Űɖɠ ɞɛɎŭŬɠ Űɞɡ ȺɟɔŬůŰɖɟɑɞɡ əŬɘ ɛɞɡ ɎɜɞɘɝŮ ɜɏɞɡɠ ɞɟɑɕɞɜŰŮɠ 

ŮˊɘůŰɖɛɞɜɘəɞɨ ŮɜŭɘŬűɏɟɞɜŰɞɠ. ȼ ɕɏůɖ Űɞɡ ɔɘŬ Űɞ ŬɜŰɘəŮɑɛŮɜɞ əŬɘ ɞɘ ůɡɜŮɢŮɑɠ ŮɟŮɡɜɖŰɘəɏɠ 

Űɞɡ ŬɜɖůɡɢɑŮɠ ˊɎɜŰŬ ɛŮ ˊŬɟɧŰɟɡɜŬɜ əɘ ŮɛɏɜŬ ɜŬ ɓɟɑůəɞɛŬɘ ůŮ ŰɟɞɢɘɎ ŬɜŬɕɐŰɖůɖɠ.  

ȺɝɎɚɚɞɡ, ɞ ə. ȷɓɟŬɛɧˊɞɡɚɞɠ ůŮ Ůˊɞɢɏɠ ˊɞɡ ɖ ɏɟŮɡɜŬ -əŬɘ ɘŭɘŬɑŰŮɟŬ ůŮ ŰɞɛŮɑɠ Űɖɠ 

ɇŮɢɜɞɚɞɔɑŬɠ Ŭɘɢɛɐɠ- ŭŮɜ ɐŰŬɜ Űɖɠ ɛɧŭŬɠ, ɐŰŬɜ ŮəŮɑɜɞɠ ˊɞɡ ŮˊɏɚŮɝŮ ɜŬ ŭɖɛɘɞɡɟɔɐůŮɘ ɏɜŬ 

ȺɟɔŬůŰɐɟɘɞ ˊɟɧŰɡˊɞ ɔɘŬ Űɞ ȹɖɛɧůɘɞ ɄŬɜŮˊɘůŰɐɛɘɞ ˊɞɡ ŬɜŰɏɢŮɘ ɛɏůŬ ůŰɞ ɢɟɧɜɞ, ŭɑɜɞɜŰŬɠ 

Űɖɜ ŮɡəŬɘɟɑŬ ůŮ ɜɏɞɡɠ Ŭɜɗɟɩˊɞɡɠ ɜŬ ɢŬɟɎůůɞɡɜ Űɞ ŭɘəɧ Űɞɡɠ ɛɞɜɞˊɎŰɘ. ɄɏɟŬ əŬɘ ˊɎɜɤ 

Ŭˊɧ ɧɚŬ ŬɡŰɎ ɧɛɤɠ, ɞ ə. ȷɓɟŬɛɧˊɞɡɚɞɠ ŮɑɜŬɘ ɏɜŬɠ Ɏɜɗɟɤˊɞɠ ɛŮ ɐɗɞɠ əŬɘ əŬɚɞůɨɜɖ. ɀɞɡ 

ˊɟɞůɏűŮɟŮ ůɡɜŮɢɐ ůŰɐɟɘɝɖ ɧɚŬ ŬɡŰɎ ŰŬ ɢɟɧɜɘŬ, ˊɎɜŰŬ ɛŮ Ůɘɚɘəɟɘɜɏɠ ŮɜŭɘŬűɏɟɞɜ əŬɘ ɔɘô 

ŬɡŰɧ Űɞɜ ŮɡɢŬɟɘůŰɩ ɗŮɟɛɎ.  

ɆŰɞ ůɖɛŮɑɞ ŬɡŰɧ, ɗŬ ɐɗŮɚŬ ɜŬ ŬɜŬűŮɟɗɩ ůŰɞɡɠ ůɡɜŬŭɏɚűɞɡɠ ɛɞɡ ŮɟŮɡɜɖŰɏɠ Űɞɡ 

ȺɟɔŬůŰɖɟɑɞɡ -ˊɞɚɚɞɑ Ŭˊɧ Űɞɡɠ ɞˊɞɑɞɡɠ ɛˊɞɟŮɑ ɜŬ ɛɖ ɓɟɑůəɞɜŰŬɘ ˊɚɏɞɜ ůŰɞ ȺūȺ- ˊɞɡ ɛŬɠ 

ůɡɜŭɏŮɘ ɏɜŬ əɞɘɜɧ ɜɐɛŬ ɓɘɤɛɎŰɤɜ əŬɘ ɧɛɞɟűɤɜ ŬɜŬɛɜɐůŮɤɜ. ŪŬ ɐɗŮɚŬ ɜŬ ɝŮəɘɜɐůɤ Ŭˊɧ 

ŭɡɞ Ŭɜɗɟɩˊɞɡɠ ˊɞɡ ŮɑɢŬɜ ůɖɛŬɜŰɘəɧ ɟɧɚɞ Űɧůɞ ůŰɖɜ ˊɞɟŮɑŬ ɛɞɡ ɛɏůŬ ůŰɞ ȺɟɔŬůŰɐɟɘɞ ɧůɞ 

əŬɘ ůŰɖɜ ɞɚɞəɚɐɟɤůɖ ŬɡŰɐɠ Űɖɠ ŭɘŬŰɟɘɓɐɠ: Űɖɜ ɀŬɟɘɚɐ Ɇˊɡɟɞˊɞɨɚɞɡ əŬɘ Űɞɜ ȹɖɛɐŰɟɖ 

ȾŬɚŬɓɟɞɡɕɘɩŰɖ.  

ɇɖɜ ɀŬɟɘɚɐ ŮɑɢŬ Űɖɜ ŮɡəŬɘɟɑŬ ɜŬ Űɖ ɔɜɤɟɑůɤ əŬɚɨŰŮɟŬ ŰŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ ˊɞɡ 

ůɡɜŮɟɔŬɕɧɛŬůŰŮ ůŰŮɜɎ. ȺɑɜŬɘ ɛɘŬ ˊɟŬɔɛŬŰɘəɎ ˊɞɚɨ ɘəŬɜɐ ȺɟŮɡɜɐŰɟɘŬ, ɛŮ Ɏűɗɞɜɞ ɛŮɟɎəɘ 

ɔɘô ŬɡŰɧ ˊɞɡ əɎɜŮɘ. ɀŮ Űɖɜ ɡˊɞɛɞɜɐ əŬɘ Űɖ ɛŮɗɞŭɘəɧŰɖŰɎ Űɖɠ ɛŮ ɓɞɐɗɖůŮ ɛŮ ˊɞɚɨ 

ɞɡůɘŬůŰɘəɧ Űɟɧˊɞ ɜŬ ŮɝŮɚɑɝɤ Űɞ ŮɟŮɡɜɖŰɘəɧ ɛɞɡ ŮɜŭɘŬűɏɟɞɜ, Ůɜɩ ɖ ɖɟŮɛɑŬ ɛŮ Űɖɜ ɞˊɞɑŬ 
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ˊɟɞůŮɔɔɑɕŮɘ Űɘɠ ŭɘɎűɞɟŮɠ ˊɟɞəɚɐůŮɘɠ əŬɘ ŭɡůəɞɚɑŮɠ ŮɑɜŬɘ ˊɟŬɔɛŬŰɘəɎ ŬɝɘɞɗŬɨɛŬůŰɖ (ŭŮɜ 

űɖɛɑɕɞɛŬɘ ŮɝɎɚɚɞɡ ɔɘŬ əɎŰɘ ŰɏŰɞɘɞ). ŪŬ ɏɚŮɔŬ ɧŰɘ ŮɑɜŬɘ ɖ çɐɟŮɛɖ ŭɨɜŬɛɖè Űɞɡ ȺūȺ ŬɚɚɎ 

əɡɟɑɤɠ ɏɜŬɠ ˊɞɚɨ əŬɚɧɠ Ɏɜɗɟɤˊɞɠ. ũɘŬ ɧɚŬ ŬɡŰɎ ɚɞɘˊɧɜ ɗɏɚɤ ɜŬ Űɖɜ ŮɡɢŬɟɘůŰɐůɤ Ŭˊɧ 

əŬɟŭɘɎɠ, ŬɚɚɎ əŬɘ ɔɘŬŰɑ ɢɤɟɑɠ Űɖɜ əŬɗɞɟɘůŰɘəɐ Űɖɠ ůɡɛɓɞɚɐ əŬɘ Űɖ ůɡɜŮɢɐ Űɖɠ ˊŬɟŬɑɜŮůɖ, 

ɖ ŭɘŬŰɟɘɓɐ ŬɡŰɐ ɗŬ ɐŰŬɜ ˊɞɚɨ ŭɨůəɞɚɞ ɜŬ ɞɚɞəɚɖɟɤɗŮɑ.  

Ƀ ȹɖɛɐŰɟɖɠ ŮɑɜŬɘ ɞ Ɏɜɗɟɤˊɞɠ ˊɞɡ ɛŮ əŬɗɞŭɐɔɖůŮ Ŭˊɧ Űɖɜ ˊɟɩŰɖ ɛɏɟŬ Űɖɠ ˊŬɟɞɡůɑŬɠ ɛɞɡ 

ůŰɞ ȺɟɔŬůŰɐɟɘɞ. ȺɝŬɘɟŮŰɘəɧɠ ȺɟŮɡɜɖŰɐɠ, ŬəɞɨɟŬůŰɞɠ əŬɘ ŭɘɞɟŬŰɘəɧɠ, ŬˊɞŰɏɚŮůŮ ɔɘŬ ŮɛɏɜŬ 

ɛɘŬ ŬɜŮɝɎɜŰɚɖŰɖ ˊɖɔɐ ɔɜɩůɖɠ. ɄɎɜŰŬ ˊɟɧɗɡɛɞɠ ɜŬ ɓɞɖɗɐůŮɘ ůŰɞ ɞŰɘŭɐˊɞŰŮ, ˊɞɚɨ ůɡɢɜɎ 

əŬɚɨˊŰɞɜŰŬɠ əŬɘ ŭɘəɏɠ ɛɞɡ ŬɜŮˊɎɟəŮɘɏɠ. ɇɞ ŭɘŭŬəŰɞɟɘəɧ ŬɡŰɧ ŮɑɜŬɘ ŬˊɞŰɏɚŮůɛŬ əŬɘ ŭɘəɘɎɠ 

Űɞɡ ŭɞɡɚŮɘɎɠ. ɄɏɟŬɜ ŬɡŰɩɜ ɧɛɤɠ, ɞ ȹɖɛɐŰɟɖɠ ŮɑɜŬɘ ɔɘŬ ŮɛɏɜŬ əŬɘ ɏɜŬɠ əŬɚɧɠ űɑɚɞɠ ɛŮ Űɞɜ 

ɞˊɞɑɞ ɏɢɞɡɛŮ ɛɞɘɟŬůŰŮɑ ˊɞɚɚɞɨɠ ˊɟɞɓɚɖɛŬŰɘůɛɞɨɠ əŬɘ ŬɜŬɕɖŰɐůŮɘɠ, ŰŬɝɑŭɘŬ ůŰɞ 

ŮɝɤŰŮɟɘəɧ, əŬɚɞəŬɘɟɘɜɏɠ ȽɗɎəŮɠ ŬɟəŮŰɎ ŬɜŬŰɞɚɘəɧŰŮɟŬ Űɞɡ Ƚɞɜɑɞɡ, ɝŮɜɨɢŰɘŬ ůŰɞ 

ȺɟɔŬůŰɐɟɘɞ əŬɘ ɏɝɤ Ŭˊɧ ŬɡŰɧ. ȰɜŬ ɛŮɔɎɚɞ ŮɡɢŬɟɘůŰɩ ŮɑɜŬɘ Űɞ ɚɘɔɧŰŮɟɞ ˊɞɡ ɛˊɞɟɩ ɜŬ Űɞɡ 

ˊɤ.  

ɆŰɖ ůɡɜɏɢŮɘŬ ɗŬ ɐɗŮɚŬ ɜŬ ŬɜŬűŮɟɗɩ ůŰɞɜ ũɘɎɜɜɖ ũɘŬɜɜɞɨɚɖ ˊɞɡ ɐŰŬɜ əŬɘ ŮəŮɑɜɞɠ ˊɞɡ ɛŮ 

ˊɟɞɏŰɟŮɣŮ ɜŬ ɏɟɗɤ ůŰɞ ȺɟɔŬůŰɐɟɘɞ ɧɜŰŬɠ ŬəɧɛŬ űɞɘŰɖŰɐɠ. Ⱥˊɘɓɚɏˊɤɜ ůŰɖ ŭɘˊɚɤɛŬŰɘəɐ  

ɛɞɡ ŮɟɔŬůɑŬ ŬɚɚɎ əŬɘ ŰŬ ŮˊɧɛŮɜŬ ɢɟɧɜɘŬ ˊɎɜŰŬ ŭɑˊɚŬ ɛɞɡ əŬɘ ɛŮ ŭɘɎɗŮůɖ ɜŬ ɓɞɖɗɐůŮɘ 

ɞˊɞɘŬŭɐˊɞŰŮ ůŰɘɔɛɐ. ȰɜŬɠ Ɏɜɗɟɤˊɞɠ ŬəɏɟŬɘɞɠ, ɛŮ ŬˊŬɟɎɛɘɚɚɞ ɐɗɞɠ əŬɘ ŮɜɗɞɡůɘŬůɛɧ ɔɘŬ 

ɧ,Űɘ əŬŰŬˊɘɎɜŮŰŬɘ. Ƀɘ ůɡɕɖŰɐůŮɘɠ ɛŬɕɑ Űɞɡ, ŮˊɘůŰɖɛɞɜɘəɏɠ əŬɘ ɛɖ, ˊɎɜŰŬ ŬˊɞŰŮɚɞɨɜ ɛɘŬ 

ˊɖɔɐ ɏɛˊɜŮɡůɖɠ əŬɘ ɏɜŬ ŮɟɏɗɘůɛŬ ˊɟɞɓɚɖɛŬŰɘůɛɞɨ ɔɘô ŬɡŰɧ əŬɘ Űɞɜ ŮɡɢŬɟɘůŰɩ ˊɞɚɨ. ȰɜŬ 

ɛŮɔɎɚɞ ŮɡɢŬɟɘůŰɩ ɞűŮɑɚɤ ůŰɞɜ ɄŬɟŬůəŮɡɎ ɀˊŬəɧˊɞɡɚɞ ˊɞɡ Ŭˊɧ Űɖɜ ˊɟɩŰɖ ɛɏɟŬ ɛɞɡ ůŰɞ 

ȺɟɔŬůŰɐɟɘɞ ɛŮ ɓɞɐɗɖůŮ ɞɡůɘŬůŰɘəɎ ɛŮ Űɘɠ ɔɜɩůŮɘɠ Űɞɡ əŬɘ ɛɞɡ ˊɟɞůɏűŮɟŮ ˊɞɚɨŰɘɛɖ 

əŬɗɞŭɐɔɖůɖ. ɄɎɜŰŬ ɏŰɞɘɛɞɠ ɜŬ ŬəɞɨůŮɘ ɞˊɞɘŬŭɐˊɞŰŮ ŬˊɞɟɑŬ əŬɘ ɜŬ ŭɩůŮɘ Űɖ ɚɨůɖ ɧŰŬɜ ŰŬ 

ˊɟɎɔɛŬŰŬ ůŰɞɜ ˊɎɔəɞ ůəɞɨɟŬɘɜŬɜ əŬɘ ɞɘ ɘŭɏŮɠ ŰŮɚŮɑɤɜŬɜ. ȾŬɗɞɟɘůŰɘəɐ ɐŰŬɜ əŬɘ ɖ ůɡɛɓɞɚɐ 

Űɞɡ ůŰɖɜ ŭɞɡɚŮɘɎ ˊɞɡ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɖ ŭɘŬŰɟɘɓɐ ŬɡŰɐ. Ⱥˊɑůɖɠ ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ 

ˊɞɚɨ Űɞɜ ȹɖɛɐŰɟɖ ȷˊɞůŰɞɚɧˊɞɡɚɞ, Ŭˊɧ Űɞɡɠ ˊɟɩŰɞɡɠ Ŭɜɗɟɩˊɞɡɠ ˊɞɡ ɛŮ ˊɟɞůɏɔɔɘůŬɜ 

ɛɏůŬ ůŰɞ ȺūȺ, əŬɘ ˊɟɞůˊɎɗɖůŮ Ŭˊɧ Űɖɜ Ŭɟɢɐ ɜŬ ɛŮ əŬŰŮɡɗɨɜŮɘ ŬɚɚɎ əŬɘ ɜŬ ɛŮ 

çɝŮɣŬɟɩůŮɘè. ȳůŮɠ űɞɟɏɠ ůɡɜŮɟɔŬůŰɐəŬɛŮ ɞɘ ɔɜɩůŮɘɠ, ɖ ŮɛˊŮɘɟɑŬ əŬɘ ɞɘ ůɡɛɓɞɡɚɏɠ Űɞɡ 

ɐŰŬɜ ˊɎɜŰɞŰŮ ˊɞɚɨ ɢɟɐůɘɛŮɠ.  

ɆɡɜŮɢɑɕɞɜŰŬɠ ɗŬ ɐɗŮɚŬ ɜŬ ŬɜŬűŮɟɗɩ ůŰɞɜ ɆŰɏűŬɜɞ ȹɟɐ, ɏɜŬɜ űɞɓŮɟɎ ɘəŬɜɧ ȺɟŮɡɜɖŰɐ ˊɞɡ 

ɖ ˊɞɟŮɑŬ Űɞɡ ɛɘɚɎŮɘ Ŭˊɧ ɛɧɜɖ Űɖɠ, ŬɚɚɎ əŬɘ ɏɜŬɜ ˊɞɚɨ ŮɜŭɘŬűɏɟɤɜ Ɏɜɗɟɤˊɞ ˊɞɡ ŮɑɜŬɘ 

ˊɎɜŰŬ ɢŬɟɎ ɛɞɡ ɜŬ ůɡɕɖŰɎɤ ɛŬɕɑ Űɞɡ. ȷəɧɛŬ əŬɘ ɛŮŰɎ Űɞ ˊɏɟŬůɛɎ Űɞɡ Ŭˊɧ Űɞ ȺūȺ, ɛŮ 

ɓɞɐɗɖůŮ ůɖɛŬɜŰɘəɎ ɧˊɞŰŮ Űɞ ɢɟŮɘɎůŰɖəŬ əŬɘ Űɞɜ ŮɡɢŬɟɘůŰɩ ˊɞɚɨ. ɀŮ Űɞɜ ɆŰɏűŬɜɞ Ůˊɑůɖɠ 

ɜɘɩɗɤ ɧŰɘ ɛŬɠ Ůɜɩɜɞɡɜ ˊɞɚɨ ůɡɢɜɎ əɞɘɜɏɠ ŬɜɖůɡɢɑŮɠ əŬɘ ˊɞɚɘŰɘůŰɘəɏɠ ŬɜŬűɞɟɏɠ. Ūɏɚɤ ɜŬ 

ŮɡɢŬɟɘůŰɐůɤ ˊɞɚɨ Űɞɜ ɉɎɟɖ ȻŮɟɓɧ ɞ ɞˊɞɑɞɠ ɛŮ Űɘɠ ɔɜɩůŮɘɠ Űɞɡ əŬɘ Űɖɜ ɞɝɡŭɏɟəŮɘɎ Űɞɡ 

ˊɟɧůɗŮůŮ əŬɘ ɛɘŬ ɜɏŬ ɛŬŰɘɎ ůŰɞ ŮɟɔŬůŰɐɟɘɞ. ɊɨɢɟŬɘɛɞɠ əŬɘ ˊɟɞůɖɜɐɠ, ŬɜŰɘɛŮŰɤˊɑɕŮɘ 

ɗŮŰɘəɎ əŬɘ ɛŮ ɢɘɞɨɛɞɟ ɧɚŮɠ Űɘɠ əŬŰŬůŰɎůŮɘɠ Ůɜɩ ŮɑɜŬɘ ˊɎɜŰɞŰŮ ŮəŮɑ ɔɘŬ ɜŬ ŭɩůŮɘ ůɡɛɓɞɡɚɏɠ 

əŬɘ ɜŬ ɚɨůŮɘ ŬˊɞɟɑŮɠ ɧŰŬɜ ɢɟŮɘɎɕŮŰŬɘ. ȰɜŬ ŮɡɢŬɟɘůŰɩ ɢɟɤůŰɎɤ əŬɘ ůŰɞ ũɘɎɜɜɖ ȿŬɕɎɟɞɡ 

ˊɞɡ ɔɘŬ ɏɜŬ ůɖɛŬɜŰɘəɧ ɢɟɞɜɘəɧ ŭɘɎůŰɖɛŬ ůɡɜŮɟɔŬůŰɐəŬɛŮ ůŰŮɜɎ əŬɘ ɛɞɡ ˊɟɞůɏűŮɟŮ 

ŬˊɚɧɢŮɟŬ ɔɜɩůŮɘɠ, ůɡɛɓɞɡɚɏɠ əŬɘ ɓɞɐɗŮɘŬ ůŮ ŰŮɢɜɘəɎ əŬɘ ɛɖ ɕɖŰɐɛŬŰŬ. ȺɡɢŬɟɘůŰɩ ˊɞɚɨ 

Űɞɜ ȾɤůŰɐ ɉɟɘůŰɞɔɘɎɜɜɖ ˊɞɡ ɛɧɜɘɛŬ ɛŮ Űɞ ɢŬɛɧɔŮɚɞ əŬɘ Űɞɜ əŬɚɧ Űɞɡ ɚɧɔɞ ŮɑɜŬɘ ŮəŮɑ ɔɘŬ 

ɜŬ ɓɞɖɗɐůŮɘ əŬɘ ɛɎɚɘůŰŬ ůŮ ˊɟɎɔɛŬŰŬ ŰŬ ɞˊɞɑŬ ɛɞɡ űŬɑɜɞɜŰŬɘ ɓɞɡɜɧ. ȺɡɢŬɟɘůŰɩ ˊɞɚɨ ɔɘŬ 

Űɖ ůɡɜŮɟɔŬůɑŬ ɛŬɠ Űɞɜ ɉɟɐůŰɞ ȾɞɡɚɞɡɛɏɜŰŬ, ɏɜŬɜ ɏɛˊŮɘɟɞ əŬɘ ɘəŬɜɧ ȺɟŮɡɜɖŰɐ ɛŮ ˊɞɚɨ 
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ŭɘŮɘůŭɡŰɘəɐ ɛŬŰɘɎ ůŰŬ ˊɟɎɔɛŬŰŬ. ŪŬ ɐɗŮɚŬ Ůˊɑůɖɠ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞɜ ɄŬɜŬɔɘɩŰɖ 

ũəɟɞɨɛŬ əŬɘ Űɞɜ ȸŬůɑɚɖ ȾŬŰɤˊɧŭɖ -ɏɜŬ ŭɡɜŬŰɧ ŮɟɔŬůŰɖɟɘŬəɧ ŭɑŭɡɛɞ- ˊɞɡ ɐŰŬɜ ˊɎɜŰŬ 

ˊɟɧɗɡɛɞɘ ɜŬ ɓɞɖɗɐůɞɡɜ ɛŮ Űɘɠ ɔɜɩůŮɘɠ Űɞɡɠ ɧˊɞŰŮ Űɞ ɢɟŮɘɎůŰɖəŬ.  ȺɡɢŬɟɘůŰɩ Ůˊɑůɖɠ Űɞɡɠ 

Ɂɑəɞ ȿɨɟŬ əŬɘ ɀŬɟɑŬ ɀŬůůŬɞɨŰɖ, ɏɛˊŮɘɟɞɡɠ ŮɟŮɡɜɖŰɏɠ ŬɚɚɎ ɜŮɧŰŮɟŬ ɛɏɚɖ ůŰɞ 

ȺɟɔŬůŰɐɟɘɞ. 

ɆŰɞ ůɖɛŮɑɞ ŬɡŰɧ ɗŬ ɐɗŮɚŬ ɜŬ ˊɤ ŭɡɞ ɚɧɔɘŬ ɔɘŬ Űɞɡɠ Ŭɜɗɟɩˊɞɡɠ ɛŮ Űɞɡɠ ɞˊɞɑɞɡɠ ɛˊɐəŬɛŮ 

ůŰɞ ȺɟɔŬůŰɐɟɘɞ ˊɎɜɤ əɎŰɤ Űɖɜ ɑŭɘŬ ɢɟɞɜɘəɐ ˊŮɟɑɞŭɞ, ŰŬ ˊŬɘŭɘɎ Űɖɠ ŭɘəɐɠ ɛɞɡ çűɞɡɟɜɘɎɠè 

ˊɞɡ ɛɞɘɟŬůŰɐəŬɛŮ Űɖɜ əŬɗɖɛŮɟɘɜɧŰɖŰɎ ɛŬɠ əŬɘ ŬɜŬˊŰɨɝŬɛŮ ŭɡɜŬŰɞɨɠ ŭŮůɛɞɨɠ. ŪŬ 

ɝŮəɘɜɐůɤ ɚɏɔɞɜŰŬɠ ɏɜŬ ɛŮɔɎɚɞ ŮɡɢŬɟɘůŰɩ ůŰɞɜ ɉɟɐůŰɞ ɆˊŬɗŬɟɎəɖ ɏɜŬɜ ˊɞɚɨ ɘəŬɜɧ 

Ɏɜɗɟɤˊɞ əŬɘ əŬɚɧ űɑɚɞ ˊɞɡ ɖ ˊɞɟŮɑŬ Űɞɡ Űɧůɞ ɛɏůŬ ɧůɞ əŬɘ ŮəŰɧɠ Űɞɡ ȺūȺ ŮɑɜŬɘ 

ŬɝɘɞɗŬɨɛŬůŰɖ. ɀŮ Űɖ ɕɤɜŰɎɜɘŬ əŬɘ Űɞɜ ŬɡɗɞɟɛɖŰɘůɛɧ ˊɞɡ Űɞɜ ŭɘŬəɟɑɜŮɘ, əŬŰŬűɏɟɜŮɘ ˊɎɜŰŬ 

ɜŬ ŭɑɜŮɘ ɛɘŬ Ɏɚɚɖ ɞˊŰɘəɐ ůŰŬ ˊɟɎɔɛŬŰŬ ˊŮɘɟŬɛŬŰɘəɎ əŬɘ ɛɖ. ɀŮ Űɞ ɉɟɐůŰɞ ɛɞɘɟŬůŰɐəŬɛŮ 

ˊɞɚɚɎ ŮɜŰɧɠ əŬɘ ŮəŰɧɠ Űɞɡ ȺūȺ, ˊɟɞɓɚɖɛŬŰɘůɛɞɨɠ, ɝŮɜɨɢŰɘŬ, ŭɘŬəɞˊɏɠ əŬɘ Ɏɔɢɖ ɔɘô ŬɡŰɧ 

əŬɘ əɎɗŮ űɞɟɎ ŮɑɜŬɘ ɘŭɘŬɑŰŮɟɖ ŮɡɢŬɟɑůŰɖůɖ ɜŬ ɓɟɑůəɞɛŬɘ əŬɘ ɜŬ ůɡɕɖŰɎɤ ɛŬɕɑ Űɞɡ. ȷˊɧ ŰŬ 

highlight ɞ ŭŮəŬɐɛŮɟɞɠ çŮɔəɚɤɓɘůɛɧɠè ůŰɖ ũɎɜŭɖ (ŮɝŬɘɟŮŰɘəɐ ŮɛˊŮɘɟɑŬ əŬŰɎ ŰŬ ɎɚɚŬ) ɛŮ 

Űɞ ŭɖɛɞɣɐűɘůɛŬ ɜŬ ɏɢŮɘ ŬɜŬəɞɘɜɤɗŮɑ əŬɘ ɜŬ ŮɑɛŬůŰŮ ɛŮ Űɞ ɛɡŬɚɧ əŬɘ Űɞ ŮɜɎɛɘůɖ ˊɧŭɘ ˊɑůɤ 

ůŰɖɜ ȷɗɐɜŬ. ɆŰɖ ůɡɜɏɢŮɘŬ ɗŬ ɐɗŮɚŬ ɜŬ ŬɜŬűŮɟɗɩ ůŰɞɜ lab partner ɛɞɡ Ɂɑəɞ ȼɚɘɎŭɖ ɏɜŬɜ 

ŮɝŬɘɟŮŰɘəɧ Ɏɜɗɟɤˊɞ əŬɘ ůɡɜŮɟɔɎŰɖ, ˊɞɡ ɏɢŮɘ ˊɎɜŰɞŰŮ Űɘɠ əŬɚɨŰŮɟŮɠ Űɤɜ ˊɟɞɗɏůŮɤɜ. ɀŮ Űɞ 

Ɂɑəɞ ɟɑɝŬɛŮ ˊɞɚɚɎ ɝŮɜɨɢŰɘŬ ůŰɞ ȺɟɔŬůŰɐɟɘɞ əŬɘ Űɞ ɔɟŬűŮɑɞ, ˊɟɞůˊŬɗɩɜŰŬɠ ɜŬ əɟŬŰɐůŮɘ ɞ 

ɏɜŬɠ Űɞ ɖɗɘəɧ Űɞɡ Ɏɚɚɞɡ ɣɖɚɎ, ůɡɕɖŰɐůŬɛŮ ˊɞɚɚɏɠ ɩɟŮɠ ůŰɖɜ çəŬɓɎŰɕŬè Ůɜɩ Űɞ ŰŬɝɑŭɘ 

ůŰɖɜ ȷɛŮɟɘəɐ ɗŬ ɛŬɠ ɛŮɑɜŮɘ ɧɜŰɤɠ ŬɝɏɢŬůŰɞ. ȱŰŬɜ ˊɎɜŰŬ ŭɑˊɚŬ ɛɞɡ ůŮ ɧ,Űɘ ɢɟŮɘɎůŰɖəŬ ɔɘô 

ŬɡŰɧ Űɞɜ ŮɡɢŬɟɘůŰɩ ˊɞɚɨ əŬɘ Űɞɡ ŮɨɢɞɛŬɘ əɎɗŮ ŮˊɘŰɡɢɑŬ ůŰŬ ŮˊɧɛŮɜŬ əŮűɎɚŬɘŬ Űɖɠ ɕɤɐɠ 

Űɞɡ.  

ȰɜŬ ɛŮɔɎɚɞ ŮɡɢŬɟɘůŰɩ ɞűŮɑɚɤ ůŰɞ ũɘɎɜɜɖ Ʉɞɡɚɧˊɞɡɚɞ ˊɞɡ ɛɞɘɟŬůŰɐəŬɛŮ Ůɝɑůɞɡ ˊɞɚɚɏɠ 

ůŰɘɔɛɏɠ ɛɏůŬ Ŭˊɧ ɧɚŬ ŬɡŰɎ ŰŬ ɢɟɧɜɘŬ Űɖɠ əɞɘɜɐɠ ɛŬɠ ˊɞɟŮɑŬɠ ůŰɞ ȺūȺ. Ʉɞɚɨ ɞɝɡŭŮɟəɐɠ 

əŬɘ ɘəŬɜɧɠ ȺɟŮɡɜɖŰɐɠ, ŬɚɚɎ əŬɘ ɛɘŬ ˊɞɚɨ ŮɜŭɘŬűɏɟɞɡůŬ ˊɟɞůɤˊɘəɧŰɖŰŬ ɛŮ Űɖɜ ɞˊɞɑŬ 

ɢŬɑɟɞɛŬɘ ɜŬ ůɡɜɞɛɘɚɩ. Ƀ ũɘɎɜɜɖɠ ŮɑɜŬɘ Ɏɜɗɟɤˊɞɠ Űɖɠ ŬɡŰɞɗɡůɑŬɠ əŬɘ Űɖɠ ŬɚɚɖɚŮɔɔɨɖɠ ɔɘô 

ŬɡŰɧ əŬɘ ˊɞɚɨ ůɡɢɜɎ ɘŮɟŬɟɢŮɑ Űɘɠ ŬɜɎɔəŮɠ Űɤɜ ɔɨɟɤ Űɞɡ ˊɘɞ ɣɖɚɎ Ŭˊɧ Űɘɠ ŭɘəɏɠ Űɞɡ. ȼ 

ɓɞɐɗŮɘɎ Űɞɡ ůŮ ɧɚŬ ŰŬ ůŰɎŭɘŬ Űɖɠ ˊɞɟŮɑŬɠ ɛɞɡ ɐŰŬɜ ˊɞɚɨ ůɖɛŬɜŰɘəɐ. ȰɜŬ ɛŮɔɎɚɞ 

ŮɡɢŬɟɘůŰɩ ɗŬ ɐɗŮɚŬ ɜŬ ˊɤ əŬɘ ůŰɞɜ Ɂɑəɞ ȷɟɔɨɟɖ, ɏɜŬɜ ŮɝŬɘɟŮŰɘəɧ ȺɟŮɡɜɖŰɐ əŬɘ ɏɜŬ 

ˊɟŬɔɛŬŰɘəɎ əŬɚɧ ˊŬɘŭɑ. ɀŮ Űɞ Ɂɑəɞ ɛɞɘɟŬůŰɐəŬɛŮ ˊɞɚɚɏɠ ɩɟŮɠ ůŰɞ ȺɟɔŬůŰɐɟɘɞ, ˊɎɜŰŬ 

ɏŰɞɘɛɞɠ ɜŬ ɓɞɖɗɐůŮɘ, ɜŬ ŮɝɖɔɐůŮɘ əŬɘ ɜŬ ŬˊɞŭɘŬɛɞɟűɩůŮɘ, ŬɚɚɎ əŬɘ ˊɞɚɨ ɤɟŬɑŮɠ ůŰɘɔɛɏɠ 

ŬɡŰɎ ŰŬ ɢɟɧɜɘŬ. ȰɢɞɡɛŮ əɎɜŮɘ ɏɜŬ ɛɑɜɘ ˊŬɜŮɡɟɤˊŬɥəɧ Űɞɡɟ ɛŮ 40 kg ŮɟɔŬůŰɖɟɘŬəɞɨ 

Ůɝɞˊɚɘůɛɞɨ ůŰɖɜ ˊɚɎŰɖ, Űɞ ɞˊɞɑɞ ŮəŰɧɠ Ŭˊɧ Űɖɜ Ů́ ɘŰɡɢɐ ˊŮɘɟŬɛŬŰɘəɐ ɏəɓŬůɖ ɛŬɠ ɔɏɛɘůŮ 

əŬɘ ɛŮ ˊɞɚɨ ɤɟŬɑŮɠ ŮɛˊŮɘɟɑŮɠ Ůɜ ɔɏɜŮɘ. ɀŮ Űɞ ȿŮɡŰɏɟɖ ũɞɡɜŬɟɑŭɖ Ůˊɑůɖɠ ŮɑɛŬůŰŮ ůŰɖɜ ɑŭɘŬ 

ɔŮɜɘɎ Űɞɡ ŮɟɔŬůŰɖɟɑɞɡ, ɛˊɞɟŮɑ ɜŬ ɛɖɜ ɏŰɡɢŮ ɜŬ ůɡɜŮɟɔŬůŰɞɨɛŮ ɎɛŮůŬ, ˊŬɟɧɚŬ ŬɡŰɎ ɧˊɞŰŮ 

ɢɟŮɘɎůŰɖəŬ Űɖ ɓɞɐɗŮɘɎ Űɞɡ ɐŰŬɜ ˊɎɜŰŬ ˊɟɧɗɡɛɞɠ əŬɘ ɛŮ Űɞ ɢŬɛɧɔŮɚɞ əŬɘ Űɞɜ ŮɡɢŬɟɘůŰɩ 

ˊɞɚɨ ɔɘô ŬɡŰɧ. 

ɄɟɞɢɤɟɩɜŰŬɠ ůŰɘɠ ɚɑɔɞ ɜŮɧŰŮɟŮɠ ɔŮɜɘɏɠ, ɗŬ ɐɗŮɚŬ ɜŬ ˊɤ ɏɜŬ ɛŮɔɎɚɞ ŮɡɢŬɟɘůŰɩ ůŰɞɜ 

çɔŮɑŰɞɜŬè ɛɞɡ ůŰɞ ɔɟŬűŮɑɞ, ȾɩůŰŬ ɇɧəŬ. ȰɜŬ ˊɞɚɨ ɘəŬɜɧ ȺɟŮɡɜɖŰɐ ɛŮ ɏɛűɡŰɖ 

ŭɖɛɘɞɡɟɔɘəɧŰɖŰŬ əŬɘ ůŰŬɗŮɟɎ ɗŮŰɘəɐ ůŰɎůɖ ůŰɖ ɕɤɐ. ɀŮ Űɞɜ ȾɩůŰŬ ɏɢɞɡɛŮ ɛɞɘɟŬůŰŮɑ 

ɤɟŬɑŮɠ ůŰɘɔɛɏɠ ŮɜŰɧɠ əŬɘ ŮəŰɧɠ Űɞɡ ȺūȺ. ɄɎɜŰŬ ɛŮ Űɞ ɢŬɛɧɔŮɚɞ əŬɘ ɏŰɞɘɛɞɠ ɜŬ ɓɞɖɗɐůŮɘ 

ɧˊɞɡ ɢɟŮɘɎɕŮŰŬɘ, ŮɑɜŬɘ ɏɜŬ ˊŬɘŭɑ çɛɎɚŬɛŬè (Űɖɜ ˊɘɎůŬɛŮ Űɖɜ ɏɛɛŮůɖ ŬɜŬűɞɟɎ ɏŰůɘ;) ɛŮ Űɞɜ 
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ɞˊɞɑɞ ɢŬɑɟɞɛŬɘ ˊɎɜŰŬ ɜŬ ůɡɕɖŰɩ əŬɘ ɜŬ ŮɑɛŬɘ əɞɜŰɎ Űɞɡ. ɀŮ Űɞɜ ɉɟɐůŰɞ ɇůɩəɞ ɛˊɞɟŮɑ ɜŬ 

ɛɖɜ ŰŬ ɏűŮɟŮ ɖ Űɨɢɖ ɜŬ ůɡɜŮɟɔŬůŰɞɨɛŮ ˊɞɚɨ, ŬɚɚɎ ɗŮɤɟɩ ɧŰɘ ŮɑɜŬɘ ɏɜŬɠ ŮɝŬɘɟŮŰɘəɧɠ 

ȺɟŮɡɜɖŰɐɠ əŬɘ ˊɞɚɨ əŬɚɧ ˊŬɘŭɑ ɔɘô ŬɡŰɧ Űɞɜ ŮɡɢŬɟɘůŰɩ əŬɘ Űɞɡ ŮɨɢɞɛŬɘ ŰŬ əŬɚɨŰŮɟŬ. 

ȺɡɢŬɟɘůŰɩ ˊɞɚɨ Ůˊɑůɖɠ Űɖɜ ȾɤɜůŰŬɜŰɑɜŬ ȾŬɜŰɎ, ɛɘŬ ŮɝŬɘɟŮŰɘəɎ ɘəŬɜɐ ȺɟŮɡɜɐŰɟɘŬ ɛŮ ˊɞɚɨ 

ɛŮɟɎəɘ ɔɘô ŬɡŰɧ ˊɞɡ əɎɜŮɘ. ȼ ȾɤɜůŰŬɜŰɑɜŬ ŮɑɜŬɘ ɏɜŬɠ ˊɞɚɨ ŭɡɜŬɛɘəɧɠ əŬɘ ɩɟɘɛɞɠ Ɏɜɗɟɤˊɞɠ 

ˊɞɡ űɏɟɜŮɘ ˊɎɜŰŬ ɏɜŬ ɗŮŰɘəɧ ŬɏɟŬ ůŰɞ ȺɟɔŬůŰɐɟɘɞ. ɇɞɜ ɄŬɜŬɔɘɩŰɖ ɇɞɡɛɎůɖ Űɞɜ ɔɜɤɟɑɕɤ 

ŬɟəŮŰɎ ɢɟɧɜɘŬ ˊɟɘɜ Űɞ ȺūȺ. ȺɑɜŬɘ ɏɜŬɠ Ɏɜɗɟɤˊɞɠ ˊɞɡ ŮəŰɘɛɩ ˊɞɚɨ ɔɘŬ Űɖ ůŰɎůɖ Űɞɡ ůŰɖ 

ɕɤɐ ŬɚɚɎ ˊŬɟɎɚɚɖɚŬ əŬɘ ɏɜŬɠ ȺɟŮɡɜɖŰɐɠ ɛŮ ˊɞɚɨ ɕɐɚɞ. ȷɜŰɘɛŮŰɤˊɑɕŮɘ ˊɎɜŰŬ ɛŮ ɢŬɛɧɔŮɚɞ 

əŬɘ ɢɘɞɨɛɞɟ ɧɚŮɠ Űɘɠ ŭɡůəɞɚɑŮɠ ŭɑɜɞɜŰŬɠ ˊŬɟɎɚɚɖɚŬ ɗɎɟɟɞɠ əŬɘ ŭɨɜŬɛɖ ůŰɞɡɠ ɔɨɟɤ Űɞɡ ɔɘô 

ŬɡŰɧ Űɞɜ ŮɡɢŬɟɘůŰɩ ˊɞɚɨ.  

Ƀ ȹɖɛɐŰɟɖɠ ȻŬɓɘŰůɎɜɞɠ ŮɑɜŬɘ ɞ ɛɞɜŬŭɘəɧɠ ɛŮ ŭɘˊɚɐ əŬŰŬɔɟŬűɐ ůŰɞ ůɡɔəŮəɟɘɛɏɜɞ əŮɑɛŮɜɞ 

ɛɘŬɠ əŬɘ ˊɏɟŬ Ŭˊɧ ɛɏɚɞɠ Űɞɡ ȺūȺ ŮɑɜŬɘ əŬɘ űɑɚɞɠ əŬɟŭɘŬəɧɠ Ůŭɩ əŬɘ ˊɞɚɚɎ ɢɟɧɜɘŬ. 

ɃɝɡŭŮɟəɐɠ əŬɘ ɛŮɗɞŭɘəɧɠ, ɛŮ ɏɛűɡŰɖ ɟɞˊɐ ůŰɖ ūɡůɘəɐ əŬɘ Űɞɜ ŮɝɤŰɘəɧ əɧůɛɞ Űɤɜ 

ȾɓŬɜŰɘəɩɜ, ŮɑɜŬɘ ɏɜŬɠ ˊɞɚɨ ɘəŬɜɧɠ ȺɟŮɡɜɖŰɐɠ ˊɞɡ ŭɘŬɔɟɎűŮɘ Űɖɜ ŭɘəɐ Űɞɡ ɝŮɢɤɟɘůŰɐ 

ˊɞɟŮɑŬ ɛɏůŬ ůŰɞ ȺɟɔŬůŰɐɟɘɞ. ɄɎɜɤ Ŭˊɧ ɧɚŬ ŬɡŰɎ ɧɛɤɠ, ŮɑɜŬɘ ɏɜŬɠ Ɏɜɗɟɤˊɞɠ ɛŮ Űɞɜ ɞˊɞɑɞ 

ɛɞɘɟɎɕɞɛŬɘ ɧɚɞɡɠ ɛɞɡ Űɞɡɠ ˊɟɞɓɚɖɛŬŰɘůɛɞɨɠ əŬɘ Űɘɠ ůəɏɣŮɘɠ əŬɘ Űɞɜ ŮɡɢŬɟɘůŰɩ ˊɞɚɨ ɔɘô 

ŬɡŰɧ. ȺɡɢŬɟɘůŰɩ Ůˊɑůɖɠ Űɞɜ ȷŭɎɛ ɅŬˊŰɎəɖ, ˊɞɡ ˊŬɟɧŰɘ ŭŮɜ ŮɑɢŬ Űɖɜ Űɨɢɖ ɜŬ ůɡɜŮɟɔŬůŰɩ 

ɛŬɕɑ Űɞɡ, əŬŰŬɚŬɓŬɑɜɤ ɧŰɘ ŮɑɜŬɘ ɏɜŬɠ ˊɞɚɨ əŬɚɧɠ əŬɘ ŮɟɔŬŰɘəɧɠ ȺɟŮɡɜɖŰɐɠ. ɆŰŬ ɜŮɧŰŮɟŬ 

ɛɏɚɖ Űɞɡ ȺɟɔŬůŰɖɟɑɞɡ, Űɖɜ Ⱥɡɟɡŭɑəɖ, Űɞɜ ȷɟɔɨɟɖ əŬɘ Űɞɜ ɆŰɎɗɖ ŮɨɢɞɛŬɘ əɎɗŮ ŮˊɘŰɡɢɑŬ 

ůŰɞ ŰŬɝɑŭɘ Űɞɡɠ ˊɞɡ ɏɢŮɘ ɝŮəɘɜɐůŮɘ Ůŭɩ əŬɘ ɚɑɔɞ əŬɘɟɧ, ɛŮ Űɖ ůɡɛɓɞɡɚɐ ɜŬ Űɞ ŬˊɞɚŬɨůɞɡɜ 

ɧůɞ ɔɑɜŮŰŬɘ ˊŮɟɘůůɧŰŮɟɞ. ȺɡɢŬɟɘůŰɩ ˊɞɚɨ Ůˊɑůɖɠ Űɖ ȸɎůɘŬ ȿŬɛˊɟɞˊɞɨɚɞɡ, Űɖɜ Ʉɧɚɡ 

ȸɚɎůůɖ əŬɘ Űɖ ɀŬɟɑŬ ȷɜŬɔɜɤůŰɞˊɞɨɚɞɡ ɔɘŬŰɑ ɐŰŬɜ ˊɎɜŰŬ əɞɜŰɎ ɛŬɠ ůŮ ɧ,Űɘ 

ɢɟŮɘŬɕɧɛŬůŰŬɜ. ɉɤɟɑɠ Űɖɜ ˊɞɚɨŰɘɛɖ ůɡɛɓɞɚɐ Űɞɡɠ ɖ əŬɗɖɛŮɟɘɜɧŰɖŰɎ ɛŬɠ ɗŬ ɐŰŬɜ ˊɞɚɨ ˊɘɞ 

ŭɨůəɞɚɖ.  

ɄɟɞŰɞɨ ˊɟɞɢɤɟɐůɤ ˊŬɟŬəɎŰɤ, ɗŬ ɐɗŮɚŬ ɜŬ ŬɜŬűŮɟɗɩ ůŮ əɎŰɘ ɚɑɔɞ ˊɘɞ çŬűɖɟɖɛɏɜɞè ˊɞɡ 

ɏɢŮɘ ɧɛɤɠ ɛŮɔɎɚɖ ůɖɛŬůɑŬ. ɀŮ Űɖɜ ɞɚɞəɚɐɟɤůɖ Űɖɠ ŭɘŬŰɟɘɓɐɠ əɚŮɑɜŮɘ ɔɘŬ ŮɛɏɜŬ ɏɜŬɠ 

əɨəɚɞɠ ˊɞɚɚɩɜ ŮŰɩɜ ɞɟɔŬɜɘəɐɠ ůɢɏůɖɠ ɛɞɡ ɛŮ Űɞ ȺɀɄ, ŮɑŰŮ ɤɠ ˊɟɞˊŰɡɢɘŬəɧɠ űɞɘŰɖŰɐɠ 

ŮɑŰŮ ɤɠ ɡˊɞɣɐűɘɞɠ ŭɘŭɎəŰɞɟŬɠ. ɀɏůŬ ůŮ ŬɡŰɎ ŰŬ ɢɟɧɜɘŬ ŮɑɢŬ Űɖɜ ŮɡəŬɘɟɑŬ ɜŬ ŮɝŮɚɘɢɗɩ 

Űɧůɞ ɤɠ Ɏɜɗɟɤˊɞɠ ɧůɞ əŬɘ ɤɠ ŮˊɘůŰɐɛɞɜŬɠ əŬɘ ŬɡŰɧ ˊɘůŰɩɜŮŰŬɘ əŬɘ ůŰɞ ɢŬɟŬəŰɐɟŬ Űɞɡ 

ȽŭɟɨɛŬŰɞɠ. Ⱥŭɩ ɚɞɘˊɧɜ Űɞ ŮɡɢŬɟɘůŰɩ ɛɞɡ ɗŬ ˊɎŮɘ ůŮ ɧɚɞɡɠ ŬɡŰɞɨɠ ˊɞɡ ůɡɜŮɘůűɏɟɞɡɜ, ɞ 

əŬɗɏɜŬɠ Ŭˊɧ Űɞ ŭɘəɧ Űɞɡ ɛŮŰŮɟɑɕɘ, ůŰɞ ɜŬ ˊŬɟŬɛŮɑɜŮɘ Űɞ ɄŬɜŮˊɘůŰɐɛɘɞ ȹɖɛɧůɘɞ, ɕɤɜŰŬɜɧ 

əɨŰŰŬɟɞ ŮˊɘůŰɖɛɞɜɘəɞɨ ŭɘŬɚɧɔɞɡ ŬɚɚɎ əŬɘ əɞɘɜɤɜɘəɐɠ ŮɡŬɘůɗɖůɑŬɠ. ŪŬ ŬɗɟɞɑɕɞɜŰŬɘ ˊɎɜŰŬ 

ůŰɞɜ çəɧůɛɞ Űɤɜ ɛŮɚɘůůɩɜè ˊɞɡ əɞɘŰɎŮɘ ůŰŬ ɛɎŰɘŬ Űɞɜ çəɧůɛɞ Űɤɜ ɚɨəɤɜè əŬɘ ŮɜɑɞŰŮ Űɞɜ 

əŮɟŭɑɕŮɘ.  

ūɗɎɜɞɜŰŬɠ ůŰɞ əɚŮɑůɘɛɞ Űɞɡ əŮɘɛɏɜɞɡ ɗŬ ɐɗŮɚŬ ɜŬ ŬɜŬűŮɟɗɩ ůŰɞɡ ˊɘɞ əɞɜŰɘɜɞɨɠ ɛɞɡ 

Ŭɜɗɟɩˊɞɡɠ. Ūɏɚɤ ɜŬ ˊɤ ɏɜŬ ˊɞɚɨ ɛŮɔɎɚɞ ŮɡɢŬɟɘůŰɩ ůŰɞɡɠ əɞɚɚɖŰɞɨɠ ɛɞɡ űɑɚɞɡɠ 

ȹɖɛɐŰɟɖ, ŪɎɜɞ, ȾɤɜůŰŬɜŰɑɜɞ, ɀɎɜɞ, ɁɘəɧɚŬ əŬɘ ɉɟɘůŰɧűɞɟɞ. ȯɜɗɟɤˊɞɘ ˊɞɚɨŰɘɛɞɘ əŬɘ 

ɝŮɢɤɟɘůŰɞɑ, ˊɞɡ ɓɟɑůəɞɜŰŬɘ ˊɎɜŰŬ ɞ ɏɜŬɠ ŭɑˊɚŬ ůŰɞɜ Ɏɚɚɞ ůŰŬ ɧɛɞɟűŬ əŬɘ ůŰŬ ɚɘɔɧŰŮɟɞ 

əŬɚɎ. ȼ ůŰɐɟɘɝɐ Űɞɡɠ ˊɞɚɨˊɚŮɡɟɖ əŬɘ ɞɡůɘŬůŰɘəɐ. ȷˊɞŰŮɚɞɨɜ ɔɘŬ ŮɛɏɜŬ ɏɜŬ ůɖɛŮɑɞ 

ŬɜŬűɞɟɎɠ əŬɘ ůɘɔɞɡɟɘɎɠ. ɀɘŬ ˊŬɟɏŬ ɛŮ ɧɚɖ Űɖ ůɖɛŬůɑŬ Űɞɡ ɧɟɞɡ ɛŮ Űɖɜ ɞˊɞɑŬ 

ˊɞɟŮɡɧɛŬůŰŮ ɛŬɕɑ ůŰɞ ɢɟɧɜɞ. Ūɏɚɤ Ůˊɑůɖɠ ɜŬ ˊɤ ɏɜŬ ɛŮɔɎɚɞ ŮɡɢŬɟɘůŰɩ ůŰɞɜ ˊŬɘŭɘəɧ ɛɞɡ 

űɑɚɞ ɁɘəɧɚŬ ˊɞɡ ɐŰŬɜ ˊɎɜŰŬ ŭɑˊɚŬ ɛɞɡ əŬɘ ˊɞɡ ůŮ ŭɡɞ Ŭˊɧ Űɘɠ ˊɘɞ ůɖɛŬɜŰɘəɏɠ ůŰɘɔɛɏɠ Űɖɠ 

ɕɤɐɠ Űɞɡ ŮˊɏɚŮɝŮ ɜŬ ŮɑɛŬɘ əɘ Ůɔɩ ŮəŮɑ. 



13 

 

ɆŰɞɡɠ ɔɞɜŮɑɠ ɛɞɡ ȾɩůŰŬ əŬɘ ɀɑɟəŬ, əŬɘ ůŰɖɜ ŬŭŮɚűɐ ɛɞɡ ȸɘɟɔɘɜɑŬ ɢɟɤůŰɎɤ ɏɜŬ ŬˊɏɟŬɜŰɞ 

ŮɡɢŬɟɘůŰɩ. ũɘŬ Űɖɜ əŬɗɖɛŮɟɘɜɐ ůŰɐɟɘɝɖ, ɖɗɘəɐ əŬɘ ɡɚɘəɐ, Űɘɠ ɗɡůɑŮɠ, Űɖɜ ŮɛˊɘůŰɞůɨɜɖ,  Űɖɜ 

ŬɔɎˊɖ əŬɘ Űɖɜ əŬŰŬɜɧɖůɐ Űɞɡɠ. ȱŰŬɜ ˊɎɜŰɞŰŮ ŮəŮɑ ɔɘŬ ŮɛɏɜŬ əŬɘ ɔɘô ŬɡŰɧ ɗŬ Űɞɡɠ ŮɑɛŬɘ 

ˊɎɜŰŬ Ůɡɔɜɩɛɤɜ. ɀŮ Űɖ ůŰɎůɖ Űɞɡɠ ůŰɖ ɕɤɐ ɛŮ ɏɛŬɗŬɜ ɜŬ ŮɑɛŬɘ ɏɜŬɠ Ɏɜɗɟɤˊɞɠ ɛŮ ŰŬ 

ˊɧŭɘŬ ůŰɖ ɔɖ ŬɚɚɎ ɜŬ əɟŬŰɎɤ Űɞ əŮűɎɚɘ ɛɞɡ ˊɎɜŰŬ ɣɖɚɎ. 

ɇɞ Űɏɚɞɠ Űɞ űɨɚŬɝŬ ɔɘŬ Űɞɜ Ɏɜɗɟɤˊɧ ɛɞɡ, Űɖɜ əɞˊɏɚŬ ɛɞɡ Űɖ ɀŬɟɘɎɜɜŬ ˊɞɡ ɛŮ Ůɘɚɘəɟɘɜɐ 

ŬɔɎˊɖ, ɡˊɞɛɞɜɐ əŬɘ ŬŭɘɎɚŮɘˊŰɖ ůŰɐɟɘɝɖ ɐŰŬɜ ŭɑˊɚŬ ɛɞɡ ůŮ əɎɗŮ ůŰɘɔɛɐ ŬɡŰɞɨ Űɞɡ 

ŰŬɝɘŭɘɞɨ. ɄɎɜŰŬ ˊɘůŰŮɨɞɜŰŬɠ ůŮ ŮɛɏɜŬ ˊɟɞůˊŬɗɩɜŰŬɠ ɜŬ ɛŮ əɎɜŮɘ ɜŬ ˊɘůŰɏɣɤ əɘ Ůɔɩ 

ˊŮɟɘůůɧŰŮɟɞ ůŰɞɜ ŮŬɡŰɧ ɛɞɡ. ȰɜŬ ŮɡɢŬɟɘůŰɩ ŮɑɜŬɘ ˊɞɚɨ ɚɑɔɞ. Ɇɡɜɞŭɞɘˊɧɟɞɠ ůŰɖ ɕɤɐ, 

ɛɞɘɟŬɕɧɛŬůŰŮ ůŰɘɔɛɏɠ, ɧɜŮɘɟŬ əŬɘ ŬɜɖůɡɢɑŮɠ. ȺɝɎɚɚɞɡ ɧˊɤɠ ɚɏŮɘ əŬɘ ɞ ȿŮɘɓŬŭɑŰɖɠ, ɞ 

əɧůɛɞɠ ɛɧɜɞ ɧŰŬɜ Űɞɜ ɛɞɘɟɎɕŮůŬɘ ɡˊɎɟɢŮɘ. 

 

ɆŮˊŰɏɛɓɟɘɞɠ 2021 

ũɘɎɜɜɖɠ ȾŬɜɎəɖɠ 
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ȾŮűɎɚŬɘɞ 1 ȺɘůŬɔɤɔɐ 
ȻɞɨɛŮ ůŰɞ əŬŰɩűɚɘ Űɖɠ ɚŮɔɧɛŮɜɖɠ ɇɏŰŬɟŰɖɠ ȸɘɞɛɖɢŬɜɘəɐɠ ȺˊŬɜɎůŰŬůɖɠ (Industry 

4.0), ɛɘŬ ɏɜɜɞɘŬ ɖ ɞˊɞɑŬ ɏɢŮɘ ŮˊɘůŰɟŬŰŮɡŰŮɑ ɔɘŬ ɜŬ ˊŮɟɘɔɟɎɣŮɘ ŰŬ ɗɞɚɎ ˊɚɏɞɜ ɧɟɘŬ 

ɛŮŰŬɝɨ Űɞɡ űɡůɘəɞɨ, ɓɘɞɚɞɔɘəɞɨ əŬɘ ɣɖűɘŬəɞɨ əɧůɛɞɡ [1.1]. ȷˊɞŰŮɚŮɑ Ůˊɑ Űɖɠ ɞɡůɑŬɠ 

Űɞ əɟɎɛŬ Űɖɠ ˊɟɞɧŭɞɡ ůŮ ɛɘŬ ůŮɘɟɎ Ŭˊɧ ŰŮɢɜɞɚɞɔɘəɞɨɠ ŰɞɛŮɑɠ ɧˊɤɠ ɖ ɇŮɢɜɖŰɐ 

Ɂɞɖɛɞůɨɜɖ, Űɞ ȹɘŬŭɑəŰɡɞ Űɤɜ ɄɟŬɔɛɎŰɤɜ (Internet of Things-IOT), Űɞ 3D printing, 

ɖ ɟɞɛˊɞŰɘəɐ, ɖ ɔŮɜŮŰɘəɐ ɛɖɢŬɜɘəɐ, ɞɘ əɓŬɜŰɘəɞɑ ɡˊɞɚɞɔɘůŰɏɠ, ɖ ɜŬɜɞŰŮɢɜɞɚɞɔɑŬ, ɞɘ 

ɡˊɖɟŮůɑŮɠ ɜɏűɞɡɠ ə.Ŭ. ˊɞɡ Ůˊɘŭɘɩəɞɡɜ ɜŬ ŭɩůɞɡɜ ŬˊŬɜŰɐůŮɘɠ ůŮ ˊɟɞɓɚɐɛŬŰŬ ŰŬ 

ɞˊɞɑŬ ɛɏɢɟɘ ŰɩɟŬ ɏɛɞɘŬɕŬɜ ŭɡůŮˊɑɚɡŰŬ. ɉŬɟŬəŰɖɟɘůŰɘəɧ ɔɜɩɟɘůɛŬ Űɖɠ Ůˊɞɢɐɠ ŬɡŰɐɠ 

ŮɑɜŬɘ ɞ ɟɡɗɛɧɠ ɛŮ Űɞɜ ɞˊɞɑɞ ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ŰŬ ɜɏŬ ŰŮɢɜɞɚɞɔɘəɎ ɎɚɛŬŰŬ. ɆŮ 

ůɨɔəɟɘůɖ ɛŮ Űɘɠ ˊɟɞɖɔɞɨɛŮɜŮɠ ȸɘɞɛɖɢŬɜɘəɏɠ ȺˊŬɜŬůŰɎůŮɘɠ ˊɞɡ ŮɑɢŬɜ ɏɜŬ ˊɘɞ 

ɔɟŬɛɛɘəɧ ɢŬɟŬəŰɐɟŬ ůŰɞ ɢɟɧɜɞ, ɞɘ ŮɝŮɚɑɝŮɘɠ ˊɚɏɞɜ əɘɜɞɨɜŰŬɘ ɛŮ ŮəɗŮŰɘəɞɨɠ ɟɡɗɛɞɨɠ 

[1.2] ɛŮŰŬůɢɖɛŬŰɑɕɞɜŰŬɠ ɟɘɕɘəɎ Űɞ ůɨɔɢɟɞɜɞ Űɟɧˊɞ ɕɤɐɠ. 

ȾŬŰŬɚɨŰɖɠ ɧɚɤɜ Űɤɜ ˊŬɟŬˊɎɜɤ ŰŮɢɜɞɚɞɔɘəɩɜ Űɞɛɩɜ ŮɑɜŬɘ ŬŭɘŬɛűɘůɓɐŰɖŰŬ ɖ 

ŭɡɜŬŰɧŰɖŰŬ ŬˊɞɗɐəŮɡůɖɠ, ŬɜɎɚɡůɖɠ, ŭɘŬəɑɜɖůɖɠ əŬɘ ŮˊŮɝŮɟɔŬůɑŬɠ Űɤɜ ȹŮŭɞɛɏɜɤɜ 

(Data). ŪŮɤɟɞɨɜŰŬɘ ɑůɤɠ ɞ ˊɘɞ ůɖɛŬɜŰɘəɧɠ ˊɧɟɞɠ Űɖɠ Ůˊɞɢɐɠ ɛŬɠ əŬɘ ɔɘô ŬɡŰɧ Űɞɜ 

ɚɧɔɞ ɏɢɞɡɜ ɢŬɟŬəŰɖɟɘůŰŮɑ ŮɨůŰɞɢŬ əŬɘ ɤɠ Űɞ ˊŮŰɟɏɚŬɘɞ Űɞɡ 21ɞɡ ŬɘɩɜŬ [1.3]. ȺɑɜŬɘ 

ɢŬɟŬəŰɖɟɘůŰɘəɧ ɧŰɘ ˊɚɏɞɜ ɖ ŭɘŬəɑɜɖůɖ Űɤɜ ŭŮŭɞɛɏɜɤɜ ŮˊɖɟŮɎɕŮɘ ůŮ ɛŮɔɎɚɞ ɓŬɗɛɧ 

əɎɗŮ ˊŰɡɢɐ Űɖɠ əŬɗɖɛŮɟɘɜɧŰɖŰŬɠ, ŮɑŰŮ ŬɡŰɐ ŬűɞɟɎ ůŰɖ ŭɘŬůəɏŭŬůɖ əŬɘ ůŰɖɜ 

əɞɘɜɤɜɘəɞˊɞɑɖůɖ  Űɞɡ Ŭɜɗɟɩˊɞɡ, ŮɑŰŮ ůŰɖɜ Ůɝɏɚɘɝɖ Űɖɠ ȺˊɘůŰɐɛɖɠ əŬɘ ůŰɖɜ ŮɟɔŬůɑŬ. 

ɀŮɔŮɗɡɜŰɘəɧ űŬəɧ Űɤɜ ˊŬɟŬˊɎɜɤ ŬˊɞŰɏɚŮůŮ Űɞ ˊɟɧůűŬŰɞ ɝɏůˊŬůɛŬ Űɖɠ ˊŬɜŭɖɛɑŬɠ 

Űɞɡ COVID-19 ˊɞɡ əŬŰɏŭŮɘɝŮ ɛŮ Űɞɜ ˊɘɞ ŮɛűŬŰɘəɧ Űɟɧˊɞ Űɖɜ ŮɝɎɟŰɖůɖ Űɞɡ 

əŬɗɖɛŮɟɘɜɞɨ Űɟɧˊɞɡ ɕɤɐɠ Ŭˊɧ Űɖɜ ŭɡɜŬŰɧŰɖŰŬ Űɖɠ ŭɘŬůɨɜŭŮůɖɠ əŬɘ Űɖɠ ŬŭɘɎəɞˊɖɠ 

ˊɟɧůɓŬůɖɠ ůŰɖɜ ˊɚɖɟɞűɞɟɑŬ, ɘŭɘŬɑŰŮɟŬ ɛɏůɤ Űɞɡ ȹɘŬŭɘəŰɨɞɡ.  

 

ȺɘəɧɜŬ 1:ɆɡɔəɟɘŰɘəɧ ŭɘɎɔɟŬɛɛŬ Űɖɠ ɞɘəɘŬəɐɠ ɛɏůɖɠ əŬŰŬɜɎɚɤůɖɠ ɧɔəɞɡ ŭŮŭɞɛɏɜɤɜ ŬɜɎ ɛɏɟŬ ůŰɘɠ 

ȼɄȷ ɔɘŬ Űɞɡɠ ɛɐɜŮɠ ɀɎɟŰɘɞɠ 2019 əŬɘ ɀɎɟŰɘɞɠ 2020, ŬɜɎɚɞɔŬ ɛŮ Űɞ Ůɑŭɞɠ Űɖɠ ůɡůəŮɡɐɠ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ. 
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ȺəŬŰɞɛɛɨɟɘŬ ŮɟɔŬɕɧɛŮɜɞɘ ŬɜŬɔəɎůŰɖəŬɜ ɚɧɔɤ Űɤɜ ˊŮɟɘɞɟɘůŰɘəɩɜ ɛɏŰɟɤɜ ɜŬ 

ŮɟɔŬůŰɞɨɜ Ŭˊɧ Űɞ ůˊɑŰɘ Űɞɡɠ Ůɜɩ ɛŬɗɖŰɏɠ əŬɘ űɞɘŰɖŰɏɠ ˊŬɟŬəɞɚɞɡɗɞɨůŬɜ ŰŬ 

ɛŬɗɐɛŬŰɎ Űɞɡɠ online [1.4]. H əŬɗɖɛŮɟɘɜɐ ŮˊŬűɐ ůŰɞɜ ɢɩɟɞ ŮɟɔŬůɑŬɠ əŬɘ Űɞ ůɢɞɚŮɑɞ 

ŬɜŰɘəŬŰŬůŰɎɗɖəŮ Ŭˊɧ Űɘɠ ůɡɜŬɜŰɐůŮɘɠ ɛɏůɤ ŮűŬɟɛɞɔɩɜ ŰɖɚŮŭɘŬůəɏɣŮɤɜ. Ⱥˊɑůɖɠ ɖ 

ɢɟɐůɖ ŮűŬɟɛɞɔɩɜ video-on-demand ɧˊɤɠ Űɞ Netflix ɐ Űɞ YouTube, ŮəŰɘɜɎɢɗɖəŮ 

Ŭűɞɨ ůŮ ˊɞɚɚɏɠ ˊŮɟɘˊŰɩůŮɘɠ ŬˊɞŰɏɚŮůŬɜ Űɖ ɛɧɜɖ ŭɘɏɝɞŭɞ ɣɡɢŬɔɤɔɑŬɠ ŮɜŰɧɠ Űɖɠ 

ɞɘəɑŬɠ Ůɜɩ ˊŬɟŬŰɖɟɐɗɖəŮ ŰŮɟɎůŰɘŬ Ŭɨɝɖůɖ əŬɘ ůŰɘɠ Ŭɔɞɟɏɠ ɛɏůɤ ȹɘŬŭɘəŰɨɞɡ [1.5]. 

ɀɧɜɞ ůŰɖɜ ȷɛŮɟɘəɐ, əŬŰɎ Űɘɠ ˊɟɩŰŮɠ ɓŭɞɛɎŭŮɠ Űɞɡ ɀŬɟŰɑɞɡ Űɞɡ 2020 (ˊɟɩŰŮɠ 

ŮɓŭɞɛɎŭŮɠ ˊŮɟɘɞɟɘůŰɘəɩɜ ɛɏŰɟɤɜ), ɖ ɢɟɐůɖ ŭŮŭɞɛɏɜɤɜ ŮɜŰɧɠ Űɖɠ ɞɘəɑŬɠ ůɖɛŮɑɤůŮ 

Ŭɨɝɖůɖ 18% ůŮ ůɢɏůɖ ɛŮ Űɞɜ ŬɜŰɑůŰɞɘɢɞ ɛɐɜŬ Űɞɡ 2019 (ȺɘəɧɜŬ 1).  

 

ȺɘəɧɜŬ 2: ɄɟɧɓɚŮɣɖ Űɖɠ ˊŬɔəɧůɛɘŬɠ ŬɜɎˊŰɡɝɖɠ Űɤɜ ɢɟɖůŰɩɜ Űɞɡ ȹɘŬŭɘəŰɨɞɡ ɔɘŬ Űɖɜ ˊŮɟɑɞŭɞ 2018-

2023 

ɆŰɖɜ ɛŮɔŬɚɨŰŮɟɖ ŮɘəɧɜŬ, ŰŬ ɜɞɨɛŮɟŬ ŮɑɜŬɘ əŬŰŬɘɔɘůŰɘəɎ əŬɘ ˊŮɟɘɔɟɎűɞɡɜ ɛŮ Űɞɜ ˊɘɞ 

ɔɚŬűɡɟɧ Űɟɧˊɞ Űɖɜ əŬŰɎůŰŬůɖ ˊɞɡ ŭɘŬɛɞɟűɩɜŮŰŬɘ ɧůɞɜ ŬűɞɟɎ ůŰɖ ɢɟɐůɖ Űɤɜ 

ŭŮŭɞɛɏɜɤɜ əŬɘ Űɖɜ ˊɟɧůɓŬůɖ ůŰɞ ȹɘŬŭɑəŰɡɞ. ɀɏɢɟɘ ŰŬ Űɏɚɖ Űɞɡ 2023, ůɢŮŭɧɜ ŰŬ 2/3 

Űɞɡ ˊŬɔəɧůɛɘɞɡ ˊɚɖɗɡůɛɞɨ ɗŬ ɏɢɞɡɜ ˊɟɧůɓŬůɖ ůŰɞ ȹɘŬŭɑəŰɡɞ (5.3 

ŭɘůŮəŬŰɞɛɛɨɟɘŬ), Ůɜɩ ɞ Ŭɟɘɗɛɧɠ Űɤɜ ůɡůəŮɡɩɜ ˊɞɡ ɗŬ ŮɑɜŬɘ ůɡɜŭŮŭŮɛɏɜŮɠ ůŮ ŭɑəŰɡŬ 

ɏɢɞɜŰŬɠ ɛɘŬ ŭɘŮɨɗɡɜůɖ IP ɗŬ ŮɑɜŬɘ ůɢŮŭɧɜ ŰɟɘˊɚɎůɘɞɠ Ŭˊɧ Űɞɜ ˊŬɔəɧůɛɘɞ ˊɚɖɗɡůɛɧ 

ɛŮ Űɖɜ ˊɚŮɘɞɣɖűɑŬ Űɤɜ ůɡůəŮɡɩɜ ŬɡŰɩɜ ɜŬ ɏɢɞɡɜ əɘɜɖŰɧ ɢŬɟŬəŰɐɟŬ [1.7]. 

ɄŬɟɎɚɚɖɚŬ, ɛŮ ŭŮŭɞɛɏɜɖ Űɖɜ Ůɝɏɚɘɝɖ Űɞɡ ȹɘŬŭɘəŰɨɞɡ Űɤɜ ɄɟŬɔɛɎŰɤɜ (Internet-of-

Things), Űɖɠ ɇŮɢɜɖŰɐɠ Ɂɞɖɛɞůɨɜɖɠ (Artificial  Intelligence) əŬɘ Űɤɜ ŮűŬɟɛɞɔɩɜ 

ɜɏűɞɡɠ (cloud applications), ŬɜŬɛɏɜŮŰŬɘ ˊŮɟŬɘŰɏɟɤ ɏəɟɖɝɖ ůŰɖ ŭɘŬəɑɜɖůɖ Űɤɜ 

ŭŮŭɞɛɏɜɤɜ ŮŰɖůɑɤɠ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ɖ əɑɜɖůɖ ůŰŬ əɏɜŰɟŬ ŭŮŭɞɛɏɜɤɜ (Data 

Centers) ɔɘŬ Űɞ 2021 ŬɜŬɛɏɜŮŰŬɘ ɜŬ ŬɔɔɑɝŮɘ ŰŬ 19.5 Ȼȸ, ɧŰŬɜ Űɞ 2016 ɐŰŬɜ ɛɧɚɘɠ 6 

Ȼȸ, ɛŮ Űɖɜ ˊɚŮɘɞɣɖűɑŬ ŬɡŰɐɠ Űɖɠ əɑɜɖůɖɠ ɜŬ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ŮɜŰɧɠ Űɞɡ əɏɜŰɟɞɡ 

ŭŮŭɞɛɏɜɤɜ (71.5%).  
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ȺɘəɧɜŬ 3: Ʉɟɧɔɜɤůɖ Űɖɠ ˊŬɔəɧůɛɘŬɠ ŬɜɎˊŰɡɝɖɠ Űɤɜ əɘɜɖŰɩɜ ůɡůəŮɡɩɜ əŬɘ Űɤɜ ůɡɜŭɏůŮɤɜ. 

ȷˊɧ Űɖ ůəɞˊɘɎ Űɤɜ ŰŬɢɡŰɐŰɤɜ ɛŮŰɎŭɞůɖɠ ŭŮŭɞɛɏɜɤɜ, ɛɏɢɟɘ Űɞ 2023 ɞɘ ɟɡɗɛɞɑ Űɤɜ 

ůŰŬɗŮɟɩɜ Ůɡɟɡɕɤɜɘəɩɜ ůɡɜŭɏůŮɤɜ (fixed broadband speeds) ŬɜŬɛɏɜŮŰŬɘ ɜŬ 

ŭɘˊɚŬůɘŬůŰɞɨɜ ůŮ ůɢɏůɖ ɛŮ Űɞɡɠ ŬɜŰɑůŰɞɘɢɞɡɠ Űɞɡ 2018, ŬɔɔɑɕɞɜŰŬɠ ŰŬ 110.4 Mbps 

(ůŮ ůɢɏůɖ ɛŮ ŰŬ 45.9 Űɞɡ 2018). ɆŰɞ əɞɛɛɎŰɘ Űɤɜ əɘɜɖŰɩɜ Ůˊɘəɞɘɜɤɜɘɩɜ, ɖ ɛɏůɖ 

ůɨɜŭŮůɖ ŭɘəŰɨɞɡ ɗŬ ɏɢŮɘ ŰŬɢɨŰɖŰŬ 43.9 ɏɤɠ Űɞ 2023 Ůɜɩ ɞɘ ŰŬɢɨŰɖŰŮɠ 5G ɗŬ Ŭɔɔɑɕɞɡɜ 

ŰŬ 575 Mbps, ɛŮ Űɘɠ ůɡůəŮɡɏɠ 5G ɜŬ ŬˊɞŰŮɚɞɨɜ ˊŮɟɑˊɞɡ Űɞ 10% Űɤɜ əɘɜɖŰɩɜ 

ůɡůəŮɡɩɜ ˊŬɔəɞůɛɑɤɠ. ɇɏɚɞɠ, ɞɘ ŰŬɢɨŰɖŰŮɠ Űɤɜ ŭɘəŰɨɤɜ Wi-Fi ŬɜŬɛɏɜŮŰŬɘ əŬŰɎ 

ɛɏůɞ ɧɟɞ ɜŬ űŰɎůɞɡɜ ŰŬ 92 Mbps ɛɏɢɟɘ Űɞ 2023 Ŭˊɧ ŰŬ 30.3 Mbps ˊɞɡ ɓɟɑůəɞɜŰŬɜ 

Űɞ 2018. ȳɚŮɠ ŬɡŰɏɠ ɞɘ ůŰŬŰɘůŰɘəɏɠ ˊɟɞɓɞɚɏɠ ŮɜŰɧɠ Űɖɠ ˊŮɜŰŬŮŰɑŬɠ 2018-2023, 

ɏɟɢɞɜŰŬɘ ɜŬ ŬˊɞŭŮɑɝɞɡɜ Űɞɜ ůɡɜŰɟɘˊŰɘəɧ Űɟɧˊɞ ɛŮ Űɞɜ ŮˊɏɟɢɞɜŰŬɘ ɞɘ ŬɚɚŬɔɏɠ ůŰŬ 

ůɨɔɢɟɞɜŬ ŭɑəŰɡŬ əŬɘ ɜŬ əŬŰŬůŰɐůɞɡɜ Ůɡəɟɘɜɐ Űɖɜ ŬˊŬɑŰɖůɖ ɔɘŬ ɛŮɔɎɚɞɡ Ůɨɟɞɡɠ 

ɕɩɜɖɠ, ɔɟɐɔɞɟɖ əŬɘ ɡɣɖɚɐɠ ˊɞɘɧŰɖŰŬɠ ůɡɜŭŮůɘɛɧŰɖŰŬ ůŮ əɎɗŮ ɔɤɜɘɎ Űɞɡ ˊɚŬɜɐŰɖ.  

ũɑɜŮŰŬɘ ɝŮəɎɗŬɟɞ ɧŰɘ ŰŬ əɏɜŰɟŬ ŭŮŭɞɛɏɜɤɜ əŬŰɏɢɞɡɜ ɏɜŬ ɓŬɟɨɜɞɜŰŬ ɟɧɚɞ ůŰɖɜ 

Ůəˊɚɐɟɤůɖ Űɤɜ ˊŬɟŬˊɎɜɤ ŬˊŬɘŰɐůŮɤɜ. ȳŰŬɜ ɛɎɚɘůŰŬ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ŬɡŰɎ 

ˊɟɏˊŮɘ ɜŬ ŮˊɘŰŮɡɢɗɞɨɜ ɛŮ ɧůɞ Űɞ ŭɡɜŬŰɧɜ ˊɘɞ ɞɘəɞɜɞɛɘəɧ Űɟɧˊɞ Ŭˊɧ ɛŮɟɘɎɠ 

əŬŰŬɜɎɚɤůɖɠ ɘůɢɨɞɠ əŬɘ əɧůŰɞɡɠ, ɔɑɜŮŰŬɘ ŬɜŰɘɚɖˊŰɧ ɧŰɘ Űɞ ˊɟɧɓɚɖɛŬ ɏɢŮɘ 

ˊɞɚɡŭɘɎůŰŬŰɞ ɢŬɟŬəŰɐɟŬ. 

 

ȺɘəɧɜŬ 4:ɄɟɧɓɚŮɣɖ ŰŬɢɡŰɐŰɤɜ ůŰŬɗŮɟɩɜ Ůɡɟɡɕɤɜɘəɩɜ ůɡɜŭɏůŮɤɜ 2018-2023 

ɆŰɞ ŬˊŬɘŰɖŰɘəɧ ɚɞɘˊɧɜ ŬɡŰɧ ˊŮɟɘɓɎɚɚɞɜ, ŰŬ əɏɜŰɟŬ ŭŮŭɞɛɏɜɤɜ ŬɜŬɕɖŰɞɨɜ 

ŭɘŬůɡɜŭɏůŮɘɠ ˊɞɡ ɗŬ ŮˊɘŰɟɏˊɞɡɜ Űɖɜ ŬɜŰŬɚɚŬɔɐ ˊɚɖɟɞűɞɟɑŬɠ ůŮ ˊɞɚɨ ɡɣɖɚɏɠ 

ŰŬɢɨŰɖŰŮɠ (ůŰɖɜ ˊŮɟɘɞɢɐ Űɤɜ Tb/s) Ůɜɩ ˊŬɟɎɚɚɖɚŬ ɗŬ ŮɑɜŬɘ ɢŬɛɖɚɞɨ əɧůŰɞɡɠ əŬɘ 

ɢŬɛɖɚɐɠ ŮɜŮɟɔŮɘŬəɐɠ əŬŰŬɜɎɚɤůɖɠ [1.7]. ȼ űɤŰɞɜɘəɐ-ɞˊŰɘəɐ ŰŮɢɜɞɚɞɔɑŬ ˊɟɞɓɎɚɚŮɘ 

ɤɠ ɖ ɛɧɜɖ ŬɝɘɧˊɘůŰɖ ɚɨůɖ, ˊɟɞůűɏɟɞɜŰŬɠ ˊɚŮɞɜŮəŰɐɛŬŰŬ ˊɞɡ Űɖɜ əɎɜɞɡɜ ˊɘɞ 
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ŮɚəɡůŰɘəɐ əŬɘ ŬˊɞŰŮɚŮůɛŬŰɘəɐ ůŮ ůɢɏůɖ ɛŮ ˊŬɚŬɘɧŰŮɟŮɠ ŮűŬɟɛɞɔɏɠ ɧˊɤɠ ŰŬ əŬɚɩŭɘŬ 

ɢŬɚəɞɨ [1.8], [1.9]. Ƀɘ ɞˊŰɘəɏɠ ŭɘŬůɡɜŭɏůŮɘɠ ŮəɛŮŰŬɚɚŮɡɧɛŮɜŮɠ Űɘɠ ŰŮɟɎůŰɘŮɠ 

ŭɡɜŬŰɧŰɖŰŮɠ Űɧůɞ Űɤɜ ɞˊŰɘəɩɜ ɘɜɩɜ ɧůɞ əŬɘ Űɖɠ űɤŰɞɜɘəɐɠ ɞɚɞəɚɐɟɤůɖɠ, 

əɡɟɘŬɟɢɞɨɜ ůŰɞ əɞɛɛɎŰɘ Űɖɠ ŭɘŬůɨɜŭŮůɖɠ əɏɜŰɟɤɜ ŭŮŭɞɛɏɜɤɜ ɧɚɤɜ Űɤɜ Űɨˊɤɜ 

(intra- əŬɘ inter- datacenter interconnection). ɀɘŬ ŰɏŰɞɘɞɡ Űɨˊɞɡ ɞˊŰɘəɐ ŭɘŬůɨɜŭŮůɖ, 

ɖ ɞˊɞɑŬ ŬˊɞŰŮɚŮɑ əŬɘ Űɖɜ ˊɘɞ ŭɘŬŭŮŭɞɛɏɜɖ ɚɨůɖ ɧůɞɜ ŬűɞɟɎ ůŰɘɠ ŭɘŬůɡɜŭɏůŮɘɠ ŮɜŰɧɠ 

əɏɜŰɟɤɜ ŭŮŭɞɛɏɜɤɜ (intra-datacenter interconnects), ŮɑɜŬɘ Űɞ ȺɜŮɟɔɧ ɃˊŰɘəɧ ȾŬɚɩŭɘɞ 

(Active Optical Cable-AOC) Űɞ ɞˊɞɑɞ ˊɟɞůűɏɟŮŰŬɘ ɔɘŬ ŮˊɘəɞɘɜɤɜɑŬ rack-to-rack ŮɑŰŮ 

ůŮ əɞɜŰɘɜɐ ŬˊɧůŰŬůɖ ɛŮŰŬɝɨ ŭɡɞ ɔŮɘŰɞɜɘəɩɜ racks, ŮɑŰŮ ɛŮŰŬɝɨ racks ŰŬ ɞˊɞɑŬ 

ɓɟɑůəɞɜŰŬɘ ůŮ ŭɘŬűɞɟŮŰɘəɧ ŭɤɛɎŰɘɞ ɛɏůŬ ůŮ ɏɜŬ data center. ȰŰůɘ ŰŬ ȺɜŮɟɔɎ ɃˊŰɘəɎ 

ȾŬɚɩŭɘŬ ɏɢɞɡɜ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɜŬ əŬɚɨɣɞɡɜ ŬˊɞůŰɎůŮɘɠ Ŭˊɧ ɛŮɟɘəɎ ɛɏŰɟŬ ɏɤɠ əŬɘ 

ɛŮɟɘəɏɠ ŮəŬŰɞɜŰɎŭŮɠ ɛɏŰɟŬ (ŬəɧɛŬ əŬɘ ŬˊɞůŰɎůŮɘɠ ɢɘɚɘɞɛɏŰɟɞɡ).  

1.1 ȾɏɜŰɟŬ ŭŮŭɞɛɏɜɤɜ 

ɇŬ əɏɜŰɟŬ ŭŮŭɞɛɏɜɤɜ Ůˊɘ Űɖɠ ɞɡůɑŬɠ ŮɑɜŬɘ ŮɔəŬŰŬůŰɎůŮɘɠ ɞɘ ɞˊɞɑŮɠ ˊŬɟɏɢɞɡɜ ɢɩɟɞ, 

ɘůɢɨ əŬɘ ɣɨɝɖ ůŮ ɡˊɞŭɞɛɏɠ ŭɘəŰɨɤɜ əŬɘ ůɡɔəŮɜŰɟɩɜɞɡɜ Űɘɠ Ƚɇ ɚŮɘŰɞɡɟɔɑŮɠ əŬɘ Űɞɜ 

Ůɝɞˊɚɘůɛɧ Ůɜɧɠ ɞɟɔŬɜɘůɛɞɨ ɔɘŬ Űɞɡɠ ůəɞˊɞɨɠ Űɖɠ ŬˊɞɗɐəŮɡůɖɠ, ŮˊŮɝŮɟɔŬůɑŬɠ əŬɘ 

ŭɘɎŭɞůɖɠ ŭŮŭɞɛɏɜɤɜ əŬɘ ŮűŬɟɛɞɔɩɜ [1.10]. ȺˊŮɘŭɐ ůŰŮɔɎɕɞɡɜ ŰŬ əɟɑůɘɛŬ əŬɘ 

ɘŭɘɤŰɘəɎ ůŰɞɘɢŮɑŬ Ůɜɧɠ ɞɟɔŬɜɘůɛɞɨ, ŰŬ əɏɜŰɟŬ ŭŮŭɞɛɏɜɤɜ ŮɑɜŬɘ ɕɤŰɘəɐɠ ůɖɛŬůɑŬɠ ɔɘŬ 

Űɖɜ Ůɨɟɡɗɛɖ ɚŮɘŰɞɡɟɔɑŬ Űɤɜ əŬɗɖɛŮɟɘɜɩɜ ŭɟŬůŰɖɟɘɞŰɐŰɤɜ Űɞɡɠ. ɇŬ ůŰɞɘɢŮɑŬ əɚŮɘŭɘɎ 

ɔɘŬ Űɞ ůɢŮŭɘŬůɛɧ Ůɜɧɠ əɏɜŰɟɞɡ ŭŮŭɞɛɏɜɤɜ ˊŮɟɘɚŬɛɓɎɜɞɡɜ ŭɟɞɛɞɚɞɔɖŰɏɠ (routers), 

ŭɘŬəɧˊŰŮɠ (switches), firewalls, ŬˊɞɗɖəŮɡŰɘəɎ ůɡůŰɐɛŬŰŬ, ŭɘŬəɞɛɘůŰɏɠ (servers) əŬɘ 

application delivery controllers (ADC).  

ɆŰɞ ˊŬɟŮɚɗɧɜ ŰŬ əɏɜŰɟŬ ŭŮŭɞɛɏɜɤɜ ŬˊɞŰŮɚɞɨůŬɜ űɡůɘəɏɠ ɡˊɞŭɞɛɏɠ ɞɘ ɞˊɞɑŮɠ 

ŮɚɏɔɢɞɜŰŬɜ ůŮ ɏɜŬ ŬɜɩŰŮɟɞ ŮˊɑˊŮŭɞ Ŭˊɧ Űɞ ŭɑəŰɡɞ, ˊŬɟɧɚŬ ŬɡŰɎ ŰŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ 

ŬɡŰɧ ɏɢŮɘ ŬɚɚɎɝŮɘ əŬŰɎ ˊɞɚɨ. ȼ ɡˊɞŭɞɛɐ ɏɢŮɘ ˊɚɏɞɜ ɛŮŰŬůɢɖɛŬŰɘůŰŮɑ Ŭˊɧ Űɖɜ 

ˊŬɟŬŭɞůɘŬəɐ űɡůɘəɐ ɡˊɞŭɞɛɐ ɛŮ Űɖ ɛɞɟűɐ in-house ŭɘŬəɞɛɘůŰɐ, ůŮ ŮɘəɞɜɘəɎ ŭɑəŰɡŬ 

(virtual networks) ŰŬ ɞˊɞɑŬ ɡˊɞůŰɖɟɑɕɞɡɜ ŮűŬɟɛɞɔɏɠ əŬɘ ŬɜŬɚŬɛɓɎɜɞɡɜ 

ɡˊɞɚɞɔɘůŰɘəɧ űɧɟŰɞ ŮɟɔŬůɑŬɠ (workload) ůŮ ɞɛŬŭɞˊɞɘɐůŮɘɠ űɡůɘəɩɜ ɡˊɞŭɞɛɩɜ 

(pools of physical infrastructure) əŬɘ ůŮ ˊŮɟɘɓɎɚɚɞɜ ˊɞɚɚŬˊɚɞɨ ɜɏűɞɡɠ (multicloud) 

[1.11], [1.12]. Ʉɚɏɞɜ ŰŬ ŭŮŭɞɛɏɜŬ ɡˊɎɟɢɞɡɜ əŬɘ ŭɘŬůɡɜŭɏɞɜŰŬɘ ɛŮŰŬɝɨ ˊɞɚɚŬˊɚɩɜ 

əɏɜŰɟɤɜ ŭŮŭɞɛɏɜɤɜ, Űɞɡ edge Űɞɡ ŭɘəŰɨɞɡ, ŭɖɛɞůɑɤɜ əŬɘ ɘŭɘɤŰɘəɩɜ ɜŮűɩɜ. ȰɢŮɘ 

ŮˊɘŰŮɡɢɗŮɑ ɚɞɘˊɧɜ ɛɖ Űɨˊɞɡ ŬˊɞəŮɜŰɟɞˊɞɑɖůɖ ůŰɞɜ Űɟɧˊɞ ɛŮ Űɞɜ ɞˊɞɑɞ 

ŭɘŬɛɞɘɟɎɕɞɜŰŬɘ ŰŬ ŭŮŭɞɛɏɜŬ əŬɘ ɏŰůɘ ɏɜŬ əɏɜŰɟɞ ŭŮŭɞɛɏɜɤɜ ˊɟɏˊŮɘ ɜŬ ɛˊɞɟŮɑ ɜŬ 

ŮˊɘəɞɘɜɤɜŮɑ ɛŮ ɧɚŬ ŬɡŰɎ ŰŬ ŮˊɑˊŮŭŬ ɞɟɔɎɜɤůɖɠ. ȷəɧɛŬ əŬɘ ɛɘŬ ŭɖɛɧůɘŬ ɡˊɖɟŮůɑŬ 

ɜɏűɞɡɠ ŮɑɜŬɘ ɛɘŬ ůɡɚɚɞɔɐ Ŭˊɧ əɏɜŰɟŬ ŭŮŭɞɛɏɜɤɜ. ȳŰŬɜ ɞɘ ŮűŬɟɛɞɔɏɠ űɘɚɞɝŮɜɞɨɜŰŬɘ 

ůŰɞ ŭɖɛɧůɘɞ ɜɏűɞɠ, ɢɟɖůɘɛɞˊɞɘɞɨɜ ˊɧɟɞɡɠ əɏɜŰɟɤɜ ŭŮŭɞɛɏɜɤɜ Ŭˊɧ Űɞɜ ˊɎɟɞɢɞ Űɞɡ 

ɜɏűɞɡɠ.  

ɀŮ ŭŮŭɞɛɏɜɞ ɧŰɘ ŰŬ əɏɜŰɟŬ ŭŮŭɞɛɏɜɤɜ ŬɜŬˊŰɨůůɞɜŰŬɘ ŰŬɢɨŰŬŰŬ əŬɘ ɖ ŬɔɞɟɎ ɔɨɟɤ 

Ŭˊɧ Űɖ ŭɘŬůɨɜŭŮůɐ Űɞɡɠ ɏɢŮɘ ŮɝŮɚɘɢɗŮɑ ˊŬɟɎɚɚɖɚŬ, ɞɘ ŰŮɢɜɘəɏɠ əŬɘ űɡůɘəɏɠ 

ˊɟɞəɚɐůŮɘɠ ˊɞɡ ŮɔŮɑɟɞɜŰŬɘ ŮɑɜŬɘ ˊɞɚɚɏɠ əŬɘ ɛŮŰŬɝɨ Ɏɚɚɤɜ ˊŮɟɘɚŬɛɓɎɜɞɡɜ [1.13]: 

¶ ɄŮɟɘɞɟɘůɛɞɨɠ ůŰɖɜ ɢɤɟɖŰɘəɧŰɖŰŬ (capacity) əŬɘ Űɖɜ ŮˊŮəŰŬůɘɛɧŰɖŰŬ 

(scalability): Ʉɞɚɨ ůɡɢɜɎ ɞ ɧɔəɞɠ Űɤɜ ŭŮŭɞɛɏɜɤɜ ˊɞɡ ŭɘŬəɘɜɞɨɜŰŬɘ ˊɟɞɠ əŬɘ 
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Ŭˊɧ Űɞ əɏɜŰɟɞ ŭŮŭɞɛɏɜɤɜ ŮɑɜŬɘ ˊɞɚɨ ɛŮɔɎɚɞɠ, Ŭˊɧ ɛŮɟɘəɎ ŮəŬŰɞɜŰɎŭŮɠ 

gigabytes ɏɤɠ əŬɘ terabytes. ȷɡŰɐ ɖ ˊɞůɧŰɖŰŬ ɚɞɘˊɧɜ Űɤɜ ŭŮŭɞɛɏɜɤɜ ŬˊŬɘŰŮɑ 

ŭɘəŰɡŬəɧ Ůɝɞˊɚɘůɛɧ ɘəŬɜɧ ɜŬ ˊŬɟɏɢŮɘ ŬɝɘɧˊɘůŰŮɠ ůɡɜŭɏůŮɘɠ ɡɣɖɚɐɠ 

ɢɤɟɖŰɘəɧŰɖŰŬɠ ɛŮ Ŭɡɝɖɛɏɜɖ ɘəŬɜɧŰɖŰŬ ŬɜŬˊɟɞůŬɟɛɞɔɐɠ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ 

ɡˊɎɟɢŮɘ ɖ ŭɡɜŬŰɧŰɖŰŬ ŬɜŬɓɎɗɛɘůɖɠ Űɤɜ ɡˊɖɟŮůɘɩɜ -Ŭɜ ŬɡŰɧ əɟɘɗŮɑ ŬɜŬɔəŬɑɞ- 

ɡɘɞɗŮŰɩɜŰŬɠ ɡɣɖɚɧŰŮɟɞɡɠ ɟɡɗɛɞɨɠ ɛŮŰɎŭɞůɖɠ ŭŮŭɞɛɏɜɤɜ. 

¶ ɄŮɟɘɞɟɘůɛɞɑ ɚɧɔɤ ŬˊɧůŰŬůɖɠ: Ƀɘ ŬˊɞůŰɎůŮɘɠ ɛŮŰŬɝɨ Űɤɜ əɏɜŰɟɤɜ 

ŭŮŭɞɛɏɜɤɜ ˊɞɘəɑɚɚɞɡɜ əŬɘ ŬɡŰɧ ŮɑɜŬɘ ɏɜŬ ŮɔɔŮɜɏɠ ɢŬɟŬəŰɖɟɘůŰɘəɧ Űɤɜ 

əɏɜŰɟɤɜ ŭŮŭɞɛɏɜɤɜ ɚɧɔɤ Űɖɠ ŬɟɢɘŰŮəŰɞɜɘəɐɠ Űɞɡɠ. ɀɘɚɎɛŮ ɔɘŬ ŭɘŬůɡɜŭɏůŮɘɠ 

əɏɜŰɟɤɜ ŭŮŭɞɛɏɜɤɜ ɞɘ ɞˊɞɑŮɠ əŬɚɞɨɜŰŬɘ ɜŬ ŭɘŬůɢɑůɞɡɜ ɚɑɔŬ ɢɘɚɘɧɛŮŰɟŬ ŮɑŰŮ 

ŮəŬŰɞɜŰɎŭŮɠ ɢɘɚɘɧɛŮŰɟŬ ŮɑŰŮ ŬəɧɛŬ əŬɘ ɏɜŬɜ ɤəŮŬɜɧ. ɇɞ əɧůŰɞɠ ɛˊɞɟŮɑ ɜŬ 

ŬɡɝɖɗŮɑ ŭɟŬɛŬŰɘəɎ ɧůɞ ɞɘ ŬˊɞůŰɎůŮɘɠ ŬɡŰɏɠ ŬɡɝɎɜɞɡɜ, ˊɟɞəŬɚɩɜŰŬɠ Űɖɜ 

ŬɜɎɔəɖ ɔɘŬ Ůɜɑůɢɡůɖ/ŬɜŬɔɏɜɜɖůɖ ůɐɛŬŰɞɠ əŬɘ ŭŮŭɞɛɏɜɞɡ ɧŰɘ Űɞ Ůɨɟɞɠ ɕɩɜɖɠ 

Űɞ ɞˊɞɑɞ ɛˊɞɟŮɑ ɜŬ űɘɚɞɝŮɜɖɗŮɑ ůŮ ɏɜŬ ɛɐəɞɠ əɨɛŬŰɞɠ ɛŮɘɩɜŮŰŬɘ ŬɜɎɚɞɔŬ ɛŮ 

Űɖɜ ŬˊɧůŰŬůɖ ˊɞɡ ˊɟɏˊŮɘ ɜŬ əŬɚɨɣŮɘ. ȷɡŰɞɑ ɞɘ ˊŬɟɎɔɞɜŰŬɠ ŬɡɝɎɜɞɡɜ Űɞ 

ůɡɜɞɚɘəɧ əɧůŰɞɠ ŬɜɎ bit (cost/bit).  

¶ ɄŮɟɘɞɟɘůɛɞɑ ɚɧɔɤ ɞɘəɞɜɞɛɘəɞɨ əŬɘ ŮɜŮɟɔŮɘŬəɞɨ əɧůŰɞɠ: ɀŮ Űɖɜ 

ŬɜŬɛŮɜɧɛŮɜɖ Ŭɨɝɖůɖ Űɖɠ əɑɜɖůɖɠ ɛŮŰŬɝɨ Űɤɜ əɏɜŰɟɤɜ ŭŮŭɞɛɏɜɤɜ ɜŬ ŮɑɜŬɘ 

ůŰɞ 30% ɔɘŬ əɎɗŮ ɢɟɧɜɞ, ŰŬ əɧůŰɖ ˊɞɡ ůɡɜŭɏɞɜŰŬɘ ɛŮ Űɖɜ ˊŮɟŬɘŰɏɟɤ 

ŬɜɎˊŰɡɝɖ Űɞɡ ŭɘəŰɨɞɡ əŬɘ Űɤɜ ŭɘŬůɡɜŭɏůŮɤɜ ŮɑɜŬɘ ˊɞɚɨ ůɖɛŬɜŰɘəɎ. Ⱥˊɘˊɚɏɞɜ 

ɖ ůɡɜŰɐɟɖůɖ, ɖ əŬŰŬɜɎɚɤůɖ ɘůɢɨɞɠ əŬɘ ɖ ɣɨɝɖ Űɤɜ ɐŭɖ ɡˊŬɟɢɧɜŰɤɜ əɏɜŰɟɤɜ 

ŭŮŭɞɛɏɜɤɜ ɏɢŮɘ ɏɜŬ ˊɞɚɨ Ŭɡɝɖɛɏɜɞ ɚŮɘŰɞɡɟɔɘəɧ əɧůŰɞɠ.  

¶ ɄŮɟɘɞɟɘůɛɞɑ ŬůűɎɚŮɘŬɠ: ɇŬ ŭŮŭɞɛɏɜŬ ˊɞɡ ŬˊɞɗɖəŮɨɞɜŰŬɘ ůŮ ɏɜŬ əɏɜŰɟɞ 

ŭŮŭɞɛɏɜɤɜ əŬɘ ɛˊɞɟŮɑ ɛŮŰŬɝɨ Ɏɚɚɤɜ ɜŬ ŮɑɜŬɘ ɞɘəɞɜɞɛɘəɏɠ ůɡɜŬɚɚŬɔɏɠ, 

ˊɟɞůɤˊɘəɎ ɐ ŮŰŬɘɟɘəɎ ŬɟɢŮɑŬ ŭɖɛɘɞɡɟɔɞɨɜ Űɖɜ ŬˊŬɑŰɖůɖ ɔɘŬ ŬɝɘɧˊɘůŰŮɠ əŬɘ 

ŬůűŬɚŮɑɠ ŭɘŬůɡɜŭɏůŮɘɠ. 

ȺɑɜŬɘ ŭŮŭɞɛɏɜɞ ɚɞɘˊɧɜ ɧŰɘ ɧɚŮɠ ŬɡŰɏɠ ɞɘ ˊɟɞəɚɐůŮɘɠ ɗŬ ˊɟɏˊŮɘ ɜŬ ɚŬɛɓɎɜɞɜŰŬɘ 

ůɞɓŬɟɎ ɡˊɧɣɘɜ əŬŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ ŭɘŬůɨɜŭŮůɖɠ ɡˊɞɚɞɔɘůŰɘəɩɜ əɏɜŰɟɤɜ. ȺɑɜŬɘ 

ŮɝɎɚɚɞɡ əŬɘ ɞɘ ɓŬůɘəɞɑ ɎɝɞɜŮɠ ɛŮɚɏŰɖɠ ˊɎɜɤ ůŰɞɡɠ ɞˊɞɑɞɡɠ ŬɜŬˊŰɨůůɞɜŰŬɘ ɞɘ ɜɏŮɠ 

ŰŮɢɜɞɚɞɔɘəɏɠ ɚɨůŮɘɠ.   .  

1.2 ɀɘŬ ɛŬŰɘɎ ɛɏůŬ ůŰɞ əɏɜŰɟɞ ŭŮŭɞɛɏɜɤɜ 

Ƀ Ƚɇ Ůɝɞˊɚɘůɛɧɠ ˊɞɡ ɓɟɑůəŮŰŬɘ ɛɏůŬ ůŮ ɏɜŬ əɏɜŰɟɞ ŭŮŭɞɛɏɜɤɜ ŮˊɘŰŮɚŮɑ ŰɟŮɑɠ əɨɟɘŮɠ 

ɚŮɘŰɞɡɟɔɑŮɠ ɞɘ ɞˊɞɑŮɠ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰŮɠ ˊɟɞəŮɘɛɏɜɞɡ Űɞ ˊŮɟɘɓɎɚɚɞɜ ˊɞɡ űɘɚɞɝŮɜɞɨɜ 

ɜŬ ɚŮɘŰɞɡɟɔŮɑ ŬˊɟɧůəɞˊŰŬ [1.14], [1.15]: 

1. ɈˊɞɚɞɔɘůŰɘəɐ: ȼ ɛɜɐɛɖ əŬɘ ɖ ɡˊɞɚɞɔɘůŰɘəɐ ɘůɢɨɠ ˊɞɡ ɢɟŮɘɎɕŮŰŬɘ ɔɘŬ ɜŬ 

ŮəŰŮɚɞɨɜŰŬɘ ɞɘ ŮűŬɟɛɞɔɏɠ ɞɘ ɞˊɞɑŮɠ ůɡɜɐɗɤɠ ˊŬɟɏɢɞɜŰŬɘ Ŭˊɧ ŮŰŬɘɟɘəɞɨɠ 

ŭɘŬəɞɛɘůŰɏɠ 

2. ȷˊɞɗɐəŮɡůɖ: ɇŬ əɏɜŰɟŬ ŭŮŭɞɛɏɜɤɜ ˊŮɟɘɚŬɛɓɎɜɞɡɜ ˊɟɤŰŮɨɞɡůŮɠ əŬɘ 

ŮűŮŭɟɘəɏɠ ůɡůəŮɡɏɠ ŬˊɞɗɐəŮɡůɖɠ. ɀŮŰŬɝɨ ŬɡŰɩɜ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ůəɚɖɟɞɑ 

ŭɑůəɞɘ ŬəɧɛŬ əŬɘ ɛŬɔɜɖŰɘəɞɑ ŭɑůəɞɘ ŬɚɚɎ ɞɘ əŬɚɨŰŮɟŮɠ ŮɔəŬŰŬůŰɎůŮɘɠ ůŰɖɜ 

əŬŰɖɔɞɟɑŬ ŬɡŰɐ ŭɘŬɗɏŰɞɡɜ all-flash arrays (ůɡůŰɞɘɢɑŮɠ flash ŭɑůəɤɜ). 
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3. ȹɘəŰɨɤůɖ: ɄŮɟɘɚŬɛɓɎɜɞɡɜ ɛɘŬ ŮɡɟŮɑŬ ɔəɎɛŬ Ůɝɞˊɚɘůɛɞɨ ŭɘəŰɨɤůɖɠ ˊɞɡ 

əɡɛŬɑɜŮŰŬɘ Ŭˊɧ ŭɟɞɛɞɚɞɔɖŰɏɠ əŬɘ ŭɘŬəɧˊŰŮɠ ɏɤɠ ŮɚŮɔəŰɏɠ əŬɘ ŰŮɑɢɖ 

ˊɟɞůŰŬůɑŬɠ (firewalls). 

 

ȺɘəɧɜŬ 5: ȺɜŭŮɘəŰɘəɐ əɎŰɞɣɖ Ůɜɧɠ əɏɜŰɟɞɡ ŭŮŭɞɛɏɜɤɜ- Ůɜɧɠ ɞɟɧűɞɡ 

ȺəŰɧɠ Ŭˊɧ Űɞɜ Ƚɇ Ůɝɞˊɚɘůɛɧ ˊɞɡ ˊŮɟɘɏɢŮɘ, əɎɗŮ əɏɜŰɟɞ ŭŮŭɞɛɏɜɤɜ ŭɘŬɗɏŰŮɘ Űɖɜ 

ɡˊɞŭɞɛɐ ɡˊɞůŰɐɟɘɝɖɠ Űɞɡ Ůɝɞˊɚɘůɛɞɨ, ůɡɛˊŮɟɘɚŬɛɓŬɜɞɛɏɜɤɜ Űɤɜ Ůɝɐɠ: 

¶ ɄŮɟɘɓŬɚɚɞɜŰɘəɞɨɠ ŮɚŮɔəŰɏɠ: Ƀɘ ŬɘůɗɖŰɐɟŮɠ ˊŬɟŬəɞɚɞɡɗɞɨɜ Űɖ ɟɞɐ ŬɏɟŬ, 

Űɖɜ ɡɔɟŬůɑŬ əŬɘ Űɖ ɗŮɟɛɞəɟŬůɑŬ ůŰɖɜ ŮɔəŬŰɎůŰŬůɖ ŬɜɎ ˊɎůŬ ůŰɘɔɛɐ, ɛŮ 

ůɡůŰɐɛŬŰŬ ˊɞɡ ŮɝŬůűŬɚɑɕɞɡɜ ɧŰɘ ɖ ɗŮɟɛɞəɟŬůɑŬ əŬɘ ɖ ɡɔɟŬůɑŬ ˊŬɟŬɛɏɜɞɡɜ 

ŮɜŰɧɠ Űɤɜ əŬɗɞɟɘůɛɏɜɤɜ ˊŮɟɘɞɢɩɜ. 

¶ Racks ŭɘŬəɞɛɘůŰɩɜ (server): ɇɞ ɛŮɔŬɚɨŰŮɟɞ ɛɏɟɞɠ Űɞɡ Ůɝɞˊɚɘůɛɞɨ Ůɜɧɠ 

əɏɜŰɟɞɡ ŭŮŭɞɛɏɜɤɜ, űɘɚɞɝŮɜŮɑŰŬɘ ůŮ ŮɘŭɘəɎ ůɢŮŭɘŬůɛɏɜŬ ɟɎűɘŬ (racks) ɐ ůŮ 

cabinets ˊɞɡ ůɢŮŭɘɎɕɞɜŰŬɘ ɔɘô ŬɡŰɧ Űɞ ɚɧɔɞ. 

¶ ɇɟɞűɞŭɞůɑŮɠ: ɇŬ ˊŮɟɘůůɧŰŮɟŬ əɏɜŰɟŬ ŭŮŭɞɛɏɜɤɜ ɢɟɖůɘɛɞˊɞɘɞɨɜ ŮűŮŭɟɘəɎ 

ůɡůŰɐɛŬŰŬ ŰɟɞűɞŭɞůɑŬɠ ɛŮ ɓɎůɖ Űɖɜ ɛˊŬŰŬɟɑŬ ɘəŬɜɎ ɜŬ ŬɜŰɘůŰŬɗɛɑůɞɡɜ Űɘɠ 

ɓɟŬɢɡˊɟɧɗŮůɛŮɠ ŭɘŬəɞˊɏɠ ɟŮɨɛŬŰɞɠ əŬɘ ɛŮɔŬɚɨŰŮɟŮɠ ɔŮɜɜɐŰɟɘŮɠ ˊɞɡ ɛˊɞɟɞɨɜ 

ɜŬ ŰɟɞűɞŭɞŰɐůɞɡɜ ůŮ ˊŮɟɑˊŰɤůɖ ɛŮɔŬɚɨŰŮɟɤɜ ŭɘŬəɞˊɩɜ ŭɘəŰɨɞɡ. 

¶ ɆɡůŰɐɛŬŰŬ əŬɚɤŭɑɤůɖɠ əŬɘ ŭɘŬɢŮɑɟɘůɖɠ əŬɚɤŭɑɤɜ: ȰɜŬ əɏɜŰɟɞ 

ŭŮŭɞɛɏɜɤɜ ɛɘŬɠ ŮˊɘɢŮɑɟɖůɖɠ ɛˊɞɟŮɑ ɜŬ ˊŮɟɘɚŬɛɓɎɜŮɘ ŮəŬŰɞɜŰɎŭŮɠ ɢɘɚɘɧɛŮŰɟŬ 

ɞˊŰɘəɩɜ ɘɜɩɜ. ũɑɜŮŰŬɘ ŬɜŰɘɚɖˊŰɧ ɧŰɘ ɔɘŬ ɜŬ ŭɘŬŰɖɟŮɑŰŬɘ ŰŬəŰɞˊɞɘɖɛɏɜɖ ŬɡŰɐ ɖ 

əŬɚɤŭɑɤůɖ əŬɘ ɜŬ ŮɑɜŬɘ ˊɟɞůɓɎůɘɛɖ ɗŬ ˊɟɏˊŮɘ ɜŬ ɡˊɎɟɢɞɡɜ əŬŰɎɚɚɖɚŬ 

ůɡůŰɐɛŬŰŬ ˊɞɡ ɗŬ ŮˊɘŰŮɚɞɨɜ ŬɡŰɐ Űɖ ɚŮɘŰɞɡɟɔɑŬ. 

ɄɞɚɚɎ ɛŮɔɎɚŬ əɏɜŰɟŬ ŭŮŭɞɛɏɜɤɜ ůŰŮɔɎɕɞɜŰŬɘ ůŮ ŮɘŭɘəɎ əŰɑɟɘŬ. ɀɘəɟɧŰŮɟŬ əɏɜŰɟŬ 

ŭŮŭɞɛɏɜɤɜ ɛˊɞɟŮɑ ɜŬ ɓɟɑůəɞɜŰŬɘ ůŮ ŮɘŭɘəɎ ůɢŮŭɘŬůɛɏɜɞɡɠ ɢɩɟɞɡɠ ŮɜŰɧɠ əŰɘɟɑɤɜ ˊɞɡ 

əŬŰŬůəŮɡɎɕɞɜŰŬɘ ɔɘŬ ɜŬ ŮɝɡˊɖɟŮŰɞɨɜ ˊɞɚɚŬˊɚɏɠ ɚŮɘŰɞɡɟɔɑŮɠ. ȹŮŭɞɛɏɜɞɡ ɧŰɘ ŰŬ 

əɏɜŰɟŬ ŭŮŭɞɛɏɜɤɜ əŬŰŬɜŬɚɩɜɞɡɜ ɛŮɔɎɚŮɠ ˊɞůɧŰɖŰŮɠ ŮɜɏɟɔŮɘŬɠ, ŮɑɜŬɘ ůɖɛŬɜŰɘəɧ ɜŬ 

ŭɘŬůűŬɚɘůŰŮɑ ɧŰɘ ɞɘ űɡůɘəɏɠ ŭɞɛɏɠ ˊɞɡ Űɘɠ ůŰŮɔɎɕɞɡɜ ŮɑɜŬɘ əŬɚɎ ůɢŮŭɘŬůɛɏɜŮɠ əŬɘ 
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əŬŰɎɚɚɖɚŬ ɛɞɜɤɛɏɜŮɠ ɔɘŬ Űɖ ɓŮɚŰɘůŰɞˊɞɑɖůɖ Űɤɜ Ůɚɏɔɢɤɜ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬɘ Űɖɠ 

ŮɜŮɟɔŮɘŬəɐɠ Űɞɡɠ Ŭˊɧŭɞůɖɠ. ɇŬ əɏɜŰɟŬ ŭŮŭɞɛɏɜɤɜ ˊɟɏˊŮɘ ɜŬ ɓɟɑůəɞɜŰŬɘ əɞɜŰɎ ůŮ 

ŬɝɘɧˊɘůŰŮɠ ˊɖɔɏɠ ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ əŬɘ ɜŬ ŭɘŬɗɏŰɞɡɜ ůɡɜŭŮůɘɛɧŰɖŰŬ ŭɘəŰɨɞɡ 

ɡɣɖɚɐɠ ŰŬɢɨŰɖŰŬɠ. ȼ ŮɔəŬŰɎůŰŬůɖ ŭŮɜ ˊɟɏˊŮɘ ɜŬ ɓɟɑůəŮŰŬɘ ŮɜŰɧɠ ɐ əɞɜŰɎ ůŮ ɕɩɜŮɠ 

ůŰɘɠ ɞˊɞɑŮɠ ůɡɛɓŬɑɜɞɡɜ ůɡɢɜɎ ˊɚɖɛɛɨɟŮɠ, ɞɨŰŮ ɜŬ ŮɑɜŬɘ ɏəɗŮŰɖ ůŮ Ɏɚɚɞɡɠ 

ˊŮɟɘɓŬɚɚɞɜŰɘəɞɨɠ əɘɜŭɨɜɞɡɠ. Ƀɘ ɘəŬɜɧŰɖŰŮɠ Űɤɜ Űɞɑɢɤɜ əŬɘ Űɤɜ ŭŬˊɏŭɤɜ Űɞɡ əŰɖɟɑɞɡ 

ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ ŮˊŬɟəŮɑɠ ɔɘŬ Űɞ ɓɎɟɞɠ Űɞɡ ɡɚɘəɞɨ, Űɤɜ ɟŬűɘɩɜ əŬɘ Ɏɚɚɤɜ ɡˊɞŭɞɛɩɜ 

ɡˊɞůŰɐɟɘɝɖɠ ˊɞɡ ɗŬ űɘɚɞɝŮɜɖɗɞɨɜ. ɄŬɟɎɚɚɖɚŬ ɖ ŮɔəŬŰɎůŰŬůɖ ˊɟɏˊŮɘ ɜŬ ŭɘŬɗɏŰŮɘ 

ɎűɗɞɜŬ ůɡůŰɐɛŬŰŬ ŬůűŬɚŮɑŬɠ əŬɘ ˊɡɟɧůɓŮůɖɠ, əŬɗɩɠ əŬɘ əŬŰɎɚɚɖɚŬ ůɡůŰɐɛŬŰŬ 

əŬŰŬɔɟŬűɐɠ. 

ɇɞ ˊɘɞ Ůɡɟɏɤɠ ŭɘŬŭŮŭɞɛɏɜɞ ˊɟɧŰɡˊɞ ɔɘŬ Űɞɜ ůɢŮŭɘŬůɛɧ əŬɘ Űɖɜ ɡˊɞŭɞɛɐ Űɤɜ 

əɏɜŰɟɤɜ ŭŮŭɞɛɏɜɤɜ ŮɑɜŬɘ Űɞ ANSI/TIA-942 [1.16]. ɄŮɟɘɚŬɛɓɎɜŮɘ əŬŰɎɚɚɖɚŬ 

ˊɟɧŰɡˊŬ ɔɘŬ ˊɘůŰɞˊɞɑɖůɖ, ɖ ɞˊɞɑŬ ŭɘŬůűŬɚɑɕŮɘ Űɖ ůɡɛɛɧɟűɤůɖ ɛŮ ɛɘŬ Ŭˊɧ Űɘɠ 

ŰɏůůŮɟɘɠ əŬŰɖɔɞɟɑŮɠ ɓŬɗɛɑŭɤɜ (tiers) əɏɜŰɟɤɜ ŭŮŭɞɛɏɜɤɜ ŰŬ ɞˊɞɑŬ Ŭɝɘɞɚɞɔɞɨɜ ŰŬ 

ŮˊɑˊŮŭŬ Ŭɜɞɢɐɠ ůűŬɚɛɎŰɤɜ əŬɘ ˊɚŮɞɜŬůɛɞɨ (redundancy) [1.17]. 

¶ ȺˊɑˊŮŭɞ 1: ɇɞˊɞɗŮůɑŬ ɓŬůɘəɐɠ ɡˊɞŭɞɛɐɠ. ɇɞ əɏɜŰɟɞ ŭŮŭɞɛɏɜɤɜ Ůˊɘˊɏŭɞɡ 1 

ˊɟɞůűɏɟŮɘ ˊŮɟɘɞɟɘůɛɏɜɖ ˊɟɞůŰŬůɑŬ ɏɜŬɜŰɘ űɡůɘəɩɜ ůɡɛɓɎɜŰɤɜ. ȹɘŬɗɏŰŮɘ 

ůŰɞɘɢŮɑŬ ɛɞɜɐɠ ɢɤɟɖŰɘəɧŰɖŰŬɠ (single capacity) əŬɘ ɛɑŬ ɛɖ ˊɚŮɞɜɎɕɞɡůŬ 

ŭɘŬŭɟɞɛɐ ŭɘŬɜɞɛɐɠ (nonredundant distribution path). 

¶ ȺˊɑˊŮŭɞ 2: ɇɞˊɞɗŮůɑŬ ɡˊɞŭɞɛɐɠ ɛŮ ˊɚŮɞɜɎɕɞɡůŬ ɢɤɟɖŰɘəɧŰɖŰŬ. ȷɡŰɧ Űɞ 

əɏɜŰɟɞ ŭŮŭɞɛɏɜɤɜ  ˊɟɞůűɏɟŮɘ ɓŮɚŰɘɤɛɏɜɖ ˊɟɞůŰŬůɑŬ ɏɜŬɜŰɘ Űɤɜ űɡůɘəɩɜ 

ůɡɛɓɎɜŰɤɜ. ȹɘŬɗɏŰŮɘ ůŰɞɘɢŮɑŬ ˊɚŮɞɜɎɕɞɡůŬɠ ɢɤɟɖŰɘəɧŰɖŰŬɠ əŬɘ ɛɑŬ ɛɖ 

ˊɚŮɞɜɎɕɞɡůŬ ŭɘŬŭɟɞɛɐ ŭɘŬɜɞɛɐɠ. 

¶ ȺˊɑˊŮŭɞ 3: ɇɞˊɞɗŮůɑŬ ˊŬɟɎɚɚɖɚɖɠ ŭɘŬŰɐɟɖůɖɠ ɡˊɞŭɞɛɐɠ. ȷɡŰɧ Űɞ əɏɜŰɟɞ 

ŭŮŭɞɛɏɜɤɜ ˊɟɞůŰŬŰŮɨŮɘ Ŭˊɧ ůɢŮŭɧɜ ɧɚŬ ŰŬ űɡůɘəɎ ůɡɛɓɎɜŰŬ, ˊŬɟɏɢɞɜŰŬɠ 

ůŰɞɘɢŮɑŬ ˊɚŮɞɜɎɕɞɡůŬɠ ɢɤɟɖŰɘəɧŰɖŰŬɠ əŬɘ ˊɞɚɚŬˊɚɏɠ ŬɜŮɝɎɟŰɖŰŮɠ ŭɘŬŭɟɞɛɏɠ 

ŭɘŬɜɞɛɐɠ. ȾɎɗŮ ůŰɞɘɢŮɑɞ ɛˊɞɟŮɑ ɜŬ ŬűŬɘɟŮɗŮɑ ɐ ɜŬ ŬɜŰɘəŬŰŬůŰŬɗŮɑ ɢɤɟɑɠ ɜŬ 

ŭɘŬŰŬɟŬɢɗɞɨɜ ɞɘ ɡˊɖɟŮůɑŮɠ ůŰɞɡɠ ŰŮɚɘəɞɨɠ ɢɟɐůŰŮɠ. 

¶ ȺˊɑˊŮŭɞ 4: ɇɞˊɞɗŮůɑŬ ɡˊɞŭɞɛɐɠ ɛŮ Ŭɜɞɢɐ ůűɎɚɛŬŰɞɠ. ȷɡŰɧ Űɞ əɏɜŰɟɞ 

ŭŮŭɞɛɏɜɤɜ ˊŬɟɏɢŮɘ ŰŬ ɡɣɖɚɧŰŮɟŬ ŮˊɑˊŮŭŬ Ŭɜɞɢɐɠ ůűŬɚɛɎŰɤɜ əŬɘ 

ˊɚŮɞɜŬůɛɞɨ. ɇŬ ŮɝŬɟŰɐɛŬŰŬ ˊɚŮɞɜɎɕɞɡůŬɠ ɢɤɟɖŰɘəɧŰɖŰŬɠ əŬɘ ˊɞɚɚɏɠ 

ŬɜŮɝɎɟŰɖŰŮɠ ŭɘŬŭɟɞɛɏɠ ŭɘŬɜɞɛɐɠ ŮˊɘŰɟɏˊɞɡɜ ŰŬɡŰɧɢɟɞɜɖ ůɡɜŰɐɟɖůɖ əŬɘ ɏɜŬ 

ůűɎɚɛŬ ɞˊɞɡŭɐˊɞŰŮ ůŰɖɜ ŮɔəŬŰɎůŰŬůɖ ŭŮɜ ˊɟɞəŬɚŮɑ ŭɘŬəɞˊɐ ɚŮɘŰɞɡɟɔɑŬɠ. 

1.3 ȾɏɜŰɟŬ ŭŮŭɞɛɏɜɤɜ ɜɏűɞɡɠ 

ȳŰŬɜ ɞɘ ŮˊɘɢŮɘɟɐůŮɘɠ ŭɘŬŰɖɟɞɨɜ ŰŬ ŭŮŭɞɛɏɜŬ Űɞɡɠ əŬɘ Űɞɜ űɧɟŰɞ ŮɟɔŬůɑŬɠ Űɞɡɠ 

(workload) ůŮ əɏɜŰɟŬ ŭŮŭɞɛɏɜɤɜ ɜɏűɞɡɠ, ůŰɖɟɑɕɞɜŰŬɘ ůŮ űɡůɘəɏɠ ɡˊɞŭɞɛɏɠ ɧˊɤɠ 

Ŭəɟɘɓɩɠ ŬɡŰɏɠ ˊɞɡ ˊŮɟɘɔɟɎűɖəŬɜ ˊŬɟŬˊɎɜɤ əŬɘ ɞɘ ɞˊɞɑŮɠ űɘɚɞɝŮɜɞɨɜŰŬɘ ŮɜŰɧɠ Űɖɠ 

ŮˊɘɢŮɑɟɖůɖɠ (on-premises). ɄŬɟɧɚŬ ŬɡŰɎ ɞ ˊŮɚɎŰɖɠ Űɖɠ ɡˊɖɟŮůɑŬɠ ɜɏűɞɡɠ ŭŮɜ ŮɑɜŬɘ 

ˊɚɏɞɜ ɡˊɞɢɟŮɤɛɏɜɞɠ ɜŬ ůɢŮŭɘɎɕŮɘ, űɘɚɞɝŮɜŮɑ, ɜŬ ůɡɜŰɖɟŮɑ, ɜŬ ŰɟɞűɞŭɞŰŮɑ ɛŮ 

ŮɜɏɟɔŮɘŬ, ɜŬ ŭɘŬɗɏŰŮɘ ˊɟɞůɤˊɘəɧ ɐ ɜŬ ŬůűŬɚɑɕŮɘ ɛɘŬ əŰɘɟɘŬəɐ ɡˊɞŭɞɛɐ. ȷɜŰô ŬɡŰɞɨ ɞ 

ˊɎɟɞɢɞɠ Űɖɠ ɡˊɖɟŮůɑŬɠ ɜɏűɞɡɠ ŬɜŬɚŬɛɓɎɜŮɘ Űɖɜ Ůɡɗɨɜɖ Űɖɠ ŭɘɎɗŮůɖɠ əŬɘ Űɖɠ 

ůɡɜŰɐɟɖůɖɠ Űɤɜ ˊɧɟɤɜ Ůɜɧɠ əɏɜŰɟɞɡ ŭŮŭɞɛɏɜɤɜ. ȺəŰɧɠ Űɤɜ Ɏɚɚɤɜ, ɖ ɚɞɔɘəɐ ŬɡŰɐ 
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ŬˊŮɚŮɡɗŮɟɩɜŮɘ Űɞɡɠ ˊŮɚɎŰŮɠ Űɤɜ əɏɜŰɟɤɜ ŭŮŭɞɛɏɜɤɜ ɜɏűɞɡɠ Ŭˊɧ Űɞ əɧůŰɞɠ Űɖɠ 

ůɡɜŰɐɟɖůɖɠ əŬɘ ŬɜɎˊŰɡɝɖɠ Űɞɡɠ. ɀŮ Űɖɜ ɡɘɞɗɏŰɖůɖ Űɤɜ ɡˊɖɟŮůɘɩɜ ɜɏűɞɡɠ (cloud 

computing) ɜŬ ůɡɜŮɢɑɕŮɘ ɜŬ ŬɡɝɎɜŮŰŬɘ, ŰŬ əɏɜŰɟŬ ŭŮŭɞɛɏɜɤɜ ɜɏűɞɡɠ űɘɚɞɝŮɜɞɨɜ ɧɚɞ 

əŬɘ ɛŮɔŬɚɨŰŮɟɞ ˊɞůɞůŰɧ űɧɟŰɞɡ ŮɟɔŬůɑŬɠ Űɤɜ ŮˊɘɢŮɘɟɐůŮɤɜ. ɆɨɛűɤɜŬ ɛŮ ɛŮɚɏŰŮɠ 

(gartner), Űɞ 80% Űɤɜ ŮˊɘɢŮɘɟɐůŮɤɜ ɗŬ ɏɢɞɡɜ əɚŮɑůŮɘ ŰŬ ˊŬɟŬŭɞůɘŬəɎ əɏɜŰɟŬ 

ŭŮŭɞɛɏɜɤɜ Űɞɡɠ ɏɤɠ Űɞ 2025 [1.18]. Ƀ ˊɎɟɞɢɞɠ ɡˊɖɟŮůɘɩɜ ɜɏűɞɡɠ ůɡɜɐɗɤɠ 

ˊɟɞůűɏɟŮɘ ůŰɞɡɠ ˊŮɚɎŰŮɠ əɞɘɜɧɢɟɖůŰɖ ˊɟɧůɓŬůɖ ůŮ Ůɘəɞɜɘəɞɨɠ ˊɧɟɞɡɠ ɡˊɞɚɞɔɘůŰɩɜ 

(ˊ.ɢ. Ůɘəɞɜɘəɏɠ ɛɖɢŬɜɏɠ (VM)) ɐ ŬˊɞəɚŮɘůŰɘəɐ ˊɟɧůɓŬůɖ ůŮ ůɡɔəŮəɟɘɛɏɜɞɡɠ 

ɛŮɛɞɜɤɛɏɜɞɡɠ űɡůɘəɞɨɠ ɡˊɞɚɞɔɘůŰɏɠ, ŬˊɞɗɖəŮɡŰɘəɞɨɠ ɢɩɟɞɡɠ əŬɘ hardware 

ŭɘəŰɨɤůɖɠ.  

1.3.1 ɄɚŮɞɜŮəŰɐɛŬŰŬ Űɤɜ əɏɜŰɟɤɜ ŭŮŭɞɛɏɜɤɜ ɜɏűɞɡɠ 

Ƀɘ ˊɎɟɞɢɞɘ ɡˊɖɟŮůɘɩɜ əɏɜŰɟɤɜ ŭŮŭɞɛɏɜɤɜ ɜɏűɞɡɠ ŬˊɞɚŬɛɓɎɜɞɡɜ ŰŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ 

Űɤɜ ɞɘəɞɜɞɛɘɩɜ əɚɑɛŬəŬɠ əŬɘ ɏŰůɘ ŮɑɜŬɘ ůŮ ɗɏůɖ ɜŬ ˊŬɟɏɢɞɡɜ ůŰɞɡɠ ŮɜɞɘəɘŬůŰɏɠ Űɞɡɠ 

ůɨɔɢɟɞɜɞ hardware, ˊɟɞɖɔɛɏɜɖ ŬůűɎɚŮɘŬ əŬɘ əŬɚɨŰŮɟɖ ŭɘŬɗŮůɘɛɧŰɖŰŬ əŬɘ 

ŬɜɗŮəŰɘəɧŰɖŰŬ Ŭˊɧ ɧ, Űɘ ɞɘ ɑŭɘɞɘ  ɞɘ ŮɜɞɘəɘŬůŰɏɠ ɗŬ ɛˊɞɟɞɨůŬɜ ɜŬ ŬɜŰɏɝɞɡɜ 

ɞɘəɞɜɞɛɘəɎ Ŭɜ ŭɖɛɘɞɡɟɔɞɨůŬɜ ŰŬ ŭɘəɎ Űɞɡɠ əɏɜŰɟŬ ŭŮŭɞɛɏɜɤɜ. ɀŮɟɘəɎ Ŭˊɧ ŰŬ 

ɓŬůɘəɎ ɞűɏɚɖ Űɤɜ əɏɜŰɟɤɜ ŭŮŭɞɛɏɜɤɜ ɜɏűɞɡɠ ŮɑɜŬɘ ŰŬ ŬəɧɚɞɡɗŬ [1.19], [1.20], 

[1.21]: 

¶ ȷˊɞŰŮɚŮůɛŬŰɘəɐ ɢɟɐůɖ ˊɧɟɤɜ: ɆŮ ŬɟɢɘŰŮəŰɞɜɘəɏɠ ŭɖɛɧůɘɞɡ ɜɏűɞɡɠ, ˊɞɚɚɞɑ 

ŮɜɞɘəɘŬůŰɏɠ ɛɞɘɟɎɕɞɜŰŬɘ Űɖɜ ɑŭɘŬ űɡůɘəɐ ɡˊɞŭɞɛɐ. ȷɡŰɧ ůɖɛŬɑɜŮɘ ɧŰɘ 

ɛŮɛɞɜɤɛɏɜŮɠ ŮˊɘɢŮɘɟɐůŮɘɠ ŭŮɜ ɢɟŮɘɎɕŮŰŬɘ ɜŬ ŬɔɞɟɎɕɞɡɜ, ɜŬ ɢŰɑɕɞɡɜ əŬɘ ɜŬ 

ůɡɜŰɖɟɞɨɜ ˊɧɟɞɡɠ ɔɘŬ ɚŮɘŰɞɡɟɔɑŮɠ ɧˊɤɠ ɞ ɡˊɞɚɞɔɘůɛɧɠ əŬɘ ɖ ŬˊɞɗɐəŮɡůɖ. ȷɜ 

ůɡɜɡˊɞɚɞɔɘůŰŮɑ Űɞ ɔŮɔɞɜɧɠ ɧŰɘ ɞ ůɢŮŭɘŬůɛɧɠ Űɤɜ ˊɧɟɤɜ ŬɡŰɩɜ ɔɑɜŮŰŬɘ 

ŮəŰɘɛɩɜŰŬɠ Űɘɠ ˊŮɟɘɧŭɞɡɠ ɛɏɔɘůŰɖɠ ɢɟɐůɖɠ (peak usage periods) ŬɚɚɎ əŬɘ 

ˊŬɟɏɢɞɜŰŬɠ ŭɡɜŬŰɧŰɖŰŮɠ ŬɜŬəŬŰŮɨɗɡɜůɖɠ ůŮ ˊŮɟɑˊŰɤůɖ ůűŬɚɛɎŰɤɜ, 

əŬŰŬɚŬɓŬɑɜɞɡɛŮ ɧŰɘ Űɞ əɧůŰɞɠ ɔɑɜŮŰŬɘ ŭɡůŬɜɎɚɞɔŬ ɛŮɔɎɚɞ. 

¶ ũɟɐɔɞɟɖ ŬɜɎˊŰɡɝɖ (deployment) əŬɘ ŮˊŮəŰŬůɘɛɧŰɖŰŬ (scalability ): Ƀɘ 

ˊɧɟɞɘ ɛˊɞɟɞɨɜ ɜŬ ˊŬɟŬůɢŮɗɞɨɜ ɛŮ ɚɑɔŬ ɛɧɜɞ əɚɘə, ɞˊɧŰŮ ɖ ŬɜɎˊŰɡɝɖ ɜɏɤɜ 

ɡˊɖɟŮůɘɩɜ ŭɘŬɟəŮɑ ɛɧɜɞ ɏɜŬ ɛɘəɟɧ əɚɎůɛŬ Űɞɡ ɢɟɧɜɞɡ ˊɞɡ ɗŬ ɢɟŮɘŬɕɧŰŬɜ ɖ 

ŬɜŰɑůŰɞɘɢɖ ŮɜɏɟɔŮɘŬ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ on-premises ŮɔəŬŰŬůŰɎůŮɤɜ. 

¶ ɀŮɘɤɛɏɜɞ əɧůŰɞɠ əŮűŬɚŬɘɞɡɢɘəɩɜ ŭŬˊŬɜɩɜ (CAPEX): ȺˊŮɘŭɐ ɞɘ 

ŮɜɞɘəɘŬůŰɏɠ ɡˊɖɟŮůɘɩɜ ɜɏűɞɡɠ ˊɚɖɟɩɜɞɡɜ ŬɜɎɚɞɔŬ ɛŮ Űɘɠ ŬɜɎɔəŮɠ Űɞɡɠ, 

ůɡɜɐɗɤɠ ɛɏůɤ Ůɜɧɠ ɛɞɜŰɏɚɞɡ ůɡɜŭɟɞɛɐɠ, ŭŮɜ ɢɟŮɘɎɕŮŰŬɘ ɜŬ 

ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ůɖɛŬɜŰɘəɏɠ Ůə Űɤɜ ˊɟɞŰɏɟɤɜ ŮˊŮɜŭɨůŮɘɠ ůŮ ɜɏɞ hardware. 

¶ ȷˊŮɚŮɡɗɏɟɤůɖ Ƚɇ ˊɟɞůɤˊɘəɞɨ: Ƀ ˊɎɟɞɢɞɠ ɡˊɖɟŮůɘɩɜ ɜɏűɞɡɠ ŬɜŬɚŬɛɓɎɜŮɘ 

Űɖɜ Ůɡɗɨɜɖ ɔɘŬ Űɖɜ ŬůűɎɚŮɘŬ əŬɘ Űɖ ůɡɜŰɐɟɖůɖ Űɖɠ ɡˊɞŭɞɛɐɠ, 

ŮɚŮɡɗŮɟɩɜɞɜŰŬɠ ŰŬ ŰɛɐɛŬŰŬ ˊɚɖɟɞűɞɟɘəɐɠ Űɤɜ ˊŮɚŬŰɩɜ Ŭˊɧ əŬɗɖɛŮɟɘɜɏɠ 

ŮɟɔŬůɑŮɠ ůɡɜŰɐɟɖůɖɠ Űɞɡ Ůɝɞˊɚɘůɛɞɨ. 

¶ ɄɟɧůɓŬůɖ ůŮ ɏɜŬ ˊŬɔəɧůɛɘɞ ŭɑəŰɡɞ əɏɜŰɟɤɜ ŭŮŭɞɛɏɜɤɜ: Ƀɘ əɨɟɘɞɘ 

ˊɎɟɞɢɞɘ ɡˊɖɟŮůɘɩɜ ɜɏűɞɡɠ ɏɢɞɡɜ ŭɘŬɜŮɑɛŮɘ ŰŬ əɏɜŰɟŬ ŭŮŭɞɛɏɜɤɜ Űɞɡɠ ůŮ 

ˊɞɚɚɏɠ ˊŮɟɘɞɢɏɠ əŬɘ ɖˊŮɑɟɞɡɠ. ȷɡŰɧ ŮˊɘŰɟɏˊŮɘ ůŰɞɡɠ ˊŮɚɎŰŮɠ ɜŬ ˊɚɖɟɞɨɜ Űɘɠ 

ŬˊŬɘŰɐůŮɘɠ ŬůűɎɚŮɘŬɠ əŬɘ əŬɜɞɜɘůɛɩɜ Űɞɡɠ əŬɘ ŭɘŬůűŬɚɑɕŮɘ ɧŰɘ ɖ 
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ŮˊŮɝŮɟɔŬůŰɘəɐ Ŭˊɧŭɞůɖ ŮɑɜŬɘ ɓŮɚŰɘůŰɞˊɞɘɖɛɏɜɖ ɔɘŬ Űɖɜ ˊŮɚŬŰŮɘŬəɐ Űɞɡɠ 

ɓɎůɖ, ŬɜŮɝɎɟŰɖŰŬ Ŭˊɧ Űɞɜ Űɧˊɞ ůŰɞɜ ɞˊɞɑɞ ɓɟɑůəɞɜŰŬɘ. ȼ Ŭˊɧŭɞůɖ Űɤɜ 

ŭɘəŰɨɤɜ ˊŬɔəɞůɛɑɤɠ ɛˊɞɟŮɑ ɜŬ ŮəŰɘɛɖɗŮɑ ůɡɔəɟɑɜɞɜŰŬɠ Űɖɜ ŬˊɧůŰŬůɖ ˊɞɡ 

ˊɟɏˊŮɘ ɜŬ ŭɘŬɜɨůɞɡɜ ŰŬ ŭŮŭɞɛɏɜŬ ɛŮ Űɖɜ ŰŬɢɨŰɖŰŬ ˊɞɡ ɛˊɞɟŮɑ ɜŬ ŰŬɝɘŭŮɨŮɘ Űɞ 

űɤɠ ůŰɘɠ ɞˊŰɘəɏɠ ɑɜŮɠ, Űɖɠ ɞˊɞɑŬɠ ɖ Ŭˊɧŭɞůɖ ɛˊɞɟŮɑ ɜŬ ŮəŰɘɛɖɗŮɑ ůŰɞɜ ˊɘɗŬɜɧ 

ɢɟɧɜɞ ŮˊɘůŰɟɞűɐɠ (return trip time- RTT) ɔɘŬ ŰŬ ŭŮŭɞɛɏɜŬ. ȳůɞ ˊɘɞ əɞɜŰɎ 

ŬˊɞɗɖəŮɨɞɜŰŬɘ ŰŬ ŭŮŭɞɛɏɜŬ ůŰɞɡɠ ɢɟɐůŰŮɠ, Űɧůɞ əŬɚɨŰŮɟɖ ŮɑɜŬɘ ɖ Ŭˊɧŭɞůɖ 

Űɤɜ ɡˊɖɟŮůɘɩɜ. 

ɀŮ ɧɚŬ ŰŬ ˊŬɟŬˊɎɜɤ, ɔɑɜŮŰŬɘ ůŬűɏɠ ɧŰɘ ɖ ŭɘŬůɨɜŭŮůɖ Űɤɜ əɏɜŰɟɤɜ ŭŮŭɞɛɏɜɤɜ ŮɑɜŬɘ 

ɕɤŰɘəɐɠ ůɖɛŬůɑŬɠ ɔɘŬ Űɖɜ Ůɨɟɡɗɛɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡɠ əŬɘ ůŰɞ ˊɟɧɓɚɖɛŬ ŬɡŰɧ ɏɟɢɞɜŰŬɘ 

ɜŬ ŬˊŬɜŰɐůŮɘ ɖ űɤŰɞɜɘəɐ ŰŮɢɜɞɚɞɔɑŬ ɛɏůɤ Űɖɠ ŬɜɎˊŰɡɝɖɠ ɞˊŰɘəɩɜ ŭɘŬůɡɜŭɏůŮɤɜ.  

1.4 ɇŮɢɜɞɚɞɔɑŮɠ ūɤŰɞɜɘəɩɜ Ƀɚɞəɚɖɟɤɛɏɜɤɜ ȾɡəɚɤɛɎŰɤɜ  

ȼ ūɤŰɞɜɘəɐ ŮɑɜŬɘ ɖ űɡůɘəɐ ŮˊɘůŰɐɛɖ ŮəŮɑɜɖ ˊɞɡ ɛŮɚŮŰɎŮɘ Űɖ ɔɏɜɜɖůɖ, Űɖɜ ŬɜɑɢɜŮɡůɖ 

əŬɘ Űɖ ŭɘŬɢŮɑɟɘůɐ Űɞɡ űɤŰɧɠ ɛɏůɤ Ůəˊɞɛˊɐɠ, ŭɘɎŭɞůɖɠ, ŭɘŬɛɧɟűɤůɖɠ, ŮˊŮɝŮɟɔŬůɑŬɠ 

ůɐɛŬŰɞɠ, Ůɜɑůɢɡůɖɠ əŬɘ ŬɜŬŭɟɞɛɞɚɧɔɖůɖɠ [1.22]. ȷˊɞŰŮɚŮɑ ɏɜŬɜ ˊɞɚɨ ɕɤɖɟɧ ŰɞɛɏŬ 

Űɖɠ ˊŬɔəɧůɛɘŬɠ ɞɘəɞɜɞɛɑŬɠ, ɛŮ Űɖɜ ŬɔɞɟɎ Űɤɜ űɤŰɞɜɘəɩɜ ɜŬ ŮəŰɘɛɎŰŬɘ ůŰŬ 

$829.775ŭɘɠ. ɔɘŬ Űɞ 2025 [1.23]. Ƀɘ ŮűŬɟɛɞɔɏɠ Űɖɠ ŮɑɜŬɘ ˊŬɜŰŬɢɞɨ ˊŬɟɞɨůŮɠ ůŮ ɧɚɞɡɠ 

Űɞɡɠ ŰɞɛŮɑɠ, Ŭˊɧ Űɖɜ əŬɗɖɛŮɟɘɜɐ ɕɤɐ ɛɏɢɟɘ Űɘɠ ˊɘɞ ŮɝŮɚɘɔɛɏɜŮɠ ŮűŬɟɛɞɔɏɠ Űɖɠ 

ŮˊɘůŰɐɛɖɠ. ɀŮɟɘəɏɠ ɛɧɜɞ Ŭˊɧ ŬɡŰɏɠ ŮɑɜŬɘ ɞɘ ŰɖɚŮˊɘəɞɘɜɤɜɑŮɠ, ɖ ŮˊŮɝŮɟɔŬůɑŬ Űɖɠ 

ˊɚɖɟɞűɞɟɑŬɠ, ɖ űŬůɛŬŰɞɔɟŬűɑŬ, ɖ ŬɜɎˊŰɡɝɖ ɛɖɢŬɜɖɛɎŰɤɜ əŬɘ ŬɘůɗɖŰɐɟɤɜ ůŮ 

ɘŬŰɟɘəɏɠ əŬɘ ɓɘɞɚɞɔɘəɏɠ ŮűŬɟɛɞɔɏɠ, ɖ ɟɞɛˊɞŰɘəɐ ə.Ŭ. ɄɟɞəŮɘɛɏɜɞɡ ɚɞɘˊɧɜ ɜŬ 

əŬɚɡűɗŮɑ ŬɡŰɐ ɖ ŰŮɟɎůŰɘŬ ŬɜɎɔəɖ ɔɘŬ űɤŰɞɜɘəɏɠ ŭɞɛɏɠ ɡɣɖɚɐɠ ɚŮɘŰɞɡɟɔɘəɧŰɖŰŬɠ 

ŬɚɚɎ ˊŬɟɎɚɚɖɚŬ əŬɘ ɢŬɛɖɚɞɨ əɧůŰɞɡɠ, ɖ ŰŮɢɜɞɚɞɔɑŬ Űɤɜ űɤŰɞɜɘəɩɜ 

ɞɚɞəɚɖɟɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ ɏɢŮɘ ŬɜŬˊŰɡɢɗŮɑ ɟŬɔŭŬɑŬ. 

ȰɜŬ űɤŰɞɜɘəɧ ɞɚɞəɚɖɟɤɛɏɜɞ əɨəɚɤɛŬ (photonic integrated circuit- PIC) ŮɑɜŬɘ ɛɘŬ 

ůɡůəŮɡɐ ůŰɖɜ  ɞˊɞɑŬ ɓɟɑůəɞɜŰŬɘ ɞɚɞəɚɖɟɤɛɏɜŮɠ ŭɘɎűɞɟŮɠ ɞˊŰɘəɏɠ ŭɘŬŰɎɝŮɘɠ ɞɘ 

ɞˊɞɑŮɠ ŮˊɘŰŮɚɞɨɜ ˊɞɚɚŬˊɚɏɠ űɤŰɞɜɘəɏɠ ɚŮɘŰɞɡɟɔɑŮɠ əŬŰɎ ŬɜŬɚɞɔɑŬ ɛŮ ɏɜŬ 

ɖɚŮəŰɟɞɜɘəɧ ɞɚɞəɚɖɟɤɛɏɜɞ əɨəɚɤɛŬ [1.24], [1.25], [1.26]. Ʉɞɚɚɏɠ ɞˊŰɘəɏɠ 

ůɡůəŮɡɏɠ ɧˊɤɠ ɞɘ ɞˊŰɘəɞɑ ŮɜɘůɢɡŰɏɠ, ŭɘŬɛɞɟűɤŰɏɠ, (Ŭˊɞ)ˊɞɚɡˊɚɏəŰŮɠ, lasers, 

űɤŰɞŭɏəŰŮɠ, ŭɘŮˊŬűɏɠ ə.Ŭ. ɞɚɞəɚɖɟɩɜɞɜŰŬɘ ůŮ ɏɜŬ űɤŰɞɜɘəɧ ɞɚɞəɚɖɟɤɛɏɜɞ 

əɨəɚɤɛŬ. ɇŬ əɡəɚɩɛŬŰŬ ŬɡŰɎ əŬŰŬůəŮɡɎɕɞɜŰŬɘ ůŮ əɚɑɛŬəŬ wafers ɛŮ Űɖ ɢɟɐůɖ 

ůɡɜɐɗɤɠ ŰŮɢɜɘəɩɜ ɚɘɗɞɔɟŬűɑŬɠ. ɆŮ ŬɜŰɑɗŮůɖ ɛŮ Űɖɜ ɖɚŮəŰɟɞɜɘəɐ ɞɚɞəɚɐɟɤůɖ ɧˊɞɡ 

Űɞ ˊɡɟɑŰɘɞ ŮɑɜŬɘ Űɞ əɡɟɑŬɟɢɞ ɡɚɘəɧ əŬŰŬůəŮɡɐɠ, ŰŬ űɤŰɞɜɘəɎ ɞɚɞəɚɖɟɤɛɏɜŬ 

əɡəɚɩɛŬŰŬ ŮəɛŮŰŬɚɚŮɨɞɜŰŬɘ ŭɘɎűɞɟŮɠ ˊɚŬŰűɧɟɛŮɠ ɡɚɘəɩɜ ɛŮŰŬɝɨ Űɤɜ ɞˊɞɑɤɜ 

ɖɚŮəŰɟɞ-ɞˊŰɘəɞɑ əɟɨůŰŬɚɚɞɘ ɧˊɤɠ Űɞ lithium niobate (LiNbO3), ŭɘɞɝŮɑŭɘɞ Űɞɡ 

ˊɡɟɘŰɑɞɡ ůŮ ˊɡɟɑŰɘɞ (silica on silicon), ŭɘɞɝŮɑŭɘɞ Űɞɡ ˊɡɟɘŰɑɞɡ ɛŮ ɛɞɜɤŰɐ (silicon on 

insulator), ŭɘɎűɞɟŬ ˊɞɚɡɛŮɟɘəɎ əŬɘ ɖɛɘŬɔɩɔɘɛŬ ɡɚɘəɎ ɧˊɤɠ Űɞ InP əŬɘ Űɞ GaAs. ȳɚŬ 

ŰŬ ŭɘŬűɞɟŮŰɘəɎ ŬɡŰɎ ůɡůŰɐɛŬŰŬ ɡɚɘəɩɜ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬŰɑ ˊŬɟɏɢɞɡɜ Űɞ əɎɗŮ 

ɏɜŬ ɝŮɢɤɟɘůŰɎ ˊɚŮɞɜŮəŰɐɛŬŰŬ ŬɚɚɎ ˊŬɟɎɚɚɖɚŬ ɏɢɞɡɜ əŬɘ ɝŮɢɤɟɘůŰɞɨɠ 

ˊŮɟɘɞɟɘůɛɞɨɠ. ȷɜŬɚɧɔɤɠ ɚɞɘˊɧɜ əŬɘ ɛŮ Űɞ ɟɧɚɞ əŬɘ Űɖ ɚŮɘŰɞɡɟɔɑŬ ˊɞɡ əŬɚŮɑŰŬɘ ɜŬ 

ŮˊɘŰŮɚɏůŮɘ ɏɜŬ űɤŰɞɜɘəɧ ɞɚɞəɚɖɟɤɛɏɜɞ əɨəɚɤɛŬ, ŮˊɘɚɏɔŮŰŬɘ əŬɘ ɖ əŬŰɎɚɚɖɚɖ 

ˊɚŬŰűɧɟɛŬ ˊɞɡ ɛˊɞɟŮɑ ɜŬ Űɞ ɡˊɞůŰɖɟɑɝŮɘ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, Űɞ ŭɘɞɝŮɑŭɘɞ Űɞɡ ˊɡɟɘŰɑɞɡ 
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ɏɢŮɘ ˊɞɚɨ ŮɚəɡůŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ ˊŬɗɖŰɘəɩɜ űɤŰɞɜɘəɩɜ 

əɡəɚɤɛɎŰɤɜ ɚɧɔɤ Űɤɜ ˊɞɚɨ ɢŬɛɖɚɩɜ ŬˊɤɚŮɘɩɜ Űɖɠ ˊɚŬŰűɧɟɛŬɠ əŬɘ Űɖɠ ɢŬɛɖɚɐɠ 

ɗŮɟɛɘəɐɠ Űɖɠ ŮɡŬɘůɗɖůɑŬɠ [1.27], [1.28]. ȷɜŰɘůŰɞɑɢɤɠ űɤŰɞɜɘəɎ ɞɚɞəɚɖɟɤɛɏɜŬ 

əɡəɚɩɛŬŰŬ ɖɛɘŬɔɤɔɩɜ ůŮ ŰŮɢɜɞɚɞɔɑŮɠ ɧˊɤɠ ɖ GaAs əŬɘ ɖ InP Ůɘ́Űɟɏˊɞɡɜ Űɖɜ 

ŬˊŮɡɗŮɑŬɠ ɞɚɞəɚɐɟɤůɖ Űɧůɞ ŮɜŮɟɔɩɜ ɧůɞ əŬɘ ˊŬɗɖŰɘəɩɜ ůŰɞɘɢŮɑɤɜ ˊɎɜɤ ůŰɞ ɑŭɘɞ 

ˊɚŬəɑŭɘɞ (chip) [1.29], [1.30]. ɇɏɚɞɠ ŰŬ əɡəɚɩɛŬŰŬ ˊɞɡ ɓŬůɑɕɞɜŰŬɘ ůŮ ˊɚŬŰűɧɟɛŮɠ 

ˊɡɟɘŰɑɞɡ ŮˊɘŰɟɏˊɞɡɜ Űɖɜ Ŭˊɧ əɞɘɜɞɨ ɞɚɞəɚɐɟɤůɖ űɤŰɞɜɘəɩɜ ŭɘŬŰɎɝŮɤɜ əŬɘ 

transistor-based CMOS ɖɚŮəŰɟɞɜɘəɩɜ. ɀŮ ɓɎůɖ ɚɞɘˊɧɜ Űɖɜ ŰŮɢɜɞɚɞɔɑŬ Űɖɠ 

űɤŰɞɜɘəɐɠ əŬɘ ɛŮ ɢɟɐůɖ űɤŰɞɜɘəɩɜ ɞɚɞəɚɖɟɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ, ŬɜŬˊŰɨůůɞɜŰŬɘ 

ɞˊŰɘəɏɠ ŭɘŬůɡɜŭɏůŮɘɠ ɔɘŬ əɏɜŰɟŬ ŭŮŭɞɛɏɜɤɜ ɞɘ ɞˊɞɑŮɠ ɛˊɞɟɞɨɜ ɜŬ ŬˊŬɜŰɎɜŮ ůŰɘɠ 

ůɨɔɢɟɞɜŮɠ ˊɟɞəɚɐůŮɘɠ ˊɞɡ ɔŮɜɜɘɞɨɜŰŬɘ Ŭˊɧ Űɖɜ ŰŮɟɎůŰɘŬ ɏəɟɖɝɖ ŭɘŬəɑɜɖůɖɠ Űɤɜ 

ŭŮŭɞɛɏɜɤɜ.   

1.5 Ⱥɑŭɖ ɞˊŰɘəɩɜ ŭɘŬůɡɜŭɏůŮɤɜ ůŰŬ əɏɜŰɟŬ ŭŮŭɞɛɏɜɤɜ 

ɀŮ Űɖɜ ŮˊŮɝŮɟɔŬůŰɘəɐ ɘůɢɨ Űɤɜ ɡˊɞɚɞɔɘůŰɘəɩɜ ůɡůŰɖɛɎŰɤɜ ɜŬ ŬɡɝɎɜŮŰŬɘ əɎɗŮ 

ɢɟɧɜɞ, ŮɑɜŬɘ ůŬűɏɠ ɧŰɘ Űɞ əɞɛɛɎŰɘ Űɖɠ ŭɘŬůɨɜŭŮůɖɠ ůŮ ɏɜŬ əɏɜŰɟɞ ŭŮŭɞɛɏɜɤɜ ŮɑɜŬɘ 

ŮɝŬɘɟŮŰɘəɐɠ ůɖɛŬůɑŬɠ ɛŮ ŭŮŭɞɛɏɜɞ ɧŰɘ ŬɡŰɐ ɛˊɞɟŮɑ ɜŬ ŬˊɞŰŮɚɏůŮɘ ɛɘŬ ůɖɛŬɜŰɘəɐ 

ůŰŮɜɤˊɧ ˊɞɡ ɗŬ çŮˊɘɓɟŬŭɨɜŮɘè Űɞɜ ɟɡɗɛɧ ŬɜŰŬɚɚŬɔɐɠ ŭŮŭɞɛɏɜɤɜ. ɆŰŬ ˊŬɟŬˊɎɜɤ 

ˊɚŬɑůɘŬ ɗŬ ˊŬɟɞɡůɘŬůŰɞɨɜ ůɡɜɞˊŰɘəɎ ɞɘ ŰɟŮɑɠ əɨɟɘŮɠ ŮűŬɟɛɞɔɏɠ Űɤɜ ɞˊŰɘəɩɜ 

ŭɘŬůɡɜŭɏůŮɤɜ ůŰŬ ɡˊɞɚɞɔɘůŰɘəɎ əɏɜŰɟŬ. 

1.5.1 ȹɘŬůɡɜŭɏůŮɘɠ ŮɜŰɧɠ ˊɚŬəɏŰŬɠ (on-board) 

ɆŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ ˊŬɟɞɡůɘɎɕŮŰŬɘ ɛɘŬ ˊɘɗŬɜɐ ŮűŬɟɛɞɔɐ ɛɘŬɠ ɞˊŰɘəɐɠ 

ŭɘŬůɨɜŭŮůɖɠ ŮɜŰɧɠ ɛɘŬ ˊɚŬəɏŰŬɠ ŮɝɡˊɖɟŮŰɖŰɐ. ɀɘŬ Űɡˊɘəɐ ˊɚŬəɏŰŬ űɘɚɞɝŮɜŮɑ ˊɎɜɤ 

Űɖɠ ɛɘŬ ůŮɘɟɎ Ŭˊɧ ŭɞɛɏɠ ɧˊɤɠ: 

¶ ɂŮɢɤɟɘůŰɞɨɠ ŮˊŮɝŮɟɔŬůŰɏɠ, ůŰɖɜ ɛɞɟűɐ ɞɚɞəɚɖɟɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ, əŬɘ 

ɛɜɐɛŮɠ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ əŬŰŬɜŮɑɛŮɘ Űɖɜ ŮˊŮɝŮɟɔŬůɑŬ Űɤɜ ŭŮŭɞɛɏɜɤɜ. 

¶ ȰɜŬɜ əŮɜŰɟɘəɧ ŭɟɞɛɞɚɞɔɖŰɐ ɔɘŬ Űɖ ŭɟɞɛɞɚɧɔɖůɖ Űɤɜ ŭŮŭɞɛɏɜɤɜ ɛŮŰŬɝɨ Űɤɜ 

ŮˊŮɝŮɟɔŬůŰɩɜ (ůŰɖɜ ŮɘəɧɜŬ ŬɜŬˊŬɟɑůŰŬŰŬɘ ɛŮ Űɞ ůɨɜɜŮűɞ). Ƀ ŭɟɞɛɞɚɞɔɖŰɐɠ 

ŬəɞɚɞɡɗŮɑ Űɖɜ ŰɞˊɞɚɞɔɑŬ Űɞɡ ŭɘəŰɨɞɡ, ɖ ɞˊɞɑŬ ɛŮ Űɖ ůŮɘɟɎ Űɖɠ ɡˊŬɔɞɟŮɨŮŰŬɘ 

Ŭˊɧ Űɖɜ ŮəŰŮɚɞɨɛŮɜɖ ŮűŬɟɛɞɔɐ ˊɞɡ ɡˊɞŭŮɘəɜɨŮɘ ˊɤɠ ɗŬ əɘɜɞɨɜŰŬɘ ŰŬ 

ŭŮŭɞɛɏɜŬ ɛŮŰŬɝɨ Űɤɜ ɝŮɢɤɟɘůŰɩɜ chips ŮɜŰɧɠ Űɖɠ ˊɚŬəɏŰŬɠ. Ⱥˊɑůɖɠ ɛˊɞɟŮɑ ɜŬ 

ŬɜŬəŬŰŮɡɗɨɜŮɘ ŰŬ ŭŮŭɞɛɏɜŬ ˊɟɞɠ Űɘɠ Ƚ/Ƀ ɗɨɟŮɠ Űɖɠ ˊɚŬəɏŰŬɠ ɔɘŬ ŮˊɘəɞɘɜɤɜɑŬ 

ɛŮŰŬɝɨ ɝŮɢɤɟɘůŰɩɜ ˊɚŬəŮŰɩɜ ɐ ŬəɧɛŬ əŬɘ ŭɘŬəɟɘŰɩɜ racks. 

¶ ȰɜŬɜ Ŭɟɘɗɛɧ Ŭˊɧ I/O ɗɨɟŮɠ ɔɘŬ Űɖɜ ŮˊɘəɞɘɜɤɜɑŬ Űɤɜ ŮˊŮɝŮɟɔŬůŰɩɜ Űɖɠ 

ˊɚŬəɏŰŬɠ ɛŮ Űɞ ɡˊɧɚɞɘˊɞ ŭɑəŰɡɞ Űɞɡ əɏɜŰɟɞɡ ŭŮŭɞɛɏɜɤɜ Űɞ ɞˊɞɑɞ ɓɟɑůəŮŰŬɘ 

ŮɑŰŮ ŮɜŰɧɠ Űɞɡ ɑŭɘɞɡ rack ůŮ ŭɘŬűɞɟŮŰɘəɐ ɧɛɤɠ ˊɚŬəɏŰŬ, ŮɑŰŮ ůŮ ŭɘŬűɞɟŮŰɘəɧ 

rack ɛɏůŬ ůŰɞ ŭɑəŰɡɞ. 

ɆŰɧɢɞɠ Űɤɜ ɞˊŰɘəɩɜ ŭɘŬůɡɜŭɏůŮɤɜ ŮɑɜŬɘ ɖ ŬɜɎˊŰɡɝɖ ɞˊŰɞ-ɖɚŮəŰɟɞɜɘəɩɜ 

ˊɞɛˊɞŭŮəŰɩɜ ůŰɘɠ Ƚ/Ƀ ɗɨɟŮɠ Űɤɜ ˊɚŬəŮŰɩɜ, ɔɘŬ ɛŮŰɎŭɞůɖ ɐ ɚɐɣɖ ɞˊŰɘəɩɜ 

ŭŮŭɞɛɏɜɤɜ ŰŬ ɞˊɞɑŬ Ůɜ ůɡɜŮɢŮɑŬ ɗŬ ɛŮŰŬŰɟɏˊɞɜŰŬɘ ůŮ ɖɚŮəŰɟɞɜɘəɎ ɔɘŬ ɜŬ 

ŮˊŮɝŮɟɔŬůŰɞɨɜ ɐ ɜŬ ŬˊɞɗɖəŮɡŰɞɨɜ ůŰɞ chip. Ƀ ˊɞɛˊɞŭɏəŰɖɠ ˊŮɟɘɚŬɛɓɎɜŮɘ ɞˊŰɘəɏɠ 

ˊɖɔɏɠ (ŮɑŰŮ ŮɝɤŰŮɟɘəɐɠ ŮɑŰŮ ŬˊŮɡɗŮɑŬɠ ŭɘŬɛɧɟűɤůɖɠ),  űɤŰɞŭɏəŰŮɠ əŬɗɩɠ əŬɘ ŰŬ 



29 

 

əŬŰɎɚɚɖɚŬ ɖɚŮəŰɟɞɜɘəɎ əɡəɚɩɛŬŰŬ ɞŭɐɔɖůɖɠ (ɞŭɖɔɖŰɏɠ laser əŬɘ ŭɘŬɛɞɟűɤŰɐ, ɇȽȷs 

ůŰɖɜ ɛŮɟɘɎ Űɞɡ ŭɏəŰɖ). Ƀɘ ɑŭɘŮɠ ŬˊŬɘŰɐůŮɘɠ ŭɘŬɛɞɟűɩɜɞɜŰŬɘ əŬɘ ůŰɖɜ ˊɚŮɡɟɎ Űɞɡ 

əŮɜŰɟɘəɞɨ ŭɟɞɛɞɚɞɔɖŰɐ ɧŰŬɜ ŬɡŰɧɠ ŬɜŬˊŰɨůůŮŰŬɘ ůŰɖɜ ɛɞɟűɐ ɖɚŮəŰɟɞɜɘəɞɨ 

əɡəɚɩɛŬŰɞɠ. ɆŰɞ əɞɛɛɎŰɘ ŬɡŰɧ ůɡɔəŮɜŰɟɩɜɞɜŰŬɘ ŬɟəŮŰɏɠ ŮɟŮɡɜɖŰɘəɏɠ ˊɟɞůˊɎɗŮɘŮɠ 

ɔɘŬ Űɖɜ ŬɜɎˊŰɡɝɖ ɖɚŮəŰɟɞ-ɞˊŰɘəɩɜ switching matrices ɛŮ ɡɣɖɚɧ throughput əŬɘ 

ŮɚɎɢɘůŰɖ əŬɗɡůŰɏɟɖůɖ, ŮɑŰŮ ŬəɧɛŬ əŬɘ ɞˊŰɘəɩɜ switching matrices ˊɟɞəŮɘɛɏɜɞɡ ɜŬ 

ŬˊɞűŮɨɔɞɜŰŬɘ ɞɘ ɛŮŰŬŰɟɞˊɏɠ ɛŮŰŬɝɨ ɞˊŰɘəɩɜ əŬɘ ɖɚŮəŰɟɞɜɘəɩɜ ůɖɛɎŰɤɜ [1.31], 

[1.32].  ɇɏɚɞɠ, ɖ ˊɚŬəɏŰŬ ɗŬ ˊɟɏˊŮɘ ɜŬ ŭɘŬɗɏŰŮɘ űɤŰɞɜɘəɞɨɠ əɡɛŬŰɞŭɖɔɞɨɠ 

ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŬɜŰɘəŬŰŬůŰŬɗɞɨɜ ŰŬ ůɨɟɛŬŰŬ ɢŬɚəɞɨ, ɧˊɤɠ Ůˊɑůɖɠ əŬɘ ɞˊŰɘəɏɠ 

ŭɘŮˊŬűɏɠ (interfaces) ɔɘŬ Űɖɜ əɑɜɖůɖ Űɤɜ ŭŮŭɞɛɏɜɤɜ Ŭˊɧ əŬɘ ˊɟɞɠ Űɖɜ ˊɚŬəɏŰŬ əŬɗɩɠ 

əŬɘ ˊɟɞɠ Űɞɡɠ ˊɞɛˊɞŭɏəŰŮɠ əɎɗŮ Ůɜɧɠ chip. 

ȰɢɞɜŰŬɠ ɡˊɧɣɖ ɧɚŬ ŰŬ ˊŬɟŬˊɎɜɤ, ɛˊɞɟɞɨɛŮ ˊɚɏɞɜ ŮɨəɞɚŬ ɜŬ əŬŰŬɜɞɐůɞɡɛŮ ˊɞɘɞɘ 

ŮɑɜŬɘ ɞɘ ˊŮɟɘɞɟɘůɛɞɑ Ŭˊɧ ɛŮɟɘɎɠ ŰŮɢɜɞɚɞɔɑŬɠ ŬɚɚɎ əŬɘ ˊɟɞɠ ˊɞɘŬ əŬŰŮɨɗɡɜůɖ ɗŬ 

əɘɜɖɗɞɨɜ ɞɘ ŰɎůŮɘɠ ůŰɞ ɛɏɚɚɞɜ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ɞ ɞŭɘəɧɠ ɢɎɟŰɖɠ ɧůɞɜ ŬűɞɟɎ ůŰɞ 

əɞɛɛɎŰɘ Űɤɜ ŮɝɡˊɖɟŮŰɖŰɩɜ əŬɘ ˊɚŬəŮŰɩɜ ɡˊɞŭŮɘəɜɨŮɘ Űɖɜ ŬɜɎɔəɖ ɔɘŬ Űɖɜ Ŭɨɝɖůɖ 

Űɞɡ Ŭɟɘɗɛɞɨ Űɤɜ ŮˊŮɝŮɟɔŬůŰɩɜ ˊɞɡ ɗŬ űɘɚɞɝŮɜɞɨɜŰŬɘ ˊɎɜɤ ůŰɖɜ ɑŭɘŬ ˊɚŬəɏŰŬ ɞɨŰɤɠ 

ɩůŰŮ ɜŬ ŬɡɝɖɗŮɑ ɖ Ŭˊɧŭɞůɖ əɟŬŰɩɜŰŬɠ Űɞ əɧůŰɞɠ əŬɘ Űɖɜ əŬŰŬɜɎɚɤůɖ ŮɜɏɟɔŮɘŬɠ ůŮ 

ɢŬɛɖɚɎ ŮˊɑˊŮŭŬ. ɆŮ ɏɜŬ ŬəɧɛŬ ŬɜɩŰŮɟɞ ŮˊɑˊŮŭɞ, Űɞ ɧɟŬɛŬ Űɤɜ ɞˊŰɘəɩɜ 

Ůˊɘəɞɘɜɤɜɘɩɜ ŬűɞɟɎ ůŰɖɜ çɞˊŰɘəɐ Ůɜɞˊɞɑɖůɖè ɧɚɤɜ Űɤɜ ɚŮɘŰɞɡɟɔɘɩɜ ůŮ ɏɜŬ chip 

ɞɨŰɤɠ ɩůŰŮ ɜŬ ɛɖɜ ŮɑɜŬɘ ŬɜŬɔəŬɑŮɠ ɞɘ ɞˊŰɞ-ɖɚŮəŰɟɞɜɘəɏɠ ɛŮŰŬŰɟɞˊɏɠ əŬɘ ɎɟŬ ɜŬ 

ŮəŰɘɜŬɢɗɞɨɜ ɞɘ ŰŬɢɨŰɖŰŮɠ ŮˊŮɝŮɟɔŬůɑŬɠ əŬɘ ŮəŰɏɚŮůɖɠ. ɄɟɞůˊɎɗŮɘŮɠ ɔɘŬ Űɖɜ 

ɡɚɞˊɞɑɖůɖ ɞɚɞəɚɖɟɤɛɏɜɤɜ ɞˊŰɘəɩɜ ɛɜɖɛɩɜ ŬɚɚɎ əŬɘ ɞˊŰɘəɩɜ ɛɜɖɛɩɜ RAM ɏɢɞɡɜ 

ɐŭɖ ŭŮɘɢɗŮɑ əŬɘ əɘɜɞɨɜŰŬɘ ˊɟɞɠ ŬɡŰɐ Űɖɜ əŬŰŮɨɗɡɜůɖ [1.33] [1.34]. 

 

ȺɘəɧɜŬ 6: ɆɢɖɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ ɛɘŬ ˊɚŬəɏŰŬɠ ˊɞɡ űɏɟŮɘ ˊɎɜɤ Űɖɠ ŭɘɎűɞɟŬ chips ŮˊŮɝŮɟɔŬůŰɩɜ, Ƚ/Ƀ 

ɗɨɟŮɠ əŬɘ ŭɟɞɛɞɚɞɔɖŰɐ ŭŮŭɞɛɏɜɤɜ. ȾŬŰŬŭŮɘəɜɨŮɘ Űɖɜ ɢɟɖůɘɛɧŰɖŰŬ Űɤɜ ɞˊŰɘəɩɜ ŭɘŬůɡɜŭɏůŮɤɜ ůŮ 

ŮˊɑˊŮŭɞ ˊɚŬəɏŰŬɠ. 
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1.5.2 ɃˊŰɘəɏɠ ŭɘŬůɡɜŭɏůŮɘɠ ɔɘŬ ŮˊɘəɞɘɜɤɜɑŬ ɛŮŰŬɝɨ ˊɚŬəŮŰɩɜ 

(board-to-board) 

ɇɞ ŮˊɧɛŮɜɞ ŮˊɑˊŮŭɞ ůŰɖɜ ɘŮɟŬɟɢɑŬ Űɤɜ ɞˊŰɘəɩɜ ŭɘŬůɡɜŭɏůŮɤɜ ŮɑɜŬɘ ŬɡŰɧ Űɖɠ 

ŮˊɘəɞɘɜɤɜɑŬɠ ɛŮŰŬɝɨ ˊɚŬəŮŰɩɜ (board-to-board)[1.35], [1.36]. ɆŰɖɜ ůɡɜɗɐəɖ ŬɡŰɐ, ŰŬ 

ŭŮŭɞɛɏɜŬ Ŭˊɧ ɛɘŬ ˊɚŬəɏŰŬ ˊɟɏˊŮɘ ɜŬ ɛŮŰŬŭɞɗɞɨɜ ůŮ ɛɘŬ Ɏɚɚɖ ˊɞɡ ɓɟɑůəŮŰŬɘ ŮɑŰŮ ůŰɞ 

ɑŭɘɞ backplane (ɖ ˊŮɟɑˊŰɤůɖ ŬɡŰɐ űŬɑɜŮŰŬɘ ůŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ) ŮɑŰŮ ůŰɞ ɑŭɘɞ 

rack. ɆŰɖ ŭŮɨŰŮɟɖ ˊŮɟɑˊŰɤůɖ ɞ ůɡɜɞɚɘəɧɠ ɘůɞɚɞɔɘůɛɧɠ ŬˊɤɚŮɘɩɜ (loss budget) 

ŬɡɝɎɜŮŰŬɘ əŬɗɩɠ ŮɘůɎɔɞɜŰŬɘ Űɧůɞ ŬˊɩɚŮɘŮɠ Ŭˊɧ Űɞ link, ɛŮ ŭŮŭɞɛɏɜɞ ɧŰɘ Űɞ ɛɐəɞɠ 

ŭɘɎŭɞůɖɠ ŮɑɜŬɘ ɛŮɔŬɚɨŰŮɟɞ, ɧůɞ əŬɘ Ŭˊɧ  Űɖɜ əɎɗŮŰɖ ɕŮɨɝɖ ɛŮ ŭŮŭɞɛɏɜɞ ɧŰɘ Űɞ űɤɠ 

ˊɟɏˊŮɘ Ŭɜ ˊŮɟɎůŮɘ Ŭˊɧ Űɖɜ ˊɚŬəɏŰŬ ůŰɞɜ ɞˊŰɘəɧ əɡɛŬŰɞŭɖɔɧ Űɞɡ backplane əŬɘ ˊɎɚɘ 

ˊɑůɤ ůŮ ɛɘŬ Ɏɚɚɖ ˊɚŬəɏŰŬ. ɆŰɘɠ ˊŮɟɘůůɧŰŮɟŮɠ board-to-board ŮűŬɟɛɞɔɏɠ, ɞ 

ůɢŮŭɘŬůɛɧɠ Űɞɡɠ ŬˊŬɘŰŮɑ ɞɘ ˊɚŬəɏŰŮɠ ɜŬ ɏɢɞɡɜ Űɖ ŭɡɜŬŰɧŰɖŰŬ ůɨɜŭŮůɖɠ (pluggable) 

[1.37], [1.38]. ȷɡŰɧ ŮˊɘŰɟɏˊŮɘ Űɖɜ Ůɨəɞɚɖ ŬɜŰɘəŬŰɎůŰŬůɖ Űɖɠ ˊɚŬəɏŰŬɠ ůŮ ˊŮɟɑˊŰɤůɖ 

ɓɚɎɓɖɠ, ˊɟɞůűɏɟŮɘ ˊɘɞ Ůɝɞɟɗɞɚɞɔɘůɛɏɜɖ əŬŰŬůəŮɡɐ ɔɘŬ ŮűŬɟɛɞɔɏɠ ˊɞɡ ŬˊŬɘŰɞɨɜ 

ˊɞɚɚŬˊɚɏɠ ˊɚŬəɏŰŮɠ əŬɘ ˊŬɟɏɢŮɘ ŮɡəɞɚɑŬ ůŰɖ ŭɡɜŬŰɧŰɖŰŬ ŬɜŬɓɎɗɛɘůɖɠ ɐ 

ˊɟɞůŬɟɛɞɔɐɠ ɛŮɚɚɞɜŰɘəɩɜ ŬɚɚŬɔɩɜ ůŰɞ ůɢŮŭɘŬůɛɧ. ɆɡɜŮˊɩɠ, ůŮ ɞˊŰɘəɏɠ ˊɚŬəɏŰŮɠ 

ɛŮ ŭɡɜŬŰɧŰɖŰŬ ůɨɜŭŮůɖɠ ɖ ɕŮɨɝɖ Űɞɡ űɤŰɧɠ ɗŬ ˊɟɏˊŮɘ ɜŬ ɔɑɜŮŰŬɘ ůŰɞɜ əŬŰŬəɧɟɡűɞ 

ɎɝɞɜŬ Ŭˊɧ Űɖɜ ˊɚŬəɏŰŬ ůŰɞ backplane əŬɘ ŬɜŰɘůŰɟɧűɤɠ ɛŮ Űɖ ɓɞɐɗŮɘŬ əŬŰɧˊŰɟɤɜ əŬɘ 

ɛɘəɟɞ-űŬəɩɜ ɧˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɖɜ ɏɜɗŮŰɖ ŮɘəɧɜŬ Űɞɡ ˊŬɟŬəɎŰɤ ůɢɐɛŬŰɞɠ. ũɘô 

ŬɡŰɧ Űɞ ɚɧɔɞ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɖ ɖ ɢɟɐůɖ əŬŰɧˊŰɟɤɜ ɢŬɛɖɚɩɜ ŬˊɤɚŮɘɩɜ əŬɘ ɡɣɖɚɞɨ 

Ůɨɟɞɡɠ ɕɩɜɖɠ ˊɟɞəŮɘɛɏɜɞɡ ŬűŮɜɧɠ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɢŬɛɖɚɧɠ ɘůɞɚɞɔɘůɛɧɠ ŬˊɤɚŮɘɩɜ əŬɘ 

ŬűŮŰɏɟɞɡ ŭɡɜŬŰɧŰɖŰŬ ˊɞɚɡˊɚŮɝɑŬɠ əŬŰɎ ɛɐəɞɠ əɨɛŬŰɞɠ (WDM). 

 

ȺɘəɧɜŬ 7:ɆɢɖɛŬŰɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ Űɖɠ ŭɘŬůɨɜŭŮůɖɠ board-to-board ɛŮ ɏɜɗŮŰɖ ŮɘəɧɜŬ ˊɞɡ ˊŮɟɘɔɟɎűŮɘ 

Űɞ concept Űɖɠ əɎɗŮŰɖɠ ɕŮɨɝɖɠ. 
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1.5.3 ȹɘŬůɨɜŭŮůɖ ɛŮŰŬɝɨ racks (rack-to-rack) 

ȰɜŬ ůɨɔɢɟɞɜɞ əɏɜŰɟɞ ŭŮŭɞɛɏɜɤɜ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ˊɞɚɚɏɠ ŭɘŬűɞɟŮŰɘəɏɠ ŭɞɛɘəɏɠ 

ɛɞɜɎŭŮɠ (building blocks), ɞɘ ɞˊɞɑŮɠ ɏɢɞɡɜ ɝŮɢɤɟɘůŰɏɠ ŬˊŬɘŰɐůŮɘɠ ˊɞɡ ˊɟɏˊŮɘ ɜŬ 

ɘəŬɜɞˊɞɘɞɨɜŰŬɘ Ŭˊɧ ŰŬ ŭɘɎűɞɟŬ ɡˊɞůɡůŰɐɛŬŰŬ ˊɞɡ ɚŮɘŰɞɡɟɔɞɨɜ. Ƀɘ ŭɞɛɘəɏɠ ŬɡŰɏɠ 

ɛɞɜɎŭŮɠ ˊŮɟɘɚŬɛɓɎɜɞɡɜ ɛŮŰŬɝɨ Ɏɚɚɤɜ, ůɡůŰɞɘɢɑŮɠ ŬˊɞɗɐəŮɡůɖɠ ŭŮŭɞɛɏɜɤɜ (data 

storage arrays), ɞɚɞəɚɖɟɤɛɏɜŮɠ ˊɚŬŰűɧɟɛŮɠ ŮűŬɟɛɞɔɩɜ, ŮɝɡˊɖɟŮŰɖŰɏɠ ŬˊɞɗɐəŮɡůɖɠ 

ŭŮŭɞɛɏɜɤɜ, ŭɘŬəɧˊŰŮɠ ŬɚɚɎ əŬɘ ɡɣɖɚɩɜ ŮˊɘŭɧůŮɤɜ ɡˊɞůɡůŰɐɛŬŰŬ ŰŬ ɞˊɞɑŬ 

ŮˊɘŰŮɚɞɨɜ Űɘɠ ɚŮɘŰɞɡɟɔɑŮɠ Űɖɠ ŬˊɞɗɐəŮɡůɖɠ əŬɘ Űɞɡ ɡˊɞɚɞɔɘůɛɞɨ. ȺɎɜ ɧɚŬ ŬɡŰɎ ŰŬ 

ŭɞɛɘəɎ ůŰɞɘɢŮɑŬ ɛˊɞɟɞɨůŬɜ ɜŬ ŭɘŮɡɗŮŰɖɗɞɨɜ ɛŮ ŰɏŰɞɘɞ Űɟɧˊɞ ɩůŰŮ ɜŬ ŮɑɜŬɘ 

ˊɟŬɔɛŬŰɘəɎ ŬɟɗɟɤŰɎ (modular), ŭɖɚŬŭɐ ɜŬ ɚŮɘŰɞɡɟɔɞɨɜ ŬɜŮɝɎɟŰɖŰŬ Ŭˊɧ Űɖ ɗɏůɖ 

Űɞɡɠ ŮɜŰɧɠ Űɞɡ əɏɜŰɟɞɡ ŭŮŭɞɛɏɜɤɜ, əŬɘ ŮɎɜ ɞɘ ˊŮɟɘɞɟɘůɛɞɑ Űɞɡ ɛɐəɞɡɠ əŬɘ Űɞɡ 

Ůɨɟɞɡɠ ɕɩɜɖɠ Űɖɠ ŭɘŬůɨɜŭŮůɖɠ ɛŮŰŬɝɨ Űɤɜ ɡˊɞůɡůŰɖɛɎŰɤɜ ɛˊɞɟɞɨůŬɜ ɜŬ 

Ŭɔɜɞɖɗɞɨɜ, ŰɧŰŮ ŬɡŰɧ ɗŬ ŮˊɏŰɟŮˊŮ ɛɘŬ ˊɟŬɔɛŬŰɘəɎ əŬŰŬɜŮɛɖɛɏɜɖ ŬɟɢɘŰŮəŰɞɜɘəɐ. ɆŮ 

ŬɡŰɐ Űɖɜ ˊŮɟɑˊŰɤůɖ, ɞ ůɡɜŭɡŬůɛɧɠ Űɤɜ ɡˊɞůɡůŰɖɛɎŰɤɜ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɞɨŰɤɠ ɩůŰŮ 

ɜŬ ŮˊɘŰŮɚɞɨɜŰŬɘ ɞɘ ůɡɔəŮəɟɘɛɏɜŮɠ ɚŮɘŰɞɡɟɔɑŮɠ ŭŮɜ ɛˊɞɟŮɑ ɜŬ ˊŮɟɘɞɟɑɕŮŰŬɘ ɛɏůŬ ůŮ ɏɜŬ 

rack ɐ ɛɘŬ ɞɛŬŭɞˊɞɑɖůɖ (cluster) Ŭˊɧ racks, ŬɚɚɎ ŭɘŬůˊŮɑɟŮŰŬɘ ůŰɞ űɡůɘəɧ 

ɡˊɧůŰɟɤɛŬ ɞɚɧəɚɖɟɞɡ Űɞɡ əɏɜŰɟɞɡ ŭŮŭɞɛɏɜɤɜ [1.39]. ȽŭŬɜɘəɎ, ůŰɞɜ ɢɟɐůŰɖ 

ˊŬɟɏɢŮŰŬɘ ɏɜŬ Ůɘəɞɜɘəɧ əɏɜŰɟɞ ŭŮŭɞɛɏɜɤɜ ɛŮ Űɞɜ ɓɏɚŰɘůŰɞ ůɡɜŭɡŬůɛɧ ɡˊɞɚɞɔɘůŰɘəɐɠ 

ɘůɢɨɞɠ, ɛɜɐɛɖɠ əŬɘ ŬˊɞɗɐəŮɡůɖɠ ŬəɧɛŬ əŬɘ Ŭɜ Űɞ hardware ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ ɜŬ 

ŮˊɘŰŮɚɏůŮɘ ŬɡŰɏɠ Űɘɠ ɚŮɘŰɞɡɟɔɑŮɠ ŮɑɜŬɘ ŭɘŮůˊŬɟɛɏɜɞ. ȺˊɘˊɟɧůɗŮŰŬ ŮɑɜŬɘ ŮɝŬɘɟŮŰɘəɐɠ 

ůɖɛŬůɑŬɠ Űɞ ˊɤɠ ɗŬ ŮˊɘŰŮɚŮůŰɞɨɜ ůŰɞ ŬəɏɟŬɘɞ ɞɘ ŬˊŬɘŰɞɨɛŮɜŮɠ ɚŮɘŰɞɡɟɔɑŮɠ ɢɤɟɑɠ ɜŬ 

ɔɑɜŮŰŬɘ əŬŰŬůˊŬŰɎɚɖůɖ Űɤɜ ŭɘŬɗɏůɘɛɤɜ ˊɧɟɤɜ. ũɘŬ Űɞɜ ɚɧɔɞ ŬɡŰɧ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ 

ɢŬɛɖɚɞɨ əɧůŰɞɡɠ, ŮɡɟɡɕɤɜɘəɎ ɞˊŰɘəɎ links ŰŬ ɞˊɞɑŬ ɏɢɞɡɜ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɜŬ 

ɛŮŰŬŭɑŭɞɡɜ ŭŮŭɞɛɏɜŬ ůŮ ˊɞɚɨ ɡɣɖɚɞɨɠ ɟɡɗɛɞɨɠ əŬɘ ˊɞɚɨ ɛŮɔɎɚŮɠ ŬˊɞůŰɎůŮɘɠ.  

ɆŮ ɏɜŬ əɏɜŰɟɞ ŭŮŭɞɛɏɜɤɜ, ŰŬ racks ŭɘŬůɡɜŭɏɞɜŰŬɘ ɛŮ Űɟɧˊɞ ŬɜɎɚɞɔɞ ɛŮ Űɖ 

ŭɘŬůɨɜŭŮůɖ Űɤɜ ɢɟɖůŰɩɜ ůŰŬ ŰɖɚŮˊɘəɞɘɜɤɜɘŬəɎ ŭɑəŰɡŬ, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ŭɘəŰɡŬəɐ 

ɡˊɞŭɞɛɐ əŬɘ ŭɘŬəɧˊŰŮɠ ŭŮŭɞɛɏɜɤɜ [1.40], [1.41]. ȷɡŰɧ ŮˊɘŰɡɔɢɎɜŮŰŮ ɛŮ Űɖ ɢɟɐůɖ 

əŬɚɤŭɑɤɜ əŬɘ ŭɘŬəɞˊŰɩɜ ˊɞɡ ɡˊɞůŰɖɟɑɕɞɡɜ ɛŮŰɎŭɞůɖ Űɧůɞ ůŮ ɡɣɖɚɞɨɠ ɟɡɗɛɞɨɠ ɧůɞ 

əŬɘ ůŮ ɛŬəɟɘɜɏɠ ŬˊɞůŰɎůŮɘɠ. ɀŮ ŭŮŭɞɛɏɜɞ ɧŰɘ ŰŬ əɏɜŰɟŬ ŭŮŭɞɛɏɜɤɜ ɔɑɜɞɜŰŬɘ ɧɚɞ əŬɘ 

ɛŮɔŬɚɨŰŮɟŬ, ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ɘəŬɜɞˊɞɘɐůɞɡɜ Űɘɠ ŰŮɟɎůŰɘŮɠ ŬˊŬɘŰɐůŮɘɠ Űɤɜ ɡˊɖɟŮůɘɩɜ 

ɜɏűɞɡɠ, ɖ ŭɘŬůɡɜŭɏůŮɘɠ Űɤɜ racks ɛˊɞɟŮɑ ɜŬ űŰɎɜɞɡɜ əŬɘ ŰŬ ɚɑɔŬ ɢɘɚɘɧɛŮŰɟŬ 

ɡˊɞůŰɖɟɑɕɞɜŰŬɠ ŰŬɢɨŰɖŰŮɠ ŬəɧɛŬ əŬɘ 100 Gb/s. ũɘŬ Űɞɜ ɚɧɔɞ ŬɡŰɧ ŰŬ ȺɜŮɟɔɎ ɃˊŰɘəɎ 

ȾŬɚɩŭɘŬ ɏɢɞɡɜ ɡˊŮɟɘůɢɨůŮɘ ɏɜŬɜŰɘ Űɤɜ əŬɚɤŭɑɤɜ ɢŬɚəɞɨ ɛŮ ŭŮŭɞɛɏɜɞ ɧŰɘ ɛˊɞɟɞɨɜ 

ɜŬ ˊɟɞůűɏɟɞɡɜ ŰɏŰɞɘŮɠ əŬɚɏɠ ŮˊɘŭɧůŮɘɠ.  
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ȺɘəɧɜŬ 8: ȹɘŬůɨɜŭŮůɖ rack-to-rack ɛŮ Űɖ ɢɟɐůɖ ŭɘŬəɞˊŰɩɜ əŬɘ ȺɜŮɟɔɩɜ ɃˊŰɘəɩɜ ȾŬɚɤŭɑɤɜ 

 

1.6 ȾŬŰɖɔɞɟɑŮɠ ɞˊŰɘəɩɜ ŭɘŬůɡɜŭɏůŮɤɜ ɛŮ ɓɎůɖ Űɖɜ ŬˊɧůŰŬůɖ 

ɀɘŬ Ɏɚɚɖ əŬŰɖɔɞɟɘɞˊɞɑɖůɖ Űɤɜ ɞˊŰɘəɩɜ ŭɘŬůɡɜŭɏůŮɤɜ ɔɑɜŮŰŬɘ ɛŮ ɓɎůŮɘ Űɖɜ 

ŬˊɧůŰŬůɖ ˊɞɡ ŬɡŰɏɠ əŬɚɞɨɜŰŬɘ ɜŬ əŬɚɨɣɞɡɜ: ɞɘ ŭɘŬůɡɜŭɏůŮɘɠ ŮɜŰɧɠ Űɞɡ 

ɡˊɞɚɞɔɘůŰɘəɞɨ əɏɜŰɟɞɡ (intra-datacenter interconnects) əŬɘ ɞɘ ŭɘŬůɡɜŭɏůŮɘɠ ɛŮŰŬɝɨ 

ɡˊɞɚɞɔɘůŰɘəɩɜ əɏɜŰɟɤɜ (inter-datacenter interconnects). Ƀ əɨɟɘɞɠ ɚɧɔɞɠ Űɖɠ 

ŭɘɎəɟɘůɖɠ ŬɡŰɐɠ ŮɑɜŬɘ Űɞ ɔŮɔɞɜɧɠ ɧŰɘ ŬɜŬɚɧɔɤɠ ɛŮ Űɞ ɛɐəɞɠ Űɖɠ ɕŮɨɝɖɠ ɡˊɎɟɢɞɡɜ 

ůɖɛŬɜŰɘəɏɠ ŭɘŬűɞɟɏɠ ůŰɘɠ ŰŮɢɜɞɚɞɔɑŮɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ. ȼ ˊɟɩŰɖ əŬŰɖɔɞɟɑŬ, 

ŬɡŰɐ Űɤɜ ŭɘŬůɡɜŭɏůŮɤɜ ŮɜŰɧɠ ɡˊɞɚɞɔɘůŰɘəɞɨ əɏɜŰɟɞɡ, ŬűɞɟɎ ůŮ ůɡɜŭɏůŮɘɠ ˊɞɡ 

ɛˊɞɟŮɑ ɜŬ ɔɑɜɞɜŰŬɘ ŮɜŰɧɠ Ůɜɧɠ əŰɘɟɑɞɡ ɐ ɛŮŰŬɝɨ əŰɘɟɑɤɜ ˊɞɡ ɛˊɞɟŮɑ ɜŬ ɓɟɑůəɞɜŰŬɘ 

ŮɜŰɧɠ Űɞɡ ɑŭɘɞɡ campus, ɔɘô ŬɡŰɧ əŬɘ ɞɘ ŬˊɞůŰɎůŮɘɠ Űɞɡɠ əɡɛŬɑɜɞɜŰŬɘ ɛŮŰŬɝɨ ɛŮɟɘəɩɜ 

ɛɏŰɟɤɜ ɏɤɠ əŬɘ 10 km [1.42]. ȷˊɧ Űɖɜ Ɏɚɚɖ, ɖ əŬŰɖɔɞɟɑŬ Űɤɜ ŭɘŬůɡɜŭɏůŮɤɜ ɛŮŰŬɝɨ 

ɡˊɞɚɞɔɘůŰɘəɩɜ əɏɜŰɟɤɜ əɘɜŮɑŰŬɘ ůŮ ŬˊɞůŰɎůŮɘɠ ˊɞɡ ɓɟɑůəɞɜŰŬɘ ůŰɞ Ůɨɟɞɠ Űɤɜ 10 

km- 80 km [1.43]. ȻŮɨɝŮɘɠ ˊɞɡ ŬˊŬɘŰɞɨɜ ŭɘŬůɨɜŭŮůɖ ůŮ ɛŮɔŬɚɨŰŮɟŮɠ ŬˊɞůŰɎůŮɘɠ 

ɗŮɤɟɞɨɜŰŬɘ ɤɠ metro ɐ long haul ŭɘŬůɡɜŭɏůŮɘɠ ɞɘ ɞˊɞɑŮɠ Ůɜ ɛɏɟŮɘ əŬɚɨˊŰɞɜŰŬɘ Ŭˊɧ 

Űɘɠ ŰŮɢɜɞɚɞɔɑŮɠ Űɤɜ inter-datacenter interconnects ŬɚɚɎ ɔŮɜɘəɎ ŮɜŰɎůůɞɜŰŬɘ ůŮ Ɏɚɚɞ 

əɎŭɟɞ. ȼ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ ŭɑɜŮɘ ůɖɛŬɜŰɘəɐ ˊɚɖɟɞűɞɟɑŬ ɔɘŬ Űɘɠ ŬˊɞůŰɎůŮɘɠ ˊɞɡ 

əŬɚɨˊŰŮɘ ɖ əɎɗŮ əŬŰɖɔɞɟɑŬ ŬɚɚɎ əŬɘ ɔɘŬ Űɘɠ ŭɘŬűɞɟŮŰɘəɏɠ ɓŬůɘəɏɠ ŰŮɢɜɞɚɞɔɑŮɠ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŰɖɜ əɎɗŮ ˊŮɟɑˊŰɤůɖ.  
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ȺɘəɧɜŬ 9: ȾŬŰɖɔɞɟɑŮɠ ɞˊŰɘəɩɜ ŭɘŬůɡɜŭɏůŮɤɜ ɛŮ ɓɎůɖ Űɖɜ ŬˊɧůŰŬůɖ əŬɘ ɓŬůɘəɏɠ ŰŮɢɜɞɚɞɔɑŮɠ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ. 

1.6.1 ȹɘŬůɡɜŭɏůŮɘɠ ɛŮŰŬɝɨ əɏɜŰɟɤɜ ŭŮŭɞɛɏɜɤɜ 

ȳˊɤɠ ŬɜŬűɏɟɗɖəŮ əŬɘ ˊŬɟŬˊɎɜɤ, ɞɘ ŭɘŬůɡɜŭɏůŮɘɠ ɛŮŰŬɝɨ ɡˊɞɚɞɔɘůŰɘəɩɜ əɏɜŰɟɤɜ 

Ŭűɞɟɞɨɜ ŬˊɞůŰɎůŮɘɠ 10 km- 80 km. ȼ ŬˊɞůŰɎůŮɘɠ ŬɡŰɏɠ ɞɘ ɞˊɞɑŮɠ ůɡɛˊɑˊŰɞɡɜ ɛŮ Űɘɠ 

ŬɟɢɘŰŮəŰɞɜɘəɏɠ metro  ŮɑɜŬɘ ŮɝŬɘɟŮŰɘəɎ ůɖɛŬɜŰɘəɏɠ ɛɘŬɠ əŬɘ əŬŰŬɚŬɛɓɎɜɞɡɜ ɏɜŬ 

ŬɟəŮŰɎ ɛŮɔɎɚɞ əɞɛɛɎŰɘ Űɖɠ ůɡɜɞɚɘəɐɠ əɑɜɖůɖɠ. ȷɠ ŭɩůɞɡɛŮ ɏɜŬ ˊŬɟɎŭŮɘɔɛŬ ˊɞɡ ɗŬ 

ɓɞɖɗɐůŮɘ əŬɚɨŰŮɟŬ ůŰɖɜ əŬŰŬɜɧɖůɖ Űɖɠ ŬɜŬɔəŬɘɧŰɖŰŬɠ ŭɘŬůɨɜŭŮůɖɠ əɏɜŰɟɤɜ 

ŭŮŭɞɛɏɜɤɜ ůŮ ŰɏŰɞɘŮɠ ŬˊɞůŰɎůŮɘɠ. ȷɜ ɏɜŬ ɓɑɜŰŮɞ ůŮ ɛɘŬ ˊɚŬŰűɧɟɛŬ ɧˊɤɠ Űɞ 

YouTube ŮɑɜŬɘ ŭɖɛɞűɘɚɏɠ, ŰɧŰŮ ŭŮɜ űɡɚɎůůŮŰŬɘ ɛɧɜɞ ůŮ ɛɘŬ əŮɜŰɟɘəɐ ŰɞˊɞɗŮůɑŬ 

ŬɚɚɎ ˊɞɚɚɎ ŬɜŰɑɔɟŬűɎ Űɞɡ ɛŮŰŬűɏɟɞɜŰŬɘ ůŰŬ metro əɏɜŰɟŬ ŭŮŭɞɛɏɜɤɜ ɧˊɞɡ ɖ 

ˊɟɧůɓŬůɖ ůŰɞ ɓɑɜŰŮɞ ŮɑɜŬɘ ŮɡəɞɚɧŰŮɟɖ ɛŮ ŭŮŭɞɛɏɜɞ ɧŰɘ ɓɟɑůəɞɜŰŬɘ ŮɔɔɨŰŮɟŬ ůŰɞɡɠ 

ɢɟɐůŰŮɠ. ɄŬɟɎɚɚɖɚŬ, ŬˊɞůɡɛűɞɟɑɕŮŰŬɘ əŬɘ ɖ əɑɜɖůɖ ůŰŬ long-haul ŭɑəŰɡŬ ˊɞɡ ŮɑɜŬɘ 

ɏɜŬ ůɖɛŬɜŰɘəɧ əɏɟŭɞɠ ɔɘŬ Űɖɜ Ůɨɟɡɗɛɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ ŭɘəŰɨɞɡ.  

ɆŰɞ ŮˊɑˊŮŭɞ Űɖɠ ŰŮɢɜɞɚɞɔɑŬɠ, Ůɜɩ ɡˊɎɟɢɞɡɜ ůɖɛŬɜŰɘəɏɠ ˊɟɞůˊɎɗŮɘŮɠ ɔɘŬ Űɖɜ ɢɟɐůɖ 

ůɢɖɛɎŰɤɜ ŬˊŮɡɗŮɑŬɠ ŭɘŬɛɧɟűɤůɖɠ ůɐɛŬŰɞɠ ɘŭɘŬɑŰŮɟŬ ɔɘŬ ŭɘŬůɡɜŭɏůŮɘɠ əɏɜŰɟɤɜ 

ŭŮŭɞɛɏɜɤɜ ɛɏɢɟɘ ŰŬ 40 km, ɖ əɡɟɑŬɟɢɖ ŰŮɢɜɞɚɞɔɑŬ ůŰɞ ˊŮŭɑɞ ŬɡŰɧ ŮɑɜŬɘ ŰŬ ůɨɛűɤɜŬ 

ɞˊŰɘəɎ (coherent optics) [1.44]. ȹɑɜɞɡɜ Űɖ ŭɡɜŬŰɧŰɖŰŬ ŬˊɟɧůəɞˊŰɖɠ ɛŮŰɎŭɞůɖɠ 

ůɖɛɎŰɤɜ ɛŮ ɚɘɔɧŰŮɟŬ ůűɎɚɛŬŰŬ əŬɘ ˊŬɟɎɚɚɖɚŬ ɡˊɞůŰɖɟɑɕɞɡɜ ɏɜŬ ɞˊɚɞůŰɎůɘɞ Ŭˊɧ 

Ŭɚɔɞɟɑɗɛɞɡɠ DSP ˊɞɡ ŮˊɘŰɟɏˊɞɡɜ Űɖ ŭɘɧɟɗɤůɖ ɓɚŬɓɩɜ ˊɞɡ ɡűɑůŰŬɜŰŬɘ ŰŬ ůɐɛŬŰŬ 

Ŭˊɧ Űɞ ŭɑəŰɡɞ, ɧˊɤɠ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ ŰŬ űŬɘɜɧɛŮɜɞ Űɖɠ ɢɟɤɛŬŰɘəɐɠ ŭɘŬůˊɞɟɎɠ əŬɘ Űɤɜ 

ɛɖ-ɔɟŬɛɛɘəɞŰɐŰɤɜ.  

1.6.2 ȹɘŬůɡɜŭɏůŮɘɠ ŮɜŰɧɠ Űɞɡ əɏɜŰɟɞɡ ŭŮŭɞɛɏɜɤɜ 

ũɘŬ Űɖɜ əŬɚɨŰŮɟɖ ŮˊŮɝɐɔɖůɖ Űɞɡ Űɨˊɞɡ Űɖɠ əɑɜɖůɖɠ ˊɞɡ ŭɖɛɘɞɡɟɔŮɑŰŬɘ ŮɜŰɧɠ əɏɜŰɟɞɡ 

ŭŮŭɞɛɏɜɤɜ ˊŬɟŬŰɑɗŮŰŬɘ Űɞ ˊŬɟŬəɎŰɤ ˊŬɟɎŭŮɘɔɛŬ. ȷɠ ɗŮɤɟɖɗŮɑ ɧŰɘ ɡˊɎɟɢŮɘ ɏɜŬ 

ŮɟɩŰɖɛŬ ůŮ ɛɘŬ ŬɜŬɕɐŰɖůɖɠ (search query) Űɞ ɞˊɞɑɞ əŬŰŬɚɐɔŮɘ ůŰɞ əɏɜŰɟɞ 

ŭŮŭɞɛɏɜɤɜ Űɖɠ ɛɖɢŬɜɐɠ ŬɜŬɕɐŰɖůɖɠ ŬɡŰɐɠ. ȼ ŬˊɎɜŰɖůɖ ůŰɞ ŮɟɩŰɖɛŬ ɔɑɜŮŰŬɘ ɡˊɧ Űɖ 

ɛɞɟűɐ ɛɘŬ ůŮɚɑŭŬɠ ŬˊɞŰŮɚŮůɛɎŰɤɜ Űɖɠ ɛɖɢŬɜɐɠ ŬɜŬɕɐŰɖůɖɠ ɖ ɞˊɞɑŬ ŬˊŬɟɘɗɛŮɑ ɏɜŬɜ 

Ŭɟɘɗɛɧ Ŭˊɧ ŬˊŬɜŰɐůŮɘɠ. ɄŬɟɧɚŬ ŬɡŰɎ, ɔɘŬ Űɖ ůɨɜɗŮůɖ Űɖɠ ŬˊɎɜŰɖůɖɠ ŮɑɜŬɘ ˊɞɚɨ 

ˊɘɗŬɜɧ ɜŬ ůɡɛɛŮŰŮɑɢŬɜ ŭɘŬűɞɟŮŰɘəɎ ɛɏɟɖ Űɞɡ ɡˊɞɚɞɔɘůŰɘəɞɨ əɏɜŰɟɞɡ. ȺɝɎɚɚɞɡ, ɖ 

ˊɚŮɘɞɜɧŰɖŰŬ Űɖɠ əɑɜɖůɖɠ ˊɞɡ ŭɖɛɘɞɡɟɔŮɑŰŬɘ Ŭˊɧ ŰɏŰɞɘɞɡ Űɨˊɞɡ ŮɟɤŰɐɛŬŰŬ ŮɑɜŬɘ Űɞɡ 

Űɨˊɞɡ machine-to-machine, ŭɖɚŬŭɐ ŬɡŰɧ ůɖɛŬɑɜŮɘ ɧŰɘ Űɞ ŮɟɩŰɖɛŬ çŭɘŬɢɤɟɑɕŮŰŬɘè, ŰŬ 

ŭɘɎűɞɟŬ çəɞɛɛɎŰɘŬ ŭŮŭɞɛɏɜɤɜè ůŰɖ ůɡɜɏɢŮɘŬ ŬɜŬəŰɩɜŰŬɘ əŬɘ ůɡɔəŮɜŰɟɩɜɞɜŰŬɘ ůŰɞ 

əɏɜŰɟɞ ŭŮŭɞɛɏɜɤɜ ˊɟɞŰɞɨ ŬˊɞůŰŬɚɞɨɜ ˊɑůɤ ůŰɞ ɢɟɐůŰɖ. 
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ũɘŬ ɜŬ ɔɑɜɞɡɜ ˊɘɞ əŬŰŬɜɞɖŰɎ ŰŬ ɛŮɔɏɗɖ əŬɘ Ůɜ ŰɏɚŮɘ ɜŬ ŮɟɛɖɜŮɡŰɞɨɜ əŬɘ ɞɘ 

ŬˊɞůŰɎůŮɘɠ Űɤɜ ɕŮɨɝŮɤɜ ˊɟɏˊŮɘ ɜŬ ŭɞɗŮɑ ɛɘŬ ˊŮɟɘɔɟŬűɐ Űɤɜ ŭɘŬůŰɎůŮɤɜ Ůɜɧɠ 

əɏɜŰɟɞɡ ŭŮŭɞɛɏɜɤɜ. ȾɎˊɞɘŮɠ űɞɟɏɠ ɚɞɘˊɧɜ, ŰŬ əɏɜŰɟŬ ŭŮŭɞɛɏɜɤɜ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ 

ɛŮɔɎɚŬ əŰɑɟɘŬ ůŰɞ ɛɏɔŮɗɞɠ Ůɜɧɠ ˊɞŭɞůűŬɘɟɘəɞɨ ɔɖˊɏŭɞɡ, əŬɘ əɎˊɞɘŮɠ ɎɚɚŮɠ ɜŬ ŮɑɜŬɘ 

ˊɞɚɚŬˊɚɎ əŰɑɟɘŬ ŰŬ ɞˊɞɑŬ űɘɚɞɝŮɜɞɨɜŰŬɘ ɛɏůŬ ůŮ ɏɜŬ campus [1.45]. ȷɝɑɕŮɘ Ůˊɑůɖɠ 

ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ ŰŬ ˊɎɜŰŬ ɛɏůŬ ůŮ ɏɜŬ əɏɜŰɟɞ ŭŮŭɞɛɏɜɤɜ ŭɘŬůɡɜŭɏɞɜŰŬɘ ůŰɞɡɠ 

ŮɝɡˊɖɟŮŰɖŰɏɠ ɛɏůɤ ŭɟɞɛɞɚɞɔɖŰɩɜ əŬɘ ŭɘŬəɞˊŰɩɜ. ȰŰůɘ Ŭɜ ˊɎɟɞɡɛŮ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ 

Űɖɜ ˊŮɟɑˊŰɤůɖ ˊɞɚɚŬˊɚɩɜ əŰɘɟɑɤɜ ŮɜŰɧɠ Ůɜɧɠ campus, ŬəɧɛŬ əŬɘ Ŭɜ ˊɟɏˊŮɘ ɜŬ 

ŭɘŬůɡɜŭŮɗɞɨɜ ŭɡɞ ŭɘˊɚŬɜɎ əŰɑɟɘŬ ůŮ ŬˊɧůŰŬůɖ 200 m, ɖ ɑɜŬ ˊɟɩŰŬ ɗŬ ˊŮɟɎůŮɘ Ŭˊɧ 

ɏɜŬ hub Űɞ ɞˊɞɑɞ ɛˊɞɟŮɑ ɜŬ ŬˊɏɢŮɘ ŬˊɧůŰŬůɖ ɛŮɔŬɚɨŰŮɟɖ Űɞɡ 1 km əŬɘ ɛŮŰɎ ɗŬ 

əŬŰŬɚɐɝŮɘ ůŰɞɜ ŮɝɡˊɖɟŮŰɖŰɐ. ɀŮ ŬɡŰɞɨ Űɞɡ Űɨˊɞɡ Űɖ ŭɟɞɛɞɚɧɔɖůɖ ɚɞɘˊɧɜ 

ŬɡɝɎɜŮŰŬɘ əŬɘ ɖ ŬˊɧůŰŬůɖ Űɖɠ ɕŮɨɝɖɠ əŬɘ ɔɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ ɞɘ ŭɘŬůɡɜŭɏůŮɘɠ ŮɜŰɧɠ 

əɏɜŰɟɤɜ ŭŮŭɞɛɏɜɤɜ ɛˊɞɟɞɨɜ ɜŬ űŰɎůɞɡɜ ɛɏɢɟɘ ŰŬ 10 km.  

ũɘŬ ŬˊɞůŰɎůŮɘɠ ɏɤɠ 300 m, ɞɘ ŭɘŬůɡɜŭɏůŮɘɠ ŮɜŰɧɠ ɡˊɞɚɞɔɘůŰɘəɩɜ əɏɜŰɟɤɜ ˊɞɚɨ 

ůɡɢɜɎ ɔɑɜɞɜŰŬɘ ɛŮ Űɖ ɢɟɐůɖ ˊɞɚɡɟɡɗɛɘəɩɜ ɘɜɩɜ əŬɘ ɞ ɚɧɔɞɠ ŮɑɜŬɘ ɧŰɘ ŰŬ ŭɘɎűɞɟŬ 

ůŰɞɘɢŮɑŬ (components) ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŮɑɜŬɘ ˊɞɚɨ ˊɘɞ ɞɘəɞɜɞɛɘəɎ Ŭˊɧ ɛŮɟɘɎɠ 

əɧůŰɞɡɠ. ɄŬɟɧɚŬ ŬɡŰɎ, ŮɝŬɘŰɑŬɠ Űɖɠ ŭɘŬůˊɞɟɎɠ Űɟɧˊɤɜ ŭɘɎŭɞůɖɠ ˊɞɡ ŮɑɜŬɘ 

ŮˊɘəɟŬŰɞɨůŬ ůŰɘɠ MMF ɞɘ ɛŮɔŬɚɨŰŮɟŮɠ ŬˊɞůŰɎůŮɘɠ ɕŮɨɝɖɠ ŮɑɜŬɘ ůɢŮŭɧɜ 

ŬˊŬɔɞɟŮɡŰɘəɏɠ ɞˊɧŰŮ əŬɘ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɛɞɜɞɟɡɗɛɘəɏɠ ɑɜŮɠ. ɆŰɞ ŮˊɑˊŮŭɞ Űɞɡ 

Űɟɧˊɞɡ ŭɘŬɛɧɟűɤůɖɠ, ɖ ŭɘŬɛɧɟűɤůɖ əŬŰɎ ˊɚɎŰɞɠ ŰŮůůɎɟɤɜ ůŰŬɗɛɩɜ (PAM4) ŮɑɜŬɘ 

ŬɡŰɐ ˊɞɡ ɏɢŮɘ ŮˊɘəɟŬŰɐůŮɘ ŰŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ ɏɜŬɜŰɘ Űɖɠ NRZ ɛɘŬɠ əŬɘ ŬɡɝɎɜŮɘ Űɖ 

ɢɤɟɖŰɘəɧŰɖŰŬ Űɖɠ ɕŮɨɝɖɠ (əɤŭɘəɞˊɞɘŮɑ 2 bit ŬɜɎ ůɨɛɓɞɚɞ) ɢɤɟɑɠ ɜŬ ŬˊŬɘŰŮɑ ˊɘɞ 

ˊɞɚɨˊɚɞəɞ ɖɚŮəŰɟɞɜɘəɧ Ůɝɞˊɚɘůɛɧ ɔɘŬ Űɖɜ ŬˊɞŭɘŬɛɧɟűɤůɐ Űɖɠ.  

1.7 Ⱥɝɏɚɘɝɖ Űɖɠ ɡɘɞɗɏŰɖůɖɠ ɞˊŰɘəɩɜ ŭɘŬůɡɜŭɏůŮɤɜ ŮɜŰɧɠ əɏɜŰɟɤɜ 

ŭŮŭɞɛɏɜɤɜ 

ɇŬ ɛŮɔɎɚɖɠ əɚɑɛŬəŬɠ əɏɜŰɟŬ ŭŮŭɞɛɏɜɤɜ ɡɘɞɗɏŰɖůŬɜ Űɘɠ ɞˊŰɘəɏɠ ŰŮɢɜɞɚɞɔɑŮɠ əŬŰɎ Űɖ 

ɛŮŰɎɓŬůɖ Űɞɡɠ Ŭˊɧ ɟɡɗɛɞɨɠ Űɞɡ 1 Gb/s ůŰŬ 10 Gb/s ɛɏůŬ ůŰɞ ɢɟɞɜɘəɧ ŭɘɎůŰɖɛŬ 

2007-2010, ɏɤɠ ŰɧŰŮ ɖ ŭɘŬůɨɜŭŮůɖ ɔɘɜɧŰŬɜ ŬˊɞəɚŮɘůŰɘəɎ ɛŮ Űɖ ɢɟɐůɖ əŬɚɤŭɑɤɜ 

ɢŬɚəɞɨ. ɇɞ 2007, ɖ Google ŮɘůɐɔŬɔŮ Űɘɠ ɞˊŰɘəɏɠ ŮˊɘəɞɘɜɤɜɑŮɠ ůŰɞ əɏɜŰɟɞ ŭŮŭɞɛɏɜɤɜ 

Űɖɠ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ˊɞɛˊɞŭɏəŰŮɠ Űɨˊɞɡ SFP Űɤɜ 10 Gb/s, ɓŬůɘůɛɏɜɞɡɠ ůŮ VCSELs 

əŬɘ ˊɞɚɡɟɡɗɛɘəɐ ɑɜŬ, ɔɘŬ ɛŮŰɎŭɞůɖ ŭŮŭɞɛɏɜɤɜ ɛɏɢɟɘ əŬɘ 200 m. ȷˊɧ ŮəŮɑɜɖ Űɖɜ 

ˊŮɟɑɞŭɞ əŬɘ ɛŮŰɎ, ɖ ˊɚɐɟɖɠ ɡɘɞɗɏŰɖůɖ Űɤɜ ɞˊŰɘəɩɜ ŰŮɢɜɞɚɞɔɘɩɜ ɐŰŬɜ ɛɞɜɧŭɟɞɛɞɠ ɛŮ 

ŭŮŭɞɛɏɜɖ Űɖ ůɡɜŮɢɐ Ŭɨɝɖůɖ Űɖɠ əɑɜɖůɖɠ. ȰɢɞɜŰŬɠ ɤɠ ɓɎůɖ Űɖɜ ˊɟɞůɏɔɔɘůɖ ɧŰɘ ɞ 

ɧɔəɞɠ Űɤɜ ŭŮŭɞɛɏɜɤɜ ˊɞɡ ŭɘŬəɘɜŮɑŰŬɘ Ŭˊɧ Űɞɡɠ ŮɝɡˊɖɟŮŰɖŰɏɠ ŭɘˊɚŬůɘɎɕŮŰŬɘ əɎɗŮ 

ɢɟɧɜɞ [1.46], ɛŮŰŬɓɎůŮɘɠ Ŭˊɧ ŰŬ 10 ůŰŬ 40 Gb/s, Ŭˊɧ ŰŬ 40 ůŰŬ 100 Gb/s əŬɘ Ŭˊɧ 

ŮəŮɑ ůŮ ŬəɧɛŬ ɡɣɖɚɧŰŮɟɞɡɠ ɟɡɗɛɞɨɠ, ŮɑɢŬɜ ˊɟɞɓɚŮűɗŮɑ ɐŭɖ Ŭˊɧ ɜɤɟɑɠ [1.47]. ɇɞ 

2017, ŭɘŬůɡɜŭɏůŮɘɠ Űɤɜ 40 Gb/s, ɓŬůɘůɛɏɜŮɠ ůŰɞ ˊɟɤŰɧəɞɚɚɞ Ethernet, ŮɑɢŬɜ ɐŭɖ 

ŮɔəŬŰŬůŰŬɗŮɑ ůŮ ɛŮɔɎɚŬ əɏɜŰɟŬ ŭŮŭɞɛɏɜɤɜ [1.46]. ɄŬɟɎɚɚɖɚŬ, ˊɞɛˊɞŭɏəŰŮɠ ɛŮ 

ŭɡɜŬŰɧŰɖŰŬ ŭɘŬůɨɜŭŮůɖɠ ůŰŬ 100 Gb/s ɐŰŬɜ ŮɛˊɞɟɘəɎ ŭɘŬɗɏůɘɛɞɘ Ŭˊɧ Űɞ 2014 əŬɘ ɖ 

ŮɡɟŮɑŬ ɢɟɐůɖ Űɞɡɠ ůŰŬ əɏɜŰɟŬ ŭŮŭɞɛɏɜɤɜ ɝŮəɑɜɖůŮ Ŭˊɧ ŰŬ Űɏɚɖ Űɞɡ 2018. Ʉɚɏɞɜ 

ůŰɖɜ ˊŮɟɑɞŭɞ ˊɞɡ ŭɘŬɜɨɞɡɛŮ, ɖ ŬɔɞɟɎ Űɤɜ ůɡɜŭɏůɘɛɤɜ (pluggable) ŭɞɛɩɜ ůŰŬ 

400GbE ŬɜŬɛɏɜŮŰŬɘ ɜŬ ŬɜŬˊŰɡɢɗŮɑ ŰɎɢɘůŰŬ ɛɏɢɟɘ Űɞ 2023 [1.48].  
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ɆŰɞ ŮˊɑˊŮŭɞ Űɤɜ ŮɟŮɡɜɖŰɘəɩɜ ˊɟɞůˊŬɗŮɘɩɜ, ˊɞɚɚɏɠ ŭɞɛɏɠ ɏɢɞɡɜ ˊŬɟɞɡůɘŬůŰŮɑ ˊɞɡ 

Ŭɜɞɑɔɞɡɜ Űɞ ŭɟɧɛɞ ɔɘŬ Űɖɜ ɞɡůɘŬůŰɘəɐ ŮɔəŬɗɑŭɟɡůɖ Űɤɜ ˊɞɛˊɞŭŮəŰɩɜ ůŰŬ 400 Gb/s. 

ɇɞ 2019, ˊŬɟɞɡůɘɎůŰɖəŮ ɏɜŬɠ PAM-4 ˊɞɛˊɧɠ ɛŮ ɛɞɜɞɚɘɗɘəɧ laser ůŮ ˊɚŬŰűɧɟɛŬ 

űɤŰɞɜɘəɩɜ ˊɡɟɘŰɑɞɡ əŬŰɎɚɚɖɚɞɠ ɔɘŬ ŮűŬɟɛɞɔɏɠ short-reach 400GbE [1.49]. ɇɞ 

ˊŬɜŮˊɘůŰɐɛɘɞ McGill  Ůˊɑůɖɠ ŮˊɏŭŮɘɝŮ ɏɜŬ ˊɞɛˊɧ ŰŮůůɎɟɤɜ ɔɟŬɛɛɩɜ əŬŰɎɚɚɖɚɞ ɔɘŬ 

ŰɏŰɞɘɞɡ Űɨˊɞɡ ůɡɜŭŮůɘɛɧŰɖŰŬ ŮɜŰɧɠ Ůɜɧɠ əɏɜŰɟɞɡ ŭŮŭɞɛɏɜɤɜ [1.50], Ůɜɩ əŬɘ Űɞ 

ˊŬɜŮˊɘůŰɐɛɘɞ Űɖɠ ũɎɜŭɖɠ ůŰɖɜ əŬŰŮɨɗɡɜůɖ ŬɡŰɐ ɏɢŮɘ əŬŰŬůəŮɡɎůŮɘ ɏɜŬɜ PAM-4 

ˊɞɛˊɧ ŰŮɢɜɞɚɞɔɑŬɠ űɤŰɞɜɘəɩɜ ˊɡɟɘŰɑɞɡ ɛŮ ŭɡɜŬŰɧŰɖŰŬ ɟɡɗɛɞŭɧŰɖůɖɠ 128 Gb/s, ůŮ 

ŬˊɞůŰɎůŮɘɠ ɛɏɢɟɘ 1 km ɢɤɟɑɠ Űɖ ɢɟɐůɖ ŰŮɢɜɘəɩɜ ɣɖűɘŬəɐɠ ŮˊŮɝŮɟɔŬůɑŬɠ ůɐɛŬŰɞɠ 

[1.51]. ɆŰɖɜ ɑŭɘŬ əŬŰŮɨɗɡɜůɖ ɏɢŮɘ ˊŬɟɞɡůɘŬůŰŮɑ ɏɜŬɠ PAM-4/PAM-8 ́ ɞɛˊɧɠ ůŰŬ 260 

Gb/s ɛŮ ɢɟɐůɖ ŰŮɢɜɘəɩɜ ˊɟɞ-ŬɜŰɘůŰɎɗɛɘůɖɠ [1.52] əŬɘ ɏɜŬɠ ˊɞɛˊɧɠ ɡɓɟɘŭɘəɐɠ 

ɞɚɞəɚɐɟɤůɖɠ ɛŮ ŰŬɢɨŰɖŰŬ ůŰŬ 208 Gb/s əŬɘ ŭɡɜŬŰɧŰɖŰŬ əɎɚɡɣɖɠ ŬˊɧůŰŬůɖɠ ɏɤɠ 

əŬɘ 1 km [1.53]. 

ɆŰŬ ˊɚŬɑůɘŬ Űɖɠ ŮɡɟɨŰŮɟɖɠ ŬɔɞɟɎɠ ŭɘŬůɡɜŭɏůŮɤɜ, Űɞ ˊŬɟɧɜ Űɞˊɑɞ ˊŮɟɘɚŬɛɓɎɜŮɘ 

ˊɞɚɚɎ ˊŬɟŬŭŮɑɔɛŬŰŬ ŮˊɑŭŮɘɝɖɠ ŰŬɢɡŰɐŰɤɜ ɏɤɠ 400 Gb/s, əŬɗɩɠ əŬɘ əɎˊɞɘŬ ˊɟɩŰŬ 

pluggable ůŰɞɘɢŮɑŬ. ȼ ŮŰŬɘɟŮɑŬ Finisar ˊŬɟɞɡůɑŬůŮ ɏɜŬɜ ˊɞɛˊɞŭɏəŰɖ QSFP ůŰŬ 400G 

əŬŰɎɚɚɖɚɞ ɔɘŬ ŮűŬɟɛɞɔɏɠ ŭɘŬůɨɜŭŮůɖɠ ŮɜŰɧɠ ɡˊɞɚɞɔɘůŰɘəɩɜ əɏɜŰɟɤɜ [1.54], Ůɜɩ ɖ 

Colorchip ŬɜŬəɞɑɜɤůŮ Űɖɜ ɏɜŬɟɝɖ Űɤɜ ŭɞəɘɛɩɜ ůŮ ɞˊŰɘəɞɨɠ ˊɞɛˊɞŭɏəŰŮɠ ˊɞɡ 

ůŰɞɢŮɨɞɡɜ ůŰɖɜ ɑŭɘŬ ŰŬɢɨŰɖŰŬ ɛŮŰɎŭɞůɖɠ ŭŮŭɞɛɏɜɤɜ [1.55]. ȼ Mellanox ɏɢŮɘ ɐŭɖ 

Ŭˊɧ Űɞ 2019 ŮˊɘŭŮɑɝŮɘ ɏɜŬ 400G QSFP ˊɞɛˊɞŭɏəŰɖ [1.56] Ůɜɩ ɖ Innolight ŭɘŬɗɏŰŮɘ 

ɛɘŬ ɔəɎɛŬ Ŭˊɧ 400G ˊɞɛˊɞŭɏəŰŮɠ əŬɘ ɞˊŰɘəɎ əŬɚɩŭɘŬ [1.57]. ȼ Kaiam ɏɢŮɘ 

ŭɘŬɗɏůɘɛɞɡɠ ŭɘɎűɞɟɞɡɠ 400G ˊɞɛˊɞŭɏəŰŮɠ ɞɘ ɞˊɞɑɞɘ ŮɑɜŬɘ ˊɟɞůŬɟɛɞůɛɏɜɞɘ ůŮ 

ŭɘɎűɞɟŬ ˊɟɤŰɧəɞɚɚŬ (ɧˊɤɠ ŰŬ LR8/FR8/FR4) əŬɘ form factors [1.58]. ɇɏɚɞɠ, ɖ 

Lumentum ɏɢŮɘ əɡəɚɞűɞɟɐůŮɘ 400G ɞˊŰɘəɞɨɠ ˊɞɛˊɞŭɏəŰŮɠ ɛŮ ŭɡɜŬŰɧŰɖŰŬ 

ɛŮŰɎŭɞůɖɠ ůŰŬ 2 əŬɘ 10 km [1.59]. ȷɜ ŰŬ ˊŬɟŬˊɎɜɤ ŬˊɞŭŮɘəɜɨɞɡɜ əɎŰɘ, ŮɑɜŬɘ Űɞɜ 

űɟŮɜɐɟɖ ɟɡɗɛɧ ɛŮ Űɞɜ ɞˊɞɑɞ əɘɜŮɑŰŬɘ ɖ ɏɟŮɡɜŬ əŬɘ ɖ çɓɘɞɛɖɢŬɜɑŬè ůŰɞ əɞɛɛɎŰɘ Űɖɠ 

ŮɨɟŮůɖɠ əŬɘ ŬɜɎˊŰɡɝɖɠ ŭɞɛɩɜ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ əŬɚɡűɗɞɨɜ ɞɘ ɞɚɞɏɜŬ əŬɘ 

ŬɡɝŬɜɧɛŮɜŮɠ ŬˊŬɘŰɐůŮɘɠ Űɤɜ ɢɟɖůŰɩɜ. ɀŮ ŭŮŭɞɛɏɜɞ əɘɧɚŬɠ ɧŰɘ əɎˊɞɘŮɠ űɞɟɏɠ ɖ 

Ŭɨɝɖůɖ Űɖɠ ŬˊŬɑŰɖůɖɠ ɔɑɜŮŰŬɘ ɛŮ ɔŮɤɛŮŰɟɘəɧ Űɟɧˊɞ, ɧˊɤɠ Űɞ ˊɟɧůűŬŰɞ ˊŬɟɎŭŮɘɔɛŬ 

Űɖɠ Ŭɨɝɖůɖɠ Űɖɠ əɑɜɖůɖɠ ɚɧɔɤ Űɤɜ ŮˊɘˊŰɩůŮɤɜ Űɖɠ əɟɑůɖɠ Űɖɠ ˊŬɜŭɖɛɑŬɠ Űɞɡ 

COVID-19, ɞɘ ˊɟɞůˊɎɗŮɘŮɠ ɔɘŬ ŮɝŮɨɟŮůɖ əŬɘɜɞŰɧɛɤɜ ɚɨůŮɤɜ ŭŮɜ ůŰŬɛŬŰɎ ˊɞŰɏ. 

1.8 ɃˊŰɞ-ɖɚŮəŰɟɞɜɘəɞɑ ɄɞɛˊɞŭɏəŰŮɠ ɔɘŬ ȾɏɜŰɟŬ ȹŮŭɞɛɏɜɤɜ 

ȰɜŬɠ ɞˊŰɞ-ɖɚŮəŰɟɞɜɘəɧɠ ˊɞɛˊɞŭɏəŰɖɠ ŮɑɜŬɘ Űɞ ɓŬůɘəɧ ůŰɞɘɢŮɑɞ ɛɘŬ rack-to-rack 

ɞˊŰɘəɐɠ ŭɘŬůɨɜŭŮůɖɠ [1.60], [1.61]. ȺɑɜŬɘ Ůˊɑ Űɖɠ ɞɡůɑŬɠ ɛɘŬ ůɡůəŮɡɐ ɖ ɞˊɞɑŬ ɛˊɞɟŮɑ 

ɜŬ ɛŮŰŬŭɩůŮɘ əŬɘ ɜŬ ɚɎɓŮɘ ŭŮŭɞɛɏɜŬ ɡˊɧ Űɖɜ ɛɞɟűɐ ɞˊŰɘəɩɜ ˊŬɚɛɩɜ 

ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɤɠ ɛɏůɞ Űɖɜ ɞˊŰɘəɐ ɑɜŬ. ɇɟŮɘɠ ŮɑɜŬɘ ɞɘ əɨɟɘŮɠ ɕɩɜŮɠ ɛɖəɩɜ əɨɛŬŰɞɠ 

ůŰɘɠ ɞˊɞɑŮɠ ɛŮŰŬŭɑŭɞɜŰŬɘ ŭŮŭɞɛɏɜŬ: ɔɨɟɤ Ŭˊɧ ŰŬ 850 nm, ɔɨɟɤ Ŭˊɧ ŰŬ 1310 nm əŬɘ 

ɔɨɟɤ Ŭˊɧ ŰŬ 1550 nm. ɇŬ ŭŮŭɞɛɏɜŬ ŬɡŰɎ ŰŬɝɘŭŮɨɞɡɜ ůŮ ˊɞɚɨ ɡɣɖɚɏɠ ŰŬɢɨŰɖŰŮɠ əŬɘ 

ɏɢɞɡɜ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɚɧɔɤ Űɤɜ ɢŬɛɖɚɩɜ ŬˊɤɚŮɘɩɜ Űɖɠ ɞˊŰɘəɐɠ ɑɜŬɠ ɜŬ ŰŬɝɘŭŮɨɞɡɜ ůŮ 

ɛŮɔɎɚŮɠ ŬˊɞůŰɎůŮɘɠ. Ƀɘ ˊɞɛˊɞŭɏəŰŮɠ ɛˊɞɟɞɨɜ ŮɑŰŮ ɜŬ ůɡɜŭŮɗɞɨɜ (pluggable) ŮɑŰŮ ɜŬ 

ŮɜůɤɛŬŰɤɗɞɨɜ (embedded) ůŮ ɛɘŬ ůɡůəŮɡɐ ŭɘəŰɨɞɡ əŬɘ ŮɑɜŬɘ ŰŬ ůŰɞɘɢŮɑŬ ŮəŮɑɜŬ ˊɞɡ 
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ɛŮŰŬŰɟɏˊɞɡɜ ŰŬ ɖɚŮəŰɟɘəɎ ůɐɛŬŰŬ ůŮ ɞˊŰɘəɎ əŬɘ Űɞ ŬɜŰɑɗŮŰɞ. ȷɜŬˊŰɨůůɞɜŰŬɘ ůŮ 

ŭɘŬűɞɟŮŰɘəɎ ůɢɐɛŬŰŬ əŬɘ ɛŮɔɏɗɖ əɎŰɘ ˊɞɡ ˊŮɟɘɔɟɎűŮŰŬɘ Ŭˊɧ Űɞɜ ɧɟɞ form factor.  

ȼ çŬɜŬŰɞɛɑŬè Ůɜɧɠ ˊɞɛˊɞŭɏəŰɖ űŬɑɜŮŰŬɘ ůŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ. ɇŬ ɓŬůɘəɎ ŭɞɛɘəɎ 

ůŰɞɘɢŮɑŬ Űɞɡ ŮɑɜŬɘ ɖ ɞˊŰɘəɐ ˊɖɔɐ (laser), ɞ ŭɘŬɛɞɟűɤŰɐɠ (modulator) əŬɘ ɞ 

űɤŰɞŭɏəŰɖɠ (photodetector). ɆɖɛŬɜŰɘəɧ ɟɧɚɞ ˊŬɑɕɞɡɜ Ůˊɑůɖɠ ˊŬɗɖŰɘəɎ ůŰɞɘɢŮɑŬ ɧˊɤɠ 

ɞɘ (Ŭˊɧ)ˊɞɚɡˊɚɏəŰŮɠ ɐ ɞɘ ŭɘŬűɧɟɤɜ Űɨˊɤɜ ŭɘŮˊŬűɏɠ ˊɞɡ ɞɚɞəɚɖɟɩɜɞɜŰŬɘ ˊɎɜɤ ůŰŬ 

chips ˊɞɛˊɞŭŮəŰɩɜ əŬɘ ŮˊɘŰɟɏˊɞɡɜ ŮɑŰŮ Űɞɜ ˊɞɚɚŬˊɚŬůɘŬůɛɧ Űɞɡ Ůɨɟɞɡɠ ɕɩɜɖɠ Űɤɜ 

ˊɞɛˊɞŭŮəŰɩɜ ŮɑŰŮ ŭɘŮɡəɞɚɨɜɞɡɜ Űɖɜ Ůɑůɞŭɞ əŬɘ Űɖɜ ɏɝɞŭɞ Űɞɡ űɤŰɧɠ ůŰɘɠ ŭɘɎűɞɟŮɠ 

ɞɚɞəɚɖɟɤɛɏɜŮɠ ŭɞɛɏɠ əŬɘ Űɖɜ ɑɜŬ. ɆŰɞ ŮˊɑˊŮŭɞ Űɖɠ ɞɚɞəɚɐɟɤůɖɠ ɛɘŬ ůŮɘɟɎ Ŭˊɧ 

ɡˊɞɣɐűɘŮɠ ŰŮɢɜɞɚɞɔɑŮɠ ŭɞəɘɛɎɕɞɜŰŬɘ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ əŬŰŬůəŮɡŬůŰɞɨɜ ɞɘ ŭɞɛɏɠ Űɤɜ 

ˊɞɛˊɞŭŮəŰɩɜ əɎɗŮ ɛɘŬ Ŭˊɧ Űɘɠ ɞˊɞɑŮɠ űɏɟŮɘ ŰŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ əŬɘ ɛŮɘɞɜŮəŰɐɛŬŰɎ 

Űɖɠ. ɆŰɖ ůɡɜɏɢŮɘŬ ɗŬ ˊŬɟɞɡůɘŬůŰɞɨɜ ɛŮ ůɡɜɞˊŰɘəɧ Űɟɧˊɞ ɞɘ ŭɘɎűɞɟŮɠ ŰŮɢɜɞɚɞɔɘəɏɠ 

ˊɟɞůŮɔɔɑůŮɘɠ ˊɞɡ Ŭűɞɟɞɨɜ ůŰɖɜ ŬɜɎˊŰɡɝɖ Űɤɜ ɓŬůɘəɩɜ ŭɞɛɘəɩɜ ůŰɞɘɢŮɑɤɜ Ůɜɧɠ 

ˊɞɛˊɞŭɏəŰɖ. 

 

ȺɘəɧɜŬ 10: ɉŬɟŬəŰɖɟɘůŰɘəɐ ŬɟɢɘŰŮəŰɞɜɘəɐ: (Ŭ) Ůɜɧɠ point-to-point űɤŰɞɜɘəɞɨ link ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑ 

ɏɜŬ ɛɐəɞɠ əɨɛŬŰɞɠ əŬɘ (ɓ) Ůɜɧɠ űɤŰɞɜɘəɞɨ link ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑ ˊɞɚɡˊɚŮɝɑŬ əŬŰɎ ɛɐəɞɠ əɨɛŬŰɞɠ ɛŮ 

Űɖ ɢɟɐůɖ ɞɚɞəɚɖɟɤɛɏɜɤɜ (Ŭˊɧ)ˊɞɚɡˊɚŮəŰɩɜ.  

Lasers: ȼ ˊɚŮɘɞɣɖűɑŬ Űɤɜ ŮɛˊɞɟɘəɎ ŭɘŬɗɏůɘɛɤɜ ɞˊŰɘəɩɜ ŭɘŬůɡɜŭɏůŮɤɜ ɔɘŬ 

ŬˊɞůŰɎůŮɘɠ ɛɘəɟɧŰŮɟŮɠ Ŭˊɧ ŰŬ 300 m əɎɜɞɡɜ ɢɟɐůɖ ˊɞɚɡɟɡɗɛɘəɩɜ ɘɜɩɜ əŬɘ ŭɞɛɩɜ 

VCSEL ŰŮɢɜɞɚɞɔɑŬɠ GaAs ɛŮ ɛɐəɞɠ əɨɛŬŰɞɠ Ůəˊɞɛˊɐɠ ůŰŬ 850 nm. ɇŬ VCSEL 

ŮˊɘŰɟɏˊɞɡɜ ŰŮɢɜɘəɏɠ ŬˊŮɡɗŮɑŬɠ ŭɘŬɛɧɟűɤůɖɠ (direct modulation) əŬɘ ŮˊɘŰɡɔɢɎɜɞɡɜ 

ɡɣɖɚɎ Ůɨɟɖ ɕɩɜɖɠ ɛŮ ɢŬɛɖɚɎ ɟŮɨɛŬŰŬ ɞŭɐɔɖůɖɠ. ȷɝɘɞůɖɛŮɑɤŰŮɠ ŮˊɘŭɧůŮɘɠ ɏɢɞɡɜ 

ŭŮɘɢɗŮɑ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ ɔɘŬ ɛɘŬ ůŮɘɟɎ Ŭˊɧ ˊɟɞůŮɔɔɑůŮɘɠ ɧˊɤɠ ˊɞɚɨ ɔɟɐɔɞɟŮɠ 

ŰŬɢɨŰɖŰŮɠ [1.62], ɢɟɐůɖ ŬɜŬɓŬɗɛɘůɛɏɜɤɜ ůɢɖɛɎŰɤɜ ŭɘŬɛɧɟűɤůɖɠ [1.63] əŬɘ 

ŰŮɢɜɘəɩɜ ˊɞɚɡˊɚŮɝɑŬɠ [1.64]-[1.68]. Ƀɘ ŬɡɝɖɛɏɜŮɠ ɧɛɤɠ ŬˊŬɘŰɐůŮɘɠ ɔɘŬ ɕŮɨɝŮɘɠ ůŮ ˊɘɞ 

ɛŮɔɎɚŮɠ ŬˊɞůŰɎůŮɘɠ ɏɢɞɡɜ ɞŭɖɔɐůŮɘ ůŰɖɜ ɡɘɞɗɏŰɖůɖ in-plane ŭɞɛɩɜ laser ɧˊɤɠ ŰŬ 

DFBs ɓŬůɘůɛɏɜɤɜ ůŰɖɜ ˊɚŬŰűɧɟɛŬ Űɤɜ III -V ɖɛɘŬɔɤɔɩɜ ŰŬ ɞˊɞɑŬ ŰɞˊɞɗŮŰɞɨɜŰŬɘ ůŮ 

wafers űɤŰɞɜɘəɩɜ ˊɡɟɘŰɑɞɡ ɛŮ ŭɘɎűɞɟɞɡɠ Űɟɧˊɞɡɠ ˊɟɧůŭŮůɖɠ (bonding). 

ɉŬɟŬəŰɖɟɘůŰɘəɎ ɗŬ ŬɜŬűŮɟɗɞɨɜ əɎˊɞɘŬ ˊŬɟŬŭŮɑɔɛŬŰŬ Ŭˊɧ Űɖ ɓɘɓɚɘɞɔɟŬűɑŬ [1.69]-

[1.77]. 

ȹɘŬɛɞɟűɤŰɏɠ: Ƀɘ ŭɘŬɛɞɟűɤŰɏɠ ɖɚŮəŰɟɞ-Ŭˊɞɟɟɧűɖůɖɠ (Electro-absorption 

modulators-EAMs), ŬˊɞŰŮɚɞɨɜ Űɖɜ əɡɟɑŬɟɢɖ ŰŮɢɜɞɚɞɔɑŬ ɧŰŬɜ ŭŮɜ ɔɑɜŮŰŬɘ Ůˊɘɚɞɔɐ 

ɢɟɐůɖɠ ŬˊŮɡɗŮɑŬɠ ŭɘŬɛɧɟűɤůɖɠ. Ɇɡɜɐɗɤɠ ɖ Ŭˊɧ əɞɘɜɞɨ Űɞɡɠ ŬɜɎˊŰɡɝɖ ɛŮ ŰŬ DFB 

lasers ɞŭɖɔŮɑ ůŰɖɜ ŬɜɎˊŰɡɝɖ ŭɞɛɩɜ ˊɞɡ ŬˊɞəŬɚɞɨɜŰŬɘ EMLs (electroabsorption 

modulator lasers). ɀɘŬ ˊɚŮɘɎŭŬ ŮűŬɟɛɞɔɩɜ EAMs ɓŬůɘůɛɏɜŬ ůŰɖɜ ŰŮɢɜɞɚɞɔɑŬ III -V 

ɡˊɎɟɢŮɘ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ [1.78]-[1.80], Ůɜɩ əŬɘ ɡɚɘəɎ ɧˊɤɠ Űɞ Ge ɏɢɞɡɜŮ Ůˊɑůɖɠ 

ŭŮɘɢŰŮɑ [1.81]-[1.82]. ȺəŰɧɠ Űɤɜ EAMs ůŮ ɛɘəɟɧŰŮɟɖ ůɡɢɜɧŰɖŰŬ ˊŬɟŬŰɖɟɞɨɜŰŬɘ 
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ŮűŬɟɛɞɔɏɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜ electro-refraction [1.83]-[1.84] əŬɘ cascaded ring 

[1.85]-[1.86] ŭɘŬɛɞɟűɤŰɏɠ. 

ūɤŰɞŭɏəŰŮɠ: ɀŮ ŭŮŭɞɛɏɜɞ ɧŰɘ Űɞ əɧůŰɞɠ ŮɑɜŬɘ ɛɘŬ ˊɞɚɨ ůɖɛŬɜŰɘəɐ ˊŬɟɎɛŮŰɟɞɠ 

əŬŰɎ Űɞ ůɢŮŭɘŬůɛɧ Ůɜɧɠ ůɡůŰɐɛŬŰɞɠ, ɞɘ PIN űɤŰɞŭɑɞŭɞɘ ŮɑɜŬɘ ɞɘ ˊɘɞ ŭɘŬŭŮŭɞɛɏɜŮɠ 

ŭɞɛɏɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ Űɖ ɛŮŰŬŰɟɞˊɐ Űɞɡ ɞˊŰɘəɞɨ ůɐɛŬŰɞɠ ůŮ ɖɚŮəŰɟɘəɧ 

[1.87]-[1.88]. Ʉɚɏɞɜ, əŮɟŭɑɕɞɡɜ ɏŭŬűɞɠ əŬɘ ɡɚɞˊɞɘɐůŮɘɠ ˊɞɡ əɎɜɞɡɜ ɢɟɐůɖ ŮɑŰŮ 

unitraveling-carrier (UTC) űɤŰɞŭɘɧŭɤɜ [1.89] ŮɑŰŮ avalanche (APD) űɤŰɞŭŮəŰɩɜ 

[1.90]. 

(ȷˊɧ)ɄɞɚɡˊɚɏəŰŮɠ: ɆŰɞ ŮˊɑˊŮŭɞ Űɖɜ ɞˊŰɘəɐ ˊɞɚɡˊɚŮɝɑŬɠ ɞɘ ŭɞɛɏɠ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɓŬůɑɕɞɜŰŬɘ əɡɟɑɤɠ ůŮ thin films [1.90], gratings ˊŮɟɑɗɚŬůɖɠ [1.91]-

[1.92], arrayed waveguide gratings [1.93]-[1.95] əŬɘ űɑɚŰɟŬ ɓŬůɘɕɧɛŮɜŬ ůŮ ŭɞɛɏɠ 

ɛɘəɟɞ-ŭŬəŰɡɚɑɤɜ [1.96]-[1.100]. 

1.9 ȺɜŮɟɔɎ ɃˊŰɘəɎ ȾŬɚɩŭɘŬ 

ȳˊɤɠ ŬɜŬűɏɟŬɛŮ ˊŬɟŬˊɎɜɤ ɞɘ ɞˊŰɘəɞɑ ˊɞɛˊɞŭɏəŰŮɠ ɛŮŰŬŰɟɏˊɞɡɜ ŰŬ ɖɚŮəŰɟɘəɎ 

ůɐɛŬŰŬ ŭŮŭɞɛɏɜɤɜ ůŮ ɞˊŰɘəɎ ɛŮ Űɖ ɓɞɐɗŮɘŬ ŭɞɛɩɜ ɧˊɤɠ ŰŬ lasers əŬɘ ɞɘ 

ŭɘŬɛɞɟűɤŰɏɠ əŬɘ Ůɜ ůɡɜŮɢŮɑŬ Űɞ űɤɠ ŬɡŰɧ ŭɘŬŭɑŭŮŰŬɘ ɛɏůŬ ůŰɖɜ ɞˊŰɘəɐ ɑɜŬ. Ƀɘ 

ɞˊŰɘəɞɑ ˊɞɛˊɞŭɏəŰŮɠ ɏɢɞɡɜ ɏɜŬɜ ŬˊɞůˊɩɛŮɜɞ ɞˊŰɘəɧ ůɡɜŭŮŰɐɟŬ (optical connector) 

ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ɡˊɎɟɢŮɘ ɖ ŭɡɜŬŰɧŰɖŰŬ ŬˊɞůɨɜŭŮůɖɠ Űɖɠ ŭɞɛɐɠ Ŭˊɧ Űɖɜ ɞˊŰɘəɐ ɑɜŬ. 

ɆŰŬ ŮɜŮɟɔɎ ɞˊŰɘəɎ əŬɚɩŭɘŬ (Active Optical Cables- AOCs) ɖ ɓŬůɘəɐ ŭɘŬűɞɟɎ 

ɏɔəŮɘŰŬɘ ůŰɞ ɔŮɔɞɜɧɠ ɧŰɘ ɖ ɞˊŰɘəɐ ɑɜŬ ŮɑɜŬɘ ɛɧɜɘɛŬ ůɡɜŭŮŭŮɛɏɜɖ ɛŮ Űɞɜ ˊɞɛˊɞŭɏəŰɖ 

ŭɖɛɘɞɡɟɔɩɜŰŬɠ ɏŰůɘ ɛɘŬ ɎɛŮůŬ ŮɜůɤɛŬŰɩůɘɛɖ ŭɞɛɐ ůŰɖ ɚɞɔɘəɐ Űɞɡ çplug and play». 

ȺɑɜŬɘ ɖ ˊɘɞ Ůɡɟɏɤɠ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɖ ŰŮɢɜɞɚɞɔɑŬ ɔɘŬ Űɖ ŭɘŬůɨɜŭŮůɖ ŮɜŰɧɠ 

ɡˊɞɚɞɔɘůŰɘəɩɜ əɏɜŰɟɤɜ əŬɘ ɡˊŮɟɡˊɞɚɞɔɘůŰɘəɩɜ (high performance computing-HPC) 

ŮűŬɟɛɞɔɩɜ əŬɘ ŬɜŰɘəŬŰɏůŰɖůŬɜ ŰŬ əŬɚɩŭɘŬ Űɞɡ ɢŬɚəɞɨ (direct Attach Copper-DAC 

cables)  ˊɟɞůűɏɟɞɜŰŬɠ ɛɘŬ ůŮɘɟɎ Ŭˊɧ ŬŭɘŬɛűɘůɓɐŰɖŰŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ [1.101], 

[1.102].  

ɆŮ ůɢɏůɖ ɚɞɘˊɧɜ ɛŮ ŰŬ DACs, ŰŬ AOCs ˊɟɞůűɏɟɞɡɜ ŭɡɜŬŰɧŰɖŰŬ ɕŮɨɝɖɠ ůŮ 

ɛŮɔŬɚɨŰŮɟŮɠ ŬˊɞůŰɎůŮɘɠ, ɛŮɔŬɚɨŰŮɟɞ Ůɨɟɞɠ ɕɩɜɖɠ, ˊɘɞ ŬɝɘɧˊɘůŰɞ əŬɜɎɚɘ ɛŮŰɎŭɞůɖɠ, 

ɛɘəɟɧŰŮɟɞ ɛɏɔŮɗɞɠ əŬɘ ɓɎɟɞɠ, əŬɗɩɠ əŬɘ ŬɜɞůɑŬ ůŰɘɠ ɖɚŮəŰɟɞɛŬɔɜɖŰɘəɏɠ 

ˊŬɟŮɛɓɞɚɏɠ. ȺˊɘˊɟɧůɗŮŰŬ, ůŮ ůɨɔəɟɘůɖ ɛŮ Ɏɚɚɞɡɠ ɞˊŰɘəɞɨɠ ˊɞɛˊɞŭɏəŰŮɠ ŰŬ AOCs 

ɏɢɞɡɜ ɢŬɛɖɚɧŰŮɟɖ əŬŰŬɜɎɚɤůɖ, ɢŬɛɖɚɧŰŮɟɞ əɧůŰɞɠ ůɡɜŰɐɟɖůɖɠ əŬɘ Ůɜ ɔɏɜŮɘ ŮɑɜŬɘ 

ˊɞɚɨ ˊɘɞ ɞɘəɞɜɞɛɘəɎ. ɉŬɟŬəŰɖɟɘůŰɘəɎ ŬɜŬűɏɟŮŰŬɘ ɧŰɘ ɏɜŬɠ ˊɚɐɟɖɠ ŭɘˊɚɧɠ AOC 

ˊɞɛˊɞŭɏəŰɖɠ (ɛŬɕɑ ɛŮ Űɖɜ əŬɚɤŭɑɤůɐ Űɞɡ-ɞˊŰɘəɐ ɑɜŬ) əɞůŰɑɕŮɘ ůɡɜɐɗɤɠ ɧůɞ ɏɜŬɠ 

ɛɞɜɧɠ ɞˊŰɘəɧɠ ˊɞɛˊɞŭɏəŰɖɠ. Ɇɡɜɐɗɤɠ ŰŬ AOCs əŬɚɨˊŰɞɡɜ ŬˊɞůŰɎůŮɘɠ Ŭˊɧ ɛŮɟɘəɎ 

ɛɏŰɟŬ ɏɤɠ 4 km. ȷɜŬɚɧɔɤɠ ɛŮ Űɖɜ ŬˊɧůŰŬůɖ ˊɟɞůŬɟɛɧɕɞɡɜ əŬɘ Űɖɜ ŰŮɢɜɞɚɞɔɑŬ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɞɨɜ, ɏŰůɘ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ ɔɘŬ ŭɘŬůɡɜŭɏůŮɘɠ ɛɏɢɟɘ 100 m ůɡɜɖɗɑɕŮŰŬɘ ɜŬ 

ɓŬůɑɕɞɜŰŬɘ ůŮ ˊɞɚɡɟɡɗɛɘəɐ ŰŮɢɜɞɚɞɔɑŬ. ɇŬ AOCs əŬŰŬůəŮɡɎɕɞɜŰŬɘ ůŮ ŭɘɎűɞɟŮɠ 

ŭɘŬůŰɎůŮɘɠ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŮɑɜŬɘ ůɡɛɓŬŰɎ ɛŮ ɛɘŬ ˊɚŮɘɎŭŬ Ŭˊɧ Űɨˊɞɡɠ ůɡɜŭŮŰɐɟɤɜ, 

ŬɜŬűɞɟɘəɎ: SFP+, SFP28, QSFP+, QSFP28 ə.Ŭ.  

ũɘŬ ŰŬ ˊŬɟŬˊɎɜɤ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡɠ ɚɞɘˊɧɜ əŬɘ ˊŬɟɎ Űɞ ɔŮɔɞɜɧɠ ɧŰɘ ɡˊɎɟɢŮɘ ɛɘŬ 

ˊɞɚɨ ɛŮɔɎɚɖ ˊɞɘəɘɚɑŬ Ŭˊɧ Ůˊɘɚɞɔɏɠ ɧůɞɜ ŬűɞɟɎ ůŰɖ ŭɘŬůɨɜŭŮůɖ ŮɜŰɧɠ əɏɜŰɟɤɜ 

ŭŮŭɞɛɏɜɤɜ, ŰŬ ŮɜŮɟɔɎ ɞˊŰɘəɎ əŬɚɩŭɘŬ ˊŬɟŬɛɏɜɞɡɜ ɑůɤɠ ɖ ůɖɛŬɜŰɘəɧŰŮɟɖ ŰŮɢɜɞɚɞɔɑŬ 
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ůŰɖɜ ŬɔɞɟɎ, ɛŮ Űɘɠ ˊɤɚɐůŮɘɠ ɜŬ ŭɘŬŰɖɟɞɨɜŰŬɘ ůŮ ˊɞɚɨ ɡɣɖɚɎ ŮˊɑˊŮŭŬ ɧˊɤɠ űŬɑɜŮŰŬɘ 

əŬɘ ůŰɞ ˊŬɟŬəɎŰɤ ŭɘɎɔɟŬɛɛŬ. ȺɑɜŬɘ Ůˊɑůɖɠ ŬɝɘɞůɖɛŮɑɤŰɞ Űɞ ɔŮɔɞɜɧɠ ɧŰɘ ůɢŮŭɧɜ ŰŬ 

2/3 Űɤɜ ˊɟɞɥɧɜŰɤɜ ɛɏɢɟɘ Űɞ 2024 ɗŬ Ŭűɞɟɞɨɜ ůŮ ɚɨůŮɘɠ 1x10G əŬɘ 1x25G 

əŬŰŬŭŮɘəɜɨɞɜŰŬɠ ˊɧůɞ ůɖɛŬɜŰɘəɏɠ ŮɑɜŬɘ ɞɘ ŰŮɢɜɞɚɞɔɑŮɠ ŬɡŰɏɠ ɔɘŬ Űɖɜ ŬɜɎˊŰɡɝɖ Űɤɜ 

ŭɘŬůɡɜŭɏůŮɤɜ ŮɜŰɧɠ ɡˊɞɚɞɔɘůŰɘəɩɜ əɏɜŰɟɤɜ əŬɘ HPCs ɧɢɘ ɛɧɜɞ ůŰɞ ˊŬɟɧɜ ŬɚɚɎ əŬɘ 

ůŰɞ ɎɛŮůɞ ɛɏɚɚɞɜ [1.103]. ȺˊɘˊɟɧůɗŮŰŬ, ɛŮ ɢɟɐůɖ ˊɞɚɡˊɚŮɝɑŬɠ əŬŰɎ ɛɐəɞɠ əɨɛŬŰɞɠ 

ŰŬ AOCs ɏɢɞɡɜ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɜŬ ŬɜŰŬˊɞəɟɑɜɞɜŰŬɘ ůŮ ɧɚŬ ŰŬ ůɨɔɢɟɞɜŬ standards 

(ɚ.ɢ. 8x25G, 10x10G, 8x50G əŰɚ).ɏɜŬ ˊɟɧɓɚɖɛŬ ůŰɞ ɞˊɞɑɞ əŬɘ ɖ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ 

ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ŬɡŰɐ Űɖɜ ŰŮɢɜɞɚɞɔɑŬ əŬɚŮɑŰŬɘ ɜŬ ˊɟɞůŮɔɔɑůŮɘ.  

 

ȺɘəɧɜŬ 11: ȺəŰɑɛɖůɖ Űɖɠ ŬɔɞɟɎɠ ȺɜŮɟɔɩɜ ɃˊŰɘəɩɜ ȾŬɚɤŭɑɤɜ ɛɏɢɟɘ Űɞ 2024 ɔɘŬ ŰŮɢɜɞɚɞɔɑŮɠ 10G əŬɘ 

25G per lane. 

1.9.1 ɇŮɢɜɞɚɞɔɑŮɠ əŬɘ ɇŮɢɜɘəɏɠ ɔɘŬ Ŭɡɝɖɛɏɜɖ Ŭˊɧŭɞůɖ Űɤɜ ȺɜŮɟɔɩɜ 

ɃˊŰɘəɩɜ ȾŬɚɤŭɑɤɜ 

ɇŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ ˊɞɡ ˊɟɞůűɏɟɞɡɜ ŰŬ ŮɜŮɟɔɎ ɞˊŰɘəɎ əŬɚɩŭɘŬ ůŰɖ ŭɘŬůɨɜŭŮůɖ Űɤɜ 

əɏɜŰɟɤɜ ŭŮŭɞɛɏɜɤɜ ŮɑɜŬɘ ˊɞɚɚɎ əŬɘ ˊŮɟɘɔɟɎűɖəŬɜ ůŮ ˊŬɟŬˊɎɜɤ ˊŬɟɎɔɟŬűɞ. 

ɄŬɟɎɚɚɖɚŬ, ɞɘ ŭɘɎűɞɟŮɠ ŰŮɢɜɞɚɞɔɑŮɠ əŬɘ ŰŮɢɜɘəɏɠ ˊɟɞůŮɔɔɑůŮɘɠ ŭɑɜɞɡɜ Űɖ ŭɡɜŬŰɧŰɖŰŬ 

ŰŬ ɞűɏɚɖ ŬɡŰɎ ɜŬ ˊɞɚɚŬˊɚŬůɘŬůŰɞɨɜ. ȷˊɧ ɛŮɟɘɎɠ ŰŮɢɜɞɚɞɔɘɩɜ ŭɨɞ ŮɑɜŬɘ ɞɘ 

ˊɟɞůŮɔɔɑůŮɘɠ ˊɎɜɤ ůŰɘɠ ɞˊɞɑŮɠ ɓŬůɑɕɞɜŰŬɘ ɞɘ əŬŰŬůəŮɡŬůŰɏɠ: ŰŬ laser əɎɗŮŰɖɠ 

əɞɘɚɧŰɖŰŬɠ (VCSELs) əŬɘ ŰŬ űɤŰɞɜɘəɎ ˊɡɟɘŰɑɞɡ. 

VCSELs: ɇŬ VCSELs ŮɑɜŬɘ ɖ əɘɜɖŰɐɟɘɞɠ ŭɨɜŬɛɖ Űɤɜ ɞˊŰɘəɩɜ ŭɘŬůɡɜŭɏůŮɤɜ ɧˊɤɠ 

ˊŮɟɘɔɟɎűɖəŮ əŬɘ ˊŬɟŬˊɎɜɤ ŮɝŬɘŰɑŬɠ Űɞɡ ɢŬɛɖɚɞɨ Űɞɡɠ əɧůŰɞɡɠ, Űɖɠ ɢŬɛɖɚɐɠ 

əŬŰŬɜɎɚɤůɖɠ ɘůɢɨɞɠ əŬɘ Űɖɠ ŬɝɘɞˊɘůŰɑŬɠ Űɞɡɠ. ȰɜŬ ŬəɧɛŬ ˊɞɚɨ ɤűɏɚɘɛɞ 

ɢŬɟŬəŰɖɟɘůŰɘəɧ Űɞɡɠ ŮɑɜŬɘ Űɞ ɔŮɔɞɜɧɠ ɧŰɘ ɚɧɔɤ Űɞɡ ɛɘəɟɞɨ Űɞɡɠ ɛŮɔɏɗɞɡɠ (20000 

VCSELs ɛˊɞɟɞɨɜ ɜŬ ɞɚɞəɚɖɟɤɗɞɨɜ ůŮ ɏɜŬ 3-inch wafer) ɏɢɞɡɜ ɛŮɔɎɚɖ 

ŬɜŰŬˊɞŭɞŰɘəɧŰɖŰŬ əŬɘ ɛˊɞɟɞɨɜ ɜŬ ŮɚŮɔɢɗɞɨɜ ůŰɞ ŮˊɑˊŮŭɞ Űɞɡ wafer ˊɟɞŰɞɨ əɞˊɞɨɜ 

əŬɘ ůɡůəŮɡŬůŰɞɨɜ. ɇŬ ˊɞɚɡɟɡɗɛɘəɎ VCSELs ɛŮ ɛɐəɞɠ əɨɛŬŰɞɠ Ůəˊɞɛˊɐɠ ůŰŬ 850 

nm ŮɑɜŬɘ ɖ ˊɘɞ ŭɘŬŭŮŭɞɛɏɜɖ ŰŮɢɜɞɚɞɔɑŬ, ˊŬɟɧɚŬ ŬɡŰɎ ɖ ɡɘɞɗɏŰɖůɖ ŭɞɛɩɜ ɛŮ 

ɛŮɔŬɚɨŰŮɟɞ ɛɐəɞɠ əɨɛŬŰɞɠ Ůəˊɞɛˊɐɠ ɗŮɤɟŮɑŰŬɘ ɤɠ ɛɘŬ ŮˊɤűŮɚɐɠ ɛŮŰɎɓŬůɖ əŬɗɩɠ 

ɗŬ ˊɟɞůűɏɟŮɘ ɓŮɚŰɘɤɛɏɜɖ Ŭˊɧŭɞůɖ ɘůɢɨɞɠ əŬɘ ɡɣɖɚɧŰŮɟŮɠ ŰŬɢɨŰɖŰŮɠ ŭɘŬɛɧɟűɤůɖɠ 

ɛŮ Űɖɜ ɑŭɘŬ ŬɝɘɞˊɘůŰɑŬ. ȼ ɓŬůɘəɐ ˊɟɧəɚɖůɖ ůŰŬ VCSELs ŮɑɜŬɘ ɖ ŭɡɜŬŰɧŰɖŰŬ 

Ŭɨɝɖůɖɠ Űɖɠ ŰŬɢɨŰɖŰŬɠ ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡɠ ŮɝŬɘŰɑŬɠ Űɞɡ ɔŮɔɞɜɧŰɞɠ ɧŰɘ ɖ Ŭˊɧŭɞůɐ Űɞɡɠ 
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ɏɢŮɘ ɡɣɖɚɐ ŮɝɎɟŰɖůɖ Ŭˊɧ Űɖ ɗŮɟɛɞəɟŬůɑŬ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ əɚŬůɘəɏɠ ˊɟɞůŮɔɔɑůŮɘɠ 

ˊŮɟɘɞɟɑɕɞɜŰŬɘ ůŰŬ 25 Gb/s ůŰɞɡɠ 55ɞC [1.103] əɎŰɘ Űɞ ɞˊɞɑɞ ˊŮɟɘɞɟɑɕŮɘ Űɘɠ Ůɛˊɞɟɘəɏɠ 

ŮűŬɟɛɞɔɏɠ Űɤɜ VCSELs ůŮ ŭɞɛɏɠ ˊɞɡ ŬˊŬɘŰɞɨɜ ɡɣɖɚɧŰŮɟŮɠ ŰŬɢɨŰɖŰŮɠ ɛŮŰɎŭɞůɖɠ. 

ũɘŬ ɜŬ ɝŮˊŮɟŬůŰŮɑ ŬɡŰɐ ɖ ůŰŮɜɤˊɧɠ, ɖ əŬŰŬůəŮɡɐ VCSELs ůŮ ɛŮɔɎɚŮɠ ůɡůŰɎŭŮɠ 

ɛˊɞɟŮɑ ɜŬ ŭɩůŮɘ ɛɘŬ ɚɨůɖ ɛŮ ůɞɓŬɟɞɨɠ ɧɛɤɠ ˊŮɟɘɞɟɘůɛɞɨɠ ɘŭɘŬɑŰŮɟŬ Ŭɜ ɚɎɓɞɡɛŮ 

ɡˊɧɣɘɜ ŰŬ ɖɚŮəŰɟɞɜɘəɎ ɞŭɐɔɖůɖɠ (driving electronics) ˊɞɡ ŬɡŰɏɠ ŬˊŬɘŰɞɨɜ. 

ūɤŰɞɜɘəɎ ˊɡɟɘŰɑɞɡ: ɄŬɟɧɚɞ ˊɞɡ ɖ ŰŮɢɜɞɚɞɔɑŬ ɖɛɘŬɔɤɔɩɜ III -V ɗŮɤɟŮɑŰŬɘ ɖ ˊɘɞ 

ɩɟɘɛɖ ˊɚŬŰűɧɟɛŬ ɞɚɞəɚɐɟɤůɖɠ űɤŰɞɜɘəɩɜ ŭɞɛɩɜ ŭɘɧŰɘ ŭɑɜŮɘ Űɖ ŭɡɜŬŰɧŰɖŰŬ 

əŬŰŬůəŮɡɐɠ əŬɘ ŮɜŮɟɔɩɜ ůŰɞɘɢŮɑɤɜ, ɖ ŰŮɢɜɞɚɞɔɑŬ űɤŰɞɜɘəɩɜ ˊɡɟɘŰɑɞɡ (silicon 

photonics) ˊɟɞɓɎɚɚŮɘ ˊɞɚɨ ŭɡɜŬɛɘəɎ ɏɢɞɜŰŬɠ ɘŭɘŬɑŰŮɟŬ ŭŮɚŮŬůŰɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ. 

ȷɡŰɧ ŭɘɧŰɘ ɖ ɢɟɐůɖ Űɞɡ ˊɡɟɘŰɑɞɡ ŮˊɘŰɟɏˊŮɘ Űɖɜ Ŭɝɘɞˊɞɑɖůɖ Űɤɜ ɡˊɞŭɞɛɩɜ Űɖɠ CMOS 

ŰŮɢɜɞɚɞɔɑŬɠ ɖɚŮəŰɟɞɜɘəɩɜ əɟŬŰɩɜŰŬɠ Űɞ əɧůŰɞɠ ŬɜɎˊŰɡɝɖɠ ɢŬɛɖɚɎ əŬɘ ŭɑɜŮɘ ɏŰůɘ Űɖ 

ŭɡɜŬŰɧŰɖŰŬ ɛŬɕɘəɐɠ ˊŬɟŬɔɤɔɐɠ ɛŮɔɎɚɞɡ ɧɔəɞɡ ˊŬɗɖŰɘəɩɜ ɞɚɞəɚɖɟɤɛɏɜɤɜ 

əɡəɚɤɛɎŰɤɜ. Ⱥˊɑůɖɠ, ɛŮɘɩɜŮɘ ŭɟŬɛŬŰɘəɎ Űɞ ɛɏɔŮɗɞɠ Űɤɜ chip əŬɘ Űɖ ůɡɜɞɚɘəɐ 

əŬŰŬɜɎɚɤůɖ ɘůɢɨɞɠ. Ⱥˊɑůɖɠ ɏɜŬ Ŭˊɧ ŰŬ ůɖɛŬɜŰɘəɧŰŮɟŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ Űɤɜ 

űɤŰɞɜɘəɩɜ ˊɡɟɘŰɑɞɡ ŮɑɜŬɘ ɖ ŭɡɜŬŰɧŰɖŰŬ ůɡɜŭɡŬůɛɞɨ Űɞɡɠ ɛŮ ɖɚŮəŰɟɘəɎ əɡəɚɩɛŬŰŬ 

ůŮ ɛɘŬ əɞɘɜɐ ˊɚŬŰűɧɟɛŬ ɞɚɞəɚɐɟɤůɖɠ ɞŭɖɔɩɜŰŬɠ ɏŰůɘ ůŮ ŬɜɎˊŰɡɝɖ ůɨɜɗŮŰɤɜ ŭɞɛɩɜ 

ɛŮ ɛŮɘɤɛɏɜɞ ɛɏɔŮɗɞɠ əŬɘ əɧůŰɞɠ. ɄŬɟɧɚŬ ŬɡŰɎ ɖ ŬŭɡɜŬɛɑŬ əŬŰŬůəŮɡɐɠ ŮɜŮɟɔɩɜ 

ůŰɞɘɢŮɑɤɜ ˊŬɟŬɛɏɜŮɘ ɏɜŬ Ŭˊɧ ŰŬ ɓŬůɘəɎ ŮɛˊɧŭɘŬ ůŰɖɜ ŰŮɢɜɞɚɞɔɑŬ Űɤɜ űɤŰɞɜɘəɩɜ 

ˊɡɟɘŰɑɞɡ. ȼ ŭɡɜŬŰɧŰɖŰŬ əŬŰŬůəŮɡɐɠ ŭɘŬɛɞɟűɤŰɩɜ ˊɡɟɘŰɑɞɡ ɏɢŮɘ ˊɟɞůűɎŰɤɠ ŭŮɘɢŰŮɑ 

əŬɗɩɠ əŬɘ ɖ ŭɖɛɘɞɡɟɔɑŬ űɤŰɞŭŮəŰɩɜ ůŮ ũŮɟɛɎɜɘɞ əŬɘ ɖ ŮŰŮɟɞ-ɞɚɞəɚɐɟɤůɖ 

(heterointegration) laser ȽȽȽ-V ůŮ ˊɡɟɑŰɘɞ, ɧɛɤɠ ɞɘ ˊɟɞůŮɔɔɑůŮɘɠ ŬɡŰɏɠ ŬˊŬɘŰɞɨɜ 

ůɨɜɗŮŰŮɠ əŬŰŬůəŮɡŬůŰɘəɏɠ ŭɘŬŭɘəŬůɑŮɠ əŬɘ ˊɞɚɨ ŮɝŮɘŭɘəŮɡɛɏɜɞ Ůɝɞˊɚɘůɛɧ əɎŰɘ Űɞ 

ɞˊɞɑɞ ŬɡŰɞɛɎŰɤɠ ŬűŬɘɟŮɑ ɏɜŬ Ŭˊɧ ŰŬ ɓŬůɘəɎ ˊɚŮɞɜŮəŰɐɛŬŰŬ Űɖɠ ɢɟɐůɖɠ Űɖɠ 

ŰŮɢɜɞɚɞɔɑŬɠ. ȺŰŬɘɟŮɑŮɠ ɧˊɤɠ ɖ Intel əŬɘ ɖ Molex, ɏɢɞɡɜ ŬɜŬˊŰɨɝŮɘ ŰɏŰɞɘɞɡ Űɨˊɞɡ 

ŭɞɛɏɠ, ɓɟɑůəɞɜŰŬɠ Űɞ ŭɟɧɛɞ ɔɘŬ Űɖɜ Ůɛˊɞɟɘəɐ Űɞɡɠ ŮəɛŮŰɎɚɚŮɡůɖ [1.105], ɛŮ 

ŬɟəŮŰɞɨɠ ɧɛɤɠ ˊɟɞɓɚɖɛŬŰɘůɛɞɨɠ ɔɘŬ Űɖ ŭɡɜŬŰɧŰɖŰŬ ŬɜŬɓɎɗɛɘůɐɠ Űɞɡɠ. ȼ ɛŮŰɎɓŬůɖ 

ůŮ ɡɓɟɘŭɘəɞɨ Űɨˊɞɡ ˊɟɞůŮɔɔɑůŮɘɠ ˊŬɟɧŰɘ űŬɑɜŮŰŬɘ ɧŰɘ ɓŮɚŰɘɩɜɞɡɜ Űɞ əɞɛɛɎŰɘ Űɖɠ 

ŰŬɢɨŰɖŰŬɠ ůŮ ɓɎɟɞɠ ɧɛɤɠ Űɖɠ ˊɟɧůɗŮŰɖɠ ˊɞɚɡˊɚɞəɧŰɖŰŬɠ əŬɘ Űɖ ɛɖ ůɡɛɓŬŰɧŰɖŰŬɠ 

ɛŮ ŰŬ CMOS ɖɚŮəŰɟɞɜɘəɎ. 

ȺɑɜŬɘ ŮɛűŬɜɏɠ ɚɞɘˊɧɜ ɧŰɘ əŬɘ ɞɘ ŭɨɞ ŰŮɢɜɞɚɞɔɑŮɠ ɏɢɞɡɜ ŰŬ ŭɡɜŬŰɎ Űɞɡɠ ůɖɛŮɑŬ ŬɚɚɎ 

ˊŬɟɎɚɚɖɚŬ ɏɢɞɡɜ əŬɘ əɎˊɞɘŬ ɛŮɘɞɜŮəŰɐɛŬŰŬ ŰŬ ɞˊɞɑŬ ŬˊɞŰɟɏˊɞɡɜ Űɖ ŭɡɜŬŰɧŰɖŰŬ Űɖɠ 

əɚɘɛɎəɤůɖɠ Űɖɠ Ŭˊɧŭɞůɐɠ Űɞɡɠ. ũɘŬ Űɞɜ ɚɧɔɞ ŬɡŰɧ əŬɘ ˊɟɞəŮɘɛɏɜɞɡ ɞɘ ɛŮɚɚɞɜŰɘəɏɠ 

ŬɜɎɔəŮɠ Űɤɜ ŮɜŮɟɔɩɜ ɞˊŰɘəɩɜ əŬɚɤŭɑɤɜ ɜŬ ɘəŬɜɞˊɞɘɖɗɞɨɜ, ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɞ ɜŬ 

ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ŰŬ əŬŰɎɚɚɖɚŬ ŮɟɔŬɚŮɑŬ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŮˊɘŰŮɡɢɗɞɨɜ ŰŬ ŮˊɘɗɡɛɖŰɎ 

ŬˊɞŰŮɚɏůɛŬŰŬ. ȼ ˊɘɞ əɚŬůɘəɐ ˊɟɞůɏɔɔɘůɖ ůŮ ŬɡŰɧ Űɞ ˊɟɧɓɚɖɛŬ ŮɑɜŬɘ ɖ ˊŬɟɎɚɚɖɚɖ 

çəɑɜɖůɖè ůŰɞɡɠ ŰɟŮɑɠ ɎɝɞɜŮɠ Űɞɡ ˊŬɟŬəɎŰɤ ŭɘŬɔɟɎɛɛŬŰɞɠ. ȹɖɚŬŭɐ, ɖ Ŭɨɝɖůɖ Űɖɠ 

ŰŬɢɨŰɖŰŬɠ, ɖ Ŭɨɝɖůɖ Űɞɡ ůɢɐɛŬŰɞɠ ŭɘŬɛɧɟűɤůɖɠ əŬɘ ɖ Ŭɨɝɖůɖ Űɤɜ ˊŬɟɎɚɚɖɚɤɜ 

ɔɟŬɛɛɩɜ. ɄŬɟɎɚɚɖɚŬ, ,ɛŮ ŬɡŰɏɠ Űɘɠ ŰŮɢɜɘəɏɠ ɡˊɎɟɢŮɘ ɛɘŬ ůŮɘɟɎ Ŭˊɧ ɎɚɚŮɠ 

ŭɡɜŬŰɧŰɖŰŮɠ ˊɞɡ əɘɜɞɨɜŰŬɘ ůŮ ɛɘŬ ŰɏŰɞɘŬ əŬŰŮɨɗɡɜůɖ əŬɘ ˊɘɞ ůɡɔəŮəɟɘɛɏɜŬ: 

¶ ȼ ɛŮŰɎɓŬůɖ ůŮ ɛŮɔŬɚɨŰŮɟŬ ɛɐəɖ əɨɛŬŰɞɠ (1.3 ɛm əŬɘ 1.5 ɛm) ɞɨŰɤɠ ɩůŰŮ 

ɜŬ ŮˊɘŰŮɡɢɗŮɑ ŮˊɏəŰŬůɖ Űɖɠ ɕŮɨɝɖɠ ˊɞɡ ɛˊɞɟɞɨɜ ɜŬ əŬɚɨɣɞɡɜ ŰŬ ŮɜŮɟɔɎ 

ɞˊŰɘəɎ əŬɚɩŭɘŬ ˊɞɡ ůɡɜɐɗɤɠ ˊŮɟɘɞɟɑɕŮŰŬɘ ůŰŬ 300 m. ȰŰůɘ ɗŬ əŬɚɡűɗɞɨɜ 
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ɧɚŮɠ ɞɘ ŭɡɜŬŰɏɠ ŬˊŬɘŰɐůŮɘɠ ɔɘŬ ŭɘŬůɨɜŭŮůɖ ŮɜŰɧɠ əɏɜŰɟɤɜ ŭŮŭɞɛɏɜɤɜ. ɇŬ 

űɤŰɞɜɘəɎ ˊɡɟɘŰɑɞɡ ŮɝɎɚɚɞɡ ŮɑɜŬɘ ɓŮɚŰɘůŰɞˊɞɘɖɛɏɜŬ ůŰɘɠ ůɡɔəŮəɟɘɛɏɜŮɠ ɕɩɜŮɠ 

ɛɖəɩɜ əɨɛŬŰɞɠ Ůɜɩ əŬɘ ŰŬ VCSEL ŮˊɘŰɡɔɢɎɜɞɡɜ əŬɚɨŰŮɟɖ Ŭˊɧŭɞůɖ ɘůɢɨɞɠ 

əŬɘ ɡɣɖɚɧŰŮɟɖ ŬɝɘɞˊɘůŰɑŬ [1.106].  

¶ ȼ ɡɘɞɗɏŰɖůɖ Űɖɠ ɛɞɜɞɟɡɗɛɘəɐɠ ɚŮɘŰɞɡɟɔɑŬɠ  ɖ ɞˊɞɑŬ űŬɜŰɎɕŮɘ ɤɠ Űɞ ɚɞɔɘəɧ 

ŮˊŬəɧɚɞɡɗɞ ɔɘŬ ɜŬ ɝŮˊŮɟŬůŰɞɨɜ ɞɘ ˊŮɟɘɞɟɘůɛɞɑ Űɞɡ Ůɨɟɞɡɠ ɕɩɜɖɠ ˊɞɡ 

ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɖɠ ˊɞɚɡɟɡɗɛɘəɏɠ ɑɜŮɠ. ɀŮ ŭŮŭɞɛɏɜɖ Űɖɜ ŬˊŬɑŰɖůɖ ɔɘŬ 

Ŭɨɝɖůɖ Űɖɠ ŰŬɢɨŰɖŰŬɠ ɛŮŰɎŭɞůɖɠ ŭŮŭɞɛɏɜɤɜ əŬɘ Űɖɠ ŬˊɧůŰŬůɖɠ Űɤɜ ɕŮɨɝŮɤɜ 

ɖ ɛɞɜɞɟɡɗɛɘəɐ ɑɜŬ ŮɑɜŬɘ ɖ ɛɧɜɖ ɚɨůɖ ɖ ɞˊɞɑŬ ɛɎɚɘůŰŬ ŮɑɜŬɘ əŬɘ űɗɖɜɧŰŮɟɖ.  

¶ ȼ ˊɞɚɡˊɚŮɝɑŬ əŬŰɎ ɛɐəɞɠ əɨɛŬŰɞɠ. ȼ ɢɟɐůɖ Űɖɠ ɛɞɜɞɟɡɗɛɘəɐɠ ɑɜŬɠ ŭɑɜŮɘ Űɖ 

ŭɡɜŬŰɧŰɖŰŬ ɔɘŬ ˊɞɚɡˊɚŮɝɑŬ ɛɐəɞɡɠ əɨɛŬŰɞɠ əɎŰɘ Űɞ ɞˊɞɑɞ ŮəŰɘɜɎůůŮɘ Űɖɜ 

ůɡɜɞɚɘəɧ ɧɔəɞ ɛŮŰɎŭɞůɖɠ Űɤɜ ŭŮŭɞɛɏɜɤɜ Ůɜɩ ŮˊɘŰɟɏˊŮɘ əŬɘ Űɖɜ 

ŬˊɞŰŮɚŮůɛŬŰɘəɐ ŮˊŬɜŬɢɟɖůɘɛɞˊɞɑɖůɖ Űɤɜ ˊɧɟɤɜ. 

¶ ȼ ɢɤɟɘəɐ ˊɞɚɡˊɚŮɝɑŬ ɛŮ Űɖ ɢɟɐůɖ ˊɞɚɡˊɨɟɖɜɤɜ ɘɜɩɜ əŮɟŭɑɕŮɘ ɧɚɞ əŬɘ 

ˊŮɟɘůůɧŰŮɟɞ ɏŭŬűɞɠ ůŰɘɠ ŰɖɚŮˊɘəɞɘɜɤɜɘŬəɏɠ ŮűŬɟɛɞɔɏɠ. ȼ ɢɟɐůɖ ɡɣɖɚɐɠ 

ˊɞɘɧŰɖŰŬɠ ɔɡɎɚɘɜɤɜ ɘɜɩɜ ɛˊɞɟŮɑ ɜŬ ɞŭɖɔɐůŮɘ ůŮ ůɖɛŬɜŰɘəɐ ɛŮɑɤůɖ Űɞɡ 

əɧůŰɞɡɠ Ŭűɞɨ ˊŮɟɘɞɟɑɕŮŰŬɘ ůɖɛŬɜŰɘəɎ ɞ Ŭɟɘɗɛɧɠ əŬɘ Űɞ ɛɏɔŮɗɞɠ Űɤɜ 

ŭɘŮˊŬűɩɜ Űɤɜ ˊɞɛˊɞŭŮəŰɩɜ. ȼ ɛɘəɟɧŰŮɟɖ ŭɘŬŰɞɛɐ Űɤɜ ɘɜɩɜ ůŮ ůɨɔəɟɘůɖ ɛŮ 

Űɘɠ ŭɏůɛŮɠ ɘɜɩɜ (fiber bundles) ɛˊɞɟŮɑ ɜŬ ŭɩůŮɘ ɚɨůɖ ůŮ ɕɖŰɐɛŬŰŬ ɧˊɤɠ ɞ 

ŮɝŬŮɟɘůɛɧɠ əŬɘ ɖ ůɡɜɞɚɘəɧŰŮɟɖ ŭɘŬɢŮɑɟɘůɖ Űɤɜ ɘɜɩɜ ŰŬ ɞˊɞɑŬ ŬˊŬůɢɞɚɞɨɜ ůŮ 

ůɖɛŬɜŰɘəɧ ɓŬɗɛɧ ŰŬ ůɨɔɢɟɞɜŬ əɏɜŰɟŬ ŭŮŭɞɛɏɜɤɜ. ɆŮ ůɨɔəɟɘůɖ ɛŮ 

ŬɜŰɑůŰɞɘɢŮɠ ŮűŬɟɛɞɔɏɠ ůŮ ˊɞɚɡɟɡɗɛɘəɏɠ ɑɜŮɠ [1.107], [1.108] ɞɘ ˊɞɚɡˊɨɟɖɜŮɠ 

ɛɞɜɞɟɡɗɛɘəɏɠ ɑɜŮɠ ˊɟɞůűɏɟɞɡɜ ɓŮɚŰɘɤɛɏɜŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ɛŮŰɎŭɞůɖɠ. 

¶ ɇŬ ůɢɐɛŬŰŬ ŭɘŬɛɧɟűɤůɖɠ ˊɞɚɚɩɜ Ůˊɘˊɏŭɤɜ ŮˊɘŰɟɏˊɞɡɜ ɡɣɖɚɧŰŮɟɞ 

throughput ɢɤɟɑɠ ɜŬ ˊɘɏɕɞɡɜ Űɞ ɟɡɗɛɧ ɛŮŰɎŭɞůɖɠ ŭŮŭɞɛɏɜɤɜ ŬɜɎ ɔɟŬɛɛɐ 

ˊɏɟŬ Ŭˊɧ ŰŬ ɧɟɘŬ Űɤɜ ɖɚŮəŰɟɞɜɘəɩɜ ɞŭɐɔɖůɖɠ. ȽŭɘŬɑŰŮɟŬ ɖ ŭɘŬɛɧɟűɤůɖ əŬŰɎ 

ˊɚɎŰɞɠ ŰŮůůɎɟɤɜ ůŰŬɗɛɩɜ- PAM4 ŮɑɜŬɘ ɖ əɡɟɑŬɟɢɖ ůŮ ŮűŬɟɛɞɔɏɠ 

ŭɘŬůɨɜŭŮůɖɠ ɧɢɘ ɛɧɜɞ ŮɜŰɧɠ Űɤɜ əɏɜŰɟɤɜ ŭŮŭɞɛɏɜɤɜ ŬɚɚɎ əŬɘ ɛŮŰŬɝɨ Űɞɡɠ 

ɔɘŬ ŬˊɞůŰɎůŮɘɠ ˊɞɡ űŰɎɜɞɡɜ ɛɏɢɟɘ əŬɘ ŰŬ 40 km. 

¶ Ƀɘ ŬɜŬɓŬɗɛɘůɛɏɜŮɠ ŰŮɢɜɘəɏɠ ůɡůəŮɡŬůɑŬɠ ɛˊɞɟɞɨɜ ɜŬ ŭɩůɞɡɜ ˊɞɚɨ 

ůɖɛŬɜŰɘəɏɠ ɚɨůŮɘɠ ɛŮ ŭŮŭɞɛɏɜɞ ɧŰɘ ŭɞɛɏɠ ɛŮ ˊɞɚɨ ŭɘŬűɞɟŮŰɘəɏɠ ɚŮɘŰɞɡɟɔɑŮɠ, 

ɧˊɤɠ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ ŰŬ űɤŰɞɜɘəɎ əŬɘ ŰŬ ɖɚŮəŰɟɞɜɘəɎ, əŬɚɞɨɜŰŬɘ ɜŬ 

ɓɟɑůəɞɜŰŬɘ ɛɏůŬ ůŰɞ ɑŭɘɞ çˊŬəɏŰɞè. ȼ 3D ɞɚɞəɚɐɟɤůɖ ůɡɔəŮəɟɘɛɏɜŬ, 

ŮˊɘŰɟɏˊŮɘ Űɖɜ ɓŮɚŰɘůŰɞˊɞɑɖůɖ Űɤɜ Ůˊɘɛɏɟɞɡɠ ůŰɞɘɢŮɑɤɜ/ɚŮɘŰɞɡɟɔɘɩɜ ůŰɞ 

çˊŬəɏŰɞè ɛŮ ŰŬɡŰɧɢɟɞɜɖ ɛŮɑɤůɖ Űɞɡ ůɡɜɞɚɘəɞɨ ŬˊɞŰɡˊɩɛŬŰɞɠ. ɄŬɟɎɚɚɖɚŬ, 

ůŮ ŮűŬɟɛɞɔɏɠ ɡɣɖɚɩɜ ŰŬɢɡŰɐŰɤɜ ɛˊɞɟŮɑ ɜŬ ŮɚŬɢɘůŰɞˊɞɘɐůŮɘ ŰŬ ɛɐəɖ Űɤɜ 

ůɡɟɛɎŰɤɜ (wires) əŬɘ ɛŮ ŬɡŰɧ Űɞɜ Űɟɧˊɞ ɜŬ ɛŮɘɩůŮɘ ŰŬ ˊŬɟŬůɘŰɘəɎ űŬɘɜɧɛŮɜŬ 

əŬɘ ɜŬ ŮɝŬɚŮɑɣŮɘ Űɘɠ ɤɛɘəɏɠ ŬˊɩɚŮɘŮɠ ŮˊɘŰɡɔɢɎɜɞɜŰŬɠ ůɖɛŬɜŰɘəɐ 

Ůɝɞɘəɞɜɧɛɖůɖ ŮɜɏɟɔŮɘŬɠ.  

¶ ȼ ŭɘɎŭɟŬůɖ ɛŮŰŬɝɨ űɤŰɞɜɘəɩɜ əŬɘ ɖɚŮəŰɟɞɜɘəɩɜ, ɡˊɧ Űɖɜ ɏɜɜɞɘŬ Űɖɠ 

ŮɡɗɡɔɟɎɛɛɘůɖɠ Űɤɜ ŰŬɢɡŰɐŰɤɜ Űɤɜ ŭɡɞ ŰŮɢɜɞɚɞɔɘɩɜ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ 

ŬˊɞűŮɡɢɗŮɑ ɖ ɢɟɐůɖ SerDes (serializer/ deserializer) ɞɘ ɞˊɞɑɞɘ ŮɑɜŬɘ 

ɞɘəɞɜɞɛɘəɎ əŬɘ ŮɜŮɟɔŮɘŬəɎ Ŭůɨɛűɞɟɞɘ.  
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ɳʽˁˈ˄ʰ 12Υ ɮˏ˅ʹˋʹ ˍʹˌ ˋˎ˄ˇ˂ʽˁʺˌ ˔˖ˊʹˍʽˁˈˍʹˍʰˌ ˖ˌ ˋˎ˄ʱˊˍʹˋʹ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌΣ ˍˇˎ ˋ˔ʺ˃ʰˍˇˌ ʵʽʰ˃ˈˊ˒˖ˋʹˌ ˁʰʽ 
ˍ˖˄ ˉʰˊʱ˂˂ʹ˂˖˄ ʴˊʰ˃˃˗˄Σ  

1.10 Ɇəɞˊɧɠ Űɖɠ ɏɟŮɡɜŬɠ əŬɘ ŭɞɛɐ Űɖɠ ŭɘŬŰɟɘɓɐɠ 

1.10.1  Ɇəɞˊɧɠ Űɖɠ ɏɟŮɡɜŬɠ 

To 2016 o əɧůɛɞɠ ɏűŰŬůŮ ůŮ ɏɜŬ ɣɖűɘŬəɧ ɞɟɧůɖɛɞ. ȼ ˊŬɔəɧůɛɘŬ ŭɘŬŭɘəŰɡŬəɐ 

əɑɜɖůɖ (IP traffic) ɔɘŬ ˊɟɩŰɖ űɞɟɎ ɝŮˊɏɟŬůŮ Űɞ 1 zettabyte (1021 bytes) ŮəəɘɜɩɜŰŬɠ 

ɛɘŬ ɜɏŬ Ůˊɞɢɐ ŬɜŰŬɚɚŬɔɐɠ ˊɞɚɨ ɛŮɔɎɚɤɜ ŭŮŭɞɛɏɜɤɜ ɖ ɞˊɞɑŬ ɞɜɞɛɎůŰɖəŮ zettabyte 

era. ɆŰɖɜ ɏəɟɖɝɖ ŬɡŰɐ, əɡɟɑŬɟɢɞ ɟɧɚɞ ŭɘŬŭɟŬɛɎŰɘůŬɜ ŰɟŮɑɠ əŬɗɞɟɘůŰɘəɞɑ 

ˊŬɟɎɔɞɜŰŮɠ.  

¶ ȼ ɟŬɔŭŬɑŬ Ŭɨɝɖůɖ Űɞɡ video streaming ɛŮ Űɖɜ əɡɟɑŬɟɢɖ ɗɏůɖ ɜŬ Űɖɜ 

əŬŰŬɚŬɛɓɎɜɞɡɜ ɞɘ ˊɚŬŰűɧɟɛŮɠ Űɞɡ Netflix (32.72%) əŬɘ Űɞɡ YouTube 

(17.31%). ɉŬɟŬəŰɖɟɘůŰɘəɧ ŮɑɜŬɘ ɧŰɘ Ůɜɩ Űɞ 2011 Űɞ video streaming əŬŰŮɑɢŮ 

Űɞ 25-40% Űɖɠ ůɡɜɞɚɘəɐɠ IP əɑɜɖůɖɠ, ɞɘ ŮəŰɘɛɐůŮɘɠ ɔɘŬ Űɞ 2021 əɎɜɞɡɜ ɚɧɔɞ 

ɔɘŬ ɏɜŬ ˊɞůɞůŰɧ Űɖɠ ŰɎɝɖɠ Űɞɡ 82% [1.6].  

¶ ȼ Ŭɨɝɖůɖ Űɖɠ əɑɜɖůɖɠ ɚɧɔɤ Űɖɠ ŬůɨɟɛŬŰɖɠ əŬɘ əɘɜɖŰɐɠ ŰŮɢɜɞɚɞɔɑŬɠ. ȼ 

ˊɟɧůɓŬůɖ ůŮ ŭɑəŰɡŬ IP Ŭˊɧ əɘɜɖŰɏɠ ůɡůəŮɡɏɠ ɏɢŮɘ ŮəŰɘɜŬɢɗŮɑ ŰŬ ŰŮɚŮɡŰŬɑŬ 

ɢɟɧɜɘŬ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ůɡɛɓɎɚŮɘ ŬˊɞűŬůɘůŰɘəɎ ůŰɖ ůɡɜɞɚɘəɐ Ŭɨɝɖůɖ Űɖɠ 

IP əɑɜɖůɖɠ. ȰɜŬ ˊɞɚɨ ŮɜŭɘŬűɏɟɞɜ ůŰŬŰɘůŰɘəɧ ŮɑɜŬɘ ɧŰɘ Űɞ 2016, ŭɖɚŬŭɐ 

ɞɡůɘŬůŰɘəɎ Űɖɜ ˊɟɩŰɖ ɢɟɞɜɘɎ Űɖɠ zettabyte ˊŮɟɘɧŭɞɡ, Űɖɜ ˊɚŮɘɞɣɖűɑŬ Űɖɠ 

əɑɜɖůɖɠ Űɖɜ əŬŰŮɑɢŬɜ ŬəɧɛŬ ɞɘ ůŰŬɗŮɟɏɠ ůɡůəŮɡɏɠ əɎŰɘ Űɞ ɞˊɞɑɞ ŬɚɚɎɕŮɘ 

ŰŬɢɨŰŬŰŬ ɛŮ Űɘɠ ˊɟɞɓɚɏɣŮɘɠ ɜŬ ɟɑɢɜɞɡɜ Űɞ ˊɞůɞůŰɧ ŬɡŰɧ ůŰɞ 37% ɔɘŬ Űɞ 2021 

[1.6]. 

¶ ȼ Ŭɨɝɖůɖ Űɤɜ Ůɡɟɡɕɤɜɘəɩɜ ůɡɜŭɏůŮɤɜ-ŰŬɢɡŰɐŰɤɜ (broadband). ȼ 

ŰŬɢɨŰɖŰŬ Űɖɠ ˊɟɧůɓŬůɖɠ ůŰɞ ŭɑəŰɡɞ ŮɑɜŬɘ ɎɛŮůŬ ůɡɜŭŮŭŮɛɏɜɖ ɛŮ Űɞɜ ɧɔəɞ 

Űɖɠ IP əɑɜɖůɖɠ ɞ ɞˊɞɑɞɠ ŭɘŬəɘɜŮɑŰŬɘ, ɧůɞ ɛŮɔŬɚɨŰŮɟɖ ŮɑɜŬɘ Űɧůɞ ˊŮɟɘůůɧŰŮɟŬ 

ŭŮŭɞɛɏɜŬ ɛˊɞɟɞɨɜ ɜŬ ŭɘŬŰɟɏɢɞɡɜ ŰŬ ŭɑəŰɡŬ. ɇɞ 2016 ɖ ɛɏůɖ ŰŬɢɨŰɖŰŬ 

ˊŬɔəɞůɛɑɤɠ ɎɔɔɘɕŮ ŰŬ 27.5 Mbps Ůɜɩ Űɞ 2021 ŬɜŬɛɏɜŮŰŬɘ ɜŬ űŰɎůŮɘ ŰŬ 53 

Mbps ŭɖɚŬŭɐ ˊɟŬəŰɘəɎ ɜŬ ŭɘˊɚŬůɘŬůŰŮɑ [1.109]. 
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Ƀɘ ŰɟŮɑɠ ŬɡŰɞɑ ˊɡɚɩɜŮɠ ɏˊŬɘɝŬɜ əŬɗɞɟɘůŰɘəɧ ɟɧɚɞ ůŰɖɜ ŮəŰɑɜŬɝɖ Űɖɠ əɑɜɖůɖɠ Űɖɜ 

ˊɟɞɖɔɞɨɛŮɜɖ ˊŮɟɑɞŭɞ əŬɘ ŮɑɜŬɘ ɢŬɟŬəŰɖɟɘůŰɘəɧ ˊɤɠ ɛɏůŬ ůŮ ɚɘɔɧŰŮɟɞ Ŭˊɧ 5 ɢɟɧɜɘŬ 

ŰŬ ɜɞɨɛŮɟɎ Űɞɡɠ ɏɢɞɡɜ ŬɚɚɎɝŮɘ ɐŭɖ ɟɘɕɘəɎ. ȿŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɘɜ əŬɘ Űɞ ɔŮɔɞɜɧɠ ɧŰɘ 

ɜɏŮɠ ŰŮɢɜɞɚɞɔɑŮɠ ɤɟɘɛɎɕɞɡɜ ɛŮ ɔɟɐɔɞɟɞɡɠ ɟɡɗɛɞɨɠ, ɧˊɤɠ Űɞ 5G, Űɞ IoT ə.Ŭ. əŬɘ ɗŬ 

Ŭɟɢɑůɞɡɜ ˊɚɏɞɜ ɜŬ ˊŬɑɕɞɡɜ əŬɘ ŬɡŰɏɠ əŬɗɞɟɘůŰɘəɧ ɟɧɚɞ ůŰɖɜ Ŭɨɝɖůɖ Űɖɠ əɑɜɖůɖɠ, 

əŬŰŬɚŬɓŬɑɜɞɡɛŮ ɧŰɘ ɖ Ŭɨɝɖůɖ ɗŬ ůɡɜŮɢɑůŮɘ ɜŬ ŮɑɜŬɘ ŮəɗŮŰɘəɐ.  ɇɞ 2022 ŬɜŬɛɏɜŮŰŬɘ 

ɜŬ ɡˊɎɟɢɞɡɜ 4.8 ŭɘɠ ɢɟɐůŰŮɠ Űɞɡ ŭɘŬŭɘəŰɨɞɡ ˊŬɔəɞůɛɑɤɠ, ɛŮ 28.5 ŭɘɠ. ůɡɜŭŮŭŮɛɏɜŮɠ 

ůɡůəŮɡɏɠ əŬɘ ˊɟɧůɓŬůɖ ůŰɞ ŭɘŬŭɑəŰɡɞ ɛŮ ɛɏůŮɠ ŰŬɢɨŰɖŰŮɠ 75.4 Mbps [1.110]! . 

ȾɘɜɞɨɛŬůŰŮ ɚɞɘˊɧɜ ɛŮ ŰŬɢŮɑɠ ɟɡɗɛɞɨɠ ˊɟɞɠ Űɖɜ Yottabyte era [1.111], [1.112]. 

ɆŰɞ ˊŮɟɘɓɎɚɚɞɜ ŬɡŰɧ, ŰŬ əɏɜŰɟŬ ŭŮŭɞɛɏɜɤɜ əŬŰɏɢɞɡɜ ˊɟɤŰŬɔɤɜɘůŰɘəɧ ɟɧɚɞ Ŭűɞɨ Űɞ 

ɓɎɟɞɠ Űɖɠ ŬˊɞɗɐəŮɡůɖɠ, ŭɘŬəɑɜɖůɖɠ əŬɘ ŮˊŮɝŮɟɔŬůɑŬɠ Űɖɠ ˊɚɖɟɞűɞɟɑŬɠ ˊɏűŰŮɘ Ůˊɑ 

Űɖɠ ɞɡůɑŬɠ ˊɎɜɤ Űɞɡɠ. ũɘô ŬɡŰɧ ɚɞɘˊɧɜ əŬɘ ɖ ŭɘŬůɨɜŭŮůɐ Űɞɡɠ ŮɑɜŬɘ ŮɝŬɘɟŮŰɘəɐɠ 

ůɖɛŬůɑŬɠ Ŭűɞɨ ɞɡůɘŬůŰɘəɎ ŮɑɜŬɘ ŬɡŰɐ ɖ ɞˊɞɑŬ ŮˊɘŰɟɏˊŮɘ Űɖɜ ŬŭɘɎɚŮɘˊŰɖ əɑɜɖůɖ Űɖɠ 

ˊɚɖɟɞűɞɟɑŬɠ ŮɑŰŮ ŮɜŰɧɠ Ůɜɧɠ ɡˊɞɚɞɔɘůŰɘəɞɨ əɏɜŰɟɞɡ ŮɑŰŮ ɛŮŰŬɝɨ ŭɘŬűɞɟŮŰɘəɩɜ 

ɡˊɞɚɞɔɘůŰɘəɩɜ əɏɜŰɟɤɜ ɛŮ Űɞ ůɖɛŬɜŰɘəɧŰŮɟɞ ɓɎɟɞɠ ɜŬ ˊɏűŰŮɘ ůŰɖɜ ˊɟɩŰɖ 

əŬŰɖɔɞɟɑŬ. ɆŰɖɜ əŬŰŮɨɗɡɜůɖ ŬɡŰɐ ɖ űɤŰɞɜɘəɐ ŰŮɢɜɞɚɞɔɑŬ ɏɟɢŮŰŬɘ ɜŬ ŭɩůŮɘ 

ɞɡůɘŬůŰɘəɐ ɚɨůɖ ɝŮˊŮɟɜɩɜŰŬɠ ɛɘŬ ɔɘŬ ˊɎɜŰŬ Űɘɠ ůŰŮɜɤˊɞɨɠ ˊɞɡ ɏɗŮŰŬɜ ɞɘ 

ˊŬɟŬŭɞůɘŬəɏɠ ŭɘŬůɡɜŭɏůŮɘɠ ɢŬɚəɞɨ, ˊɟɞůűɏɟɞɜŰŬɠ ŰŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ Űɞɡ űɤŰɧɠ ɤɠ 

ɛɏůɞɡ ɛŮŰɎŭɞůɖɠ Űɖɠ ˊɚɖɟɞűɞɟɑŬɠ. Ƀɘ ɞˊŰɘəɞɑ ˊɞɛˊɞŭɏəŰŮɠ ˊɞɡ ŬɜŬˊŰɨůůɞɜŰŬɘ 

ˊɟɞůűɏɟɞɡɜ ˊɞɚɨ ɛŮɔɎɚŮɠ ŰŬɢɨŰɖŰŮɠ, ɛŮ ŭɡɜŬŰɧŰɖŰŬ ɛŮŰɎŭɞůɖɠ ůŮ ɛŮɔɎɚŮɠ 

ŬˊɞůŰɎůŮɘɠ ɛŮ ɚɑɔŮɠ ŬˊɩɚŮɘŮɠ əŬɘ ɧɚŬ ŬɡŰɎ ɛŮ ɢŬɛɖɚɧ ɞɘəɞɜɞɛɘəɧ əŬɘ ŮɜŮɟɔŮɘŬəɧ 

əɧůŰɞɠ.  

Ȳůɤɠ ɖ ˊɘɞ ɩɟɘɛɖ ŰŮɢɜɞɚɞɔɑŬ ɧůɞɜ ŬűɞɟɎ ůŰɘɠ ŭɘŬůɡɜŭɏůŮɘɠ ŮɜŰɧɠ əɏɜŰɟɤɜ 

ŭŮŭɞɛɏɜɤɜ (ŬɚɚɎ əŬɘ ɛŮŰŬɝɨ ɡˊŮɟɡˊɞɚɞɔɘůŰɩɜ) ŮɑɜŬɘ ŰŬ ŮɜŮɟɔɎ ɞˊŰɘəɎ əŬɚɩŭɘŬ ˊɞɡ 

ˊɟɞůűɏɟɞɡɜ ŬɝɘɧˊɘůŰŮɠ ɚɨůŮɘɠ, ɛŮɔɎɚɞɡ Ůɨɟɞɡɠ ɕɩɜɖɠ əŬɘ ɢŬɛɖɚɞɨ əɧůŰɞɡɠ. ɆŰɖɜ 

ŬɜɎˊŰɡɝɐ Űɞɡɠ ůɡɛɓɎɚɚɞɡɜ ˊɞɚɨ əŬɗɞɟɘůŰɘəɎ əŬɘ ŰŮɢɜɞɚɞɔɑŮɠ ɧˊɤɠ ŰŬ űɤŰɞɜɘəɎ 

ˊɡɟɘŰɑɞɡ əŬɘ ŰŬ lasers əɎɗŮŰɖɠ əɞɘɚɧŰɖŰŬɠ (VCSELs) ˊɞɚɚŬˊɚŬůɘɎɕɞɜŰŬɠ Űɘɠ 

ŭɡɜŬŰɧŰɖŰŮɠ Űɞɡɠ. ȺˊɘˊɟɧůɗŮŰŬ, ɞ ůɡɜŭɡŬůɛɧɠ Űɞɡɠ ɛŮ ɛɘŬ ůŮɘɟɎ Ŭˊɧ ŰŮɢɜɘəɏɠ ɧˊɤɠ 

ŰŬ ŬɜɩŰŮɟɖɠ ŰɎɝɖɠ ůɢɐɛŬŰŬ ŭɘŬɛɧɟűɤůɖɠ əŬɘ ɞɘ ŭɘŬűɧɟɤɜ Űɨˊɤɜ ˊɞɚɡˊɚŮɝɑŮɠ (əŬŰɎ 

ɛɐəɞɠ əɨɛŬŰɞɠ, ɢɤɟɘəɐ ə.Ŭ.) ŭɑɜɞɡɜ ůɖɛŬɜŰɘəɐ ɩɗɖůɖ ůŰɖ ɢɤɟɖŰɘəɧŰɖŰɎ (capacity) 

Űɞɡɠ. ɄŬɟɧɚŬ ŬɡŰɎ, ɛŮ Űɞ Űɞˊɑɞ Űɤɜ ŭɘəŰɨɤɜ ɜŬ ŮɑɜŬɘ ɟŮɡůŰɧ əŬɘ Űɞɜ ɧɔəɞ Űɖɠ 

ˊɚɖɟɞűɞɟɑŬɠ ˊɞɡ ŭɘŬəɘɜŮɑŰŬɘ ɜŬ ŬɡɝɎɜŮŰŬɘ ɛŮ ůɡɜŰɟɘˊŰɘəɞɨɠ ɟɡɗɛɞɨɠ, ŬˊŬɘŰɞɨɜŰŬɘ 

ɜɏŮɠ ŰŮɢɜɞɚɞɔɘəɏɠ ɚɨůŮɘɠ ˊɞɡ ɗŬ ɘəŬɜɞˊɞɘɞɨɜ Űɘɠ ŬˊŬɘŰɐůŮɘɠ Űɤɜ ɢɟɖůŰɩɜ ɛŮ Űɞɜ 

əŬɚɨŰŮɟɞ ŭɡɜŬŰɧ Űɟɧˊɞ.  

ɆŰɞ ůɖɛŮɑɞ ŬɡŰɧ ɏɟɢŮŰŬɘ Ŭˊɧ ɛŮɟɘɎɠ Űɖɠ ɜŬ ůɡɛɓɎɚɚŮɘ əŬɘ ɖ ˊŬɟɞɨůŬ ŭɘŭŬəŰɞɟɘəɐ 

ŭɘŬŰɟɘɓɐ. ɀŮɚŮŰɩɜŰŬɠ, ůɢŮŭɘɎɕɞɜŰŬɠ əŬɘ ɛŮŰɟɩɜŰŬɠ ˊŮɘɟŬɛŬŰɘəɎ ŭɘŬűɞɟŮŰɘəɏɠ 

ɞˊŰɘəɏɠ/ ɞˊŰɞ-ɖɚŮəŰɟɞɜɘəɏɠ ŭɞɛɏɠ, əŬɗɩɠ əŬɘ ůɡɜŭɡɎɕɞɜŰŬɠ ɜɏŮɠ ŰŮɢɜɞɚɞɔɑŮɠ əŬɘ 

ŰŮɢɜɘəɏɠ, ˊɟɞŰŮɑɜŮɘ ɛɘŬ ŬɟɢɘŰŮəŰɞɜɘəɐ Ůɜɧɠ ŮɜŮɟɔɞɨ ɞˊŰɘəɞɨ əŬɚɤŭɑɞɡ ˊɞɡ ŬˊŬɜŰɎ 

ůŰɘɠ ůɨɔɢɟɞɜŮɠ ˊɟɞəɚɐůŮɘɠ Űɤɜ ŭɘŬůɡɜŭɏůŮɤɜ ŮɜŰɧɠ əɏɜŰɟɤɜ ŭŮŭɞɛɏɜɤɜ. ɆŰŬ 

ˊɚŬɑůɘŬ ŬɡŰɎ, ɞ ůɡɔɔɟŬűɏŬɠ ůŰɖɜ ˊɞɟŮɑŬ Űɞɡ ŭɘŭŬəŰɞɟɘəɞɨ əŬŰŬˊɘɎůŰɖəŮ ɛŮ: 

¶ ɇɖ ɛŮɚɏŰɖ, Űɞ ůɢŮŭɘŬůɛɧ əŬɘ Űɖ ɛɞɜŰŮɚɞˊɞɑɖůɖ ŭɞɛɩɜ ˊɞɚɡˊɚɏəŰɖ/ 

ŬˊɞˊɞɚɡˊɚɏəŰɖ ůŮ ˊɚŬŰűɧɟɛŬ SOI ɛŮ ŭɡɜŬŰɧŰɖŰŬ (Ŭˊɞ)ˊɞɚɡˊɚŮɝɑŬɠ əŬŰɎ 
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ɛɐəɞɠ əɨɛŬŰɞɠ əŬɘ ůŰɧɢɞ Űɖɜ ŮɜůɤɛɎŰɤůɖ Űɞɡɠ ůŮ ŭɞɛɏɠ ŮɜŮɟɔɩɜ ɞˊŰɘəɩɜ 

əŬɚɤŭɑɤɜ. 

¶ ɇɖ ɛŮɚɏŰɖ əŬɘ Űɖɜ ˊŮɘɟŬɛŬŰɘəɐ Ŭɝɘɞɚɧɔɖůɖ ŭɞɛɩɜ lasers əɎɗŮŰɖɠ əɞɘɚɧŰɖŰŬɠ 

ɔɘŬ Űɖ ɢɟɐůɖ Űɞɡɠ ɤɠ ŰŬɢɨɟɟɡɗɛŮɠ ˊɖɔɏɠ ŬˊŮɡɗŮɑŬɠ ŭɘŬɛɧɟűɤůɖɠ Űɞɡ űɤŰɧɠ 

ůŮ ŮɜŮɟɔɎ ɞˊŰɘəɎ əŬɚɩŭɘŬ ɡɣɖɚɐɠ ɢɤɟɖŰɘəɧŰɖŰŬɠ.  

¶ ɇɖ ɛŮɚɏŰɖ Űɟɧˊɤɜ ŭɘŬɛɧɟűɤůɖɠ ŬɜɩŰŮɟɖɠ ŰɎɝɖɠ əŬɘ ŰŮɢɜɘəɩɜ ˊɞɚɡˊɚŮɝɑŬɠ 

ɔɘŬ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ɢɤɟɖŰɘəɧŰɖŰŬɠ Űɤɜ ŮɜŮɟɔɩɜ ɞˊŰɘəɩɜ əŬɚɤŭɑɤɜ. 

¶ ɇɖ ɛŮɚɏŰɖ əŬɘ Űɖɜ ˊŮɘɟŬɛŬŰɘəɐ ŮˊɑŭŮɘɝɖ ŭɘŬűɧɟɤɜ ŭɞɛɩɜ ˊɞɛˊɞɨ, ŭɏəŰɖ əŬɘ 

ŭɘŮˊŬűɐɠ ŬˊŮɛˊɚɞəɐɠ ˊɞɡ ůŰɧɢɞ ɏɢɞɡɜ Űɖɜ ɞˊŰɘəɐ ŭɘŬůɨɜŭŮůɖ ŮɜŰɧɠ 

ɡˊɞɚɞɔɘůŰɘəɩɜ əɏɜŰɟɤɜ. 

1.10.2  ȹɞɛɐ Űɖɠ ŭɘŬŰɟɘɓɐɠ 

ɀŮ ɓɎůɖ Űɖɜ ˊŬɟŬˊɎɜɤ ˊŮɟɘɔɟŬűɐ, ɖ ˊŬɟɞɨůŬ ŭɘŭŬəŰɞɟɘəɐ ŭɘŬŰɟɘɓɐ ŬəɞɚɞɡɗŮɑ Űɖɜ 

ˊŬɟŬəɎŰɤ ŭɞɛɐ: 

ɆŰɞ ȾŮűɎɚŬɘɞ 2 ˊŬɟɞɡůɘɎɕŮŰŬɘ ɖ ŬɟɢɘŰŮəŰɞɜɘəɐ Űɞɡ ŮɜŮɟɔɞɨ ɞˊŰɘəɞɨ əŬɚɤŭɑɞɡ ˊɞɡ 

ŬɜŬˊŰɨɢɗɖəŮ ůŰŬ ˊɚŬɑůɘŬ ɛɘŬ ůɡɜŮɟɔŬŰɘəɐɠ ŮɟŮɡɜɖŰɘəɐɠ ˊɟɞůˊɎɗŮɘŬɠ əɞɛɛɎŰɘ Űɖɠ 

ɞˊɞɑŬɠ ɐŰŬɜ əŬɘ ɖ ůɡɔəŮəɟɘɛɏɜɖ ŭɞɡɚŮɘɎ. ȷɜŬɚɨɞɜŰŬɘ ŭɘŮɝɞŭɘəɎ ŰŬ ůŰɞɘɢŮɑŬ, ɖ 

ŰŮɢɜɞɚɞɔɘəɐ ˊɚŬŰűɧɟɛŬ əŬɘ ɞɘ ŰŮɢɜɘəɏɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ 

ɡɚɞˊɞɘɖɗŮɑ ɖ ůɡɔəŮəɟɘɛɏɜɖ ŭɞɛɐ. ũɑɜŮŰŬɘ ɘŭɘŬɑŰŮɟɖ ŬɜŬűɞɟɎ ůŰŬ lasers əɎɗŮŰɖɠ 

əɞɘɚɧŰɖŰŬɠ Űɧůɞ Ŭˊɧ űɡůɘəɐ ɧůɞ əŬɘ Ŭˊɧ əŬŰŬůəŮɡŬůŰɘəɐ ůəɞˊɘɎ ɛɘŬɠ əŬɘ 

ŬˊɞŰŮɚɞɨɜ əŬɗɞɟɘůŰɘəɧ ůŰɞɘɢŮɑɞ Űɞɡ ŮɜŮɟɔɞɨ ɞˊŰɘəɞɨ əŬɚɤŭɑɞɡ ŬɚɚɎ əŬɘ əɡɟɑŬɟɢɞ 

əɞɛɛɎŰɘ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘŭŬəŰɞɟɘəɐɠ ŭɘŬŰɟɘɓɐɠ. 

ɆŰɞ ȾŮűɎɚŬɘɞ 3 ˊŬɟɞɡůɘɎɕŮŰŬɘ o ůɢŮŭɘŬůɛɧɠ Ůɜɧɠ ˊɞɚɡˊɚɏəŰɖ/ ŬˊɞˊɞɚɡˊɚɏəŰɖ 

ɓŬůɘůɛɏɜɞɡ ůŰɘɠ Ŭɟɢɏɠ Ůɜɧɠ ůɡɛɓɞɚɞɛɏŰɟɞɡ Mach-Zehnder, ɔɘŬ ɜŬ ŮɝɡˊɖɟŮŰɐůŮɘ on-

chip ŰŮɢɜɘəɏɠ ˊɞɚɡˊɚŮɝɑŬɠ əŬŰɎ ɛɐəɞɠ əɨɛŬŰɞɠ ˊɎɜɤ ůŮ SOI ˊɚŬŰűɧɟɛŬ. 

ɄŮɟɘɔɟɎűŮŰŬɘ ŬɜŬɚɡŰɘəɎ ɖ ɛŮɚɏŰɖ əŬɘ ɞ ůɢŮŭɘŬůɛɧɠ Űɤɜ MMI ůɡɕŮɡəŰɩɜ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ůŰɖ ŭɞɛɐ, ɖ ɛŮɚɏŰɖ Űɞɡ ŮɜŮɟɔɞɨ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ Űɤɜ SOI 

əɡɛŬŰɞŭɖɔɩɜ Űɖɠ ŭɞɛɐɠ əŬɘ ɖ ɗŮɟɛɘəɐ Űɞɡɠ ŮɝɎɟŰɖůɖ, əŬɗɩɠ əŬɘ ɖ ɛɞɜŰŮɚɞˊɞɑɖůɖ 

əŬɘ ˊɟɞůɞɛɞɑɤůɖ Űɖɠ ůɡɜɞɚɘəɐɠ ŭɞɛɐɠ Űɞɡ ˊɞɚɡˊɚɏəŰɖ/ ŬˊɞˊɞɚɡˊɚɏəŰɖ. ɇɏɚɞɠ, 

ˊŬɟŬŰɑɗŮŰŬɘ ɖ ŭɘŬŭɘəŬůɑŬ ůɢŮŭɘŬůɛɞɨ ɛɎůəŬɠ ˊɞɡ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɘɠ ŭɞɛɏɠ 

ˊɞɚɡˊɚɏəŰɖ/ ŬˊɞˊɞɚɡˊɚɏəŰɖ əŬɘ əɎˊɞɘŬ ŬɟɢɘəɎ ˊŮɘɟŬɛŬŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ ɛŮŰɎ Űɖɜ 

əŬŰŬůəŮɡɐ Űɖɠ. 

ɆŰɞ ȾŮűɎɚŬɘɞ 4, ɔɑɜŮŰŬɘ ŬɜŬɚɡŰɘəɐ ˊŮɟɘɔɟŬűɐ Űɖɠ ŰŮɢɜɞɚɞɔɑŬɠ Űɤɜ ŭɞɛɩɜ Laser 

əɎɗŮŰɖɠ əɞɘɚɧŰɖŰŬɠ (VCSEL) ˊɞɡ əŬŰŬůəŮɡɎůŰɖəŬɜ ůŰŬ ˊɚŬɑůɘŬ ůɡɜŮɟɔŬůɑŬɠ ɛŮ Űɞ 

TUM əŬɘ ŭɞəɘɛɎůŰɖəŬɜ ˊŮɘɟŬɛŬŰɘəɎ ůŰɞ ȺūȺ. ɄŬɟɞɡůɘɎɕɞɜŰŬɘ ŭɘŬűɞɟŮŰɘəɏɠ ɔŮɜɘɏɠ 

ŭɞɛɩɜ ɛŮ ůɡɔəŮəɟɘɛɏɜŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ, Ŭˊɧ Űɘɠ ɞˊɞɑŮɠ ŮˊɘɚɏɢɗɖəŬɜ ɞɘ əŬŰɎɚɚɖɚŮɠ 

ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ Ůɜɧɠ ȺɜŮɟɔɞɨ ɃˊŰɘəɞɨ ȾŬɚɤŭɑɞɡ ɔɘŬ Űɖ ŭɘŬůɨɜŭŮůɖ 

ɈˊɞɚɞɔɘůŰɘəɩɜ ȾɏɜŰɟɤɜ. Ⱥˊɑůɖɠ, ŮˊŮɝɖɔɞɨɜŰŬɘ ŬɜŬɚɡŰɘəɎ ɧɚŮɠ ɞɘ ˊŮɘɟŬɛŬŰɘəɏɠ 

ŰŮɢɜɘəɏɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɔɘŬ Űɖ ŭɞəɘɛɐ Űɤɜ VCSELs. 

ɆŰɞ ȾŮűɎɚŬɘɞ 5, ŮɟɛɖɜŮɨɞɜŰŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ˊŮɘɟŬɛŬŰɘəɐɠ ŮˊɑŭŮɘɝɖɠ Űɤɜ 

ŭɞɛɩɜ ˊɞɛˊɞɨ, ŭɏəŰɖ əŬɘ ŭɘŮˊŬűɐɠ ŬˊŮɛˊɚɞəɐɠ ˊɞɡ əŬŰŬůəŮɡɎůŰɖəŬɜ ůŰŬ ˊɚŬɑůɘŬ 

ůɡɜŮɟɔŬůɑŬɠ əŬɘ ˊŮɟɘɏɢɞɡɜ ůŰɞɘɢŮɑŬ ŰŬ ɞˊɞɑŬ ůɢŮŭɘɎůŰɖəŬɜ ŬɚɚɎ əŬɘ ɛŮɚŮŰɐɗɖəŬɜ 

ˊŮɘɟŬɛŬŰɘəɎ Ŭˊɧ Űɞɜ ůɡɔɔɟŬűɏŬ. Ƀɘ ŭɞɛɏɠ ŬɡŰɏɠ Ŭűɞɨ ŭɞəɘɛɎůŰɖəŬɜ, 
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ɞɚɞəɚɖɟɩɗɖəŬɜ ůŮ ɏɜŬ ŬɜɩŰŮɟɞ ŮˊɑˊŮŭɞ əŬɘ ŬˊɞŰɏɚŮůŬɜ ɏɜŬ ȺɜŮɟɔɧ ɃˊŰɘəɧ 

ȾŬɚɩŭɘɞ ɛŮ ŭɡɜŬŰɧŰɖŰŬ ŭɘŬůɨɜŭŮůɖɠ rack-to-rack ŮɜŰɧɠ ɈˊɞɚɞɔɘůŰɘəɞɨ ȾɏɜŰɟɞɡ ɛŮ 

ůɡɜɞɚɘəɐ ŰŬɢɨŰɖŰŬ ɛŮŰɎŭɞůɖɠ ŭŮŭɞɛɏɜɤɜ ˊɞɡ ɝŮˊɏɟŬůŮ Űɞ 1 Tb/s. 

ɆŰɞ ȾŮűɎɚŬɘɞ 6 ůɡɜɞɣɑɕɞɜŰŬɘ əŬɘ ůɢɞɚɘɎɕɞɜŰŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ŭɘŬŰɟɘɓɐɠ Ůɜɩ 

ˊɟɞŰŮɑɜɞɜŰŬɘ ˊŮɟŮŰŬɑɟɤ ŮɟŮɡɜɖŰɘəɏɠ ŭɟŬůŰɖɟɘɧŰɖŰŮɠ ůŮ ˊŮɟɘɞɢɏɠ ůɡɜŬűɐɠ ɛŮ Űɖɜ 

ˊŬɟɞɨůŬ ŭɘŭŬəŰɞɟɘəɐ ŭɘŬŰɟɘɓɐ, ɞɘ ɞˊɞɑŮɠ ŭɘŬɗɏŰɞɡɜ ŮˊɘůŰɖɛɞɜɘəɧ ŮɜŭɘŬűɏɟɞɜ.   

ɇɏɚɞɠ, ůŰɞ ɄŬɟɎɟŰɖɛŬ ȷ ˊŬɟŬŰɑɗŮŰŬɘ ɖ ɚɑůŰŬ ɛŮ Űɘɠ ŭɖɛɞůɘŮɨůŮɘɠ Űɞɡ ůɡɔɔɟŬűɏŬ 

ůŮ ŭɘŮɗɜɐ ɏɔəɟɘŰŬ ŮˊɘůŰɖɛɞɜɘəɎ ˊŮɟɘɞŭɘəɎ əŬɘ ŮˊɘůŰɖɛɞɜɘəɎ ůɡɜɏŭɟɘŬ ɛŮ əɟɑůɖ. 
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ȾŮűɎɚŬɘɞ 2 ȹɞɛɘəɎ ůŰɞɘɢŮɑŬ əŬɘ 

ȷɟɢɘŰŮəŰɞɜɘəɐ ȺɜŮɟɔɞɨ ɃˊŰɘəɞɨ 

ȾŬɚɤŭɑɞɡ 
ȰɢɞɜŰŬɠ ˊŮɟɘɔɟɎɣŮɘ Űɞ Űɞˊɑɞ ɧůɞɜ ŬűɞɟɎ ůŰɖ ŭɘŬəɑɜɖůɖ Űɖɠ ˊɚɖɟɞűɞɟɑŬɠ ůɐɛŮɟŬ 

əŬɘ ŭɑɜɞɜŰŬɠ ɓŬɟɨŰɖŰŬ ůŰɞ əɞɛɛɎŰɘ Űɤɜ ŭɘŬůɡɜŭɏůŮɤɜ ŮɜŰɧɠ Űɤɜ əɏɜŰɟɤɜ 

ŭŮŭɞɛɏɜɤɜ, ůŰɞ əŮűɎɚŬɘɞ ŬɡŰɧ ɗŬ ˊŮɟɘɔɟŬűŮɑ ˊɘɞ ůɡɔəŮəɟɘɛɏɜŬ ɛɘŬ ˊɟɧŰŬůɖ 

ŬɜɎˊŰɡɝɖɠ Ůɜɧɠ ŮɜŮɟɔɞɨ ɞˊŰɘəɞɨ əŬɚɤŭɑɞɡ. ȼ ŭɞɛɐ ŬɡŰɐ ɖ ɞˊɞɑŬ ŬɜŬˊŰɨɢɗɖəŮ ůŰŬ 

ˊɚŬɑůɘŬ ůɡɜŮɟɔŬůɑŬɠ Űɞɡ ȺūȺ ɛŮ ɎɚɚŬ ˊŬɜŮˊɘůŰɐɛɘŬ əŬɘ űɞɟŮɑɠ, ɏɢŮɘ əɎˊɞɘŮɠ 

ɢŬɟŬəŰɖɟɘůŰɘəɎ ˊɞɡ Űɞ əŬɗɘůŰɞɨɜ əŬɘɜɞŰɧɛɞ ůŰɖɜ ɡˊŮɟɜɑəɖůɖ Űɤɜ Ůɛˊɞŭɑɤɜ ˊɞɡ 

ŬɜɏəɡɣŬɜ ůŰɞ ˊɟɞɖɔɞɨɛŮɜɞ əŮűɎɚŬɘɞ. ȷűɞɨ ˊŬɟɞɡůɘŬůŰŮɑ ůɡɜɞɚɘəɎ ɖ 

ŬɟɢɘŰŮəŰɞɜɘəɐ Űɞɡ, ůŰɖ ůɡɜɏɢŮɘŬ Űɞɡ əŮűŬɚŬɑɞɡ ŬɡŰɞɨ ɗŬ ŭɞɗŮɑ ɛɘŬ ˊɘɞ Ůɜŭɞůəɞˊɘəɐ 

ɛŬŰɘɎ ůŰŬ ůŰɞɘɢŮɑŬ ˊɞɡ Űɞ ůɡɜŬˊɞŰŮɚɞɨɜ, Űɘɠ ŭɘɎűɞɟŮɠ ŰŮɢɜɘəɏɠ əŬɘ ŰŮɢɜɞɚɞɔɑŮɠ ˊɞɡ 

ŮˊɘůŰɟŬŰŮɨɗɖəŬɜ. ȺɝɎɚɚɞɡ ɖ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ, ˊɏɟŬ Ŭˊɧ Űɞ ɔŮɔɞɜɧɠ ɧŰɘ 

ˊŮɘɟŬɛŬŰɘəɎ ŬɝɘɞɚɞɔŮɑ Űɖ ŭɞɛɐ ŬɡŰɐ ɏɢŮɘ ůɡɛɓɎɚɚŮɘ ůŰɖɜ ŬɜɎˊŰɡɝɖ əŬɘ Űɤɜ ŭɞɛɘəɩɜ 

Űɖɠ ůŰɞɘɢŮɑɤɜ.  

2.1 ȷɟɢɘŰŮəŰɞɜɘəɐ Űɞɡ ȺɜŮɟɔɞɨ ɃˊŰɘəɞɨ ȾŬɚɤŭɑɞɡ 

ɀŮ ɓɎůɖ Űɖ ɚɞɔɘəɐ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŮ ůŰɞ Űɏɚɞɠ Űɞɡ ˊɟɩŰɞɡ əŮűŬɚŬɑɞɡ ŬɜŬűɞɟɘəɎ ɛŮ 

ŰŬ ŮɟɔŬɚŮɑŬ əŬɘ Űɘɠ ŰŮɢɜɞɚɞɔɑŮɠ ˊɞɡ ɏɢɞɡɜ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɜŬ ɓŮɚŰɘɩůɞɡɜ Űɘɠ 

ɡűɘůŰɎɛŮɜŮɠ ŭɞɛɏɠ ŮɜŮɟɔɩɜ ɞˊŰɘəɩɜ əŬɚɤŭɑɤɜ, ˊɟɞŰɎɗɖəŮ ɛɘŬ ŭɞɛɐ ɖ ɞˊɞɑŬ 

ŬˊɞŰŮɚŮɑ Ůˊɘ Űɖɠ ɞɡůɑŬɠ ɛɘŬ ŮɡɏɚɘəŰɖ çɞˊŰɘəɐ ɛɖɢŬɜɐè ɛŮ ŭɡɜŬŰɧŰɖŰŬ ůɡɜɞɚɘəɐɠ 

ɢɤɟɖŰɘəɧŰɖŰŬɠ Űɖɠ ŰɎɝɖɠ Űɞɡ terabit. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ŬɜŬˊŰɨɢɗɖəŬɜ ůŰɞɘɢŮɑŬ ɛŮ 

ŰŬɢɨŰɖŰŮɠ ˊɞɡ ɏűŰŬɜŬɜ ɛɏɢɟɘ əŬɘ ŰŬ 80 Gb/s ŬɜɎ əŬɜɎɚɘ, ɛŮ ɛɞɜɞɟɡɗɛɘəɐ ɚŮɘŰɞɡɟɔɑŬ, 

Ůɜɩ ˊŬɟɎɚɚɖɚŬ ɏɔɘɜŮ ɢɟɐůɖ ɢɤɟɘəɐɠ ˊɞɚɡˊɚŮɝɑŬɠ (ˊɞɚɡˊɨɟɖɜɖ ɑɜŬ), ˊɞɚɡˊɚŮɝɑŬɠ 

ɛɐəɞɡɠ əɨɛŬŰɞɠ əŬɗɩɠ əŬɘ ŭɘŬɛɧɟűɤůɖɠ ŬɜɩŰŮɟɖɠ ŰɎɝɖɠ. ȺˊɘˊɟɧůɗŮŰŬ, 

ˊɟɞəŮɘɛɏɜɞɡ ɖ ɡɚɞˊɞɑɖůɖ ŬɡŰɐ ɜŬ ɏɢŮɘ ɢŬɛɖɚɧ əɧůŰɞɠ, ŮˊɘůŰɟŬŰŮɨɗɖəŮ ɏɜŬ ɛŮɑɔɛŬ 

Ŭˊɧ əŬɗɘŮɟɤɛɏɜŮɠ ŰŮɢɜɞɚɞɔɑŮɠ ŮɜŮɟɔɩɜ ɞˊŰɘəɩɜ əŬɚɤŭɑɤɜ (VCSELs, űɤŰɞɜɘəɎ 

ˊɡɟɘŰɑɞɡ) əŬɘ əŬɘɜɞŰɧɛɤɜ ɛŮɗɧŭɤɜ 3D ɞɚɞəɚɐɟɤůɖɠ. ȼ ˊɚŬŰűɧɟɛŬ Űɞɡ ˊɡɟɘŰɑɞɡ 

ˊɟɞůűɏɟŮɘ ɛŮɔɎɚɖ ŬɝɘɞˊɘůŰɑŬ əŬɘ ɞɘəɞɜɞɛɘəɐ ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬ əŬɗɩɠ əŬɘ Űɖ 

ŭɡɜŬŰɧŰɖŰŬ ɔɘŬ ˊɡəɜɐ ɞɚɞəɚɐɟɤůɖ ˊŬɗɖŰɘəɩɜ əŬɘ ŮɜŮɟɔɩɜ ŭɞɛɩɜ ɡɣɖɚɐɠ Ŭˊɧŭɞůɖɠ 

ɢɎɟɘɠ ůŰɞ ŬɜŮˊŰɡɔɛɏɜɞ ɞˊɚɞůŰɎůɘɞ Űɤɜ űɤŰɞɜɘəɩɜ ˊɡɟɘŰɑɞɡ.  

ȰŰůɘ ɚɞɘˊɧɜ ŬɜŬˊŰɨɢɗɖəŬɜ VCSELs ɛŮ ɛɐəɞɠ əɨɛŬŰɞɠ Ůəˊɞɛˊɐɠ ɔɨɟɤ Ŭˊɧ ŰŬ 1550 

nm ůŮ ˊɚŬŰűɧɟɛŬ InP, ɛŮ ŭɡɜŬŰɧŰɖŰŬ ɛŮŰɎŭɞůɖɠ ůŰŬ 40 Gbaud əŬɘ ɚŮɘŰɞɡɟɔɑŬɠ ůŮ 

ɗŮɟɛɞəɟŬůɑŮɠ ɏɤɠ əŬɘ 60ɞC. ɇŬ VCSELs ŬɡŰɎ əŬŰŬůəŮɡɎůŰɖəŬɜ ɛŮ əŬŰɎɚɚɖɚɞ 

Űɟɧˊɞ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ɛˊɞɟɞɨɜ ɜŬ ˊɟɞůŭŮɗɞɨɜ (bond) ˊɎɜɤ ůŮ ɡˊɧůŰɟɤɛŬ SOI əŬɘ 

əŬŰɎ ŬɡŰɧ Űɞɜ Űɟɧˊɞ ɜŬ ɖ ůɡɜɞɚɘəɐ ŭɘɎŰŬɝɖ ɜŬ ɤűŮɚɖɗŮɑ Ŭˊɧ ŰŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ əŬɘ 

Űɤɜ ŭɡɞ ŬɡŰɩɜ ŰŮɢɜɞɚɞɔɘɩɜ. ũɘŬ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɖ ŭɡɜŬŰɧŰɖŰŬ ˊɞɚɡˊɚŮɝɑŬɠ ůŰɞ ɛɐəɞɠ 

əɨɛŬŰɞɠ ůŰɖɜ ˊɚŬŰűɧɟɛŬ, ŬɜŬˊŰɨɢɗɖəŬɜ ɛɞɜɞɚɘɗɘəɏɠ ůɡůŰɎŭŮɠ VCSELs ŭɩŭŮəŬ 
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ůŰɞɘɢŮɑɤɜ ɛŮ ŬˊɞůŰɎůŮɘɠ əŮɜŰɟɘəɩɜ ɛɖəɩɜ əɨɛŬŰɞɠ Ůəˊɞɛˊɐɠ ůŰŬ 10 nm. ũɘŬ Űɖ 

ůɨɕŮɡɝɖ Űɞɡ űɤŰɧɠ ɛɏůŬ ůŰɖɜ ˊɞɚɡˊɨɟɖɜɖ ɑɜŬ, ŬɜŬˊŰɨɢɗɖəŬɜ 3D əɡɛŬŰɞŭɖɔɞɑ 

ŮɔɔŮɔɟŬɛɛɏɜɞɘ ɛɏůŬ ůŮ ɔɡŬɚɑ, ŭɑɜɞɜŰŬɠ ɏŰůɘ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɔɘŬ ˊɟɩŰɖ űɞɟɎ ɜŬ 

ůɡɜɡˊɎɟɢŮɘ ɖ SOI ˊɚŬŰűɧɟɛŬ ɛŮ ˊɞɚɡˊɨɟɖɜŮɠ ɑɜŮɠ. ɆŰɖ ɛŮɟɘɎ Űɤɜ ɖɚŮəŰɟɞɜɘəɩɜ, 

əŬŰŬůəŮɡɎůŰɖəŬɜ ůɡůŰɎŭŮɠ ɔɟŬɛɛɘəɩɜ ɞŭɖɔɖŰɩɜ VCSELs əŬɘ TIAs ůŮ ˊɡɟɑŰɘɞ 

ŮˊɘŰɟɏˊɞɜŰŬɠ Űɖ ɚŮɘŰɞɡɟɔɑŬ ɛŮ ůɢɐɛŬŰŬ ŭɘŬɛɧɟűɤůɖɠ ˊɞɚɚŬˊɚɩɜ Ůˊɘˊɏŭɤɜ ůŮ 

ŰŬɢɨŰɖŰŮɠ ɏɤɠ əŬɘ 40 Gbaud. ɇɏɚɞɠ, ɔɘŬ Űɞ ůɡɜŭɡŬůɛɧ Űɤɜ ɖɚŮəŰɟɞɜɘəɩɜ əŬɘ Űɤɜ 

űɤŰɞɜɘəɩɜ ůŰɖɜ ɑŭɘŬ ˊɚŬŰűɧɟɛŬ ˊɡɟɘŰɑɞɡ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɛɘŬ əŬɘɜɞŰɧɛŬ ɛɏɗɞŭɞɠ 

3D ɞɚɞəɚɐɟɤůɖɠ (ɛŮ vias ˊɡɟɘŰɑɞɡ əŬɘ interposers) [2.1]-[2.4]. 

Ƀ ůɡɜŭɡŬůɛɧɠ ɧɚɤɜ ŬɡŰɩɜ Űɤɜ ŰŮɢɜɞɚɞɔɘɩɜ, ɞŭɖɔŮɑ ůŮ ŮɜŰɡˊɤůɘŬəɎ ŬˊɞŰŮɚɏůɛŬŰŬ 

ůŮ ůɢɏůɖ ɛŮ Űɘɠ ɡˊɎɟɢɞɡůŮɠ ɚɨůŮɘɠ ŮɜŮɟɔɩɜ ɞˊŰɘəɩɜ əŬɚɤŭɑɤɜ. ȷɟɢɘəɎ, ůŰɞ əɞɛɛɎŰɘ 

Űɞɡ ɟɡɗɛɞɨ ɛŮŰɎŭɞůɖɠ ŬɜɎ əŬɜɎɚɘ, ůɖɛŮɘɩɜŮɘ ɛɘŬ Ŭɨɝɖůɖ Űɖɠ ŰɎɝɖɠ Űɞɡ 60%. Ƀ 

ůɡɜŭɡŬůɛɧɠ ɛŮ ŭɘŬűɞɟŮŰɘəɞɨ Ůɑŭɞɡɠ ˊɞɚɡˊɚŮɝɑŮɠ (ɢɤɟɘəɐ əŬɘ ɛɐəɞɡɠ əɨɛŬŰɞɠ) əŬɘ 

ůɢɐɛŬŰŬ ŭɘŬɛɧɟűɤůɖɠ ŬɜɩŰŮɟɖɠ ůŰɎɗɛɖɠ ɞŭɐɔɖůŮ ůŮ Ŭɨɝɖůɖ +640% ůŮ ůɡɜɞɚɘəɐ 

ɢɤɟɖŰɘəɧŰɖŰŬ ɛŮ 70% ɚɘɔɧŰŮɟɖ əŬŰŬɜɎɚɤůɖ ɘůɢɨɞɠ [2.5]-[2.10]. Ⱥˊɘˊɚɏɞɜ, ɖ 

ŰŮɢɜɞɚɞɔɑŬ Űɞɡ ŮɜŮɟɔɞɨ ɞˊŰɘəɞɨ əŬɚɤŭɑɞɡ ŬɡŰɞɨ ŮˊɘŰɟɏˊŮɘ Űɖ ɛŬɕɘəɐ Űɞɡ ˊŬɟŬɔɤɔɐ 

Ŭűɞɨ ŭŮɜ ŭɘŬɗɏŰŮɘ əŬɗŮŰɞˊɞɘɖɛɏɜɖ ɚɞɔɘəɐ ůŰɞɜ Űɟɧˊɞ ŬɜɎˊŰɡɝɐɠ Űɞɡ.  

 

ȺɘəɧɜŬ 13: ȼ ŬɟɢɘŰŮəŰɞɜɘəɐ Űɞɡ ŮɜŮɟɔɞɨ ɞˊŰɘəɞɨ əŬɚɤŭɑɞɡ ɛŮ ŬˊɞŰɡˊɤɛɏɜŮɠ Űɧůɞ Űɘɠ ɓŬůɘəɏɠ 

əŬɘɜɞŰɞɛɑŮɠ ɧůɞ əŬɘ Űɞɜ Űɟɧˊɞ Űɖɠ 3D ɞɚɞəɚɐɟɤůɐɠ Űɞɡɠ ˊɎɜɤ ůŰɖɜ ˊɚŬŰűɧɟɛŬ.  

2.1.1 ȾŬɘɜɞŰɞɛɑŮɠ ɔɨɟɤ Ŭˊɧ Űɖɜ ŬɜɎˊŰɡɝɖ Űɞɡ ŮɜŮɟɔɞɨ ɞˊŰɘəɞɨ 

əŬɚɤŭɑɞɡ 

ɆŰɖɜ ˊŬɟŬəɎŰɤ ˊŬɟɎɔɟŬűɞ ɔɑɜŮŰŬɘ ɛɘŬ ˊɟɞůˊɎɗŮɘŬ ŬɜŬűɞɟɎɠ Űɤɜ ɓŬůɘəɩɜ 

əŬɘɜɞŰɞɛɘɩɜ ˊɞɡ ůɡɜɏɓŬɚɚŬɜ ůŰɖɜ ŬɜɎˊŰɡɝɖ Űɞɡ ŮɜŮɟɔɞɨ ɞˊŰɘəɞɨ əŬɚɤŭɑɞɡ ɛŮ 

ɛŮɔŬɚɨŰŮɟɖ ɚŮˊŰɞɛɏɟŮɘŬ.  

VCSELs: ȳˊɤɠ ˊŮɟɘɔɟɎűɖəŮ əŬɘ ˊŬɟŬˊɎɜɤ, ŬɜŬˊŰɨɢɗɖəŬɜ VCSELs ɡɣɖɚɐɠ 

ŰŬɢɨŰɖŰŬɠ (40 Gaud) ɛŮ ɛɐəɞɠ əɨɛŬŰɞɠ ɚŮɘŰɞɡɟɔɑŬɠ ůŰɖɜ ˊŮɟɘɞɢɐ Űɤɜ 1550 nm ɛŮ 

ŭɡɜŬŰɧŰɖŰŬ ɚŮɘŰɞɡɟɔɑŬɠ ůŮ ɗŮɟɛɞəɟŬůɑŮɠ ɏɤɠ əŬɘ 60oC. ȼ Ůˊɑŭɞůɖ ŬɡŰɐ ŮɑɜŬɘ 

ůɖɛŬɜŰɘəɐ Ŭűɞɨ ŬˊɞŰŮɚŮɑ ɞɡůɘŬůŰɘəɎ ɓŮɚŰɑɤůɖ əŬŰɎ 60% Űɤɜ ɛɏɢɟɘ ŮəŮɑɜɖ Űɖ 

ůŰɘɔɛɐ ŮɛˊɞɟɘəɎ ŭɘŬɗɏůɘɛɤɜ VCSEL ɛŮɔɎɚɞɡ ɛɐəɞɡɠ əɨɛŬŰɞɠ. Ⱥˊɑůɖɠ əŬɘ ɖ Ŭɜɞɢɐ 

ůŰɖ ɗŮɟɛɞəɟŬůɑŬ ɐŰŬɜ Ɏɚɚɞɠ ɏɜŬɠ ˊŬɟɎɔɞɜŰŬɠ əŬɘɜɞŰɞɛɑŬɠ ɛŮ Űɘɠ ŬɜŰɑůŰɞɘɢŮɠ 

Ůɛˊɞɟɘəɏɠ ŭɞɛɏɠ ɛɏɢɟɘ ŰɧŰŮ ɜŬ ɏɢɞɡɜ ůɢŮŭɧɜ 10% Ŭɜɞɢɏɠ. ɄɟɏˊŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ ɖ 
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ŭɡɜŬŰɧŰɖŰŬ ɚŮɘŰɞɡɟɔɑŬɠ ůŮ ɛŮɔŬɚɨŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ, ŮɝŬůűŬɚɑɕŮɘ əŬɚɨŰŮɟɖ 

Ůˊɑŭɞůɖ ŬɚɚɎ əŬɘ ŮɜŮɟɔŮɘŬəɐ əŬŰŬɜɎɚɤůɖ Ŭɜ ɚɎɓŮɘ əŬɜŮɑɠ ɡˊɧɣɘɜ ɧŰɘ Űɞ ɕɐŰɖɛŬ Űɖɠ 

ɣɨɝɖɠ Űɤɜ əɏɜŰɟɤɜ ŭŮŭɞɛɏɜɤɜ ŮɑɜŬɘ ɛɘŬ ˊɞɚɨ ůɖɛŬɜŰɘəɐ ˊŬɟɎɛŮŰɟɞɠ [2.11], [2.12]. 

ɄɟɞəŮɘɛɏɜɞɡ Űɞ ŮɜŮɟɔɧ ɞˊŰɘəɧ əŬɚɩŭɘɞ ɜŬ ɏɢŮɘ Űɖ ŭɡɜŬŰɧŰɖŰŬ ˊɞɚɡˊɚŮɝɑŬɠ əŬŰɎ 

ɛɐəɞɠ əɨɛŬŰɞɠ, ŰŬ VCSELs ŬɜŬˊŰɨɢɗɖəŬɜ ůŮ ůɡůŰɎŭŮɠ ɛŮ ŭɘŬűɞɟɏɠ əŮɜŰɟɘəɩɜ 

ɛɖəɩɜ əɨɛŬŰɞɠ Ůəˊɞɛˊɐɠ ůŰŬ 10 nm. ɇɏɚɞɠ, ŰŬ VCSELs ŬɜŬˊŰɨɢɗɖəŬɜ ɛŮ ŰɏŰɞɘɞ 

Űɟɧˊɞ ɞɨŰɤɠ ɩůŰŮ ɜŬ ŮɑɜŬɘ əŬŰɎɚɚɖɚŬ ɔɘŬ flip-chip ˊɟɧůŭŮůɖ ůŰɖ SOI ˊɚŬŰűɧɟɛŬ. 

ũɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ, ɞɘ ɗŮɟɛɘəɏɠ, ɞˊŰɘəɏɠ, ɛɖɢŬɜɘəɏɠ əŬɘ ɛɘəɟɞəɡɛŬŰɘəɏɠ Űɞɡɠ ɘŭɘɧŰɖŰŮɠ 

ůɢŮŭɘɎůŰɖəŬɜ ˊɟɞůŮəŰɘəɎ ɔɘŬ ɜŬ ŮɝŬůűŬɚɘůŰŮɑ ɖ ůŰŬɗŮɟɧŰɖŰŬ ůŰɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡɠ 

ɢɤɟɑɠ ˊŮɟŬɘŰɏɟɤ ɡˊɞɓɎɗɛɘůɖ Űɖɠ ˊɞɘɧŰɖŰɎɠ Űɞɡɠ. ɇŬ VCSELs ŬɜŬˊŰɨɢɗɖəŬɜ ůŰɞ 

ɄɞɚɡŰŮɢɜŮɑɞ Űɞɡ ɀɞɜɎɢɞɡ (TUM). 

ȷɜɎˊŰɡɝɖ ɛɘŬɠ ɞˊŰɘəɐɠ ɛɖɢŬɜɐɠ ɛŮ 3D ɞɚɞəɚɐɟɤůɖ: ɀŮ Űɞɜ ɧɟɞ ɞˊŰɘəɐ ɛɖɢŬɜɐ 

ŮɜɜɞɞɨɛŮ ɛɘŬ ŭɞɛɐ ɖ ɞˊɞɑŬ ŭɘŬɗɏŰŮɘ ŰŬ əŬŰɎɚɚɖɚŬ űɤŰɞɜɘəɎ əŬɘ ɖɚŮəŰɟɞɜɘəɎ 

ůŰɞɘɢŮɑŬ ɔɘŬ ɜŬ ŮɑɜŬɘ ˊɚɐɟɤɠ ɚŮɘŰɞɡɟɔɘəɐ ůŰɞ ɟɧɚɞ Űɞɜ ɞˊɞɑɞ əŬɚŮɑŰŬɘ ɜŬ ŮˊɘŰŮɚɏůŮɘ. 

ɆŰŬ ˊɚŬɑůɘŬ ɚɞɘˊɧɜ Űɖɠ ŬɜɎˊŰɡɝɖɠ Űɞɡ ŮɜŮɟɔɞɨ ɞˊŰɘəɞɨ əŬɚɤŭɑɞɡ ˊɞɡ 

ˊŬɟɞɡůɘɎɕŮŰŬɘ, ɏɔɘɜŮ ůɖɛŬɜŰɘəɐ ɛŮɚɏŰɖ ɔɘŬ Űɞɜ Űɟɧˊɞ ɛŮ Űɞɜ ɞˊɞɑɞ ɗŬ ŮˊɘŰŮɡɢɗŮɑ 

ŬɡŰɞɨ Űɞɡ Űɨˊɞɡ ɖ ɞɚɞəɚɐɟɤůɖ. ɄɟɞəŮɘɛɏɜɞɡ ŰŬ űɤŰɞɜɘəɎ əŬɘ ɖɚŮəŰɟɞɜɘəɎ ůŰɞɘɢŮɑŬ 

ɜŬ ŮɑɜŬɘ ɢɤɟɞɗŮŰɖɛɏɜŬ ɛŮ Űɞ ɓɏɚŰɘůŰɞ Űɟɧˊɞ ˊɎɜɤ ůŰɖɜ ˊɚŬŰűɧɟɛŬ Űɞɡ ŮɜŮɟɔɞɨ 

ɞˊŰɘəɞɨ əŬɚɤŭɑɞɡ, ŬəɞɚɞɡɗɐɗɖəŮ ɛɘŬ ɚɞɔɘəɐ ɞɚɞəɚɐɟɤůɖɠ ůŮ ůŰɞɘɓɎŭŮɠ (layer 

stacks). Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, əŬŰŬůəŮɡɎůŰɖəŮ ɏɜŬ ɞˊŰɘəɧ SOI board ɛŮ ůɡɕŮɨəŰŮɠ 

Űɨˊɞɡ grating (grating couplers), əŬŰɎɚɚɖɚŬ ůɢŮŭɘŬůɛɏɜɞɡɠ ɔɘŬ əɎɗŮŰɖ ůɨɕŮɡɝɖ Űɞɡ 

űɤŰɧɠ ɛŮ əŬɚɐ Ŭˊɧŭɞůɖ əŬɘ ɛɘəɟɏɠ ŬˊɩɚŮɘŮɠ ŬɜŬəɚɎůŮɤɜ. ɆŰɖɜ əŬŰŮɨɗɡɜůɖ ŬɡŰɐ 

əŬŰŬůəŮɡɎůŰɖəŬɜ əŬɘ ɔɟŬɛɛɘəɞɑ ɞŭɖɔɖŰɏɠ əŬɘ ɇȽȷs ůŰŬ 40 Gbaud ůŮ ůɡůŰɎŭŮɠ Űɤɜ 

ŰŮůůɎɟɤɜ ɛŮ Űɘɠ ŬɜŰɑůŰɞɘɢŮɠ ŭɘŮˊŬűɏɠ Űɞɡɠ ɞɨŰɤɠ ɩůŰŮ ɜŬ ɛˊɞɟɞɨɜ ɜŬ ŭɘŬůɡɜŭŮɗɞɨɜ 

ɛŮ ŰŬ ŬɜɎɚɞɔŬ ɞˊŰɞ-ɖɚŮəŰɟɞɜɘəɎ ůŰɞɘɢŮɑŬ.  

ũɘŬ ɜŬ ŬəɞɚɞɡɗɖɗŮɑ ɛɘŬ 3D ɚɞɔɘəɐ ŬɟɢɘŰŮəŰɞɜɘəɐɠ ůŰɞ ŮɜŮɟɔɧ ɞˊŰɘəɧ əŬɚɩŭɘɞ, 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ through silicon vias (TSVs) ˊɞɡ Ůˊɘ Űɖɠ ɞɡůɑŬɠ ŬˊɞŰŮɚɞɨɜ 

ɖɚŮəŰɟɘəɏɠ ůɡɜŭɏůŮɘɠ ˊɞɡ ˊŮɟɜɎɜŮ ŭɘŬɛɏůɞɡ Űɞɡ wafer ˊɡɟɘŰɑɞɡ, ɛɘəɟŬɑɜɞɜŰŬɠ Űɖɜ 

ŬˊɧůŰŬůɖ Űɖɠ ɖɚŮəŰɟɘəɐɠ ŭɘŬůɨɜŭŮůɖɠ ůŮ ŬɜŰɑɗŮůɖ ɛŮ Ɏɚɚɞɡɠ Űɨˊɞɡɠ (ˊ.ɢ. ɛŮ wire 

bonding), ŮˊɘŰɟɏˊɞɜŰŬɠ ɡɣɖɚɧŰŮɟŮɠ ŰŬɢɨŰɖŰŮɠ əŬɘ ɛɘəɟɧŰŮɟɖ ŬˊŬɔɤɔɐ ɗŮɟɛɧŰɖŰŬɠ 

[2.13]. ȺˊɘˊɟɧůɗŮŰŬ, ɔɘŬ ɜŬ ˊɟɞůŭŮɗɞɨɜ ŰŬ ŮɜŮɟɔɎ ůŰɞɘɢŮɑŬ (VCSELs əŬɘ 

űɤŰɞŭɑɞŭɞɘ) ˊɎɜɤ ůŰɖɜ ˊɚŬŰűɧɟɛŬ ˊɡɟɘŰɑɞɡ ɛŮ ɛŮɔɎɚɖ ŬəɟɑɓŮɘŬ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ 

ŰŮɢɜɘəɏɠ ŮɡɗɡɔɟɎɛɛɘůɖɠ ɡɣɖɚɐɠ ŬəɟɑɓŮɘŬɠ (Űɖɠ ŰɎɝɖɠ Űɞɡ 1 ɛm). ɇɏɚɞɠ, ɔɘŬ Űɖɜ 

ŭɘŬůɨɜŭŮůɖ Űɤɜ ɡɣɖɚɐɠ ŰŬɢɨŰɖŰŬɠ ɖɚŮəŰɟɞɜɘəɩɜ ůŰɖɜ 3D ůŰɞɘɓɎŭŬ 

ŮˊɘůŰɟŬŰŮɨŰɖəŬɜ ŰŮɢɜɘəɏɠ ˊɟɧůŭŮůɖɠ ɛŮ ˊŬɟŮɛɓɞɚŮɑɠ (interposers) ˊɡɟɘŰɑɞɡ. ɆŰɖɜ 

ˊɟŬɔɛŬŰɞˊɞɑɖůɖ ŬɡŰɐɠ Űɖɠ 3D ŭɞɛɐɠ, ůɡɜŮɟɔɎůŰɖəŬɜ ɛŬɕɑ ɛŮ Űɞ ȺūȺ, Űɞ ȷɄŪ, Űɞ 

ɘɜůŰɘŰɞɨŰɞ IMEC (ȸɏɚɔɘɞ) əŬɘ ɞɘ ŮŰŬɘɟŮɑŮɠ ȷɀɃ əŬɘ AMS.  

ɉɟɐůɖ ˊɞɚɚɩɜ Ůˊɘˊɏŭɤɜ ˊŬɟŬɚɚɖɚɞˊɞɑɖůɖɠ: ȳˊɤɠ ɏɢŮɘ ɐŭɖ ŬɜŬűŮɟɗŮɑ, ɛɘŬ ůŮɘɟɎ 

Ŭˊɧ ŰŮɢɜɘəɏɠ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŬɡɝɖɗŮɑ ɖ ůɡɜɞɚɘəɐ ɢɤɟɖŰɘəɧŰɖŰŬ 

Űɞɡ ŮɜŮɟɔɞɨ ɞˊŰɘəɞɨ əŬɚɤŭɑɞɡ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ůɢɐɛŬ 

ŭɘŬɛɧɟűɤůɖɠ əŬŰɎ ˊɚɎŰɞɠ ŰŮůůɎɟɤɜ ůŰŬɗɛɩɜ (PAM-4) ɔɘŬ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ůɡɜɞɚɘəɐ 

ŰŬɢɨŰɖŰŬ ŬɜɎ VCSEL Űɖɠ ŰɎɝɖɠ Űɤɜ 80 Gb/s [2.14]. Ƀ Űɟɧˊɞɠ ŭɘŬɛɧɟűɤůɖɠ ŬɡŰɧɠ 

ŭɘŮɡəɞɚɨɜŮŰŬɘ Ŭˊɧ Űɖ ɔɟŬɛɛɘəɐ ˊŮɟɘɞɢɐ Űɞɡ VCSEL (ɧůɞ ɛŮɔŬɚɨŰŮɟɖ ɔɟŬɛɛɘəɐ 
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ˊŮɟɘɞɢɐ Űɧůɞ ˊɘɞ ɏɡəɞɚɞ Űɞ ɜŬ çɢɤɟɏůɞɡɜè ˊŮɟɘůůɧŰŮɟŮɠ ůŰɎɗɛŮɠ ɘůɢɨɞɠ) ŬɚɚɎ əŬɘ 

Ŭˊɧ Űɖ ɔɟŬɛɛɘəɧŰɖŰŬ ˊɞɡ ŮˊɘŭŮɘəɜɨɞɡɜ ŰŬ ɖɚŮəŰɟɞɜɘəɎ ůŰɞɘɢŮɑŬ Űɖɠ ŭɞɛɐɠ, ŭɖɚŬŭɐ 

ɞɘ ɞŭɖɔɖŰɏɠ əŬɘ ɞɘ ɇȽȷs. ȼ ůɡɜɞɚɘəɐ əŬŰŬɜɎɚɤůɖ ɘůɢɨɞɠ ŬɜɎ bit ɛŮ Űɖ ɢɟɐůɖ əŬɘ Űɖɠ 

PAM-4 ŭɘŬɛɧɟűɤůɖɠ əŬŰɏɚɖɝŮ ůŰŬ 3.5 mW/Gb/s ɛɘŬ Űɘɛɐ ɖ ɞˊɞɑŬ ŮɑɜŬɘ əɞɜŰɎ ůŰɞ 

70% ɚɘɔɧŰŮɟɖ Ŭˊɧ ɎɚɚŮɠ ɡɚɞˊɞɘɐůŮɘɠ ŮɜŮɟɔɩɜ ɞˊŰɘəɩɜ əŬɚɤŭɑɤɜ.  Ⱥˊɘˊɚɏɞɜ, 

ŬɜŬˊŰɨɢɗɖəŬɜ ůŰɖɜ  ˊɚŬŰűɧɟɛŬ Űɞɡ ˊɡɟɘŰɑɞɡ ŭɞɛɏɠ ˊɞɚɡˊɚŮɝɑŬɠ əŬɘ ŬˊɞˊɞɚɡˊɚŮɝɑŬɠ 

ɓŬůɘůɛɏɜŮɠ ůŮ ůɡɛɓɞɚɧɛŮŰɟŬ Mach-Zehnder, əŬŰɎɚɚɖɚŬ ůɢŮŭɘŬůɛɏɜŮɠ ɔɘŬ ůɐɛŬŰŬ 

ŰŬ ɞˊɞɑŬ Ŭˊɏɢɞɡɜ 10 nm ɛŮŰŬɝɨ Űɞɡɠ. ɇɏɚɞɠ, ɔɘŬ ɜŬ ɔɑɜŮɘ ŭɡɜŬŰɐ ɖ ɢɤɟɘəɐ 

ˊɞɚɡˊɚŮɝɑŬ, ŭɖɚŬŭɐ ɖ ɢɟɐůɖ ˊɞɚɡˊɨɟɖɜɖɠ ɑɜŬɠ, ŬɜŬˊŰɨɢɗɖəŬɜ əŬŰɎɚɚɖɚŮɠ ŭɘŮˊŬűɏɠ 

ɓŬůɘůɛɏɜŮɠ ůŮ 3D ɔɡŬɚɘɎ. Ƀɘ ŭɞɛɏɠ ŬɡŰɏɠ ɛŮŰŬűɟɎɕɞɡɜ Űɖɜ əɡəɚɘəɐ əŬŰŬɜɞɛɐ Űɞɡ 

űɤŰɧɠ ɛɏůŬ ůŰɞɡɠ ˊɡɟɐɜŮɠ Űɖɠ ɑɜŬɠ ůŮ ɔɟŬɛɛɘəɐ ˊɟŬɔɛŬŰɞˊɞɘɩɜŰŬɠ ŰŬɡŰɧɢɟɞɜŬ 

ŮɜŬɚɚŬɔɐ ɟɡɗɛɞɨ (mode conversion) ɞɨŰɤɠ ɩůŰŮ ɜŬ Űɞ űɤɠ ɜŬ ůɡɕŮɡɢɗŮɑ ɛŮ ɚɑɔŮɠ 

ŬˊɩɚŮɘŮɠ (1dB) ůŰɞ SOI chip.  

2.1.2 Ʉɞɚɨ ɡɣɖɚɐɠ ɢɤɟɖŰɘəɧŰɖŰŬɠ ɞˊŰɘəɏɠ ŭɘŬůɡɜŭɏůŮɘɠ 

ɆŰɧɢɞɠ Űɖɠ ɏɟŮɡɜŬɠ ˊɞɡ ŭɘŮɜŮɟɔɐɗɖəŮ, əɞɛɛɎŰɘ Űɖɠ ɞˊɞɑŬɠ ŮɑɜŬɘ əŬɘ ɖ ˊŬɟɞɨůŬ 

ŭɘŬŰɟɘɓɐ, ɡˊɐɟɝŮ ɖ ŬɜɎˊŰɡɝɖ Ůɜɧɠ ȺɜŮɟɔɞɨ ɃˊŰɘəɞɨ ȾŬɚɤŭɑɞɡ ˊɞɡ ɗŬ ŭɘŮɡəɞɚɨɜŮɘ 

Űɖɜ ɞˊŰɘəɐ ŭɘŬůɨɜŭŮůɖ ŮɜŰɧɠ ɡˊɞɚɞɔɘůŰɘəɩɜ əɏɜŰɟɤɜ ŭŮŭɞɛɏɜɤɜ, ɛŮ ɡɣɖɚɐ ŰŬɢɨŰɖŰŬ 

əŬɘ ɛŮ ɓɏɚŰɘůŰɞ Űɟɧˊɞ Ŭˊɧ Űɖ ůəɞˊɘɎ Űɖɠ ŮɜɏɟɔŮɘŬɠ ˊɞɡ əŬŰŬɜŬɚɩɜŮŰŬɘ. ɆŮ ŬɡŰɐ Űɖɜ 

əŬŰŮɨɗɡɜůɖ ŬɜɎˊŰɡɝɖɠ ɡˊɐɟɝŬɜ ůɡɔəŮəɟɘɛɏɜŬ ɓɐɛŬŰŬ ŬɜɎˊŰɡɝɖɠ ˊɟɤŰɞŰɨˊɤɜ 

ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ɛŮŰɟɖɗɞɨɜ əŬɘ ɜŬ Ŭɝɘɞɚɞɔɖɗɞɨɜ ůŮ ɛɘŬ ůŮɘɟɎ ˊŬɟŬɛɏŰɟɤɜ. Ʉɘɞ 

ůɡɔəŮəɟɘɛɏɜŬ əŬɗɞɟɑůŰɖəŬɜ ŰɟŮɘɠ ŭɞɛɏɠ ɞˊŰɘəɩɜ ˊɞɛˊɞŭŮəŰɩɜ: 

ȰɜŬɠ 208 Gb/s ˊɞɛˊɞŭɏəŰɖɠ ůŮ ɔɘŬ ůɡɜŭɏůŮɘɠ board-to-board: 

ɄɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɖ əŬŰŬůəŮɡɐ ɛɘŬɠ ŭɘŬůɨɜŭŮůɖɠ ŰŮůůɎɟɤɜ əŬɜŬɚɘɩɜ ɛŮ ɏɜŬ 

ˊɚɐɟɤɠ ɚŮɘŰɞɡɟɔɘəɧ ˊɞɛˊɧ əŬɘ ŭɏəŰɖ. ȼ ɛŮŰŬɝɨ Űɞɡɠ ŭɘŬůɨɜŭŮůɖ ɏɔɘɜŮ ɛŮ ŰŮŰɟŬ- 

ˊɨɟɖɜɖ ɛɞɜɞɟɡɗɛɘəɐ ɞˊŰɘəɐ ɑɜŬ. Ƀ ˊɞɛˊɧɠ ɓŬůɑůŰɖəŮ ůŮ ɛɘŬ ůɡůŰɎŭŬ ŰŮůůɎɟɤɜ 

VCSELs ŰŬ ɞˊɞɑŬ ŮɑɢŬɜ ˊŬɟɎɗɡɟɞ Ůəˊɞɛˊɐɠ ůŰŬ 1550 nm əŬɘ Ůɨɟɞɠ ɕɩɜɖɠ 

ŭɘŬɛɧɟűɤůɖɠ ůŰŬ 26 Gb/s ɛŮ ɖɚŮəŰɟɘəɎ ůɐɛŬŰŬ ŰŮůůɎɟɤɜ ůŰŬɗɛɩɜ (4-PAM) 

ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ůɡɜɞɚɘəɐ on-chip ɢɤɟɖŰɘəɧŰɖŰŬ ůŰŬ 208 Gb/s. ȾŬɘ ɞɘ ŭɡɞ 

ɛŮɟɘɏɠ (ˊɞɛˊɧɠ əŬɘ ŭɏəŰɖɠ), ŭɘɏɗŮŰŬɜ Űɞɡɠ ŬɜŰɑůŰɞɘɢɞɡɠ ɞŭɖɔɖŰɏɠ Ůɜɩ ɖ ŭɘŮˊŬűɐ ɛŮ 

Űɖɜ ˊɞɚɡˊɨɟɖɜɖ ɑɜŬ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮ ɏɜŬɜ Ŭˊɚɧ 3D ɔɡɎɚɘɜɞ əɡɛŬŰɞŭɖɔɧ 

ŭɘŮˊŬűɐɠ.  

 

ȺɘəɧɜŬ 14: ɀˊɚɞə ŭɘɎɔɟŬɛɛŬ Űɖɠ 208 Gb/s ɞˊŰɘəɐɠ ŭɘŬůɨɜŭŮůɖɠ, Ůˊɘˊɏŭɞɡ board. 

320 Gb/s QSFP ȺɜŮɟɔɧ ɃˊŰɘəɧ ȾŬɚɩŭɘɞ: ɄɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɖ ɞɚɞəɚɐɟɤůɖ Ůɜɧɠ 

ˊɞɛˊɞŭɏəŰɖ ŰŮůůɎɟɤɜ əŬɜŬɚɘɩɜ ůŮ QSFP ɛɞɟűɐ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖɜ 3D ɞˊŰɘəɐ 

ɛɖɢŬɜɐ. ɆŰɞo ˊɚŬəɑŭɘɞ (chip) ɞɚɞəɚɖɟɩɗɖəŬɜ ůɡůŰɎŭŮɠ VCSEL ɛŮ Ůɨɟɞɠ ɕɩɜɖɠ 
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ŭɘŬɛɧɟűɤůɖɠ 40 Gb/s əŬɘ ŭɡɞ ŭɘŬűɞɟŮŰɘəɎ əŮɜŰɟɘəɎ ɛɐəɖ əɨɛŬŰɞɠ Ůəˊɞɛˊɐɠ. ȳɚŬ 

ŰŬ ŬˊŬɟŬɑŰɖŰŬ ɖɚŮəŰɟɘəɎ əɡəɚɩɛŬŰŬ ɞŭɐɔɖůɖɠ, ɞɘ ŭɞɛɏɠ ˊɞɚɡˊɚŮɝɑŬɠ-

ŬˊɞˊɞɚɡˊɚŮɝɑŬɠ əŬɘ ɞɘ ůɡůŰɎŭŮɠ űɤŰɞŭɘɧŭɤɜ, ůɡɜŭɡɎůŰɖəŬɜ əŬɘ ŬɡŰɎ ůŰɞ ɑŭɘɞ 

ˊɚŬəɑŭɘɞ ˊɡɟɘŰɑɞɡ. ȳůɞɜ ŬűɞɟɎ ůŰɖɜ ɢɤɟɘəɐ ˊɞɚɡˊɚŮɝɑŬ (SDM), ŮˊɘůŰɟŬŰŮɨŰɖəŮ ɛɘŬ 

ŰŮŰŬɟŬˊɨɟɖɜɖ ɛɞɜɞɟɡɗɛɘəɐ ɞˊŰɘəɐ ɑɜŬ əŬɘ ɔɘŬ Űɘɠ ŭɡɞ əŬŰŮɡɗɨɜůŮɘɠ Űɖɠ ŭɘɎŭɞůɖɠ, 

Ůɜɩ Űɞ űɤɠ ŮɘůŮɟɢɧŰŬɜ ɛɏůŬ ůŰɞ ˊɚŬəɑŭɘɞ ˊɡɟɘŰɑɞɡ ŰŮɢɜɞɚɞɔɑŬɠ SOI ɛŮ Űɖ ɢɟɐůɖ 

əŬɗɏŰɤɜ grating couplers.  

 

ȺɘəɧɜŬ 15: 320 Gb/s QSFP ȺɜŮɟɔɧ ɃˊŰɘəɧ ȾŬɚɩŭɘɞ 

960 Gb/s CXP ȺɜŮɟɔɧ ɃˊŰɘəɧ ȾŬɚɩŭɘɞ: ɇŮɚɘəɐ ŭɞɛɐ ɐŰŬɜ ɏɜŬɠ ˊɞɛˊɞŭɏəŰɖɠ 12 

əŬɜŬɚɘɩɜ ůŮ ɛɞɟűɐ Ůɜɧɠ CXP ŮɜŮɟɔɞɨ ɞˊŰɘəɞɨ əŬɚɤŭɑɞɡ. ũɘŬ ɜŬ ɔɑɜŮɘ ŬɡŰɧ ŮűɘəŰɧ 

ůɡɜŭɡɎůŰɖəŬɜ ɛɞɜɞɚɘɗɘəɏɠ ůɡůŰɎŭŮɠ VCSEL ɛŮ ɢɟɐůɖ ˊɞɚɡˊɚŮɝɑŬɠ ɛɐəɞɡɠ əɨɛŬŰɞɠ 

(WDM), ɛŮ ŰŮŰɟɎŭŮɠ ɞŭɖɔɖŰɩɜ/ɇȽȷs əŬɘ ŮɛˊɞɟɘəɎ ŭɘŬɗɏůɘɛŮɠ ůɡůŰɎŭŮɠ űɤŰɞŭɘɧŭɤɜ 

ˊɎɜɤ ůŰɖɜ SOI ˊɚŬŰűɧɟɛŬ. ȼ ŭɞɛɐ Űɞɡ ˊɞɛˊɞŭɏəŰɖ ůɡɜŭɏɗɖəŮ ɛŮ ɛɘŬ ŭɑŭɡɛɖ 

ůɡůŰɞɘɢɑŬ ŮˊŰŬˊɨɟɖɜɤɜ ɞˊŰɘəɩɜ ɘɜɩɜ ɞɘ ɞˊɞɑŮɠ ŮˊɏŰɟŮˊŬɜ Űɖɜ ŬɛűɘəŬŰŮɡɗɡɜŰɘəɐ 

ɕŮɨɝɖ. Ƀɘ ŭɘŮˊŬűɏɠ ɛŮ Űɘɠ ˊɞɚɡˊɨɟɖɜŮɠ ɞˊŰɘəɏɠ ɑɜŮɠ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ɛɏůɤ ŭɞɛɩɜ 

ɔɡɎɚɘɜɤɜ 3D əɡɛŬŰɞŭɖɔɩɜ.   

 

ȺɘəɧɜŬ 16: 960 Gb/s CXP ȺɜŮɟɔɧ ɃˊŰɘəɧ ȾŬɚɩŭɘɞ 
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Ɇəɞˊɧɠ ɐŰŬɜ ɖ ŭɞɛɐ Űɞɡ 960 Gb/s CXP ŮɜŮɟɔɞɨ ɞˊŰɘəɞɨ əŬɚɤŭɑɞɡ, ɜŬ ůɡɜŭŮɗŮɑ ɛŮ 

ŰɟŮɑɠ ŭɞɛɏɠ 320 Gb/s QSFP ŮɜŮɟɔɩɜ ɞˊŰɘəɩɜ əŬɚɤŭɑɤɜ ɛŮ ɛɘŬ ŭɞɛɐ 3D ɔɡɎɚɘɜɖɠ 

ŭɘŮˊɘűɎɜŮɘŬɠ əɡɛŬŰɞŭɖɔɞɨ (ŬˊŮɛˊɚɞəɐɠ). ɀŮ Űɖ ůɡɜɏɜɤůɖ ŬɡŰɐ ɗŬ 

ˊɟŬɔɛŬŰɞˊɞɘɞɨŰŬɜ ɏɜŬ ȺɜŮɟɔɧ ɃˊŰɘəɧ ȾŬɚɩŭɘɞ ɢɤɟɖŰɘəɧŰɖŰŬɠ terabit Ůɝɞˊɚɘůɛɏɜɞ 

Űɧůɞ ɛŮ CXP ɧůɞ əŬɘ ɛŮ QSFP ŬəɟɞŭɏəŰŮɠ Űɞ ɞˊɞɑɞ ɗŬ ŮɑɢŮ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɜŬ 

ŮˊŮɝŮɟɔŬůŰŮɑ əŬɘ ŭɘŬɢŮɘɟɘůŰŮɑ ŭɘŬűɞɟŮŰɘəɎ ˊɟɞűɑɚ əɑɜɖůɖɠ.  

 

ȺɘəɧɜŬ 17: CXP ůŮ QSFP break-out ȺɜŮɟɔɧ ɃˊŰɘəɧ ȾŬɚɩŭɘɞ.  

ȷűɞɨ ˊŬɟɞɡůɘɎůŰɖəŮ ɖ ŬɟɢɘŰŮəŰɞɜɘəɐ əŬɘ ɖ ɚɞɔɘəɐ ˊɑůɤ Ŭˊɧ Űɖɜ əŬŰŬůəŮɡɐ Űɞɡ 

ŮɜŮɟɔɞɨ ɞˊŰɘəɞɨ əŬɚɤŭɑɞɡ əŬɘ Űɤɜ ŮɜŭɘɎɛŮůɤɜ ˊɟɤŰɞŰɨˊɤɜ, ůŰɘɠ ŮˊɧɛŮɜŮɠ 

ˊŬɟŬɔɟɎűɞɡɠ ɗŬ ɔɑɜŮɘ ɛɘŬ ˊɘɞ ŬɜŬɚɡŰɘəɐ ˊŮɟɘɔɟŬűɐ Űɤɜ ůɡůŰŬŰɘəɩɜ ůŰɞɘɢŮɑɤɜ ˊɞɡ 

ɗŬ ŬˊŬɟŰɑɕɞɡɜ Űɘɠ ˊɟɞŬɜŬűŮɟɧɛŮɜŮɠ ŭɞɛɏɠ. 

2.2 Ƀɘ ɓŬůɘəɏɠ Ŭɟɢɏɠ ɚŮɘŰɞɡɟɔɑŬɠ Űɤɜ VCSELs 

ȳˊɤɠ ɡˊɞŭŮɘəɜɨŮɘ əŬɘ ɖ ɞɜɞɛŬůɑŬ Űɞɡɠ ŰŬ VCSELs ŮɑɜŬɘ laser ŰŬ ɞˊɞɑŬ ɏɢɞɡɜ Űɖ 

ŭɡɜŬŰɧŰɖŰŬ ɜŬ Ůəˊɏɛˊɞɡɜ űɤɠ əɎɗŮŰŬ ŭɘŬɗɏŰɞɜŰŬɠ ɛɘŬ əɎɗŮŰɖ əɞɘɚɧŰɖŰŬ ɧˊɤɠ 

űŬɑɜŮŰŬɘ əŬɘ ůŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ. ȼ əɞɘɚɧŰɖŰŬ ŬɡŰɐ ŭɖɛɘɞɡɟɔŮɑŰŬɘ ɛŮ ŭɡɞ 

əɎŰɞˊŰɟŬ DBR ɡɣɖɚɐɠ ŬɜŬəɚŬůŰɘəɧŰɖŰŬɠ (Ḑ99.5%) əŬɘ ɛŮ ɛɘŬ pn- ɏɜɤůɖ ɖ ɞˊɞɑŬ 

ŮɑɜŬɘ forward biased əŬɘ ɓɟɑůəŮŰŬɘ ɛŮŰŬɝɨ Űɞɡɠ ˊŬɟɏɢɞɜŰŬɠ ɏŰůɘ Űɞ ɞˊŰɘəɧ əɏɟŭɞɠ. ɇŬ 

DBRs ŮɑɜŬɘ Ůˊɑ Űɖɠ ɞɡůɑŬɠ əɎŰɞˊŰɟŬ ŰŬ ɞˊɞɑŬ ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ Ŭˊɧ ˊɞɚɚɏɠ 

ŮˊɘůŰɟɩůŮɘɠ ŭɘŬűɞɟŮŰɘəɩɜ ɡɚɘəɩɜ əŬɘ ɞɘ ɞˊɞɑŮɠ ɏɢɞɡɜ ŭɘŬəɨɛŬɜůɖ ůŰɞ ŭŮɑəŰɖ 

ŭɘɎɗɚŬůɐɠ Űɞɡɠ. ȾɎɗŮ ɧɟɘɞ Űɖɠ ŮˊɑůŰɟɤůɖɠ ˊɟɞəŬɚŮɑ ɛŮɟɘəɐ ŬɜɎəɚŬůɖ Ůɜɧɠ ɞˊŰɘəɞɨ 

əɨɛŬŰɞɠ. ũɘŬ əɨɛŬŰŬ ɧˊɞɡ Űɞ ɛɐəɞɠ əɨɛŬŰɞɠ Űɞɡɠ ŮɑɜŬɘ əɞɜŰɎ ůŰɞɜ x4 Űɞɡ ɞˊŰɘəɞɨ 

ˊɎɢɞɡɠ Űɤɜ ŮˊɘůŰɟɩůŮɤɜ, ɞɘ ˊɞɚɚɏɠ ɛŮɟɘəɏɠ ŬɜŬəɚɎůŮɘɠ ůɡɛɓɎɚɚɞɡɜ əŬɘ ɏŰůɘ ɞɘ 

ŭɞɛɏɠ ɚŮɘŰɞɡɟɔɞɨɜ ɤɠ ɡɣɖɚɐɠ ˊɞɘɧŰɖŰŬɠ əɎŰɞˊŰɟŬ. ɆŮ ŬɜŰɑɗŮůɖ ɛŮ ŰŬ VCSELs ŰŬ 

Fabry Perot lasers ɏɢɞɡɜ ɞɟɘɕɧɜŰɘŮɠ əɞɘɚɧŰɖŰŮɠ ɛŮ ŮˊɘűɎɜŮɘŮɠ ŬɏɟŬ-ɖɛɘŬɔɤɔɞɨ ˊɞɡ 

ɚŮɘŰɞɡɟɔɞɨɜ ɤɠ əŬɗɟɏˊŰŮɠ. ȷɡŰɧ ůɖɛŬɑɜŮɘ ɧŰɘ ɧŰŬɜ ɞɘ ŭɞɛɏɠ ŬɡŰɏɠ ɞɚɞəɚɖɟɤɗɞɨɜ ůŮ 

ɏɜŬ wafer, ɔɘŬ ɜŬ ŮɑɜŬɘ ɚŮɘŰɞɡɟɔɘəɏɠ ɗŬ ˊɟɏˊŮɘ ɜŬ ɡˊɞůŰɞɨɜ ŭɘɎůˊŬůɖ (cleaving) Ůɜɩ 

ŰŬ VCSELs ɛˊɞɟɞɨɜ ɜŬ ŭɞəɘɛŬůŰɞɨɜ on-wafer ɢɤɟɑɠ əɎˊɞɘŬ Ůˊɘˊɚɏɞɜ ŮˊŮɝŮɟɔŬůɑŬ. 

ɇŬ VCSELs ɏɢɞɡɜ ůɖɛŬɜŰɘəɎ ˊɚŮɞɜŮəŰɐɛŬŰŬ ŮɝŬɘŰɑŬɠ Űɖɠ ɛɘəɟɐɠ Űɞɡɠ əɞɘɚɧŰɖŰŬɠ, 

ɧˊɤɠ Űɞ ɢŬɛɖɚɧ ɟŮɨɛŬ əŬŰɤűɚɑɞɡ əŬɘ Űɘɠ ŮɝŬɘɟŮŰɘəɏɠ ɘŭɘɧŰɖŰɏɠ Űɞɡɠ ɧůɞɜ ŬűɞɟɎ 

ůŰɖɜ ŰŬɢɨŰɖŰŬ əŬɘ Űɖɜ əŬŰŬɜɎɚɤůɖ ɘůɢɨɞɠ [2.15], [2.16]. 
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ȺɘəɧɜŬ 18: (Ŭ) VCSEL əŬɘ (ɓ) ɏɜŬ Fabry Perot laser. 

2.2.1 ȾɞɘɚɧŰɖŰŬ əŬɘ əɎŰɞˊŰɟŬ 

ȳˊɤɠ ŮɘˊɩɗɖəŮ əŬɘ ˊŬɟŬˊɎɜɤ, ɞɘ Distributed Bragg Reflectors ŮɑɜŬɘ əɎŰɞˊŰɟŬ ŰŬ 

ɞˊɞɑŬ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ŮɜŬɚɚŬůůɧɛŮɜŮɠ ŮˊɘůŰɟɩůŮɘɠ ɡɣɖɚɞɨ-ɢŬɛɖɚɞɨ ŭŮɑəŰɖ 

ŭɘɎɗɚŬůɖɠ ɧˊɞɡ Űɞ űɤɠ ŬɜŬəɚɎŰŬɘ ɛŮɟɘəɩɠ ůŮ əɎɗŮ ɛɘŬ ŮˊɘűɎɜŮɘŬ [2.17]. ȷɜ Űɞ 

ɞˊŰɘəɧ ˊɎɢɞɠ əɎɗŮ ɡˊɞůŰɟɩɛŬŰɞɠ ɘůɞɨŰŬɘ ɛŮ Űɞ ı Űɞɡ ɛɐəɞɡɠ əɨɛŬŰɞɠ ˊɞɡ ŮəŮɑɜɖ Űɖ 

ůŰɘɔɛɐ ŬɜŬəɚɎŰŬɘ, Űɞ ɛɐəɞɠ əɨɛŬŰɞɠ ŬɡŰɧ ɗŬ ɡˊɞůŰŮɑ Űɖɜ əŬŰɎůŰŬůɖ Bragg, ŭɖɚŬŭɐ 

ɧɚŮɠ ɞɘ ŬɜŬəɚɎůŮɘɠ ˊɞɡ ůɡɛɓŬɑɜɞɡɜ Ŭˊɧ Űɘɠ ŮˊɘůŰɟɩůŮɘɠ ɗŬ ˊɟɞůŰŮɗɞɨɜ ůŰɖ űɎůɖ 

ɞŭɖɔɩɜŰŬɠ ɏŰůɘ ůŮ ɛɘŬ ɛŮɔɎɚɖ ŬɜɎəɚŬůɖ Ŭˊɧ ɧɚɖ Űɖ ůŰɞɑɓŬ ɧˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɞ 

ˊŬɟŬəɎŰɤ ůɢɐɛŬ. ȼ ɛɏɔɘůŰɖ ŬɜŬəɚŬůŰɘəɧŰɖŰŬ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞɜ Ŭɟɘɗɛɧ Űɤɜ ɕŮɡɔɩɜ 

DBR əŬɘ Űɖ ŭɘŬűɞɟɎ Űɤɜ ŭŮɘəŰɩɜ ŭɘɎɗɚŬůɖɠ ȹn ɛŮŰŬɝɨ Űɤɜ ɡɚɘəɩɜ ɛŮ Űɞɜ ɡɣɖɚɧ 

əŬɘ Űɞ ɢŬɛɖɚɧ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ. ɄŬɟɎɚɚɖɚŬ, Űɞ ˊɚɎŰɞɠ Űɞɡ Ůɨɟɞɡɠ ɕɩɜɖɠ 

ŬɜɎəɚŬůɖɠ (reflection stopband) ŮɝŬɟŰɎŰŬɘ əɡɟɑɤɠ Ŭˊɧ Űɞ ȹn. Ƀɘ DBRs 

əŬŰŬůəŮɡɎɕɞɜŰŬɘ ůɡɜɐɗɤɠ ŮɑŰŮ Ŭˊɧ ŭɘɖɚŮəŰɟɘəɎ ŮɑŰŮ Ŭˊɧ ŮˊɘŰŬɝɘəɎ (epitaxial) ɡɚɘəɎ. 

ɇŬ ŭɘɖɚŮəŰɟɘəɎ DBRs ɛˊɞɟɞɨɜ ɜŬ ŮˊɘŰɨɢɞɡɜ ɡɣɖɚɐ ŬɜŬəɚŬůŰɘəɧŰɖŰŬ ɛŮ ɚɘɔɧŰŮɟŬ 

Ŭˊɧ ŭɏəŬ ɕŮɨɔɖ ŮɝŬɘŰɑŬɠ Űɖɠ ɛŮɔɎɚɖɠ ŭɘŬűɞɟɎɠ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ, Ůɜɩ ŰŬ ŮˊɘŰŬɝɘəɎ 

DBRs ɢɟŮɘɎɕɞɜŰŬɘ ˊŮɟɑˊɞɡ 20-30 ɕŮɨɔɖ ɚɧɔɤ Űɖɠ ɢŬɛɖɚɐɠ ŬɜŰɑůŰɞɘɢɖɠ Űɘɛɐɠ ŭŮɘəŰɩɜ 

ŭɘɎɗɚŬůɖɠ. ȷˊɧ Űɖɜ Ɏɚɚɖ, ŰŬ ŮˊɘŰŬɝɘəɎ DBRs ɛˊɞɟɞɨɜ ɜŬ ɡˊɞɓɚɖɗɞɨɜ ůŮ ˊɟɧůɛɘɝɖ 

əŬɘ ůɡɢɜɎ ɜŬ ɚŮɘŰɞɡɟɔɐůɞɡɜ ɤɠ ůɖɛŮɘŬəɏɠ ŭɘŬůəɞɟˊɘůŰɏɠ (spreaders) ɔɘŬ ɜŬ 

ŮˊɘŰɨɢɞɡɜ ɞɛɞɘɧɛɞɟűɖ əŬŰŬɜɞɛɐ űɞɟɏɤɜ ɏɔɢɡůɖɠ ůŰɖɜ ŮɜŮɟɔɧ ˊŮɟɘɞɢɐ [2.18]-[2.20].  

ɇŬ VCSELs ɏɢɞɡɜ ɛɘŬ əɞɜŰɐ əɞɘɚɧŰɖŰŬ ɛɐəɞɡɠ Lcav ɞɘ ɞˊɞɑŬ ŮɑɜŬɘ ŰɞˊɞɗŮŰɖɛɏɜɖ 

ŬɜɎɛŮůŬ ůŰŬ ŭɡɞ DBRs. ɄŬɟɧɚŬ ŬɡŰɎ, Űɞ ŬˊɞŰŮɚŮůɛŬŰɘəɧ (effective) ɛɐəɞɠ Űɖɠ 

əɞɘɚɧŰɖŰŬɠ Leff ŮɑɜŬɘ ɛŮɔŬɚɨŰŮɟɞ ɚɧɔɤ Űɖɠ ŭɘŮɑůŭɡůɖɠ Űɞɡ ɞˊŰɘəɞɨ ˊŮŭɑɞɡ ɛɏůŬ ůŰŬ 

DBRs. Ƀ ŭɘŬɛɐəɖɠ ůɡɜŰɞɜɘůɛɧɠ Űɖɠ əɞɘɚɧŰɖŰŬɠ Ůɜɧɠ VCSEL ɟɡɗɛɑɕŮŰŬɘ Ŭˊɧ Űɖɜ 

əŬŰɎůŰŬůɖ Űɖɠ űɎůɖɠ ˊɞɡ ɡˊŬɔɞɟŮɨŮɘ ɧŰɘ Űɞ ɞˊŰɘəɧ ˊŮŭɑɞ ˊɟɏˊŮɘ ɜŬ ŮˊŬɜŬɚŬɛɓɎɜŮɘ 

Űɞɜ ŮŬɡŰɧ Űɞɡ ɛŮŰɎ Ŭˊɧ ɏɜŬ əɡəɚɘəɐ ŭɘŬŭɟɞɛɐ (round trip) ůŰɖɜ əɞɘɚɧŰɖŰŬ. ɀŮ ŬɡŰɧ 

Űɞ ůəŮˊŰɘəɧ, 2 űɞɟɏɠ Űɞ effective ɞˊŰɘəɧ ɛɐəɞɠ Leff neff ɗŬ ˊɟɏˊŮɘ ɜŬ ɘůɞɨŰŬɘ ɛŮ ɏɜŬɜ 

ŬəɏɟŬɘɞ Ŭɟɘɗɛɧ m Űɤɜ ɛɖəɩɜ əɨɛŬŰɞɠ ɚɞ ůɨɛűɤɜŬ ɛŮ Űɖɜ ˊŬɟŬəɎŰɤ ůɢɏůɖ: 

 ςὒ ὲ ά‗ ᵼ‗  
ςὒ ὲ

ά
 (1) 
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ȿɧɔɤ Űɞɡ ɛɘəɟɞɨ ɛɐəɞɡɠ Űɖɠ əɞɘɚɧŰɖŰŬɠ, ɛɧɜɞ ɏɜŬɠ ŭɘŬɛɐəɖɠ ɟɡɗɛɧɠ ŮɛˊɑˊŰŮɘ ɛɏůŬ 

ůŰɞ Ůɨɟɞɠ ɕɩɜɖɠ əɏɟŭɞɡɠ əɎɜɞɜŰŬɠ ɏŰůɘ Űɞ VCSEL ŭɞɛɘəɎ ɛɞɜɞɟɡɗɛɘəɧ ɧůɞɜ ŬűɞɟɎ 

ůŰɞɡɠ ŭɘŬɛɐəɖɠ ɟɡɗɛɞɨɠ (ůɡɜɐɗɤɠ ŭŮɜ ɘůɢɨŮɘ Űɞ ɑŭɘɞ əŬɘ ɔɘŬ Űɞɡɠ ŮɔəɎɟůɘɞɡɠ). 

 

ȺɘəɧɜŬ 19: ɇɞ ˊɟɞűɑɚ Űɞɡ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ əŬɘ Űɞ ˊɟɞůɞɛɞɘɤɛɏɜɞ ůŰɎůɘɛɞ əɨɛŬ Űɞɡ ɞˊŰɘəɞɨ ˊŮŭɑɞɡ 

ɛɏůŬ ůŰɖɜ əɞɘɚɧŰɖŰŬ Űɞɡ VCSEL ɛŮ ɛɐəɞɠ əɞɘɚɧŰɖŰŬɠ ůŰŬ 3/2 Űɞɡ ɚ, əŬɘ ɛɘŬ ŭɘˊɚɐ ŮˊɑůŰɟɤůɖ 

ɞɝŮɘŭɑɞɡ ˊɎɜɤ Ŭˊɧ Űɖɜ ŮɜŮɟɔɧ ˊŮɟɘɞɢɐ. ȼ ɏɜɗŮŰɖ ŮɘəɧɜŬ ŭŮɑɢɜŮɘ Űɖɜ ŮˊɘəɎɚɡɣɖ Űɞɡ ůŰɎůɘɛɞɡ əɨɛŬŰɞɠ 

ɛŮ Űɞ əɓŬɜŰɘəɧ ˊɖɔɎŭɘ əŬɘ Űɞ əɞɜŰɘɜɧŰŮɟɞ ůŰɟɩɛŬ ɞɝŮɘŭɑɞɡ.  

2.2.2 ȺɜŮɟɔɧɠ ˊŮɟɘɞɢɐ  

ȼ ŮɜŮɟɔɧɠ ˊŮɟɘɞɢɐ Ůɜɧɠ VCSEL ŮɑɜŬɘ Űɞ ɛɏůɞ ŬɡŰɧ ˊɞɡ ˊŬɟɏɢŮɘ Űɞ ɞˊŰɘəɧ əɏɟŭɞɠ. 

ȾŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɞɡ lasing, Űɞ əɏɟŭɞɠ ɟɡɗɛɩɜ (modal gain), ˊɟɏˊŮɘ ɜŬ ɘůɞɟɟɞˊɐůŮɘ 

Űɘɠ ɞˊŰɘəɏɠ ŬˊɩɚŮɘŮɠ ůɨɛűɤɜŬ ɛŮ Űɖɜ Ŭəɧɚɞɡɗɖ ůɢɏůɖ: 

 Ὣ  
ρ

ῲ
 ‌

ρ
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ÌÎ

ρ

Ὑ Ὑ
 (2) 

ȳˊɞɡ gth ŮɑɜŬɘ Űɞ əɏɟŭɞɠ əŬŰɤűɚɑɞɡ, ũ ɞ ˊŬɟɎɔɞɜŰŬɠ ɞˊŰɘəɞɨ ˊŮɟɘɞɟɘůɛɞɨ 

(confinement factor) ɞ ɞˊɞɑɞɠ ŬɜŬˊŬɟɘůŰɎ Űɞ əɚɎůɛŬ Űɞɡ ůŰɎůɘɛɞɡ əɨɛŬŰɞɠ ˊɞɡ ɏɢŮɘ 

ŮˊɘəɎɚɡɣɖ ɛŮ Űɖɜ ŮɜŮɟɔɧ ˊŮɟɘɞɢɐ, ai ɞɘ ŮůɤŰŮɟɘəɏɠ ɞˊŰɘəɏɠ ŬˊɩɚŮɘŮɠ (ŮɝŬɘŰɑŬɠ Űɖɠ 

Ŭˊɞɟɟɧűɖůɖɠ ŮɚŮɨɗŮɟɤɜ űɞɟɏɤɜ əŬɘ Űɘɠ ŬˊɩɚŮɘŮɠ ˊŮɟɑɗɚŬůɖɠ) əŬɘ Ὑ  ȟὙ  ɞɘ 

ŬɜŬəɚŬůŰɘəɧŰɖŰŮɠ Űɤɜ əŬɗɟŮˊŰɩɜ əɞɟɡűɐɠ əŬɘ ˊɡɗɛɏɜŬ. ɆŰŬ ɖɛɘŬɔɤɔɘəɎ lasers, Űɞ 

ɞˊŰɘəɧ əɏɟŭɞɠ Ŭˊɧ Űɖɜ ŮɝŬɜŬɔəŬůɛɏɜɖ Ůəˊɞɛˊɐ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛŮ Űɖɜ ɏɔɢɡůɖ űɞɟɏɤɜ 

ůŮ ɛɘŬ ɞɟɗɩɠ ˊɞɚɤɛɏɜɖ pn- ɏɜɤůɖ. ɇŬ ɖɚŮəŰɟɧɜɘŬ əŬɘ ɞɘ ɞˊɏɠ ůɡůůɤɟŮɨɞɜŰŬɘ ůŰɖ 

ɕɩɜɖ ŬɔɤɔɘɛɧŰɖŰŬɠ əŬɘ ůɗɏɜɞɡɠ ŬɜŰɘůŰɞɑɢɤɠ, ɖ ɞˊɞɑŬ ɡˊɧ ŬɟəŮŰɎ ɡɣɖɚɏɠ ůɡɜɗɐəŮɠ 

ɏɔɢɡůɖɠ ˊɟɞəŬɚŮɑ ŬɜŬůŰɟɞűɐ Űɞɡ ˊɚɖɗɡůɛɞɨ əŬɘ Ůˊɞɛɏɜɤɠ ɞˊŰɘəɧ əɏɟŭɞɠ. ȼ 

ŮɜŮɟɔɧɠ ˊŮɟɘɞɢɐ ˊɞɡ ůɡɜɐɗɤɠ ŮɑɜŬɘ ɛɘŬ pin heterojunction ɛŮ əɓŬɜŰɘəɎ ˊɖɔɎŭɘŬ ŰŬ 

ɞˊɞɑŬ ŮɑɜŬɘ ŰɞˊɞɗŮŰɖɛɏɜŬ ůŮ ɢŬɛɖɚɧŰŮɟŮɠ ɕɩɜŮɠ ůɗɏɜɞɡɠ. ɇŬ əɓŬɜŰɘəɎ ˊɖɔɎŭɘŬ 

Ůɔəɚɤɓɑɕɞɡɜ Űɞɡɠ űɞɟŮɑɠ ˊɟɞůűɏɟɞɜŰŬɠ ɏŰůɘ ɡɣɖɚɐ ˊɡəɜɧŰɖŰŬ űɞɟɏɤɜ əŬɘ əŬɚɐ 

ɢɤɟɘəɐ ŮˊɘəɎɚɡɣɖ ɛŮŰŬɝɨ Űɤɜ əɡɛŬŰɘəɩɜ ůɡɜŬɟŰɐůŮɤɜ Űɤɜ ɖɚŮəŰɟɞɜɑɤɜ əŬɘ Űɤɜ 

ɞˊɩɜ. ɀŮ ŭŮŭɞɛɏɜɞ ɧŰɘ ɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ ŮɝŬɜŬɔəŬůɛɏɜɖɠ Ůəˊɞɛˊɐɠ ŮɑɜŬɘ 

ůɡɜŭŮŭŮɛɏɜɖ ɛŮ Űɖɜ ɘůɢɨ Űɞɡ ɞˊŰɘəɞɨ ˊŮŭɑɞɡ, ŰŬ əɓŬɜŰɘəɎ ˊɖɔɎŭɘŬ ŰɞˊɞɗŮŰɞɨɜŰŬɘ  
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ůŰɖɜ əɞɘɚɑŬ (ɛɏɔɘůŰɞ ˊɚɎŰɞɠ Ůɜɧɠ ůŰɎůɘɛɞɡ əɨɛŬŰɞɠ) Űɞɡ ɞˊŰɘəɞɨ ˊŮŭɑɞɡ ɔɘŬ ɜŬ 

ŮˊɘŰŮɡɢɗŮɑ ɡɣɖɚɧ əɏɟŭɞɠ.  

2.2.3 ɃˊŰɘəɧɠ əŬɘ ɖɚŮəŰɟɘəɧɠ ˊŮɟɘɞɟɘůɛɧɠ (confinement) 

ɇŬ DBRs ˊŮɟɘɞɟɑɕɞɡɜ Űɞ ɞˊŰɘəɧ ˊŮŭɑɞ ůŰɖɜ ŭɘŬɛɐəɖ əŬŰŮɨɗɡɜůɖ ˊŬɟɎɚɚɖɚŬ ɧɛɤɠ 

ɗŬ ˊɟɏˊŮɘ əŬɘ ɖ ŮɔəɎɟůɘŬ əŬŰŮɨɗɡɜůɖ ɜŬ ˊŮɟɘɞɟɑɕŮŰŬɘ. Ⱥˊɘˊɚɏɞɜ, Űɞ ɖɚŮəŰɟɘəɧ ɟŮɨɛŬ 

ˊɟɏˊŮɘ əŬɘ ŬɡŰɧ ɜŬ ˊŮɟɘɞɟɑɕŮŰŬɘ ɞɨŰɤɠ ɩůŰŮ ɜŬ ŬɜŰɚŮɑ ɛɧɜɞ ŮɜŮɟɔɧ ɡɚɘəɧ Űɞ ɞˊɞɑɞ 

ŮˊɘəŬɚɨˊŰŮŰŬɘ ɛŮ Űɞɡɠ ɟɡɗɛɞɨɠ Űɞɡ lasing. ɆŰŬ ˊŮɟɘůůɧŰŮɟŬ ɛɞɜŰɏɚŬ VCSEL ɞ 

ɞˊŰɘəɧɠ əŬɘ ɖɚŮəŰɟɘəɧɠ ˊŮɟɘɞɟɘůɛɧɠ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɞ ɑŭɘɞ ɢŬɟŬəŰɖɟɘůŰɘəɧ. ɇŬ 

ˊɟɩŰŬ VCSELs ŬˊɞŰŮɚɞɨɜŰŬɜ Ŭˊɧ mesa Űɞ ɞˊɞɑɞ ŮɑɢŮ ɢŬɟŬɛɎŭŮɠ ŬɏɟŬ (etched air-

post mesa) ɧˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ. ȼ ŭɘŬűɞɟɎ Űɞɡ ŭŮɑəŰɖ 

ŭɘɎɗɚŬůɖɠ Ŭˊɧ Űɞ ɖɛɘŬɔɩɔɘɛɞ ɡɚɘəɧ ůŰɞɜ ŬɏɟŬ ɐŰŬɜ ɞ ɛɖɢŬɜɘůɛɧɠ ˊɞɡ ˊŬɟŮɑɢŮ 

ˊŮɟɘɞɟɘůɛɧ Űɞɡ ɞˊŰɘəɞɨ ˊŮŭɑɞɡ ůŰɖɜ ŮɔəɎɟůɘŬ əŬŰŮɨɗɡɜůɖ. ɄŬɟɧŰɘ Ŭˊɚɐ, ŬɡŰɐ ɖ 

ŬɟɢɘŰŮəŰɞɜɘəɐ ŮɑɢŮ ŭɘɎűɞɟŬ ɕɖŰɐɛŬŰŬ ɧˊɤɠ ɡɣɖɚɐ ɗŮɟɛɘəɐ ŬɜŰɑůŰŬůɖ ɚɧɔɤ Űɞɡ 

ˊŮɟɘɓɎɚɚɞɜŰɞɠ ŬɏɟŬ, ɛŮɔɎɚŮɠ ŬˊɩɚŮɘŮɠ ůəɏŭŬůɖɠ ˊɞɡ ˊɟɞəɨˊŰŬɜ Ŭˊɧ Űɖɜ ŰɟŬɢɨŰɖŰŬ 

Űɤɜ ˊɚŮɡɟɘəɩɜ ŰɞɘɢɤɛɎŰɤɜ əŬɘ ˊɟɞɓɚɐɛŬŰŬ ɧůɞɜ ŬűɞɟɎ ůŰɖ ŭɘŬɢŮɑɟɘůɖ Űɤɜ 

ŬˊɤɚŮɘɩɜ Ŭˊɞɟɟɧűɖůɖɠ.  

ȰɜŬ ɓɐɛŬ ɓŮɚŰɘůŰɞˊɞɑɖůɖɠ ɐŰŬɜ ŰŬ VCSEL ɛŮ buried heterostructure. ȷɜŬɔŮɜɜɩɜŰŬɠ 

ɖɛɘ-ɛɞɜɤŰɘəɧ, ɖɛɘŬɔɩɔɘɛɞ ɡɚɘəɧ ɔɨɟɤ Ŭˊɧ Űɞ ɢŬɟŬɔɛɏɜɞ mesa, ŬˊɞűŮɨɔɞɜŰŬɜ ŰŬ 

ˊɟɞɓɚɐɛŬŰŬ ˊɞɡ ˊɟɞɏəɡˊŰŬɜ Ŭˊɧ Űɖ ɗŮɟɛɘəɐ ŬɜŰɑůŰŬůɖ əŬɘ Űɘɠ ŬˊɩɚŮɘŮɠ, ŬɚɚɎ ɖ 

ŭɘŬŭɘəŬůɑŬ Űɖɠ ŬɜŬɔɏɜɜɖůɖɠ ŬˊɞŰŮɚɞɨůŮ ɛɘŬ ˊɟɧəɚɖůɖ. ɇŬ ˊɟɩŰŬ ŮɛˊɞɟɘəɎ VCSEL 

ɢɟɖůɘɛɞˊɞɘɞɨůŬɜ ŮɛűɨŰŮɡůɖ (implantation) ˊɟɤŰɞɜɑɤɜ. ɇŬ ˊɟɤŰɧɜɘŬ ŮɛűɡŰŮɨɞɜŰŬɜ 

ɓŬɗɘɎ ůŰɞ DBR əɞɟɡűɐɠ əɎɜɞɜŰŬɠ ɏŰůɘ Űɞ ɡɚɘəɧ ɛɞɜɤŰɘəɧ əŬɘ ůɢɖɛŬŰɑɕɞɜŰŬɠ ɏɜŬ 

ɎɜɞɘɔɛŬ ɟŮɨɛŬŰɞɠ (current aperture). ɇɞ ŮɛűɡŰŮɡɛɏɜɞ ɡɚɘəɧ ŭŮɜ ůɢɖɛɎŰɘɕŮ ŬˊŮɡɗŮɑŬɠ 

ɛɘŬ ŭɘŬűɞɟɎ ŭŮɘəŰɩɜ ŭɘɎɗɚŬůɖɠ ɔɘŬ Űɞɜ ɞˊŰɘəɧ ˊŮɟɘɞɟɘůɛɧ ůŰɞɜ ŮɔəɎɟůɘɞ ɎɝɞɜŬ. 

ɄŬɟɧɚŬ ŬɡŰɎ, ɧůɞ Űɞ əɏɜŰɟɞ Űɞɡ əɡɛŬŰɞŭɖɔɞɨ ŬɜɏɓŬɕŮ ɗŮɟɛɞəɟŬůɑŬ əŬŰɎ Űɖ 

ɚŮɘŰɞɡɟɔɑŬ, ɞ ŭŮɑəŰɖɠ ŭɘɎɗɚŬůɖɠ ŬɨɝŬɜŮ ŮəɗŮŰɘəɎ. ȷɡŰɧ Űɞ űŬɘɜɧɛŮɜɞ, Űɞ ɞˊɞɑɞ 

ɞɜɞɛɎɕŮŰŮ ɗŮɟɛɘəɧ lensing, ˊŮɟɘɧɟɘɕŮ Űɞ ɞˊŰɘəɧ ˊŮŭɑɞ ŬɚɚɎ ŰŬɡŰɧɢɟɞɜŬ ɞŭɖɔɞɨůŮ əŬɘ 

ŬůŰŬɗɐɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ˊŬɟŬɔɧɛŮɜɤɜ ɟɡɗɛɩɜ Ŭűɞɨ ɡˊɐɟɢŮ ŮɝɎɟŰɖůɖ Ŭˊɧ Űɞ 

ŭɡɜŬɛɘəɧ Űɞɡ ɟŮɨɛŬŰɞɠ. ȺˊɘˊɟɧůɗŮŰŬ, ɖ ˊŮɟɑɗɚŬůɖ Űɤɜ ˊɟɤŰɞɜɑɤɜ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ 

Űɖɠ ŮɛűɨŰŮɡůɖɠ ɏəŬɜŮ ˊɞɚɨ ŭɨůəɞɚɖ Űɖɜ əŬŰŬůəŮɡɐ ŭɞɛɩɜ ɛŮ ˊɞɚɨ ɛɘəɟɧ ɎɜɞɘɔɛŬ. 

ɆŰŬɗŮɟɏɠ ɘŭɘɧŰɖŰŮɠ ɤɠ ˊɟɞɠ Űɞɡɠ ɟɡɗɛɞɨɠ, ŬˊɞəŰɐɗɖəŬɜ ɧŰŬɜ ŮɜůɤɛŬŰɩɗɖəŮ ɛɘŬ 

ŭɘŬűɞɟɎ Űɞɡ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ ɖ ɞˊɞɑŬ ɐŰŬɜ ŬɟəŮŰɎ ɛŮɔɎɚɖ ůŮ ůɨɔəɟɘůɖ ɛŮ Űɞ 

ɗŮɟɛɘəɧ lensing, Űɖɜ ɞŭɐɔɖůɖ əɏɟŭɞɡɠ (gain guiding) əŬɘ Űɞ plasma effect (Űɖ ɛŮɑɤůɖ 

Űɞɡ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ űɞɟɏɤɜ). ɀɘŬ ˊɟɞůɏɔɔɘůɖ 

ɐŰŬɜ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɛɘŬ ŮˊɘɚŮɔɛɏɜŬ ɞɝŮɘŭɤɛɏɜɖ ŮˊɑůŰɟɤůɖ ɖ ɞˊɞɑŬ ůɢɖɛɎŰɘɕŮ 

ɏɜŬ ɎɜɞɘɔɛŬ ɞɝŮɘŭɑɞɡ.  ɀɘŬ ŮˊɑůŰɟɤůɖ ɛŮ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ Ŭɚɞɡɛɑɜɘɞ (ůɡɜɐɗɤɠ 

Al 0.98Ga0.02As) ŰɞˊɞɗŮŰɞɨůŮ Űɞ DBR əɞɜŰɎ ůŰɖɜ ŮɜŮɟɔɧ ˊŮɟɘɞɢɐ. ȳŰŬɜ ɖ ˊɚŮɡɟɎ ɛŮ 

Űɞ ɢŬɟŬɔɛɏɜɞ mesa ŮəŰɑɗŮŰŬɘ ůŮ ɕŮůŰɞɨɠ ŬŰɛɞɨɠ ɜŮɟɞɨ, ɖ ŮˊɑůŰɟɤůɖ Űɞɡ ɞɝŮɘŭɩɜŮŰŬɘ 

əŬɘ ůɢɖɛŬŰɑɕŮɘ ɏɜŬ ɛɞɜɤŰɐ ɛŮ ɛŮɘɤɛɏɜɞ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ. ȷɡŰɐ ɖ ŭɘŬŭɘəŬůɑŬ 

ŭɖɛɘɞɡɟɔŮɑ  ɏɜŬ ɎɜɞɘɔɛŬ ɟŮɨɛŬŰɞɠ ˊɞɡ ˊŬɟɏɢŮɘ ŰŬɡŰɧɢɟɞɜŬ əŬɘ Űɖɜ ŮɔəɎɟůɘŬ ɞˊŰɘəɐ 

ɞŭɐɔɖůɖ. Ƀ ɟɡɗɛɧɠ Űɖɠ ɞɝŮɑŭɤůɖɠ ůŰɖɟɑɕŮŰŬɘ əɡɟɑŬɟɢŬ ůŰɞ ˊŮɟɘŮɢɧɛŮɜɞ Űɞɡ 

Ŭɚɞɡɛɘɜɑɞɡ, ɛŮ ŬɡŰɧɜ Űɞɜ Űɟɧˊɞ ɖ ŮˊɑůŰɟɤůɖ ˊɞɡ ɏɢŮɘ ɡɣɖɚɧŰŮɟɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ 
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Ŭɚɞɡɛɑɜɘɞ ɗŬ ůɢɖɛŬŰɑůŮɘ ɛɘəɟɧŰŮɟɞ ɎɜɞɘɔɛŬ ɞɝŮɘŭɑɞɡ. ũɘŬ ɜŬ ŬˊɞűŮɡɢɗɞɨɜ ɞɘ 

ŬˊɩɚŮɘŮɠ ůəɏŭŬůɖɠ ɖ ŮˊɑůŰɟɤůɖ ɞɝŮɘŭɑɞɡ ŰɞˊɞɗŮŰŮɑŰŬɘ ůɡɜɐɗɤɠ əɞɜŰɎ ůŰɞɡɠ 

ŭŮůɛɞɨɠ (ŰŬ ůɖɛŮɑŬ ɛŮ ˊɚɎŰɞɠ ɛɖŭɏɜ Ůɜɧɠ ůŰɎůɘɛɞɡ əɨɛŬŰɞɠ) Űɞɡ ɞˊŰɘəɞɨ ˊŮŭɑɞɡ. 

ɄɞɚɚŬˊɚɏɠ ŮˊɘůŰɟɩůŮɘɠ ɞɝŮɘŭɑɞɡ ɛˊɞɟŮɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ 

ˊŮɟɘɞɟɘůŰŮɑ ɖ ɢɤɟɖŰɘəɧŰɖŰŬ Űɞɡ mesa ɞɨŰɤɠ ɩůŰŮ ɜŬ ɛŮŰɟɘŬůŰɞɨɜ ŰŬ ˊŬɟŬůɘŰɘəɎ 

űŬɘɜɧɛŮɜŬ ůŰɞ Ůɨɟɞɠ ɕɩɜɖɠ.  

 

ȺɘəɧɜŬ 20: ȹɘŬűɞɟŮŰɘəɏɠ ɛɏɗɞŭɞɘ ɖɚŮəŰɟɘəɞɨ əŬɘ ɞˊŰɘəɞɨ ˊŮɟɘɞɟɘůɛɞɨ: (a) ɛŮ ɢɟɐůɖ air post etching, 
(b) ɛŮ ŬɜŬɔɏɜɜɖůɖ Űɞɡ mesa, (c) ɛŮ ŮɛűɨŰŮɡůɖ ˊɟɤŰɞɜɑɤɜ, (d) ɛŮ ɎɜɞɘɔɛŬ ɞɝŮɘŭɑɞɡ, ú ɛŮ űɤŰɞɜɘəɧ 

əɟɨůŰŬɚɚɞ əŬɘ (f) ɛŮ buried tunnel-junction. 

ȼ ŭɘɎŭɞůɖ Űɞɡ ˊɚŮɡɟɘəɞɨ ɟŮɨɛŬŰɞɠ əŬɘ ɖ ŭɘɎɢɡůɖ ůŰɖɜ ˊŮɟɘɞɢɐ ɛŮŰŬɝɨ Űɞɡ 

ŬɜɞɑɔɛŬŰɞɠ ɞɝŮɘŭɑɞɡ əŬɘ Űɤɜ əɓŬɜŰɘəɩɜ ˊɖɔŬŭɘɩɜ ɛˊɞɟŮɑ ɜŬ ɞŭɖɔɐůŮɘ ůŮ ŭɘŬɟɟɞɐ 

űɞɟɏŬ, ůɡɜɞŭŮɡɧɛŮɜɖ Ŭˊɧ ɛŮɑɤůɖ Űɖɠ ŮůɤŰŮɟɘəɐɠ əɓŬɜŰɘəɐɠ Ŭˊɧŭɞůɖɠ əŬɘ Ŭɡɝɖɛɏɜɞ 

ɟŮɨɛŬ əŬŰɤűɚɑɞɡ. ũɘô ŬɡŰɧ Űɞ ɚɧɔɞ ɏɜŬɠ ɘůɢɡɟɧɠ ˊɚŮɡɟɘəɧɠ ˊŮɟɘɞɟɘůɛɧɠ Űɤɜ űɞɟɏɤɜ 

ŮɑɜŬɘ ŮˊɘɗɡɛɖŰɧɠ ˊɟɞəŮɘɛɏɜɞɡ ɞɘ ŭɞɛɏɠ VCSEL ɜŬ ŮɑɜŬɘ ŬˊɞŭɞŰɘəɏɠ ŮɜŮɟɔŮɘŬəɎ. ɀŮ 

ŭŮŭɞɛɏɜɞ ɧŰɘ ɞɘ ɞˊɏɠ ɏɢɞɡɜ ɢŬɛɖɚɧŰŮɟɖ əɘɜɖŰɘəɧŰɖŰŬ Ŭˊɧ ɧŰɘ ŰŬ ɖɚŮəŰɟɧɜɘŬ, Űɞ 

ɎɜɞɘɔɛŬ ɞɝŮɘŭɑɞɡ ŰɞˊɞɗŮŰŮɑŰŬɘ ůŰɖɜ p-ɛŮɟɘɎ ɔɘŬ ɜŬ ˊŮɟɘɞɟɑɕŮɘ Űɘɠ Ŭɟɔɏɠ ɞˊɏɠ, 

ŮɛˊɞŭɑɕɞɜŰŬɠ ˊŬɟɎɚɚɖɚŬ ŰŬ ɖɚŮəŰɟɧɜɘŬ ɜŬ ŮɝŬˊɚɩɜɞɜŰŬɘ ˊɟɞɠ ŰŬ ɏɝɤ ɚɧɔɤ Űɖɠ 

ŬˊŬɑŰɖůɖɠ ɞɡŭŮŰŮɟɧŰɖŰŬɠ űɞɟŰɑɞɡ. ȼ ŮɝɎˊɚɤůɖ Űɞɡ ɟŮɨɛŬŰɞɠ ɛˊɞɟŮɑ ɜŬ ɛŮɘɤɗŮɑ ɛŮ 

Űɖ ɢɟɐůɖ ɛɖ ŮɛˊɚɞɡŰɘůɛɏɜɞ ŮɔɔŮɜɞɨɠ ɡɚɘəɞɨ (un-doped intrinsic material) ɛŮŰŬɝɨ Űɞɡ 

ŬɜɞɑɔɛŬŰɞɠ ɞɝŮɘŭɑɞɡ əŬɘ Űɤɜ əɓŬɜŰɘəɩɜ ˊɖɔŬŭɘɩɜ. ȼ ŮɝɎˊɚɤůɖ Űɞɡ ɟŮɨɛŬŰɞɠ ɛˊɞɟŮɑ 

ɜŬ ŬˊɞŰŮɚɏůŮɘ ůɖɛŬɜŰɘəɧ ɕɐŰɖɛŬ Ŭɜ ɡˊɎɟɢŮɘ ŮɛˊɚɞɡŰɘůɛɏɜɞ ɡɚɘəɧ ɛŮŰŬɝɨ Űɞɡ 

ŬɜɞɑɔɛŬŰɞɠ ɞɝŮɘŭɑɞɡ əŬɘ Űɤɜ əɓŬɜŰɘəɩɜ ˊɖɔŬŭɘɩɜ.  

ȼ ŬˊɞůɨɜŭŮůɖ Űɞɡ ɖɚŮəŰɟɘəɞɨ əŬɘ ɞˊŰɘəɞɨ ˊŮɟɘɞɟɘůɛɞɨ ɔɘŬ Űɖɜ ˊɟɞůŬɟɛɞɔɐ Űɤɜ 

ɞˊŰɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɞɡ əɡɛŬŰɞŭɖɔɞɨ VCSEL ɛˊɞɟŮɑ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɛŮ Űɖ ɢɎɟŬɝɖ Ůɜɧɠ 

2D űɤŰɞɜɘəɞɨ əɟɡůŰɎɚɚɞɡ ůŰɞ DBR əɞɟɡűɐɠ Ůɜɧɠ ˊŮɟɘɞɟɘůɛɏɜɞɡ ɛŮ ɞɝŮɑŭɘɞ ɐ Ůɜɧɠ 

ŮɛűɡŰŮɡɛɏɜɞɡ ɛŮ ˊɟɤŰɧɜɘŬ VCSEL. ȺəŰɧɠ Ŭˊɧ Űɖɜ Ŭɡɝɖɛɏɜɖ ˊɞɚɡˊɚɞəɧŰɖŰŬ 

ůɢŮŭɑŬůɖɠ əŬɘ ŮˊŮɝŮɟɔŬůɑŬɠ, ɖ ŭɞɛɐ űɤŰɞɜɘəɩɜ əɟɡůŰɎɚɚɤɜ ŬɡɝɎɜŮɘ Űɘɠ ŬˊɩɚŮɘŮɠ 

ɞˊŰɘəɐɠ ůəɏŭŬůɖɠ, ɞŭɖɔɩɜŰŬɠ ůŮ ɢŬɛɖɚɧŰŮɟɖ ɘůɢɨ Ůɝɧŭɞɡ əŬɘ ůŮ ɛŮɔŬɚɨŰŮɟɞ 
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əŬŰɩűɚɘ ɟŮɨɛŬŰɞɠ. ũɘŬ VCSEL ɛŮ ɛɐəɖ əɨɛŬŰŬ ɚŮɘŰɞɡɟɔɑŬɠ ůŰŬ ˊŬɟɎɗɡɟŬ Űɤɜ 1.3 

əŬɘ 1.55 ɛm, ŬəɞɚɞɡɗŮɑŰŬɘ ɖ ˊɟɞůɏɔɔɘůɖ Űɞɡ buried tunnel junction ɔɘŬ ɞˊŰɘəɧ əŬɘ 

ɖɚŮəŰɟɘəɧ ˊŮɟɘɞɟɘůɛɧ ɛŮ ŭŮŭɞɛɏɜɞ ɧŰɘ ŭŮɜ ɡˊɎɟɢŮɘ ɞɝŮɑŭɘɞ ɡɣɖɚɐɠ ˊɞɘɧŰɖŰŬɠ ůŮ 

ŬɡŰɧ Űɞ ůɨůŰɖɛŬ ɡɚɘəɩɜ.  

2.2.4 ūŬůɛŬŰɘəɎ ɉŬɟŬəŰɖɟɘůŰɘəɎ 

ȰɜŬ VCSEL ɡɣɖɚɐɠ ŰŬɢɨŰɖŰŬɠ ůɡɜɐɗɤɠ ɏɢŮɘ ŰŬ ɛɘəɟɧŰŮɟŬ ŭɡɜŬŰɎ ɛɐəɖ əɞɘɚɧŰɖŰŬɠ 

Űɖɠ ŰɎɝɖɠ Űɞɡ 1/2 ɚ ɐ 3/2 ɚ, ɛŮ ŭŮŭɞɛɏɜɞ ɧŰɘ ŬɡŰɐ ɖ ˊɟɞůɏɔɔɘůɖ ɓŮɚŰɘɩɜŮɘ Űɞ Ůɨɟɞɠ 

ɕɩɜɖɠ ŭɘŬɛɧɟűɤůɖɠ (modulation bandwidth).ȺɝŬɘŰɑŬɠ Űɖɠ ɛɘəɟɐɠ əɞɘɚɧŰɖŰŬɠ, ŰŬ 

VCSELs ŮɑɜŬɘ ŮɔɔŮɜɩɠ ɛɞɜɞɟɟɡɗɛɘəɎ ɛŮ ŭŮŭɞɛɏɜɞɞ ɧŰɘ ɛɧɜɞ ɏɜŬɠ ŭɘŬɛɐəɖɠ ɟɡɗɛɧɠ 

ŮɛˊɑˊŰŮɘ ŮɜŰɧɠ Űɞɡɠ Ůɨɟɞɡɠ ɕɩɜɖɠ əɏɟŭɞɡɠ. ɋůŰɧůɞ, ɚɧɔɤ Űɤɜ ɛŮɔɎɚɤɜ ˊɚŮɡɟɘəɩɜ 

ŭɘŬůŰɎůŮɤɜ (ŭɘɎɛŮŰɟɞɠ ŬɜɞɑɔɛŬŰɞɠ ɞɝŮɘŭɑɞɡ Ó 10ɚ), ɖ əɞɘɚɧŰɖŰŬ VCSEL ɡˊɞůŰɖɟɑɕŮɘ 

ůɡɢɜɎ ŬɟəŮŰɞɨɠ ŮɔəɎɟůɘɞɡɠ ɟɡɗɛɞɨɠ. ɇŬ űŬůɛŬŰɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ VCSELs 

ɛˊɞɟɞɨɜ ɜŬ ɛŮɚŮŰɖɗɞɨɜ ŬɜŬɚɡŰɘəɎ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖɜ ɛɏɗɞŭɞ Űɞɡ 

ŬˊɞŰŮɚŮůɛŬŰɘəɞɨ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ (effective index method), əŬŰɎ Űɖɜ ɞˊɞɑŬ ɖ 

ŭɘŬűɞɟɎ Űɞɡ ŬəŰɘɜɘəɞɨ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ ɛɞɜŰŮɚɞˊɞɘŮɑŰŬɘ ɤɠ ŬˊɞŰŮɚŮůɛŬŰɘəɧɠ 

ŭŮɑəŰɖɠ ŭɘɎɗɚŬůɖɠ ɛŮ ˊɟŬɓɞɚɘəɧ ˊɟɞűɑɚ əŬɘ ůɡɔəŮəɟɘɛɏɜŬ: 

 ὲ ὶ  
ὲ ρ  ȟὶ ὥ

ὲ ὧέὲίὸ        ȟὶ ὥ
 with  ῳ   (3) 

ȳˊɞɡ r ŮɑɜŬɘ ɖ ŬəŰɘɜɘəɐ ŬˊɧůŰŬůɖ, a ŮɑɜŬɘ ɖ ŬəŰɑɜŬ Űɞɡ ŬɜɞɑɔɛŬŰɞɠ ɞɝŮɘŭɑɞɡ, nc ɞ 

ŬˊɞŰŮɚŮůɛŬŰɘəɧɠ ŭŮɑəŰɖɠ ŭɘɎɗɚŬůɖɠ Űɞɡ ˊɡɟɐɜŬ əŬɘ ns ɞ ŬˊɞŰŮɚŮůɛŬŰɘəɧɠ ŭŮɑəŰɖɠ 

ŭɘɎɗɚŬůɖɠ Űɖɠ ˊŮɟɘɓɎɚɚɞɡůŬɠ ˊŮɟɘɞɢɐɠ Űɞɡ ɞɝŮɘŭɑɞɡ. ɇɞ ˊŬɟŬˊɎɜɤ ŬɜŬɚɡŰɘəɧ 

ˊɟɞűɑɚ Űɞɡ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ ŮɑɜŬɘ ˊɞɚɨ ɢɟɐůɘɛɞ ɔɘŬŰɑ ɛˊɞɟŮɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɔɘŬ 

ɜŬ ŮɝŬɢɗɞɨɜ ŬɜŬɚɡŰɘəɏɠ ŮəűɟɎůŮɘɠ əŬɘ ɔɘŬ ŰŬ űŬůɛŬŰɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ 

VCSEL əŬɘ ɎɟŬ ˊɚɖɟɞűɞɟɑŮɠ əŬɘ ɔɘŬ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ɟɡɗɛɩɜ Űɞɡ. ȿɨɜɞɜŰŬɠ Űɖɜ 

əɡɛŬŰɘəɐ Ůɝɑůɤůɖ ůŮ ɛɘŬ əɡəɚɘəɎ ůɡɛɛŮŰɟɘəɐ ŭɞɛɐ, ɖ ɏɜŰŬůɖ Űɞɡ əɞɜŰɘɜɞɨ ˊŮŭɑɞɡ 

Űɤɜ ŮɔəɎɟůɘɤɜ ɟɡɗɛɩɜ ɔɑɜŮŰŬɘ: 

 

Ὓ ὶȟ  ᶿὉ ὶȟ 

ᶿ
ςὶ

‫
ὒ

ςὶ

‫

ὧέίὰ 

ίὭὲ ὰ 
Ὡὼὴ

ςὶ

‫
 

(4) 

ȳˊɞɡ Ⱥ ŮɑɜŬɘ ɖ ɏɜŰŬůɖ Űɞɡ ɞˊŰɘəɞɨ ˊŮŭɑɞɡ, ɤ0 ɖ 1/e2 ŬəŰɑɜŬ, ὒὴ ρ
ὰ

 ɖ l th Laguerre 

ˊɞɚɡɤɜɡɛɘəɐ Űɖɠ ŰɎɝɖɠ (p-1) əŬɘ ū Űɞ Ŭɕɘɛɞɨɗɘɞ. Ƀɘ ɟɡɗɛɞɑ ŬɜŬűɏɟɞɜŰŬɘ ɤɠ 

ɔɟŬɛɛɘəɎ ˊɞɚɤɛɏɜɞɘ LPlp  ɛŮ əŬŰŬɜɞɛɐ ɏɜŰŬůɖɠ ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɖɜ ˊŬɟŬəɎŰɤ 

ŮɘəɧɜŬ. ũɘŬ l>0 ɞɘ ˊŬɟɎɔɞɜŰŮɠ sin əŬɘ cos ŬɜŬˊŬɟɘůŰɞɨɜ ŭɡɞ ŭɘŬűɞɟŮŰɘəɏɠ 

ɞɟɗɞɔɩɜɘŮɠ əŬŰŬůŰɎůŮɘɠ ɖ ɞˊɞɑŮɠ ɏɢɞɡɜ ůŰɟŬűŮɑ əŬŰɎ 90ɞ/l ɖ ɛɘŬ ɤɠ ˊɟɞɠ Űɖɜ Ɏɚɚɖ. 

Ⱥˊɘˊɚɏɞɜ, əɎɗŮ ɟɡɗɛɧɠ ɏɢŮɘ ŭɡɞ ɞɟɗɞɔɩɜɘŮɠ ˊɞɚɤŰɘəɏɠ əŬŰŬůŰɎůŮɘɠ ɛŮ ɖɚŮəŰɟɘəɧ 

ˊŮŭɑɞ ɜŬ ŰŬɚŬɜŰɩɜŮŰŬɘ əɎɗŮŰŬ ůŰɖɜ əŬŰŮɨɗɡɜůɖ ŭɘɎŭɞůɖɠ. ȰŰůɘ, ɞ Gaussian 

ɗŮɛŮɚɘɩŭɖɠ ɟɡɗɛɧɠ LP01 ɏɢŮɘ ŭɡɞ ˊɞɚɤŰɘəɏɠ əŬŰŬůŰɎůŮɘɠ, Ůɜɩ ŬɜɩŰŮɟɖɠ ŰɎɝɖɠ 
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ɟɡɗɛɞɑ ɛŮ l>0 ɏɢɞɡɜ ŰɏůůŮɟŮɘɠ əŬŰŬůŰɎůŮɘɠ ŬɜɎ LPlp ɟɡɗɛɧ. ɇɞ ɛɐəɞɠ əɨɛŬŰɞɠ ɚlp 

Űɞɡ ɟɡɗɛɞɨ LPlp ŭɘŬűɏɟŮɘ Ŭˊɧ Űɞɜ ɗŮɛŮɚɘɩŭɖ ŭɘŬɛɐəɖ ɟɡɗɛɧ ɚ0 əŬŰɎ:  

 ‗ ρ ςὴ ὰ ρ
Ѝῳ

Ѝς“

‗

ὲὥ
 (5) 

ȼ ɞˊɞɑŬ ŬˊɞŭŮɘəɜɨŮɘ ɧŰɘ ɞɘ ɟɡɗɛɞɑ ɛŮ Űɞɜ ɑŭɘɞ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ ɟɡɗɛɞɨ m=2p + l ï 1 

ɏɢɞɡɜ Űɞ ɑŭɘɞ ɛɐəɞɠ əɨɛŬŰɞɠ Ůəˊɞɛˊɐɠ. ȷˊɧ Űɖɜ ˊŬɟŬˊɎɜɤ ůɢɏůɖ, ɖ ŬˊɧůŰŬůɖ 

ɛŮŰŬɝɨ Űɤɜ ɟɡɗɛɩɜ ŮɑɜŬɘ: 

 ῳ‗ ȿ‗ ‗ ȿ  
Ѝῳ

Ѝς“
 
‗

ὲὥ
 θ 
Ѝῳ

Ὀ
 (6) 

ȳˊɞɡ Dox = 2a ŮɑɜŬɘ ɖ ŭɘɎɛŮŰɟɞɠ Űɞɡ ŬɜɞɑɔɛŬŰɞɠ ɞɝŮɘŭɑɞɡ. Ƀ Ŭɟɘɗɛɧɠ Űɤɜ 

əɡɛŬŰɞŭɖɔɞɨɛŮɜɤɜ ɟɡɗɛɩɜ əŬɗɞɟɑɕŮŰŬɘ Ŭˊɧ Űɖɜ əŬɜɞɜɘəɞˊɞɘɖɛɏɜɖ ůɡɢɜɧŰɖŰŬ: 

  ὠ  
ς“‌

‗
ὲ ὲ (7) 

 ȳˊɤɠ əŬɘ ɛɘŬ step-index ɑɜŬ, ɏɜŬɠ əɡɛŬŰɞŭɖɔɧɠ ŮɑɜŬɘ ɛɞɜɞɟɟɡɗɛɘəɧɠ Ŭɜ ɘůɢɨŮɘ ɖ 

ůɡɜɗɐəɖ V<2.405. ũɘŬ ɛŮɔɎɚŬ V ɞ Ŭɟɘɗɛɧɠ Űɤɜ əɡɛŬŰɞŭɖɔɞɨɛŮɜɤɜ ŮɔəɎɟůɘɤɜ 

ɟɡɗɛɩɜ ɛˊɞɟŮɑ ɜŬ ˊɟɞůŮɔɔɘůŰŮɑ Ŭˊɧ Űɖɜ: 

 ὓ
ὠ

τ
 (8) 

Ƀɘ ˊŬɟŬˊɎɜɤ ŮɝɘůɩůŮɘɠ ŮɑɜŬɘ ɢɟɐůɘɛŮɠ ɔɘŬ Űɖɜ əŬŰŬɜɧɖůɖ Űɤɜ ŮɔəɎɟůɘɤɜ ɟɡɗɛɩɜ 

Ůɜɧɠ VCSEL. ɆŰɖɜ ˊɟŬɔɛŬŰɘəɧŰɖŰŬ ŮɑɜŬɘ ˊɞɚɨ ŬˊɚɞɡůŰŮɡɛɏɜŮɠ ɔɘŬ ɜŬ ˊŮɟɘɔɟɎɣɞɡɜ 

Űɖɜ ˊŮɟɑˊɚɞəɖ ůɢɏůɖ ɛŮŰŬɝɨ əɡɛŬŰɞŭɐɔɖůɖɠ, əɏɟŭɞɡɠ əŬɘ ŬˊɤɚŮɘɩɜ ůŮ ɛɘŬ ŭɞɛɐ 

VCSEL. ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ˊɞůɞŰɘəɞˊɞɘɖɗɞɨɜ əŬɘ ɜŬ ůɡɔəɟɘɗɞɨɜ ŭɘŬűɞɟŮŰɘəɏɠ ŭɞɛɏɠ 

VCSEL, ŰŬ standards ŮˊɘəɞɘɜɤɜɑŬɠ ůɡɜɐɗɤɠ əŬɗɞɟɑɕɞɡɜ ɛɘŬ ɛɏɔɘůŰɖ Űɘɛɐ RMS ɔɘŬ 

Űɞ űŬůɛŬŰɘəɧ Ůɨɟɞɠ ɖ ɞˊɞɑŬ əŬɘ ɡˊɞɚɞɔɑɕŮŰŬɘ Ŭˊɧ Űɖɜ ˊŬɟŬəɎŰɤ ůɢɏůɖ: 

 ῳ‗
ὖ

ὖ
‗ ộ‗Ớ ȟ ộ‗Ớ

ὖ

ὖ
‗ȟ         ὖ ὖ (9) 
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ȳˊɞɡ N ɞ Ŭɟɘɗɛɧɠ Űɤɜ ůɖɛŮɑɤɜ ŭŮɘɔɛŬŰɞɚɖɣɑŬɠ Űɞɡ ɛŮŰɟɞɨɛŮɜɞɡ űɎůɛŬŰɞɠ, Pi ȼ 

ɘůɢɨɠ Űɞɡ ůɖɛŮɑɞɡ i ůŰɞ ɚi əŬɘ Ptot ɖ ůɡɜɞɚɘəɐ ɞˊŰɘəɐ ɘůɢɨɠ. 

 

ȺɘəɧɜŬ 21:ȾŬŰŬɜɞɛɏɠ ŮɔəɎɟůɘŬɠ ɏɜŰŬůɖɠ Űɤɜ əŬŰɩŰŮɟɖɠ ŰɎɝɖɠ ɟɡɗɛɩɜ LPlp ůɨɛűɤɜŬ ɛŮ Űɖɜ 

Ůɝɑůɤůɖ 4. 

2.2.5 ŪŮɟɛɘəɏɠ ɘŭɘɧŰɖŰŮɠ 

ɇŬ ŮɜŮɟɔŮɘŬəɩɠ ŬˊɞŭɞŰɘəɎ əŬɘ ɡɣɖɚɐɠ ŰŬɢɨŰɖŰŬɠ VCSELs ŰɡˊɘəɎ ɏɢɞɡɜ wall-plug 

efficiencies (ɖ ŬˊɞŭɞŰɘəɧŰɖŰŬ ɛŮ Űɖɜ ɞˊɞɑŬ Űɞ ůɨůŰɖɛŬ ɛŮŰŬŰɟɏˊŮɘ Űɖɜ ɖɚŮəŰɟɘəɐ 

ɘůɢɨ ůŮ ɞˊŰɘəɐ) Űɖɠ ŰɎɝɖɠ Űɞɡ 25-35% Ůɜɩ Űɞ ɡˊɧɚɞɘˊɞ ~70% Űɖɠ ˊŬɟŮɢɧɛŮɜɖɠ dc 

ɘůɢɨɞɠ ŭɘŬůəɞɟˊɑɕŮŰŬɘ ɤɠ ɗŮɟɛɧŰɖŰŬ ŮɜŰɧɠ Űɖɠ ŭɞɛɐɠ ɤɠ Joule ɗɏɟɛŬɜůɖ (resistive 

Joule heating), ɛɖ-ŬəŰɘɜɞɓɞɚɞɨɛŮɜɞ ŮˊŬɜŬůɡɜŭɡŬůɛɧ (recombination) əŬɘ ŮůɤŰŮɟɘəɐ 

ɞˊŰɘəɐ Ŭˊɞɟɟɧűɖůɖ. Ƀ ůɡɜŭɡŬůɛɧɠ ŬɡŰɩɜ Űɤɜ ˊɖɔɩɜ ɗŮɟɛɧŰɖŰŬɠ ˊɟɞəŬɚŮɑ ɛɘŬ 

ůɖɛŬɜŰɘəɐ Ŭɨɝɖůɖ ůŰɖɜ ŮůɤŰŮɟɘəɐ ɗŮɟɛɞəɟŬůɑŬ Űɖɠ ůɡůəŮɡɐɠ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɞɡ 

ɟŮɨɛŬŰɞɠ ŰɟɞűɞŭɞůɑŬɠ. ɆŮ ɏɜŬ ůɡɔəŮəɟɘɛɏɜɞ ůɖɛŮɑɞ ŮɜŮɟɔɞˊɞɘŮɑŰŬɘ ɛɘŬ ŭɘŬŭɘəŬůɑŬ 

ŭɘŬűɡɔɐɠ, ɧˊɞɡ ɖ ɡɣɖɚɐ ɗŮɟɛɞəɟŬůɑŬ ɞŭɖɔŮɑ ůŮ ɛɘŬ ŮˊɘŰŬɢɡɜɧɛŮɜɖ ɛŮɑɤůɖ Űɖɠ 

ŮůɤŰŮɟɘəɐɠ əɓŬɜŰɘəɐɠ ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬɠ (quantum efficiency) əɡɟɑɤɠ ɚɧɔɤ Űɖɠ 

ŭɘŬɟɟɞɐɠ Űɤɜ űɞɟɏɤɜ Ŭˊɧ ŰŬ əɓŬɜŰɘəɎ ˊɖɔɎŭɘŬ, ˊɟɞəŬɚɩɜŰŬɠ ɏŰůɘ ɛɘŬ Ŭɨɝɖůɖ Űɖɠ 

ŮůɤŰŮɟɘəɐɠ ɗŮɟɛɞəɟŬůɑŬɠ. ȷɡŰɧ Űɞ űŬɘɜɧɛŮɜɞ, ɛŬɕɑ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɞɡ ɟŮɨɛŬŰɞɠ 

əŬŰɤűɚɘɞɨ ŮɝŬɘŰɑŬɠ Űɖɠ ɛŮɘɤɛɏɜɖɠ ŮůɤŰŮɟɘəɐɠ əɓŬɜŰɘəɐɠ ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬɠ əŬɘ 

Űɞɡ əɏɟŭɞɡɠ, ˊɟɞəŬɚɞɨɜ ɏɜŬ əɞɟŮůɛɧ ůŰɖɜ ˊɡəɜɧŰɖŰŬ Űɤɜ űɤŰɞɜɑɤɜ əŬɘ ůŰɖɜ ɘůɢɨ 

Ůɝɧŭɞɡ. Ɇɡɜɐɗɤɠ ŰŬ ŮɛˊɞɟɘəɎ ŭɘŬɗɏůɘɛŬ VCSELs ůŮ ɞˊŰɘəɏɠ ŭɘŬůɡɜŭɏůŮɘɠ ˊɟɏˊŮɘ ɜŬ 

ɚŮɘŰɞɡɟɔɞɨɜ ŬŭɘɎɚɖˊŰŬ ůŮ ɗŮɟɛɞəɟŬůɑŮɠ ˊŮɟɘɓɎɚɚɞɜŰɞɠ ɛɏɢɟɘ əŬɘ 85ɞC əŬɗɘůŰɩɜŰŬɠ 

ɏŰůɘ Űɖ ɗŮɟɛɘəɐ ŭɘŬɢŮɑɟɘůɖ ɤɠ ˊɞɚɨ ůɖɛŬɜŰɘəɐ ˊɟɞŰŮɟŬɘɧŰɖŰŬ.  

ɆɖɛŬɜŰɘəɏɠ ˊŬɟɎɛŮŰɟɞɘ ˊɞɡ ŮˊɖɟŮɎɕɞɡɜ Űɖ ɗŮɟɛɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɤɜ VCSEL ŮɑɜŬɘ 

ɖ ŮɡɗɡɔɟɎɛɛɘůɖ Űɖɠ əɞɟɡűɐɠ Űɞɡ əɏɟŭɞɡɠ (gain peak) əŬɘ ɞ ůɡɜŰɞɜɘůɛɧɠ Űɖɠ 

əɞɘɚɧŰɖŰŬɠ (cavity resonance). ɇŬ əɚŬůůɘəɞɨ Űɨˊɞɡ Fabry-Perot lasers ɛŮ ˊɞɚɨ 

əɞɜŰɘɜɞɨɠ ŭɘŬɛɐəɖɠ ɟɡɗɛɞɨɠ ˊɎɜŰŬ Ůəˊɏɛˊɞɡɜ ůŰɖɜ əɞɟɡűɐ Űɞɡ əɏɟŭɞɡɠ. ȷˊɧ Űɖɜ 

Ɏɚɚɖ, ŰŬ VCSELs ɏɢɞɡɜ ɛɧɜɞ ɏɜŬ ŭɘŬɛɐəɖ ɟɡɗɛɧ Űɞɡ ɞˊɞɑɞɡ ɖ ɗɏůɖ ŬɜŬűɞɟɘəɎ ɛŮ 

Űɖɜ əɞɟɡűɐ Űɞɡ əɏɟŭɞɡɠ ɛˊɞɟŮɑ ɜŬ əŬŰŬůəŮɡŬůŰŮɑ. ȷɡŰɧɠ ɞ ŭɘŬɢɤɟɘůɛɧɠ əŬɚŮɑŰŬɘ 

ŬˊɞůɡɜŰɞɜɘůɛɧɠ (detuning). ȺɝŬɘŰɑŬɠ Űɖɠ ɗŮɟɛɘəɐɠ ŮɝɎˊɚɤůɖɠ (thermal expansion) 

əŬɘ Űɞɡ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ Űɖɠ əɞɘɚɧŰɖŰŬɠ Űɞɡ VCSEL ɞ ɞˊɞɑɞɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖ 

ɗŮɟɛɞəɟŬůɑŬ, Űɞ ɛɐəɞɠ əɨɛŬŰɞɠ ůɡɜŰɞɜɘůɛɞɨ ɡűɑůŰŬŰŬɘ ɛɘŬ ɗŮŰɘəɐ ɛŮŰŬŰɧˊɘůɖ (red-

shift) əŬŰɎ 0.06 nm/ oC ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ. ɄŬɟɎɚɚɖɚŬ, ɖ əɞɟɡűɐ Űɞɡ 
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əɏɟŭɞɡɠ ɛŮŰŬŰɞˊɑɕŮŰŬɘ (red-shifted) əŬŰɎ 0.32-0.33 nm/oC ŮɝŬɘŰɑŬɠ Űɖɠ ůɡɟɟɑəɜɤůɖɠ 

Űɖɠ ɕɩɜɖɠ ůɗɏɜɞɡɠ. ȳůɞ ɖ əɞɟɡűɐ Űɞɡ əɏɟŭɞɡɠ ɛŮŰŬŰɞˊɑɕŮŰŬɘ ɔɟɖɔɞɟɧŰŮɟŬ əɎˊɞɘŬ 

ůŰɘɔɛɐ ɗŬ ɝŮˊŮɟɎůŮɘ Űɞ ůɡɜŰɞɜɘůɛɧ Űɖɠ əɞɘɚɧŰɖŰŬɠ ɞŭɖɔɩɜŰŬɠ ɏŰůɘ ůŮ ɛŮɘɤɛɏɜɞ 

əɏɟŭɞɠ ɡɚɘəɞɨ əŬɘ ŬɡɝŬɜɧɛŮɜɞ ɟŮɨɛŬ əŬŰɤűɚɘɞɨ ůŮ ɡɣɖɚɧŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ. ȷɡŰɧ 

Űɞ űŬɘɜɧɛŮɜɞ ɛˊɞɟŮɑ ɜŬ ŬɜŰɘůŰŬɗɛɘůŰŮɑ ɛŮ Ŭɟɢɘəɧ ŬɟɜɖŰɘəɧ detuning. ȳůɞ ɖ 

ɗŮɟɛɞəɟŬůɑŬ ŬɡɝɎɜŮŰŬɘ, ɖ ɓŮɚŰɘɤɛɏɜɖ ŮˊɘəɎɚɡɣɖ Űɞɡ əɏɟŭɞɡɠ əŬɘ Űɞɡ ůɡɜŰɞɜɘůɛɞɨ 

ŬɜŰɘůŰŬɗɛɑɕŮɘ Űɖɜ ɛŮɑɤůɖ Űɞɡ əɏɟŭɞɡɠ ˊɞɡ ˊɟɞəŬɚŮɑ ɖ ɗŮɟɛɞəɟŬůɑŬ əŬɘ ŮˊɘŰɟɏˊŮɘ 

ɢŬɛɖɚɎ ɟŮɨɛŬŰŬ əŬŰɤűɚɘɞɨ ŬəɧɛŬ əŬɘ ůŮ ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ ɚŮɘŰɞɡɟɔɑŬɠ [2.21], 

[2.22].  

2.3 ȹɞɛɏɠ VCSEL ˊɞɡ ŬɜŬˊŰɨɢɗɖəŬɜ 

ɆŰŬ ˊɚŬɑůɘŬ Űɖɠ ůɡɔəŮəɟɘɛɏɜɖɠ ŮɟŮɡɜɖŰɘəɐɠ ˊɟɞůˊɎɗŮɘŬɠ, ɞɨŰɤɠ ɩůŰŮ ɜŬ 

ɘəŬɜɞˊɞɘɖɗɞɨɜ ɞɘ ˊŬɟŬˊɎɜɤ ŬˊŬɘŰɐůŮɘɠ, ŮˊɘɚɏɢɗɖəŮ ɞ ůɢŮŭɘŬůɛɧɠ əŬɘ ɖ əŬŰŬůəŮɡɐ 

ůɡůŰɞɘɢɘɩɜ VCSELs ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ˊŬɟɏɢɞɡɜ ɡɣɖɚɏɠ ŮˊɘŭɧůŮɘɠ ɛŮ ɢŬɛɖɚɧ əɧůŰɞɠ. 

Ⱥˊɘˊɚɏɞɜ, ɖ ɚɞɔɘəɐ Űɖɠ ůɡůŰɞɘɢɑŬɠ ŮɝŬůűŬɚɑɕŮɘ ɛɘŬ ůɡɛˊŬɔɐ ŬɟɢɘŰŮəŰɞɜɘəɐ Ůɜɩ 

ŮˊɘŰɟɏˊŮɘ əŬɘ Űɖɜ ɢɤɟɘəɐ ˊɞɚɡˊɚŮɝɑŬ əŬɘ Űɖɜ ˊɞɚɡˊɚŮɝɑŬ ɛɐəɞɡɠ əɨɛŬŰɞɠ ůŮ 

ˊɞɚɡˊɨɟɖɜŮɠ ɑɜŮɠ. ɇŬ ɖɚŮəŰɟɘəɎ, ɞˊŰɘəɎ əŬɘ ɗŮɟɛɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ ŭɞɛɩɜ 

ɏɢɞɡɜ ɓŮɚŰɘůŰɞˊɞɘɖɗŮɑ ɞɨŰɤɠ ɩůŰŮ ɜŬ ůɡɜŬɜŰɐůɞɡɜ Űɘɠ ŬˊŬɘŰɐůŮɘɠ ɔɘŬ ɞɚɞəɚɐɟɤůɖ 

ɛŮ Űɖɜ ˊɚŬŰűɧɟɛŬ Űɞɡ SOI. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ˊɟɞəɟɑɗɖəŮ ɖ ŬɜɎˊŰɡɝɖ VCSELs 

əɞɜŰɐɠ əɞɘɚɧŰɖŰŬɠ (short cavity) ɛŮ buried tunnel junction (BTJ) əŬɘ ɛɐəɞɠ əɨɛŬŰɞɠ 

Ůəˊɞɛˊɐɠ ůŰŬ 1.55 ɛm ɔɘŬ ɚŮɘŰɞɡɟɔɑŬ ůŰŬ 40 Gbaud ůŮ ɗŮɟɛɞəɟŬůɑŮɠ ɏɤɠ əŬɘ 60 oC. 

Ƀ ůɢŮŭɘŬůɛɧɠ VCSELs əɞɜŰɐɠ əɞɘɚɧŰɖŰŬɠ ŬɡɝɎɜŮɘ Űɞ Ůɨɟɞɠ ɕɩɜɖɠ ŭɘŬɛɧɟűɤůɖɠ 

(modulation bandwidth) Űɤɜ ŭɞɛɩɜ. ȾɡəɚɘəɎ BTJs ɛŮ ŭɘɎɛŮŰɟɞ 3, 4 əŬɘ 5 ɛm 

ɡˊɞɓɚɐɗɖəŬɜ ůŮ ŮˊŮɝŮɟɔŬůɑŬ ɔɘŬ ɜŬ ɓɟŮɗŮɑ ɞ əŬɚɨŰŮɟɞɠ ůɡɛɓɘɓŬůɛɧɠ ɛŮŰŬɝɨ Űɖɠ 

ɏɔɢɡůɖɠ ɟŮɨɛŬŰɞɠ əŬɘ Űɖɠ ɛɞɜɞɟɟɡɗɛɘəɐɠ ɚŮɘŰɞɡɟɔɑŬɠ. Ⱥˊɘˊɚɏɞɜ Űɞ ɛɏɔŮɗɞɠ Űɞɡ 

mesa, ɓŮɚŰɘůŰɞˊɞɘɐɗɖəŮ ɔɘŬ ɜŬ ŭɘŮɡəɞɚɨɜŮɘ Űɖ ɚŮɘŰɞɡɟɔɑŬ Űɤɜ ŭɞɛɩɜ ůŮ ɡɣɖɚɏɠ 

ŰŬɢɨŰɖŰŮɠ. ɇɏɚɞɠ, ɞɘ ŭɞɛɏɠ ŮˊɘɢŮɘɟɐɗɖəŮ ɜŬ ɏɢɞɡɜ ɡɣɖɚɐ ɔɟŬɛɛɘəɧŰɖŰŬ ˊɟɞəŮɘɛɏɜɞɡ 

ɜŬ ůɡɜŭɡŬůŰɞɨɜ ɛŮ ɔɟŬɛɛɘəɞɨɠ ɖɚŮəŰɟɞɜɘəɞɨɠ ɞŭɖɔɖŰɏɠ (drivers) ɔɘŬ Űɖɜ ŮˊɑŭŮɘɝɖ 

PAM-4 ɞˊŰɘəɐɠ ɛŮŰɎŭɞůɖɠ ůŰŬ 80 Gb/s.  

ȼ ŭɞɛɐ Űɖɠ ŭɘŬůŰɟɤɛɎŰɤůɖɠ Űɤɜ VCSEL ŬɜŬˊŰɨɢɗɖəŮ ɛŮ Űɖ ŭɘŬŭɘəŬůɑŬ Űɞɡ 

Molecular Beam Epitaxy, ɖ ɞˊɞɑŬ ˊɟɞůűɏɟŮɘ Űɖ ŭɡɜŬŰɧŰɖŰŬ ŬɜɎˊŰɡɝɖɠ ůŰɟɩůŮɤɜ 

ůŰɖɜ əɚɑɛŬəŬ Űɤɜ nm ɛŮ Ŭəɟɘɓɏɠ ˊɎɢɞɠ əŬɘ ůɨɜɗŮůɖ [2.23]. Ƀ ɏɚŮɔɢɞɠ ŬəɟɘɓŮɑŬɠ əŬɘ 

ɞɘ ɢŬɛɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ əŬŰɎ Űɖɜ ŮɜŬˊɧɗŮůɖ ˊɞɡ ˊɟɞůűɏɟɞɜŰŬɘ Ŭˊɧ Űɞ ɀȸȺ, 

ŭɑɜɞɡɜ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɜŬ ŬɜŬˊŰɨůůɞɜŰŬɘ ɘůɢɡɟɎ ůɡɛˊɘŮůɛɏɜŬ əɓŬɜŰɘəɎ ˊɖɔɎŭɘŬ 

(compressively strained quantum wells) ůŰɖɜ ŮɜŮɟɔɧ ˊŮɟɘɞɢɐ, ɓŮɚŰɘɩɜɞɜŰŬɠ ɏŰůɘ Űɖɜ 

Ŭˊɧŭɞůɖ ɚɧɔɤ Űɞɡ ŭɘŬűɞɟɘəɞɨ əɏɟŭɞɡɠ (differential gain) Űɞɡ laser. 

ɆŰɘɠ ůɡɔəŮəɟɘɛɏɜŮɠ ŭɞɛɏɠ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɘůɢɡɟɎ ůɡɛˊɘŮůɛɏɜŬ AlGaInAs 

əɓŬɜŰɘəɎ ˊɖɔɎŭɘŬ ŰŬ ɞˊɞɑŬ əŬɘ ŰɞˊɞɗŮŰɐɗɖəŬɜ ůŰɞ ɛɏɔɘůŰɞ Űɞɡ ɞˊŰɘəɞɨ ˊŮŭɑɞɡ ɧˊɤɠ 

űŬɑɜŮŰŬɘ əŬɘ Ŭˊɧ Űɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ. ȷɡŰɎ ŮɑɜŬɘ ŮɜůɤɛŬŰɤɛɏɜŬ ɛŮŰŬɝɨ ɛɘŬɠ 

ɢŬɛɖɚɐɠ n-doped InP ůŰɞɘɓɎŭŬɠ əŬɘ Ůɜɧɠ ɡɣɖɚɞɨ p-doped ˊŮɟɘɓɚɐɛŬŰɞɠ. 

ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɞ əŬɚɨŰŮɟɞɠ ůɡɛɓɘɓŬůɛɧɠ ɛŮŰŬɝɨ ɡɣɖɚɐɠ ɘůɢɨɞɠ 

Ůəˊɞɛˊɐɠ əŬɘ ɢŬɛɖɚɞɨ ɟŮɨɛŬŰɞɠ əŬŰɤűɚɘɞɨ, ŭɘŮɟŮɡɜɐɗɖəŬɜ VCSELs Űɟɘɩɜ əŬɘ ɞəŰɩ 

əɓŬɜŰɘəɩɜ ˊɖɔŬŭɘɩɜ. Ƀ ˊŮɟɘɞɟɘůɛɧɠ Űɞɡ ɟŮɨɛŬŰɞɠ (current confinement) 
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ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛŮ ɏɜŬ p+-AlGaInAs/n+-GaInAs BTJ, Űɞ ɞˊɞɑɞ ŮɑɜŬɘ ɡɣɖɚɎ Ŭɔɩɔɘɛɞ 

ůŮ ɛɘŬ ˊŮɟɘɞɢɐ əɡəɚɘəɞɨ ůɢɐɛŬŰɞɠ ɛŮ ŭɘɎɛŮŰɟɞ dBTJ.  ȼ Ŭˊɞɛɧɜɤůɖ Űɞɡ ɟŮɨɛŬŰɞɠ 

ɏɝɤ Ŭˊɧ Űɖɜ ˊŮɟɘɞɢɐ Űɞɡ BTJ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛŮ ɛɘŬ ŬɜɎůŰɟɞűŬ ˊɞɚɤɛɏɜɖ p+n 

ŭɘŬəɚɎŭɤůɖ ɖ ɞˊɞɑŬ ŭɖɛɘɞɡɟɔŮɑŰŬɘ Ŭˊɧ ŮˊŮɝŮɟɔŬůɑŬ ůəɚɖɟɐɠ ɢɎɟŬɝɖɠ (dry etching) 

ůŰɞ n+ GaInAs. ȺˊɘˊɟɧůɗŮŰŬ, ɖ ŮɚŬɢɘůŰɞˊɞɑɖůɖ Űɖɠ ůŰɟɩůɖɠ Űɞɡ p-ˊŮɟɘɓɚɐɛŬŰɞɠ 

ɛŮɘɩɜŮɘ ůɡɜŮˊŬəɧɚɞɡɗŬ Űɖɜ ɖɚŮəŰɟɘəɐ ŬɜŰɑůŰŬůɖ. ɇŬ ɡɣɖɚɐɠ ˊɟɧůɛɘɝɖɠ ůŰɟɩɛŬŰŬ 

ŭɘŬəɚɎŭɤůɖɠ ŰɞˊɞɗŮŰɞɨɜŰŬɘ ůŰɞ ŮɚɎɢɘůŰɞ Űɞɡ ɞˊŰɘəɞɨ ˊŮŭɑɞɡ, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɖɜ 

ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ, ɞɨŰɤɠ ɩůŰŮ ɜŬ ɛŮɘɩůɞɡɜ Űɘɠ ŬˊɩɚŮɘŮɠ Ŭˊɞɟɟɧűɖůɖɠ. ȼ ŭɞɛɖɛɏɜɖ 

ŭɘŬůŰŬɨɟɤůɖ ůɐɟŬɔɔŬɠ (tunnel junction) ŬɜŬˊŰɨůůŮŰŬɘ Ůə ɜɏɞɡ ɛŮ n-InP ɞɨŰɤɠ ɩůŰŮ 

ɜŬ ŰŬɘɟɘɎɕŮɘ ɛŮ Űɞ ɛɐəɞɠ Űɖɠ əɞɘɚɧŰɖŰŬɠ.  

ɆŮ ŬɡŰɧɜ Űɞɜ ˊɟɩŰɞ ŮˊɘŰŬɝɘəɧ ɔɨɟɞ ŬɜŬˊŰɨůůŮŰŬɘ ɖ ɓŬůɘəɐ ŬɟɢɘŰŮəŰɞɜɘəɐ Űɖɠ ŭɞɛɐɠ 

ɖ ɞˊɞɑŬ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɏɜŬ ŭɘˊɚɧ etch stop ɔɘŬ Űɖɜ ŬűŬɑɟŮůɖ ɡˊɞůŰɟɤɛɎŰɤɜ 

(GaInAs etch stop, InP buffer layer, GaInAs n-side contact layer), ŬəɞɚɞɡɗɞɨɛŮɜɞ 

Ŭˊɧ ɏɜŬ n-ˊŮɟɑɓɚɖɛŬ, Űɖɜ ŮɜŮɟɔɧ ˊŮɟɘɞɢɐ, Űɞ p-ˊŮɟɑɓɚɖɛŬ əŬɘ Űɏɚɞɠ ŭɡɞ ůŰɟɩɛŬŰŬ 

ɡɣɖɚɐɠ ˊɟɧůɛɘɝɖɠ Űɞɡ BTJ. ɇɞ ɡˊɧůŰɟɤɛŬ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ŮɑɜŬɘ ɏɜŬ ˊɚŬəɑŭɘɞ 

(wafer) InP n-ˊɟɧůɛɘɝɖɠ əŬɘ ˊɎɢɞɡɠ 2 inch. ȳŰŬɜ Űɞ ŭŮɑɔɛŬ ŬűŬɘɟŮɑŰŬɘ Ŭˊɧ Űɞ 

ɗɎɚŬɛɞ ˊɞɡ ůɡɛɓŬɑɜŮɘ ɖ ɀȸȺ, ɖ ˊɞɘɧŰɖŰŬ Űɖɠ ŮˊɑŰŬɝɖɠ ŮɚɏɔɢŮŰŬɘ ˊɟɩŰŬ ɞˊŰɘəɎ (ˊɢ 

ɖ ŰɟŬɢɨŰɖŰŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ) əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ɛŮŰɟɘɏŰŬɘ Űɞ űɎůɛŬ Űɖɠ űɤŰŬɡɔŮɑŬɠ 

(photoluminescence).  

 

ȺɘəɧɜŬ 22: (Ŭ) ɄɟŬɔɛŬŰɘəɧɠ ɧɟɞɠ Űɞɡ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ əŬɘ əŬɜɞɜɘəɞˊɞɘɖɛɏɜɖ əŬŰŬɜɞɛɐ ɏɜŰŬůɖɠ 

ˊŮŭɑɞɡ əŬŰɎ ɛɐəɞɠ Ůɜɧɠ ŮɔəɎɟůɘɞɡ ŰɛɐɛŬŰɞɠ Űɞɡ VCSEL əŬɘ (ɓ) ɛŮɔɏɗɡɜůɖ Űɖɠ ŮɜŮɟɔɞɨ ˊŮɟɘɞɢɐɠ əŬɘ 

ɗɏůɖ Űɖɠ ŭɘŬůŰŬɨɟɤůɖɠ ůɐɟŬɔɔŬɠ.  

Ƀɘ ůɡůŰɞɘɢɑŮɠ Űɤɜ  VCSELs ˊŬɟɎɢɗɖəŬɜ ůɨɛűɤɜŬ ɛŮ Űɖɜ ˊŬɟŬəɎŰɤ ŭɘŬŭɘəŬůɑŬ: 

1. ȹɧɛɖůɖ Űɖɠ ŭɘŬůŰŬɨɟɤůɖɠ ůɐɟŬɔɔŬɠ. ȼ ˊɎɜɤ ůŰɟɩůɖ Űɞɡ BTJ ŬűŬɘɟŮɑŰŬɘ 

ŬűɐɜɞɜŰŬɠ ˊɑůɤ ɛɧɜɞ ɛɘəɟɏɠ ˊŮɟɘɞɢɏɠ ɧˊɞɡ ɞɘ ůŰɟɩůŮɘɠ ŮɑɜŬɘ ˊŬɟɞɨůŮɠ ɧˊɤɠ 

űŬɑɜŮŰŬɘ əŬɘ ůŰɖɜ ŮɘəɧɜŬ ɉɉ. ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ˊɟɞůŭɘɞɟɘůŰɞɨɜ ɞɘ ŭɞɛɏɠ, 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɞˊŰɘəɐ ɚɘɗɞɔɟŬűɑŬ. ɆɨɛűɤɜŬ ɛŮ Űɖ ŭɘŬŭɘəŬůɑŬ ŬɡŰɐ, Űɞ ŭŮɑɔɛŬ 

ŮˊɘəŬɚɨˊŰŮŰŬɘ Ŭˊɧ ɏɜŬ ŬɜɗŮəŰɘəɧ ˊŮɟɑɓɚɖɛŬ əŬɘ ŮəŰɑɗŮŰŬɘ ŬűɐɜɞɜŰŬɠ ɛɧɜɞ 

ɛɘəɟɞɨɠ əɨəɚɞɡɠ (ŭɘŬɛɏŰɟɞɡ 2 ɛŮ 5 ɛm) ɛɖ ŮəŰŮɗŮɘɛɏɜɞɡɠ. ɀŮŰɎ Űɖɜ ŬɜɎˊŰɡɝɖ, 

ŬɡŰɞɑ ɞɘ əɨəɚɞɘ əŬɚɨˊŰɞɡɜ Űɘɠ ˊŮɟɘɞɢɏɠ ˊɞɡ ɗŬ ɡˊɎɟɢɞɡɜ ŰŬ ŬɜɞɑɔɛŬŰŬ BTJ Űɤɜ 

ŭɞɛɩɜ. ɇŬ ŬəɎɚɡˊŰŬ ŰɛɐɛŬŰŬ ůŰɖ ůɡɜɏɢŮɘŬ ɢŬɟɎůůɞɜŰŬɘ ɛŮ Űɖ ɢɟɐůɖ 

ŮˊŬɔɤɔɘəɩɜ ŭɘŬɓɟɤŰɘəɩɜ ɘɧɜŰɤɜ. ɀŮ ŭŮŭɞɛɏɜɞ ɧŰɘ ɖ ˊŮɟɘɞɢɐ ˊɞɡ ˊɟɏˊŮɘ ɜŬ 

ɢŬɟŬɢɗŮɑ ŮɑɜŬɘ əɞɜŰɎ ůŰŬ 12-15 nm, ɢɟŮɘɎɕŮŰŬɘ ɏɜŬɠ ˊɞɚɨ Ŭɟɔɧɠ ɟɡɗɛɧɠ ɢɎɟŬɝɖɠ ɞ 

ɞˊɞɑɞɠ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛŮ Űɖ ɢɟɐůɖ Ůɜɧɠ ɛŮɑɔɛŬŰɞɠ ŬŮɟɑɤɜ ɛŮ ɛŮɗɎɜɘɞ, ɎɕɤŰɞ əŬɘ 
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ɡŭɟɞɔɧɜɞ. ɀŮŰɎ Űɖ ɢɎɟŬɝɖ Űɞ ɓɎɗɞɠ Űɖɠ ŬɝɘɞɚɞɔŮɑŰŬɘ əŬɘ Űɞ ŭŮɑɔɛŬ əŬɗŬɟɑɕŮŰŬɘ 

ˊɟɞŰɞɨ ɡˊɞůŰŮɑ Űɖɜ ŮˊɧɛŮɜɖ əŬŰŮɟɔŬůɑŬ.  

2. ȺˊɘŰŬɝɘəɐ ɡˊŮɟŬɜɎˊŰɡɝɖ (epitaxial overgrowth) Űɞɡ ŭŮɑɔɛŬŰɞɠ: ȾŬŰɎ Űɖ ŭɘɎɟəŮɘŬ 

Űɖɠ ɡˊŮɟŬɜɎˊŰɡɝɖɠ, ɖ n-doped InP ůŰɟɩůɖ əŬɘ ɖ n-doped, p-side GaInAs ůŰɟɩůɖ 

ŮˊŬűɐɠ ŬɜŬˊŰɨůůɞɜŰŬɘ. 

3. ȹɘɎɜɞɘɝɖ Űɖɠ ůŰɟɩɛŬŰɞɠ ŮˊŬűɐɠ (contact layer). ɇɞ ůŰɟɩɛŬ ŮˊŬűɐɠ ŬűŬɘɟŮɑŰŬɘ 

Ŭˊɧ Űɖɜ əɞɟɡűɐ Űɞɡ əɎɗŮ BTJ ɛŮ Űɖ ɢɟɐůɖ ŮˊɘɚŮəŰɘəɐɠ ɡŭɟɞɢɖɛɘəɐɠ ɢɎɟŬɝɖɠ ɛŮ 

űɤůűɞɟɘəɧ ɞɝɨ. ȷɡŰɧ Űɞ ɓɐɛŬ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɞ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŬˊɞűŮɡɢɗɞɨɜ ɞɘ 

ɡɣɖɚɏɠ ŬˊɩɚŮɘŮɠ ˊɞɡ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɞ ůŰɟɩɛŬ ŮˊŬűɐɠ. 

4. ȹɧɛɖůɖ Űɞɡ mesa: ɀɘŬ ɛɎůəŬ ɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ ŮɝŬŰɛɑɕŮŰŬɘ ɛŮŰɎ Ŭˊɧ 

əŬɗɞɟɘůɛɧ Űɤɜ mesas ɛŮ Űɖ ɢɟɐůɖ ɞˊŰɘəɐɠ ɚɘɗɞɔɟŬűɑŬɠ. ɀŮ ɛɘŬ ŭɘŬŭɘəŬůɑŬ 

Ŭɜɨɣɤůɖɠ, ŬűŬɘɟŮɑŰŬɘ Űɞ ůŰɟɩɛŬ ɞɝŮɘŭɑɞɡ ůŰɖɜ əɞɟɡűɐ Űɞɡ ˊŮɟɘɓɚɐɛŬŰɞɠ. ɇɞ 

ůɨůŰɖɛŬ ŮɝɎŰɛɘůɖɠ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬŰɑ ŮˊɘŰɟɏˊŮɘ Űɖɜ ŬɜɎˊŰɡɝɖ ɚŮˊŰɩɜ 

ůŰɟɩůŮɤɜ ɞɘ ɞˊɞɑŮɠ ɛˊɞɟɞɨɜ ɜŬ ŬűŬɘɟŮɗɞɨɜ əŬŰɎ Űɖɠ ŭɘŬŭɘəŬůɑŬ Űɖɠ Ŭɜɨɣɤůɖɠ. 

ũɘŬ Űɖ ɢɎɟŬɝɖ Űɞɡ mesa, ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɖ ɑŭɘŬ ŭɘŬŭɘəŬůɑŬ ůŰŮɔɜɐɠ ɢɎɟŬɝɖɠ ɧˊɤɠ 

əŬɘ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ BTJ. ȾŬɘ ůŰŬ ŭɡɞ ɓɐɛŬŰŬ, ɖ ůŰŮɔɜɐ ɢɎɟŬɝɖ ˊɟɞŰɘɛɎŰŬɘ 

ɛŮ ŭŮŭɞɛɏɜɞ ɧŰɘ ˊɟɞůűɏɟŮɘ ɏɜŬ ŬɜɘůɞŰɟɞˊɘəɧ ˊɟɞűɑɚ əŬŰɎ Űɖ ɢɎɟŬɝɖ. ũɘô ŬɡŰɧ Űɞ 

ɓɐɛŬ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɛɘŬ Ɏɚɚɖ ůɨɜɗŮůɖ ŬŮɟɑɤɜ: ɛŮɗɎɜɘɞ, ɡŭɟɞɔɧɜɞ əŬɘ ɢɚɩɟɘɞ 

Ůɜɩ ɖ ɘůɢɨɠ ŭɘɏɔŮɟůɖɠ ŮɑɜŬɘ ɡɣɖɚɧŰŮɟɖ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɞ ŮˊɘɗɡɛɖŰɧɠ 

ɡɣɖɚɧɠ ɟɡɗɛɧɠ ɢɎɟŬɝɖɠ. (ɓɎɗɞɠ ɢɎɟŬɝɖɠ ˊŮɟɑˊɞɡ ůŰŬ 1.5-2 ɛm). Ⱥˊɑůɖɠ, əŬŰɎ Űɖ 

ŭɘɎɟəŮɘŬ Űɖɠ ɢɎɟŬɝɖɠ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ŮˊɘŰɧˊɘɞɠ ɏɚŮɔɢɞɠ ɛŮ űŬůɛŬŰɧɛŮŰɟɞ 

ɛɎɕŬɠ: Űɞ əɚɎůɛŬ ɛɎɕŬɠ Űɖɠ Ŭɟůɑɜɖɠ əŬɘ Űɖɠ űɤůűɑɜɖɠ ɛŮŰɟɘɏŰŬɘ ůŰɖɜ ɏɝɞŭɞ, 

ˊɟɎɔɛŬ ˊɞɡ ɓɞɖɗɎ ůŰɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɞɡ əŬŰɎ ˊɧůɞ ɢŬɟɎůůŮŰŬɘ ůŰɖ ŭŮŭɞɛɏɜɖ 

ůŰɘɔɛɐ ɏɜŬ ůŰɟɩɛŬ ˊɞɡ ˊŮɟɘɏɢŮɘ űɩůűɞɟɞ (InP) ɐ ŬɟůŮɜɘəɧ (InGaAs, AlGaInAs). 

ɀŮŰɎ Űɖ ůŰŮɔɜɐ ɢɎɟŬɝɖ ɏɜŬ Ůˊɘˊɚɏɞɜ ɓɐɛŬ ɚɘɗɞɔɟŬűɑŬɠ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɞɨŰɤɠ 

ɩůŰŮ ɜŬ əŬɚɡűɗŮɑ Űɞ mesa ɛŮ ɏɜŬɜ ŮɚŬűɟɎ ɛŮɔŬɚɨŰŮɟɞ əɨəɚɞ əŬɘ ɖ ůŰɟɩůɖ ɖ 

ɞˊɞɑŬ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ ɚɧɔɞɡɠ ŬůűŬɚŮɑŬɠ (buffer layer), ŬˊɞɛŬəɟɨɜŮŰŬɘ ɛŮ Űɖ 

ɢɟɐůɖ ɡɔɟɩɜ ɢɖɛɘəɩɜ ɞŭɖɔɩɜŰŬɠ ɏŰůɘ ůŮ ɛɘŬ ˊɞɚɨ ˊɘɞ ɚŮɑŬ ŮˊɘűɎɜŮɘŬ. ɀŮŰɎ Űɖ 

ɢɎɟŬɝɖ ŬɡŰɐ, ɖ ɛɎůəŬ ŬˊɞɛŬəɟɨɜŮŰŬɘ əŬɘ Űɞ ŭŮɑɔɛŬ ŮɑɜŬɘ ɏŰɞɘɛɞ ɔɘŬ ˊŮɟŮŰŬɑɟɤ 

ŮˊŮɝŮɟɔŬůɑŬ. 

5. ȷˊɧɗŮůɖ ȸŮɜɕɞəɡəɚɞɓɞɡŰɎɜɖɠ (Benzocyclobutene-BCB): ɇŬ ɓŬůɘəɎ 

ˊɚŮɞɜŮəŰɐɛŬŰŬ Űɞɡ BCB ŮɑɜŬɘ: ɖ ɢŬɛɖɚɐ ŭɘɖɚŮəŰɟɘəɐ ůŰŬɗŮɟɎ (ɖ ɞˊɞɑŬ ˊŮɟɘɞɟɑɕŮɘ 

Űɖɜ ˊŬɟŬůɘŰɘəɐ  ɢɤɟɖŰɘəɧŰɖŰŬ), ɞ ɢŬɛɖɚɧɠ ŭŮɑəŰɖɠ ŭɘɎɗɚŬůɖɠ (Űɞ BCB ŮɑɜŬɘ 

ŭɘŬűŬɜɏɠ), ɖ ɢɖɛɘəɐ ůŰŬɗŮɟɧŰɖŰŬ əŬɘ Űɞ ɔŮɔɞɜɧɠ ɧŰɘ Űɞ ŭŮɑɔɛŬ ɛˊɞɟŮɑ ɜŬ əŬɚɡűɗŮɑ 

ɛŮ  BCB ɛɏůɤ spin coating Űɞ ɞˊɞɑɞ ŮɝŬůűŬɚɑɕŮɘ əŬɚɐ ůɡɛˊŮɟɘűɞɟɎ ůŰɖɜ 

ˊɧɚɤůɖ. Ʉɟɘɜ Űɞ BCB, ɏɜŬ ůŰɟɩɛŬ Ŭˊɧ SiO2 ŭɘŬůəɞɟˊɑɕŮŰŬɘ ŮˊŮɘŭɐ Űɞ BCB 

əɞɚɚɎŮɘ əŬɚɨŰŮɟŬ ůŰɞ SiO2 Ŭˊɧ ɧŰɘ ůŰɞɜ ɖɛɘŬɔɤɔɧ. ɇɞ ɑŭɘɞ ɘůɢɨŮɘ əŬɘ ɛŮŰɎ Űɖɜ 

ŮˊɘˊŮŭɞˊɞɑɖůɖ ɛŮ Űɞ BCB ɔɘŬ ɜŬ ŮɝŬůűŬɚɘůŰŮɑ ɖ əŬɚɨŰŮɟɖ ůɡɔəɧɚɚɖůɖ Űɞɡ 

ˊŮɟɘɓɚɐɛŬŰɞɠ. ɀŮŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ ŮˊɘˊŮŭɞˊɞɑɖůɖɠ ɛŮ Űɞ BCB, ŰŬ ůŰɟɩɛŬŰŬ 

ůŰɖɜ əɞɟɡűɐ Űɞɡ mesa ˊɟɏˊŮɘ ɜŬ ŬˊɞɛŬəɟɡɜɗɞɨɜ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŮˊɘŰɟŬˊŮɑ ɖ 

ɖɚŮəŰɟɘəɐ ŮˊŬűɐ əŬɘ ɖ ŬˊɧɗŮůɖ Űɞɡ əŬɗɟɏˊŰɖ, ɖ ɞˊɞɑŬ ɔɑɜŮŰŬɘ ɛŮ ɚɘɗɞɔɟŬűɘəɧ 

ˊɟɞůŭɘɞɟɘůɛɧ Űɤɜ ŬˊŬɟŬɑŰɖŰɤɜ ˊŮɟɘɞɢɩɜ əŬɘ ŮˊɘɚŮəŰɘəɐ ɢɎɟŬɝɖ ŭɘŬɛɏůɞɡ Űɤɜ 

ůŰɟɤɛɎŰɤɜ BCB əŬɘ SiO2. 
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6. ȺɝɎŰɛɘůɖ Űɞɡ ŭŬəŰɡɚɑɞɡ ŮˊŬűɐɠ: Ƀɘ ŭŬəŰɨɚɘɞɘ ŮˊŬűɐɠ ˊɞɡ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ 

ŰɘŰɎɜɘɞ, ˊɚŬŰɑɜŬ əŬɘ ɢɟɡůɧ, ŮɝŬŰɛɑɕɞɜŰŬɘ əŬɘ əŬŰŬůəŮɡɎɕɞɜŰŬɘ ɛɏůɤ Űɖɠ 

ŭɘŬŭɘəŬůɑŬɠ Ŭɜɨɣɤůɖɠ (lift -off procedure). ȷɡŰɧ Űɞ ɓɐɛŬ ŮɑɜŬɘ ɔɜɤůŰɧ ɧŰɘ 

ˊɟɞəŬɚŮɑ ˊɟɞɓɚɐɛŬŰŬ əŬɗɩɠ Űɞ ŮůɤŰŮɟɘəɧ ŰɛɐɛŬ Űɞɡ ŭŬəŰɡɚɑɞɡ ůɡɢɜɎ ŭŮɜ 

ŬűŬɘɟŮɑŰŬɘ, Ůˊɞɛɏɜɤɠ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɛɘŬ Ŭɜɨɣɤůɖ ɣŮəŬůɛɞɨ ɛŮ ŬəŮŰɧɜɖ.  

7. ȺɝɎŰɛɘůɖ əŬŰŬɜŮɛɖɛɏɜɞɡ Bragg ŬɜŬəɚŬůŰɐɟŬ (distributed Bragg reflector-DBR): 

ɇŬ ɡɚɘəɎ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɔɘŬ Űɞ DBR ŮɑɜŬɘ 3.5 ɕŮɨɔɖ ŭɘɖɚŮəŰɟɘəɩɜ ɡɚɘəɩɜ 

AlF3 (n=1.34) əŬɘ ZnS (n=2.28). Ƀ əŬɗɟɏˊŰɖɠ ɞɚɞəɚɖɟɩɜŮŰŬɘ ɛŮ 100 nm ɢɟɡůɞɨ 

ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŭɖɛɘɞɡɟɔɖɗŮɑ ɏɜŬ ɡɓɟɘŭɘəɧ DBR, ɧˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɞ ůɢɐɛŬ 

ɉɉb. ɀŮ ŬɡŰɐ Űɖ ɛɏɗɞŭɞ ɛˊɞɟɞɨɛŮ ɜŬ űɗɎůɞɡɛŮ ůŮ ɛɘŬ Űɘɛɐ ŬɜŬəɚŬůŰɘəɧŰɖŰŬɠ 

ɘůɢɨɞɠ ˊŮɟɑˊɞɡ ůŰɞ 99.95%.  

8. Ʉɟɞůŭɘɞɟɘůɛɧɠ Űɖɠ ůɡůəŮɡɐɠ: ɄɎɜɤ ůŰɞ BCB ɢŬɟɎůůɞɜŰŬɘ ɚɤɟɑŭŮɠ ɔɘŬ ɜŬ 

ŭɖɛɘɞɡɟɔɖɗɞɨɜ ɔɟŬɛɛɏɠ ˊɞɡ ɢɤɟɑɕɞɡɜ Űɞ əɎɗŮ VCSEL ɛŮ Űɞ ɔŮɘŰɞɜɘəɧ Űɞɡ əŬɘ 

Ůˊɑůɖɠ ɢŬɟɎůůɞɜŰŬɘ ŰŬ VIAs ɔɘŬ Űɖɜ ŮˊŬűɐ ɛŮ Űɖɜ ˊɑůɤ ˊɚŮɡɟɎ. ɀɘŬ ůŰɟɩůɖ 

Ti/Pt/Au ŮɝŬŰɛɑɕŮŰŬɘ əŬɘ ɛɘŬ Ůˊɘˊɚɏɞɜ ɛŮɔɏɗɞɡɠ 50-60 ɛm ˊɟɞůŰɑɗŮŰŬɘ ůŰɞ ŭŮɑɔɛŬ. 

ɇɞ ˊɎɢɞɠ ŮɚɏɔɢŮŰŬɘ ɛŮ Űɖ ůŰɎɗɛɘůɖ Űɞɡ ŭŮɑɔɛŬŰɞɠ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ 

ɖɚŮəŰɟɞɚɡŰɘəɐɠ ŮˊɘəɎɚɡɣɖɠ (electroplating).  

9. ȷɜŬůŰɟɞűɐ (flip-chip) Űɖɠ ŭɞɛɐɠ: ɀŮŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ ɖɚŮəŰɟɞɚɡŰɘəɐɠ 

ŮˊɘəɎɚɡɣɖɠ, ɖ ŭɘŬŭɘəŬůɑŬ ůɡɜŮɢɑɕŮɘ ůŰɖɜ ˊɑůɤ ˊɚŮɡɟɎ Űɞɡ wafer ɧˊɞɡ ɗŬ 

ɓɟɑůəŮŰŬɘ ɖ ɛŮɚɚɞɜŰɘəɐ ˊɎɜɤ ˊɚŮɡɟɎ Űɖɠ ŭɞɛɐɠ. ȷɟɢɘəɎ ŬűŬɘɟŮɑŰŬɘ Űɞ InP 

ůŰɟɩɛŬ ɛɏůɤ ŮˊɘɚŮəŰɘəɐɠ ɢɎɟŬɝɖɠ ɛŮ ɡŭɟɞɢɚɤɟɘəɧ ɞɝɨ. ɆŰɖ ůɡɜɏɢŮɘŬ, 

ŬűŬɘɟɞɨɜŰŬɘ ɛŮ ɢɎɟŬɝɖ ɞɘ ˊŮɟɘɞɢɏɠ ˊɞɡ ɏɢɞɡɜ ŰɞˊɞɗŮŰɖɗŮɑ ɤɠ ŬůűɎɚŮɘŮɠ (etch 

stop əŬɘ buffer layer), ŮˊɘŰɟɏˊɞɜŰŬɠ Űɖɜ ˊɟɧůɓŬůɖ ůŰɘɠ ŭɞɛɏɠ Ŭˊɧ Űɖ ɛŮɟɘɎ Űɞɡ 

InP ɡˊɞůŰɟɩɛŬŰɞɠ (ɖ ɞˊɞɑŬ ˊɚɏɞɜ ŮɑɜŬɘ ɖ ˊɎɜɤ ˊɚŮɡɟɎ. 

ɇŬ Ůˊɘˊɚɏɞɜ ɓɐɛŬŰŬ ůŰɖɜ ˊŮɟɘɞɢɐ ŬɡŰɐɠ Űɖɠ ˊɚŮɡɟɎɠ ŮɑɜŬɘ ˊŬɟɧɛɞɘŬ ɛŮ ŬɡŰɎ ˊɞɡ 

ŬəɞɚɞɡɗɐɗɖəŬɜ ɔɘŬ Űɖɜ ˊɑůɤ ˊɚŮɡɟɎ: 

10. ȯɜɞɘɔɛŬ ůŰɟɩɛŬŰɞɠ ŮˊŬűɐɠ əɞɟɡűɐɠ: ȷɡŰɐ ɖ ŭɘŬŭɘəŬůɑŬ ŮɑɜŬɘ ŬɜɎɚɞɔɖ ɛŮ Űɞ 

ɎɜɞɘɔɛŬ Űɞɡ ůŰɟɩɛŬŰɞɠ ŮˊŬűɐɠ ůŰɞɜ ˊɡɗɛɏɜŬ. 

11. ȺɝɎŰɛɘůɖ Űɤɜ ŮˊɘűŬɜŮɘɩɜ ŮˊŬűɐɠ əɞɟɡűɐɠ: ȺˊɘˊɟɧůɗŮŰŬ, ůŰɖɜ əɞɟɡűɐ Űɤɜ 

ŮˊɘűŬɜŮɘɩɜ ŮˊŬűɐɠ ɔɑɜŮŰŬɘ ɖɚŮəŰɟɞɚɡŰɘəɐ ŮˊɘəɎɚɡɣɖ ɛŮ ɢɟɡůɧ ɞɨŰɤɠ ɩůŰŮ ɜŬ 

ɓŮɚŰɘɤɗŮɑ ɖ ŭɘɎɢɡůɖ Űɖɠ ɗŮɟɛɧŰɖŰŬɠ əŬɘ ɖ ŮˊŬűɐ ɛŮŰŬɝɨ Űɤɜ ŭɞɛɩɜ. ũɘŬ ɜŬ 

ˊɟɞůŰŬŰŮɡŰŮɑ ɞ ˊɎɜɤ əŬɗɟɏˊŰɖɠ Űɞɡ VCSEL əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ůɡɔəɧɚɚɖůɖɠ 

əŬɘ ɔɘŬ ɜŬ ɛŮɔɘůŰɞˊɞɘɖɗŮɑ Űɞ űɤɠ Űɞ ɞˊɞɑɞ ŮɘůɎɔŮŰŬɘ ůŰɖ ŭɞɛɐ Űɞɡ grating coupler, 

ɏˊɟŮˊŮ ɜŬ ŮɝŬəɟɘɓɤɗŮɑ Űɞ ɓɏɚŰɘůŰɞ ɨɣɞɠ Űɤɜ ŮˊɘűŬɜŮɘɩɜ ŮˊŬűɐɠ ɞɘ ɞˊɞɑŮɠ 

ˊɟɞəɨˊŰɞɡɜ ɛŮ ɖɚŮəŰɟɞɚɡŰɘəɐ ŮˊɘəɎɚɡɣɖ. ɋɠ Ŭɟɢɘəɐ Űɘɛɐ ŮˊɘɚɏɢɗɖəŮ ɖ ŬˊɧůŰŬůɖ 

ɛŮŰŬɝɨ Űɞɡ ˊɎɜɤ əŬɗɟɏˊŰɖ əŬɘ Űɤɜ ˊɎɜɤ ŮˊɘűŬɜŮɘɩɜ ŮˊŬűɐɠ (ȹh) ɜŬ ŮɑɜŬɘ 300 nm 

əŬɘ -300 nm ɔɘŬ Űɘɠ ŭɘŬűɞɟŮŰɘəɏɠ ůɡůəŮɡɏɠ ɧˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɖɜ ˊŬɟŬəɎŰɤ 

ŮɘəɧɜŬ.  

12. ȺɝɎŰɛɘůɖ Űɞɡ ˊɎɜɤ DBR: ɄɏɜŰŮ ɕŮɨɔɖ AlF3/ZnS ɡɚɞˊɞɘɞɨɜŰŬɘ ɛŮ 

ŬɜŬəɚŬůŰɘəɧŰɖŰŬ əɞɜŰɎ ůŰɞ 99.4%.  

ȷəɞɚɞɡɗɩɜŰŬɠ Űɖ ŭɘŬŭɘəŬůɑŬ ˊɞɡ ɛɧɚɘɠ ˊŮɟɘɔɟɎűɖəŮ, Űɞ TUM ŬɜɏˊŰɡɝŮ Űɖɜ ˊɟɩŰɖ 

ɔŮɜɘɎ VCSEL əŬɘ ůɡůŰɞɘɢɘɩɜ VCSEL. ɀɘŬ ŮɘəɧɜŬ Űɖɠ ŭɞɛɐɠ Ŭˊɧ ɞˊŰɘəɧ 
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ɛɘəɟɞůəɧˊɘɞ, ɧˊɤɠ Ůˊɑůɖɠ əŬɘ ɛɘŬ ůɢɖɛŬŰɘəɐ ŭɘŬŰɞɛɐ Űɞɡ ŰŮɚɘəɞɨ VCSEL ŭɑɜɞɜŰŬɘ 

ůŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ. 

 

ȺɘəɧɜŬ 23: (Ŭ) ɄɟɩŰɖ ɔŮɜɘɎ ɛɞɜɩɜ VCSEL ɧˊɤɠ űŬɑɜɞɜŰŬɘ Ŭˊɧ ɏɜŬ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ, (ɓ) 

ůɢɖɛŬŰɘəɧ Űɖɠ ŭɘŬŰɞɛɐɠ Űɞɡ ŰŮɚɘəɞɨ VCSEL. 

2.4 ɀɘəɟɞəɡɛŬŰɘəɧɠ ɘŭɘɧŰɖŰŮɠ ŭɞɛɩɜ VCSEL 

ɆŰŬ ˊɚŬɑůɘŬ Űɞɡ ůɡɜɞɚɘəɞɨ ɢŬɟŬəŰɖɟɘůɛɞɨ Űɤɜ ŭɞɛɩɜ VCSELs, ˊɏɟŬ Ŭˊɧ Űɘɠ 

ɛŮŰɟɐůŮɘɠ ɔɘŬ Űɘɠ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ LIV  əŬɛˊɨɚŮɠ əŬɘ Űɘɠ ɛŮŰɟɐůŮɘɠ ɔɘŬ Űɖɜ ˊɞɚɤŰɘəɐ 

Űɞɡɠ ůɡɛˊŮɟɘűɞɟɎ ɞɘ ɞˊɞɑŮɠ əŬɘ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŮ ŮˊɧɛŮɜɞ əŮűɎɚŬɘɞ, ɞ 

ɟŬŭɘɞəɡɛŬŰɘəɧɠ ɢŬɟŬəŰɖɟɘůɛɧɠ ŮɑɜŬɘ Ɏɚɚɖ ɛɘŬ ɛɏŰɟɖůɖ ɖ ɞˊɞɑŬ ˊɟɞůűɏɟŮɘ 

ŮɝŬɘɟŮŰɘəɎ ůɖɛŬɜŰɘəɐ ˊɚɖɟɞűɞɟɑŬ ɔɘŬ Űɘɠ ŭɞɛɏɠ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, əŮɜŰɟɘəɧ ɟɧɚɞ 

ůŰɖ ŭɘŬŭɘəŬůɑŬ Űɞɡ ɟŬŭɘɞəɡɛŬŰɘəɞɨ ɢŬɟŬəŰɖɟɘůɛɞɨ ɛɘŬɠ ŭɞɛɐɠ ˊŬɑɕɞɡɜ ɞɘ 

ˊŬɟɎɛŮŰɟɞɘ ůəɏŭŬůɖɠ (scattering-parameters) ɞɘ ɞˊɞɑŮɠ ˊŮɟɘɔɟɎűɞɡɜ Űɖɜ ɖɚŮəŰɟɘəɐ 

ůɡɛˊŮɟɘűɞɟɎ ɔɟŬɛɛɘəɩɜ ɖɚŮəŰɟɘəɩɜ ŭɘəŰɨɤɜ ɧŰŬɜ ŬɡŰɎ ŭɘŮɔŮɑɟɞɜŰŬɘ Ŭˊɧ ɖɚŮəŰɟɘəɎ 

ůɐɛŬŰŬ [2.24]. Ʉɞɚɚɏɠ ɖɚŮəŰɟɘəɏɠ ɘŭɘɧŰɖŰŮɠ ŭɞɛɩɜ ɛˊɞɟɞɨɜ ɜŬ ˊŮɟɘɔɟŬűɞɨɜ ɛŮ Űɖ 

ɢɟɐůɖ  Űɤɜ s- ˊŬɟŬɛɏŰɟɤɜ ɧˊɤɠ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ Űɞ əɏɟŭɞɠ, ɞɘ ŬˊɩɚŮɘŮɠ ŮˊɘůŰɟɞűɐɠ, 

Űɞ VSWR (voltage standing wave ratio), ɞ ůɡɜŰŮɚŮůŰɐɠ ŬɜɎəɚŬůɖɠ əŬɘ ɖ 

ůŰŬɗŮɟɧŰɖŰŬ Ůɜɧɠ ŮɜɘůɢɡŰɐ. Ƀ ɧɟɞɠ óůəɏŭŬůɖô ŬɜŬűɏɟŮŰŬɘ ůŰɞ űŬɘɜɧɛŮɜɞ ˊɞɡ 

ˊŬɟŬŰɖɟŮɑŰŬɘ ɧŰŬɜ ɏɜŬ ŮˊɑˊŮŭɞ ɖɚŮəŰɟɞɛŬɔɜɖŰɘəɧ əɨɛŬ ˊɟɞůˊɑˊŰŮɘ ůŮ ɏɜŬ Ůɛˊɧŭɘɞ ɐ 

ŭɘɏɟɢŮŰŬɘ Ŭˊɧ ŭɘŬűɞɟŮŰɘəɎ ŭɘɖɚŮəŰɟɘəɎ ɛɏůŬ. ɆŰŬ ˊɚŬɑůɘŬ Űɤɜ s-ˊŬɟŬɛɏŰɟɤɜ, ɖ 

ůəɏŭŬůɖ ŬűɞɟɎ ůŰɞɜ Űɟɧˊɞ ɛŮ Űɞɜ ɞˊɞɑɞ ɏɜŬ ŭɘŬŭɘŭɧɛŮɜɞ ɟŮɨɛŬ ɐ ɛɘŬ ŭɘŬŭɘŭɧɛŮɜɖ 

ŰɎůɖ ŮˊɖɟŮɎɕŮŰŬɘ ɧŰŬɜ ŰŬɝɘŭŮɨŮɘ ůŮ ɛɘŬ ɔɟŬɛɛɐ ɛŮŰŬűɞɟɎɠ Ŭˊɧ ɛɘŬ ŬůɡɜɏɢŮɘŬ ˊɞɡ 

ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɞ ůɨůŰɖɛŬ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Ůɜɧɠ ŭɑɗɡɟɞɡ ůɡůŰɐɛŬŰɞɠ, ɞɘ s- 

ˊŬɟɎɛŮŰɟɞɑ Űɞɡ ɛˊɞɟɞɨɜ ɜŬ ŬɜŬˊŬɟŬůŰŬɗɞɨɜ ůŮ ɏɜŬ ŭɘɎɔɟŬɛɛŬ Smith. ɇɞ 

ŭɘɎɔɟŬɛɛŬ ŬɡŰɧ ɢɟɖůɘɛɞˊɞɘŮɑ ˊɞɚɘəɏɠ ůɡɜŰŮŰŬɔɛɏɜŮɠ ɔɘŬ ɜŬ ŬˊɞŰɡˊɩůŮɘ Űɘɠ s- 

ˊŬɟŬɛɏŰɟɞɡɠ Űɞɡ ŭɑɗɡɟɞɡ.  

ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ŮɑɜŬɘ ŭɡɜŬŰɐ ŬɡŰɞɨ Űɞɡ Űɨˊɞɡ ɖ ɛɏŰɟɖůɖ, ŬˊŬɘŰŮɑŰŬɘ Ůɘŭɘəɧɠ 

Ůɝɞˊɚɘůɛɧɠ ɞ ɞˊɞɑɞɠ ˊŮɟɘɔɟɎűŮŰŬɘ ˊŬɟŬəɎŰɤ. ɆɡɔəŮəɟɘɛɏɜŬ ˊŮɟɘɔɟɎűŮŰŬɘ ɖ 

ɖɚŮəŰɟɞ-ɞˊŰɘəɐ ˊŮɘɟŬɛŬŰɘəɐ ŭɘɎŰŬɝɖ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŮ ůŰɞ ȺɟɔŬůŰɐɟɘɞ ūɤŰɞɜɘəɩɜ 

Ⱥˊɘəɞɘɜɤɜɘɩɜ ɖ ɞˊɞɑŬ ŮˊɘŰɟɏˊŮɘ ɟŬŭɘɞəɡɛŬŰɘəɏɠ ɛŮŰɟɐůŮɘɠ ɛɏɢɟɘ əŬɘ ŰŬ 40 GHz. 

ɆŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ ŬˊɞŰɡˊɩɜɞɜŰŬɘ: ɞ ɟŬŭɘɞəɡɛŬŰɘəɧɠ ůŰŬɗɛɧɠ ɓɎůɖɠ (RF probe 

station) Süss PM8, ɞ 40 GHz Anritsu ȹɘŬɜɡůɛŬŰɘəɧɠ ȷɜŬɚɡŰɐɠ ȹɘəŰɨɞɡ (Vector 

Network Analyzer- VNA) əŬɘ Űɞ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ. Ƀ VNA ŮɑɜŬɘ Űɞ ɧɟɔŬɜɞ ŮəŮɑɜɞ 

ˊɞɡ ɛŮŰɟɎŮɘ Űɘɠ s- ˊŬɟŬɛɏŰɟɞɡɠ Űɖɠ ŭɞɛɐɠ əŬɘ Űɘɠ ŬˊɞŰɡˊɩɜŮɘ ůŮ ɏɜŬ ŭɘɎɔɟŬɛɛŬ 
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Smith [2.25]. Ƀ ɟŬŭɘɞəɡɛŬŰɘəɧɠ ůŰŬɗɛɧɠ ɓɎůɖɠ ɛˊɞɟŮɑ ɜŬ űɘɚɞɝŮɜɐůŮɘ chips ɐ 

wafers ɛŮ ŭɘɎɛŮŰɟɞ ɤɠ əŬɘ 8 ɑɜŰůŮɠ əŬɘ ŮɑɜŬɘ ůɢŮŭɘŬůɛɏɜɞɠ Ŭˊɧ Űɞɜ əŬŰŬůəŮɡŬůŰɐ 

ŬˊɞəɚŮɘůŰɘəɎ ɔɘŬ ɟŬŭɘɞəɡɛŬŰɘəɞɨɠ ɢŬɟŬəŰɖɟɘůɛɞɨɠ. ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ɛŮŰɟɖɗɞɨɜ ɞɘ s-

ˊŬɟɎɛŮŰɟɞɘ Űɤɜ ŭɞɛɩɜ VCSEL ɞ ůŰŬɗɛɧɠ ɓɎůɖɠ ɏˊɟŮˊŮ ɜŬ ŭɘŬɛɞɟűɤɗŮɑ ɛŮ ŰɏŰɞɘɞ 

Űɟɧˊɞ ɞɨŰɤɠ ɩůŰŮ ɜŬ ŭɘŮɡəɞɚɡɜɗŮɑ ɖ ɖɚŮəŰɟɞ-ɞˊŰɘəɐ Űɞɡ ɚŮɘŰɞɡɟɔɘəɧŰɖŰŬ.  

ɇŬ ŭŮɑɔɛŬŰŬ Űɤɜ VCSELs ŰɞˊɞɗŮŰɞɨɜŰŬɘ ˊɎɜɤ ůŰɞ ůűɘɔəŰɐɟŬ əŮɜɞɨ (vacuum chuck) 

ŭɘŬɛɏŰɟɞɡ 8 ɘɜŰůɩɜ əŬɘ ˊɟɞůŮɔɔɑɕɞɜŰŬɘ ɖɚŮəŰɟɘəɎ ɛɏůɤ Ůɜɧɠ Ůɘŭɘəɞɨ Ŭəɟɞűɡůɑɞɡ 

(probe tip) ɛŮ ŭɘɎŰŬɝɖ GSG əŬɘ ŬˊɧůŰŬůɖ 100 ɛm. ɄɟɞəŮɘɛɏɜɞɡ ŰŬ VCSELs ɜŬ 

ɞŭɖɔɞɨɜŰŬɘ ˊɎɜɤ Ŭˊɧ Űɞ əŬŰɩűɚɘ ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡɠ (lasing threshold), 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɏɜŬ ŰɟɞűɞŭɞŰɘəɧ ŰɎůɖɠ ŬəɟɘɓŮɑŬɠ. ɇɞ ɟŬŭɘɞəɡɛŬŰɘəɧ ůɐɛŬ ˊɞɡ 

ˊŬɟɎɔŮŰŬɘ Ŭˊɧ Űɞɜ VNA ɡˊŮɟŰɑɗŮŰŬɘ ůŰɞ DC ůɐɛŬ Űɞɡ ŰɟɞűɞŭɞŰɘəɞɨ  ɛŮ Űɖ ɢɟɐůɖ 

Ůɜɧɠ bias-T Űɞ ɞˊɞɑɞ ŮˊɘŰŮɚŮɑ Ŭəɟɘɓɩɠ ŬɡŰɐ Űɖ ŭɘŮɟɔŬůɑŬ ŭɖɚŬŭɐ ɡˊŮɟɗɏŰŮɘ AC əŬɘ 

DC ůɐɛŬŰŬ. ɇɞ ɟŬŭɘɞəɡɛŬŰɘəɧ probe tip ůɡɜŭɏŮŰŬɘ ůŰɖ ɗɨɟŬ 1 Űɞɡ VNA ɛɏůɤ Ůɜɧɠ 

40 GHz ɞɛɞŬɝɞɜɘəɞɨ əŬɚɤŭɑɞɡ. ȺˊɘˊɟɧůɗŮŰŬ, Űɞ ɟŬŭɘɞəɡɛŬŰɘəɧ probe tip ůɡɜŭɏŮŰŬɘ 

ɛɖɢŬɜɘəɎ ɛŮ ɏɜŬ ɢŮɘɟɞəɑɜɖŰɞ ɟɡɗɛɘůŰɐ ɗɏůɖɠ (positioner) ɞ ɞˊɞɑɞɠ ŭɘŬɗɏŰŮɘ ŬəɟɑɓŮɘŬ 

ɡˊɧ Űɞɡ ɛɘəɟɞɨ (submicron) ɛɏůɤ Ůɜɧɠ ŮɘŭɘəɎ ŭɘŬɛɞɟűɤɛɏɜɞɡ ɓɟŬɢɑɞɜŬ. ȼ Ŭəɟɘɓɐɠ 

ŮɡɗɡɔɟɎɛɛɘůɖ Űɞɡ probe tip ɛŮ Űɖɜ ŮˊɘűɎɜŮɘŬ ŮˊŬűɐɠ Űɞɡ ˊɟɞɠ-ɛɏŰɟɖůɖ ŭŮɑɔɛŬŰɞɠ 

(VCSEL) ɔɑɜŮŰŬɘ ɛŮ Űɖ ɓɞɐɗŮɘŬ Ůɜɧɠ ɞˊŰɘəɞɨ ɛɘəɟɞůəɞˊɑɞɡ. ũɘŬ ɜŬ ɡˊɎɟɢŮɘ ˊɚɖɗɩɟŬ 

Ůˊɘɚɞɔɩɜ ŬɜŬɚɧɔɤɠ ɛŮ Űɖɜ ˊŮɟɑˊŰɤůɖ ɛɏŰɟɖůɖɠ, Űɞ ɛɘəɟɞůəɧˊɘɞ ŮɝɞˊɚɑůŰɖəŮ ɛŮ ɛɘŬ 

ˊɞɘəɘɚɑŬ ŬɜŰɘəŮɘɛŮɜɘəɩɜ űŬəɩɜ ɛɏůɤ Űɤɜ ɞˊɞɑɤɜ ŮˊɘŰɡɔɢɎɜɞɜŰŬɜ ɛŮɔŮɗɨɜůŮɘɠ Űɖɠ 

ŰɎɝɖɠ Űɞɡ 10x ɏɤɠ 50x.  

 

ȺɘəɧɜŬ 24: ȼ ˊŮɘɟŬɛŬŰɘəɐ ŭɘɎŰŬɝɖ ˊɞɡ ˊŮɟɘɔɟɎűɖəŮ ˊŬɟŬˊɎɜɤ. ɆŰɖɜ ŮɘəɧɜŬ űŬɑɜɞɜŰŬɘ: ɞ 
ɟŬŭɘɞəɡɛŬŰɘəɧɠ ůŰŬɗɛɧɠ ɓɎůɖɠ, Űɞ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ əŬɘ ɞ ŭɘŬɜɡůɛŬŰɘəɧɠ ŬɜŬɚɡŰɐɠ ŭɘəŰɨɞɡ 

(VNA). 
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ɇɞ ɞˊŰɘəɧ ůɐɛŬ ůɡɚɚɏɔŮŰŬɘ ůŰɖɜ ɏɝɞŭɞ Űɞɡ VCSEL ɛɏůɤ lensed ɞˊŰɘəɐɠ ɑɜŬɠ ɖ 

ɞˊɞɑŬ ŮɑɜŬɘ ˊɟɞůŭŮɛɏɜɖ ůŮ ɛɘŬ ˊɟɞůŬɟɛɞůɛɏɜɖ ɓɎůɖ ůŰɐɟɘɝɖɠ ɞˊŰɘəɐɠ ɑɜŬɠ (optical 

fiber holder). ȼ ɓɎůɖ ůŰɐɟɘɝɖɠ ŰɞˊɞɗŮŰɐɗɖəŮ ůŮ ɏɜŬ ɟɡɗɛɘůŰɐ ɗɏůɖɠ ŬəɟɘɓŮɑŬɠ 

submicron ɛɏůɤ Ůɜɧɠ ɓɟŬɢɑɞɜŬ əŬɘ ɛɘŬɠ əŬŰɎɚɚɖɚɖɠ ɛɖɢŬɜɘəɐɠ ŭɘŮˊŬűɐɠ ɖ ɞˊɞɑŬ 

ůɢŮŭɘɎůŰɖəŮ ad hoc.ɧˊɤɠ ŭɘŬɛɞɟűɩɗɖəŮ ɖ ŭɘɎŰŬɝɖ ŬɡŰɐ, ŮˊɘŰɟɏˊŮɘ Űɖɜ ɞɟɘɕɧɜŰɘŬ əŬɘ 

əɎɗŮŰɖ ˊɟɞůŬɟɛɞɔɐ Űɖɠ ɑɜŬɠ ˊɎɜɤ Ŭˊɧ Űɞ VCSEL ɧˊɤɠ Ůˊɑůɖɠ əŬɘ Űɖɜ ˊɟɞůŬɟɛɞɔɐ 

Űɖɠ ɔɤɜɑŬɠ Űɖɠ ɑɜŬɠ ɤɠ ˊɟɞɠ Űɖɜ əɎɗŮŰɖ ɗɏůɖ ŮˊɘŰɟɏˊɞɜŰŬɠ əŬɘ Űɖ ɛɏŰɟɖůɖ Ɏɚɚɤɜ 

ɞˊŰɘəɩɜ ŭɞɛɩɜ ˊɏɟŬɜ Űɤɜ VCSELs ɧˊɤɠ ˊ.ɢ. grating couplers. ȼ ůɤůŰɐ ɢɤɟɞɗɏŰɖůɖ 

Űɖɠ ɑɜŬɠ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛŮŰɟɩɜŰŬɠ Űɖɜ ɞˊŰɘəɐ ɘůɢɨ Ůɝɧŭɞɡ Űɞɡ VCSEL. ũɘŬ ŭŮŭɞɛɏɜŮɠ 

Űɘɛɏɠ ɟŮɨɛŬŰɞɠ ɏɔɢɡůɖɠ, Űɞ ůɖɛŮɑɞ ůŰɞ ɞˊɞɑɞ ɖ ɘůɢɨɠ Ůɝɧŭɞɡ ɛŮɔɘůŰɞˊɞɘŮɑŰŬɘ ŮɑɜŬɘ Űɞ 

ɓɏɚŰɘůŰɞ ůɖɛŮɑɞ ŰɞˊɞɗɏŰɖůɖɠ Űɖɠ ɑɜŬɠ. ɇɞ ůɡɚɚŮɔɛɏɜɞ ɞˊŰɘəɧ ůɐɛŬ ŮɘůɎɔŮŰŬɘ ůŮ ɛɘŬ 

50 GHz űɤŰɞŭɑɞŭɞ ɖ ɞˊɞɑŬ əŬɘ ůɡɜŭɏŮŰŬɘ ɛŮ Űɖ ɗɨɟŬ 2 Űɞɡ VNA ˊɟɞəŮɘɛɏɜɞɡ ɜŬ 

ŮɑɜŬɘ ŭɡɜŬŰɐ ɖ ɛɏŰɟɖůɖ Űɖɠ s21 ́ ŬɟŬɛɏŰɟɞɡ. ȼ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ ŬˊɞŰɡˊɩɜŮɘ ɛɘŬ ˊɘɞ 

əɞɜŰɘɜɐ Ɏˊɞɣɖ Űɞɡ VCSEL chip ˊɎɜɤ ůŰɞ ůűɘɔəŰɐɟŬ əŮɜɞɨ (vacuum chuck), ɛŬɕɑ ɛŮ 

Űɞ ɟŬŭɘɞəɡɛŬŰɘəɧ probe tip əŬɘ Űɖɜ ɑɜŬ.  

 

ȺɘəɧɜŬ 25: ȾɞɜŰɘɜɐ Ɏˊɞɣɖ Űɞɡ (Ŭ) ɟŬŭɘɞəɡɛŬŰɘəɞɨ probe tip əŬɘ (ɓ) Űɖɠ ˊɟɞůŬɟɛɞůɛɏɜɖɠ ɓɎůɖɠ 

ůŰɐɟɘɝɖɠ Űɖɠ ɞˊŰɘəɐɠ ɑɜŬɠ.  

ɆŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ ɓɚɏˊɞɡɛŮ Űɞɜ Űɟɧˊɞ ɛŮ Űɞɜ ɞˊɞɑɞ Űɞ ɟŬŭɘɞəɡɛŬŰɘəɧ probe tip 

ɏɟɢŮŰŬɘ ůŮ ŮˊŬűɐ ɛŮ Űɞ ŮɝŮŰŬɕɧɛŮɜɞ chip, ɧˊɤɠ Ůˊɑůɖɠ əŬɘ Űɖɜ Ɏˊɞɣɖ ɛɏůŬ Ŭˊɧ Űɞ 

ɛɘəɟɞůəɧˊɘɞ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ŮɡɗɡɔɟɎɛɛɘůɖɠ Űɞɡ probe tip ɛŮ Űɘɠ ŮˊɘűɎɜŮɘŮɠ 

ŮˊŬűɐɠ Űɤɜ ŭɞɛɩɜ VCSEL.  

 

ȺɘəɧɜŬ 26: (Ŭ) ȼ ŮˊŬűɐ Ůɜɧɠ GSG probe tip ɛŮ Űɞ chip Űɤɜ VCSELs əŬɘ (ɓ) Űɞ ɟŬŭɘɞəɡɛŬŰɘəɧ probe 

tip əŬɘ Űɞ chip ɛŮ VCSELs ɧˊɤɠ űŬɑɜŮŰŬɘ ɛɏůŬ Ŭˊɧ Űɞ ɛɘəɟɞůəɧˊɘɞ. 

ɄɟɞəŮɘɛɏɜɞɡ ɖ ɛɏŰɟɖůɖ Űɤɜ s- ˊŬɟŬɛɏŰɟɤɜ ɜŬ ŮɑɜŬɘ ŬɝɘɧˊɘůŰɖ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɞ ɜŬ 

ŭɘŮɜŮɟɔɖɗŮɑ ˊɟɞůŮəŰɘəɐ ɓŬɗɛɞɜɧɛɖůɖ (calibration) ɔɘŬ ɜŬ ŮɝŬɚŮɘűɗɞɨɜ ŰŬ ɚɎɗɖ ŰŬ 
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ɞˊɞɑŬ ŮɘůɎɔɞɜŰŬɘ ɛŮ ůɡůŰɖɛŬŰɘəɧ Űɟɧˊɞ Ŭˊɧ Űɞ ɛŮŰɟɞɨɛŮɜɞ ůɨůŰɖɛŬ, əŬɗɩɠ əŬɘ ɜŬ 

ŬˊŬɚŮɘűɗŮɑ ɖ ɡˊɞɓɎɗɛɘůɖ ˊɞɡ ŮɘůɎɔŮŰŬɘ Ŭˊɧ ɎɚɚŮɠ ŭɞɛɏɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ ˊɏɟŬ Ŭˊɧ 

Űɖɜ ŮɝŮŰŬɕɧɛŮɜɖ ŭɞɛɐ (device under test). ɇɡˊɘəɎ ɚɎɗɖ əŬŰɎ Űɖ ɛɏŰɟɖůɖ  ɛˊɞɟŮɑ ɜŬ 

Ŭˊɞŭɞɗɞɨɜ ůŮ ŬŰɏɚŮɘŮɠ ˊɞɡ Ŭűɞɟɞɨɜ ůŰɖɜ əŬŰŮɡɗɡɜŰɘəɧŰɖŰŬ Űɤɜ ůɡɕŮɡəŰɩɜ ŮɜŰɧɠ 

Űɞɡ VNA əŬɘ ɚɎɗɖ ˊɞɡ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɘɠ ŬɜŬəɚɎůŮɘɠ ɛŮŰŬɝɨ Űɖɠ ɗɨɟŬɠ Űɞɡ VNA 

ˊɞɡ ůŰɏɚɜŮɘ Űɞ ɟŬŭɘɞəɡɛŬŰɘəɧ ůɐɛŬ əŬɘ Űɤɜ ɡˊɧ ŮɝɏŰŬůɖ ŭŮɘɔɛɎŰɤɜ VCSEL. 

ȺˊɘˊɟɧůɗŮŰŬ, ŰŬ ɟŬŭɘɞəɡɛŬŰɘəɎ əŬɚɩŭɘŬ ŮɘůɎɔɞɡɜ ŮɝŬůɗɏɜɘůɖ ůŰɖɜ ˊŮɘɟŬɛŬŰɘəɐ 

ŭɘɎŰŬɝɖ, ɢɟɞɜɘəɐ əŬɗɡůŰɏɟɖůɖ əŬɘ ůŰɟɞűɐ űɎůɖɠ ŮˊɖɟŮɎɕɞɜŰŬɠ ůɖɛŬɜŰɘəɎ Űɘɠ 

ɛŮŰɟɐůŮɘɠ Űɞɡ VNA. ȼ ɓŬɗɛɞɜɧɛɖůɖ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɓŬůɑɕŮŰŬɘ ůŮ ɛɘŬ ŰŮɢɜɘəɐ ˊɞɡ 

ɞɜɞɛɎɕŮŰŬɘ ŭɘɧɟɗɤůɖ ůűɎɚɛŬŰɞɠ ŭɘŬɜɨůɛŬŰɞɠ (vector error correction) ɧˊɞɡ ŰŬ 

ůɡůŰɖɛŬŰɘəɎ ůűɎɚɛŬŰŬ ɛɘŬɠ ɛɏŰɟɖůɖɠ ŮɝŬɚŮɑűɞɜŰŬɘ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɛɘŬ 

ůɡɔəŮəɟɘɛɏɜɖ ŬɚɚɖɚɞɡɢɑŬ ŭɘŬŭɘəŬůɘɩɜ.  

ɈˊɎɟɢɞɡɜ ŭɘɎűɞɟɞɘ Ŭɚɔɧɟɘɗɛɞɘ ɓŬɗɛɞɜɧɛɖůɖɠ ɞɘ ɞˊɞɑɞɘ ɛˊɞɟɞɨɜ ɜŬ ŮűŬɟɛɞůŰɞɨɜ 

Ŭˊɧ ɏɜŬɜ VNA əŬɘ ŬɜŬɚɧɔɤɠ ɛŮ Űɖ űɨůɖ Űɖɠ ɛɏŰɟɖůɖɠ ɛˊɞɟɞɨɜ ɜŬ ŮˊɘɚŮɢɗɞɨɜ 

əŬŰŬɚɚɐɚɤɠ. ũɘŬ Űɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ůɡɔəŮəɟɘɛɏɜɖɠ ɖɚŮəŰɟɞ-ɞˊŰɘəɐɠ ˊŮɘɟŬɛŬŰɘəɐɠ 

ŭɘɎŰŬɝɖɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ, ɞ Ŭɚɔɧɟɘɗɛɞɠ ɓŬɗɛɞɜɧɛɖůɖɠ (calibration) ˊɞɡ 

ŮˊɘɚɏɢɗɖəŮ ɐŰŬɜ ɞ SOLT (Short, Open, Load, Thru) ˊɞɡ ŮɑɜŬɘ ɞ ˊɘɞ Ŭˊɚɧɠ əŬɘ 

ůɡɜɐɗɖɠ Ŭɚɔɧɟɘɗɛɞɡɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ ɓŬɗɛɞɜɧɛɖůɖ ˊɟɘɜ Ŭˊɧ Űɖ ŭɘŮɜɏɟɔŮɘŬ 

ŰɏŰɞɘɞɡ Ůɑŭɞɡɠ  ɖɚŮəŰɟɞ-ɞˊŰɘəɩɜ ɛŮŰɟɐůŮɤɜ [2.26]. ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ŮűŬɟɛɞůŰŮɑ 

ɢɟŮɘɎɕŮŰŬɘ ɏɜŬɠ Ŭɟɘɗɛɧɠ Ŭˊɧ ŭɞɛɏɠ ŬɜŬűɞɟɎɠ ɧˊɤɠ ɛɘŬ ŭɞɛɐ ŬɜɞɘɢŰɞəɡəɚɩɛŬŰɞɠ, 

ɛɘŬ (open) ɓɟŬɢɡəɡəɚɩɛŬŰɞɠ (short), ɛɘŬ ŬɜŰɑůŰŬůɖ ŬəɟɘɓŮɑŬɠ Űɤɜ 50 Ohm (load) 

əŬɘ ɛɘŬ ŬˊŮɡɗŮɑŬɠ ůɨɜŭŮůɖ (through connection). ɀŮŰɎ Űɖ ɓŬɗɛɞɜɧɛɖůɖ, Űɞ ŮˊɑˊŮŭɞ 

ŬɜŬűɞɟɎɠ Űɖɠ ɛɏŰɟɖůɖɠ əŬŰŬɚɐɔŮɘ ůŰɖɜ Ůɑůɞŭɞ Űɖɠ ɛŮŰɟɞɨɛŮɜɖɠ ŭɞɛɐɠ (VCSEL) əŬɘ 

ɧɚŬ ŰŬ ůɡůŰɖɛŬŰɘəɎ ůűɎɚɛŬŰŬ ŮɝŬɚŮɑűɞɜŰŬɘ.   

 

ȺɘəɧɜŬ 27: ɇɞ ŬˊɞŰɏɚŮůɛŬ Űɖɠ ɓŬɗɛɞɜɧɛɖůɖɠ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖ SOLT ɛɏɗɞŭɞ ůŮ ɡˊɧůŰɟɤɛŬ 

ŬɜŰɑůŰŬůɖɠ 50 Ohm. ɇŬ ůŰɘɔɛɘɧŰɡˊŬ ˊɎɟɗɖəŬɜ ɛŮ ɢɟɞɜɘəɐ ŬˊɧůŰŬůɖ ɛɘŬɠ ɩɟŬɠ Űɞ ɏɜŬ Ŭˊɧ Űɞ Ɏɚɚɞ. 

ȷˊɩɚŮɘŮɠ ŮˊɘůŰɟɞűɐɠ (return loss) Űɖɠ ŰɎɝɖɠ Űɤɜ 30 dB ˊŬɟŬŰɖɟɐɗɖəŬɜ ůŮ ɧɚŮɠ Űɘɠ ˊŮɟɘˊŰɩůŮɘɠ.  

2.5 ūɤŰɞŭɑɞŭɞɘ əɡɛŬŰɞŭɖɔɞɨ  

ūŮɨɔɞɜŰŬɠ Ŭˊɧ Űɞ ůɖɛŬɜŰɘəɧ əɞɛɛɎŰɘ Űɖɠ ˊɖɔɐɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ, ɏɜŬ Ɏɚɚɞ 

ˊɞɚɨ ůɖɛŬɜŰɘəɧ ůŰɞɘɢŮɑɞ ˊɎɜɤ ůŮ ɏɜŬ ŮɜŮɟɔɧ ɞˊŰɘəɧ əŬɚɩŭɘɞ ŮɑɜŬɘ ɖ űɤŰɞŭɑɞŭɞɠ. 

ɆŰŬ ˊɚŬɑůɘŬ ŬɡŰɎ ɚɞɘˊɧɜ ŮˊɘɚɏɢɗɖəŮ ɛɘŬ űɤŰɞŭɑɞŭɞɠ əɡɛŬŰɞŭɖɔɞɨ ɜŬ ŮɑɜŬɘ ŮəŮɑɜɖ ɖ 

ɞˊɞɑŬ ɗŬ ŬˊɞŰŮɚɏůŮɘ Űɞɜ ŭɏəŰɖ Űɖɠ ŭɞɛɐɠ [2.27], [2.28]. ɆŮ ŬɜŰɑɗŮůɖ ɛŮ Űɘɠ 

űɤŰɞŭɘɧŭɞɡɠ ŮˊɘűŬɜŮɑŬɠ (surface photodiodes) ˊɞɡ űɤŰɑɕɞɡɜ ɛŮ əɎɗŮŰɞ Űɟɧˊɞ, ɛɘŬ 

ˊɟɞůɏɔɔɘůɖ ɞɚɞəɚɖɟɤɛɏɜɞɡ əɡɛŬŰɞŭɖɔɞɨ ŮˊɘŰɟɏˊŮɘ Űɖ ɕŮɨɝɖ Űɞɡ űɤŰɧɠ ɛŮ ŮˊɑˊŮŭɞ 

Űɟɧˊɞ ůŰɖ űɤŰɞŭɑɞŭɞ. ɀɘŬ Űɡˊɘəɐ ɞɚɞəɚɖɟɤɛɏɜɖ űɤŰɞŭɑɞŭɞɠ əɡɛŬŰɞŭɖɔɞɨ űŬɑɜŮŰŬɘ 

ůŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ əŬɘ űɏɟŮɘ ɏɜŬ əɡɛŬŰɞŭɖɔɧ ɟɎɓŭɤůɖɠ (rib-waveguide). ɇɞ űɤɠ 

Ŭˊɧ Űɞɜ əɡɛŬŰɞŭɖɔɧ ůɡɕŮɡɔɜɨŮŰŬɘ Ŭˊɧ Űɖɜ əŬŰɩŰŮɟɖ ˊɚŮɡɟɎ ůŰɖ ůŰɟɩɛŬ 
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Ŭˊɞɟɟɧűɖůɖɠ ˊɞɡ ɏɢŮɘ ɏɜŬ ɛɘəɟɧ əŮɜɧ (small-gap absorption layer). ɀɘŬ ɛɞɜɞɚɘɗɘəɐ 

ŭɞɛɐ taper ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ Ůˊɑůɖɠ ůŰɖɜ Ůɑůɞŭɞ Űɞɡ əɡɛŬŰɞŭɖɔɞɨ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ 

ŬɡɝɐůŮɘ Űɖɜ ŬɜŰɞɢɐ ůŮ ˊɘɗŬɜɏɠ ŬˊɞəɚɑůŮɘɠ ůŰɖɜ ŮɡɗɡɔɟɎɛɛɘůɖ (alignment 

tolerances). ȼ ɞɚɞəɚɖɟɤɛɏɜɖ űɤŰɞŭɑɞŭɞɠ əɡɛŬŰɞŭɖɔɞɨ ˊɟɞəɟɑɜŮŰŬɘ ɤɠ ɚɨůɖ ůŮ ˊɘɞ 

ˊɟɞɢɤɟɖɛɏɜŮɠ ŭɞɛɏɠ ŭŮəŰɩɜ ɧˊɞɡ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰŮɠ ŮˊɘˊɟɧůɗŮŰŮɠ ɚŮɘŰɞɡɟɔɑŮɠ ůŰɞ 

SOI board ɧˊɤɠ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ ŬˊɞˊɞɚɡˊɚŮɝɑŬ ɛɐəɞɡɠ əɨɛŬŰɞɠ (wavelength 

demultiplexing). ɆŮ ɛɘŬ ŰɏŰɞɘŬ ŮűŬɟɛɞɔɐ Űɞ űɤɠ ůɡɕŮɡɔɜɨŮŰŬɘ Ŭˊɧ Űɖɜ ɑɜŬ ůŰɞ SOI 

chip ɛɏůɤ ɛɘŬ ɔɡɎɚɘɜɖɠ 3D ŭɘŮˊŬűɐɠ. ɀŮŰɎ Űɖɜ ŬˊɞˊɞɚɡˊɚŮɝɑŬ ɛɐəɞɡɠ əɨɛŬŰɞɠ ɖ 

ɞˊɞɑŬ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ůŰɞ SOI chip, Űɞ űɤɠ ůɡɕŮɡɔɜɨŮŰŬɘ ɛŮ ŮˊɑˊŮŭɞ Űɟɧˊɞ ůŰɖ 

űɤŰɞŭɑɞŭɞ əɡɛŬŰɞŭɖɔɞɨ. ȷɡŰɐ ɖ ŬɟɢɘŰŮəŰɞɜɘəɐ ŬˊɚɞˊɞɘŮɑ əŬŰɎ ˊɞɚɨ Űɞ ůɢɏŭɘɞ Űɞɡ 

ŭɏəŰɖ ůŮ ůɨɔəɟɘůɖ ɛŮ ɛɘŬ ˊɟɞůɏɔɔɘůɖ əɎɗŮŰɖɠ ůɨɕŮɡɝɖɠ. Ƀ əɨɟɘɞɠ ɚɧɔɞɠ ŬɡŰɐɠ Űɖɠ 

Ŭˊɚɞˊɞɑɖůɖɠ ůɡɜɑůŰŬŰŬɘ ůŰɖɜ ŮɝɎɟŰɖůɖ ˊɧɚɤůɖɠ ˊɞɡ ɏɢɞɡɜ ɞɘ ŭɞɛɏɠ əɎɗŮŰɖɠ 

ůɨɕŮɡɝɖɠ ɧˊɤɠ ˊ.ɢ. ɞɘ grating couplers. ȹŮŭɞɛɏɜɖɠ Űɖɠ ůŰɞɢŬůŰɘəɐɠ əŬŰɎůŰŬůɖɠ Űɖɠ 

ˊɧɚɤůɖɠ Űɖɠ ˊɧɚɤůɖɠ Űɞɡ űɤŰɧɠ ˊɞɡ əŬŰŬűɗɎɜŮɘ ůŰɞ ŭɏəŰɖ, ůŮ ɛɘŬ ˊɟɞůɏɔɔɘůɖ 

əɎɗŮŰɖɠ ůɨɕŮɡɝɖɠ ɗŬ ɐŰŬɜ ŬˊŬɟŬɑŰɖŰɖ ɖ ɢɟɐůɖ grating couplers ŭɡɞ ŭɘŬůŰɎůŮɤɜ ɛŮ 

ŭɡɜŬŰɧŰɖŰŬ ɚŮɘŰɞɡɟɔɑŬɠ əŬɘ ůŰɞɡɠ ŭɡɞ ˊɞɚɤŰɘəɞɨɠ ɎɝɞɜŮɠ. ɇŬ ŭɡɞ ɓŬůɘəɎ 

ɛŮɘɞɜŮəŰɐɛŬŰŬ ŬɡŰɐɠ Űɖɠ ˊɟɞůɏɔɔɘůɖɠ ŮɑɜŬɘ ɧŰɘ ŬűŮɜɧɠ ɗŬ ŬɡɝɎɜɞɜŰŬɜ ůɖɛŬɜŰɘəɎ ɞɘ 

ŬˊɩɚŮɘŮɠ Űɖɠ ůɨɕŮɡɝɖɠ əŬɘ ŬűŮŰɏɟɞɡ ɗŬ ɛŮɔɎɚɤɜŮ ɖ ŬɟɢɘŰŮəŰɞɜɘəɐ Űɖɠ ŭɞɛɐɠ 

əŬŰŬɚŬɛɓɎɜɞɜŰŬɠ əŬŰô ŬɡŰɧɜ Űɞɜ Űɟɧˊɞ ˊŮɟɘůůɧŰŮɟɞ ɢɩɟɞ ˊɎɜɤ ůŰɞ chip. ũɘô ŬɡŰɧ 

ɛɘŬ ŮˊɑˊŮŭɖ űɤŰɞŭɑɞŭɞɠ əɡɛŬŰɞŭɖɔɞɨ ˊɟɞəɟɑɜŮŰŬɘ ůŮ ˊɘɞ ˊŮɟɑˊɚɞəŮɠ ŭɞɛɏɠ ɧˊɤɠ 

ůŰɖɜ ˊŮɟɑˊŰɤůɐ ɛŬɠ ɧˊɞɡ Űɞ ɡˊɧ ŬɜɎˊŰɡɝɖ ȺɜŮɟɔɧ ɃˊŰɘəɧ ȾŬɚɩŭɘɞ ɗŬ ɡɚɞˊɞɘɖɗŮɑ 

ɛŮ ɢŬɟŬəŰɖɟɘůŰɘəɎ ůɡɛɓŬŰɧŰɖŰŬɠ ɛŮ QSFP əŬɘ CXP. 

 

ȺɘəɧɜŬ 28: (Ŭ) ɇɡˊɘəɐ ɡɚɞˊɞɑɖůɖ ɛɘŬɠ űɤŰɞŭɘɧŭɞɡ əɡɛŬŰɞŭɖɔɞɨ əŬɘ (ɓ) ɞ ˊɟɞŰŮɘɜɧɛŮɜɞɠ Űɟɧˊɞɠ 

ɡɚɞˊɞɑɖůɖɠ Űɞɡ ŭɏəŰɖ ůŰɖɜ ˊŮɟɑˊŰɤůɖ ɛŬɠ ɛŮ ɢɟɐůɖ űɤŰɞŭɘɧŭɤɜ əɡɛŬŰɞŭɖɔɞɨ ɔɘŬ ůɡɛɓŬŰɧŰɖŰŬ ɛŮ 

QSFP əŬɘ CXP ȺɜŮɟɔɎ ɃˊŰɘəɎ ȾŬɚɩŭɘŬ.   

ɄɏɟŬ Ŭˊɧ Űɞ ˊɟɞűŬɜɏɠ ˊɚŮɞɜɏəŰɖɛŬ Űɤɜ űɤŰɞŭɘɧŭɤɜ əɡɛŬŰɞŭɖɔɞɨ, ŭɖɚŬŭɐ Űɖ 

ŭɡɜŬŰɧŰɖŰŬ ŮˊɑˊŮŭɖɠ ůɨɕŮɡɝɖɠ, ɞɘ ŭɞɛɏɠ ŬɡŰɏɠ ɏɢɞɡɜ ɡɣɖɚɧŰŮɟɖ Ŭˊɧəɟɘůɖ 

(responsivity) əŬɗɩɠ əŬɘ ɡɣɖɚɧŰŮɟɞ ɖɚŮəŰɟɞ-ɞˊŰɘəɧ Ůɨɟɞɠ ɕɩɜɖɠ ůŮ ůɨɔəɟɘůɖ ɛŮ Űɘɠ 
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űɤŰɞŭɘɧŭɞɡɠ űɤŰɘɕɧɛŮɜɖɠ ŮˊɘűŬɜŮɑŬɠ (surface-illuminating photodiodes). 

ȺˊɘˊɟɧůɗŮŰŬ, ɛɘŬ ˊɞɚɨ ůɖɛŬɜŰɘəɐ ɘŭɘɧŰɖŰŬ Űɤɜ űɤŰɞŭɘɧŭɤɜ əɡɛŬŰɞŭɖɔɞɨ ŮɑɜŬɘ ɖ 

ůɡɛɓŬŰɧŰɖŰɎ Űɞɡɠ ɛŮ ŰŬ Silicon Photonics. Ƀɘ űɤŰɞŭɑɞŭɞɘ əɡɛŬŰɞŭɖɔɞɨ ˊɞɡ 

ɓŬůɑɕɞɜŰŬɘ ůŮ ŬɜɎˊŰɡɝɖ ũŮɟɛŬɜɑɞɡ (Ge-grown) ˊɎɜɤ ůŮ ɜŬɜɞűɤŰɞɜɘəɞɨɠ 

əɡɛŬŰɞŭɖɔɞɨɠ ˊɡɟɘŰɑɞɡ ɏɢɞɡɜ ŭŮɘɢɗŮɑ əŬŰô ŮɝŬəɞɚɞɨɗɖůɖ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ, 

ˊŮŰɡɢŬɑɜɞɜŰŬɠ Ůɨɟɞɠ ɕɩɜɖɠ 40 Gb/s ɛŮ Ŭˊɧəɟɘůɖ 1 A/W [2.29], [2.30].   

2.5.1 ȷɟɢɘəɧɠ ůɢŮŭɘŬůɛɧɠ Űɤɜ űɤŰɞŭɘɧŭɤɜ əɡɛŬŰɞŭɖɔɞɨ 

ɇɞ ȽɜůŰɘŰɞɨŰɞ HHI ůŰɖ ũŮɟɛŬɜɑŬ, ˊŬɟŮɑɢŮ Űɞ foundry Űɞɡ əŬɘ ůɡɔəŮəɟɘɛɏɜŬ MPW 

(Multi -Project Wafer) runs ɛɏůŬ ůŮ ŬɡŰɧ, ůŮ ŭɘɎűɞɟɞɡɠ űɞɟŮɑɠ ɛŮ ůəɞˊɧ Űɖ 

ɛɞɜɞɚɘɗɘəɐ ŬɜɎˊŰɡɝɖ ɞɚɞəɚɖɟɤɛɏɜɤɜ ŭɞɛɩɜ ˊɎɜɤ ůŮ ˊɚŬŰűɧɟɛŬ InP ůŰŬ ˊɚŬɑůɘŬ 

ɛɘŬ ŮɡɟɤˊŬɥəɐɠ ˊɟɞůˊɎɗŮɘŬɠ ɔɘŬ Űɞɜ ˊɞɚɚŬˊɚŬůɘŬůɛɧ Űɤɜ ŭɡɜŬŰɞŰɐŰɤɜ əŬŰŬůəŮɡɐɠ 

űɤŰɞɜɘəɩɜ ŭɞɛɩɜ [2.31]. ɀŮ Űɖɜ ŮɡəŬɘɟɑŬ ŬɡŰɐ, ůɢŮŭɘɎůŰɖəŮ ɛɘŬ ˊɟɩŰɖ ɛɎůəŬ Ŭˊɧ 

Űɞ ȺūȺ ɛŮ ŭɞɛɏɠ űɤŰɞŭɘɧŭɤɜ ŮˊɑˊŮŭɞɡ əɡɛŬŰɞŭɖɔɞɨ (in-plane waveguide 

photodiodes) ˊɟɞəŮɘɛɏɜɞɡ ůŰɖ ůɡɜɏɢŮɘŬ ɜŬ ŭɞəɘɛŬůŰɞɨɜ ɤɠ ˊɟɞɠ Űɖɜ əŬŰŬɚɚɖɚɧŰɖŰɎ 

Űɞɡɠ ɔɘŬ ɢɟɐůɖ ůŰɞ ɡˊɧ ŬɜɎˊŰɡɝɖ ȺɜŮɟɔɧ ɃˊŰɘəɧ ȾŬɚɩŭɘɞ. H ůɢŮŭɘŬůŰɘəɐ 

ɓɘɓɚɘɞɗɐəɖ Űɞɡ HHI ˊŬɟŮɑɢŮ ɧɚŬ ŰŬ ŬˊŬɟŬɑŰɖŰŬ ŭɞɛɘəɎ ůŰɞɘɢŮɑŬ ˊɟɞəŮɘɛɏɜɞɡ ɞɘ 

űɤŰɞŭɑɞŭɞɘ ˊɞɡ ɗŬ əŬŰŬůəŮɡŬůŰɞɨɜ ɜŬ ŮɑɜŬɘ ˊɚɐɟɤɠ ůɡɛɓŬŰɞɑ ɛŮ Űɘɠ ůɢŮŭɘŬůŰɘəɏɠ 

ŬˊŬɘŰɐůŮɘɠ Űɞɡ foundry. Ƀɘ ɛɎůəŮɠ ɞɘ ɞˊɞɑŮɠ əŬŰŬůəŮɡɎůŰɖəŬɜ űŬɑɜɞɜŰŬɘ ůŰɖɜ 

ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ.   

 

ȺɘəɧɜŬ 29: ɆɢŮŭɘŬůŰɘəɐ ŬˊŮɘəɧɜɘůɖ Űɤɜ chip ɛŮ Űɘɠ űɤŰɞŭɘɧŭɞɡɠ. (Ŭ) ɀɖ Ůɜɘůɢɡɛɏɜɞɘ ŭɏəŰŮɠ əŬɘ (ɓ) 

ŭɏəŰŮɠ ɛŮ ˊɟɞ-Ůɜɑůɢɡůɖ. 

ȾŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɞɡ ůɢŮŭɘŬůɛɞɨ Űɤɜ ɛŬůəɩɜ ˊɟɞůɏɢɗɖəŮ ɘŭɘŬɑŰŮɟŬ Űɞ ŰŮɚɘəɧ 

ŬˊɞŰɏɚŮůɛŬ ɜŬ ŮɑɜŬɘ ˊɚɐɟɤɠ ůɡɛɓŬŰɧ əŬɘ ɛŮ Űɘɠ ůɢŮŭɘŬůŰɘəɏɠ ŬˊŬɘŰɐůŮɘɠ Űɖɠ 

ŮɜůɤɛɎŰɤůɖɠ ůŰɞ ȺɜŮɟɔɧ ɃˊŰɘəɧ ȾŬɚɩŭɘɞ. ɆɖɛŬɜŰɘəɎ ůɖɛŮɑŬ ɐŰŬɜ ɖ ůɢŮŭɑŬůɖ əŬŰɎ 

ŰɏŰɞɘɞ Űɟɧˊɞ ɞɨŰɤɠ ɩůŰŮ ɜŬ ŭɘŮɡəɞɚɡɜɗŮɑ ɖ ŭɘŬůɨɜŭŮůɖ (bonding) ɛŮ Űɞ SOI board 

ɧˊɤɠ Ůˊɑůɖɠ əŬɘ ɜŬ ŮɝŬůűŬɚɘůŰŮɑ ɖ ŬəŮɟŬɘɧŰɖŰŬ Űɞɡ ɖɚŮəŰɟɘəɞɨ ůɐɛŬŰɞɠ Űɞ ɞˊɞɑɞ 

ůŰɖ ůɡɜɏɢŮɘŬ ɗŬ əŬŰŮɡɗɡɜɗŮɑ ůŰŬ chips ɛŮ Űɞɡɠ TIAs. ȰŰůɘ ɛŮ ŬɡŰɧ Űɞ ɔɜɩɛɞɜŬ 

əŬɗɞɟɑůŰɖəŬɜ əŬɘ ŰŬ ɔŮɤɛŮŰɟɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ ŭɞɛɩɜ. 

ȼ ˊɟɩŰɖ ůɢŮŭɘŬůŰɘəɐ ˊɟɞůɏɔɔɘůɖ ˊŮɟɘɚɎɛɓŬɜŮ ŰɏůůŮɟŮɘɠ űɤŰɞŭɘɧŭɞɡɠ (PIN) ŬɜɎ 

chip ůɡɜŭŮŭŮɛɏɜŮɠ ɛŮ spot-size-converters, ŭɖɚŬŭɐ ŭɞɛɏɠ ˊɞɡ ŮɑɜŬɘ ɡˊŮɨɗɡɜŮɠ ɔɘŬ Űɖɜ 

ŮˊɘŰɡɢɐ ůɨɕŮɡɝɖ űɤŰɧɠ Ŭˊɧ Űɖɜ ɏɝɞŭɞ ɛɘŬɠ SMF ɑɜŬɠ ůŰɞɜ ɞɚɞəɚɖɟɤɛɏɜɞ InP 
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əɡɛŬŰɞŭɖɔɧ. ȼ ŭɘɎůŰŬůɖ Űɞɡ spot-size-converter ɐŰŬɜ ůŰŬ 127 ɛm ŮˊɘŰɟɏˊɞɜŰŬɠ ɛŮ 

ŬɡŰɧ Űɞɜ Űɟɧˊɞ Űɞɜ ɏɚŮɔɢɞ Űɖɠ ɚŮɘŰɞɡɟɔɑŬɠ Űɤɜ ŭɞɛɩɜ ɛŮ ɛɘŬ Űɡˊɘəɐ ůɡůŰɎŭŬ ɘɜɩɜ 

(fiber array). ȾŬŰɎ Űɞ ůɢŮŭɘŬůɛɧ ˊɟɞɓɚɏűɗɖəŬɜ Ůˊɑůɖɠ ŭɡɞ Semiconductor Optical 

Amplifiers (SOAs) ɞɘ ɞˊɞɑɞɘ ůɡɜŭɏɗɖəŬɜ ɛŮ Űɞɡɠ ŮɝɤŰŮɟɘəɞɨɠ spot-size-converters. 

ȷɡŰɞɑ ɞɘ SOAs ˊŮɟɘɚɐűɗɖəŬɜ ůŰɞ ůɢŮŭɘŬůɛɧ Űɞɡ chip ˊɟɞəŮɘɛɏɜɞɡ ɜŬ 

ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ɤɠ ůŰɞɘɢŮɑŬ Ůəˊɞɛˊɐɠ űɤŰɧɠ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ 

ŮɜŮɟɔɞɨɠ ŮɡɗɡɔɟɎɛɛɘůɖɠ (active alignment) Űɤɜ űɤŰɞŭɘɧŭɤɜ ůŰɞ chip ˊɡɟɘŰɑɞɡ 

ŭɘŮɡəɞɚɨɜɞɜŰŬɠ ɛŮ ŬɡŰɧɜ Űɞɜ Űɟɧˊɞ Űɖ ůɡɜŭŮůɛɞɚɞɔɑŬ (assembly) Űɖɠ 

ɞɚɞəɚɖɟɤɛɏɜɖɠ 3D ŭɞɛɐɠ (3D stack). 

ȼ ŭŮɨŰŮɟɖ ůɢŮŭɘŬůŰɘəɐ ˊɟɞůɏɔɔɘůɖ, ɓŬůɑɕŮŰŬɘ ůŰɖɜ ɘŭɏŬ Ůɜɧɠ ˊɟɞ-Ůɜɘůɢɡɛɏɜɞɡ ŭɏəŰɖ 

ɛŮ Űɖɜ ŮɘůŬɔɤɔɐ ɛɘŬɠ ůɡůŰɎŭŬɠ Ŭˊɧ SOAs ɛŮŰŬɝɨ Űɤɜ PIN űɤŰɞŭɘɧŭɤɜ əŬɘ Űɤɜ 

spot-size-converters, ɖ ɞˊɞɑŬ ɗŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ůŬɜ ɏɜŬ ɞˊŰɘəɧ ˊɟɞ-ŮɜɘůɢɡŰɘəɧ 

ůŰɎŭɘɞ ɓŮɚŰɘɩɜɞɜŰŬɠ Űɞ ůɡɜɞɚɘəɧ budget ŬˊɤɚŮɘɩɜ Űɞɡ ɡˊɧ ŬɜɎˊŰɡɝɖ ȺɜŮɟɔɞɨ 

ɃˊŰɘəɞɨ ȾŬɚɤŭɑɞɡ. ȷɝɑɕŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ ŬəɞɚɞɡɗɩɜŰŬɠ Űɖ ůɡɔəŮəɟɘɛɏɜɖ 

ůɢŮŭɘŬůŰɘəɐ ˊɟɞůɏɔɔɘůɖ, ŭŮ ɢɟŮɘɎɕŮŰŬɘ Ůˊɘˊɚɏɞɜ SOAs ɔɘŬ ŮɜŮɟɔɐ ŮɡɗɡɔɟɎɛɛɘůɖ 

ŭŮŭɞɛɏɜɞɡ ɧŰɘ ɞɘ ˊɟɞ-ŮɜɘůɢɡŰɏɠ ɛˊɞɟɞɨɜ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ əŬɘ ɔɘô ŬɡŰɧ Űɞ ůəɞˊɧ. 

ɆŰɞ ŰŮɚɘəɧ chip ůɡɛˊŮɟɘɚɐűɗɖəŬɜ ŰɟɘŬ ŬɜŰɑɔɟŬűŬ Ŭˊɧ əɎɗŮ ůɢɏŭɘɞ əŬɘ Űɞ 

ŬˊɞŰɏɚŮůɛŬ Űɖɠ ŰŮɚɘəɐɠ ɛɎůəŬɠ űŬɑɜŮŰŬɘ ůŰɞ ˊŬɟŬəɎŰɤ ůɢɐɛŬ.  

 

ȺɘəɧɜŬ 30: ɇɞ ůɢɏŭɘɞ Űɖɠ ŰŮɚɘəɐɠ ɛɎůəŬɠ ɛŮ Űɘɠ ŭɡɞ ŭɘŬűɞɟŮŰɘəɏɠ ˊɟɞůŮɔɔɑůŮɘɠ ůŰɖ ůɢŮŭɑŬůɖ Űɤɜ 

űɤŰɞŭɘɧŭɤɜ 

ɀŮ ŰŬ ˊŬɟŬˊɎɜɤ ŭŮŭɞɛɏɜŬ, ŭɡɞ ɛɏɗɞŭɞɘ ɞɚɞəɚɐɟɤůɖɠ ŮɑɜŬɘ ˊɘɗŬɜɞɑ: ɖ flip-chip 

ˊɟɞůɏɔɔɘůɖ ɧˊɞɡ ɖ ůɡůŰɎŭŬ űɤŰɞŭɘɧŭɤɜ əɡɛŬŰɞŭɖɔɞɨ ɗŬ ŰɞˊɞɗŮŰɖɗŮɑ ůŰɖɜ Ɏəɟɖ 

Űɞɡ ˊɚŬəɘŭɑɞɡ ˊɡɟɘŰɑɞɡ (ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ ůŮ ɛɘŬ əɞɘɚɧŰɖŰŬ) ɐ ɖ ŰɞˊɞɗɏŰɖůɖ Űɖɠ 

ůɡůŰɎŭŬɠ ɛŮ əŬɜɞɜɘəɧ Űɟɧˊɞ (face-up) ůŮ ɏɜŬ ɡˊɧůŰɟɤɛŬ əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ɖ ɢɟɐůɖ 

ŰŮɢɜɘəɐɠ ŮɜŮɟɔɞɨɠ ŮɡɗɡɔɟɎɛɛɘůɖɠ (active alignment) ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŮˊɘŰŮɡɢɗŮɑ 

Ŭəɟɘɓɐɠ ůɨɕŮɡɝɖ ůŰɖɜ Ɏəɟɖ Űɞɡ SOI ˊɚŬəɘŭɑɞɡ (butt-coupling ŰŮɢɜɘəɐ). Ƀɘ ŭɡɞ ŬɡŰɏɠ 

ɛɏɗɞŭɞɘ ŬˊɞŰɡˊɩɜɞɜŰŬɘ ůŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ. 
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ȺɘəɧɜŬ 31: ȹɘŬűɞɟŮŰɘəɏɠ ɛɏɗɞŭɞɘ ŰɞˊɞɗɏŰɖůɖɠ Űɖɠ ůɡůŰɎŭŬɠ űɤŰɞŭɘɧŭɤɜ əɡɛŬŰɞŭɖɔɞɨ: (Ŭ) Flip-chip 

ɛɏɗɞŭɞɠ əŬɘ (ɓ) butt-coupling, ɢɟɐůɖ wirebonds əŬɘ ŮɜŮɟɔɐ ŮɡɗɡɔɟɎɛɛɘůɖ.  

ȼ ˊɟɞůŮɔɔɘůŰɘəɐ ɛɏɗɞŭɞɠ ˊɞɡ ŮəɛŮŰŬɚɚŮɨŮŰŬɘ Űɖɜ flip-chip ŰŮɢɜɘəɐ, ŮɑɜŬɘ ˊɘɞ 

ɗŮɚəŰɘəɐ Ŭˊɧ ɛŮɟɘɎɠ ɞɚɞəɚɐɟɤůɖɠ ŬɚɚɎ ˊŬɟɎɚɚɖɚŬ ŮɜɏɢŮɘ əŬɘ ˊŮɟɘůůɧŰŮɟŬ 

əŬŰŬůəŮɡŬůŰɘəɎ ɟɑůəŬ. ȳˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ, ɖ ˊɎɜɤ ɧɣɖ Űɖɠ 

PIN űɤŰɞŭɘɧŭɞɡ ŭŮɜ ŮɑɜŬɘ ŮˊɑˊŮŭɖ, əɎŰɘ Űɞ ɞˊɞɑɞ əŬɗɘůŰɎ ˊɞɚɨ ŭɨůəɞɚɞ Űɞɜ Ŭəɟɘɓɐ 

ɏɚŮɔɢɞ Űɖɠ ɗɏůɖɠ Űɖɠ ŭɞɛɐɠ ůŰɞɜ əɎɗŮŰɞ ɎɝɞɜŬ. ȷɡŰɐ ɖ ŬəɟɑɓŮɘŬ ůŰɞɜ əɎɗŮŰɞ ɎɝɞɜŬ 

ŮɑɜŬɘ ŮɝŬɘɟŮŰɘəɎ ůɖɛŬɜŰɘəɐ ɛŮ ŭŮŭɞɛɏɜɞ ɧŰɘ ɖ ŮɡɗɡɔɟɎɛɛɘůɖ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ 

flip-chip ɛŮɗɧŭɞɡ ŮɑɜŬɘ ˊŬɗɖŰɘəɐ. ɀɘŬ ŬəɧɛŬ ˊɟɧəɚɖůɖ ůɡɜŭɏŮŰŬɘ ɛŮ Űɖɜ əŬŰŬůəŮɡɐ 

Űɖɠ əɞɘɚɧŰɖŰŬɠ. ɀŮ ŭŮŭɞɛɏɜɞ ɧŰɘ ɞɘ əɡɛŬŰɞŭɖɔɞɑ Űɧůɞ ůŰɞ ˊɚŬəɑŭɘɞ InP ɧůɞ əŬɘ ůŰɞ 

SOI ɡˊɧůŰɟɤɛŬ ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ ŮɡɗɡɔɟŬɛɛɘůɛɏɜɞɘ ɛŮŰɎ Űɞ flip-chip, ɖ əɞɘɚɧŰɖŰŬ 

ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ ůɖɛŬɜŰɘəɎ ɓŬɗɨŰŮɟɖ Ŭˊɧ ɧŰɘ Űɞ ůŰɟɩɛŬ əɡɛŬŰɞŭɖɔɞɨ ůŰɞ ˊɚŬəɑŭɘɞ 

SOI (ŰɞɡɚɎɢɘůŰɞɜ 20 ɛm ɛŮ ɓɎůɖ Űɘɠ ŭɘŬůŰɎůŮɘɠ ůŰɞ ˊŬɟŬəɎŰɤ ůɢɐɛŬ əŬɘ Űɞ ˊɎɢɞɠ 

Űɞ ɞˊɞɑɞ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ ŰŬ pads ŮˊŬűɐɠ ůŰɖɜ əɞɘɚɧŰɖŰŬ).  

 

ȺɘəɧɜŬ 32: ȹɘŬŰɞɛɐ Űɖɠ űɤŰɞŭɘɧŭɞɡ əɡɛŬŰɞŭɖɔɞɨ ɛŮ ŬˊɞŰɡˊɤɛɏɜŮɠ Űɘɠ ˊɘɞ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ 

ŭɘŬůŰɎůŮɘɠ Űɖɠ. 

ȷˊɧ Űɖɜ Ɏɚɚɖ ɛŮɟɘɎ, ɖ əɚŬůůɘəɐ ɛɏɗɞŭɞɠ ŰɞˊɞɗɏŰɖůɖɠ (face-up), ɢɟɖůɘɛɞˊɞɘŮɑ 

wirebonds ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ɡˊɎɟɢŮɘ ɖɚŮəŰɟɘəɐ ŮˊŬűɐ 



77 

 

2.6 3D ɞɚɞəɚɐɟɤůɖ 

ũɘŬ Űɖɜ əŬŰŬůəŮɡɐ Űɤɜ ˊŬɟŬˊɎɜɤ ɖɚŮəŰɟɞ-ɞˊŰɘəɩɜ ůɡůəŮɡɩɜ ŬəɞɚɞɡɗɐɗɖəŮ ɛɘŬ 

ˊɟɞůɏɔɔɘůɖ 3D ɞɚɞəɚɐɟɤůɖɠ. ɇŬ ɖɚŮəŰɟɞɜɘəɎ, űɤŰɞɜɘəɎ əŬɘ ɖɚŮəŰɟɞ-ɞˊŰɘəɎ 

ůŰɞɘɢŮɑŬ ŰŬ ɞˊɞɑŬ ŮˊɘŰŮɚɞɨɜ Űɘɠ ŬˊŬɟŬɑŰɖŰŮɠ ɚŮɘŰɞɡɟɔɑŮɠ, ůɡɜŭɡɎůŰɖəŬɜ ůŮ ɛɘŬ 

ˊɞɚɡůŰɟɤɛŬŰɘəɐ ůŰɞɑɓŬ (multi-layer stack) ŮɝŬůűŬɚɑɕɞɜŰŬɠ ˊɞɚɨ ɡɣɖɚɏɠ ŮˊɘŭɧůŮɘɠ. 

ȼ 3D ɞɚɞəɚɐɟɤůɖ əŬɗɩɠ əŬɘ ɖ ůɡɜŭŮůɛɞɚɞɔɑŬ (assembly) ɏɔɘɜŮɠ ɛŮ ůɡɔəŮəɟɘɛɏɜŮɠ 

ŭɘŮɟɔŬůɑŮɠ, ˊɞɡ ɚŬɛɓɎɜɞɡɜ ɢɩɟŬ əŬɘ ůŰɖ ɓɘɞɛɖɢŬɜɑŬ, əŬɘ ŮɑɜŬɘ əŬŰɎɚɚɖɚŮɠ əŬɘ ɔɘŬ 

ɛŬɕɘəɐ ˊŬɟŬɔɤɔɐ. ɇɞ ɚŮɘŰɞɡɟɔɘəɧ ŭɘɎɔɟŬɛɛŬ Űɖɠ ˊɟɞůɏɔɔɘůɖɠ ɛŮ 3D ɞɚɞəɚɐɟɤůɖ 

űŬɑɜŮŰŬɘ ůŰɞ ˊŬɟŬəɎŰɤ ůɢɐɛŬ.  

 

ȺɘəɧɜŬ 33: ȿŮɘŰɞɡɟɔɘəɧ ŭɘɎɔɟŬɛɛŬ Űɖɠ 3D ɞɚɞəɚɐɟɤůɖɠ. 

ɋɠ ɓŬůɘəɧ ůŰɟɩɛŬ Űɞ ɞˊɞɑɞ űɏɟŮɘ ˊɎɜɤ Űɞɡ ɧɚŮɠ Űɘɠ ŭɘŬűɞɟŮŰɘəɏɠ ɚŮɘŰɞɡɟɔɘəɏɠ 

ɛɞɜɎŭŮɠ, ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɏɜŬɠ ˊŬɟŮɛɓɞɚɏŬɠ (interposer). ȼ űɤŰɞŭɑɞŭɞɠ əŬɘ Űɞ 

VCSEL ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ ůŮ ˊɞɚɨ əɞɜŰɘɜɐ ŬˊɧůŰŬůɖ ɛŮ Űɞɜ əɡɛŬŰɞŭɖɔɧ ˊɟɞəŮɘɛɏɜɞɡ 

ɜŬ əɟŬŰɖɗɞɨɜ ɞɘ ŬˊɩɚŮɘŮɠ ɧůɞ Űɞ ŭɡɜŬŰɧɜ ɢŬɛɖɚɧŰŮɟŬ. Ƀɘ ŬˊɩɚŮɘŮɠ ŬɡŰɏɠ 

ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɖɜ Ŭˊɧəɚɘůɖ Űɖɠ ŬəŰɑɜŬɠ Űɞɡ űɤŰɧɠ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ɛɖɜ 

əŬŰɞɟɗɩɜŮŰŬɘ ɜŬ əɡɛŬŰɞŭɖɔɖɗŮɑ ɛŮɔɎɚɞ əɞɛɛɎŰɘ Űɖɠ ɘůɢɨɞɠ Ůəˊɞɛˊɐɠ (ɚɐɣɖɠ). ɆŰɖɜ 

ŮɘəɧɜŬ ůɡɛˊŮɟɘɚŬɛɓɎɜɞɜŰŬɘ əŬɘ ɞɘ ŭɡɞ Ůˊɘɚɞɔɏɠ ɧůɞɜ ŬűɞɟɎ ůŰɞ Ůɑŭɞɠ Űɖɠ 

űɤŰɞŭɘɧŭɞɡ ŭɖɚŬŭɐ Űɧůɞ ɖ űɤŰɞŭɑɞŭɞɠ ŮˊɘűŬɜŮɑŬɠ ɧůɞ əŬɘ ɖ űɤŰɞŭɑɞŭɞɠ 

əɡɛŬŰɞŭɖɔɞɨ. ɆŰɖɜ ˊɟɩŰɖ ˊɟɞůɏɔɔɘůɖ ɖ űɤŰɞŭɑɞŭɞɠ ŮˊɘűŬɜŮɑŬɠ ŰɞˊɞɗŮŰŮɑŰŬɘ ˊɎɜɤ 

Ŭˊɧ Űɞ ůŰɟɩɛŬ Űɤɜ əɡɛŬŰɞŭɖɔɩɜ əŬɘ Űɞ űɤɠ ůɡɕŮɡɔɜɨŮŰŬɘ ůŰɖ űɤŰɞŭɑɞŭɞ ɛɏůŬ Ŭˊɧ 

ɛɘŬ ɔɡɎɚɘɜɖ ŭɘŮˊŬűɐ. ɆŰɖ  ŭŮɨŰŮɟɖ ˊɟɞůɏɔɔɘůɖ, ɛɘŬ űɤŰɞŭɑɞŭɞɠ əɡɛŬŰɞŭɖɔɞɨ 

ŰɞˊɞɗŮŰŮɑŰŬɘ ůŰɞ ɑŭɘɞ ŮˊɑˊŮŭɞ ɛŮ Űɞɡɠ əɡɛŬŰɞŭɖɔɞɨɠ ɞɨŰɤɠ ɩůŰŮ ɜŬ ˊɚɖůɘɎůŮɘ ɖ 

ŮɜŮɟɔɧɠ Űɖɠ ˊŮɟɘɞɢɐ ɧůɞ Űɞ ŭɡɜŬŰɧɜ ˊɘɞ əɞɜŰɎ əŬɘ ɎɟŬ ɜŬ ŮɚŬŰŰɤɗɞɨɜ ɞɘ ŬˊɩɚŮɘŮɠ 

ůɨɕŮɡɝɖɠ űɤŰɞŭɘɧŭɞɡ-əɡɛŬŰɞŭɖɔɞɨ. Ⱥˊɘˊɚɏɞɜ, ɔɘŬ Űɖɜ ŮˊɘəɞɘɜɤɜɑŬ Űɖɠ ˊɞɚɡˊɨɟɖɜɖɠ 

ɑɜŬɠ əŬɘ Űɞɡ chip ɡˊɐɟɢŬɜ ŭɡɞ ˊɟɞůŮɔɔɑůŮɘɠ ɞɘ ɞˊɞɑŮɠ əŬɘ ɞɘ ŭɡɞ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ 

ůŮ ŭɘŬűɞɟŮŰɘəɎ ůɖɛŮɑŬ Űɞɡ chip. ȼ ɛɘŬ ŬűɞɟɞɨůŮ ůŰɖɜ əŬŰŬůəŮɡɐ grating couplers 

ɔɘŬ ɜŬ ŭɘŮɡəɞɚɨɜŮɘ Űɖɜ əɎɗŮŰɖ ůɨɕŮɡɝɖ Űɞɡ űɤŰɧɠ Ŭˊɧ əŬɘ ˊɟɞɠ Űɞ chip əŬɘ ɖ 

ŭŮɨŰŮɟɖ ŬűɞɟɞɨůŮ ůŰɖɜ əŬŰŬůəŮɡɐ ŭɞɛɩɜ SOI tapers ˊɞɡ ɚŮɘŰɞɡɟɔɞɨɜ ɤɠ 

ɛŮŰŬŰɟɞˊŮɑɠ ɟɡɗɛɞɨ ŭɘŮɡəɞɚɨɜɞɜŰŬɠ Űɖɜ ůɡɕŮɨɝɖ ůŰɞɜ ɞɟɘɕɧɜŰɘɞ ɎɝɞɜŬ. ɇŬ 

ɖɚŮəŰɟɞɜɘəɎ ůŰɞɘɢŮɑŬ (ɞŭɖɔɖŰɐɠ VCSEL əŬɘ ɇȽȷ) ůɡɜŭɏɞɜŰŬɘ ůŰɖɜ Ɏɚɚɖ ˊɚŮɡɟɎ Űɞɡ 
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ˊŬɟŮɛɓɞɚɏŬ əŬɘ ɖ ɖɚŮəŰɟɘəɐ Űɞɡɠ ůɨɜŭŮůɖ ɛŮ ŰŬ ɖɚŮəŰɟɞ-ɞˊŰɘəɎ ůŰɞɘɢŮɑŬ Űɞɡ board 

ɔɑɜŮŰŬɘ ɛɏůɤ ɡɣɖɚɐɠ ŰŬɢɨŰɖŰŬɠ TSVs (through Silicon Vias). 

2.6.1 ɆɢŮŭɘŬůɛɧɠ Űɤɜ ůŰɟɤɛɎŰɤɜ  

Ƀ ůɢŮŭɘŬůɛɧɠ Űɤɜ ŭɘŬűɧɟɤɜ ůŰɟɤɛɎŰɤɜ Űɞɡ ˊɞɛˊɞŭɏəŰɖ űŬɑɜŮŰŬɘ ůŰɖɜ ˊŬɟŬˊɎɜɤ 

ŮɘəɧɜŬ. Ƀɘ əɡɛŬŰɞŭɖɔɞɑ əŬŰŬůəŮɡɎɕɞɜŰŬɘ ůŰɞɜ ˊɡɟɐɜŬ Űɖɠ ůɡůəŮɡɐɠ ɛŮ ŭŮŭɞɛɏɜɞ ɧŰɘ 

ŮɑɜŬɘ ɞɘ əŮɜŰɟɘəɏɠ ɛɞɜɎŭŮɠ ɔɘŬ Űɖɜ əŬŰŬɜɞɛɐ Űɞɡ űɤŰɧɠ. Ƀɘ əɡɛŬŰɞŭɖɔɞɑ 

ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ Ŭˊɧ SOI wafers ɛŮ ɛɘŬ ɛɞɜɞəɟɡůŰŬɚɚɘəɐ ŮˊɘűɎɜŮɘŬ ˊɡɟɘŰɑɞɡ əŬɘ ɛɘŬ 

Ů́ ɘűɎɜŮɘŬ ɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ ˊɞɡ ŭɟŬ ɤɠ ɛɞɜɤŰɐɠ. ȷɡŰɏɠ ɞɘ ŭɡɞ ůŰɟɩůŮɘɠ 

ˊɟɞůŭɏɜɞɜŰŬɘ ůŮ ɏɜŬɜ ˊŬɟŮɛɓɞɚɏŬ, ɞ ɞˊɞɑɞɠ űɏɟŮɘ ŰŬ ɖɚŮəŰɟɘəɎ ůŰɞɘɢŮɑŬ əŬɘ 

ůɡɔəŮəɟɘɛɏɜŬ Űɞɡɠ ɞŭɖɔɖŰɏɠ ɔɘŬ ŰŬ VCSELs əŬɘ Űɞɡɠ ɇȽȷs ɔɘŬ Űɘɠ űɤŰɞŭɘɧŭɞɡɠ. 

ȷɡŰɎ ŰŬ ɖɚŮəŰɟɘəɎ ůŰɞɘɢŮɑŬ ŮɑɜŬɘ ůɡɜŭŮŭŮɛɏɜŬ ůŰɞɡɠ ˊŬɟŮɛɓɞɚŮɑɠ ɛŮ bumps. ũɘŬ ɜŬ 

ɛˊɞɟɏůŮɘ ɜŬ ɡɚɞˊɞɘɖɗŮɑ ɖ ɏɔɢɡůɖ Űɤɜ bumps ůŰɖɜ əɞɟɡűɐ Űɤɜ ůŰɟɤɛɎŰɤɜ Űɤɜ 

ɞɝŮɘŭɑɤɜ, ŭɖɛɘɞɡɟɔŮɑŰŬɘ ɛɘŬ ɛŮŰŬɚɚɘəɐ ŮˊɑůŰɟɤůɖ. ɋɠ ŮˊɧɛŮɜɞ ɓɐɛŬ ɛŮŰɎ Űɖɜ 

əŬŰŬůəŮɡɐ Űɖɠ ɛŮŰŬɚɚɘəɐɠ ŮˊɑůŰɟɤůɖɠ, əŬŰŬůəŮɡɎɕŮŰŬɘ ɛɘŬ ˊŬɗɖŰɘəɐ ůŰɟɩůɖ 

(passivation layer). ɇŬ ŬɜɞɑɔɛŬŰŬ ŰŬ ɞˊɞɑŬ ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ ůŰɖɜ ŰŮɚŮɡŰŬɑŬ ˊɎɜɤ Ŭˊɧ 

ŰŬ ɛŮŰŬɚɚɘəɎ pads əŬɗɞɟɑɕɞɡɜ əŬɘ Űɖ ɗɏůɖ Űɤɜ bumps. ũɘŬ Űɘɠ ɖɚŮəŰɟɘəɏɠ ŮˊŬűɏɠ ɛŮ 

Űɖɜ ɛŮɟɘɎ Űɞɡ əɡɛŬŰɞŭɖɔɞɨ, ŮˊɘůŰɟŬŰŮɨɞɜŰŬɘ TSVs ɛɏůɤ Űɤɜ ˊŬɟŮɛɓɞɚɏɤɜ. ɆŰɖɜ 

əɞɟɡűɐ Űɞɡ ůŰɟɩɛŬŰɞɠ Űɤɜ əɡɛŬŰɞŭɖɔɩɜ ŰɞˊɞɗŮŰɞɨɜŰŬɘ əŬŰɎɚɚɖɚŬ ŰŬ ɖɚŮəŰɟɞ-

ɞˊŰɘəɎ ůŰɞɘɢŮɑŬ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ɛˊɞɟɞɨɜ ɜŬ ŮɑɜŬɘ ůŮ ŭɘɎŭɟŬůɖ ɛŮ Űɞɡɠ 

əɡɛŬŰɞŭɖɔɞɨɠ. ɆɡɔəŮəɟɘɛɏɜŬ, ŰŬ ůŰɞɘɢŮɑŬ ŬɡŰɎ ˊɞɡ ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ ůŮ ŭɘɎŭɟŬůɖ ɛŮ 

Űɞɡɠ əɡɛŬŰɞŭɖɔɞɨɠ ŮɑɜŬɘ: ŰŬ VCSELs, ɞɘ űɤŰɞŭɑɞŭɞɘ, ɞɘ ˊɞɚɡˊɨɟɖɜɖ ɑɜŬ əŬɘ ɞɘ 

ɔɡɎɚɘɜŮɠ ŭɘŮˊŬűɏɠ ɑɜŬɠ-chip.  

ȳˊɤɠ ŮɘˊɩɗɖəŮ əŬɘ ˊŬɟŬˊɎɜɤ, ŭɡɞ ŭɞɛɏɠ ŮɑɜŬɘ ɡˊŮɨɗɡɜŮɠ ɔɘŬ Űɖɜ ŮˊɘəɞɘɜɤɜɑŬ. Ƀɘ 

grating couplers, ɧˊɞɡ ˊɎɜɤ Ŭˊɧ Űɞɡɠ əɡɛŬŰɞŭɖɔɞɨɠ ŮˊɘŰɟɏˊɞɜŰŬɘ ɛɧɜɞ ůŰɟɩůŮɘɠ 

ɞɝŮɘŭɑɞɡ, əŬɘ ɞɘ ɞɟɘɕɧɜŰɘɞɘ ůɡɕŮɨəŰŮɠ ɧˊɞɡ ŮɑɜŬɘ əŬɚɡɛɛɏɜɞɘ Ŭˊɧ ɏɜŬ Ůˊɘˊɚɏɞɜ 

ɡˊɧůŰɟɤɛŬ ˊŮɟɘɓɚɐɛŬŰɞɠ (cladding layer). ɆŰɖ ŭŮŭɞɛɏɜɖ ˊŮɟɑˊŰɤůɖ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ 

Silicon Nitride ˊɞɡ ɏɢŮɘ əŬŰɎɚɚɖɚɞ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ ɔɘŬ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɔɘô ŬɡŰɧ 

Űɞ ůəɞˊɧ. ȺɑɜŬɘ Ůˊɑůɖɠ ɏɜŬ ɡɚɘəɧ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ Ůɡɟɏɤɠ ůŰɖɜ ˊŬɟŬɔɤɔɐ CMOS 

ŭɞɛɩɜ. ȼ əɨɟɘŬ ˊɟɧəɚɖůɖ ŮɑɜŬɘ ɖ ˊŬɟŬɔɤɔɐ əŬɘ Űɤɜ ŭɡɞ ŭɞɛɩɜ ˊŬɟɎɚɚɖɚŬ ůŰɞ ɑŭɘɞ 

wafer ɛŮ Űɞɡɠ ɑŭɘɞɡɠ əɡɛŬŰɞŭɖɔɞɨɠ ɔɘô ŬɡŰɧ Űɞ ɚɧɔɞ əŬɘ ŭɞəɘɛɎůŰɖəŬɜ ŭɡɞ 

ˊɟɞůŮɔɔɑůŮɘɠ. ɆŰɖɜ ˊɟɩŰɖ, Űɞ ɡˊɧůŰɟɤɛŬ Űɞɡ ˊŮɟɘɓɚɐɛŬŰɞɠ ŮɔɢɏŮŰŬɘ ˊɟɘɜ ŰŬ 

ɡˊɞůŰɟɩɛŬŰŬ ɞɝŮɘŭɑɞɡ əŬɘ ɛŮŰɎ Űɞ Nitride ŬˊɞɛŬəɟɨɜŮŰŬɘ Ŭˊɧ Űɞɡɠ əɡɛŬŰɞŭɖɔɞɨɠ 

əŬɘ Ŭˊɧ Űɞɡɠ grating couplers. ɆŰɖ ŭŮɨŰŮɟɖ ˊŮɟɑˊŰɤůɖ, Űɞ ɞɝŮɑŭɘɞ ŮɔɢɏŮŰŬɘ ˊɟɩŰŬ 

ɏˊŮɘŰŬ ŬˊɞɛŬəɟɨɜŮŰŬɘ Űɞ ɞɝŮɑŭɘɞ ˊɎɜɤ Ŭˊɧ Űɞɡɠ in-plane ůɡɕŮɨəŰŮɠ əŬɘ Űɏɚɞɠ Űɞ 

Silicon Nitride ŮɔɢɏŮŰŬɘ ŮˊɘɚŮəŰɘəɎ əŬɘ ŭɞɛŮɑŰŬɘ əŬŰɎɚɚɖɚŬ.  

2.7 ɄɟɞŭɘŬɔɟŬűɏɠ Űɖɠ ˊɚŬŰűɧɟɛŬɠ 

2.7.1 ɄŬɗɖŰɘəɏɠ ŭɞɛɏɠ ůŰɞ ˊɡɟɑŰɘɞ 

ɆŰɖɜ ˊɚŬŰűɧɟɛŬ SOI ŬɜŬˊŰɨɢɗɖəŬɜ ɞɘ Ůɝɐɠ ŭɞɛɏɠ: əɡɛŬŰɞŭɖɔɞɑ, 

ˊɞɚɡˊɚɏəŰŮɠ/ŬˊɞˊɞɚɡˊɚɏəŰŮɠ ɛɐəɞɡɠ əɨɛŬŰɞɠ, grating couplers əŬɘ ɛŮŰŬŰɟɞˊŮɑɠ 

ɟɡɗɛɞɨ. Ƀɘ ˊɟɞŭɘŬɔɟŬűɏɠ ŬɡŰɩɜ Űɤɜ ŭɞɛɩɜ ˊŮɟɘɔɟɎűɞɜŰŬɘ ˊŬɟŬəɎŰɤ. 
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2.7.2 ȾɡɛŬŰɞŭɖɔɞɑ 

ȹɡɞ Űɨˊɞɘ əɡɛŬŰɞŭɖɔɩɜ ŮɑɜŬɘ ɞɘ ˊɘɞ ŭɘŬŭŮŭɞɛɏɜɞɘ ůŰɖɜ ŰŮɢɜɞɚɞɔɑŬ Silicon-on-

Insulator, ɞɘ strip əŬɘ ɞɘ rib əɡɛŬŰɞŭɖɔɞɑ [2.32]. Ƀɘ strip əɡɛŬŰɞŭɖɔɞɑ ŬˊɞŰŮɚɞɨɜŰŬɘ 

Ŭˊɧ ɏɜŬ ˊɡɟɐɜŬ ˊɡɟɘŰɑɞɡ ɞ ɞˊɞɑɞɠ ŰɞˊɞɗŮŰŮɑŰŬɘ əŬŰŮɡɗŮɑŬɜ ůŰɖɜ əɞɟɡűɐ Űɞɡ 

ɡˊɞůŰɟɩɛŬŰɞɠ ŭɘɞɝŮɘŭɑɞɡ ˊɡɟɘŰɑɞɡ (Buried oxide- BOX) Ůɜɩ ɞɘ rib əɡɛŬŰɞŭɖɔɞɑ 

ˊŮɟɘɚŬɛɓɎɜɞɡɜ Ůˊɘˊɚɏɞɜ ɛɘŬ ˊɚɎəŬ (slab) ˊɡɟɘŰɑɞɡ ɤɠ ɡˊɧůŰɟɤɛŬ ɛŮŰŬɝɨ Űɞɡ 

ˊɡɟɐɜŬ əŬɘ Űɞɡ BOX [2.33], [2.34]. ɇɞ ɨɣɞɠ Űɞɡ slab ˊɡɟɘŰɑɞɡ ˊɞɘəɑɚɚŮɘ ŬɜɎɚɞɔŬ ɛŮ 

Űɖɜ ŮˊɘɗɡɛɖŰɐ ŮűŬɟɛɞɔɐ əŬɘ Űɘɠ əŬŰŬůəŮɡŬůŰɘəɏɠ ŬˊŬɘŰɐůŮɘɠ. ȾŬɘ ůŰɘɠ ŭɡɞ 

ˊŮɟɘˊŰɩůŮɘɠ ɞɘ əɡɛŬŰɞŭɖɔɞɑ ůɡɜɐɗɤɠ əŬɚɨˊŰɞɜŰŬɘ Ŭˊɧ ɏɜŬ Ůˊɘˊɚɏɞɜ ˊɟɞůŰŬŰŮɡŰɘəɧ 

ˊŮɟɑɓɚɖɛŬ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŭɘŬůűŬɚɘůŰŮɑ ŬɜŬɘůɗɖůɑŬ ůŰɘɠ űŬɘɜɧɛŮɜŬ əŬɘ ŬɚɚŬɔɏɠ Űɞɡ 

ɔɨɟɤ ˊŮɟɘɓɎɚɚɞɜŰɞɠ ɧˊɤɠ ɖ ɞɝŮɑŭɤůɖ. 

 

ȺɘəɧɜŬ 34: (a) Strip SOI əɡɛŬŰɞŭɖɔɧɠ, (ɓ) Rib SOI əɡɛŬŰɞŭɖɔɧɠ. 

ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ŬɡŰɐ, ŮɟŮɡɜɐɗɖəŮ ɖ strip ŬɟɢɘŰŮəŰɞɜɘəɐ ɔɘŬ Űɞɡɠ əɡɛŬŰɞŭɖɔɞɨɠ. Ƀ 

ɚɧɔɞɠ ɐŰŬɜ ɧŰɘ ŬɡŰɐ ɖ ˊɟɞůɏɔɔɘůɖ ŭɘŬɗɏŰŮɘ ˊɘɞ Ůɨəɞɚɖ ŭɘŬŭɘəŬůɑŬ əŬŰŬůəŮɡɐɠ 

(process flow) əŬɘ ɏɢŮɘ əŬɘ ˊɘɞ Ŭəɟɘɓɐ ŬˊɞŰŮɚɏůɛŬŰŬ ɧůɞɜ ŬűɞɟɎ ůŰɘɠ ŭɘŬůŰɎůŮɘɠ Űɞɡ 

ˊɡɟɐɜŬ əŬɘ Űɖɜ ˊɞɘɧŰɖŰŬ Űɖɠ ŭɘŬŰɞɛɐɠ. ȰɜŬ Ůˊɘˊɚɏɞɜ ůŰɞɘɢŮɑɞ ˊɞɡ ŮˊɘɚɏɢɗɖəŮ ˊɏɟŬ 

Ŭˊɧ Űɖ ɛɞɜɞɟɡɗɛɘəɐ ɚŮɘŰɞɡɟɔɑŬ Űɤɜ əɡɛŬŰɞŭɖɔɩɜ ŮɑɜŬɘ əŬɘ ɖ ŬɜŬɘůɗɖůɑŬ Űɞɡɠ ůŰɖɜ 

ˊɧɚɤůɖ. ɀŮ ŭŮŭɞɛɏɜɞ ŬɡŰɧ, ɞɘ ŭɘŬůŰɎůŮɘɠ Űɤɜ əɡɛŬŰɞŭɖɔɩɜ ůɢŮŭɘɎůŰɖəŬɜ ɛŮ ŰɏŰɞɘɞ 

Űɟɧˊɞ ɞɨŰɤɠ ɩůŰŮ ɜŬ ɡˊɞůŰɖɟɑɕɞɡɜ əŬɘ Űɞɜ ɇȺ əŬɘ Űɞɜ ɇɀ ɟɡɗɛɧ ŭɘɎŭɞůɖɠ. ɆŰɞɜ 

ˊŬɟŬəɎŰɤ ˊɑɜŬəŬ ůɡɜɞɣɑɕɞɜŰŬɘ ɞɘ ůɖɛŬɜŰɘəɏɠ ˊŬɟɎɛŮŰɟɞɘ Űɖɠ ŬɟɢɘŰŮəŰɞɜɘəɐɠ Űɞɡ 

əɡɛŬŰɞŭɖɔɞɨ. 
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ɄɑɜŬəŬɠ 1: ɄŬɟɎɛŮŰɟɞɘ ŬɜŬűɞɟɎɠ Űɖɠ ŬɟɢɘŰŮəŰɞɜɘəɐɠ Űɤɜ əɡɛŬŰɞŭɖɔɩɜ 

ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ˊɟɞůŭɘɞɟɘůŰɞɨɜ ɛŮ ŬəɟɑɓŮɘŬ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ əɡɛŬŰɞŭɖɔɩɜ 

ŬɚɚɎ əŬɘ ɜŬ ŭɘŮɟŮɡɜɖɗɞɨɜ ɞɘ ŬɜŰɞɢɏɠ ůŰɘɠ əŬŰŬůəŮɡŬůŰɘəɏɠ ŬŰɏɚŮɘŮɠ, ɤɠ ˊɟɩŰɞ ɓɐɛŬ 

ŮˊɘɚɏɢɗɖəŮ ɖ ˊɟɞůɞɛɞɘɤŰɘəɐ Űɞɡɠ ˊɟɞůɏɔɔɘůɖ. ɉɤɟɑɠ ɜŬ ɛˊɞɨɛŮ ůŮ ɛŮɔŬɚɨŰŮɟŮɠ 

ɚŮˊŰɞɛɏɟŮɘŮɠ ůŰɞ əɞɛɛɎŰɘ ŬɡŰɧ (ůŰɞ ȾŮűɎɚŬɘɞ 3 ɔɑɜŮŰŬɘ ˊɘɞ ŬɜŬɚɡŰɘəɐ ŬɜŬűɞɟɎ ůŮ 

ˊɟɞůɞɛɞɘɤŰɘəɎ ŮɟɔŬɚŮɑŬ ɔɘŬ Űɞ ůɢŮŭɘŬůɛɧ ɀɀȽs) ŬɝɑɕŮɘ ɜŬ ŬɜŬűŮɟɗŮɑ ɧŰɘ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ŮɛˊɞɟɘəɎ ŭɘŬɗɏůɘɛŬ ˊɟɞůɞɛɞɘɤŰɘəɎ ŮɟɔŬɚŮɑŬ (mode solvers) ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɞɨɜ Űɘɠ ɛŮɗɧŭɞɡɠ Film-Mode-Matching əŬɘ Finite-Difference, 

ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŮɝŬɢɗɞɨɜ ɞɘ ůŰŬɗŮɟɏɠ ŭɘɎŭɞůɖɠ (ˊ.ɢ. ŭŮɑəŰŮɠ ŭɘɎɗɚŬůɖɠ) əŬɘ ɞɘ 

ŭɞɛɘəɏɠ ŬˊɩɚŮɘŮɠ Űɤɜ əɡɛŬŰɞŭɖɔɩɜ. ɆŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ ŬˊɞŰɡˊɩɜɞɜŰŬɘ 

ŮɜŭŮɘəŰɘəɎ əɎˊɞɘŬ ŬˊɞŰŮɚɏůɛŬŰŬ ˊɟɞůɞɛɞɘɩůŮɤɜ ɛŮ ŰŬ ŮɟɔŬɚŮɑŬ ŬɡŰɎ ɔɘŬ Űɖ 

ŭɘɎŭɞůɖ Űɞɡ ɇȺ əŬɘ Űɞɡ ɇɀ ɟɡɗɛɞɨ ɛɏůŬ ůŮ ɏɜŬɜ strip əɡɛŬŰɞŭɖɔɧ ɛŮɔɏɗɞɡɠ 

400x340 nm. 

 

ȺɘəɧɜŬ 35: (Ŭ) ŪŮɛŮɚɘɩŭɖɠ ɇȺ əŬɘ (ɓ) ɗŮɛŮɚɘɩŭɖɠ ɇɀ ɟɡɗɛɧɠ ɛɏůŬ ůŮ ɏɜŬɜ 400x340 nm strip SOI 

əɡɛŬŰɞŭɖɔɧ. 
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2.7.3 ɄɞɚɡˊɚɏəŰŮɠ/ŬˊɞˊɞɚɡˊɚɏəŰŮɠ 

Ƀɘ QSFP [2.35] əŬɘ CXP [2.36] ŭɞɛɏɠ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŬɜ, ˊɟɞəŮɘɛɏɜɞɡ ɜŬ 

ŭɘˊɚŬůɘɎůɞɡɜ Űɖɜ ŰŬɢɨŰɖŰŬ ɛŮŰɎŭɞůɖɠ, ɢɟɖůɘɛɞˊɞɑɖůŬɜ Ůəˊɞɛˊɐ ŭɘˊɚɞɨ ɛɐəɞɡɠ 

əɨɛŬŰɞɠ ůŰɖ C-ɛˊɎɜŰŬ ůŰŬ 320 Gb/s əŬɘ 960 Gb/s ŬɜŰɑůŰɞɘɢŬ. ȼ ˊɞɚɡˊɚŮɝɑŬ əŬŰɎ 

ɛɐəɞɠ əɨɛŬŰɞɠ ɏɔɘɜŮ ŮűɘəŰɐ ɛŮ Űɖ ɢɟɐůɖ əŬŰɎɚɚɖɚɤɜ ˊɞɚɡˊɚŮəŰɩɜ/ŬˊɞˊɞɚɡˊɚŮəŰɩɜ 

ɞɘ ɞˊɞɑɞɘ ŬɜŬˊŰɨɢɗɖəŬɜ ˊɎɜɤ ůŰɖɜ SOI motherboard. ȼ ŬˊɧůŰŬůɖ Űɤɜ ɛɖəɩɜ 

əɨɛŬŰɞɠ əŬɗɞɟɑůŰɖəŮ ůŰŬ 10 nm Ůɜɩ ɡɘɞɗŮŰɐɗɖəŮ ɛɘŬ ɚɨůɖ ɛŮ Űɖ ɢɟɐůɖ 

ůɡɛɓɞɚɞɛɏŰɟɤɜ Mach-Zehnder ɛŮ ŭŮŭɞɛɏɜɞ ɧŰɘ ɞɘ ŭɞɛɏɠ ŬɡŰɏɠ ɏɢɞɡɜ ɡɣɖɚɏɠ ŬɜŰɞɢɏɠ 

ůŰɘɠ ɗŮɟɛɞəɟŬůɘŬəɏɠ ŬɚɚŬɔɏɠ ůŮ ůɨɔəɟɘůɖ ɛŮ ˊɟɞůŮɔɔɑůŮɘɠ ˊɞɡ əɎɜɞɡɜ ɢɟɐůɖ 

əɞɘɚɞŰɐŰɤɜ ɧˊɤɠ ɞɘ ɞˊŰɘəɞɑ ŭŬəŰɨɚɘɞɘ (ring resonators) əŬɘ ɎɟŬ ɛˊɞɟŮɑ ɜŬ 

ŭɘŮɡəɞɚɨɜɞɡɜ ɛɘŬ ůɢŮŭɘŬůŰɘəɐ ˊɟɞůɏɔɔɘůɖ ˊɞɡ ŭŮɜ ɗŬ əɎɜŮɘ ɢɟɐůɖ ɣɡəŰɘəɩɜ ɛɏůɤɜ. 

ȺˊɘˊɟɧůɗŮŰŬ, ɛŮ ŭŮŭɞɛɏɜɞ ɧˊɤɠ ŮɘˊɩɗɖəŮ əŬɘ ˊŬɟŬˊɎɜɤ ɧŰɘ ŮˊɘɚɏɢɗɖəŮ ɖ ɚŮɘŰɞɡɟɔɑŬ 

Űɤɜ ŭɞɛɩɜ ɛŮ ŬɜŬɘůɗɖůɑŬ ůŰɖɜ ˊɧɚɤůɖ, ŭɧɗɖəŮ ɘŭɘŬɑŰŮɟɖ ɓŬɟɨŰɖŰŬ ůŰɞ ůɢŮŭɘŬůŰɘəɧ 

əɞɛɛɎŰɘ ˊɟɞəŮɘɛɏɜɞɡ ɞɘ ˊɞɚɡˊɚɏəŰŮɠ/ŬˊɞˊɞɚɡˊɚɏəŰŮɠ ɜŬ ɏɢɞɡɜ ˊŬɟɧɛɞɘŬ 

ůɡɛˊŮɟɘűɞɟɎ ůŰɞɜ ɇȺ əŬɘ ůŰɞɜ ɇɀ ɟɡɗɛɧ. Ʉɘɞ ŬɜŬɚɡŰɘəɐ ˊŮɟɘɔɟŬűɐ Űɤɜ 

ůɡɔəŮəɟɘɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ ɔɑɜŮŰŬɘ ůŰɞ ȾŮűɎɚŬɘɞ 3 Űɖɠ ˊŬɟɞɨůŬɠ ŮɟɔŬůɑŬɠ.  

2.7.4 Grating couplers 

ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɕŮɨɝɖ ůŰɞɜ əɎɗŮŰɞ ɎɝɞɜŬ Ŭˊɧ əŬɘ ˊɟɞɠ Űɞ ɞˊŰɘəɧ SOI 

board, ŬɜŬˊŰɨɢɗɖəŬɜ əŬŰɎɚɚɖɚɞɘ grating couplers [2.37]. ȼ ɚŮɘŰɞɡɟɔɑŬ ůŰɞɜ əɎɗŮŰɞ 

ɎɝɞɜŬ ůɨɕŮɡɝɖɠ Űɞɡ űɤŰɧɠ, əŬɗɘůŰɎ Űɘɠ ŭɞɛɏɠ ŬɡŰɏɠ ɘŭŬɜɘəɏɠ ɧŰŬɜ ůɡɜŭɡɎɕɞɜŰŬɘ ɛŮ 

Űɖɜ ˊŬɟɞɡůɑŬ VCSEL. Ⱥˊɘˊɚɏɞɜ ŮɡɜɞŮɑŰŬɘ ɖ ɢɟɐůɖ Űɞɡɠ ɛŮ ŭŮŭɞɛɏɜɖ Űɖɜ ŬˊŬɑŰɖůɖ 

ɔɘŬ ůɨɕŮɡɝɖ ˊɞɚɚɩɜ əɡɛŬŰɞŭɖɔɩɜ ůŮ ɛɘŬ ˊɞɚɡˊɨɟɖɜɖ ɑɜŬ. Ƀ grating coupler ŮɑɜŬɘ 

ɛɘŬ ˊŮɟɘɗɚŬůŰɘəɐ ŭɞɛɐ (diffractive structure) ɖ ɞˊɞɑŬ ɛˊɞɟŮɑ ɜŬ ůɢŮŭɘŬůŰŮɑ ɔɘŬ ɜŬ 

ůɡɕŮɡɔɜɨŮɘ Űɞ űɤɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ əɡɛŬŰɞŭɖɔɞɨ ɛɏůɤ ɛɘŬɠ Ŭˊɧ Űɖɠ ŰɎɝŮɘɠ Űɖɜ 

ˊŮɟɑɗɚŬůɐɠ Űɞɡ. ɀɘŬ Űɡˊɘəɐ ŭɞɛɐ grating coupler űŬɑɜŮŰŬɘ ůŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ. 

ȷˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɛɘŬ ˊŮɟɘɗɚŬůŰɘəɐ ŭɞɛɐ ɛɘŬɠ ŭɘɎůŰŬůɖɠ (one-dimensional diffractive 

structure) ŬəɞɚɞɡɗɞɨɛŮɜɖ Ŭˊɧ ɛɘŬ ŬŭɘŬɓŬŰɘəɐ ŭɞɛɐ taper ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŮˊɘŰŮɡɢɗŮɑ 

ŬˊɞŰŮɚŮůɛŬŰɘəɐ ůɨɕŮɡɝɖ Űɞɡ űɤŰɧɠ ˊɞɡ ˊŮɟɘɗɚɎŰŬɘ ɛɏůŬ ůŰɞɜ əɡɛŬŰɞŭɖɔɧ. Ƀɘ 

grating couplers ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ Ůɡɟɏɤɠ ůŮ ɜŬɜɞ-űɤŰɞɜɘəɏɠ ŭɞɛɏɠ ˊɡɟɘŰɑɞɡ ɔɘŬŰɑ 

ˊɟɞůűɏɟɞɡɜ ɡɣɖɚɐ Ŭˊɧŭɞůɖ əŬɘ ɏɢɞɡɜ Űɖɜ ɘəŬɜɧŰɖŰŬ ŭɞəɘɛɐɠ ůŮ əɚɑɛŬəŬ wafers. Ƀɘ 

ŭɞɛɏɠ Űɤɜ grating couplers ɞ́ɡ ŬɜŬˊŰɨɢɗɖəŬɜ ůŰŬ ˊɚŬɑůɘŬ Űɖɠ ůɡɔəŮəɟɘɛɏɜɖɠ 

ŰŮɢɜɞɚɞɔɑŬɠ, ůəɞˊɧ ŮɑɢŬɜ Űɖɜ Ŭɨɝɖůɖ Űɖɠ Ŭˊɧŭɞůɖɠ ůɨɕŮɡɝɖɠ (coupling efficiency) 

ŰŬɡŰɧɢɟɞɜŬ ɛŮ Űɖ ɛŮɑɤůɖ Űɖɠ ˊŮɟɑɗɚŬůɖɠ ŭŮɨŰŮɟɖɠ ŰɎɝɖɠ ɖ ɞˊɞɑŬ ˊɟɞəŬɚŮɑ ɞˊɘůɗɞ-

ůəŮŭɎůŮɘɠ ůŰɞ VCSEL ɛŮ ˊɘɗŬɜɩɠ əŬŰŬůŰɟɞűɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ. 
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ȺɘəɧɜŬ 36: ɆɢɖɛŬŰɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ Ůɜɧɠ SOI grating coupler. 

ɆŮ ˊɘɞ ůɡɔəŮəɟɘɛɏɜŮɠ ˊɚɖɟɞűɞɟɑŮɠ, ɞɘ ŭɞɛɏɠ ˊɞɡ ɗŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ůŰɖɜ 

əŬŰŬůəŮɡɐ Űɞɡ ȺɜŮɟɔɞɨ ɃˊŰɘəɞɨ ȾŬɚɤŭɑɞɡ, ɗŬ ŭɘŬɗɏŰɞɡɜ gratings ɡɣɖɚɐɠ ŭɘŬűɞɟɎɠ 

ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ (high-index contrast) ɞɘ ɞˊɞɑŮɠ ɗŬ ɏɢɞɡɜ ɢŬɛɖɚɏɠ ŬˊɩɚŮɘŮɠ 

ůɨɕŮɡɝɖɠ əŬɘ ɛŮɔɎɚɖ ŬɜŮəŰɘəɧŰɖŰŬ ɧůɞɜ ŬűɞɟɎ ůŰɖɜ ŮɡɗɡɔɟɎɛɛɘůɖ (alignment 

tolerances). ɇŬ ůɡɔəŮəɟɘɛɏɜŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ grating couplers űŬɑɜɞɜŰŬɘ 

ˊŬɟŬəɎŰɤ.  

 

ɄɑɜŬəŬɠ 2: ɉŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ ŭɞɛɩɜ grating couplers ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ. 

Ƀɘ ŭɞɛɏɠ grating coupler, ůɢŮŭɘɎůŰɖəŬɜ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ŮɟɔŬɚŮɑŬ 2D-FDTD 

ŮɛˊɞɟɘəɎ ŭɘŬɗɏůɘɛŬ Ŭˊɧ Űɖɜ ŮŰŬɘɟŮɑŬ Phoenix BV, ůŮ ůɡɜŭɡŬůɛɧ ɛŮ ɛɞɜŰɏɚŬ ŰŬ 

ɞˊɞɑŬ ŬɜŬˊŰɨɢɗɖəŬɜ ůŰɞ ˊɟɧɔɟŬɛɛŬ ComSol. ɄɟɞəŮɘɛɏɜɞɡ ɞ ůɢŮŭɘŬůɛɧɠ Űɖɠ ŭɞɛɐɠ 

ɜŬ ůɡɛɛɞɟűɩɜŮŰŬɘ ˊɚɐɟɤɠ ɛŮ Űɘɠ ŭɡɜŬŰɧŰɖŰŮɠ Űɞɡ ŮɟɔŬɚŮɑɞɡ ˊɟɞůɞɛɞɑɤůɖɠ, ɖ ɛɘŬ 

ŭɘɎůŰŬůɖ Űɞɡ grating coupler (Űɞ ˊɚɎŰɞɠ) ɗŮɤɟɐɗɖəŮ ɖɛɘ-ɎˊŮɘɟɖ. ȷɡŰɐ ŮɑɜŬɘ ɛɘŬ 

ˊɞɚɨ ɔɜɤůŰɐ əŬɘ Ůɡɟɏɤɠ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɖ ˊɟɞůɏɔɔɘůɖ ˊɞɡ ŭŮɜ ŮˊɖɟŮɎɕŮɘ 

ůɖɛŬɜŰɘəɎ Űɖɜ ŮɔəɡɟɧŰɖŰŬ Űɞɡ ŬˊɞŰŮɚɏůɛŬŰɞɠ ůɢŮŭɘŬůɛɞɨ əŬɗɩɠ ɞ 

əŬŰŬůəŮɡŬůɛɏɜɞɠ ůɡɕŮɨəŰɖɠ ŮɑɜŬɘ ŬɟəŮŰɎ Ůɡɟɨɠ ɩůŰŮ ɜŬ ůɡɕŮɡɔɜɨŮɘ ɧɚɞ Űɞ űɤɠ ˊɞɡ 

ɓɔŬɑɜŮɘ Ŭˊɧ Űɞ VCSEL ɐ Űɖɜ ɑɜŬ. ȼ ŭɞɛɐ ˊɟɞůɞɛɞɘɩɗɖəŮ Űɧůɞ ůŰɞ ˊŮŭɑɞ Űɞɡ ɢɟɧɜɞɡ 
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ɧůɞ əŬɘ ůŮ ŬɡŰɧ Űɖɠ ůɡɢɜɧŰɖŰŬɠ ˊŬɟɏɢɞɜŰŬɠ ɏŰůɘ ˊɚɖɟɞűɞɟɑŬ ɔɘŬ Űɖɜ Ŭˊɧŭɞůɖ 

ůɨɕŮɡɝɖɠ, Űɞ ɛɐəɞɠ əɨɛŬŰɞɠ ɚŮɘŰɞɡɟɔɑŬɠ əŬɘ Űɞ ŭɘŬɗɏůɘɛɞ Ůɨɟɞɠ ɕɩɜɖɠ.  

 

ȺɘəɧɜŬ 37: Ʉɟɞůɞɛɞɑɤůɖ Űɖɠ ŭɞɛɐɠ Űɞɡ grating coupler ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɞɜ 2D-FDTD solver 

2.7.5 ɀŮŰŬŰɟɞˊŮɑɠ ɟɡɗɛɞɨ 

ɆŰŬ ˊɚŬɑůɘŬ Űɖɠ əŬŰŬůəŮɡɐɠ Űɞɡ ȺɜŮɟɔɞɨ ɃˊŰɘəɞɨ ȾŬɚɤŭɑɞɡ, əŬŰŬůəŮɡɎůŰɖəŬɜ 

ŮˊɑˊŮŭɞɘ ɛŮŰŬŰɟɞˊŮɑɠ ɟɡɗɛɞɨ ɔɘŬ Űɖɜ ŮˊɑŰŮɡɝɖ ŬˊɞŰŮɚŮůɛŬŰɘəɐɠ ůɨɕŮɡɝɖɠ Űɞɡ űɤŰɧɠ 

ɛŮŰŬɝɨ Űɞɡ SOI board əŬɘ Űɖɠ ˊɞɚɡˊɨɟɖɜɖɠ ɑɜŬɠ ɐ Űɤɜ űɤŰɞŭɘɧŭɤɜ. ȷɡŰɞɑ ɞɘ 

ɛŮŰŬŰɟɞˊŮɑɠ ɟɡɗɛɞɨ ɓŬůɑůŰɖəŬɜ ůŮ ŭɞɛɏɠ ɞɘ ɞˊɞɑŮɠ ůɡɜŬɜŰɩɜŰŬɘ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ 

ŬɚɚɎ əŬɘ Űɖ ɓɘɞɛɖɢŬɜɑŬ əŬɘ ŬˊɞŰŮɚɞɨɜŰŬɜ Ŭˊɧ əɤɜɞŮɘŭŮɑɠ (tapered) əɡɛŬŰɞŭɖɔɞɨɠ 

ˊɡɟɘŰɑɞɡ ɛŮ ŬŭɘŬɓŬŰɘəɐ ɛŮɑɤůɖ Űɞɡ ˊɚɎŰɞɡɠ Űɞɡɠ, ɞɘ ɞˊɞɑɞɘ ɐŰŬɜ ŮˊɘəŬɚɡɛɛɏɜɞɘ Ŭˊɧ 

ɏɜŬɜ ɛŮɔŬɚɨŰŮɟɞ ˊɞɚɡɛŮɟɘəɧ əɡɛŬŰɞŭɖɔɧ ɧˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ. 

ȼ Ŭɟɢɐ Űɖɠ ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡɠ ɓŬůɑɕŮŰŬɘ ůŰɖɜ ŮəɗŮŰɘəɐ ɛŮŰŬŰɟɞˊɐ Űɞɡ ɟɡɗɛɞɨ ˊɞɡ 

əɡɛŬŰɞŭɖɔŮɑŰŬɘ ɛɏůŬ ůŰɞɜ əɡɛŬŰɞŭɖɔɧ ˊɡɟɘŰɑɞɡ ɡɣɖɚɐɠ ŭɘŬűɞɟɎɠ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ, 

ůŰɞ ɟɡɗɛɧ ɞ ɞˊɞɑɞɠ ɡˊɞůŰɖɟɑɕŮŰŬɘ Ŭˊɧ Űɞɜ əɡɛŬŰɞŭɖɔɧ-ˊŮɟɑɓɚɖɛŬ ˊɞɡ ŭɘŬɗɏŰŮɘ 

ɢŬɛɖɚɐ ŭɘŬűɞɟɎ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ [2.38], [2.39]. Ƀ ůɤůŰɧɠ əŬɗɞɟɘůɛɧɠ Űɤɜ 

ŭɘŬůŰɎůŮɤɜ Űɞɡ əɡɛŬŰɞŭɖɔɞɨ ˊɡɟɘŰɑɞɡ əŬɘ Űɞɡ ˊɞɚɡɛŮɟɘəɞɨ ˊŮɟɘɓɚɐɛŬŰɞɠ, ŮˊɏŰɟŮɣŮ 

Űɖɜ Ůɨɟɡɗɛɖ ɚŮɘŰɞɡɟɔɑŬ Űɖɠ ŭɞɛɐɠ ɛŮ ŬɜɞůɑŬ ůŰɖɜ  ˊɧɚɤůɖ. 

 

ȺɘəɧɜŬ 38: (Ŭ), (c) ɇɡˊɘəɐ ŭɞɛɐ ŬɜŮůŰɟŬɛɛɏɜɞɡ taper- ůɡɕŮɨəŰɖ Űɞ ɞˊɞɑɞ ŭɘŬɗɏŰŮɘ ɏɜŬ SU-8 

ˊŮɟɑɓɚɖɛŬ əŬɘ ɔɘŬ ɡˊŮɟ-ˊŮɟɑɓɚɖɛŬ (overcladding) ɢɟɖůɘɛɞˊɞɘŮɑ Űɞɜ ŬɏɟŬ, (b), (d) ŮˊɑˊŮŭɖ ŭɞɛɐ 

ůɡɕŮɨəŰɖ ɖ ɞˊɞɑŬ ɢɟɖůɘɛɞˊɞɘŮɑ Silicon Nitride ɤɠ ˊŮɟɑɓɚɖɛŬ əŬɘ SOG ɤɠ ɡˊŮɟ-ˊŮɟɑɓɚɖɛŬ.  

ȼ əɚŬůůɘəɐ ŰŮɢɜɞɚɞɔɑŬ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůŮ ŬɜŰɑůŰɞɘɢŮɠ ŭɞɛɏɠ, ŮəɛŮŰŬɚɚŮɨŮŰŬɘ 

Űɞ ˊɞɚɡɛŮɟɘəɧ ɡɚɘəɧ SU-8 ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ Űɞɡ ˊŮɟɘɓɚɐɛŬŰɞɠ əŬɘ ɞɚɧəɚɖɟɖ ɖ 

ŭɞɛɐ ŬˊŬɘŰŮɑŰŬɘ ɜŬ əŬɚɨˊŰŮŰŬɘ ŮɑŰŮ Ŭˊɧ ŬɏɟŬ ŮɑŰŮ Ŭˊɧ ɡɚɘəɧ ɛŮ ˊɞɚɨ ɢŬɛɖɚɧ ŭŮɑəŰɖ 
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ŭɘɎɗɚŬůɖɠ. ɀŮ ŭŮŭɞɛɏɜɞ ɧɛɤɠ ɧŰɘ Űɞ ɡɚɘəɧ SU-8 ŭŮɜ ɐŰŬɜ ůɡɛɓŬŰɧ ɛŮ Űɖɜ ŮŰŬɘɟŮɑŬ 

ˊɞɡ əŬŰŬůəŮɨŬɕŮ Űɘɠ ŭɞɛɏɠ ůŰŬ ˊɚŬɑůɘŬ Űɖɠ ůɡɜŮɟɔŬůɑŬɠ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ Ɏɚɚɞ 

ɡɚɘəɧ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ Űɞɡ ˊŮɟɘɓɚɐɛŬŰɞɠ. ȰŰůɘ, ŭɖɛɘɞɡɟɔɐɗɖəŬɜ ŭɞəɘɛŬůŰɘəɎ 

wafers ɛŮ ŭɘŬűɞɟŮŰɘəɏɠ ŮˊɘůŰɟɩůŮɘɠ Ŭˊɧ silicon oxide əŬɘ silicon nitride ɞɘ ɞˊɞɑŮɠ 

ŮɔɢɨɗɖəŬɜ ůŰɖɜ əɞɟɡűɐ Űɤɜ wafers ˊɡɟɘŰɑɞɡ ɛŮ Űɘɠ əɚŬůůɘəɏɠ ɛŮɗɧŭɞɡɠ 

ŮˊŮɝŮɟɔŬůɑŬɠ. ɇŬ wafers ŬɡŰɎ ɢŬɟŬəŰɖɟɑůŰɖəŬɜ ˊŮɘɟŬɛŬŰɘəɎ ɛŮ ɓŬůɘəɏɠ ŰŮɢɜɘəɏɠ 

ŮɚɚŮɘɣɞɛŮŰɟɑŬɠ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ˊɟɞůŭɘɞɟɘůŰŮɑ Űɞ əŬŰɎɚɚɖɚɞ ɡɚɘəɧ Űɞ ɞˊɞɑɞ ɗŬ ɏɢŮɘ 

ɘəŬɜɧ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ ɔɘŬ ɜŬ ɛŮůɞɚŬɓɐůŮɘ ɤɠ ɡˊɧůŰɟɤɛŬ ɛŮŰŬɝɨ Űɞɡ əɡɛŬŰɞŭɖɔɞɨ 

ˊŮɟɘɓɚɐɛŬŰɞɠ əŬɘ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ Ŭˊɧ buried oxide.  

Ƀ ůɡɜŭɡŬůɛɧɠ Űɞɡ ɛɐəɞɡɠ əɨɛŬŰɞɠ Űɞɡ laser, Űɖɠ ɔɤɜɑŬɠ ˊɟɧůˊŰɤůɖɠ Űɞɡ laser, Űɞɡ 

ˊɎɢɞɡɠ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ əŬɘ Űɞɡ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ Űɞɡ ɡɚɘəɞɨ ŭŮɜ ŮˊɏŰɟŮɣŮ Ŭəɟɘɓɐ 

ɛɏŰɟɖůɖ ɔɘŬ ɧɚɞɡɠ Űɞɡɠ ůɡɜŭɡŬůɛɞɨɠ ɡˊɞůŰɟɤɛɎŰɤɜ əŬɘ ɛɖəɩɜ əɨɛŬŰɞɠ. ɄŬɟɧɚŬ 

ŬɡŰɎ ŮɝɐɢɗɖůŬɜ ŭɡɞ ˊɞɚɨ ɢɟɐůɘɛŬ ůɡɛˊŮɟɎůɛŬŰŬ. ɇɞ ɏɜŬ ŮɑɜŬɘ ɧŰɘ ŬűŮɜɧɠ ɞɘ ŭŮɑəŰŮɠ 

ŭɘɎɗɚŬůɖɠ Űɤɜ ˊɏɜŰŮ silicon oxides ŮɑɜŬɘ ˊɞɚɨ əɞɜŰɎ ůŰɘɠ Űɘɛɏɠ ɞɘ ɞˊɞɑŮɠ ˊɎɟɗɖəŬɜ 

Ŭˊɧ Űɞ ɡˊɧůŰɟɤɛŬ ŬɜŬűɞɟɎɠ buried oxide. ȿŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɘɜ Űɖɜ ŬəɟɑɓŮɘŬ Űɖɠ 

ɛɏŰɟɖůɖɠ, ɖ ŭɘŬűɞɟɎ ůŰɞɡɠ ŭŮɑəŰŮɠ ŭɘɎɗɚŬůɖɠ ɛŮŰŬɝɨ ŬɡŰɩɜ Űɤɜ ɡˊɞůŰɟɤɛɎŰɤɜ əŬɘ 

Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ ŬɜŬűɞɟɎɠ ŮɑɜŬɘ ˊɞɚɨ əɞɜŰɎ ůŰɖɜ ŬɓŮɓŬɘɧŰɖŰŬ Űɖɠ ɛɏŰɟɖůɖɠ. 

ȰŰůɘ, ŬɡŰɎ ŰŬ ɡˊɞůŰɟɩɛŬŰŬ ŭŮɜ ŮɑɜŬɘ əŬŰɎɚɚɖɚŬ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ɤɠ ɡɚɘəɧ ɔɘŬ 

Űɖɜ əŬŰŬůəŮɡɐ Űɞɡ əɡɛŬŰɞŭɖɔɞɨ ˊŮɟɘɓɚɐɛŬŰɞɠ. ɇɞ Ɏɚɚɞ ŮɑɜŬɘ ɧŰɘ ɞɘ ŭŮɑəŰŮɠ 

ŭɘɎɗɚŬůɖɠ Űɤɜ PECVD nitride ɔɘŬ ɧɚŬ ŰŬ ɛɐəɖ əɨɛŬŰɞɠ ŭɑɜɞɡɜ ɛɘŬ ŬɜŰɑɗŮůɖ ŭŮɑəŰɖ 

ŭɘɎɗɚŬůɖɠ ɛŮ Űɞ buried oxide ˊŮɟɑˊɞɡ ůŰɞ 0.5. ũɘô ŬɡŰɧ Űɞɜ ɚɧɔɞ ŬɡŰɧ Űɞ ɡɚɘəɧ 

ŬˊɞŭŮɑɢɗɖəŮ ɤɠ əŬŰɎɚɚɖɚɞ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ Űɤɜ əɡɛŬŰɞŭɖɔɩɜ ˊŮɟɘɓɚɐɛŬŰɞɠ. 

ɋɠ Ůə ŰɞɨŰɞɡ, ŰŬ ˊɟɞɦˊɎɟɢɞɜŰŬ ˊɟɞɓɚɐɛŬŰŬ ˊɞɡ ŬűɞɟɞɨůŬɜ Űɖ ůɡɛɓŬŰɧŰɖŰŬ Űɤɜ 

ŭɘŬűɞɟŮŰɘəɩɜ ŰŮɢɜɞɚɞɔɘɩɜ ŮˊŮɝŮɟɔŬůɑŬɠ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ Űɤɜ ŮˊɑˊŮŭɤɜ 

ůɡɕŮɡəŰɩɜ, ŮˊɘɚɨɗɖəŬɜ ɛŮ Űɖɜ ŬɜŰɘəŬŰɎůŰŬůɖ Űɞɡ SU-8 ɛŮ PECVD nitride ɤɠ 

ˊŮɟɑɓɚɖɛŬ əɡɛŬŰɞŭɖɔɞɨ. ȿɧɔɤ ŬɡŰɞɨ, ɐŰŬɜ ŬˊŬɟŬɑŰɖŰɖ ɖ ˊɟɞůŬɟɛɞɔɐ Űɞɡ 

űɤŰɞɜɘəɞɨ ůɢŮŭɘŬůɛɞɨ Űɞɡ ůɡɕŮɨəŰɖ ůŰŬ ɜɏŬ ŭŮŭɞɛɏɜŬ əŬɘ ůɡɔəŮəɟɘɛɏɜŬ ůŰɖɜ 

Ůˊɘɚɞɔɐ Űɞɡ ˊŮɟɘɓɚɐɛŬŰɞɠ ɜɘŰɟɘŭɑɞɡ. ȰŰůɘ Űɞ ŬɜɎůŰɟɞűɞ taper, ůɢŮŭɘɎůŰɖəŮ ɛŮ ɓɎůɖ 

Űɞ ˊŬɟŬˊɎɜɤ ůɢɐɛŬ (b,d) ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ɚɖűɗɞɨɜ ɡˊɧɣɘɜ ɞɘ ɜɏŮɠ ůɡɜɗɐəŮɠ ŭŮɑəŰɖ 

ŭɘɎɗɚŬůɖɠ Űɞɡ ˊŮɟɘɓɚɐɛŬŰɞɠ. 

2.7.6 3D ɔɡɎɚɘɜŮɠ ŭɘŮˊŬűɏɠ 

ɆŰŬ ˊɚŬɑůɘŬ Űɖɠ əŬŰŬůəŮɡɐɠ Űɞɡ ȺɜŮɟɔɞɨ ɃˊŰɘəɞɨ ȾŬɚɤŭɑɞɡ əŬɘ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ 

ůɡɕŮɡɔɜɨŮŰŬɘ Űɞ űɤɠ Ŭˊɧ Űɖ SOI ˊɚŬŰűɧɟɛŬ ůŰɖɜ ˊɞɚɡˊɨɟɖɜɖ ɑɜŬ ŬɜŬˊŰɨɢɗɖəŬɜ 3D 

ɔɡɎɚɘɜŮɠ ŭɘŮˊŬűɏɠ. ȼ əŬŰŬůəŮɡɐ Űɤɜ ɔɡɎɚɘɜɤɜ əɡɛŬŰɞŭɖɔɩɜ ɏɔɘɜŮ ɛŮ Űɖ ɢɟɐůɖ Űɖɠ 

ŰŮɢɜɘəɐɠ 3D direct laser writing ɞɨŰɤɠ ɩůŰŮ ɜŬ ŬɜŬəŬŰŬɜŮɛɖɗŮɑ ɖ ɔŮɤɛŮŰɟɑŬ Űɖɠ 

ˊɞɚɡˊɨɟɖɜɖɠ ɑɜŬɠ ɖ ɞˊɞɑŬ ŮɑɜŬɘ ůŮ ɛɞɟűɐ ůɡůŰɞɘɢɑŬɠ 2D ůŮ ɛɘŬ ɔɟŬɛɛɘəɐ ůɡůŰɞɘɢɑŬ 

ˊɞɡ ŮɑɜŬɘ ůɡɛɓŬŰɐ ɛŮ Űɖ ɔŮɤɛŮŰɟɑŬ Űɞɡ űɤŰɞɜɘəɞɨ ˊɚŬəɘŭɑɞɡ. ȼ ŮˊŮɝŮɟɔŬůɑŬ Űɞɡ 

ɔɡɎɚɘɜɞɡ əɡɛŬŰɞŭɖɔɞɨ Ůˊɑůɖɠ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ Űɖɠ breakout 

ŭɘŮˊŬűɐɠ ɛŮŰŬɝɨ Űɤɜ ɘɜɩɜ ɛŮŰŬŰɟɏˊɞɜŰŬɠ ɏŰůɘ Űɖɜ ŮˊŰŬˊɨɟɖɜɖ ůŮ ŰŮŰɟŬˊɨɟɖɜɖ.  

Ƀɘ ŭɘŮˊŬűɏɠ SOI - MCF ˊɞɡ ŬɜŬˊŰɨɢɗɖəŬɜ ŬˊɞŰŮɚɞɨɜŰŬɜ Ŭˊɧ ŮɜůɤɛŬŰɤɛɏɜɞɡɠ 

əɡɛŬŰɞŭɖɔɞɨɠ 3D ɞɘ ɞˊɞɑɞɘ ˊŬɟɎɢɗɖəŬɜ Ŭˊɧ ŬəŰɘɜɞɓɞɚɑŬ ɡɣɖɚɐɠ ɏɜŰŬůɖɠ ɛŮ Űɖ 

ɢɟɐůɖ ŮůŰɘŬůɛɏɜɤɜ ˊŬɚɛɩɜ laser femtosecond. ɀŮ Űɞɜ ˊɟɞůŮəŰɘəɧ ɏɚŮɔɢɞ Űɖɠ 
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ŮɜŬˊɧɗŮůɖɠ ŮɜɏɟɔŮɘŬɠ (energy deposition), ˊɟɞəɚɐɗɖəŬɜ ɛɧɜɘɛŮɠ ɗŮŰɘəɏɠ ɛŮŰŬɓɞɚɏɠ 

Űɞɡ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ ɛŮ ŮɚŮɔɢɧɛŮɜɖ ŭɘŬŰɞɛɐ, ŮˊɘŰɟɏˊɞɜŰŬɠ Űɞɜ ůɢɖɛŬŰɘůɛɧ ŬɚɖɗɘɜɎ 

ŰɟɘůŭɘɎůŰŬŰɤɜ ŭɞɛɩɜ əɡɛŬŰɞŭɖɔɞɨ ɡɣɖɚɐɠ ˊɞɘɧŰɖŰŬɠ. Ƀɘ ŭɞɛɏɠ ŬɡŰɏɠ 

əŬŰŬůəŮɡɎůŰɖəŬɜ ɛŮ ůəɞˊɧ ɜŬ ˊɟɞůűɏɟɞɡɜ ɡɣɖɚɐɠ ˊɞɘɧŰɖŰŬɠ ůɨɕŮɡɝɖ 

əŬŰŬɚŬɛɓɎɜɞɜŰŬɠ ˊŬɟɎɚɚɖɚŬ ˊɞɚɨ ɛɘəɟɧ ɢɩɟɞ ůŰɖ ůɡɜɞɚɘəɐ ŭɞɛɐ. Ⱥˊɘˊɚɏɞɜ, 

ŮˊɘŰŮɨɢɗɖəŮ ŮɝŬɘɟŮŰɘəɐ ŰŬɨŰɘůɖ Űɖɠ ŭɘŬɛɏŰɟɞɡ Űɤɜ ɟɡɗɛɩɜ Űɤɜ əɡɛŬŰɞŭɖɔɩɜ əŬɘ Űɖɠ 

ɑɜŬɠ ˊŬɟɞɡůɘɎɕɞɜŰŬɠ ɏŰůɘ ˊɞɚɨ ɚɑɔŮɠ ŬˊɩɚŮɘŮɠ. ɆŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ ŬˊɞŰɡˊɩɜŮŰŬɘ 

Űɞ ůɢɖɛŬŰɘəɧ ŭɘɎɔɟŬɛɛŬ ɛɘŬɠ Űɡˊɘəɐɠ 3D ɔɡɎɚɘɜɖɠ űɤŰɞɜɘəɐɠ ŭɞɛɐɠ.  

 

ȺɘəɧɜŬ 39: ɆɢɖɛŬŰɘəɧ ŭɘɎɔɟŬɛɛŬ Űɖɠ ɞəŰŬəɎɜŬɚɖɠ fanout ŭɞɛɐɠ ˊɞɡ ůɢŮŭɘɎůŰɖəŮ ɔɘŬ ɜŬ 

ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɤɠ ŭɘŮˊŬűɐ ɔɘŬ Űɖɜ ˊɞɚɡˊɨɟɖɜɖ ɑɜŬ. ȼ ŭɘɎůŰŬůɖ Űɖɠ 2D ůɡůŰɞɘɢɑŬɠ ŮɑɜŬɘ ˊŮɟɑˊɞɡ ůŰŬ 

30 ɛm Ůɜɩ Űɖɠ 1D ůŰŬ 127 ɛm. 

Ƀɘ ɔŮɤɛŮŰɟɑŬ Űɤɜ ŭɞɛɩɜ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŬɜ ɐŰŬɜ ŰŮŰɟŬɔɤɜɘəɐ Ŭˊɧ Űɖ ɛŮɟɘɎ Űɖɠ 

ŰŮŰɟŬˊɨɟɖɜɖɠ ɑɜŬɠ əŬɘ ŮɝŬɔɤɜɘəɐ (ɛŮ ɛɘŬ Ůˊɘˊɚɏɞɜ ɑɜŬ ůŰɞ əɏɜŰɟɞ Űɞɡ ŮɝɎɔɤɜɞɡ) 

Ŭˊɧ Űɖ ɛŮɟɘɎ Űɖɠ ŮˊŰŬˊɨɟɖɜɖɠ ɑɜŬɠ. ɇŬ ůɡɔəŮəɟɘɛɏɜŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ŬɡŰɩɜ Űɤɜ 

ŭɞɛɩɜ ŭɑɜɞɜŰŬɘ ůŰɞɜ ˊŬɟŬˊɎɜɤ ˊɑɜŬəŬ. Ƀɘ ŬˊɩɚŮɘŮɠ Ůɘůɧŭɞɡ Űɤɜ ŭɞɛɩɜ ŬɡŰɩɜ ɐŰŬɜ 

ˊŬɜɞɛɞɘɧŰɡˊŮɠ əŬɘ Ŭˊɧ Űɘɠ ŭɡɞ ɛŮɟɘɏɠ, Ůɜɩ ɖ ŬˊɧůŰŬůɖ Űɤɜ ɘɜɩɜ ɐŰŬɜ ůŰŬ 250 ɛm. Ƀ 

ůɢŮŭɘŬůɛɧɠ Űɞɡɠ ɏɔɘɜŮ ɛŮ Űɖ ɢɟɐůɖ CAD ŮɟɔŬɚŮɑɤɜ, mode solvers əŬɘ BPM 

ˊɟɞɔɟŬɛɛɎŰɤɜ. ɇŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ˊɞɡ ˊɟɞɏəɡɣŬɜ Ŭˊɧ Űɖ ɛɏŰɟɖůɖ Űɖɠ ŭɞɛɐɠ ɧŰŬɜ 

ŬɡŰɐ əŬŰŬůəŮɡɎůŰɖəŮ əŬɘ ŮɜůɤɛŬŰɩɗɖəŮ ɛŮ Űɘɠ ˊɞɚɡˊɨɟɖɜŮɠ ɑɜŮɠ ɛŮŰɟɐɗɖəŬɜ əŬɘ 

ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŮ ˊŬɟŬəɎŰɤ əŮűɎɚŬɘɞ. 

 

ȺɘəɧɜŬ 40: ȷɟɘůŰŮɟɎ, ɖ ŮɘəɧɜŬ Ŭˊɧ Űɞ ɛɘəɟɞůəɧˊɘɞ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ɛŮ ŰŬ ŮˊŰɎ əŬɜɎɚɘŬ, ŭŮɝɘɎ ɖ ŮɘəɧɜŬ 

Ŭˊɧ Űɞ ɛɘəɟɞůəɧˊɘɞ ɛɘŬɠ ŬɜŰɑůŰɞɘɢɖɠ ŮɛˊɞɟɘəɎ ŭɘŬɗɏůɘɛɖɠ ŭɘŮˊŬűɐɠ ŮˊŰɎ əŬɜŬɚɘɩɜ.  

ȷűɞɨ ˊŬɟɞɡůɘɎůŰɖəŬɜ ŬɜŬɚɡŰɘəɎ ɧɚŮɠ ɞɘ ŰŮɢɜɞɚɞɔɑŮɠ əŬɘ ŰŮɢɜɘəɏɠ ˊɞɡ 

ŬəɞɚɞɡɗɐɗɖəŬɜ ɔɘŬ Űɖɜ ŬɜɎˊŰɡɝɖ Űɞɡ ŮɜŮɟɔɞɨ ɞˊŰɘəɞɨ əŬɚɤŭɑɞɡ, ůŰɘɠ ˊŬɟŬəɎŰɤ 
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ˊŬɟŬɔɟɎűɞɡɠ ˊŬɟŬŰɑɗŮɜŰŬɘ ˊɘɞ ůɡɔəŮəɟɘɛɏɜŮɠ ˊŬɟɎɛŮŰɟɞɘ ɔɘŬ Űɖɜ əɎɗŮ ŭɞɛɐ 

(ˊɟɤŰɧŰɡˊɞ) Ŭˊɧ Űɖ ůəɞˊɘɎ Űɞɡ ůɡůŰɐɛŬŰɞɠ. 

2.7.7 208 Gb/s board-level ɞˊŰɘəɐ ŭɘŬůɨɜŭŮůɖ 

ȿŮɘŰɞɡɟɔɘəɧ ŭɘɎɔɟŬɛɛŬ 

ȼ ɞˊŰɘəɐ ŭɘŬůɨɜŭŮůɖ ɛŮ ŰŬɢɨŰɖŰŬ ɛŮŰɎŭɞůɖɠ ůŰŬ 208 Gb/s ɏɢŮɘ ůŰɧɢɞ ɜŬ ɡɚɞˊɞɘɐůŮɘ 

ɛɘŬ ɛɞɜɞəŬŰŮɡɗɡɜŰɘəɐ ɕŮɨɝɖ ŰŮůůɎɟɤɜ ɔɟŬɛɛɩɜ ɖ ɞˊɞɑŬ ˊŮɟɘɚŬɛɓɎɜŮɘ ŰŬ ˊŬɟŬəɎŰɤ 

ɓŬůɘəɎ ůŰɞɘɢŮɑŬ: 

- ɇɏůůŮɟŮɘɠ ɖɚŮəŰɟɘəɞɨɠ ɞŭɖɔɖŰɏɠ (drivers) 

- ɇɏůůŮɟŬ ŬˊŮɡɗŮɑŬɠ ŭɘŬɛɞɟűɤɛɏɜŬ (directly modulated) VCSEL 

- ɀɘŬ ŭɘŮˊŬűɐ ůɨɜŭŮůɖɠ Űɞɡ ˊɚŬəɘŭɑɞɡ ɛŮ Űɖɜ ˊɞɚɡˊɨɟɖɜɖ ɑɜŬ, ˊɞɡ ŭɘŬůɡɜŭɏŮɘ 

Űɞɜ ˊɞɛˊɧ ɛŮ Űɖɜ ɑɜŬ 

- ɀɘŬ ŰŮŰɟŬˊɨɟɖɜɖ ɛɞɜɞɟɡɗɛɘəɐ ɞˊŰɘəɐ ɑɜŬ (MCF) 

- ɀɘŬ ŭɘŮˊŬűɐ ůɨɜŭŮůɖɠ Űɞɡ ˊɚŬəɘŭɑɞɡ ɛŮ Űɖɜ ˊɞɚɡˊɨɟɖɜɖ ɑɜŬ, ˊɞɡ ŭɘŬůɡɜŭɏŮɘ 

Űɞ ŭɏəŰɖ ɛŮ Űɖɜ ɑɜŬ 

- ɇɏůůŮɟŮɘɠ űɤŰɞŭɑɞŭɞɘ 

- ɇɏůůŮɟŮɘɠ ɔɟŬɛɛɘəɞɑ TIAs 

Ƀɘ ɖɚŮəŰɟɘəɏɠ Ůɑůɞŭɞɘ ɟɞɩɜ ŭŮŭɞɛɏɜɤɜ ŮɜɘůɢɨɞɜŰŬɘ Ŭˊɧ Űɞɡɠ ɖɚŮəŰɟɘəɞɨɠ ɞŭɖɔɖŰɏɠ 

ɞɘ ɞˊɞɑɞɘ Ůɜ ůɡɜŮɢŮɑŬ ŰɟɞűɞŭɞŰɞɨɜ Űɘɠ ŭɞɛɏɠ Űɤɜ VCSEL. Ƀɘ ŰɏůůŮɟŮɘɠ ˊŬɟŬɔɧɛŮɜŮɠ 

ɞˊŰɘəɏɠ ɟɞɏɠ ŭŮŭɞɛɏɜɤɜ ŮɘůɎɔɞɜŰŬɘ ůŰɖɜ ɛɞɜɞɟɡɗɛɘəɐ ŰŮŰɟŬˊɨɟɖɜɖ ɑɜŬ ɛɏůɤ ɛɘŬɠ 

əŬŰɎɚɚɖɚɖɠ ŭɘŮˊŬűɐɠ ˊɞɡ Űɖ ůɡɜŭɏŮɘ ɛŮ Űɞ ˊɚŬəɑŭɘɞ. ɀŮŰɎ Űɖ ŭɘɎŭɞůɖ ůŰɖɜ ɑɜŬ, 

Ɏɚɚɖ ɛɘŬ ŭɘŮˊŬűɐ ůɨɜŭŮůɖɠ ɛŮŰŬɝɨ ɑɜŬɠ əŬɘ ˊɚŬəɘŭɑɞɡ ɛŮůɞɚŬɓŮɑ ˊɟɞəŮɘɛɏɜɞɡ Űɞ 

űɤɠ ɜŬ ůɡɕŮɡɢɗŮɑ ůŰɞ ˊɚŬəɑŭɘɞ Űɞɡ ŭɏəŰɖ. ȾɎɗŮ ɏɜŬ Ŭˊɧ ŰŬ ŰɏůůŮɟŬ 

ŬˊɞˊɞɚɡˊɚŮɔɛɏɜŬ əŬɜɎɚɘŬ ŬɜɘɢɜŮɨŮŰŬɘ ɛɏůɤ ɛɘŬɠ űɤŰɞŭɘɧŭɞɡ. ɇɏɚɞɠ, ɔɟŬɛɛɘəɞɑ 

ɇȽȷs ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ Ůɜɘůɢɨůɞɡɜ Űɞ űɤŰɞɟŮɨɛŬ ˊɞɡ ˊŬɟɎɔŮŰŬɘ 

Ŭˊɧ Űɘɠ űɤŰɞŭɘɧŭɞɡɠ əŬŰɎɚɚɖɚŬ. 

ȼ ůɡɔəŮəɟɘɛɏɜɖ ŭɞɛɐ ɡˊɞůŰɖɟɑɕŮɘ ɟɡɗɛɞɨɠ ŭŮŭɞɛɏɜɤɜ Űɖɠ ŰɎɝɖɠ Űɤɜ 26 Gbaud ŬɜɎ 

əŬɜɎɚɘ əŬɘ ŮɑɜŬɘ ůɡɛɓŬŰɐ ɛŮ Űɘɠ ˊɟɞŭɘŬɔɟŬűɏɠ Űɞɡ Infiniband EDR (25.78125 Gb/s) 

[2.40]. ɇŬ ůɢɐɛŬŰŬ ŭɘŬɛɧɟűɤůɖɠ ˊɞɡ ɡˊɞůŰɖɟɑɕŮɘ ŮɑɜŬɘ OOK əŬɘ PAM-4, ŭɑɜɞɜŰŬɠ 

ɏŰůɘ Űɖɜ əŬŰɎɚɚɖɚɖ ŮɡŮɚɘɝɑŬ ůŰɞɜ ˊɞɛˊɞŭɏəŰɖ ɜŬ ɟɡɗɛɑɕŮɘ Űɞ ɟɡɗɛɧ ŭŮŭɞɛɏɜɤɜ ŮɑŰŮ 

ůŰŬ 26 Gb/s ŮɑŰŮ ůŰŬ 52 Gb/s ŬɜŰɘůŰɞɑɢɤɠ. Ƀɘ ɖɚŮəŰɟɘəɏɠ ˊɟɞŭɘŬɔɟŬűɏɠ Űɖɠ ŭɞɛɐɠ 

əŬɗɩɠ əŬɘ ɞɘ ɞˊŰɞ-ɖɚŮəŰɟɞɜɘəɏɠ ˊŬɟɎɛŮŰɟɞɘ Űɖɠ ŭɑɜɞɜŰŬɘ ůŰɞɡɠ ˊŬɟŬəɎŰɤ ˊɑɜŬəŮɠ 

əŬɘ Ŭűɞɟɞɨɜ Űɘɠ ɗŮɟɛɞəɟŬůɑŮɠ əŬɘ Űɞ Ůɨɟɞɠ ůɡɢɜɞŰɐŰɤɜ ɚŮɘŰɞɡɟɔɑŬɠ. Ƀ ˊɞɛˊɧɠ əŬɘ ɞ 

ŭɏəŰɖɠ ŮɑɜŬɘ əŬɘ ɞɘ ŭɨɞ AC coupled.  
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ɄɑɜŬəŬɠ 3: ɃˊŰɞ-ɖɚŮəŰɟɞɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ˊɞɛˊɞɨ 

 

ɄɑɜŬəŬɠ 4: ɃˊŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɖɠ ˊɞɛˊɞŭɏəŰɖ 

ɆŰɖ ɛŮɟɘɎ Űɞɡ ˊɞɛˊɞɨ, Űɞ űɤɠ Űɞ ɞˊɞɑɞ ŮəˊɏɛˊŮŰŬɘ Ŭˊɧ ŰŬ VCSEL ůɡɕŮɡɔɜɨŮŰŬɘ ůŰɞ 

SOI board ɛɏůɤ ŭɞɛɩɜ grating couplers, ɞɘ ɞˊɞɑɞɘ ŮɑɜŬɘ əŬŰŬɚɚɐɚɤɠ ůɢŮŭɘŬůɛɏɜɞɘ 

ɔɘŬ əɎɗŮŰɖ ůɨɕŮɡɝɖ. ȷɜŰɑůŰɞɘɢŮɠ ŭɞɛɏɠ Ŭˊɧ grating couplers ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ əŬɘ 

ɔɘŬ Űɖ ɕŮɨɝɖ Űɞɡ űɤŰɧɠ Ŭˊɧ Űɞ board ůŰɖɜ ˊɞɚɡˊɨɟɖɜɖ ɑɜŬ. ɆŰɖ ɛŮɟɘɎ Űɞɡ ŭɏəŰɖ, Űɞ 

ůɐɛŬ ŮɘůɏɟɢŮŰŬɘ ůŰɘɠ űɤŰɞŭɘɧŭɞɡɠ Ŭˊɧ Űɖɜ ˊɞɚɡˊɨɟɖɜɖ ɑɜŬ ɛŮ Űɖ ɢɟɐůɖ ɛɘŬɠ 
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ɔɡɎɚɘɜɖɠ 3D ŭɘŮˊŬűɐɠ əɡɛŬŰɞŭɖɔɞɨ (3D waveguide glass interface). Ƀ ůɢŮŭɘŬůɛɧɠ 

Űɖɠ ŭɞɛɐɠ ŬˊɚɞˊɞɘŮɑŰŬɘ Ŭűɞɨ ŭŮɜ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ əŬɗɧɚɞɡ ˊɞɚɡˊɚŮɝɑŬ/ 

ŬˊɞˊɞɚɡˊɚŮɝɑŬ ɛɐəɞɡɠ əɨɛŬŰɞɠ ˊɎɜɤ ůŰŬ boards. Ƀɘ ůɡɜɞɚɘəɏɠ ŬˊɩɚŮɘŮɠ Űɞɡ 

ˊɞɛˊɞɨ ɡˊɞɚɞɔɑůŰɖəŬɜ ůŰŬ 7 dB, 3 dB Ŭˊɧ əɎɗŮ grating coupler əŬɘ 1 dB Ŭˊɧ Űɘɠ 

ŬˊɩɚŮɘŮɠ əɡɛŬŰɞŭɖɔɞɨ. ũɘŬ Űɞ ŭɏəŰɖ ɞɘ ŬˊɩɚŮɘŮɠ ˊɏűŰɞɡɜ ůŰŬ 0.7 dB ˊɞɡ 

ɞɡůɘŬůŰɘəɎ ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ Űɖ 3D ɔɡɎɚɘɜɖ ŭɘŮˊŬűɐ. ɇɏɚɞɠ, ɛŮ ŭŮŭɞɛɏɜɞ ɧŰɘ ɞɘ 

ɕŮɨɝŮɘɠ ɗŬ ɏɢɞɡɜ ɛɐəɞɠ 150 m əŬɘ 300 m, ɏɢɞɡɛŮ ɎɚɚŬ 0.03 dB əŬɘ 0.06 dB ŬˊɩɚŮɘŮɠ 

ŬɜŰɘůŰɞɑɢɤɠ. ɆɡɜɞɚɘəɎ ɛɘɚɩɜŰŬɠ əŬɘ ɔɘŬ Űɖ ɢŮɘɟɧŰŮɟɖ ˊŮɟɑˊŰɤůɖ, ɞɘ ŮəŰɘɛɩɛŮɜŮɠ 

ŬˊɩɚŮɘŮɠ Űɞɡ ˊɞɛˊɞŭɏəŰɖ ɗŬ ŮɑɜŬɘ ůŰŬ 7.76 dB.  

2.7.8 320 Gb/s QSFP ŭɞɛɐ ȺɜŮɟɔɞɨ ɃˊŰɘəɞɨ ȾŬɚɤŭɑɞɡ 

ɇɞ 320 Gb/s QSFP ȺɜŮɟɔɧ ɃˊŰɘəɧ ȾŬɚɩŭɘɞ ɗŬ ɡɚɞˊɞɘɖɗŮɑ ɤɠ ɏɜŬ Ŭɛűɑŭɟɞɛɞ link 

ŰŮůůɎɟɤɜ əŬɜŬɚɘɩɜ əŬɘ ɗŬ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɘɠ ˊŬɟŬəɎŰɤ ɓŬůɘəɏɠ ŭɞɛɏɠ: 

- ɇɏůůŮɟŮɘɠ ɖɚŮəŰɟɘəɞɨɠ ɞŭɖɔɖŰɏɠ 

- ɇɏůůŮɟŬ ŬˊŮɡɗŮɑŬɠ ŭɘŬɛɞɟűɞɨɛŮɜŬ VCSELs 

- ȹɡɞ ˊɞɚɡˊɚɏəŰŮɠ ɛɐəɞɡɠ əɨɛŬŰɞɠ 

- ɀɘŬ ŭɘŮˊŬűɐ ůɨɜŭŮůɖɠ Űɞɡ chip ɛŮ Űɖɜ ˊɞɚɡˊɨɟɖɜɖ ɑɜŬ 

- ɀɘŬ ŰŮŰɟŬˊɨɟɖɜɖ ɛɞɜɞɟɡɗɛɘəɐ ɑɜŬ 

- ȹɨɞ ŬˊɞˊɞɚɡˊɚɏəŰŮɠ ɛɐəɞɡɠ əɨɛŬŰɞɠ 

- ɇɏůůŮɟŮɘɠ űɤŰɞŭɘɧŭɞɡɠ 

- ɇɏůůŮɟŮɘɠ ɔɟŬɛɛɘəɞɨɠ TIAs 

Ƀɘ ɖɚŮəŰɟɘəɏɠ Ůɑůɞŭɞɘ ɞɘ ɞˊɞɑŮɠ ŬˊɞŰŮɚɞɨɜ Űɖ ŭɘŮˊŬűɐ ɛŮ Űɞɡɠ SerDes [2.41] 

ŮɜɘůɢɨɞɜŰŬɘ Ŭˊɧ ŰɏůůŮɟŮɘɠ ɖɚŮəŰɟɘəɞɨɠ ɞŭɖɔɖŰɏɠ ˊɟɘɜ Űɖɜ Ůɑůɞŭɞ Űɤɜ VCSELs. Ƀɘ 

ŰɏůůŮɟŮɘɠ ŭɞɛɏɠ VCSEL ůɡɜŭɡɎɕɞɜŰŬɘ ůŮ ɕŮɨɔɖ Ŭˊɧ ŰŬ ɞˊɞɑŬ Űɞ əŬɗɏɜŬ ŮəˊɏɛˊŮɘ ůŮ 

ŭɘŬűɞɟŮŰɘəɧ WDM ɛɐəɞɠ əɨɛŬŰɞɠ. ɇɞ ŭɘŬɛɞɟűɤɛɏɜɞ űɤɠ Ŭˊɧ Űɘɠ Ůɝɧŭɞɡɠ Űɤɜ 

VCSELs, ˊɞɚɡˊɚɏəŮŰŬɘ əŬŰɎ ɛɐəɞɠ əɨɛŬŰɞɠ ůŰɞɡɠ ŬɜŰɑůŰɞɘɢɞɡɠ ˊɞɚɡˊɚɏəŰŮɠ ůŮ ŭɡɞ 

ɟɞɏɠ WDM (ɖ əɎɗŮ ɟɞɐ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŭɡɞ ɛɐəɖ əɨɛŬŰɞɠ). Ƀɘ ɟɞɏɠ ŬɡŰɏɠ 

ŮɘůɎɔɞɜŰŬɘ ůŰɖɜ ˊɞɚɡˊɨɟɖɜɖ ɑɜŬ ɛɏůɤ Űɖɠ ŭɘŮˊŬűɐɠ ˊɞɡ ɡˊɎɟɢŮɘ ɛŮ Űɞ chip. ȹɡɞ 

ˊɡɟɐɜŮɠ Ŭˊɧ Űɖɜ ˊɞɚɡˊɨɟɖɜɖ ɑɜŬ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ əɎɗŮ əŬŰŮɨɗɡɜůɖ Űɖɠ 

ŭɘɎŭɞůɖɠ. ɆŰɖ ɛŮɟɘɎ Űɞɡ ŭɏəŰɖ, ɞɘ WDM ɟɞɏɠ Ŭˊɧ Űɖɜ ɑɜŬ ŮɘůɎɔɞɜŰŬɘ ůŰɞ chip ˊɎɚɘ 

Ŭˊɧ Űɖɜ ŭɘŮˊŬűɐ ˊɞɡ ɡˊɎɟɢŮɘ . ȼ ŬˊɞˊɞɚɡˊɚŮɝɑŬ ɛɐəɞɡɠ əɨɛŬŰɞɠ  ɔɑɜŮŰŬɘ Ŭˊɧ Űɞɡɠ 

ŭɡɞ ŬˊɞˊɞɚɡˊɚɏəŰŮɠ əŬɘ əɎɗŮ ɏɜŬ Ŭˊɧ ŰŬ ŰɏůůŮɟŬ ŬˊɞˊɞɚɡˊɚŮɔɛɏɜŬ əŬɜɎɚɘŬ 

ŬɜɘɢɜŮɨŮŰŬɘ ɛŮ ɏɜŬ űɤŰɞ ŬɜɘɢɜŮɡŰɐ. ȼ ŭɘŮˊŬűɐ Űɖɠ QSFP ŭɞɛɐɠ ɛŮ Űɞɜ SerDes 

ŭɘŮɡəɞɚɨɜŮŰŬɘ ɛŮ Űɖ ɢɟɐůɖ ɔɟŬɛɛɘəɩɜ TIAs ɞɘ ɞˊɞɑɞɘ ɛŮŰŬŰɟɏˊɞɡɜ Űɞ ɚŬɛɓŬɜɧɛŮɜɞ 

űɤŰɞɟŮɨɛŬ Űɖɠ űɤŰɞŭɘɧŭɞɡ ůŮ ɛɘŬ ŬɜŰɑůŰɞɘɢɖ ŰɎůɖ ɛŮ ˊɚɎŰɞɠ əŬŰɎɚɚɖɚɞ ɔɘŬ Űɞɜ 

SerDes. ȼ ŭɞɛɐ ɡˊɞůŰɖɟɑɕŮɘ ɟɡɗɛɞɨɠ ŭŮŭɞɛɏɜɤɜ Űɖɠ ŰɎɝɖɠ Űɤɜ 40 Gbaud ŬɜɎ 

əŬɜɎɚɘ. ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ɏɢŮɘ ůɡɛɓŬŰɧŰɖŰŬ əŬɘ ɛŮ Űɘɠ ˊɟɞŭɘŬɔɟŬűɏɠ Űɞɡ Infiniband 

EDR ɗŬ ŭɘŬɗɏŰŮɘ əŬɘ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɚŮɘŰɞɡɟɔɑŬɠ ůŰŬ 26 Gbaud. Ƀɘ ɡˊɞůŰɖɟɘɕɧɛŮɜɞɘ 

Űɟɧ́ɞɘ ŭɘŬɛɧɟűɤůɖɠ ɗŬ ŮɑɜŬɘ ɞɘ OOK əŬɘ PAM-4 ŭɑɜɞɜŰŬɠ ɏŰůɘ ůŰɖ ŭɞɛɐ ɛŬɠ ɛŮɔɎɚɖ 

ŮɡŮɚɘɝɑŬ ɛŮ Ůɨɟɞɠ ɚŮɘŰɞɡɟɔɑŬɠ Ŭˊɧ ŰŬ 26 Gb/s ɏɤɠ ŰŬ 80 Gb/s. 

Ƀɘ ɖɚŮəŰɟɘəɏɠ ˊɟɞŭɘŬɔɟŬűɏɠ əŬɘ ɞɘ ɞˊŰɞ-ɖɚŮəŰɟɞɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɖɠ ŭɞɛɐɠ 

ůɡɜɞɣɑɕɞɜŰŬɘ ůŰɞɜ ˊŬɟŬəɎŰɤ ˊɑɜŬəŬ əŬɘ ŮɑɜŬɘ Űɘɛɏɠ ŬɜŬűɞɟɎɠ ɔɘŬ ɧɚŮɠ Űɘɠ 

ɗŮɟɛɞəɟŬůɑŮɠ əŬɘ ůɡɢɜɧŰɖŰŮɠ ɚŮɘŰɞɡɟɔɑŬɠ Űɖɠ. Ƀ ˊɞɛˊɧɠ əŬɘ ɞ ŭɏəŰɖɠ ŮɑɢŬɜ əŬɘ ɞɘ 
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ŭɡɞ AC ůɨɕŮɡɝɖ Ůɜɩ ɖɚŮəŰɟɘəɐ ŬɜŰɘůŰɎɗɛɘůɖ (electrical equalization) 

ůɡɛˊŮɟɘɚɐűɗɖəŮ əŬɘ ůŰɘɠ ŭɡɞ ɛŮɟɘɏɠ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŬɜŰɘůŰŬɗɛɘůŰɞɨɜ ŰŬ ŮˊŬɔɧɛŮɜŬ 

űŬɘɜɧɛŮɜŬ Űɖɠ ŭɘŬůˊɞɟɎɠ ůŮ ɛŮɔɎɚŮɠ ŬˊɞůŰɎůŮɘɠ, ŰŬ ɞˊɞɑŬ ŮɘůɎɔɞɡɜ ˊŮɟɘɞɟɘůɛɞɨɠ 

ůŰɞ Ůɨɟɞɠ ɕɩɜɖɠ. 

 

ɄɑɜŬəŬɠ 5: ȼɚŮəŰɟɘəɏɠ əŬɘ ɞˊŰɞ-ɖɚŮəŰɟɞɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ QSFP ůŰɖ ɛŮɟɘɎ Űɞɡ ˊɞɛˊɞɨ. 

 

ɄɑɜŬəŬɠ 6: ȼɚŮəŰɟɘəɏɠ əŬɘ ɞˊŰɞ-ɖɚŮəŰɟɞɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ QSFP ůŰɖ ɛŮɟɘɎ Űɞɡ ŭɏəŰɖ. 

Ƀɘ ɞˊŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɖɠ ŭɞɛɐɠ QSFP ůɡɜɞɣɑɕɞɜŰŬɘ ůŰɞɜ ˊŬɟŬəɎŰɤ ˊɑɜŬəŬ Ůɜɩ ɖ 3D 

ŬˊŮɘəɧɜɘůɖ Űɖɠ ůŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ ɧˊɞɡ ŬˊɞŰɡˊɩɜŮŰŬɘ ɛɧɜɞ Űɞ ɞˊŰɘəɧ Űɖɠ 

əɞɛɛɎŰɘ ˊɟɞɠ ɢɎɟɘɜ ŬˊɚɧŰɖŰŬɠ. ȷəɞɚɞɡɗɩɜŰŬɠ Űɖɜ ɑŭɘŬ ɚɞɔɘəɐ əŬɘ ɛŮ Űɖɜ ˊɟɩŰɖ 
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ŭɞɛɐ, ůŰɖ ɛŮɟɘɎ Űɞɡ ˊɞɛˊɞɨ ɡˊɎɟɢɞɡɜ ŰɏůůŮɟŮɘɠ grating couplers ɞɘ ɞˊɞɑɞɘ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ Űɖ ůɨɕŮɡɝɖ Űɞɡ ŮəˊŮɛˊɧɛŮɜɞɡ űɤŰɧɠ Ŭˊɧ ŰŬ VCSELs. Ƀɘ 

grating couplers ŬɡŰɞɑ ɏɢɞɡɜ əŬŰɎɚɚɖɚɖ ŬɟɢɘŰŮəŰɞɜɘəɐ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŭɘŮɡəɞɚɨɜɞɡɜ 

ɛɘŬ əŬŰŬəɧɟɡűɖ ůɨɕŮɡɝɖ ŮɘůɎɔɞɜŰŬɠ ůŰɞɜ ɎɝɞɜŬ ŬɡŰɧ ɏɜŬ ɛɘəɟɧ Ŭɟɘɗɛɧ ŬˊɤɚŮɘɩɜ. 

ȼ ˊɞɚɡˊɚŮɝɑŬ ɛɐəɞɡɠ əɨɛŬŰɞɠ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ˊɎɜɤ ůŰɞ SOI board ɛŮ Űɖ ɢɟɐůɖ ŭɡɞ 

ˊɞɚɡˊɚŮəŰɩɜ, Űɖɜ ŬɟɢɘŰŮəŰɞɜɘəɐ Űɤɜ ɞˊɞɑɤɜ ɗŬ ůɡɜŬɜŰɐůɞɡɛŮ ůŮ ŮˊɧɛŮɜɞ əŮűɎɚŬɘɞ 

Űɖɠ ŮɟɔŬůɑŬɠ. ȷűɞɨ ŰŬ ŰɏůůŮɟŬ ůɐɛŬŰŬ ˊɞɚɡˊɚŮɢɗɞɨɜ, ůŮ ɕŮɨɔɖ Űɤɜ ŭɡɞ, Ůɜ 

ůɡɜŮɢŮɑŬ ɛɏůɤ ɛɘŬɠ 3D ŭɘŮˊŬűɐɠ ɔɡŬɚɘɞɨ ůɡɕŮɡɔɜɨɞɜŰŬɘ ůŰɖɜ ˊɞɚɡˊɨɟɖɜɖ ɑɜŬ. 

ɄɟɞəŮɘɛɏɜɞɡ ɞɘ əɡɛŬŰɞŭɖɔɞɨɛŮɜɞɘ ɟɡɗɛɞɑ ůŰɞ SOI board ɜŬ ɛˊɞɟɞɨɜ ɜŬ ŰŬɘɟɘɎɝɞɡɜ 

ůŰɞɡɠ ɟɡɗɛɞɨɠ ˊɞɡ ɡˊɞůŰɖɟɑɕŮɘ ɖ ɔɡɎɚɘɜɖ ŭɘŮˊŬűɐ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ əŬŰɎɚɚɖɚɞɘ 

ɛŮŰŬŰɟɞˊŮɑɠ ɟɡɗɛɞɨ (mode converters). Ⱥˊɘ Űɖɠ ɞɡůɑŬɠ ɞɘ ɛŮŰŬŰɟɞˊŮɑɠ ŬɡŰɞɑ ɏɢɞɡɜ 

əɤɜɞŮɘŭɐ ɛɞɟűɐ əŬɘ ŭɘŬˊɚŬŰɨɜɞɜŰŬɘ ɛŮ ůŰŬŭɘŬəɧ Űɟɧˊɞ ˊɟɞəŮɘɛɏɜɞɡ ɏɜŬ ɟɡɗɛɧɠ ˊɞɡ 

ŭɘŬŭɑŭŮŰŬɘ ůŮ ɏɜŬ əɡɛŬŰɞŭɖɔɧ ůɡɔəŮəɟɘɛɏɜɞɡ ˊɚɎŰɞɡɠ, ɜŬ ɛˊɞɟŮɑ ɜŬ ŭɘŬŭɞɗŮɑ əŬɘ ůŮ 

ɏɜŬɜ Ɏɚɚɞ ɛŮ ɛŮɔŬɚɨŰŮɟɞ ˊɚɎŰɞɠ ɢɤɟɑɠ ɜŬ ɡˊɎɟɢɞɡɜ ŬˊɩɚŮɘŮɠ ɘůɢɨɞɠ. ȷˊɧ Űɖ ɛŮɟɘɎ 

Űɞɡ ŭɏəŰɖ, Űɞ ɚŬɛɓŬɜɧɛŮɜɞ ˊɞɚɡˊɚŮɔɛɏɜɞ ůɐɛŬ ŭɘŬɢɤɟɑɕŮŰŬɘ ɛɏůɤ Ůɜɧɠ ŬɜɎɚɞɔɞɡ  

SOI ŬˊɞˊɞɚɡˊɚɏəŰɖ ɛɐəɞɡɠ əɨɛŬŰɞɠ əŬɘ ɞɘ ŬɜɎɚɞɔŮɠ ɞˊŰɘəɏɠ ɟɞɏɠ əŬŰŬɚɐɔɞɡɜ ůŮ 

ůɡůŰɞɘɢɑŮɠ űɤŰɞŭɘɧŭɤɜ ɔɘŬ ŬɜɑɢɜŮɡůɖ. ũɘŬ Űɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ QSFP ŭɞɛɐɠ, 

ˊɟɞəɟɑɗɖəŮ ɖ Ůˊɘɚɞɔɐ Űɖɠ in-plane ɕŮɨɝɖɠ ůŰɘɠ űɤŰɞŭɘɧŭɞɡɠ əɡɛŬŰɞŭɖɔɞɨ. ȼ Ůˊɘɚɞɔɐ 

ŬɡŰɐ ˊɟɞŰɘɛɐɗɖəŮ ɏɜŬɜŰɘ Űɖɠ əɎɗŮŰɖɠ ůɨɕŮɡɝɖɠ (ˊ.ɢ. ɛŮ Űɖ ɢɟɐůɖ grating couplers), 

ɚɧɔɤ Űɖɠ ŰɡɢŬɑŬɠ əŬŰɎůŰŬůɖɠ Űɖɠ ˊɧɚɤůɖɠ (state of polarization) ˊɞɡ əŬŰŬűɗɎɜŮɘ 

ůŰɞ ŭɏəŰɖ. ũɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ, ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɛŮŰŬŰɟɞˊŮɑɠ ɟɡɗɛɞɨ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ 

ɡˊɎɟɢŮɘ əŬɘ Ŭɡɝɖɛɏɜɖ ŬɜŰɞɢɐ ůŰɘɠ ŬˊɩɚŮɘŮɠ ŮɡɗɡɔɟɎɛɛɘůɖɠ.  

 

ɄɑɜŬəŬɠ 7: ɃˊŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɖɠ QSFP ŭɞɛɐɠ. 

ȳůɞɜ ŬűɞɟɎ ůŰɖɜ ŮəŰɑɛɖůɖ Űɤɜ ůɡɜɞɚɘəɩɜ ŬˊɤɚŮɘɩɜ Űɖɠ ŭɞɛɐɠ, ɡˊɞɚɞɔɑůŰɖəŮ ɧŰɘ ɞ 

grating coupler ˊɞɡ ɛŮůɞɚŬɓŮɑ ɛŮŰŬɝɨ Űɞɡ VCSEL əŬɘ Űɞɡ SOI chip ɗŬ ɏɢŮɘ ŬˊɩɚŮɘŮɠ 

Űɖɠ ŰɎɝɖɠ Űɤɜ 3 dB, ɞɘ ŬˊɩɚŮɘŮɠ əɡɛŬŰɞŭɖɔɞɨ əŬɘ ˊɞɚɡˊɚɏəŰɖ ŬɗɟɞɘůŰɘəɎ ɗŬ ŮɑɜŬɘ 
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ůŰŬ 3 dB, ɞ ɛŮŰŬŰɟɞˊɏŬɠ ɟɡɗɛɞɨ ɗŬ ŮɘůɎɔŮɘ ŬˊɩɚŮɘŬ 2 dB əŬɘ ɖ ɔɡɎɚɘɜɖ 3D ŭɘŮˊŬűɐ 

0.7 dB. ɃˊɧŰŮ ůŰɖ ɛŮɟɘɎ Űɞɡ ˊɞɛˊɞɨ ɞɘ ŮəŰɘɛɩɛŮɜŮɠ ŬˊɩɚŮɘŮɠ ŮɑɜŬɘ 8.7 dB. ȷˊɧ Űɖ 

ɛŮɟɘɎ Űɞɡ ŭɏəŰɖ, ɖ ɛɧɜɖ ŭɘŬűɞɟɎ ŮɑɜŬɘ ɖ ɨˊŬɟɝɖ Ůɜɧɠ ŬəɧɛŬ ɛŮŰŬŰɟɞˊɏŬ ɟɡɗɛɞɨ ˊɞɡ 

ŬɜŰɘəŬɗɘůŰɎ Űɞɜ ŬɜŰɑůŰɞɘɢɞ grating coupler Űɞɡ ˊɞɛˊɞɨ ɞˊɧŰŮ ɞɘ ůɡɜɞɚɘəɏɠ ŬˊɩɚŮɘŮɠ 

ɡˊɞɚɞɔɑůŰɖəŬɜ ůŰŬ 7.7 dB. ȿŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɖ əŬɘ Űɘɠ ŬˊɩɚŮɘŮɠ ŭɘɎŭɞůɖɠ ůŰɖɜ ɑɜŬ 

ɔɘŬ ŬˊɞůŰɎůŮɘɠ 300 m (0.06 dB) əŬɘ 2 km (0.4 dB) ˊɞɡ ŮɑɜŬɘ ɞɘ ŮɜŭŮɘəɜɨɛŮɜŮɠ ɔɘŬ Űɖ 

ůɡɔəŮəɟɘɛɏɜɖ ŭɞɛɐ QSFP, ɞɘ ůɡɜɞɚɘəɏɠ ŬˊɩɚŮɘŮɠ Űɖɠ ŭɞɛɐɠ ɔɘŬ Űɖ ɢŮɘɟɧŰŮɟɖ 

ˊŮɟɑˊŰɤůɖ (ŭɘɎŭɞůɖ ůŰŬ 2 km) ŭɘŬɛɞɟűɩɜɞɜŰŬɘ ůŰŬ 16.8 dB.  

 

ȺɘəɧɜŬ 41: ɆɢɖɛŬŰɘəɐ 3D ŬˊŮɘəɧɜɘůɖ Űɖɠ QSFP ŭɞɛɐɠ. 

2.7.9 960 Gb/s CXP ŭɞɛɐ ȺɜŮɟɔɞɨ ɃˊŰɘəɞɨ ȾŬɚɤŭɑɞɡ 

ȼ ŭɞɛɐ Űɞ 960 Gb/s ȺɜŮɟɔɞɨ ɃˊŰɘəɞɨ ȾŬɚɤŭɑɞɡ ŬˊɞŰŮɚŮɑ ɞɡůɘŬůŰɘəɎ ɛɘŬ 

ŬɜŬɓɎɗɛɘůɖ Űɖɠ ˊŬɟŬˊɎɜɤ QSFP ŭɞɛɐɠ əŬɘ ŮɑɢŮ ůŰɧɢɞ ɜŬ ɡɚɞˊɞɘɐůŮɘ ɛɘŬ Ŭɛűɑŭɟɞɛɖ 

ɕŮɨɝɖ ŭɩŭŮəŬ ɔɟŬɛɛɩɜ. ȼ ŭɞɛɐ ˊŮɟɘŮɑɢŮ ŰŬ ˊŬɟŬəɎŰɤ ɓŬůɘəɎ ŭɞɛɘəɎ ůŰɞɘɢŮɑŬ: 

- ȹɩŭŮəŬ ɖɚŮəŰɟɘəɞɨ ɞŭɖɔɖŰɏɠ 

- ȹɩŭŮəŬ ŬˊŮɡɗŮɑŬɠ ŭɘŬɛɞɟűɤɛɏɜŬ VCSELs 

- Ȱɝɘ ˊɞɚɡˊɚɏəŰŮɠ ɛɐəɞɡɠ əɨɛŬŰɞɠ 

- ɀɘŬ ŭɘŮˊŬűɐ chip əŬɘ ˊɞɚɡˊɨɟɖɜɖɠ ɑɜŬɠ 

- ȹɡɞ  ŮˊŰŬˊɨɟɖɜŮɠ ɛɞɜɞɟɡɗɛɘəɏɠ ɑɜŮɠ 

- Ȱɝɘ ŬˊɞˊɞɚɡˊɚɏəŰŮɠ ɛɐəɞɡɠ əɨɛŬŰɞɠ 

- ȹɩŭŮəŬ űɤŰɞŬɜɘɢɜŮɡŰɏɠ 

- ȹɩŭŮəŬ ɔɟŬɛɛɘəɞɨɠ TIAs 

Ƀɘ ɖɚŮəŰɟɘəɏɠ Ůɑůɞŭɞɘ ɞɘ ɞˊɞɑŮɠ Ůˊɘəɞɘɜɤɜɞɨɜ ɛŮ Űɞɜ SerDes ŮɜɘůɢɨɞɜŰŬɘ ɛɏůɤ Űɖɠ 

ɢɟɐůɖɠ ŬɜŰɑůŰɞɘɢɤɜ ɖɚŮəŰɟɘəɩɜ ɞŭɖɔɖŰɩɜ ɞɘ ɞˊɞɑɞɘ ˊɟɞɖɔɞɨɜŰŬɘ Űɤɜ VCSELs. Ƀɘ 

ŭɩŭŮəŬ ŭɞɛɏɠ Ŭˊɧ VCSEL ɞɚɞəɚɖɟɩɜɞɜŰŬɘ ůŰɞ ɑŭɘɞ chip ŮɑŰŮ ɛŮ ɛɞɜɞɚɘɗɘəɧ Űɟɧˊɞ 

ŮɑŰŮ ɢɤɟɑɕɞɜŰŬɘ ůŮ ŭɡɞ ůɡůŰɞɘɢɑŮɠ Űɤɜ ɏɝɘ. ɆŮ əɎɗŮ ˊŮɟɑˊŰɤůɖ ŰŬ VCSEL 

ɞɟɔŬɜɩɜɞɜŰŬɘ ůŮ ŭɡɞ ɞɛɎŭŮɠ Űɤɜ ɏɝɘ ɧˊɞɡ ɖ əɎɗŮ ɛɘŬ ŮəˊɏɛˊŮɘ ůŮ ŭɘŬűɞɟŮŰɘəɧ 

WDM ɛɐəɞɠ əɨɛŬŰɞɠ. ɇɞ ŭɘŬɛɞɟűɤɛɏɜɞ űɤɠ Ŭˊɧ Űɖɜ ɏɝɞŭɞ Űɞɡ VCSEL, 

ˊɞɚɡˊɚɏəŮŰŬɘ əŬŰɎ ɛɐəɞɠ əɨɛŬŰɞɠ ůŰɞɡɠ ˊɞɚɡˊɚɏəŰŮɠ ůŮ ɏɝɘ WDM ɟɞɏɠ, ɧˊɞɡ ɖ 

əɎɗŮ ɛɘŬ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŭɡɞ ɛɐəɖ əɨɛŬŰɞɠ. Ƀɘ WDM ɟɞɏɠ ŮɘůɎɔɞɜŰŬɘ ůŰɖɜ 

ˊɞɚɡˊɨɟɖɜɖ ɑɜŬ ɛɏůɤ ɛɘŬɠ ŭɘŮˊŬűɐɠ chip-ɑɜŬɠ. Ȱɝɘ ˊɡɟɐɜŮɠ Űɖɠ ˊɞɚɡˊɨɟɖɜɖɠ ɑɜŬɠ 

ŭŮůɛŮɨɞɜŰŬɘ ɔɘŬ əɎɗŮ əŬŰŮɨɗɡɜůɖ ŭɘɎŭɞůɖɠ. ɆŰɖ ɛŮɟɘɎ Űɞɡ ŭɏəŰɖ, ɞɘ WDM ɟɞɏɠ 

ŮɘůɏɟɢɞɜŰŬɘ ůŰɞ chip ˊɎɚɘ Ŭˊɧ Űɖɜ ŬɜŰɑůŰɞɘɢɖ ŭɘŮˊŬűɐ. ȼ ŬˊɞˊɞɚɡˊɚŮɝɑŬ ɛɐəɞɡɠ 
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əɨɛŬŰɞɠ ɔɑɜŮŰŬɘ ɛɏůɤ Űɤɜ ŬɜɎɚɞɔɤɜ ŬˊɞˊɞɚɡˊɚŮəŰɩɜ əŬɘ əɎɗŮ ɏɜŬ Ŭˊɧ ŰŬ ŭɩŭŮəŬ 

ŬˊɞˊɞɚɡˊɚŮɔɛɏɜŬ əŬɜɎɚɘŬ ŬɜɘɢɜŮɨŮŰŬɘ ɛŮ Űɖ ɢɟɐůɖ űɤŰɞŭŮəŰɩɜ. ȼ ŮˊɘəɞɘɜɤɜɑŬ Űɞɡ 

CXP ɛŮ Űɞɜ SerDes ɛŮůɞɚŬɓŮɑŰŬɘ əŬɘ Ŭˊɧ ɔɟŬɛɛɘəɞɨɠ ɇȽȷs ɞɘ ɞˊɞɑɞɘ ɛŮŰŬŰɟɏˊɞɡɜ Űɞ 

ɚŬɛɓŬɜɧɛŮɜɞ űɤŰɞɟŮɨɛŬ Ŭˊɧ Űɖ űɤŰɞŭɑɞŭɞ ůŰɖɜ ŬɜŰɑůŰɞɘɢɖ ŰɎůɖ əŬɘ ɛɎɚɘůŰŬ ɛŮ 

əŬŰɎɚɚɖɚɞ ˊɚɎŰɞɠ ˊɞɡ ŰŬɘɟɘɎɕŮɘ ůŰɘɠ ˊɟɞŭɘŬɔɟŬűɏɠ Űɞɡ SerDes.  

ȼ ŭɞɛɐ űŰɘɎɢŰɖəŮ ɔɘŬ ɜŬ ɡˊɞůŰɖɟɑɕŮɘ ɟɡɗɛɞɨɠ ŭŮŭɞɛɏɜɤɜ Űɖɠ ŰɎɝɖɠ Űɤɜ 40 Gbaud 

ŬɜɎ əŬɜɎɚɘ. ɄɟɞəŮɘɛɏɜɞɡ ɧɛɤɠ ɜŬ ɡˊɎɟɢŮɘ ůɡɛɓŬŰɧŰɖŰŬ əŬɘ ɛŮ ˊɟɞŭɘŬɔɟŬűɏɠ 

ɢŬɛɖɚɧŰŮɟɖɠ ŰŬɢɨŰɖŰŬɠ, ɖ ŭɞɛɐ ŮɑɜŬɘ ůɢŮŭɘŬůɛɏɜɖ ɜŬ ɚŮɘŰɞɡɟɔŮɑ əŬɘ ůŰŬ 26 Gbaud. 

ɇŬ ɡˊɞůŰɖɟɘɕɧɛŮɜŬ ůɢɐɛŬŰŬ ŭɘŬɛɧɟűɤůɖɠ ŮɑɜŬɘ ŰŬ OOK əŬɘ PAM-4 ɞˊɧŰŮ ɛŮ ŬɡŰɧ 

Űɞɜ Űɟɧˊɞ ɖ ŭɞɛɐ ɏɢŮɘ ɛɘŬ ŮɡŮɚɘɝɑŬ ŰŬɢɨŰɖŰŬɠ Ŭˊɧ ŰŬ 26 Gb/s ɏɤɠ ŰŬ 80 Gb/s ŬɜɎ 

əŬɜɎɚɘ. Ƀɘ ɖɚŮəŰɟɘəɏɠ əŬɘ ɞˊŰɞ-ɖɚŮəŰɟɞɜɘəɏɠ ˊɟɞŭɘŬɔɟŬűɏɠ Űɖɠ CXP ŭɞɛɐɠ 

ŬˊɞŰɡˊɩɜɞɜŰŬɘ ůŰɞɡɠ ˊŬɟŬəɎŰɤ ˊɑɜŬəŮɠ. ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ŬɜŰɘůŰŬɗɛɘůŰɞɨɜ 

űŬɘɜɧɛŮɜŬ ŰŬ ɞˊɞɑŬ ŮˊɎɔɞɜŰŬɘ Ŭˊɧ Űɖ ŭɘŬůˊɞɟɎ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ŭɘɎŭɞůɖɠ ůŮ 

ɛŮɔɎɚɞ ɛɐəɞɠ ɑɜŬɠ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɖɚŮəŰɟɘəɐ ŬɜŰɘůŰɎɗɛɘůɖ (equalization) Űɧůɞ 

ůŰɖ ɛŮɟɘɎ Űɞɡ ˊɞɛˊɞɨ ɧůɞ əŬɘ ůŮ ŬɡŰɐ Űɞɡ ŭɏəŰɖ.  

 

ɄɑɜŬəŬɠ 8: ȼɚŮəŰɟɘəɏɠ əŬɘ ɞˊŰɞ-ɖɚŮəŰɟɞɜɘəɏɠ ˊɟɞŭɘŬɔɟŬűɏɠ Űɞɡ ˊɞɛˊɞɨ Űɞɡ CXP ȺɜŮɟɔɞɨ ɃˊŰɘəɞɨ 

ȾŬɚɤŭɑɞɡ. 

ȳůɞɜ ŬűɞɟɎ ůŰɘɠ ɞˊŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɖɠ ŭɞɛɐɠ, ŬɡŰɏɠ ˊŮɟɘɔɟɎűɞɜŰŬɘ ůŰɞɜ ˊŬɟŬəɎŰɤ 

ˊɑɜŬəŬ ɔɘŬ Űɞ Ůɨɟɞɠ Űɤɜ ɗŮɟɛɞəɟŬůɘɩɜ əŬɘ ůɡɢɜɞŰɐŰɤɜ ɚŮɘŰɞɡɟɔɑŬɠ Űɖɠ. ȼ 3D 

ŬˊŮɘəɧɜɘůɖ Űɖɠ ŭɞɛɐɠ ŬˊɞŰɡˊɩɜŮŰŬɘ ůŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ əŬɘ ŬəɞɚɞɡɗŮɑ Űɖɜ ɑŭɘŬ 

ŬɟɢɘŰŮəŰɞɜɘəɐ ɛŮ Űɖɜ ˊŬɟŬˊɎɜɤ QSFP ŭɞɛɐ ɧˊɞɡ ɓɏɓŬɘŬ ŬˊɞŰɡˊɩɜŮŰŬɘ ɛɧɜɞ Űɞ 

ɞˊŰɘəɧ əɞɛɛɎŰɘ Űɞɡ əɡəɚɩɛŬŰɞɠ ˊɟɞɠ ɢɎɟɘɜ Ŭˊɚɞˊɞɑɖůɖɠ əŬɘ ɛɎɚɘůŰŬ ŰɏůůŮɟŮɘɠ Ŭˊɧ 

Űɘɠ ŭɩŭŮəŬ ɔɟŬɛɛɏɠ Űɖɠ. ɆŰɖ ɛŮɟɘɎ Űɞɡ ˊɞɛˊɞɨ, ŰŬ VCSEL ůɡɕŮɡɔɜɨɞɜŰŬɘ ůŰɞ SOI 

boars ɛŮ Űɖ ɢɟɐůɖ grating couplers. ɇɞ űɤɠ ˊŬɟɎɔŮŰŬɘ Ŭˊɧ  Űɖ ůɡůŰɞɘɢɑŬ Űɤɜ VCSEL 
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əŬɘ Ůɜ ůɡɜŮɢŮɑŬ ɔɑɜŮŰŬɘ ˊɞɚɡˊɚŮɝɑŬ ɛɐəɞɡɠ əɨɛŬŰɞɠ. ũɘŬ ɜŬ əŬŰŬɚɐɝɞɡɜ ŰŬ 

ˊɞɚɡˊɚŮɔɛɏɜŬ ůɐɛŬŰŬ ůŰɖɜ ˊɞɚɡˊɨɟɖɜɖ ɑɜŬ, ɛŮůɞɚŬɓŮɑ ɛɘŬ ɔɡɎɚɘɜɖ 3D ŭɘŮˊŬűɐ. 

ȾŬŰɎɚɚɖɚɖ ɛŮŰŬŰɟɞˊŮɑɠ ɟɡɗɛɞɨ ŮˊɘůŰɟŬŰŮɨɞɜŰŬɘ ɔɘŬ ɜŬ ɛɖɜ ɡˊɎɟɢɞɡɜ ŬˊɩɚŮɘŮɠ 

ɛŮŰŬɝɨ əɡɛŬŰɞŭɖɔɞɨ əŬɘ ɔɡɎɚɘɜɖɠ ŮˊɘűɎɜŮɘŬɠ. ȼ ɑŭɘŬ Ŭəɟɘɓɩɠ ɚɞɔɘəɐ 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ əŬɘ ůŰɖ ɛŮɟɘɎ Űɞɡ ŭɏəŰɖ ɞˊɧŰŮ əŬɘ Űɞ ŬˊɞˊɞɚɡˊɚŮɔɛɏɜɞ ůɐɛŬ 

ŬɜɘɢɜŮɨŮŰŬɘ Ŭˊɧ Űɖɜ əŬŰɎɚɚɖɚɖ ůɡůŰɞɘɢɑŬ űɤŰɞŭɘɧŭɤɜ. ɉɟɖůɘɛɞˊɞɘŮɑŰŬɘ in-plane 

ɛɏɗɞŭɞɠ ůɨɕŮɡɝɖɠ ɛŮ ŭŮŭɞɛɏɜɞ ɧŰɘ ŮˊɘɚɏɢɗɖəŮ ɖ ɢɟɐůɖ űɤŰɞŭɘɧŭɤɜ əɡɛŬŰɞŭɖɔɞɨ.  

 

ɄɑɜŬəŬɠ 9: ɃˊŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɖɠ CXP ŭɞɛɐɠ. 

 

ȺɘəɧɜŬ 42: ȼ ŬˊɚɞɡůŰŮɡɛɏɜɖ 3D ŬˊŮɘəɧɜɘůɖ Űɞɡ CXP ȺɜŮɟɔɞɨ ɃˊŰɘəɞɨ ȾŬɚɤŭɑɞɡ. ȷˊɞŰɡˊɩɜɞɜŰŬɘ 

ɛɧɜɞ ŰŬ ŰɏůůŮɟŬ Ŭˊɧ ŰŬ ŭɩŭŮəŬ əŬɜɎɚɘŬ Űɖɠ ŭɞɛɐɠ. 

ȼ ŮəŰɑɛɖůɖ ŬˊɤɚŮɘɩɜ ɔɘŬ Űɖ ŭɞɛɐ CXP ȺɜŮɟɔɞɨ ɃˊŰɘəɞɨ ȾŬɚɤŭɑɞɡ ŮɑɜŬɘ Ŭəɟɘɓɩɠ 

ɑŭɘŬ ɛŮ Űɖɜ ŬɜŰɑůŰɞɘɢɖ ˊɞɡ ɏɔɘɜŮ ɔɘŬ Űɞ QSFP ɛŮ ŭŮŭɞɛɏɜɞ ɧŰɘ ɏɢŮɘ ŬəɞɚɞɡɗɖɗŮɑ ɖ 

ɑŭɘŬ Ŭəɟɘɓɩɠ ŬɟɢɘŰŮəŰɞɜɘəɐ ˊɟɞůɏɔɔɘůɖ. ȰŰůɘ ɖ ŮəŰɑɛɖůɖ ɔɘŬ Űɖɜ ɢŮɘɟɧŰŮɟɖ ůɡɜɗɐəɖ 

Ŭˊɧ ɛŮɟɘɎɠ ŬˊɤɚŮɘɩɜ, ůɡɛˊŮɟɘɚŬɛɓŬɜɞɛɏɜɤɜ əŬɘ Űɤɜ ŬˊɤɚŮɘɩɜ ŭɘɎŭɞůɖɠ ůŰɖɜ ɑɜŬ, 

əɚŮɑɜŮɘ ůŰŬ 16.8 dB.  
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2.7.10  ȹɘŮˊŬűɐ ɛŮŰŬŰɟɞˊɐɠ CXP-ůŮ-QSFP 

ɇɞ əŬɚɩŭɘɞ ŬˊŮɛˊɚɞəɐɠ ɛŮŰŬɝɨ Űɖɠ ŭɞɛɐɠ Űɞɡ CXP əŬɘ Űɞɡ QSFP ȺɜŮɟɔɞɨ ɃˊŰɘəɞɨ 

ȾŬɚɤŭɑɞɡ, ŮɑɜŬɘ ɢɟɐůɘɛɞ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŭɘŬůɡɜŭɏŮɘ ůɡůəŮɡɏɠ ɛɏůŬ ůŮ ɏɜŬ 

ɡˊɞɚɞɔɘůŰɘəɧ əɏɜŰɟɞ ɞɘ ɞˊɞɑŮɠ ɚŮɘŰɞɡɟɔɞɨɜ ŮɑŰŮ ɛŮ 12 ɗɨɟŮɠ ŮɑŰŮ ɛŮ ŰɟɑŬ ɝŮɢɤɟɘůŰɎ 

ŰŮŰɟɎɗɡɟŬ, ŮəɛŮŰŬɚɚŮɡɧɛŮɜɞɘ ŰŬ ɑŭɘŬ pins. ȼ ŭɞɛɐ ɡˊɞůŰɖɟɑɕŮɘ ɟɡɗɛɞɨɠ ŭŮŭɞɛɏɜɤɜ 

ɏɤɠ 40 Gbaud ŬɜɎ əŬɜɎɚɘ Ůɜɩ ŭɘŬɗɏŰŮɘ əŬɘ ůɡɛɓŬŰɧŰɖŰŬ ɛŮ Űɞ ˊɟɧŰɡˊɞ Infiniband 

EDR (26 Gbaud/ əŬɜɎɚɘ). Ƀɘ ɡˊɞůŰɖɟɘɕɧɛŮɜɞɘ Űɟɧˊɞɘ ŭɘŬɛɧɟűɤůɖɠ ŭŮŭɞɛɏɜɤɜ ŮɑɜŬɘ 

ɞɘ ɃɃȾ əŬɘ PAM-4 ŭɑɜɞɜŰŬɠ ɏŰůɘ Űɖɜ əŬŰɎɚɚɖɚɖ ŮɡŮɚɘɝɑŬ ůŰɖ ŭɞɛɐ.  

ɇɞ ůɢɖɛŬŰɘəɧ ŭɘɎɔɟŬɛɛŬ Űɖɠ ůɡɜɞɚɘəɐɠ ŭɞɛɐɠ ŬˊŮɛˊɚɞəɐɠ ɏɢŮɘ ˊŬɟɞɡůɘŬůŰŮɑ əŬɘ 

ˊŬɟŬˊɎɜɤ (ȺɘəɧɜŬ 17). ȸŬůɘəɧ ŭɞɛɘəɧ ůɡůŰŬŰɘəɧ Űɖɠ ŮɑɜŬɘ ɖ ɔɡɎɚɘɜɖ ŭɘŮˊŬűɐ 

ŬˊŮɛˊɚɞəɐɠ ɖ ɞˊɞɑŬ ŬɜŰɘůŰɞɘɢɑɕŮɘ Űɘɠ ŭɡɞ ŮˊŰŬˊɨɟɖɜŮɠ ŮɑɜŬɘ ˊɞɡ űɏɟŮɘ ɖ ɛŮɟɘɎ Űɞɡ 

CXP ˊɞɛˊɞŭɏəŰɖ ɛŮ Űɘɠ ŰɟŮɑɠ ŰŮŰɟŬˊɨɟɖɜŮɠ ˊɞɡ űɏɟŮɘ ɖ ɛŮɟɘɎ Űɞɡ QSFP 

ˊɞɛˊɞŭɏəŰɖ. ȼ ɔɡɎɚɘɜɖ ŬɡŰɐ ŭɘŮˊŬűɐ ŭɖɛɘɞɡɟɔŮɑŰŬɘ Ŭˊɧ ɏɜŬ ɔɡɎɚɘɜɞ 3D əɡɛŬŰɞŭɖɔɧ 

ɞ ɞˊɞɑɞɠ ɏɢŮɘ ˊɞɚɨ ɢŬɛɖɚɏɠ ŬˊɩɚŮɘŮɠ. ȼ ŮəŰɑɛɖůɖ Űɤɜ ůɡɜɞɚɘəɩɜ ŬˊɤɚŮɘɩɜ Űɖɠ 

ŭɞɛɐɠ Űɞɡ əŬɚɤŭɑɞɡ ŬˊŮɛˊɚɞəɐɠ ŮɑɜŬɘ ůŰŬ 17.5 dB ůŰɖ ɢŮɘɟɧŰŮɟɖ ˊŮɟɑˊŰɤůɖ. ɆŮ 

ŮˊɧɛŮɜɞ əŮűɎɚŬɘɞ Űɖɠ ŮɟɔŬůɑŬɠ ɗŬ ŭɞɨɛŮ Űɖɜ ˊŮɘɟŬɛŬŰɘəɐ Űɖɠ ɛɏŰɟɖůɖ əŬɘ ŮˊɑŭŮɘɝɖ 

ŬɚɚɎ əŬɘ Űɞɜ ˊŮɘɟŬɛŬŰɘəɧ ˊɟɞůŭɘɞɟɘůɛɧ Űɤɜ ŬˊɤɚŮɘɩɜ Űɖɠ.  

 

 

ȺɘəɧɜŬ 43: ɇɞ əŬɚɩŭɘɞ çŬˊŮɛˊɚɞəɐɠè CXP-ůŮ-QSFP. 
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ȾŮűɎɚŬɘɞ 3  

ɄɞɚɡˊɚɏəŰɖɠ əŬɘ ȷˊɞˊɞɚɡˊɚɏəŰɖɠ ůŮ 

SOI ˊɚŬŰűɧɟɛŬ 

3.1 ɀŮɚɏŰɖ ŭɞɛɩɜ 

ȰɜŬɠ əɟɑůɘɛɞɠ ˊŬɟɎɔɞɜŰŬɠ əŬŰɎ Űɞ ůɢŮŭɘŬůɛɧ ˊɞɛˊoŭŮəŰɩɜ ɡɣɖɚɩɜ ŮˊɘŭɧůŮɤɜ, 

ŮɑɜŬɘ ɖ ɛŮŰɎŭɞůɖɠ ˊɚɖɟɞűɞɟɑŬɠ ɛŮ ɧůɞ Űɞ ŭɡɜŬŰɧɜ ɓɏɚŰɘůŰɞ Űɟɧˊɞ. ɆŰɖɜ əŬŰŮɨɗɡɜůɖ 

ŬɡŰɐ ŭɡɞ ˊŬɟɎɛŮŰɟɞɘ ŮɑɜŬɘ ˊɞɚɨ ůɖɛŬɜŰɘəɏɠ, ɖ Ŭɨɝɖůɖ Űɖɠ ɛŮŰɎŭɞůɖɠ ŭŮŭɞɛɏɜɤɜ ɛŮ 

ɧůɞ Űɞ ŭɡɜŬŰɧɜ ɚɘɔɧŰŮɟɖ əŬŰŬɜɎɚɤůɖ ɘůɢɨɞɠ əŬɘ ůŮ ɧůɞ Űɞ ŭɡɜŬŰɧɜ ˊɘɞ ɛɘəɟɧ 

ŬˊɞŰɨˊɤɛŬ (footprint) [3.1]. ũɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ, ˊɏɟŬ Ŭˊɧ Űɖɜ ŬɜɎˊŰɡɝɖ ŮɜŮɟɔɩɜ 

ŭɞɛɩɜ ˊɞɡ ŮˊɘŰɟɏˊɞɡɜ Űɖ ɛŮŰɎŭɞůɖ ůŮ ŭŮŭɞɛɏɜɤɜ ůŮ ɡɣɖɚɏɠ ŰŬɢɨŰɖŰŮɠ, ŮɑɜŬɘ 

ůɖɛŬɜŰɘəɐ əŬɘ ɖ ɢɟɐůɖ ŰŮɢɜɘəɩɜ ˊɞɡ ŬɜŬɓŬɗɛɑɕɞɡɜ əɘ Ɏɚɚɞ Űɘɠ ŭɡɜŬŰɧŰɖŰŮɠ ŬɡŰɏɠ. 

Ƀɘ ŭɘɎűɞɟŮɠ ɛɞɟűɏɠ ˊɞɚɡˊɚŮɝɑŬɠ ˊɟɞůűɏɟɞɡɜ Űɞ əŬŰɎɚɚɖɚɞ ɏŭŬűɞɠ ɔɘŬ Űɖ ɓɏɚŰɘůŰɖ 

ŮəɛŮŰɎɚɚŮɡůɖ Űɤɜ ɡˊŬɟɢɧɜŰɤɜ ŭɞɛɩɜ [3.2].   

ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ŬɜŬɓŬɗɛɘůŰŮɑ ɖ ɢɤɟɖŰɘəɧŰɖŰŬ ˊɎɜɤ ůŰɞ ˊɚŬəɑŭɘɞ (on-chip capacity) 

ŮˊɘɚɏɢɗɖəŬɜ ɛɘŬ ůŮɘɟɎ Ŭˊɧ ŰŮɢɜɘəɏɠ ˊɞɚɡˊɚŮɝɑŬɠ ůŮ ŭɘɎűɞɟŬ ůŰɎŭɘŬ Űɖɠ ɡɚɞˊɞɑɖůɖɠ 

Űɤɜ ˊɞɛˊɞŭŮəŰɩɜ. ȰŰůɘ ɖ ˊɞɚɡˊɚŮɝɑŬ ɛɐəɞɡɠ əɨɛŬŰɞɠ (wavelength division 

multiplexing) [3.3], ɖ ɢɤɟɘəɐ ˊɞɚɡˊɚŮɝɑŬ (spatial multiplexing) ɛŮ Űɖ ɢɟɐůɖ 

ˊɞɚɡˊɨɟɖɜɤɜ ɘɜɩɜ [3.4] ŬɚɚɎ əŬɘ ɖ ˊɞɚɡůŰŬɗɛɘəɐ (multi-level) ŭɘŬɛɧɟűɤůɖ [3.5] 

əɘɜɞɨɜŰŬɘ ůŮ ŬɡŰɐ Űɖɜ əŬŰŮɨɗɡɜůɖ Űɞɡ ˊɞɚɚŬˊɚŬůɘŬůɛɞɨ ŭɖɚŬŭɐ Űɤɜ ŭɡɜŬŰɞŰɐŰɤɜ 

ɛŮŰɎŭɞůɖɠ ˊɚɖɟɞűɞɟɑŬɠ Űɤɜ ŭɞɛɩɜ. ȼ ˊɞɚɡˊɚŮɝɑŬ əŬŰɎ ɛɐəɞɠ əɨɛŬŰɞɠ 

ůɡɔəŮəɟɘɛɏɜŬ, ŭɘŮɡəɞɚɨɜɗɖəŮ ɛŮ Űɖ ɢɟɐůɖ VCSELs ŰŬ ɞˊɞɑŬ ŮɑɢŬɜ Űɖ ŭɡɜŬŰɧŰɖŰŬ 

Ůəˊɞɛˊɐɠ ůŮ ŭɘɎűɞɟŬ ɛɐəɖ əɨɛŬŰɞɠ (multi-wavelength VCSELs) ɧˊɤɠ Ůˊɑůɖɠ əŬɘ 

Ŭˊɧ Űɖ ɢɟɐůɖ ˊɞɚɡˊɚŮəŰɩɜ/ŬˊɞˊɞɚɡˊɚŮəŰɩɜ ɔɘŬ Űɞ ůɡɜŭɡŬůɛɧ əŬɘ ŭɘŬɢɤɟɘůɛɧ Űɤɜ 

ůɖɛɎŰɤɜ ɛŮ ŭɘŬűɞɟŮŰɘəɎ ɛɐəɖ əɨɛŬŰɞɠ, ˊɟɘɜ əŬɘ ɛŮŰɎ Űɖ ŭɘɎŭɞůɖ ůŰɖɜ ɞˊŰɘəɐ ɑɜŬ. 

Ƀɘ ŭɞɛɏɠ Űɞɡ ˊɞɚɡˊɚɏəŰɖ əŬɘ Űɞɡ ŬˊɞˊɞɚɡˊɚɏəŰɖ ɡɚɞˊɞɘɐɗɖəŬɜ ˊɎɜɤ ůŰɖɜ SOI 

ˊɚŬŰűɧɟɛŬ ŭɘŬůŰɎůŮɤɜ 400x340 nm. 

Ƀ ůɢŮŭɘŬůɛɧɠ Űɤɜ ɞˊŰɘəɩɜ ŭɞɛɩɜ ɔɘŬ Űɖɜ ˊɞɚɡˊɚŮɝɑŬ/ŬˊɞˊɞɚɡˊɚŮɝɑŬ ŮɑɢŮ ɛɘŬ ůŮɘɟɎ 

Ŭˊɧ ˊŬɟŬɛɏŰɟɞɡɠ ˊɞɡ ɏˊɟŮˊŮ ɜŬ ŮɝŮŰŬůŰɞɨɜ ŭɘŮɝɞŭɘəɎ əŬɘ ŬűɞɟɞɨůŬɜ ůŰɘɠ 

ŬˊŬɘŰɐůŮɘɠ Űɖɠ ŮűŬɟɛɞɔɐɠ Ŭˊɧ Űɖ ɛɘŬ ɛŮɟɘɎ əŬɘ Űɤɜ ŰŮɢɜɞɚɞɔɘəɩɜ ɘŭɘŬɘŰŮɟɞŰɐŰɤɜ Űɖɠ 

ɞˊŰɘəɐɠ ɛɖɢŬɜɐɠ (optical engine) Ŭˊɧ Űɖɜ Ɏɚɚɖ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ɞɘ ɓŬůɘəɏɠ 

ˊŬɟɎɛŮŰɟɞɘ ˊɞɡ ŮɝŮŰɎůŰɖəŬɜ ɔɘŬ Űɞ ůɢŮŭɘŬůɛɧ Űɞɡ ˊɞɚɡˊɚɏəŰɖ əŬɘ Űɞɡ 

ŬˊɞˊɞɚɡˊɚɏəŰɖ ɐŰŬɜ: 

¶ ȼ ŬˊŬɑŰɖůɖ ɔɘŬ ɚŮɘŰɞɡɟɔɑŬ əŬɘ ůŰɘɠ ŭɡɞ əŬŰŬůŰɎůŮɘɠ ˊɧɚɤůɖɠ. ɆŰɖ ɛŮɟɘɎ Űɞɡ 

ˊɞɛˊɞɨ, ɞ ɎɝɞɜŬɠ Űɖɠ ˊɧɚɤůɖɠ Ůəˊɞɛˊɐɠ ɐŰŬɜ əŬɚɎ əŬɗɞɟɘůɛɏɜɞɠ ɛŮ 

ŭŮŭɞɛɏɜɖ Űɖ ɚŮɘŰɞɡɟɔɑŬ ɛɞɜɐɠ ˊɧɚɤůɖɠ (single-polarization) Űɤɜ VCSELs. 

ɋɠ ŬˊɞŰɏɚŮůɛŬ ŬɡŰɞɨ, ɞ ůɢŮŭɘŬůɛɧɠ Ůɜɧɠ ˊɞɚɡˊɚɏəŰɖ ɛɞɜɐɠ ˊɧɚɤůɖɠ ɐŰŬɜ 

ŬɟəŮŰɧɠ ɔɘŬ Űɞ ůɡɜŭɡŬůɛɧ Űɤɜ ˊɞɚɚɩɜ ɛɖəɩɜ əɨɛŬŰɞɠ ůŰɞɜ ˊɞɛˊɧ. ȷˊɧ Űɖɜ 

Ɏɚɚɖ ɛŮɟɘɎ ůŰɞɜ ŭɏəŰɖ ɖ əŬŰɎůŰŬůɖ Űɖɠ ˊɧɚɤůɖɠ ŭŮɜ ɐŰŬɜ əŬɗɞɟɘůɛɏɜɖ. ȼ 

əŬŰɎůŰŬůɖ Űɖɠ ˊɧɚɤůɖɠ Űɞɡ ˊɟɞůˊɑˊŰɞɜŰɞɠ ůɐɛŬŰɞɠ ɛŮ ŭŮŭɞɛɏɜɞ ɧŰɘ ŬɡŰɧ 
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ɏɢŮɘ ŭɘŬŭɞɗŮɑ ɛɏůŬ ůŮ ɛɞɜɧŰɟɞˊɖ ɞˊŰɘəɐ ɑɜŬ ɐŰŬɜ ŰɡɢŬɑŬ. ȺɝŮŰɎůŰɖəŮ ɞ 

ˊɚɐɟɖɠ ŭɘŬɢɤɟɘůɛɧɠ Űɖɠ ˊɧɚɤůɖɠ ˊɎɜɤ ůŰɞ ˊɚŬəɑŭɘɞ ŬɚɚɎ əɟɑɗɖəŮ 

Ŭůɨɛűɞɟɞɠ Űɧůɞ Ŭˊɧ Űɖ ɛŮɟɘɎ Űɤɜ ŬˊɤɚŮɘɩɜ Ůɘůɧŭɞɡ (insertion losses) ɧůɞ 

əŬɘ Ŭˊɧ Űɖ ɛŮɟɘɎ Űɞɡ ɛŮɔɏɗɞɡɠ. ȰŰůɘ, ŮˊɘɚɏɢɗɖəŮ ɞ ůɢŮŭɘŬůɛɧɠ Ůɜɧɠ 

ŬˊɞˊɞɚɡˊɚɏəŰɖ ɞ ɞˊɞɑɞɠ ɗŬ ɐŰŬɜ ůŮ ɗɏůɖ ɜŬ ɚŮɘŰɞɡɟɔŮɑ əŬɘ ɔɘŬ Űɘɠ ŭɡɞ 

əŬŰŬůŰɎůŮɘɠ Űɖɠ ˊɧɚɤůɖɠ. ȷɡŰɐ ɖ ŭɡɜŬŰɧŰɖŰŬ ɛŮŰŬűɟɎɕŮŰŬɘ ůŰɖɜ ŬˊŬɑŰɖůɖ 

ɔɘŬ ɛɘŬ ŭɞɛɐ ˊɞɡ ɧɢɘ ɛɧɜɞ ɚŮɘŰɞɡɟɔŮɑ əŬɘ ůŰɘɠ ŭɡɞ ˊɞɚɩůŮɘɠ ŬɚɚɎ 

ŮˊɘˊɟɧůɗŮŰŬ ɗŬ ŮˊɘűɏɟŮɘ ˊɞɚɨ ɛɘəɟɐ ɛŮŰŬŰɧˊɘůɖ ůɡɢɜɧŰɖŰŬɠ ˊɞɡ ŮɝŬɟŰɎŰŬɘ 

Ŭˊɧ Űɖɜ ˊɧɚɤůɖ (polarization dependent frequency shift-PDFS). ȷɡŰɐ ɖ 

ɛŮŰŬŰɧˊɘůɖ ůɡɢɜɧŰɖŰŬɠ ɚɧɔɤ Űɖɠ ˊɧɚɤůɖɠ ŮɑɜŬɘ ɏɜŬ ůɨɜɖɗŮɠ űŬɘɜɧɛŮɜɞ ůŰɘɠ 

ůɡɛɓɞɚɞɛŮŰɟɘəɏɠ ŭɞɛɏɠ ɞɘ ɞˊɞɑŮɠ əŬŰŬůəŮɡɎɕɞɜŰŬɘ ůŮ ˊɚŬŰűɧɟɛŬ SOI əŬɘ 

ɞűŮɑɚŮŰŬɘ ůŰɖ ŭɘˊɚɞɗɚŬůŰɘəɧŰɖŰŬ Űɤɜ əɡɛŬŰɞŭɖɔɩɜ. ȷˊɞŰɏɚŮůɛŬ ŬɡŰɞɨ ŮɑɜŬɘ 

Űɞ ůɐɛŬ ɜŬ ɡűɑůŰŬŰŬɘ ɛɘŬ ɛŮŰŬŰɧˊɘůɖ Űɖɠ ůɡɜɎɟŰɖůɖɠ ɛŮŰŬűɞɟɎɠ Űɞɡ 

ůɨɛűɤɜŬ ɛŮ Űɖɜ ˊɧɚɤůɐ Űɞɡ. ɆŰɖ ŭŮŭɞɛɏɜɖ ˊŮɟɑˊŰɤůɖ Űɖɠ ŮűŬɟɛɞɔɐɠ ɛŬɠ, ɖ 

ŬˊŬɑŰɖůɖ ŭŮɜ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰŬ ɜŬ ŮɝŬɚŮɘűɗŮɑ ˊɚɐɟɤɠ Űɞ űŬɘɜɧɛŮɜɞ Űɖɠ 

ɛŮŰŬŰɧˊɘůɖɠ Űɖɠ ůɡɢɜɧŰɖŰŬ ŬɚɚɎ ɜŬ ɛŮɘɤɗŮɑ Űɧůɞ ɩůŰŮ Űɞ űɎůɛŬ Űɞɡ VCSEL 

ɜŬ ɛˊɞɟŮɑ ɜŬ çűɘɚɞɝŮɜɖɗŮɑè əŬɘ ůŰɘɠ ŭɡɞ ˊɞɚɩůŮɘɠ (ɚɘɔɧŰŮɟɞ Ŭˊɧ 0.5 nm 

FWHM).  

¶ ɀŮŰŬŰɧˊɘůɖ Űɞɡ əŮɜŰɟɘəɞɨ ɛɐəɞɡɠ əɨɛŬŰɞɠ ɚɧɔɤ Űɖɠ ɗŮɟɛɧŰɖŰŬɠ. ȳˊɤɠ ŮɑɜŬɘ 

ɚɞɔɘəɧ Ŭˊɧ Űɖɜ ɑŭɘŬ Űɖ ŭɞɛɐ Űɤɜ VCSELs, ɡˊɎɟɢŮɘ ɛɘŬ ŮɝɎɟŰɖůɖ Űɞɡ ɛɐəɞɡɠ 

əɨɛŬŰɞɠ ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡɠ Ŭˊɧ Űɖ ɗŮɟɛɞəɟŬůɑŬ [3.6]. ȼ ɛŮŰŬŰɧˊɘůɖ ˊɞɡ 

ˊɟɞəŬɚŮɑŰŬɘ ɛŮŰɟɐɗɖəŮ əŬɘ ɓɟɏɗɖəŮ ɑůɖ ɛŮ 0.1 nm/oC. ȹŮŭɞɛɏɜɖɠ Űɖɠ 

ɛŮɔɎɚɖɠ ŬˊɧůŰŬůɖɠ (spacing) Űɤɜ əŮɜŰɟɘəɩɜ ɛɖəɩɜ əɨɛŬŰɞɠ ůŰŬ WDM 

VCSELs Űɖɠ ˊŮɟɑˊŰɤůɐɠ ɛŬɠ (ɛɏɢɟɘ əŬɘ 10 nm), ɖ ɗŮɟɛɘəɐ ŮɝɎɟŰɖůɖ Űɤɜ 

ŭɞɛɩɜ Ŭˊɧ Űɖ ɗŮɟɛɞəɟŬůɑŬ ɛˊɞɟŮɑ ɜŬ ɚɖűɗŮɑ ɡˊɧɣɖ ɛŮ Űɖ ůɢŮŭɑŬůɖ űɑɚŰɟɤɜ 

ŰŬ ɞˊɞɑŬ ŮɑŰŮ Ŭəɞɚɞɡɗɞɨɜ ŬɡŰɐ Űɖ ɛŮŰŬŰɧˊɘůɖ Űɞɡ ɛɐəɞɡɠ əɨɛŬŰɞɠ (ɛŮ ɎɚɚŬ 

ɚɧɔɘŬ ɏɢɞɡɜ Ŭəɟɘɓɩɠ Űɖɜ ɑŭɘŬ ŮɝɎɟŰɖůɖ Ŭˊɧ Űɖ ɗŮɟɛɞəɟŬůɑŬ), ŮɑŰŮ ŮɑɜŬɘ 

ůɢŮŰɘəɎ ŬɜŬɑůɗɖŰŬ ůŰɘɠ ɗŮɟɛɞəɟŬůɘŬəɏɠ ŬɚɚŬɔɏɠ (ɛŮ Űɞ ŭŮŭɞɛɏɜɞ ɧɛɤɠ ɧŰɘ 

ˊŬɟɏɢɞɡɜ ɏɜŬ ɘəŬɜɞˊɞɘɖŰɘəɧ Ůɨɟɞɠ ɕɩɜɖɠ), ŮɑŰŮ ɏɜŬ ůɡɜŭɡŬůɛɧ Űɤɜ ŭɡɞ.  

¶ ȷɜɞɢɏɠ əŬŰŬůəŮɡɐɠ (fabrication tolerances). ȼ əŬŰŬůəŮɡɐ Űɧůɞ Űɞɡ VCSEL 

ɧůɞ əŬɘ Űɞɡ ˊɞɚɡˊɚɏəŰɖ /ŬˊɞˊɞɚɡˊɚɏəŰɖ ůŮ ˊɚŬŰűɧɟɛŬ SOI ˊŮɟɘɚŬɛɓɎɜŮɘ 

Ŭɜɞɢɏɠ Ŭˊɧ əŬŰŬůəŮɡŬůŰɘəɐɠ ůəɞˊɘɎɠ ɞɘ ɞˊɞɑŮɠ ŮˊɖɟŮɎɕɞɡɜ Űɖ ůɡɛˊŮɟɘűɞɟɎ 

Űɞɡ ɛɐəɞɡɠ əɨɛŬŰɞɠ Űɤɜ ŭɘɎűɞɟɤɜ ŭɞɛɩɜ. ȷˊɧ Űɖ ůəɞˊɘɎ Űɞɡ VCSEL, ɖ 

ɛŮŰŬŰɧˊɘůɖ Űɞɡ ɛɐəɞɡɠ əɨɛŬŰɞɠ ˊɞɡ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɖɜ ŮˊɘŰŬɝɘəɐ (epitaxial) 

ŭɘŬŭɘəŬůɑŬ ɏɢŮɘ ŭɘŬəɡɛɎɜůŮɘɠ ɛɐəɞɡɠ əɨɛŬŰɞɠ ɞɘ ɞˊɞɑŮɠ ɛˊɞɟŮɑ əŬɘ ɜŬ 

ɝŮˊŮɟɜɞɨɜ ŰŬ 6 nm əŬŰɎ ɛɐəɞɠ Űɞɡ wafer. ȳůɞɜ ŬűɞɟɎ ůŰɞ ŰɛɐɛŬ Űɞɡ SOI, ɞɘ 

əŬŰŬůəŮɡŬůŰɘəɏɠ Ŭɜɞɢɏɠ ɏɢɞɡɜ ɤɠ ŬˊɞŰɏɚŮůɛŬ ůŮ ɛŮŰŬŰɧˊɘůɖ Űɞɡ əŮɜŰɟɘəɞɨ 

ɛɐəɞɡɠ əɨɛŬŰɞɠ ɖ ɞˊɞɑŬ ɓɏɓŬɘŬ ŭɘŬűɏɟŮɘ ŬɜŬɚɧɔɤɠ ɛŮ Űɖɜ ɞˊŰɘəɐ ŭɞɛɐ. ɆŰɖɜ 

ˊŮɟɑˊŰɤůɖ Ůɜɧɠ SOI ůɡɛɓɞɚɞɛɏŰɟɞɡ əŬɗɡůŰɏɟɖůɖɠ, ɛɘŬ ŭɘŬəɨɛŬɜůɖ Űɞɡ 

ŮɜŮɟɔɞɨ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ Űɖɠ ŰɎɝɖɠ Űɞɡ 0.005 ɛˊɞɟŮɑ ɜŬ ɛŮŰŬŰɞˊɑůŮɘ Űɖ 

ůɡɜɎɟŰɖůɖ ɛŮŰŬűɞɟɎɠ ɛɏɢɟɘ əŬɘ 2 nm, Ůɜɩ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Ůɜɧɠ űɑɚŰɟɞɡ Űɞ 

ɞˊɞɑɞ ɓŬůɑɕŮŰŬɘ ůŮ ŬɟɢɘŰŮəŰɞɜɘəɐ əɞɘɚɧŰɖŰŬɠ ŭŬəŰɡɚɑɞɡ (ring resonator) ŬɡŰɐ 

ɖ ɛŮŰŬŰɧˊɘůɖ ŬɡɝɎɜŮŰŬɘ ůɖɛŬɜŰɘəɎ ɚɧɔɤ Űɞɡ ůɡɜŰɞɜɘůɛɞɨ (resonance) Űɖɠ 

ŭɞɛɐɠ. ɇŬ űŬɘɜɧɛŮɜŬ ŬɡŰɎ ŰŬ ɞˊɞɑŬ ˊɟɞəŬɚɞɨɜŰŬɘ Ŭˊɧ əŬŰŬůəŮɡŬůŰɘəɏɠ 
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ŬŰɏɚŮɘŮɠ ŮɑɜŬɘ ůŰɞɢŬůŰɘəɎ (ůŮ ŬɜŰɑɗŮůɖ ɛŮ Űɘɠ ɗŮɟɛɞəɟŬůɘŬəɏɠ ɛŮŰŬŰɞˊɑůŮɘɠ 

ɞɘ ɞˊɞɑŮɠ ɏɢɞɡɜ ɜŰŮŰŮɟɛɘɜɘůŰɘəɧ ɢŬɟŬəŰɐɟŬ) əŬɘ əŬŰŬɚɐɔɞɡɜ ɜŬ ɏɢɞɡɜ 

ŬɗɟɞɘůŰɘəɎ  ůɡɔəɟɑůɘɛɞ ŬˊɞŰɏɚŮůɛŬ ůŰɖɜ ŬˊɧůŰŬůɖ ɛɐəɞɡɠ əɨɛŬŰɞɠ Űɞɡ 

VCSEL. ȰŰůɘ ɗŮɤɟɐɗɖəŮ ŬˊŬɟŬɑŰɖŰɞ ɜŬ ŮɘůŬɢɗŮɑ ŭɡɜŬŰɧŰɖŰŬ ɟɨɗɛɘůɖɠ 

(tunability) ůŰɘɠ ŭɞɛɏɠ Űɤɜ űɑɚŰɟɤɜ ɞɨŰɤɠ ɩůŰŮ ɜŬ ɡˊɎɟɢŮɘ ɞ əŬŰɎɚɚɖɚɞɠ 

ɛɖɢŬɜɘůɛɧɠ ŬɜŰɘůŰɎɗɛɘůɖɠ Űɤɜ űŬɘɜɞɛɏɜɤɜ ŬɡŰɩɜ əŬɘ əŬŰɎ ůɡɜɏˊŮɘŬ əŬɘ Űɤɜ 

ɗŮɟɛɘəɩɜ ɛŮŰŬŰɞˊɑůŮɤɜ. 

ɀŮ ɓɎůɖ ŰŬ ˊŬɟŬˊɎɜɤ ŭŮŭɞɛɏɜŬ, ŭɘŮɟŮɡɜɐɗɖəŮ ɏɜŬɠ Ŭɟɘɗɛɧɠ Ŭˊɧ ɞˊŰɘəɏɠ ŭɞɛɏɠ ɞɘ 

ɞˊɞɑŮɠ ɗŬ ɛˊɞɟɞɨůŬɜ ɜŬ ɡɚɞˊɞɘɐůɞɡɜ Űɞ ɕɖŰɞɨɛŮɜɞ ˊɞɚɡˊɚɏəŰɖ/ŬˊɞˊɞɚɡˊɚɏəŰɖ. 

ȷɟɢɘəɎ, ŭɘŮɟŮɡɜɐɗɖəŬɜ ɞɘ ŭɞɛɏɠ echelle grating ɤɠ WDM ˊɞɚɡˊɚɏəŰŮɠ ɛŮ ŭŮŭɞɛɏɜɞ 

ɧŰɘ ˊɟɞůűɏɟɞɡɜ Űɖɜ ˊɘɗŬɜɧŰɖŰŬ ɢŬɛɖɚɧŰŮɟɖɠ ŮɝɎɟŰɖůɖɠ Ŭˊɧ Űɘɠ əŬŰŬůəŮɡŬůŰɘəɏɠ 

ŬŰɏɚŮɘŮɠ ˊŬɟɧŰɘ ɖ əŬŰŬůəŮɡɐ Űɤɜ əŬŰŬəɧɟɡűɤɜ ŮˊɘűŬɜŮɘɩɜ ˊɚɏɔɛŬŰɞɠ ˊŮɟɘɗɚɎůŮɤɠ 

(vertical diffraction grating facets) ůɡɜŮˊɎɔŮŰŬɘ əɎˊɞɘŮɠ ˊɟɞəɚɐůŮɘɠ ŮɘŭɘəɧŰŮɟŬ ɧůɞɜ 

ŬűɞɟɎ ůŰɖɜ ˊɧɚɤůɖ [3.7]. Echelle gratings ŰŬ ɞˊɞɑŬ ɏɢɞɡɜ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɔɘŬ 

ɚŮɘŰɞɡɟɔɑŬ əŬɘ ůŰɘɠ ŭɡɞ əŬŰŬůŰɎůŮɘɠ Űɖɠ ˊɧɚɤůɖɠ ɏɢɞɡɜ ŭŮɘɢɗŮɑ ůŮ əɚɑɛŬəŬ mm ůŮ 

əɡɛŬŰɞŭɖɔɞɨɠ ˊɡɟɘŰɑɞɡ [3.8]. ɄŬɟɧɚŬ ŬɡŰɎ ůŮ ˊɚŬŰűɧɟɛŬ SOI ɛŮ əɚɑɛŬəŬ nm ɖ 

ŬɜɎˊŰɡɝɖ echelle gratings ɤɠ ˊɞɚɡˊɚɏəŰŮɠ/ŬˊɞˊɞɚɡˊɚɏəŰŮɠ ɛŮ ɚŮɘŰɞɡɟɔɑŬ əŬɘ ůŰɘɠ 

ŭɡɞ ˊɞɚɩůŮɘɠ ŭŮɜ ɏɢŮɘ ŮˊɘŰŮɡɢɗŮɑ əŬɘ ŮɑɜŬɘ ɛɘŬ ˊɞɚɨ ŭɨůəɞɚɖ ˊɟɞůˊɎɗŮɘŬ. ɆŬɜ 

ŮɜŬɚɚŬəŰɘəɐ ɚɨůɖ, ɞɘ əɞɘɚɧŰɖŰŮɠ ŭŬəŰɡɚɑɞɡ ůɡɜŰɞɜɘůɛɞɨ (ring resonators) ɛˊɞɟɞɨɜ 

Ůˊɑůɖɠ ɜŬ ˊŬɟɏɢɞɡɜ ɛɘŬ ŮɡɏɚɘəŰɖ ŭɞɛɐ űɘɚŰɟŬɟɑůɛŬŰɞɠ , ɛŮ ŮəŰŮŰŬɛɏɜŮɠ ůɢŮŭɘŬůŰɘəɏɠ 

Ůˊɘɚɞɔɏɠ ɔɘŬ Űɖɜ ˊɟɞůŬɟɛɞɔɐ Űɞɡ ůɢɐɛŬŰɞɠ Űɞɡ űɑɚŰɟɞɡ əɎɜɞɜŰŬɠ ɢɟɐůɖ ŬɜɩŰŮɟɖɠ 

ŰɎɝɖɠ ŭŬəŰɡɚɑɤɜ [3.9]. ȷˊɧ Űɖɜ Ɏɚɚɖ, ɞɘ ŬɜɩŰŮɟɖɠ ŰɎɝɖɠ ŭŬəŰɨɚɘɞɘ ůɡɜŰɞɜɘůɛɞɨ 

ˊŮɟɘɚŬɛɓɎɜɞɡɜ ˊŮɟɘůůɧŰŮɟŬ ɟɡɗɛɘɕɧɛŮɜŬ (tuning) ŰɛɐɛŬŰŬ əŬɘ ˊɘɞ ˊŮɟɑˊɚɞəŮɠ 

ŭɘŬŭɘəŬůɑŬɠ ɟɨɗɛɘůɖɠ Ůɜɩ əŬɘ ŰŬ PDFS Űɞɡɠ ŮɑɜŬɘ ɘŭɘŬɑŰŮɟŬ ɡɣɖɚɎ ɚɧɔɤ Űɖɠ 

ŮɝŬɘɟŮŰɘəɎ ŮɡŬɑůɗɖŰɖɠ űɨůɖɠ Űɞɡɠ ɧůɞɜ ŬűɞɟɎ ůŰɞ ɛɖɢŬɜɘůɛɧ Űɞɡ ůɡɜŰɞɜɘůɛɞɨ. 

ɇɏɚɞɠ, ŭɘŮɟŮɡɜɐɗɖəŮ ɖ ŭɞɛɐ Űɞɡ ůɡɛɓɞɚɞɛɏŰɟɞɡ əŬɗɡůŰɏɟɖůɖɠ (delay 

interferometer-DI) ɖ ɞˊɞɑŬ əŬɘ ŮˊɘɚɏɢɗɖəŮ ɔɘŬ Űɞ ůɢŮŭɘŬůɛɧ Űɞɡ 

ˊɞɚɡˊɚɏəŰɖ/ŬˊɞˊɞɚɡˊɚɏəŰɖ ɚɧɔɤ Űɖɠ ŬˊɚɧŰɖŰɎɠ Űɞɡ, Űɞɡ ɛɖɢŬɜɘůɛɞɨ ɟɨɗɛɘůɖɠ əŬɘ 

Űɖɠ əŬŰŬɚɚɖɚɧŰɖŰɎɠ Űɞɡ ɔɘŬ ɚŮɘŰɞɡɟɔɑŬ əŬɘ ůŰɘɠ ŭɡɞ əŬŰŬůŰɎůŮɘɠ ˊɧɚɤůɖɠ ɛŮ ˊɞɚɨ 

ɢŬɛɖɚɎ PDFS. 

ȼ əɨɟɘŬ ˊɟɧəɚɖůɖ ůŰɞ ůɢŮŭɘŬůɛɧ Űɞɡ ůɡɛɓɞɚɞɛɏŰɟɞɡ əŬɗɡůŰɏɟɖůɖɠ ˊŬɟɏɛŮɘɜŮ ɖ 

ŬˊŬɑŰɖůɖ ɔɘŬ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ ŬˊɞˊɞɚɡˊɚɏəŰɖ əŬɘ ůŰɘɠ ŭɡɞ əŬŰŬůŰɎůŮɘɠ Űɖɠ ˊɧɚɤůɖɠ. 

ȷɡŰɧ ŬˊŬɘŰŮɑ ɞˊŰɘəɏɠ ŭɞɛɏɠ ůɨɕŮɡɝɖɠ ůŰɞ ůɡɛɓɞɚɧɛŮŰɟɞ ɛŮ Űɞɜ ɑŭɘɞ ɚɧɔɞ ɕŮɨɝɖɠ 

(coupling ratio) Űɧůɞ ɔɘŬ Űɖɜ ɇȺ ɧůɞ əŬɘ Űɖɜ ɇɀ ˊɧɚɤůɖ, əŬɗɩɠ əŬɘ Ŭəɟɘɓɐ ɏɚŮɔɢɞ 

Űɤɜ PDFS ůŰɞ ůŰɎŭɘɞ Űɞɡ ůɢŮŭɘŬůɛɞɨ [3.10]. ȼ ˊɟɩŰɖ ˊɟɧəɚɖůɖ ŬɜŰɘɛŮŰɤˊɑůŰɖəŮ 

ɛŮ Űɖɜ ŬɜɎˊŰɡɝɖ Ůɜɧɠ ůɢŮŭɑɞɡ ɀɀȽ əŬɘ ɔɘŬ Űɘɠ ŭɡɞ ˊɞɚɩůŮɘɠ, Űɞ ɞˊɞɑɞ ɗŬ ˊŮɟɘɔɟŬűŮɑ 

ůŰɖ ůɡɜɏɢŮɘŬ. ȼ ŭŮɨŰŮɟɖ, ŬˊɞŭŮɑɢɗɖəŮ ɘŭɘŬɑŰŮɟŬ ŭɨůəɞɚɖ ůŮ ɏɜŬ ɟŮŬɚɘůŰɘəɧ ůŮɜɎɟɘɞ 

əŬŰɎ Űɞ ɞˊɞɑɞ ɞɘ əŬŰŬůəŮɡŬůŰɘəɏɠ ŬŰɏɚŮɘŮɠ ˊɟɏˊŮɘ ɜŬ ɚɖűɗɞɨɜ ɡˊɧɣɖ. ɆɡɔəŮəɟɘɛɏɜŬ, 

ɛɘŬ əŬŰŬůəŮɡŬůŰɘəɐ ŬŰɏɚŮɘŬ Űɖɠ ŰɎɝɖɠ Űɞɡ Ñ1 ɛm ůŰɞ ɛɐəɞɠ Űɞɡ ůɡɛɓɞɚɞɛɏŰɟɞɡ 

ɛŮŰŬűɟɎɕŮŰŬɘ ůŮ ŭɘŬəɨɛŬɜůɖ Űɤɜ PDFS Űɖɠ ŰɎɝɖɠ Űɤɜ ±150 GHz ɖ ɞˊɞɑŬ ŮɑɜŬɘ ɏɜŬ 

ůɖɛŬɜŰɘəɧ ˊɞůɞůŰɧ Űɖɠ ŬˊɧůŰŬůɖɠ ɛŮŰŬɝɨ Űɤɜ əŮɜŰɟɘəɩɜ ɛɖəɩɜ əɨɛŬŰɞɠ 

(wavelength spacing) Űɞɡ ŬˊɞˊɞɚɡˊɚɏəŰɖ. ũɘŬ ɜŬ ɝŮˊŮɟŬůŰɞɨɜ ŰŬ PDFS, 

ůɢŮŭɘɎůŰɖəŮ ɖ ůɡɜɞɚɘəɐ ŭɘˊɚɞɗɚŬůŰɘəɧŰɖŰŬ (birefringence) Űɤɜ ɓɟŬɢɘɧɜɤɜ Űɞɡ 
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ůɡɛɓɞɚɞɛɏŰɟɞɡ ɔɘŬ Űɞ ŮˊɘŭɘɤəɧɛŮɜɞ ɛɐəɞɠ əɨɛŬŰɞɠ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɛɘŬ ɚɞɔɘəɐ 

Ůɜɧɠ əɡɛŬŰɞŭɖɔɞɨ ŭɡɞ ŰɛɖɛɎŰɤɜ (dual-segment waveguide). ȷˊɧ Űɖɜ Ɏɚɚɖ, ɔɘŬ ɜŬ 

ɝŮˊŮɟŬůŰɞɨɜ ɞɘ əŬŰŬůəŮɡŬůŰɘəɏɠ ŬůŰɞɢɑŮɠ ɞɘ ɞˊɞɑŮɠ ŮˊɖɟŮɎɕɞɡɜ Űɖɜ ˊɞɚɤŰɘəɐ 

ůɡɛˊŮɟɘűɞɟɎ Űɞɡ űɑɚŰɟɞɡ, ˊɟɞɓɚɏűɗɖəŮ ɝŮɢɤɟɘůŰɐ ɗŮɟɛɘəɐ ɟɨɗɛɘůɖ Űɞɡ əɎɗŮ 

ŰɛɐɛŬŰɞɠ. ȷɡŰɐ ɖ ˊɟɞůɏɔɔɘůɖ ŮˊɘŰɟɏˊŮɘ Űɖɜ ŰŮɚŮɘɞˊɞɑɖůɖ Űɖɠ ůɡɜɞɚɘəɐɠ 

ŭɘˊɚɞɗɚŬůŰɘəɧŰɖŰŬɠ ɛŮŰŬɝɨ Űɤɜ ɓɟŬɢɘɧɜɤɜ Űɞɡ ůɡɛɓɞɚɞɛɏŰɟɞɡ ɏŰůɘ ɩůŰŮ ɞɘ 

əɞɟɡűɏɠ əŬɘ ɞɘ əɞɘɚɎŭŮɠ Űɖɠ ůɡɜɎɟŰɖůɖɠ ɛŮŰŬűɞɟɎɠ Űɞɡ űɑɚŰɟɞɡ ɜŬ ůɡɛˊɑˊŰɞɡɜ ɔɘŬ 

Űɖɜ ɇȺ əŬɘ Űɖɜ ɇɀ ˊɧɚɤůɖ ,ůŰŬ ŮˊɘŭɘɤəɧɛŮɜŬ ɛɐəɖ əɨɛŬŰɞɠ. ȼ ůɡɜɞɚɘəɐ ɟɨɗɛɘůɖ 

Űɞɡ əŮɜŰɟɘəɞɨ ɛɐəɞɡɠ əɨɛŬŰɞɠ (əŬɘ Űɞɡ ɇȺ əŬɘ Űɞɡ ɇɀ) ˊŬɟŬɛɏɜŮɘ ŮűɘəŰɐ ɛŮ Űɖɜ 

ŰŬɡŰɧɢɟɞɜɖ ˊɟɞůŬɟɛɞɔɐ əŬɘ Űɤɜ ŭɡɞ ŰɛɖɛɎŰɤɜ əŬŰɎɚɚɖɚŬ.  

ȷəɞɚɞɡɗɩɜŰŬɠ Űɖ ɚɞɔɘəɐ ˊɞɡ ˊŮɟɘɔɟɎűɖəŮ ˊŬɟŬˊɎɜɤ, ůɢŮŭɘɎůŰɖəŬɜ ŭɡɞ ůŰɞɘɢŮɑŬ 

űɘɚŰɟŬɟɑůɛŬŰɞɠ (filtering elements) əŬɘ ŰŬ ŭɡɞ ɓŬůɘůɛɏɜŬ ůŮ ůɡɛɓɞɚɞɛŮŰɟɘəɏɠ 

ŭɞɛɏɠ: Ŭ) ɏɜŬɠ ɟɡɗɛɘɕɧɛŮɜɞɠ ˊɞɚɡˊɚɏəŰɖɠ ɓŮɚŰɘůŰɞˊɞɘɖɛɏɜɞɠ ɔɘŬ ɚŮɘŰɞɡɟɔɑŬ ůŰɖɜ 

ɇɀ ˊɧɚɤůɖ əŬɘ ɓ) ɏɜŬɠ ɟɡɗɛɘɕɧɛŮɜɞɠ ŬˊɞˊɞɚɡˊɚɏəŰɖɠ ɓŮɚŰɘůŰɞˊɞɘɖɛɏɜɞɠ ɔɘŬ 

ŰŬɡŰɧɢɟɞɜɖ ɚŮɘŰɞɡɟɔɑŬ ůŰɖɜ ɇȺ əŬɘ ɇɀ ˊɧɚɤůɖ. ȼ ɛŮɗɞŭɞɚɞɔɑŬ ˊɞɡ ŬəɞɚɞɡɗɐɗɖəŮ 

ɔɘŬ Űɞ ůɢŮŭɘŬůɛɧ Űɤɜ ŭɞɛɩɜ ˊŮɟɘɔɟɎűŮŰŬɘ ůŰɘɠ ˊŬɟŬəɎŰɤ ŮɜɧŰɖŰŮɠ əŬɘ ˊŮɟɘɚŬɛɓɎɜŮɘ 

Űɞ ůɢŮŭɘŬůɛɧ ɀɀȽ ůɡɕŮɡəŰɩɜ ɔɘŬ ɚŮɘŰɞɡɟɔɑŬ ŭɘˊɚɐɠ ˊɧɚɤůɖɠ, ůɢŮŭɘŬůɛɧ ɗŮɟɛɘəɎ 

ɟɡɗɛɘɕɧɛŮɜɤɜ ŰɛɖɛɎŰɤɜ əɡɛŬŰɞŭɖɔɩɜ ɛɏůŬ Ŭˊɧ Űɖ ɛŮɚɏŰɖ Űɤɜ ŬɜŰɑůŰɞɘɢɤɜ 

ŭɘŬŰɞɛɩɜ Űɤɜ əɡɛŬŰɞŭɖɔɩɜ, ŭɘŮɟŮɨɜɖůɖ Űɖɠ ɗŮɟɛɘəɐɠ ŮɝɎɟŰɖůɖɠ Űɞɡ ŮɜŮɟɔɞɨ ŭŮɑəŰɖ 

ŭɘɎɗɚŬůɖɠ əŬɘ Űɞ ůɢŮŭɘŬůɛɧ ŭɞɛɩɜ ɓŬůɘůɛɏɜɞ ůŰɖɜ ŬɜɎˊŰɡɝɖ ŭɞɛɘəɩɜ ůŰɞɘɢŮɑɤɜ 

(ɀɀȽs əŬɘ ɗŮɟɛɘəɩɠ ɟɡɗɛɘɕɧɛŮɜŬ ŰɛɐɛŬŰŬ əɡɛŬŰɞŭɖɔɩɜ) ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɧůɞ 

Űɖɜ ŬɜŬɚɡŰɘəɐ ɧůɞ əŬɘ Űɖɜ ˊɟɞůɞɛɞɘɤŰɘəɐ ɛɏɗɞŭɞ. 

3.2 ɆɢŮŭɘŬůɛɧɠ ɀɀȽ ůɡɕŮɡəŰɩɜ ɔɘŬ Űɞɜ SOI ˊɞɚɡˊɚɏəŰɖ əŬɘ 

ŬˊɞˊɞɚɡˊɚɏəŰɖ 

3.2.1 ŪŮɤɟɖŰɘəɐ ˊɟɞůɏɔɔɘůɖ 

ȳˊɤɠ ˊŮɟɘɔɟɎűɖəŮ ˊŬɟŬˊɎɜɤ ɖ əɨɟɘŬ ˊɟɧəɚɖůɖ ˊɞɡ ŬűɞɟɎ ůŰɞɜ ůɢŮŭɘŬůɛɧ Űɞɡ 

ˊɞɚɡˊɚɏəŰɖ/ŬˊɞˊɞɚɡˊɚɏəŰɖ ɐŰŬɜ ɖ ɞɛɞɘɧɛɞɟűɖ ůɡɛˊŮɟɘűɞɟɎ Űɞɡɠ əŬɘ ůŰɘɠ ŭɡɞ 

ˊɞɚɩůŮɘɠ. ȳůɞɜ ŬűɞɟɎ ůŰɞ ůɢŮŭɘŬůɛɧ Űɞɡ ůɡɛɓɞɚɞɛɏŰɟɞɡ, ŬɡŰɐ ɖ ŬˊŬɑŰɖůɖ 

ɛŮŰŬűɟɎɕŮŰŬɘ ůŮ ɘŭŬɜɘəɧ ɚɧɔɞ ůɨɕŮɡɝɖɠ 50:50 Űɖɠ ŭɞɛɐɠ ůɨɕŮɡɝɖɠ Ůɘůɧŭɞɡ əŬɘ 

Ůɝɧŭɞɡ ɞɨŰɤɠ ɩůŰŮ ɜŬ ɓŮɚŰɘůŰɞˊɞɘɖɗŮɑ ɞ ɚɧɔɞɠ ůɓɏůɖɠ (extinction ratio) əŬɘ ůŰɘɠ ŭɡɞ 

ɗɨɟŮɠ ɧˊɤɠ űŬɑɜŮŰŬɘ əŬɘ Ŭˊɧ Űɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ. ȼ ůɨɕŮɡɝɖ 50:50 ɗŬ ˊɟɏˊŮɘ ɜŬ 

ŭɘŬŰɖɟɖɗŮɑ əŬɘ ɔɘŬ Űɘɠ ŭɡɞ ˊɞɚɩůŮɘɠ, ůŮ ŬɜŰɑɗŮŰɖ ˊŮɟɑˊŰɤůɖ ɞ ɚɧɔɞɠ ůɓɏůɖɠ Űɞɡ 

ůɡɛɓɞɚɞɛɏŰɟɞɡ ɗŬ ɡˊɞɓŬɗɛɘůŰŮɑ ɔɘŬ Űɖɜ ŬɜŰɑůŰɞɘɢɖ ˊɧɚɤůɖ əŬɘ ɎɟŬ ɖ ɞɛɞɘɞɔɏɜŮɘŬ 

ɗŬ ŭɘŬŰŬɟŬɢɗŮɑ ůɖɛŬɜŰɘəɎ. ũɘô ŬɡŰɧ Űɞ ɚɧɔɞ ŮˊɘŭɘɩɢɗɖəŬɜ ŭɞɛɏɠ ůɡɕŮɡəŰɩɜ ɛŮ 

ɞɛɞɘɧɛɞɟűɖ Ŭˊɧəɟɘůɖ ůŰɖɜ ɇȺ əŬɘ ɇɀ ˊɧɚɤůɖ. 
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ȺɘəɧɜŬ 44: ȼ ůɡɛˊɚɖɟɤɛŬŰɘəɐ ůɡɜɎɟŰɖůɖ ɛŮŰŬűɞɟɎɠ ůŰɘɠ ŭɡɞ Ůɝɧŭɞɡɠ Ůɜɧɠ Mach Zehnder ůŰɖɜ 

ˊŮɟɑˊŰɤůɖ ɚɧɔɞɡ ɕŮɨɝɖɠ (Ŭ) 50:50 əŬɘ (ɓ) 70:30. 

ȼ ˊɟɩŰɖ əŬɘ ˊɘɞ Ŭˊɚɐ Ůˊɘɚɞɔɐ ˊɞɡ ŮɝŮŰɎůŰɖəŮ ɐŰŬɜ ŬɡŰɐ Ůɜɧɠ əŬŰŮɡɗɡɜŰɘəɞɨ 

ůɡɕŮɨəŰɖ (directional coupler) [3.11]. ɋůŰɧůɞ, ŬɡŰɐ ɖ Ůˊɘɚɞɔɐ Ůɜ ŰɏɚŮɘ ŬˊɞəɚŮɑůŰɖəŮ 

ɚɧɔɤ Űɖɠ ɡɣɖɚɐɠ ŮɡŬɘůɗɖůɑŬɠ Űɖɠ ůŰɖɜ ˊɧɚɤůɖ ɖ ɞˊɞɑŬ əŬɘ ŮˊɘɓŮɓŬɘɩɗɖəŮ ɛɏůŬ Ŭˊɧ 

ˊɟɞůɞɛɞɘɩůŮɘɠ ůŰɖɜ ˊɚŬŰűɧɟɛŬ Űɞɡ SOI əŬɘ ŬˊɞŰɡˊɩɜŮŰŬɘ əŬɘ ůŰɖɜ ˊŬɟŬəɎŰɤ 

ŮɘəɧɜŬ. ɇɞ ɛɐəɞɠ ŬɚɚɖɚɞůɨɕŮɡɝɖɠ (beat length) Űɖɠ ŭɞɛɐɠ ˊŮɟɘɔɟɎűŮŰŬɘ ɛŮ Űɞɜ 

ˊŬɟŬəɎŰɤ Űɨˊɞ: 

Lbeat= WL/ (neffmode0 ï neffmode1), 

ɧˊɞɡ WL ŮɑɜŬɘ Űɞ ɛɐəɞɠ əɨɛŬŰɞɠ ɔɘŬ Űɞ ɞˊɞɑɞ ŮɝŮŰɎɕɞɡɛŮ Űɖ ŭɞɛɐ, neffmode0 əŬɘ 

neffmode1 ɞɘ ŮɜŮɟɔɞɑ ŭŮɑəŰŮɠ ŭɘɎɗɚŬůɖɠ Űɞɡ ɗŮɛŮɚɘɩŭɖ (fundamental) əŬɘ Űɞɡ ˊɟɩŰɞɡ 

ɟɡɗɛɞɨ (ůɡɛɛŮŰɟɘəɧɠ əŬɘ ŬɜŰɘůɡɛɛŮŰɟɘəɧɠ ɟɡɗɛɧɠ). 

 

ȺɘəɧɜŬ 45: (Ŭ) 3D ŬˊŮɘəɧɜɘůɖ əŬɘ (ɓ) ɛɐəɞɠ ŬɚɚɖɚɞůɨɕŮɡɝɖɠ ɤɠ ůɡɜɎɟŰɖůɖ Űɞɡ əŮɜɞɨ ɔɘŬ Űɘɠ ŭɡɞ 

ˊɞɚɤŰɘəɏɠ əŬŰŬůŰɎůŮɘɠ ůŮ ɏɜŬɜ əŬŰŮɡɗɡɜŰɘəɧ ůɡɕŮɨəŰɖ 

ɇɞ ɛɐəɞɠ Űɞɡ əŬŰŮɡɗɡɜŰɘəɞɨ ůɡɕŮɨəŰɖ ɔɘŬ Űɞ ɞˊɞɑɞ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɚŮɘŰɞɡɟɔɑŬ 50:50, 

ɞɟɑɕŮŰŬɘ ɤɠ ɖ ŬˊɧůŰŬůɖ ůŰɖɜ ɞˊɞɑŬ ɞ ɗŮɛŮɚɘɩŭɖɠ əŬɘ ɞ ˊɟɩŰɖɠ ŰɎɝɖɠ ɟɡɗɛɧɠ 

ŬɚɚɖɚŮˊɘŭɟɞɨɜ ɛŮ ŰɏŰɞɘɞ Űɟɧˊɞ ɞɨŰɤɠ ɩůŰŮ ɜŬ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛɘŬ 3 dB əŬŰŬɜɞɛɐ 

Űɞɡ ˊŮŭɑɞɡ. ȷɡŰɧɠ ɞ ŭɘŬɢɤɟɘůɛɧɠ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɔɘŬ ŬˊɧůŰŬůɖ ɧˊɞɡ Űɞ űɤɠ ɏɢŮɘ ɛɘŬ 

ůŰɟɞűɐ űɎůɖɠ ɑůɖ ɛŮ:  

ȹű = ˊ/4·(Lbeat/4). 

ȼ ŭɞɛɐ Űɞɡ 1x2 (əŬɘ Űɞɡ 2x2) ɀɀȽ ůɡɕŮɨəŰɖ ŮˊɘɚɏɢɗɖəŮ ɚɧɔɤ Űɖɠ ůɢŮŭɘŬůŰɘəɐɠ Űɖɠ 

ŮɡŮɚɘɝɑŬɠ ˊɞɡ ˊɟɞůűɏɟŮɘ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɔɘŬ ˊɞɚɨ ɢŬɛɖɚɐ ŮɡŬɘůɗɖůɑŬ ůŰɖɜ ˊɧɚɤůɖ 

Ŭɜ ůɢŮŭɘŬůŰŮɑ ˊɟɞůŮəŰɘəɎ [3.12], [3.13]. ȳˊɤɠ ŬˊɞŰɡˊɩɜŮŰŬɘ ůŰɞ ˊŬɟŬəɎŰɤ 

ŭɘɎɔɟŬɛɛŬ, ɔɘŬ ůɡɔəŮəɟɘɛɏɜŬ ˊɚɎŰɖ ɀɀȽ ɛˊɞɟŮɑ ɜŬ ˊŬɟŬŰɖɟɖɗŮɑ ˊɞɚɨ ɛɘəɟɐ 
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ŭɘˊɚɞɗɚŬůŰɘəɧŰɖŰŬ. Ƀ ɞɟɘůɛɧɠ Űɞɡ ɛɐəɞɡɠ ŬɚɚɖɚɞůɨɕŮɡɝɖɠ ŮɑɜŬɘ ɚɑɔɞ ŭɘŬűɞɟŮŰɘəɧɠ 

Ŭˊɧ ɧŰɘ ůŰɞɜ əŬŰŮɡɗɡɜŰɘəɧ ůɡɕŮɨəŰɖ əŬɘ ɞɟɑɕŮŰŬɘ ɤɠ Űɞ ɛɐəɞɠ ɔɘŬ Űɞ ɞˊɞɑɞ ɞ 

ɗŮɛŮɚɘɩŭɖɠ əŬɘ ɞ ŭŮɨŰŮɟɖɠ ŰɎɝɖɠ ɟɡɗɛɧɠ ŬɚɚɖɚŮˊɘŭɟɞɨɜ ŬɜŬɘɟŮŰɘəɎ (destructively) 

ˊɟŬɔɛŬŰɞˊɞɘɩɜŰŬɠ ɏŰůɘ ɏɜŬ ɚɧɔɞ ŭɘŬɢɤɟɘůɛɞɨ Űɖɠ ŰɎɝɖɠ Űɤɜ 3 dB [3.14]. ȷˊɧ Űɖ 

ůəɞˊɘɎ Űɖɠ űɎůɖɠ ůŮ ŬɡŰɐ Űɖɜ ˊŮɟɑˊŰɤůɖ Űɞ űɤɠ ɏɢŮɘ ɛŮŰŬŰɧˊɘůɖ űɎůɖɠ ɑůɖ ɛŮ: 

ȹű = ˊ/2·(Lbeat/2). 

 

ȺɘəɧɜŬ 46: (Ŭ) 3D ŬˊɞŰɨˊɤůɖ Űɞɡ 1x2 MMI ůɡɕŮɨəŰɖ əŬɘ (ɓ) ɛɐəɞɠ ŬɚɚɖɚɞůɨɕŮɡɝɖɠ ɤɠ ůɡɜɎɟŰɖůɖ 

Űɞɡ əŮɜɞɨ ɛŮŰŬɝɨ Űɤɜ əɡɛŬŰɞŭɖɔɩɜ Ůɝɧŭɞɡ  əŬɘ ɔɘŬ Űɘɠ ŭɡɞ ˊɞɚɤŰɘəɏɠ əŬŰŬůŰɎůŮɘɠ 

 

ȺɘəɧɜŬ 47: ȼ əɎŰɞɣɖ Űɞɡ 2x2 ůɡɕŮɨəŰɖ ɛŮ ŬˊɞŰɡˊɤɛɏɜŮɠ Űɘɠ ˊŬɟŬɛɏŰɟɞɡɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɤɠ 

ɛŮŰŬɓɚɖŰɏɠ. ɇɞ ˊɚɎŰɞɠ əŬɘ ɛɐəɞɠ Űɤɜ əɤɜɘəɩɜ ŭɞɛɩɜ (tapers) əŬɗɩɠ Ůˊɑůɖɠ əŬɘ Űɞ ɛɐəɞɠ Űɤɜ straight 

əɡɛŬŰɞŭɖɔɩɜ ɐŰŬɜ ɑŭɘŬ ɔɘŬ Űɘɠ ŭɞɛɏɠ Ůɘůɧŭɞɡ əŬɘ Ůɝɧŭɞɡ. ũɘŬ Űɞɜ 1x2 ɀɀȽ ůɡɕŮɨəŰɖ ɞɘ ɛŮŰŬɓɚɖŰɏɠ 

ɐŰŬɜ ɞɘ ɑŭɘŮɠ. 

3.2.2 ɀŮɗɞŭɞɚɞɔɑŬ 
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ȺɘəɧɜŬ 48: ɆɢɖɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ Űɞɡ Mach Zehnder ɤɠ ˊɞɚɡˊɚɏəŰɖ/ŬˊɞˊɞɚɡˊɚɏəŰɖ. Ƀɘ ŭɞɛɏɠ Űɤɜ 

ɀɀȽs ŮɑɜŬɘ əɡəɚɤɛɏɜŮɠ ˊɎɜɤ ůŰɞ ůɢɐɛŬ. 

ȸɎůŮɘ Űɤɜ ˊŬɟŬˊɎɜɤ ɡˊɞɗɏůŮɤɜ, əŬɘ ɚɧɔɤ Űɖɠ ŬɜɎɔəɖɠ ɔɘŬ ɏɜŬɜ 2x1 ˊɞɚɡˊɚɏəŰɖ 

(1x2 ŬˊɞˊɞɚɡˊɚɏəŰɖ) ɞ ɞˊɞɑɞɠ ɗŬ ɐŰŬɜ ŬɜŬɑůɗɖŰɞɠ ůŰɖɜ ˊɧɚɤůɖ, ɖ ůɡɛɓɞɚɞɛŮŰɟɘəɐ 

ŭɞɛɐ ˊɞɡ ŮˊɘɚɏɢɗɖəŮ ɐŰŬɜ ŬɡŰɐ Ůɜɧɠ Mach Zehnder ɛŮ ɀɀȽ ůɡɕŮɨəŰŮɠ əŬɘ ůŰɘɠ ŭɡɞ 

ɛŮɟɘɏɠ Űɖɠ ɕŮɨɝɖɠ [3.15]. ɆŰɖ ɛŮɟɘɎ Űɞɡ ˊɞɛˊɞɨ ɖ ůɡɛɓɞɚɞɛŮŰɟɘəɐ ŭɞɛɐ ˊɞɚɡˊɚɏəŮɘ 

ŭɡɞ ɛɐəɖ əɨɛŬŰɞɠ ůŮ ɏɜŬ ɛɧɜɞ əŬɜɎɚɘ əŬɘ ɞɘ ɀɀȽ ůɡɕŮɨəŰŮɠ Ŭəɞɚɞɡɗɞɨɜ Űɖ ŭɘɎŰŬɝɖ 

ˊɞɡ ˊŮɟɘɔɟɎűŮŰŬɘ ůŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ. ɆŰɖ ɛŮɟɘɎ Űɞɡ ŭɏəŰɖ ˊɟɞűŬɜɩɠ ɖ ŭɘɎŰŬɝɖ 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ŬɜɎˊɞŭŬ. 

 

ȺɘəɧɜŬ 49: ɆɢɖɛŬŰɘəɧ Ůɜɧɠ (Ŭ)2x2 əŬɘ Ůɜɧɠ (ɓ)2x1 ůɡɕŮɡəŰɩɜ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ůŰɘɠ ŭɡɞ ɎəɟŮɠ 

ɛɘŬɠ ŭɞɛɐɠ Mach Zehnder.  

Ƀ ůɢŮŭɘŬůɛɧɠ əŬɘ ɖ ɓŮɚŰɘůŰɞˊɞɑɖůɖ Űɤɜ ɀɀȽ ůɡɕŮɡəŰɩɜ ɏɔɘɜŮ ɛŮ Űɖ ɢɟɐůɖ Űɞɡ 

ˊɟɞůɞɛɞɘɤŰɘəɞɨ ŮɟɔŬɚŮɑɞɡ Űɖɠ Phoenix (PhoeniX Software). ɇɞ ˊɟɩŰɞ ɓɐɛŬ 

ɡɚɞˊɞɘɐɗɖəŮ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɞ ŮɟɔŬɚŮɑɞ mode solver (Field Designer) Űɖɠ 

ůɡɔəŮəɟɘɛɏɜŮɠ ůɞɡɑŰŬɠ ɚɞɔɘůɛɘəɞɨ. Ƀɘ ŭɘɎűɞɟɞɘ ŮɜŮɟɔɞɑ ŭŮɑəŰŮɠ ŭɘɎɗɚŬůɖɠ, əŬɘ ɎɟŬ 

əŬɘ ŰŬ ŭɘŬűɞɟŮŰɘəɎ ɛɐəɖ ŬɚɚɖɚɞůɨɕŮɡɝɖɠ, ɡˊɞɚɞɔɑůŰɖəŬɜ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ 

ɛŮŰŬɓɚɖŰɧ ˊɚɎŰɞɠ Űɞɡ ůɡɕŮɨəŰɖ. ȳˊɤɠ ˊŮɟɘɔɟɎűɖəŮ əŬɘ ˊŬɟŬˊɎɜɤ, ɔɘŬ Űɖ ŭɞɛɐ Űɞɡ 

1x2 ɀɀȽ ůɡɕŮɨəŰɖ Űɞ ɛɐəɞɠ ŬɚɚɖɚɞůɨɕŮɡɝɖɠ ŮɑɜŬɘ Űɞ ɛɐəɞɠ ɔɘŬ Űɞ ɞˊɞɑɞ ɞ 

ɗŮɛŮɚɘɩŭɖɠ ɟɡɗɛɧɠ  əŬɘ ɞ ɟɡɗɛɧɠ ŭŮɨŰŮɟɖɠ ŰɎɝɖɠ ɏɢɞɡɜ ɛɘŬ ŭɘŬűɞɟɎ űɎůɖɠ ˊ/2 əŬɘ 

ůɡɛɓɎɚɚɞɡɜ. ũɘŬ Űɖɜ ŭɞɛɐ Űɞɡ 2x2 ɀɀȽ ůɡɕŮɨəŰɖ, Űɞ ɛɐəɞɠ ŬɚɚɖɚɞůɨɕŮɡɝɖɠ 

ɞɟɑɕŮŰŬɘ ɤɠ Űɞ ɛɐəɞɠ ɔɘŬ Űɞ ɞˊɞɑɞ ɞ ɗŮɛŮɚɘɩŭɖɠ ɟɡɗɛɧɠ əŬɘ ɞ ɟɡɗɛɧɠ ˊɟɩŰɖɠ ŰɎɝɖɠ 

ɏɢɞɡɜ ɛɘŬ ŭɘŬűɞɟɎ űɎůɖɠ 3ˊ/4 əŬɘ ůɡɛɓɎɚɚɞɡɜ. ȼ Ůˊɘɚɞɔɐ Űɞɡ ŰŮɚɘəɞɨ ˊɚɎŰɞɡɠ ɏɔɘɜŮ 

ɛŮ ůəɞˊɧ Űɖɜ ŮˊɑŰŮɡɝɖ Űɖɠ ɛɘəɟɧŰŮɟɖɠ ŭɡɜŬŰɐɠ ŮɡŬɘůɗɖůɑŬɠ Űɖɠ ŭɞɛɐɠ Űɞɡ ɀɀȽ 

ůŰɖɜ ˊɧɚɤůɖ. ȺˊɘˊɟɧůɗŮŰŬ, ŮɝŮŰɎůŰɖəŮ əŬɘ ɖ əŬŰŬɜɞɛɐ Űɞɡ ˊŮŭɑɞɡ ɛɏůŬ ůŰɖ ŭɞɛɐ 

ŬɡŰɐ. 
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ɇɞ ŮˊɧɛŮɜɞ ɓɐɛŬ ɐŰŬɜ ɖ ˊɟɞůɞɛɞɑɤůɖ Űɖɠ ŭɘɎŭɞůɖɠ Űɞɡ űɤŰɧɠ ɛɏůɤ Űɞɡ ɀɀȽ 

ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖɜ 2D Beam Propagation Method ɖ ɞˊɞɑŬ ɐŰŬɜ ŭɘŬɗɏůɘɛɖ ůŰɞ 

ˊɟɧɔɟŬɛɛŬ OptoDesigner Űɖɠ ůɞɡɑŰŬɠ Űɖɠ Phoenix. ȼ ŬˊɞűŬůɘůŰɘəɐ ˊŬɟɎɛŮŰɟɞɠ ůŮ 

ŬɡŰɧ Űɞ əɞɛɛɎŰɘ Űɖɠ ɛŮɚɏŰɖɠ ɐŰŬɜ ɖ ŮˊɘəɎɚɡɣɖ Űɤɜ ɟɡɗɛɩɜ ůŰɘɠ ŭɡɞ Ůɝɧŭɞɡɠ Űɞɡ 

ůɡɕŮɨəŰɖ. ȼ Ůˊɘɚɞɔɐ ɏɔɘɜŮ ɞɨŰɤɠ ɩůŰŮ ɖ ŭɞɛɐ ɜŬ ɚŮɘŰɞɡɟɔŮɑ ɤɠ ɏɜŬɠ 3 dB ůɡɕŮɨəŰɖɠ. 

ȼ ˊɘɞ əɟɑůɘɛɖ ˊŬɟɎɛŮŰɟɞɠ ɐŰŬɜ Űɞ ɛɐəɞɠ Űɞɡ ůɡɕŮɨəŰɖ, Ŭɜ əŬɘ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ 

ɛɘŬ ůŮɘɟɎ əŬɘ Ŭˊɧ ɎɚɚŮɠ ˊŬɟŬɚɚŬɔɏɠ. ȼ ɛŮɗɞŭɞɚɞɔɑŬ ˊɞɡ ŬəɞɚɞɡɗɐɗɖəŮ ˊŮɟɘŮɑɢŮ 

ɏɜŬɜ Ŭɟɘɗɛɧ Ŭˊɧ ɓɐɛŬŰŬ ɓŮɚŰɘůŰɞˊɞɑɖůɖɠ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖ ɛɏɗɞŭɞ ŭɘɢɞŰɧɛɖůɖɠ 

(bisectional method) ɞɨŰɤɠ ɩůŰŮ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ůɨɔəɚɘůɖ ɛŮŰŬɝɨ Űɤɜ Űɘɛɩɜ Űɤɜ ŭɡɞ 

ŬɚɚɖɚɞŮˊɘəŬɚɨɣŮɤɜ Ůɝɧŭɞɡ ɧůɞ Űɞ ŭɡɜŬŰɧɜ ˊŮɟɘůůɧŰŮɟɞ əŬɘ ɧůɞ Űɞ ŭɡɜŬŰɧɜ ˊɘɞ 

əɞɜŰɎ ůŰɖɜ Űɘɛɐ Űɞɡ 50%. Ƀ ŮůɤŰŮɟɘəɧɠ ɓɟɧɢɞɠ ɏŰɟŮɝŮ ŮˊŰɎ ɓɐɛŬŰŬ: Űɞ ɛɐəɞɠ Űɞɡ 

ůɡɕŮɨəŰɖ, Űɞ əŮɜɧ ɛŮŰŬɝɨ Űɤɜ əɤɜɘəɩɜ ŭɞɛɩɜ Ůɝɧŭɞɡ (taper length), Űɞ ɛɐəɞɠ Űɞɡ 

ŮɡɗɨɔɟŬɛɛɞɡ əɡɛŬŰɞŭɖɔɞɨ əŬɘ ɏɜŬ ŬəɧɛŬ ŰŮɚŮɡŰŬɑɞ ɓɐɛŬ ɓŮɚŰɘůŰɞˊɞɑɖůɖɠ Űɞɡ 

ɛɐəɞɡɠ Űɞɡ ůɡɕŮɨəŰɖ. ɇɞ ŰŮɚŮɡŰŬɑɞ ɓɐɛŬ ɏɔɘɜŮ Ŭűɞɨ ɟɡɗɛɑůŰɖəŬɜ ɧɚŮɠ ɞɘ ɡˊɧɚɞɘˊŮɠ 

ˊŬɟɎɛŮŰɟɞɘ əŬɘ ɏŰůɘ ɡˊɐɟɢŮ ɏɜŬ ˊŮɟɘɗɩɟɘɞ ɞɟɘůŰɘəɞˊɞɑɖůɖɠ Űɞɡ ɛɐəɞɡɠ Űɞ ɞˊɞɑɞ 

ŮɑɜŬɘ əŬɘ ɛɘŬ ˊɞɚɨ əɟɑůɘɛɖ ˊŬɟɎɛŮŰɟɞɠ Ŭűɞɨ ŮəŰɧɠ Űɤɜ Ɏɚɚɤɜ əɟɑɜŮɘ əŬɘ Űɞ ɛɏɔŮɗɞɠ 

Űɞɡ ɞɚɞəɚɖɟɤɛɏɜɞɡ əɡəɚɩɛŬŰɞɠ ˊɞɡ ɗŬ əŬŰŬůəŮɡŬůŰŮɑ. 

 

ȺɘəɧɜŬ 50: (Ŭ) ŭɘŬŰɞɛɐ Űɞɡ əɡɛŬŰɞŭɖɔɞɨ ɛŮ Űɞɡɠ ŮɜŮɟɔɞɨɠ ŭŮɑəŰŮɠ ŭɘɎɗɚŬůɖɠ, (ɓ) ɗŮɛŮɚɘɩŭɖɠ ɟɡɗɛɧɠ 

əŬɘ ɟɡɗɛɧɠ ŭŮɨŰŮɟɖɠ ŰɎɝɖɠ Űɖɠ ɇȺ ˊɞɚɤŰɘəɐɠ əŬŰɎůŰŬůɖɠ əŬɘ (ɔ) ɗŮɛŮɚɘɩŭɖɠ ɟɡɗɛɧɠ əŬɘ ɟɡɗɛɧɠ 

ŭŮɨŰŮɟɖɠ ŰɎɝɖɠ Űɖɠ ɇɀ ˊɞɚɤŰɘəɐɠ əŬŰɎůŰŬůɖɠ ɔɘŬ ɏɜŬɜ ɀɀȽ ůɡɕŮɨəŰɖ ɛŮ ˊɚɎŰɞɠ 2 ɛm. 

3.2.3 Ɇɢɏŭɘɞ Űɞɡ 1x2 ɀɀȽ ůɡɕŮɨəŰɖ 

ȷəɞɚɞɡɗɩɜŰŬɠ Űɖɜ ɑŭɘŬ Ŭəɟɘɓɩɠ ɚɞɔɘəɐ ˊɞɡ ˊŮɟɘɔɟɎűɖəŮ ůŰɘɠ ˊŬɟŬˊɎɜɤ 

ˊŬɟŬɔɟɎűɞɡɠ, ůŰɞ ˊɟɩŰɞ ɓɐɛŬ ɓŮɚŰɘůŰɞˊɞɑɖůɖɠ Űɞɡ 1x2 ɀɀȽ ůɡɕŮɨəŰɖ 

ɛŮŰŬɓɚɐɗɖəŮ Űɞ ɛɐəɞɠ Űɖɠ ŭɞɛɐɠ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ɛŮɚɏŰɖɠ ŬɡŰɐɠ 

ŬˊɞŰɡˊɩɜɞɜŰŬɘ ůŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ.  
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ȺɘəɧɜŬ 51: (Ŭ) ȾɎŰɞɣɖ Űɞɡ 1x2 ɀɀȽ ůɡɕŮɨəŰɖ əŬɘ (ɓ) ɓɐɛŬŰŬ ɓŮɚŰɘůŰɞˊɞɑɖůɖɠ ɛŮ ɛŮŰŬɓɚɖŰɧ ɛɐəɞɠ 

ɀɀȽ 

ɇŬ ˊɚɐɟɖ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ˊɟɞůɞɛɞɑɤůɖɠ ɔɘŬ Űɖɜ ŬɟɢɘŰŮəŰɞɜɘəɐ Űɞɡ 1x2 ɀɀȽ 

ůɡɕŮɨəŰɖ əŬŰŬɔɟɎűɞɜŰŬɘ ůŰɞɜ ˊŬɟŬəɎŰɤ ˊɑɜŬəŬ. 

 

ɄɑɜŬəŬɠ 10: ɇŮɚɘəɏɠ ˊŬɟɎɛŮŰɟɞɘ Űɞɡ 1x2 ɀɀȽ ůɡɕŮɨəŰɖ 

ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɞɡ ůɢŮŭɘŬůɛɞɨ ɘəŬɜɞˊɞɑɖůŬɜ Űɞɡɠ ŭɡɞ əɨɟɘɞɡɠ ůŰɧɢɞɡɠ Űɞɡ 

concept. ȼ ŭɞɛɐ ŮˊɘŰɡɔɢɎɜŮɘ ɚɧɔɤ ɕŮɨɝɖɠ ɞ ɞˊɞɑɞɠ ŮɑɜŬɘ ŮɚɎɢɘůŰŬ ɛɘəɟɧŰŮɟɞɠ Ŭˊɧ 

50% əŬɘ ɏŰůɘ ɞɘ Ůˊɘˊɚɏɞɜ ŬˊɩɚŮɘŮɠ ŮɑɜŬɘ ˊɞɚɨ ɛɘəɟɏɠ, Űɖɠ ŰɎɝɖɠ Űɤɜ 0.07 əŬɘ 0.16 dB 

ɔɘŬ Űɖɜ ɇȺ əŬɘ Űɖɜ ɇɀ ˊɧɚɤůɖ ŬɜŰɑůŰɞɘɢŬ. Ⱥˊɘˊɚɏɞɜ, ɖ ŭɘŬűɞɟɎ ɛŮŰŬɝɨ Űɞɡ ɚɧɔɞɡ 

ɕŮɨɝɖɠ Űɞɡ ɇȺ əŬɘ Űɞɡ ɇɀ ɟɡɗɛɞɨ ŮɑɜŬɘ ˊɞɚɨ ɛɘəɟɐ əŬɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ, ɞ 1x2 ɀɀȽ 

ůɡɕŮɨəŰɖɠ ɏɢŮɘ ˊɞɚɨ ɢŬɛɖɚɏɠ ŬˊɩɚŮɘŮɠ ɚɧɔɤ Űɖɠ ˊɧɚɤůɖɠ (polarization dependent 

loss) Űɖɠ ŰɎɝɖɠ Űɤɜ 0.09 dB əŬɘ ɎɟŬ ɚŮɘŰɞɡɟɔŮɑ ŬˊɞŰŮɚŮůɛŬŰɘəɎ əŬɘ ɔɘŬ Űɘɠ ŭɡɞ 

əŬŰŬůŰɎůŮɘɠ. ɇɏɚɞɠ, Űɞ ɛɐəɞɠ ŬɚɚɖɚɞůɨɕŮɡɝɖɠ ˊɞɡ Ůɝɐɢɗɖ Ŭˊɧ Űɖɜ ɛɏɗɞŭɞ 2D BPM 

ŮɑɜŬɘ ůŮ ůɡɛűɤɜɑŬ ɛŮ Űɖɜ ŬɜŰɑůŰɞɘɢɖ Űɘɛɐ ˊɞɡ Ůɝɐɢɗɖ Ŭˊɧ Űɞɜ mode solver.  
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ȺɘəɧɜŬ 52: (Ŭ) ɇɞ ˊɟɞűɑɚ Űɞɡ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ əŬɘ ɖ əɎŰɞɣɖ Űɖɠ BPM ŭɘɎŭɞůɖɠ Ůɜɧɠ 1x2 ɀɀȽ 

ůɡɕŮɨəŰɖ ɛŮ Űɘɠ ŬɜŰɑůŰɞɘɢŮɠ Űɘɛɏɠ ŬɚɚɖɚɞŮˊɘəɎɚɡɣɖɠ ɔɘŬ (ɓ) ɇȺ əŬɘ (ɔ) ɇɀ əŬŰŬůŰɎůŮɘɠ ˊɧɚɤůɖɠ 

3.2.4 Ɇɢɏŭɘɞ ɔɘŬ Űɞɜ 2x2 ɀɀȽ ůɡɕŮɨəŰɖ 

ȷəɞɚɞɡɗɩɜŰŬɠ Ůˊɑůɖɠ Űɖɜ ɑŭɘŬ ɚɞɔɘəɐ ůŰɖ ɛŮɚɏŰɖ ɛŬɠ ɧˊɤɠ ůŰɖɜ 1x2 ŭɞɛɐ, ŰŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ ɔɘŬ Űɞɜ 2x2 ɀɀȽ ůɡɕŮɨəŰɖ ˊŮɟɘɔɟɎűɞɜŰŬɘ ˊŬɟŬəɎŰɤ. 

 

ȺɘəɧɜŬ 53: (Ŭ) ȾɎŰɞɣɖ əŬɘ (ɓ) ɓɐɛŬŰŬ ɓŮɚŰɘůŰɞˊɞɑɖůɖɠ ɛŮ ŭɘŬəɨɛŬɜůɖ Űɞɡ ɛɐəɞɡɠ Űɞɡ ɀɀȽ ɔɘŬ ɏɜŬɜ 

2x2 ɀɀȽ ůɡɕŮɨəŰɖ 

ɇŬ ˊɚɐɟɖ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ˊɟɞůɞɛɞɑɤůɖɠ ɔɘŬ Űɖɜ ŬɟɢɘŰŮəŰɞɜɘəɐ Űɞɡ 2x2 ɀɀȽ 

ůɡɕŮɨəŰɖ ˊŮɟɘɚŬɛɓɎɜɞɜŰŬɘ ůŰɞɜ ˊŬɟŬəɎŰɤ ˊɑɜŬəŬ. 
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ɄɑɜŬəŬɠ 11: ɄŬɟɎɛŮŰɟɞɘ Űɞɡ ŰŮɚɘəɞɨ ůɢŮŭɑɞɡ ɔɘŬ Űɞɜ 2x2 MMI ůɡɕŮɨəŰɖ. 

ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɞɡ ɛɐəɞɡɠ ŬɚɚɖɚɞůɨɕŮɡɝɖɠ ɧˊɤɠ ˊɟɞɏəɡɣŬɜ Ŭˊɧ Űɖɜ ɛɏɗɞŭɞ 2D 

BPM ŮɑɜŬɘ ůŮ ˊɚɐɟɖ ůɡɛűɤɜɑŬ ɛŮ Űɘɠ Űɘɛɏɠ ɞɘ ɞˊɞɑŮɠ ŬˊɞəŰɐɗɖəŬɜ Ŭˊɧ Űɞɡɠ mode 

solvers. Ƀɘ Ůˊɘˊɚɏɞɜ ŬˊɩɚŮɘŮɠ Űɖɠ ŭɞɛɐɠ ŮɑɜŬɘ ŮɚŬűɟɩɠ ɡɣɖɚɧŰŮɟŮɠ Ŭˊɧ ŬɡŰɏɠ Űɞɡ 

1x2 ɀɀȽ ůɡɕŮɨəŰɖ (0.22 əŬɘ 0.29 dB ɔɘŬ Űɖɜ ɇȺ əŬɘ Űɖɜ ɇɀ ˊɧɚɤůɖ ŬɜŰɑůŰɞɘɢŬ) 

ŬɚɚɎ ŮɑɜŬɘ ŬɟəŮŰɎ ɢŬɛɖɚɎ ɔɘŬ ɜŬ ŬɜŰŬˊɞəɟɘɗɞɨɜ ůŰɘɠ ŬɜɎɔəŮɠ Űɖɠ ŮűŬɟɛɞɔɐɠ. ɀɘŬ 

ɛɘəɟɐ ŭɘŬűɞɟɎ ůŰɞɡɠ ɚɧɔɞɡɠ ɕŮɨɝɖɠ Űɤɜ ŭɡɞ Ůɝɧŭɤɜ ɛˊɞɟŮɑ ɜŬ ˊŬɟŬŰɖɟɖɗŮɑ əŬɘ ɔɘŬ 

Űɘɠ ŭɡɞ ˊɞɚɤŰɘəɏɠ əŬŰŬůŰɎůŮɘɠ, ɖ ɞˊɞɑŬ ˊŬɟŬɛɏɜŮɘ ɧɛɤɠ ɛɘəɟɧŰŮɟɖ Ŭˊɧ 4%. ȼ 

ŮɝɎɟŰɖůɖ Űɖɠ ˊɧɚɤůɖɠ (ŭɘŬűɞɟɎ ɛŮŰŬɝɨ Űɤɜ ɚɧɔɤɜ ɕŮɨɝɖɠ Űɞɡ ɇȺ əŬɘ Űɞɡ ɇɀ 

ɟɡɗɛɞɨ) ŮɑɜŬɘ ˊɞɚɨ ɢŬɛɖɚɐ (ɛŮŰŬɝɨ 0.05 dB əŬɘ 0.13 dB) əŬɘ əŬŰɎ ůɡɜɏˊŮɘŬ, ɞ 1x2 

ůɡɕŮɨəŰɖɠ ŮɑɜŬɘ əŬŰɎɚɚɖɚɞɠ ɔɘŬ ɢɟɐůɖ ůŰɖ ŭɞɛɐ Űɞɡ ŬˊɞˊɞɚɡˊɚɏəŰɖ.  

 

ȺɘəɧɜŬ 54: (Ŭ) ɇɞ ˊɟɞűɑɚ Űɞɡ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ əŬɘ ɖ əɎŰɞɣɖ Űɖɠ BPM ŭɘɎŭɞůɖɠ Ůɜɧɠ 2x2 ɀɀȽ 

ůɡɕŮɨəŰɖ ɛŮ Űɘɠ ŬɜŰɑůŰɞɘɢŮɠ Űɘɛɏɠ ŬɚɚɖɚɞŮˊɘəɎɚɡɣɖɠ ɔɘŬ (ɓ) ɇȺ əŬɘ (ɔ) ɇɀ əŬŰŬůŰɎůŮɘɠ ˊɧɚɤůɖɠ. 
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3.3 ŪŮɟɛɘəɐ ɛŮɚɏŰɖ Űɞɡ SOI əɡɛŬŰɞŭɖɔɞɨ ɔɘŬ Űɖ ɚŮɘŰɞɡɟɔɑŬ 

ˊɞɚɡˊɚɏəŰɖ/ŬˊɞˊɞɚɡˊɚɏəŰɖ 

3.3.1 ȺɘůŬɔɤɔɐ 

ȳˊɤɠ ˊŮɟɘɔɟɎűɖəŮ ɜɤɟɑŰŮɟŬ, Űɧůɞ ŰŬ VCSELs ɧůɞ əŬɘ ɞɘ ŭɞɛɏɠ Űɞɡ ˊɞɚɡˊɚɏəŰɖ/ 

ŬˊɞˊɞɚɡˊɚɏəŰɖ ůŰɖ SOI ˊɚŬŰűɧɟɛŬ ŮɑɜŬɘ ŮɡŬɑůɗɖŰŬ  ůŰɘɠ əŬŰŬůəŮɡŬůŰɘəɏɠ ŬŰɏɚŮɘŮɠ  

əŬɗɩɠ əŬɘ ůŰɘɠ ŭɘŬəɡɛɎɜůŮɘɠ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ˊɞɡ ɛˊɞɟɞɨɜ ɜŬ ɛŮŰŬɓɎɚɚɞɡɜ Űɞ 

ɛɐəɞɠ əɨɛŬŰɞɠ ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡɠ əŬŰɎ ˊɞɚɚɎ ɜŬɜɧɛŮŰɟŬ.  ɋɠ Ůə ŰɞɨŰɞɡ, əɟɑɗɖəŮ 

ŬɜŬɔəŬɑɞ ɜŬ ŮɘůŬɢɗŮɑ ɖ ŭɡɜŬŰɧŰɖŰŬ ɟɨɗɛɘůɖɠ Űɞɡ ɛɐəɞɡɠ əɨɛŬŰɞɠ ůŰɘɠ ŭɞɛɏɠ Űɞɡ 

ˊɞɚɡˊɚɏəŰɖ/ŬˊɞˊɞɚɡˊɚɏəŰɖ ŮˊɘŰɟɏˊɞɜŰŬɠ əŬŰô ŬɡŰɧɜ Űɞɜ Űɟɧˊɞ Űɖɜ ŬɜŰɘůŰɎɗɛɘůɖ 

ŬɡŰɩɜ Űɤɜ űŬɘɜɞɛɏɜɤɜ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ɚŮɘŰɞɡɟɔɑŬ Űɞɡɠ. ɀŮ ŭŮŭɞɛɏɜɞ ɧŰɘ ɖ 

ˊɚŬŰűɧɟɛŬ Űɤɜ əɡɛŬŰɞŭɖɔɩɜ ŮɑɜŬɘ ɓŬůɘůɛɏɜɖ ˊɎɜɤ ůŰɖɜ Űɡˊɘəɐ SOI ŰŮɢɜɞɚɞɔɑŬ 

ɞɚɞəɚɐɟɤůɖɠ ɛŮ 340 nm Ɏɜɤ ůŰɟɩɛŬ ˊɡɟɘŰɑɞɡ [3.16], ɞ ůɡɜŰɞɜɘůɛɧɠ Űɞɡ ɛɐəɞɡɠ 

əɨɛŬŰɞɠ ɛˊɞɟŮɑ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɛɧɜɞ ɛŮ Űɖɜ ŮɘůŬɔɤɔɐ ɖɚŮəŰɟɞŭɑɤɜ ɗɏɟɛŬɜůɖɠ ˊɎɜɤ 

ůŰɞɡɠ əɡɛŬŰɞŭɖɔɞɨɠ ˊɡɟɘŰɑɞɡ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ŬɡŰɐ ŮəɛŮŰŬɚɚŮɡɧɛŬůŰŮ Űɖɜ 

ŬɚɚɖɚŮˊɑŭɟŬůɖ űɤŰɧɠ əŬɘ ɨɚɖɠ ɖ ɞˊɞɑŬ ˊɟɞəŬɚŮɑŰŬɘ Ŭˊɧ Űɖ ɗŮɟɛɧŰɖŰŬ, ŬˊɞŰɏɚŮůɛŬ 

Űɞɡ ɗŮɟɛɞ-ɞˊŰɘəɞɨ űŬɘɜɞɛɏɜɞɡ [3.17]. 

ȼ ŭɘŮɟŮɨɜɖůɖ Űɖɠ ɗŮɟɛɘəɐɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɖɠ ˊɚŬŰűɧɟɛŬɠ Űɤɜ əɡɛŬŰɞŭɖɔɩɜ ɏɔɘɜŮ 

əɎɜɞɜŰŬɠ ɢɟɐůɖ Űɤɜ ŰŮɢɜɘəɩɜ Film Mode Matching (FMM) [3.18] əŬɘ Finite 

Difference (FD) [3.19] Űɤɜ mode solvers ˊɞɡ ɐŰŬɜ ŭɘŬɗɏůɘɛɞɘ Ŭˊɧ Űɖɜ ůɞɡɑŰŬ 

ɚɞɔɘůɛɘəɞɨ Űɖɠ Phoenix. Ⱥˊɘˊɚɏɞɜ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɛɘŬ ɛɖɢŬɜɐ ɗŮɟɛɞ-ɞˊŰɘəɐɠ 

ˊɟɞůɞɛɞɑɤůɖɠ ɖ ɞˊɞɑŬ ɡˊɞɚɞɔɑɕŮɘ Űɖɜ ɢɤɟɘəɐ əŬŰŬɜɞɛɐ Űɖɠ ɗŮɟɛɧŰɖŰŬɠ 

(ɡˊɞɗɏŰɞɜŰŬɠ ɗŮɟɛɘəɐ ɘůɞɟɟɞˊɑŬ) ɛɏůŬ ůŮ ɛɘŬ ŭɞɛɐ əŬɘ Űɖ ɛŮŰŬűɟɎɕŮɘ ůŮ 

ŭɘŬəɡɛɎɜůŮɘɠ Űɞɡ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ Űɞɡ əɎɗŮ ɡɚɘəɞɨ. ũɘŬ Űɖ ɛŮɗɞŭɞɚɞɔɑŬ Űɖɠ 

ˊɟɞůɞɛɞɑɤůɖɠ ŬəɞɚɞɡɗɐɗɖəŮ ɛɘŬ ɓŬɗɛɘŬɑŬ ˊɟɞůɏɔɔɘůɖ, ɝŮəɘɜɩɜŰŬɠ Ŭˊɧ Űɞɜ ɞɟɘůɛɧ 

Űɞɡ ŮɜŮɟɔɞɨ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ Űɤɜ ɗŮɛŮɚɘɤŭɩɜ ɟɡɗɛɩɜ ɧŰŬɜ ŭŮɜ ŮűŬɟɛɧɕŮŰŬɘ 

ɗŮɟɛɧŰɖŰŬ ůŮ ŬɡŰɏɠ. Ⱥɜ ůɡɜŮɢŮɑŬ, ɏɔɘɜŮ ŮɝŬɔɤɔɐ Űɖɠ ɛɏɔɘůŰɖɠ ɗŮɟɛɞəɟŬůɑŬɠ Űɞɡ 

ɗŮɟɛŬɜŰɘəɞɨ ůŰɞɘɢŮɑɞɡ ɓɎůŮɘ ˊŮɘɟŬɛŬŰɘəɎ ŭɘŬɗɏůɘɛɤɜ ŭŮŭɞɛɏɜɤɜ. ɇɏɚɞɠ, 

ɡˊɞɚɞɔɑůŰɖəŮ ɖ ɗŮɟɛɘəɎ ŮˊŬɔɧɛŮɜɖ ŭɘŬəɨɛŬɜůɖ Űɞɡ ŮɜŮɟɔɞɨ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ əŬɘ 

Űɞ ŬɜŰɑůŰɞɘɢɞ ɛɐəɞɠ ˊ ɔɘŬ Űɖɜ ɇȺ əŬɘ Űɖɜ ɇɀ ˊɧɚɤůɖ ɤɠ ůɡɜɎɟŰɖůɖ Űɖɠ 

ɗŮɟɛɞəɟŬůɑŬɠ Űɞɡ ɗŮɟɛŬɜŰɘəɞɨ ůŰɞɘɢŮɑɞɡ.  

3.3.2 Ʉɟɞůɞɛɞɑɤůɖ Űɖɠ ŭɘŬŰɞɛɐɠ Űɤɜ əɡɛŬŰɞŭɖɔɩɜ əŬɘ ŮəŰɑɛɖůɖ 

Űɞɡ ŮɜŮɟɔɞɨ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ 

ȼ ŮəŰɑɛɖůɖ Űɤɜ ŮɜŮɟɔɩɜ ŭŮɘəŰɩɜ ŭɘɎɗɚŬůɖɠ ɔɘŬ Űɞɜ ɇȺ əŬɘ Űɞɜ ɇɀ ɟɡɗɛɧ ɧŰŬɜ Űɞ 

ɗŮɟɛŬɜŰɘəɧ ůŰɞɘɢŮɑɞ ŭŮɜ ɚŮɘŰɞɡɟɔŮɑ (OFF state), ɏɔɘɜŮ ɛŮ Űɖ ɢɟɐůɖ Űɤɜ FMM əŬɘ FD 

mode solvers. ȼ ŭɘŬŰɞɛɐ Űɞɡ əɡɛŬŰɞŭɖɔɞɨ ɧˊɤɠ Ůɘůɐɢɗɖ ůŰɞ ɚɞɔɘůɛɘəɧ Űɖɠ 

ˊɟɞůɞɛɞɑɤůɖɠ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ ˊŬɟŬəɎŰɤ ůɢɐɛŬ (ȺɘəɧɜŬ 55Ŭ) Ůɜɩ Űɞ ˊɟɞűɑɚ Űɤɜ 

ŭŮɘəŰɩɜ ŭɘɎɗɚŬůɖɠ Űɞ ɞˊɞɑɞ ɡˊɞɚɞɔɑůŰɖəŮ Ŭˊɧ Űɘɠ FMM əŬɘ FD ɛŮɗɧŭɞɡɠ 

ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɖɜ ȺɘəɧɜŬ 55ɓ əŬɘ ȺɘəɧɜŬ 55ɔ ŬɜŰɑůŰɞɘɢŬ.  
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ȺɘəɧɜŬ 55: (Ŭ) ȹɘŬŰɞɛɐ Űɞɡ əɡɛŬŰɞŭɖɔɞɨ ɧˊɤɠ Ůɘůɐɢɗɖ ůŰɞɡɠ Mode solvers, (ɓ) ˊɟɞűɑɚ Űɞɡ 

əɡɛŬŰɞŭɖɔɞɨ Ŭˊɧ Űɖɜ FMM ɛɏɗɞŭɞ əŬɘ (ɔ) ˊɟɞűɑɚ Űɞɡ əɡɛŬŰɞŭɖɔɞɨ Ŭˊɧ Űɖɜ FD ɛɏɗɞŭɞ 

ȷˊɧ Űɘɠ ŮɘəɧɜŮɠ ɛˊɞɟŮɑ ɜŬ ˊŬɟŬŰɖɟɖɗŮɑ ɧŰɘ ɖ ɛɏɗɞŭɞɠ FMM ŭŮ ɚŬɛɓɎɜŮɘ ɡˊɧɣɖ ɞɨŰŮ 

Űɞ ɛŮŰŬɚɚɘəɧ ɗŮɟɛŬɜŰɘəɧ ůŰɞɘɢŮɑɞ ɞɨŰŮ Űɞ ɡˊɧůŰɟɤɛŬ ˊɡɟɘŰɑɞɡ ɚɧɔɤ Űɞɡ ŭɞɛɘəɞɨ Űɖɠ 

ˊŮɟɘɞɟɘůɛɞɨ ɜŬ ɛɖɜ ɛˊɞɟŮɑ ɜŬ ŭɞɡɚɏɣŮɘ ɛŮ ŰŬ űŬɜŰŬůŰɘəɎ ɛɏɟɖ Ůɜɧɠ ŭŮɑəŰɖ 

ŭɘɎɗɚŬůɖɠ. ɋɠ Ůə ŰɞɨŰɞɡ, ůŮ ŬɡŰɐ Űɖɜ ˊŮɟɑˊŰɤůɖ ɖ ɛɏɗɞŭɞɠ FMM ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ 

ɛɧɜɞ ɔɘŬ ɜŬ ˊŬɟɏɢŮɘ ɏɜŬɜ ŬɟɘɗɛɖŰɘəɧ ůŰɧɢɞ ůŰɞɜ Ŭɚɔɧɟɘɗɛɞ Űɖɠ FD ɛŮɗɧŭɞɡ, 

ɛŮɘɩɜɞɜŰŬɠ ůɖɛŬɜŰɘəɎ Űɞɜ ŬˊŬɟŬɑŰɖŰɞ ɢɟɧɜɞ Űɖɠ ˊɟɞůɞɛɞɑɤůɖɠ, Ůɜɩ ɞɘ ˊɟŬɔɛŬŰɘəɏɠ 

Űɘɛɏɠ Űɞɡ ŮɜŮɟɔɞɨ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ ŮɝɎɔɞɜŰŬɘ Ŭˊɧ Űɖɜ FD ɛɏɗɞŭɞ.  

ȼ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ (ȺɘəɧɜŬ 56Ŭ,ɓ) ŬˊɞŰɡˊɩɜŮɘ Űɖɜ əŬŰŬɜɞɛɐ Űɞɡ ɖɚŮəŰɟɘəɞɨ ˊŮŭɑɞɡ 

Űɤɜ ɗŮɛŮɚɘɤŭɩɜ ɇȺ əŬɘ ɇɀ ɟɡɗɛɩɜ ɧˊɤɠ ŬɡŰɞɑ ɡˊɞɚɞɔɑůŰɖəŬɜ Ŭˊɧ Űɞɜ FMM mode 

solver. ȷɜŰɘůŰɞɑɢɤɠ ůŰɖɜ ȺɘəɧɜŬ 56ɔ,ŭ ŬɜŬˊŬɟɑůŰŬɜŰŬɘ ŰŬ ŬɜŰɑůŰɞɘɢŬ ˊɟɞűɑɚ Űɤɜ 

ɟɡɗɛɩɜ ɧˊɤɠ ŬɡŰɎ ɡˊɞɚɞɔɑůŰɖəŬɜ Ŭˊɧ Űɞɜ FD mode solver. ȺɑɜŬɘ ɝŮəɎɗŬɟɞ ɧŰɘ Űɞ 

ˊŬɟɎɗɡɟɞ ɡˊɞɚɞɔɘůɛɞɨ (calculation window) ůŰɖ ŭŮɨŰŮɟɖ ˊŮɟɑˊŰɤůɖ ŮɑɜŬɘ ŬɟəŮŰɎ 

ɛŮɔŬɚɨŰŮɟɞ ɞɨŰɤɠ ɩůŰŮ ɜŬ ɚɎɓŮɘ ɡˊɧɣɖ Űɞ ŬˊɞŰɏɚŮůɛŬ ˊɞɡ ɏɢŮɘ Űɞ ɡɣɖɚɞɨ ŭŮɑəŰɖ 

ŭɘɎɗɚŬůɖɠ ɡˊɧůŰɟɤɛŬ ˊɡɟɘŰɑɞɡ ůŰɞɡɠ ɡˊɞůŰɖɟɘɕɧɛŮɜɞɡɠ ɟɡɗɛɞɨɠ. 

 

ȺɘəɧɜŬ 56: ŪŮɛŮɚɘɩŭɖɠ (a) ɇȺ əŬɘ (b) ɇɀ ɟɡɗɛɧɠ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɞɜ FMM Ŭɚɔɧɟɘɗɛɞ. ȷɜŰɑůŰɞɘɢŬ, 

ɗŮɛŮɚɘɩŭɖɠ (c) ɇȺ əŬɘ (d) ɇɀ ɟɡɗɛɧɠ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɞɜ FD Ŭɚɔɧɟɘɗɛɞ. 
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Ƀ ˊŬɟŬəɎŰɤ ˊɑɜŬəŬɠ ůɡɜɞɣɑɕŮɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ FD ˊɟɞůɞɛɞɑɤůɖɠ ɔɘŬ Űɞɜ ɇȺ 

əŬɘ Űɞɜ ɇɀ ɟɡɗɛɧ. ɆɨɛűɤɜŬ ɛŮ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ, əŬɘ ɞɘ ŭɡɞ ɟɡɗɛɞɑ ɡˊɞůŰɖɟɑɕɞɜŰŬɘ 

ůɢŮŭɧɜ Ůɝɑůɞɡ ɛŮ Űɞɜ ɇȺ ɜŬ ŮɑɜŬɘ ŮɚŬűɟɩɠ əŬɚɨŰŮɟŬ ˊŮɟɘɞɟɘůɛɏɜɞɠ (confined) 

ˊŬɟɞɡůɘɎɕɞɜŰŬɠ ɡɣɖɚɧŰŮɟɖ Űɘɛɐ ɔɘŬ Űɞɜ ŮɜŮɟɔɧ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ, ɢŬɛɖɚɧŰŮɟɞ 

ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ ɞɛɎŭŬɠ əŬɘ ɚɘɔɧŰŮɟŮɠ ŬˊɩɚŮɘŮɠ Ŭˊɧ Űɞ ɛŮŰŬɚɚɘəɧ ůŰɏɚŮɢɞɠ. 

 

ɄɑɜŬəŬɠ 12: ŮɜŮɟɔɧɠ ŭŮɑəŰɖɠ ŭɘɎɗɚŬůɖɠ, ŭŮɑəŰɖɠ ŭɘɎɗɚŬůɖɠ ɞɛɎŭŬɠ əŬɘ ŬˊɩɚŮɘŮɠ ɚɧɔɤ Űɞɡ ɛŮŰŬɚɚɘəɞɨ 

ůŰŮɚɏɢɞɡɠ ɔɘŬ Űɞɜ ɇȺ əŬɘ Űɞɜ ɇɀ ɟɡɗɛɧ ɧˊɤɠ ɡˊɞɚɞɔɑůŰɖəŬɜ Ŭˊɧ Űɞɜ FD mode solver. 

3.3.3 ŪŮɟɛɘəɐ ŮɝɎɟŰɖůɖ Űɞɡ ŮɜŮɟɔɞɨ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ Űɞɡ 

əɡɛŬŰɞŭɖɔɞɨ 

ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ˊɟɞůŭɘɞɟɘůŰŮɑ ɖ ɗŮɟɛɘəɎ ŮˊŬɔɧɛŮɜɖ ŭɘŬəɨɛŬɜůɖ Űɞɡ ŮɜŮɟɔɞɨ ŭŮɑəŰɖ 

ŭɘɎɗɚŬůɖɠ Űɞɡ əɡɛŬŰɞŭɖɔɞɨ, ɏˊɟŮˊŮ ɜŬ ˊɟɞůŭɘɞɟɘůŰŮɑ ɖ ɛɏɔɘůŰɖ ɗŮɟɛɞəɟŬůɑŬ Űɞɡ 

ɗŮɟɛŬɜŰɘəɞɨ ůŰɞɘɢŮɑɞɡ ɞɨŰɤɠ ɩůŰŮ ɜŬ ŮɘůŬɢɗŮɑ ůŰɖ ɗŮɟɛɘəɐ ˊɟɞůɞɛɞɑɤůɖ. ũɘŬ Űɞɜ 

ůəɞˊɧ ŬɡŰɧɜ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɐŭɖ ɡˊɎɟɢɞɜŰŬ ˊŮɘɟŬɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ  Ŭˊɧ Űɖɜ 

ȷɀɃ ŰŬ ɞˊɞɑŬ ŬűɞɟɞɨůŬɜ ůŰɖ ɟɨɗɛɘůɖ ɛɐəɞɡɠ əɨɛŬŰɞɠ ɛɞɜɩɜ əɞɘɚɞŰɐŰɤɜ 

ůɡɜŰɞɜɘůɛɞɨ ŭŬəŰɡɚɑɞɡ (single ring resonators) ŮűɞŭɘŬůɛɏɜɤɜ ɛŮ ɗŮɟɛŬɜŰɘəɎ 

ůŰɞɘɢŮɑŬ əŬɘ ˊŬɟɎɗɡɟɞ ɚŮɘŰɞɡɟɔɑŬɠ ŰŬ 1.3 ɛm [3.20]. ɆŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ 

ŬˊɞŰɡˊɩɜŮŰŬɘ ɖ ŭɘŬŰɞɛɐ Űɞɡ ŭŬəŰɡɚɑɞɡ ůɡɜŰɞɜɘůɛɞɨ Űɖɠ ȷɀɃ, ɛɘŬ əɎŰɞɣɖ ɖ ɞˊɞɑŬ 

ɏɢŮɘ ˊŬɟɗŮɑ Ŭˊɧ ɛɘəɟɞůəɧˊɘɞ ůɎɟɤůɖɠ ɖɚŮəŰɟɞɜɑɞɡ (scanning electron microscope-

SEM) əŬɘ ɖ ɗŮɟɛɘəɎ ŮˊŬɔɧɛŮɜɖ ɛŮŰŬŰɧˊɘůɖ ɛɐəɞɡɠ əɨɛŬŰɞɠ ɛɘŬɠ əŬŰɎ ɇȺ 

ˊɞɚɤɛɏɜɖɠ ŭɏůɛɖɠ ɤɠ ůɡɜɎɟŰɖůɖ Űɖɠ ŮűŬɟɛɞɕɧɛŮɜɖɠ ŰɎůɖɠ.  

 

ȺɘəɧɜŬ 57: (Ŭ) ȹɘŬŰɞɛɐ Űɞɡ əɡɛŬŰɞŭɖɔɞɨ Űɞɡ ŭŬəŰɡɚɑɞɡ, (ɓ) SEM əɎŰɞɣɖ Űɖɠ ŭɞɛɐɠ əŬɘ (ɔ) 

ɛŮŰŬŰɧˊɘůɖ ɛɐəɞɡɠ əɨɛŬŰɞɠ ɤɠ ůɡɜɎɟŰɖůɖ Űɖɠ ŮűŬɟɛɞɕɧɛŮɜɖɠ ŰɎůɖɠ 

ɉɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖɜ ˊŬɟŬəɎŰɤ Ůɝɑůɤůɖ, ɖ ŭɘŬəɨɛŬɜůɖ Űɞɡ ŮɜŮɟɔɞɨ ŭŮɑəŰɖ 

ŭɘɎɗɚŬůɖɠ ˊɞɡ ŬɜŰɘůŰɞɘɢŮɑ ůŮ ɛŮŰŬŰɧˊɘůɖ ɛɐəɞɡɠ əɨɛŬŰɞɠ ɚɧɔɤ ŮűŬɟɛɞɔɐɠ 11 V 

ŰɎůɖɠ ɛˊɞɟŮɑ ŮɨəɞɚŬ ɜŬ ŮɝŬɢɗŮɑ [3.21]: 
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dN= 
 Ͻ  Ͻ 

 Ͻ  Ͻ  
 

 

ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ɛŮŰŬűɟŬůŰŮɑ ɖ ɐŭɖ ɡˊɞɚɞɔɘůɛɏɜɖ Űɘɛɐ Űɖɠ ŭɘŬəɨɛŬɜůɖɠ Űɞɡ ŮɜŮɟɔɞɨ 

ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ ůŰɖɜ ŬɜŰɑůŰɞɘɢɖ ɗŮɟɛɞəɟŬůɑŬ Űɞɡ ɗŮɟɛŬɜŰɘəɞɨ ůŰɞɘɢŮɑɞɡ, ɞ 

ŭŬəŰɨɚɘɞɠ ůɡɜŰɞɜɘůɛɞɨ Ůɘůɐɢɗɖ ůŰɞɡɠ FMM əŬɘ FD mode solvers Űɞɡ ŮɟɔŬůŰɖɟɑɞɡ 

ɧˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɞ ˊŬɟŬəɎŰɤ ůɢɐɛŬ. ȷəɞɚɞɡɗɩɜŰŬɠ Űɞɜ ɞɟɘůɛɧ Űɞɡ ŮɜŮɟɔɞɨ 

ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ Űɞɡ ɗŮɛŮɚɘɩŭɖ ɇȺ ɟɡɗɛɞɨ ɧŰŬɜ Űɞ ɗŮɟɛŬɜŰɘəɧ ůŰɞɘɢŮɑɞ ŮɑɜŬɘ 

əɚŮɘůŰɧ, ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛɘŬ ɗŮɟɛɘəɐ ɛŮɚɏŰɖ ůŰɞɢŮɨɞɜŰŬɠ ůŰɞɜ ɡˊɞɚɞɔɘůɛɧ Űɖɠ 

ŬɚɚŬɔɐɠ Űɞɡ ŮɜŮɟɔɞɨ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ (dN) ɔɘŬ ŭɘŬəɨɛŬɜůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ Űɞɡ 

ɗŮɟɛŬɜŰɘəɞɨ ůŰɞɘɢŮɑɞɡ Ŭˊɧ 60 ůŮ 120 oC. ɇɞ ŬˊɞŰɏɚŮůɛŬ Űɖɠ ɛŮɚɏŰɖɠ ŬɡŰɐɠ űŬɑɜŮŰŬɘ 

ůŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ əŬɘ ŬˊɞəŬɚɨˊŰŮɘ ɛɘŬ ůɢŮŭɧɜ ɔɟŬɛɛɘəɐ ůɢɏůɖ ɛŮŰŬɝɨ Űɤɜ ŭɡɞ 

ɛŮŰŬɓɚɖŰɩɜ. ȳˊɤɠ űŬɑɜŮŰŬɘ əŬɘ Ŭˊɧ Űɞ ŭɘɎɔɟŬɛɛŬ, ɖ ŭɘŬəɨɛŬɜůɖ Űɞɡ ŮɜŮɟɔɞɨ ŭŮɑəŰɖ 

ŭɘɎɗɚŬůɖɠ, ɖ ɞˊɞɑŬ ɡˊɞɚɞɔɑůŰɖəŮ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖɜ ˊŬɟŬˊɎɜɤ  Ůɝɑůɤůɖ, 

ŬɜŰɘůŰɞɘɢŮɑ ůŮ ɗŮɟɛɞəɟŬůɑŬ ɗŮɟɛŬɜŰɘəɞɨ ůŰɞɘɢŮɑɞɡ ɑůɖ ɛŮ 87.8 ɞC.  

 

ȺɘəɧɜŬ 58: (Ŭ) ȼ ŭɘŬŰɞɛɐ əŬɘ Űɞ ˊɟɞűɑɚ Űɞɡ ŭŬəŰɡɚɑɞɡ ůɡɜŰɞɜɘůɛɞɨ Űɖɠ ȷɀɃ, (ɓ) Űɞ ˊɟɞűɑɚ Űɖɠ 

ŭɞɛɐɠ ɧˊɤɠ ɡˊɞɚɞɔɑůŰɖəŮ Ŭˊɧ Űɞɜ FD solver əŬɘ (ɔ) ɖ ŭɘŬəɨɛŬɜůɖ Űɞɡ ŮɜŮɟɔɞɨ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ Űɖɠ 

ŭɞɛɐɠ  ɤɠ ůɡɜɎɟŰɖůɖ  Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ Űɞɡ ɗŮɟɛŬɜŰɘəɞɨ ůŰɞɘɢŮɑɞɡ. 

ȼ əŬŰŬɜɞɛɐ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ɧˊɤɠ Ůˊɑůɖɠ əŬɘ ɖ ŭɘŬəɨɛŬɜůɖ Űɞɡ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ 

Űɞɡ ŭŬəŰɡɚɑɞɡ ůɡɜŰɞɜɘůɛɞɨ Űɖɠ ȷɀɃ ɧˊɤɠ ɡˊɞɚɞɔɑůŰɖəŮ Ŭˊɧ Űɞɡɠ ɗŮɟɛɘəɞɨɠ 

solvers ɔɘŬ ɗŮɟɛɞəɟŬůɑŬ ɗŮɟɛŬɜŰɘəɞɨ ůŰɞɘɢŮɑɞɡ ɑůɖ ɛŮ 87.8 ɞC űŬɑɜŮŰŬɘ ůŰŬ 

ˊŬɟŬəɎŰɤ ŭɘŬɔɟɎɛɛŬŰŬ. 

 

ȺɘəɧɜŬ 59: (Ŭ) əŬŰŬɜɞɛɐ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬɘ (ɓ) ɗŮɟɛɘəɎ ŮˊŬɔɧɛŮɜɖ ŭɘŬəɨɛŬɜůɖ Űɞɡ ŭŮɑəŰɖ 

ŭɘɎɗɚŬůɖɠ ɔɘŬ Űɞ ŭŬəŰɨɚɘɞ ůɡɜŰɞɜɘůɛɞɨ Űɖɠ ȷɀɃ ɔɘŬ ɗŮɟɛɞəɟŬůɑŬ ɗŮɟɛŬɜŰɘəɞɨ ůŰɞɘɢŮɑɞɡ ɑůɖ ɛŮ 

87.8 ɞC. 
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ɀŮ ŭŮŭɞɛɏɜɞ ɧŰɘ ɞɘ ŭɘŬůŰɎůŮɘɠ Űɞɡ ɡɚɘəɞɨ Űɞɡ ɗŮɟɛŬɜŰɘəɞɨ ůŰɞɘɢŮɑɞɡ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ůŰɞ ŭŬəŰɨɚɘɞ ůɡɜŰɞɜɘůɛɞɨ Űɖɠ ȷɀɃ ŮɑɜŬɘ ɑŭɘŮɠ ɛŮ ŬɡŰɏɠ Űɞɡ 

ɖɚŮəŰɟɞŭɑɞɡ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ůŰɞɡɠ əɡɛŬŰɞŭɖɔɞɨɠ Űɖɠ ˊɚŬŰűɧɟɛŬɠ ɛŬɠ, ɖ 

ŮɝŬɔɧɛŮɜɖ  ɛɏɔɘůŰɖ ɗŮɟɛɞəɟŬůɑŬ Űɞɡ ɖɚŮəŰɟɞŭɑɞɡ ɗŮɤɟŮɑŰŬɘ ɖ ɑŭɘŬ əŬɘ ůŰɘɠ ŭɡɞ 

ˊŮɟɘˊŰɩůŮɘɠ. ɋɠ Ůə ŰɞɨŰɞɡ, ɖ ɗŮɟɛɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ əɡɛŬŰɞŭɖɔɞɨ ɛˊɞɟŮɑ ˊɞɚɨ 

ŮɨəɞɚŬ ɜŬ ɡˊɞɚɞɔɘůŰŮɑ ɗɏŰɞɜŰŬɠ Űɖ ɗŮɟɛɞəɟŬůɑŬ Űɞɡ ɗŮɟɛŬɜŰɘəɞɨ ůŰɞɘɢŮɑɞɡ ůŰɞɡɠ 

87.8 ɞC əŬɘ çŰɟɏɢɞɜŰŬɠè Űɖɜ ŬɜŰɑůŰɞɘɢɖ ɗŮɟɛɘəɐ ˊɟɞůɞɛɞɑɤůɖ.  

 

ȺɘəɧɜŬ 60: (Ŭ) Ʉɟɞűɑɚ ŭŮɘəŰɩɜ ŭɘɎɗɚŬůɖɠ Űɤɜ əɡɛŬŰɞŭɖɔɩɜ Űɖɠ ůɡɔəŮəɟɘɛɏɜɖɠ ˊɚŬŰűɧɟɛŬɠ ɧˊɤɠ 

ɡˊɞɚɞɔɑůŰɖəŮ Ŭˊɧ Űɞɜ FD solver, (ɓ) əŬŰŬɜɞɛɐ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬɘ (ɔ) ˊɟɞűɑɚ Űɖɠ ŭɘŬəɨɛŬɜůɖɠ Űɞɡ 

ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ ɗŮɤɟɩɜŰŬɠ ɗŮɟɛɞəɟŬůɑŬ ɖɚŮəŰɟɞŭɑɞɡ ɑůɖ ɛŮ 87.8 ɞC. 

ȼ ˊŬɟŬˊɎɜɤ ŮɘəɧɜŬ (ȺɘəɧɜŬ 60Ŭ) ŭŮɑɢɜŮɘ Űɞ ˊɟɞűɑɚ Űɤɜ ŭŮɘəŰɩɜ ŭɘɎɗɚŬůɖɠ Űɞɡ 

əɡɛŬŰɞŭɖɔɞɨ ɧˊɤɠ ŬɡŰɧ ɡˊɞɚɞɔɑůŰɖəŮ Ŭˊɧ Űɞɡɠ FD mode solvers Ůɜɩ ůŰɖɜ ŮɘəɧɜŮɠ 

ȺɘəɧɜŬ 60ɓ əŬɘ ȺɘəɧɜŬ 60ɔ ŬˊɞŰɡˊɩɜŮŰŬɘ ɖ əŬŰŬɜɞɛɐ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬɘ Űɖɜ 

ŬɜŰɑůŰɞɘɢɖ ɗŮɟɛɘəɎ ŮˊŬɔɧɛŮɜɖ ŭɘŬəɨɛŬɜůɖ Űɞɡ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ. ɇɞ ŬˊɞŰɏɚŮůɛŬ 

Űɖɠ ɗŮɟɛɘəɐɠ ɛŮɚɏŰɖɠ Űɤɜ əɡɛŬŰɞŭɖɔɩɜ ůɡɜɞɣɑɕŮŰŬɘ ůŰɞɜ ˊŬɟŬəɎŰɤ ˊɑɜŬəŬ. ɀˊɞɟŮɑ 

ɜŬ ˊŬɟŬŰɖɟɖɗŮɑ ɧŰɘ əŬɘ ɞɘ ŭɡɞ ˊɞɚɩůŮɘɠ ˊŬɟɞɡůɘɎɕɞɡɜ ˊŬɟɧɛɞɘŬ ɗŮɟɛɘəɐ 

ůɡɛˊŮɟɘűɞɟɎ. Ⱥˊɑůɖɠ Űɞ ɛɐəɞɠ Űɞɡ əɡɛŬŰɞŭɖɔɞɨ ˊɞɡ ɢɟŮɘɎɕŮŰŬɘ ɞɨŰɤɠ ɩůŰŮ ɜŬ 

ɏɢɞɡɛŮ ɗŮɟɛɞ-ɞˊŰɘəɎ ŮˊŬɔɧɛŮɜɖ ůŰɟɞűɐ űɎůɖɠ əŬŰɎ ˊ ŮɑɜŬɘ 50.456 ɛm ɔɘŬ Űɖɜ ɇȺ 

əŬɘ 50.098 ɛm ɔɘŬ Űɖɜ ɇɀ ˊɧɚɤůɖ. ȷɡŰɧ ůɖɛŬɑɜŮɘ ɧŰɘ ɏɜŬɠ ɓɟŬɢɑɞɜŬɠ Űɞɡ MZI ɛŮ 

ɛɐəɞɠ 50 ɛm ɗŬ ŮˊɘŰɟɏɣŮɘ ɛɘŬ ɛŮŰŬŰɧˊɘůɖ Űɞɡ ɛɐəɞɡɠ əɨɛŬŰɞɠ ɑůɖ ɛŮ Űɞ ɛɘůɧ Űɖɠ 

ŮɚŮɨɗŮɟɖɠ űŬůɛŬŰɘəɐɠ Űɞɡ ˊŮɟɘɞɢɐɠ (free spectral range-FSR). 

 

ɄɑɜŬəŬɠ 13: ȺɜŮɟɔɧɠ ŭŮɑəŰɖɠ ŭɘɎɗɚŬůɖɠ, ɗŮɟɛɘəɩɠ ŮˊŬɔɧɛŮɜɖ ŭɘŬəɨɛŬɜůɖ Űɞɡ ŮɜŮɟɔɞɨ ŭŮɑəŰɖ 

ŭɘɎɗɚŬůɖɠ əŬɘ ɗŮɟɛɘəɎ ˊ ɛɐəɖ ɔɘŬ Űɖɜ ɇȺ əŬɘ Űɖɜ ɇɀ ˊɧɚɤůɖ, ɧˊɤɠ ɡˊɞɚɞɔɑůŰɖəŮ Ŭˊɧ Űɞɜ FD əŬɘ 

Űɞɜ ɗŮɟɛɘəɧ solver. 

3.4 Ʉɟɞůɞɛɞɑɤůɖ ŭɞɛɐɠ Űɞɡ ˊɞɚɡˊɚɏəŰɖ/ŬˊɞˊɞɚɡˊɚɏəŰɖ 

ȳˊɤɠ ˊŮɟɘɔɟɎűɖəŮ ɜɤɟɑŰŮɟŬ, ɖ ɡɚɞˊɞɑɖůɖ Űɤɜ ŭɞɛɩɜ Űɞɡ 

ˊɞɚɡˊɚɏəŰɖ/ŬˊɞˊɞɚɡˊɚɏəŰɖ ɓŬůɑůŰɖəŮ ůŰɖ ɚɞɔɘəɐ Ůɜɧɠ ůɡɛɓɞɚɞɛɏŰɟɞɡ 

əŬɗɡůŰɏɟɖůɖɠ ɛŮ ŭŮŭɞɛɏɜɞ ɧŰɘ ŮɑɜŬɘ ɛɘŬ ŮɔɔŮɜɩɠ Ŭˊɚɐ ŭɞɛɐ ɛŮ ˊɞɚɨ Ŭˊɚɧ ɛɖɢŬɜɘůɛɧ 
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ůɡɜŰɞɜɘůɛɞɨ Űɞɡ ɛɐəɞɡɠ əɨɛŬŰɞɠ. Ⱥˊɘˊɚɏɞɜ, ŮɘůɎɔɞɜŰŬɠ ɛɘəɟɏɠ ŰɟɞˊɞˊɞɘɐůŮɘɠ ůŰɞ 

ɔŮɜɘəɧ ůɢŮŭɘŬůɛɧ, ɞ ɞˊɞɑɞɠ ɓŬůɑɕŮŰŬɘ ůŮ ɏɜŬ Mach Zehnder ůɡɛɓɞɚɧɛŮŰɟɞ (ɀȻȽ), ɞɘ 

ŭɞɛɏɠ Űɞɡ ůɡɛɓɞɚɞɛɏŰɟɞɡ əŬɗɡůŰɏɟɖůɖɠ ɛˊɞɟɞɨɜ ɜŬ ŮˊɘŰɟɏɣɞɡɜ Űɖ ɚŮɘŰɞɡɟɔɑŬ əŬɘ 

ůŰɘɠ ŭɡɞ ˊɞɚɤŰɘəɏɠ əŬŰŬůŰɎůŮɘɠ əɎŰɘ Űɞ ɞˊɞɑɞ ˊŬɟɞɡůɘɎɕŮɘ ɘŭɘŬɑŰŮɟɞ ŮɜŭɘŬűɏɟɞɜ 

ŮɘŭɘəɎ ɔɘŬ Űɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ ŬˊɞˊɞɚɡˊɚɏəŰɖ ɧˊɞɡ, ɧˊɤɠ ɏɢɞɡɛŮ ŬɜŬűɏɟŮɘ ɝŬɜɎ, Űɞ 

ɚɖűɗɏɜ ůɐɛŬ ŮɑɜŬɘ ůŮ ŰɡɢŬɑŬ ˊɧɚɤůɖ ɖ ɞˊɞɑŬ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɘɠ ůɡɜɗɐəŮɠ 

ˊŮɟɘɓɎɚɚɞɜŰɞɠ əŬɘ Űɖ ɛɖɢŬɜɘəɐ əŬŰŬˊɧɜɖůɖ Űɞɡ ŭɘəŰɨɞɡ Űɤɜ ɞˊŰɘəɩɜ ɘɜɩɜ.  

3.4.1 ɀɞɜŰŮɚɞˊɞɑɖůɖ Űɞɡ ˊɞɚɡˊɚɏəŰɖ 

ȼ ůɡůəŮɡɐ Űɞɡ ˊɞɚɡˊɚɏəŰɖ ŬəɞɚɞɡɗŮɑ ɛɘŬ Ŭˊɚɐ  ůɢŮŭɘŬůŰɘəɐ ˊɟɞůɏɔɔɘůɖ, ɖ ɞˊɞɑŬ 

ɓŬůɑɕŮŰŬɘ ůŮ ɏɜŬ ůɡɛɓɞɚɧɛŮŰɟɞ əŬɗɡůŰɏɟɖůɖɠ ɛŮ ůɡɔəŮəɟɘɛɏɜɖ ŭɘŬűɞɟɎ ɛɐəɞɡɠ 

ɛŮŰŬɝɨ Űɤɜ ŭɡɞ ɓɟŬɢɘɧɜɤɜ Űɞɡ əŬɘ Ůɝɞˊɚɘůɛɏɜɞɡ ɛŮ ɗŮɟɛɘəɎ ůŰɞɘɢŮɑŬ ůŰɖɜ əɞɟɡűɐ 

Űɤɜ ŭɡɞ ɓɟŬɢɘɧɜɤɜ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŮˊɘŰɟɏˊŮŰŬɘ ɖ ɗŮɟɛɘəɐ ɟɨɗɛɘůɖ Űɞɡ ɛɐəɞɡɠ 

əɨɛŬŰɞɠ ɚŮɘŰɞɡɟɔɑŬɠ. ȰɜŬ 3D ůɢɖɛŬŰɘəɧ Űɖɠ ŭɞɛɐɠ Űɞɡ ˊɞɚɡˊɚɏəŰɖ ˊŬɟɞɡůɘɎɕŮŰŬɘ 

ůŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ. 

 

ȺɘəɧɜŬ 61: 3D ůɢɖɛŬŰɘəɧ Űɞɡ ˊɞɚɡˊɚɏəŰɖ  

ȳˊɤɠ ˊŬɟŬŰɖɟɐɗɖəŮ ɖ ůɡůəŮɡɐ ɢɟɖůɘɛɞˊɞɘŮɑ ɏɜŬ 2x2 ɀɀȽ ůɡɕŮɨəŰɖ ůŰɖɜ Ůɑůɞŭɞ 

əŬɘ ɏɜŬɜ 1x2 ɀɀȽ ůɡɕŮɨəŰɖ ůŰɖɜ ɏɝɞŭɞ ɓŬůɘůɛɏɜɞɡɠ ůŰŬ ɛɞɜŰɏɚŬ ˊɞɡ 

ˊŬɟɞɡůɘɎůŰɖəŬɜ ˊŬɟŬˊɎɜɤ. ȼ ŭɘŬűɞɟɎ ɛɐəɞɡɠ ɛŮŰŬɝɨ Űɤɜ ŭɡɞ ɓɟŬɢɘɧɜɤɜ ɞɟɑɕŮŰŬɘ 

ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɘɠ ɔɜɤůŰɏɠ ɀȻȽ ŮɝɘůɩůŮɘɠ [3.22]: 

FSRTM = 
 Ͻ 

 

ȹL = 
 Ͻ 

 

ȷɝɑɕŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ ˊɞɚɡˊɚɏəŰɖ ɛɧɜɞ ɖ ɛɘŬ əŬŰɎůŰŬůɖ Űɖɠ 

ˊɧɚɤůɖɠ ŮɑɜŬɘ ůɖɛŬɜŰɘəɐ ɛŮ ŭŮŭɞɛɏɜɞ ɧŰɘ ŰŬ ůɐɛŬŰŬ Ůɘůɧŭɞɡ ˊɟɞɏɟɢɞɜŰŬɘ 

əŬŰŮɡɗŮɑŬɜ Ŭˊɧ Űɖ ůɡůŰɞɘɢɑŬ Űɤɜ WDM VCSELs ɖ ɞˊɞɑŬ ŮəˊɏɛˊŮɘ ɔɟŬɛɛɘəɎ 

ˊɞɚɤɛɏɜɞ űɤɠ ůŮ ɛɘŬ ůɡɔəŮəɟɘɛɏɜɖ əŬɘ Ůɚɏɔɝɘɛɖ əŬŰŮɨɗɡɜůɖ. ɀŮ ŭŮŭɞɛɏɜɞ ɧŰɘ ɞɘ 

ůɡɕŮɨəŰŮɠ əɎɗŮŰɞɡ ˊɚɏɔɛŬŰɞɠ (grating couplers) ˊɞɡ ŬɜŬˊŰɨɢɗɖəŬɜ ůŰɖɜ SOI 

ˊɚŬŰűɧɟɛŬ əŬɘ ɗŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ɤɠ ɛɖɢŬɜɘůɛɞɑ ɕŮɨɝɖɠ ɛŮŰŬɝɨ VCSEL əŬɘ Űɤɜ 

əɡɛŬŰɞŭɖɔɩɜ, ɚŮɘŰɞɡɟɔɞɨɜ ůŰɖɜ ɇɀ ˊɧɚɤůɖ, ɞɘ ůɡɜŬɟŰɐůŮɘɠ ɚŬɛɓɎɜɞɜŰŬɘ ɡˊɧɣɖ 

ɛɧɜɞ ɔɘŬ Űɖɜ ɇɀ ˊɧɚɤůɖ. 
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3.4.2 ɀɞɜŰŮɚɞˊɞɑɖůɖ Űɞɡ ŬˊɞˊɞɚɡˊɚɏəŰɖ 

ȼ ůɡůəŮɡɐ Űɞɡ ŬˊɞˊɞɚɡˊɚɏəŰɖ ŬəɞɚɞɡɗŮɑ ɛɘŬ ˊɘɞ ŮɜŭŮɚŮɢɐ ˊɟɞůɏɔɔɘůɖ ůɢŮŭɘŬůɛɞɨ 

ɞɨŰɤɠ ɩůŰŮ ɜŬ ɢŮɘɟɑɕŮŰŬɘ Ůɝɑůɞɡ Űɖɜ ɇȺ əŬɘ Űɖɜ ɇɀ ˊɧɚɤůɖ ŮˊɘŰɟɏˊɞɜŰŬɠ Űɖɜ 

ŬˊɟɧůəɞˊŰɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ ŭɏəŰɖ ŬɜŮɝŬɟŰɐŰɤɠ ˊɧɚɤůɖɠ. ɇɞ ůɢɏŭɘɞ ɓŬůɑɕŮŰŬɘ ůŰɖ 

ɢɟɐůɖ ŭɡɞ ŰɛɖɛɎŰɤɜ əɡɛŬŰɞŭɖɔɞɨ ɛɏůŬ ůŮ əɎɗŮ ɀȻȽ ɓɟŬɢɑɞɜŬ ɞɘ ɞˊɞɑɞɘ ŭɘŬűɏɟɞɡɜ 

ůŮ ˊɚɎŰɞɠ. ɀɘŬ 3D ŬˊŮɘəɧɜɘůɖ Űɞɡ ůɢŮŭɑɞɡ űŬɑɜŮŰŬɘ ůŰɞ ˊŬɟŬəɎŰɤ ůɢɐɛŬ. 

 

ȺɘəɧɜŬ 62: 3D ŬˊŮɘəɧɜɘůɖ Űɞɡ ˊɞɚɡˊɚɏəŰɖ  

ȳˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɖɜ ŮɘəɧɜŬ, əŬɘ ɞɘ ŭɡɞ ɓɟŬɢɑɞɜŮɠ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ŭɡɞ ŭɘŬəɟɘŰɎ 

ŰɛɐɛŬŰŬ Űɞ əŬɗɏɜŬ Ŭˊɧ ŰŬ ɞˊɞɑŬ ɏɢŮɘ ɝŮɢɤɟɘůŰɧ ɗŮɟɛŬɜŰɘəɧ ɖɚŮəŰɟɧŭɘɞ. ȼ ŭɘŬűɞɟɎ 

Űɞɡ ˊɚɎŰɞɡɠ ɛŮŰŬɝɨ Űɤɜ ŰɛɖɛɎŰɤɜ ŮˊɘɚɏɔŮŰŬɘ əŬŰɎɚɚɖɚŬ ɞɨŰɤɠ ɩůŰŮ ɜŬ 

ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ çɣŮɡŭɞè ŬɜŰɘůŰɎɗɛɘůɖ ŭɘŬůˊɞɟɎɠ ɛɏůŬ ůŰɞɡɠ ɓɟŬɢɑɞɜŮɠ Űɞɡ 

ŬˊɞˊɞɚɡˊɚɏəŰɖ. ȼ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ ŬˊɞŰɡˊɩɜŮɘ Űɞɜ ŮɜŮɟɔɧ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ əŬɘ Űɞ 

ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ ɞɛɎŭŬɠ ˊɞɡ ɡˊɞɚɞɔɑůŰɖəŮ ɔɘŬ əɡɛŬŰɞŭɖɔɧ ɛŮ ɚɤɟɑŭŬ ˊɡɟɘŰɑɞɡ 

ůŰɖɜ əɞɟɡűɐ ɨɣɞɡɠ 340 nm (top Si strip waveguide). ɇɞ ɞɜɞɛŬůŰɘəɧ ˊɚɎŰɞɠ Űɖɠ 

ˊɚŬŰűɧɟɛŬɠ Űɞɡ əɡɛŬŰɞŭɖɔɞɨ ŮɑɜŬɘ 400 nm Űɞ ɞˊɞɑɞ ŬɜŰɘůŰɞɘɢŮɑ ůŰɖɜ ˊŮɟɘɞɢɐ Űɞɡ 

ɔɟŬűɐɛŬŰɞɠ ɛŮ Űɖ ůɐɛŬɜůɖ ȸ. ůɨɛűɤɜŬ ɛŮ ŰŬ ɔɟŬűɐɛŬŰŬ Űɞɡ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ 

ɞɛɎŭŬɠ, ɞ ŭŮɑəŰɖɠ ŬɡŰɧɠ ɔɘŬ Űɖɜ ɇɀ ˊɧɚɤůɖ, ůŮ ŮəŮɑɜɖ Űɖɜ ˊŮɟɘɞɢɐ, ŮɑɜŬɘ 

ɛŮɔŬɚɨŰŮɟɞɠ Ŭˊɧ Űɞɜ ŬɜŰɑůŰɞɘɢɞ ɔɘŬ Űɖɜ ɇȺ ˊɧɚɤůɖ. ɋůŰɧůɞ, əŬɗɩɠ Űɞ ˊɚɎŰɞɠ Űɞɡ 

əɡɛŬŰɞŭɖɔɞɨ ɛŮɘɩɜŮŰŬɘ (əŬɘ ɎɟŬ ɖ ŭɘŬŰɞɛɐ Űɞɡ əɡɛŬŰɞŭɖɔɞɨ ŰŮɑɜŮɘ ɜŬ ɔɑɜŮŰŬɘ 

ŰŮŰɟɎɔɤɜɖ) ɞɘ ŭɡɞ ŭŮɑəŰŮɠ ŭɘɎɗɚŬůɖɠ ɞɛɎŭŬɠ ˊŬɑɟɜɞɡɜ ůŰŬŭɘŬəɎ Űɖɜ ɑŭɘŬ Űɘɛɐ, Ůɜɩ 

ɔɘŬ ˊɚɎŰɖ ɛɘəɟɧŰŮɟŬ Ŭˊɧ 340 nm ɞ ŭŮɑəŰɖɠ ŭɘɎɗɚŬůɖɠ ɞɛɎŭŬɠ Űɞɡ ɇȺ ɔɑɜŮŰŬɘ 

ɛŮɔŬɚɨŰŮɟɞɠ. ȷɡŰɧ ůɖɛŬɑɜŮɘ ɧŰɘ ŮˊɘɚɏɔɞɜŰŬɠ ˊɚɎŰɖ əɡɛŬŰɞŭɖɔɩɜ ɛɘəɟɧŰŮɟŬ Ŭˊɧ 340 

nm ɔɘŬ Űɞ ŭŮɨŰŮɟɞ ŰɛɐɛŬ Űɞɡ əɡɛŬŰɞŭɖɔɞɨ əŬɘ ɡˊɞɚɞɔɑɕɞɜŰŬɠ ŰŬ ɛɐəɖ Űɤɜ 

ŰɛɖɛɎŰɤɜ Űɤɜ əɡɛŬŰɞŭɖɔɩɜ əŬŰɎɚɚɖɚŬ, ɛˊɞɟŮɑ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɑůɞɠ ŭŮɑəŰɖɠ 

ŭɘɎɗɚŬůɖɠ ɞɛɎŭŬɠ ɛŮŰŬɝɨ Űɖɠ ɇȺ əŬɘ Űɖɠ ɇɀ ˊɧɚɤůɖɠ. ɆŰŬ ˊɚŬɑůɘŬ Űɖɠ 

ůɡɔəŮəɟɘɛɏɜɖɠ ŭɞɡɚŮɘɎɠ ŮˊɘɚɏɢɗɖəŮ ˊɚɎŰɞɠ əɡɛŬŰɞŭɖɔɞɨ 0.32 ɛm (ˊŮɟɘɞɢɐ 

ɔɟŬűɐɛŬŰɞɠ çȷè) ɞɨŰɤɠ ɩůŰŮ ɜŬ ŮɝŬůűŬɚɘůŰŮɑ Ŭˊɧ Űɖ ɛɘŬ ŬŭɘɎɚŮɘˊŰɖ ɚŮɘŰɞɡɟɔɑŬ 

ŬɜŮɝŬɟŰɐŰɤɠ Űɖɠ ˊɧɚɤůɖɠ əŬɘ Ŭˊɧ Űɖɜ Ɏɚɚɖ ŮˊŬɟəɐɠ ˊŮɟɘɞɟɘůɛɧɠ (confinement) Űɖɠ 

ɇɀ ˊɧɚɤůɖɠ. ȳˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɞ ˊŬɟŬəɎŰɤ ŭɘɎɔɟŬɛɛŬ, ɔɘŬ ˊɚɎŰɖ ɛɘəɟɧŰŮɟŬ 

Ŭˊɧ 0.32 ɛm ɞ ŮɜŮɟɔɧɠ ŭŮɑəŰɖɠ ŭɘɎɗɚŬůɖɠ Űɖɠ ɇɀ ˊɧɚɤůɖɠ ˊɏűŰŮɘ ůɖɛŬɜŰɘəɎ 

ɞŭɖɔɩɜŰŬɠ ůŮ ŬůɗŮɜɏůŰŮɟɖ ɡˊɞůŰɐɟɘɝɖ Űɞɡ ɇɀ ɟɡɗɛɞɨ. 
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ȺɘəɧɜŬ 63: (Ŭ) ŮɜŮɟɔɧɠ ŭŮɑəŰɖɠ ŭɘɎɗɚŬůɖɠ əŬɘ (ɓ) ŭŮɑəŰɖɠ ŭɘɎɗɚŬůɖɠ ɞɛɎŭŬɠ ɤɠ ůɡɜɎɟŰɖůɖ Űɞɡ 

ˊɚɎŰɞɡɠ Űɞɡ əɡɛŬŰɞŭɖɔɞɨ ɔɘŬ Űɖɜ ɇȺ əŬɘ Űɖɜ ɇɀ ˊɧɚɤůɖ. 

Ƀɘ ŬˊŬɘŰɞɨɛŮɜŮɠ ŭɘŬűɞɟɏɠ ůŰŬ ɛɐəɖ Űɤɜ ŭɡɞ ŰɛɖɛɎŰɤɜ Űɞɡ ɀȻȽ, ȹL1 əŬɘ ȹL2, 

ɛˊɞɟɞɨɜ ɜŬ ˊɟɞůŭɘɞɟɘůŰɞɨɜ Ŭˊɧ Űɘɠ ˊŬɟŬəɎŰɤ ŮɝɘůɩůŮɘɠ: 

FSRTȺ = 
 Ͻ   Ͻ 

 

FSRTɀ = 
 Ͻ   Ͻ 

 

FSRTȺ = FSRTɀ 

Ƀɘ ˊɟɩŰŮɠ ŭɡɞ ŮɝɘůɩůŮɘɠ, ŬɜŰɘůŰɞɘɢɞɨɜ ůŰɘɠ ɔɜɤůŰɏɠ ɀȻȽ FSR ŮɝɘůɩůŮɘɠ 

ŰɟɞˊɞˊɞɘɖɛɏɜŮɠ ɛŮ ŰɏŰɞɘɞ Űɟɧˊɞ ɞɨŰɤɠ ɩůŰŮ ɜŬ ˊɟɞůŬɟɛɧɕɞɜŰŬɘ ůŰɖ ŭɞɛɐ Űɞɡ ɀȻȽ 

ŭɡɞ ŰɛɖɛɎŰɤɜ ɔɘŬ Űɖɜ ɇȺ əŬɘ Űɖɜ ɇɀ ˊɧɚɤůɖ. ȼ ŰŮɚŮɡŰŬɑŬ Ůɝɑůɤůɖ ŬɜŰɘˊɟɞůɤˊŮɨŮɘ 

Űɖɜ ŬɜŬɔəŬɑŬ ůɡɜɗɐəɖ ˊɞɡ ŮˊɘŰɟɏˊŮɘ Űɖɜ ŬɜŮɝŬɟŰɐŰɞɡ ˊɧɚɤůɖɠ ɚŮɘŰɞɡɟɔɑŬ Űɖɠ ŭɞɛɐɠ 

Űɞɡ ŬˊɞˊɞɚɡˊɚɏəŰɖ. ȿɨɜɞɜŰŬɠ Űɘɠ ˊŬɟŬˊɎɜɤ ŮɝɘůɩůŮɘɠ, ɞɘ Űɘɛɏɠ Űɤɜ ȹL1 əŬɘ ȹL2 

ɛˊɞɟɞɨɜ ŮɨəɞɚŬ ɜŬ ŮɝŬɢɗɞɨɜ ɡˊɞɗɏŰɞɜŰŬɠ FSRTE = FSRTM = FSR: 

ȹL1= 
 Ͻ  

 Ͻ
 
Ͻ   

 
Ͻ 

 

ȹL2= 
 Ͻ  

 Ͻ
 
Ͻ   

 
Ͻ 

 

ɧˊɞɡ ɞɘ ŭɘɎűɞɟŮɠ Űɘɛɏɠ Űɞɡ n ŬɜŰɘůŰɞɘɢɞɨɜ ůŰɞɡɠ ŭŮɑəŰŮɠ ŭɘɎɗɚŬůɖɠ ɞɛɎŭŬɠ ɔɘŬ Űɖɜ 

ɇȺ əŬɘ Űɖɜ ɇɀ ˊɧɚɤůɖ. 

3.4.3 Ʉɟɞůɞɛɞɑɤůɖ Űɞɡ ˊɞɚɡˊɚɏəŰɖ 

ȷəɞɚɞɡɗɩɜŰŬɠ ŬɜŬɚɡŰɘəɞɨɠ ɡˊɞɚɞɔɘůɛɞɨɠ ɔɘŬ Űɖɜ Ŭˊɧəɟɘůɖ Űɞɡ ˊɞɚɡˊɚɏəŰɖ, 

ŬɜŬˊŰɨɢɗɖəŮ ɏɜŬ ɛɞɜŰɏɚɞ ůŮ ŮˊɑˊŮŭɞ ůɡůəŮɡɐɠ (component level model) əɎɜɞɜŰŬɠ 

ɢɟɐůɖ Űɞɡ ɚɞɔɘůɛɘəɞɨ ASPIC, ɞɨŰɤɠ ɩůŰŮ ɜŬ ŮˊŬɚɖɗŮɡŰŮɑ ɖ ůɤůŰɐ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ 

ˊɞɚɡˊɚɏəŰɖ. ȼ ŭɘɎŰŬɝɖ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ əŬŰɎ Űɖɠ  ŭɘŬŭɘəŬůɑŬ ŬɡŰɐ Űɖɠ 

ˊɟɞůɞɛɞɑɤůɖɠ űŬɑɜŮŰŬɘ ůŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ. 
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ȺɘəɧɜŬ 64: ȼ ŭɘɎŰŬɝɖ Űɞɡ ˊɞɚɡˊɚɏəŰɖ ɧˊɤɠ ŬɜŬˊŰɨɢɗɖəŮ ůŰɞ ASPIC. 

Ƀɘ ŰɞɛŮɑɠ ůɨɕŮɡɝɖɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ůŰɖɜ ŭɘɎŰŬɝɖ Űɖɠ ˊɟɞůɞɛɞɑɤůɖɠ ɔɘŬ Űɞɜ 

ˊɞɚɡˊɚɏəŰɖ ɓŬůɑɕɞɜŰŬɘ ůŰɞ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ŬɟɘɗɛɖŰɘəɐɠ ɛŮɚɏŰɖɠ ˊɞɡ ˊŮɟɘɔɟɎűɖəŮ 

ˊŬɟŬˊɎɜɤ, Ůɜɩ ɞɘ ůŰŬɗŮɟɏɠ ŭɘɎŭɞůɖɠ (ŮɜŮɟɔɧɠ ŭŮɑəŰɖɠ ŭɘɎɗɚŬůɖɠ əŬɘ ŭŮɑəŰɖɠ 

ŭɘɎɗɚŬůɖɠ ɞɛɎŭŬɠ) ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ ŰŬ ɔɟŬűɐɛŬŰŬ Űɖɠ ȺɘəɧɜŬ 65. ɇɞ ŮɚŮɨɗŮɟɞ 

űŬůɛŬŰɘəɧ Ůɨɟɞɠ Űɖɠ ŭɞɛɐɠ ŬˊɞűŬůɑůŰɖəŮ ɜŬ ŮɑɜŬɘ ůŰŬ 7 nm ɞɨŰɤɠ ɩůŰŮ ɜŬ 

ůɡɛɛɞɟűɩɜŮŰŬɘ ɛŮ Űɞ ŭɘŬəɟɘŰɘəɧŰɖŰŬ Űɤɜ 3.5 nm ˊɞɡ ŭɘŬɗɏŰɞɡɜ ŰŬ VCSELs. 

ȿɨɜɞɜŰŬɠ Űɘɠ ŬɜŰɑůŰɞɘɢŮɠ ŮɝɘůɩůŮɘɠ ɔɘŬ Űɖ ůɡɔəŮəɟɘɛɏɜɖ ˊŮɟɑˊŰɤůɖ, ɖ ŭɘŬűɞɟɎ Űɞɡ 

ɛɐəɞɡɠ ɓɟɏɗɖəŮ ɜŬ ŮɑɜŬɘ ůŰŬ 76.6 ɛm. 

 

ȺɘəɧɜŬ 65: ūŬůɛŬŰɘəɐ Ŭˊɧəɟɘůɖ Űɤɜ ɗɡɟɩɜ BAR əŬɘ CROSS ɔɘŬ (Ŭ) ɇɀ əŬɘ (ɓ) ɇȺ ˊɧɚɤůɖ əŬɘ (ɔ) 

ɇȺ əŬɘ ɇɀ űŬůɛŬŰɘəɐ Ŭˊɧəɟɘůɖ Űɖɠ ɗɨɟŬɠ CROSS 

ȼ ˊŬɟŬˊɎɜɤ ŮɘəɧɜŬ ŬˊɞŰɡˊɩɜŮɘ Űɖ űŬůɛŬŰɘəɐ Ŭˊɧəɟɘůɖ Űɤɜ ɗɡɟɩɜ BAR (Ɏɜɤ) əŬɘ 

CROSS (əɎŰɤ) Űɖɠ ůɡůəŮɡɐɠ Űɞɡ ˊɞɚɡˊɚɏəŰɖ ɔɘŬ Űɖɜ ɇȺ əŬɘ Űɖɜ ɇɀ ˊɧɚɤůɖ 

ŬɜŰɑůŰɞɘɢŬ. Ƀ ɚɧɔɞɠ ůɓɏůɖɠ Űɤɜ ŭɡɞ ɗɡɟɩɜ ŮɑɜŬɘ ɛŮɔŬɚɨŰŮɟɞɠ Ŭˊɧ 30 dB 

ŬˊɞəŬɚɨˊŰɞɜŰŬɠ Űɖɜ ůɤůŰɐ ɚŮɘŰɞɡɟɔɑŬ Űɤɜ ɀɀȽ ůɡɕŮɡəŰɩɜ ůŰɖɜ Ůɑůɞŭɞ əŬɘ Űɖɜ 

ɏɝɞŭɞ Űɖɠ ŭɞɛɐɠ. ȳˊɤɠ ɐŰŬɜ ŬɜŬɛŮɜɧɛŮɜɞ, ɖ Űɘɛɐ Űɞɡ ŮɚŮɨɗŮɟɞɡ űŬůɛŬŰɘəɞɨ Ůɨɟɞɡɠ 

ŮɑɜŬɘ ŭɘŬűɞɟŮŰɘəɐ ɔɘŬ Űɖɜ ɇȺ əŬɘ Űɖɜ ɇɀ ˊɧɚɤůɖ ɞŭɖɔɩɜŰŬɠ ůŮ ŬɜŬɜŰɘůŰɞɘɢɑŬ 

ɛŮŰŬɝɨ Űɤɜ ŬɜŰɑůŰɞɘɢɤɜ űŬůɛŬŰɘəɩɜ ůɡɛˊŮɟɘűɞɟɩɜ ɧˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɖɜ ŮɘəɧɜŬ 

ȺɘəɧɜŬ 65ɔ. ȷɝɑɕŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ ɛŮ Űɖɜ ŮűŬɟɛɞɔɐ ŰɎůɖɠ ůŰŬ ɗŮɟɛŬɜŰɘəɎ ůŰɞɘɢŮɑŬ 

Űɖɠ ŭɞɛɐɠ, ɗŬ ɛˊɞɟɞɨůŮ əŬɜŮɑɠ ɜŬ ɛŮŰŬŰɞˊɑůŮɘ Űɖ ůɡɜɎɟŰɖůɖ ɛŮŰŬűɞɟɎɠ Űɞɡ ɀȻȽ. 

ɄŬɟɧɚŬ ŬɡŰɎ, ɖ ŭɘɧɟɗɤůɖ Űɖɠ űŬůɛŬŰɘəɐɠ ŬɜŬɜŰɘůŰɞɘɢɑŬɠ ɛŮŰŬɝɨ Űɤɜ ŭɡɞ ˊɞɚɩůŮɤɜ 

ŭŮɜ ŮɑɜŬɘ ŮűɘəŰɐ ŬɜŮɝŬɟŰɐŰɤɠ Ŭˊɧ Űɖɜ ŮűŬɟɛɞɕɧɛŮɜɖ ŰɎůɖ ɐ Űɞ ɖɚŮəŰɟɧŭɘɞ, əŬɗɩɠ 

ˊɟɞɏɟɢŮŰŬɘ ɛɧɜɞ Ŭˊɧ Űɖ ŭɘˊɚɞɗɚŬůŰɘəɧŰɖŰŬ Űɞɡ əɡɛŬŰɞŭɖɔɞɨ. Ƀ ˊŬɟŬəɎŰɤ ˊɑɜŬəŬɠ 

ŮɑɜŬɘ ɛɘŬ ŮˊɏəŰŬůɖ Űɞɡ ˊɑɜŬəŬ ɄɑɜŬəŬɠ 13 ɔɘŬ ɜŬ ŮɛˊŮɟɘɏɢŮɘ əŬɘ Űɖ ŭɘŬűɞɟɎ Űɞɡ 

ɛɐəɞɡɠ ɧˊɤɠ əŬɘ Űɘɠ ŬɜŰɑůŰɞɘɢŮɠ Űɘɛɏɠ ɔɘŬ Űɞ ŮɚŮɨɗŮɟɞ űŬůɛŬŰɘəɧ Ůɨɟɞɠ Űɞɡ ɇȺ əŬɘ 

Űɞɡ ɇɀ ɟɡɗɛɞɨ. 
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ɄɑɜŬəŬɠ 14: ȺɜŮɟɔɧɠ ŭŮɑəŰɖɠ ŭɘɎɗɚŬůɖɠ, ɗŮɟɛɘəɎ ŮˊŬɔɧɛŮɜɖ ŭɘŬəɨɛŬɜůɖ Űɞɡ ŮɜŮɟɔɞɨ ŭŮɑəŰɖ 

ŭɘɎɗɚŬůɖɠ, ɗŮɟɛɘəɎ ˊ ɛɐəɖ, ŭɘŬűɞɟɎ ɛɖəɩɜ Űɞɡ ɀȻȽ əŬɘ FSR ɔɘŬ Űɞɜ ɇȺ əŬɘ Űɞɜ ɇɀ ɟɡɗɛɧ. 

3.4.4 Ʉɟɞůɞɛɞɑɤůɖ ŬˊɞˊɞɚɡˊɚɏəŰɖ  

ȷəɞɚɞɡɗɩɜŰŬɠ Űɖɜ ˊɟɞůɞɛɞɘɤŰɘəɐ ŭɘŬŭɘəŬůɑŬ ˊɞɡ ˊɞɚɡˊɚɏəŰɖ, ɏɜŬ ˊŬɟɧɛɞɘɞ 

ɛɞɜŰɏɚɞ ŬɜŬˊŰɨɢɗɖəŮ ɔɘŬ Űɖ ůɡůəŮɡɐ Űɞɡ ŬˊɞˊɞɚɡˊɚɏəŰɖ ůŰɖɜ ˊɟɞůɞɛɞɘɤŰɘəɐ 

ˊɚŬŰűɧɟɛŬ Űɞɡ ASPIC ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŮˊŬɚɖɗŮɡŰŮɑ ɖ ůɤůŰɐ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ. ɇɞ 

ɛɞɜŰɏɚɞ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɖ ŭɘŬŭɘəŬůɑŬ ŬɡŰɐ űŬɑɜŮŰŬɘ ůŰɖɜ ˊŬɟŬəɎŰɤ 

ŮɘəɧɜŬ: 

 

ȺɘəɧɜŬ 66: (Ŭ) ɆɡůəŮɡɐ ŬˊɞˊɞɚɡˊɚɏəŰɖ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŮ ůŰɞ ASPIC, (ɓ) űŬůɛŬŰɘəɐ Ŭˊɧəɟɘůɖ Űɞɡ 

ɇȺ Űɖɠ CROSS ɗɨɟŬɠ ɔɘŬ Űɞɜ ɇȺ əŬɘ Űɞɜ ɇɀ ɟɡɗɛɧ əŬɘ (ɔ) ɗŮɟɛɞ-ɞˊŰɘəɐ ɟɨɗɛɘůɖ Űɖɠ űŬůɛŬŰɘəɐɠ 

ůɡɛˊŮɟɘűɞɟɎɠ Űɞɡ ɇȺ əŬɘ Űɞɡ ɇɀ ɟɡɗɛɞɨ. 

Ƀɘ ˊŮɟɘɞɢɏɠ ɕŮɨɝɖɠ Űɞɡ ɛɞɜŰɏɚɞɡ Űɞɡ ˊɞɚɡˊɚɏəŰɖ ɓŬůɑůŰɖəŬɜ ůŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ 

ŬɟɘɗɛɖŰɘəɐɠ ɛŮɚɏŰɖɠ ˊɞɡ ˊŮɟɘɔɟɎűŮŰŬɘ ˊŬɟŬˊɎɜɤ Ůɜɩ ɞɘ ůŰŬɗŮɟɏɠ ŭɘɎŭɞůɖɠ 

ɞɟɑůŰɖəŬɜ ɓɎůŮɘ Űɤɜ Űɘɛɩɜ ȷ əŬɘ ȸ ɞɘ ɞˊɞɑŮɠ ŬˊɞŰɡˊɩɜɞɜŰŬɘ ůŰŬ ŭɘŬɔɟɎɛɛŬŰŬ Űɖɠ 

ŮɘəɧɜŬɠ ȺɘəɧɜŬ 66. ũɘŬ Űɘɛɐ ŮɚŮɨɗŮɟɖɠ űŬůɛŬŰɘəɐɠ ˊŮɟɘɞɢɐɠ ɑůɖ ɛŮ 7 nm, ɞɘ 

ŮɝɘůɩůŮɘɠ Űɖɠ ůŮɚɑŭŬɠ 114 ɔɘŬ Űɖ ŭɘŬűɞɟɎ ɛɐəɞɡɠ Űɞɡ ˊɟɩŰɞɡ əŬɘ Űɞɡ ŭŮɨŰŮɟɞɡ 

ŰɛɐɛŬŰɞɠ ɔɑɜɞɜŰŬɘ ȹL1 =23.7 ɛm əŬɘ ȹL2 = 52.4 ɛm ŬɜŰɑůŰɞɘɢŬ. 

ɆŰɖɜ ˊŬɟŬˊɎɜɤ ŮɘəɧɜŬ ŬˊɞŰɡˊɩɜɞɜŰŬɘ ɞɘ ɚɖűɗŮɑůŮɠ ůɡɜŬɟŰɐůŮɘɠ ɛŮŰŬűɞɟɎɠ Űɖɠ 

ɗɨɟŬɠ CROSS Ŭˊɧ Űɘɠ ɞˊɞɑŮɠ ŮɑɜŬɘ űŬɜŮɟɧ ɧŰɘ ɖ ŮɚŮɨɗŮɟɖ űŬůɛŬŰɘəɐ ˊŮɟɘɞɢɐ ɏɢŮɘ 

Űɘɛɐ 7nm əŬɘ ɔɘŬ Űɘɠ ŭɡɞ ˊɞɚɩůŮɘɠ ɇȺ əŬɘ ɇɀ, ŮˊŬɚɖɗŮɨɞɜŰŬɠ ɏŰůɘ əŬɘ Űɖ 

ůəɞˊɘɛɧŰɖŰŬ Űɞɡ ɛɞɜŰɏɚɞɡ ɛŮ ŰŬ ŭɡɞ ŰɛɐɛŬŰŬ. Ⱥˊɘˊɚɏɞɜ ůŰɖɜ ȺɘəɧɜŬ 44c 



119 

 

ŬˊɞŭŮɘəɜɨŮŰŬɘ ɧŰɘ ɛˊɞɟɞɨɛŮ ɜŬ ɏɢɞɡɛŮ ɛŮŰŬŰɧˊɘůɖ Űɖɠ əɎɗŮ ůɡɜɎɟŰɖůɖɠ ɛŮŰŬűɞɟɎɠ, 

ɔɘŬ Űɞɡɠ ɟɡɗɛɞɨɠ ɇȺ əŬɘ ɇɀ, ɝŮɢɤɟɘůŰɎ ɛŮ Űɞ ɜŬ ɚŮɘŰɞɡɟɔɞɨɛŮ ŰŬ ɗŮɟɛŬɜŰɘəɎ 

ůŰɞɘɢŮɑŬ ŮɑŰŮ Űɞɡ ˊɟɩŰɞɡ ŮɑŰŮ Űɞɡ ŭŮɨŰŮɟɞɡ ŰɛɐɛŬŰɞɠ Űɞɡ ɓɟŬɢɑɞɜŬ. Ƀɘ ůɡɛˊŬɔŮɑɠ 

ɔɟŬɛɛɏɠ ŬɜŰɘůŰɞɘɢɞɨɜ ůŰɖ űŬůɛŬŰɘəɐ ŬɜŬɜŰɘůŰɞɘɢɑŬ ɖ ɞˊɞɑŬ ŮɑɜŬɘ Űɖɠ ŰɎɝɖɠ Űɤɜ 0.3 

nm ɛŮ ŰŬ ɗŮɟɛŬɜŰɘəɎ ůŰɞɘɢŮɑŬ ɜŬ ŮɑɜŬɘ əɚŮɘůŰɎ (OFF mode) Ůɜɩ ŬɜɎɓɞɜŰŬɠ ŰŬ 

ɗŮɟɛŬɜŰɘəɎ ůŰɞɘɢŮɑŬ ŬɡŰɐ ɖ ŭɘŬűɞɟɎ ɛˊɞɟŮɑ ɜŬ ɛŮɘɤɗŮɑ ůŰɞ ɛɖŭɏɜ (ɛŮ Űɖ 

ŭɘŬəŮəɞɛɛɏɜɖ ɔɟŬɛɛɐ). 

Ƀ ˊŬɟŬəɎŰɤ ˊɑɜŬəŬɠ ŮˊŮəŰŮɑɜŮɘ Űɞɜ ɄɑɜŬəŬɠ 14 ɞɨŰɤɠ ɩůŰŮ ɜŬ ůɡɛˊŮɟɘɚŬɛɓɎɜŮɘ əŬɘ 

Űɖ ŭɘŬűɞɟɎ ɛɐəɞɡɠ əŬɘ Űɞ ŬɜŰɑůŰɞɘɢɞ ŮɚŮɨɗŮɟɞ űŬůɛŬŰɘəɧ Ůɨɟɞɠ, ɧˊɤɠ Ůˊɑůɖɠ əŬɘ 

Űɞɡɠ ŮɜŮɟɔɞɨɠ ŭŮɑəŰŮɠ ŭɘɎɗɚŬůɖɠ əŬɘ Űɞɡɠ ŭŮɑəŰŮɠ ŭɘɎɗɚŬůɖɠ ɞɛɎŭŬɠ Űɞɡ ɇȺ əŬɘ Űɞɡ 

ɇɀ ɟɡɗɛɞɨ ɔɘŬ ŰŬ ŰɛɐɛŬŰŬ Űɞɡ ŬˊɞˊɞɚɡˊɚɏəŰɖ.  

 

ȺɘəɧɜŬ 67: ȺɜŮɟɔɧɠ ŭŮɑəŰɖɠ ŭɘɎɗɚŬůɖɠ, ɗŮɟɛɘəɎ ŮˊŬɔɧɛŮɜɖ ŭɘŬəɨɛŬɜůɖ Űɞɡ ŮɜŮɟɔɞɨ ŭŮɑəŰɖ 

ŭɘɎɗɚŬůɖɠ, ɗŮɟɛɘəɧ ˊ ɛɐəɞɠ, ŭɘŬűɞɟɎ ɛɐəɞɡɠ ɀȻȽ əŬɘ ɔɘŬ Űɞɡɠ ŭɡɞ ɓɟŬɢɑɞɜŮɠ Űɞɡ ŬˊɞˊɞɚɡˊɚɏəŰɖ, 

Űɘɛɏɠ Űɞɡ ŮɚŮɨɗŮɟɞɡ űŬůɛŬŰɘəɞɨ Ůɨɟɞɡɠ ɔɘŬ Űɞɜ ɇȺ əŬɘ Űɞɜ ɇɀ ɟɡɗɛɧ. 

ɆɡɜɞɣɑɕɞɜŰŬɠ, ůŰŬ ˊɚŬɑůɘŬ ŬɡŰɎ əŬŰŬůəŮɡɎůŰɖəŬɜ ŭɡɞ ůŰɞɘɢŮɑŬ űɑɚŰɟɤɜ ɓŬůɘůɛɏɜŬ 

ůŮ ŭɞɛɏɠ ůɡɛɓɞɚɞɛɏŰɟɤɜ əŬɗɡůŰɏɟɖůɖɠ: (Ŭ) ɏɜŬɠ ɟɡɗɛɘɕɧɛŮɜɞɠ ˊɞɚɡˊɚɏəŰɖɠ 

ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɛɘŬ Ŭˊɚɐ ŭɞɛɐ ɀȻȽ Űɞ ɞˊɞɑɞ ɓŮɚŰɘůŰɞˊɞɘɐɗɖəŮ ɔɘŬ ɢɟɐůɖ ůŰɞɜ ɇɀ 

ɟɡɗɛɧ əŬɘ (ɓ) ɏɜŬɠ ɟɡɗɛɘɕɧɛŮɜɞɠ ŬˊɞˊɞɚɡˊɚɏəŰɖɠ ŬəɞɚɞɡɗɩɜŰŬɠ ɛɘŬ ˊɘɞ 

ŬɜŬɓŬɗɛɘůɛɏɜɖ ˊɟɞůɏɔɔɘůɖ ůŰɞ ɛɞɜŰɏɚɞ Űɞ ɞˊɞɑɞ əŬɘ ɓŬůɑůŰɖəŮ ůŮ ɛɘŬ ŰɛɖɛŬŰɘəɐ 

ɚɞɔɘəɐ ɖ ɞˊɞɑŬ ŮˊɘŰɟɏˊŮɘ ŰŬɡŰɧɢɟɞɜɖ ɚŮɘŰɞɡɟɔɑŬ Űɧůɞ ůŰɞɜ ɇȺ ɧůɞ əŬɘ ůŰɞɜ ɇɀ 

ɟɡɗɛɧ. ȼ ɛŮɗɞŭɞɚɞɔɑŬ Űɞɡ ůɢŮŭɘŬůɛɞɨ ŬəɞɚɞɨɗɖůŮ ɛɘŬ ɓɖɛŬŰɘəɐ ˊɟɞůɏɔɔɘůɖ 

ɝŮəɘɜɩɜŰŬɠ Ŭˊɧ ɛɘŬ ŬɟɘɗɛɖŰɘəɐ ɛŮɚɏŰɖ ůɢŮŭɑɤɜ 1x2 əŬɘ 2x2 ɀɀIs ɛŮ ɢŬɛɖɚɐ 

ŭɘˊɚɞɗɚŬůŰɘəɧŰɖŰŬ ŰŬ ɞˊɞɑŬ ɓŮɚŰɘůŰɞˊɞɘɐɗɖəŬɜ ɔɘŬ ɚŮɘŰɞɡɟɔɑŬ əŬɘ ůŰɘɠ ŭɡɞ 

ˊɞɚɩůŮɘɠ. Ⱥɜ ůɡɜŮɢŮɑŬ, ɏɔɘɜŮ ɛɘŬ ɗŮɟɛɘəɐ ɛŮɚɏŰɖ ůŰɖ ŭɘŬŰɞɛɐ Űɤɜ əɡɛŬŰɞŭɖɔɩɜ Űɖɠ 

ůɡɔəŮəɟɘɛɏɜɖɠ ˊɚŬŰűɧɟɛŬɠ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŮɟŮɡɜɖɗŮɑ ɖ ɗŮɟɛɘəɐ ŮɝɎɟŰɖůɖ Űɞɡ 

ŮɜŮɟɔɞɨ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ əŬɘ Űɖɠ ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬɠ Űɖɠ ŬɜŰɑůŰɞɘɢɖɠ ɗŮɟɛɞ-

ɞˊŰɘəɐɠ ɟɨɗɛɘůɖɠ Űɤɜ ɞɚɞəɚɖɟɤɛɏɜɤɜ ŭɞɛɩɜ. ɇɏɚɞɠ, ɏɔɘɜŮ ɛɘŬ ɛɞɜŰŮɚɞˊɞɑɖůɖ ůŰɞ 

ŮˊɑˊŮŭɞ Űɖɠ ůɡůəŮɡɐɠ (device) Űɞɡ ˊɞɚɡˊɚɏəŰɖ/ŬˊɞˊɞɚɡˊɚɏəŰɖ ɓŬůɘůɛɏɜɖ ůŰɘɠ 

ŬɜŬˊŰɡɔɛɏɜŮɠ ŭɞɛɘəɏɠ ɛɞɜɎŭŮɠ (building blocks) ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɧůɞ ŬɜŬɚɡŰɘəɐ 

ɧůɞ əŬɘ ˊɟɞůɞɛɞɘɤŰɘəɐ ˊɟɞůɏɔɔɘůɖ. 

3.5 ɀɎůəŮɠ ɔɘŬ Űɞɜ ˊɞɚɡˊɚɏəŰɖ/ŬˊɞˊɞɚɡˊɚɏəŰɖ 

ɆŮ ůɡɜɏɢŮɘŬ Űɞɡ ůɢŮŭɘŬůɛɞɨ Űɞɡ ˊɞɚɡˊɚɏəŰɖ əŬɘ Űɞɡ ŬˊɞˊɞɚɡˊɚɏəŰɖ ˊɞɡ 

ˊŮɟɘɔɟɎűɖəŮ ˊŬɟŬˊɎɜɤ, əŬŰŬůəŮɡɎůŰɖəŮ ɏɜŬ ůɢɏŭɘɞ ɛɎůəŬɠ (mask layout) Űɞ ɞˊɞɑɞ 

ŬˊɞŰŮɚɞɨŰŬɜ Ŭˊɧ ŬɟəŮŰɎ ůɡɛɓɞɚɧɛŮŰɟŬ əŬɗɡůŰɏɟɖůɖɠ əŬɘ ŭɞɛɏɠ ŭɞəɘɛɩɜ 

ůŰɞɢŮɨɞɜŰŬɠ ůŰɖɜ ŮˊŬɚɐɗŮɡůɖ Űɤɜ ŬɜŰɑůŰɞɘɢɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ ˊɟɞůɞɛɞɑɤůɖɠ. 

ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ŬˊɞűŮɡɢɗɞɨɜ Űɡɢɧɜ ŬɓŮɓŬɘɧŰɖŰŮɠ əŬŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ Űɞɡ 

ɢŬɟŬəŰɖɟɘůɛɞɨ ˊɞɡ ůɢŮŰɑɕɞɜŰŬɘ ɛŮ Űɖɜ ˊɞɘɧŰɖŰŬ əɞˊɐɠ ɐ Űɖɜ Ŭˊɧŭɞůɖ Űɤɜ in-plane 
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ɞˊŰɘəɩɜ ůɡɕŮɡəŰɩɜ, ɖ Ůɑůɞŭɞɠ əŬɘ ɖ ɏɝɞŭɞɠ Űɞɡ űɤŰɧɠ Ŭˊɧ Űɞ ˊɚŬəɑŭɘɞ 

ŬˊɞűŬůɑůŰɖəŮ ɜŬ ɓŬůɘůŰŮɑ ůŮ grating couplers ˊɞɡ ŮɑɜŬɘ ˊɘɞ əŬŰɎɚɚɖɚɖ ɔɘŬ Űɞ 

ɢŬɟŬəŰɖɟɘůɛɧ ɞɚɞəɚɖɟɤɛɏɜɤɜ űɤŰɞɜɘəɩɜ ŭɞɛɩɜ. ɀŮ ŭŮŭɞɛɏɜɞ ɧɛɤɠ ɧŰɘ ŰŬ 

ŭɘŬɗɏůɘɛŬ ůɢɏŭɘŬ grating couplers ŮɑɢŬɜ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɜŬ ɚŮɘŰɞɡɟɔɞɨɜ ɛɧɜɞ ůŰɖ ɛɘŬ 

ˊɧɚɤůɖ, ɖ ɛɎůəŬ ŬɜŬɔəŬůŰɘəɎ ůɡɛˊŮɟɘɏɚŬɓŮ Űɖɜ əɎɗŮ ŭɞɛɐ Ŭˊɧ ŭɡɞ űɞɟɏɠ, ɛɘŬ 

űɞɟɎ ɏɢɞɜŰŬɠ ɏɜŬɜ ɇȺ grating coupler əŬɘ ɛɘŬ ɏɢɞɜŰŬɠ ɏɜŬɜ ɇɀ.  

ȿŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɖ ɧŰɘ əɎɗŮ ůɡɛɓɞɚɧɛŮŰɟɞ əŬŰŬɚŬɛɓɎɜŮɘ ůɖɛŬɜŰɘəɧ ɢɩɟɞ ˊɎɜɤ 

ůŰɖ ɛɎůəŬ, əŬɘ ɧŰɘ ɖ ŮɜŮɟɔɐ ˊŮɟɘɞɢɐ  ɏɢŮɘ ŮɛɓŬŭɧ 2x2 cm2, ŬɡŰɧ ɗŬ ɞŭɖɔɞɨůŮ ůŮ 

ůɖɛŬɜŰɘəɐ ŬˊɩɚŮɘŬ ɢɩɟɞɡ ˊɎɜɤ ůŰɞ ˊɚŬəɑŭɘɞ. ɄɟɞəŮɘɛɏɜɞɡ ɚɞɘˊɧɜ ɜŬ ɝŮˊŮɟŬůŰŮɑ 

ŬɡŰɧɠ ɞ ˊŮɟɘɞɟɘůɛɧɠ ŬəɞɚɞɡɗɐɗɖəŮ ɖ ˊŬɟŬəɎŰɤ ˊɟɞůɏɔɔɘůɖ: əɎɗŮ ŭɞɛɐ ŮɝɞˊɚɑůŰɖəŮ 

ɛŮ ɇȺ grating coupler ůŰɖ ɛɘŬ Űɞɡ ˊɚŮɡɟɎ əŬɘ ɛŮ ɇɀ ůŰɖɜ Ɏɚɚɖ. ɀŮ Űɖ ŭŮŭɞɛɏɜɖ 

ŭɘɎŰŬɝɖ, ɞ ɢŬɟŬəŰɖɟɘůɛɧɠ Űɧůɞ Űɖɠ ɇȺ ɧůɞ əŬɘ Űɖɠ ɇɀ ˊɧɚɤůɖɠ ɗŬ ɡˊɞűɏɟŮɘ Ŭˊɧ 

ŬɡɝɖɛɏɜŮɠ ŬˊɩɚŮɘŮɠ ɚɧɔɤ Űɖɠ ɛɖ ɓŮɚŰɘůŰɞˊɞɘɖɛɏɜɖɠ ůɡɛˊŮɟɘűɞɟɎɠ Ůɜɧɠ ɛɧɜɞ grating 

coupler. ůɨɛűɤɜŬ ɛŮ Űɖ ɗŮɤɟɑŬ əŬɘ Űɘɠ ˊɟɞůɞɛɞɘɩůŮɘɠ, ɞɘ ŬˊɩɚŮɘŮɠ ɡˊɞɚɞɔɑůŰɖəŬɜ 

ɧŰɘ ɗŬ ŮɑɜŬɘ ůŰɞ Ůɨɟɞɠ Űɘɛɩɜ ɛŮŰŬɝɨ 30 dB əŬɘ 40 dB. ɄŬɟɧɚŬ ŬɡŰɎ, ɖ ŭɘŬɗɏůɘɛɖ 

ɘůɢɨɠ (power budget) ɔɘŬ Űɞ ɢŬɟŬəŰɖɟɘůɛɧ Űɞɡ ˊɚŬəɘŭɑɞɡ ɝŮˊŮɟɜɎŮɘ ŰŬ 80 dB, 

ŮˊɘŰɟɏˊɞɜŰŬɠ Űɖ ɛɏŰɟɖůɖ Űɤɜ ŭɞɛɩɜ ɔɘŬ Űɞɜ ˊɞɚɡˊɚɏəŰɖ/ŬˊɞˊɞɚɡˊɚɏəŰɖ. ɆŰɞ ůɖɛŮɑɞ 

ŬɡŰɧ ˊɟɏˊŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ ůŮ ˊŮɟɑˊŰɤůɖ ˊɞɡ ɞɘ grating couplers ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɞɨŰŬɜ ɐŰŬɜ Űɖɠ ɑŭɘŬɠ ˊɧɚɤůɖɠ əŬɘ Ŭˊɧ Űɘɠ ŭɡɞ ɛŮɟɘɏɠ, ŬɡŰɧ ɗŬ ůɐɛŬɘɜŮ ɧŰɘ 

ɔɘŬ Űɞ ɛɖ ɓŮɚŰɘůŰɞˊɞɘɖɛɏɜɞ ˊɞɚɤŰɘəɧ ɎɝɞɜŬ, ɞɘ ŬˊɩɚŮɘŮɠ ɗŬ ɏűŰŬɜŬɜ ůŰŬ ŮˊɑˊŮŭŬ 

Űɖɠ ůɡɜɞɚɘəɐɠ ŭɘŬɗɏůɘɛɖɠ ɘůɢɨɞɠ əŬɘ ɎɟŬ ɖ ŭɡɜŬŰɧŰɖŰŬ ŮˊɘŰɡɢɞɨɠ ɛɏŰɟɖůɖɠ ŭŮɜ ɗŬ 

ɐŰŬɜ ŮűɘəŰɐ. 

 

ȺɘəɧɜŬ 68: ȼ Ɏˊɞɣɖ Űɖɠ ɛɎůəŬɠ ˊɞɡ ůɢŮŭɘɎůŰɖəŮ ɔɘŬ Űɘɠ ŭɞɛɏɠ Űɞɡ ˊɞɚɡˊɚɏəŰɖ/ŬˊɞˊɞɚɡˊɚɏəŰɖ 
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ȷɜŬɚɡŰɘəɎ ɖ ŭɘɎŰŬɝɖ Űɖɠ ɛɎůəŬɠ (mask layout) ˊɞɡ űŬɑɜŮŰŬɘ ůŰɖɜ ˊŬɟŬˊɎɜɤ ŮɘəɧɜŬ 

ˊŮɟɘŮɑɢŮ Űɘɠ ŬəɧɚɞɡɗŮɠ ŭɞɛɏɠ: 

¶ ȹɡɞ ŰɞɛŮɑɠ cutback əɡɛŬŰɞŭɖɔɩɜ, ɛɘŬ ɛŮ ɇɀ grating couplers əŬɘ ɛɘŬ ɛŮ ɇȺ, 

ŮˊɘŰɟɏˊɞɜŰŬɠ Űɖ ɛɏŰɟɖůɖ Űɖɠ Ŭˊɧŭɞůɖɠ Űɤɜ ɕŮɨɝŮɤɜ Ůɘůɧŭɞɡ əŬɘ Ůɝɧŭɞɡ 

ɧˊɤɠ Ůˊɑůɖɠ əŬɘ Űɖɜ ŮəŰɑɛɖůɖ Űɤɜ ŬˊɤɚŮɘɩɜ əɡɛŬŰɞŭɐɔɖůɖɠ əŬɘ ɔɘŬ Űɘɠ ŭɡɞ 

ˊɞɚɩůŮɘɠ. 

¶ ȰɜŬɜ ŰɞɛɏŬ ɛŮ Ůɡɗɨɠ əɡɛŬŰɞŭɖɔɞɨɠ (straight waveguides) Ůɝɞˊɚɘůɛɏɜɞɡɠ ɛŮ 

ɇɀ grating coupler ůŰɖ ɛɘŬ ˊɚŮɡɟɎ əŬɘ ɇȺ ůŰɖɜ Ɏɚɚɖ ɞɘ ɞˊɞɑɞɘ əŬɘ ɗŬ 

ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ɤɠ ŬɜŬűɞɟɎ 

¶ ȰɜŬɜ ŰɞɛɏŬ ˊɞɡ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ 1x1 əŬɘ 2x2 ůɡɛɓɞɚɧɛŮŰɟŬ əŬɗɡůŰɏɟɖůɖɠ 

ɛŮ ŭɡɞ ŰɛɐɛŬŰŬ ɛŮ ɓŮɚŰɘůŰɞˊɞɘɖɛɏɜŬ ɀɀȽ ɢŬɟŬəŰɖɟɘůŰɘəɎ, ŮɚŮɨɗŮɟɞ 

űŬůɛŬŰɘəɧ Ůɨɟɞɠ 7 nm əŬɘ ɛɐəɞɠ ɗŮɟɛŬɜŰɘəɩɜ ůŰɞɘɢŮɑɤɜ ɛŮ Ůɨɟɞɠ Ŭˊɧ 300 

ɛm ɏɤɠ 800 ɛm əŬɘ ɓɐɛŬ 100 ɛm. ȼ ŬɜŬɚɞɔɑŬ Űɞɡ ˊɚɎŰɞɡɠ ˊɟɩŰɞɡ/ ŭŮɨŰŮɟɞɡ 

ŰɛɐɛŬŰɞɠ ɔɘŬ ŰŬ ˊɟɩŰŬ ŭɡɞ ůɡɛɓɞɚɧɛŮŰɟŬ ɐŰŬɜ 0.4 ɛm/0.3 ɛm Ůɜɩ ɔɘŬ ŰŬ 

ɡˊɧɚɞɘˊŬ ŮɑɜŬɘ 0.4 ɛm/0.32 ɛm. 

¶ ȰɜŬɜ ŰɞɛɏŬ ɛŮ 1x1 ůɡɛɓɞɚɧɛŮŰɟŬ əŬɗɡůŰɏɟɖůɖɠ ɛŮ ŭɡɞ ŰɛɐɛŬŰŬ ɛŮ 0.4 

ɛm/0.32 ɛm ŬɜŬɚɞɔɑŬ ˊɚɎŰɞɡɠ əɡɛŬŰɞŭɖɔɞɨ əŬɘ ɗŮɟɛŬɜŰɘəɎ ůŰɞɘɢŮɑŬ ɛɐəɞɡɠ 

500 ɛm. ɇŬ ɛɐəɖ Űɤɜ ůɡɛɓɞɚɧɛŮŰɟɤɜ ɐŰŬɜ Ŭˊɧ 3.36 ɛm ɏɤɠ 4.16 ɛm ɛŮ 

ɓɐɛŬ 0.2 ɛm Ůɜɩ Űɞ ŮɚŮɨɗŮɟɞ űŬůɛŬŰɘəɧ Ůɨɟɞɠ ŰŬɡŰɧɢɟɞɜŬ ŮɑɢŮ ɛɘŬ 

ŭɘŬəɨɛŬɜůɖ Ŭˊɧ 6 nm ůŮ 8 nm ɛŮ ɓɐɛŬ 0.5 nm. 

¶ ȰɜŬɜ ŰɞɛɏŬ ɛŮ 1x1 ůɡɛɓɞɚɧɛŮŰɟŬ əŬɗɡůŰɏɟɖůɖɠ ŭɡɞ ŰɛɖɛɎŰɤɜ ɛŮ 0.4 

ɛm/0.32 ɛm ŬɜŬɚɞɔɑŬ ˊɚɎŰɞɡɠ əɡɛŬŰɞŭɖɔɞɨ əŬɘ ɗŮɟɛŬɜŰɘəɎ ůŰɞɘɢŮɑŬ ɛɐəɞɡɠ 

1000 ɛm. Tɞ 2x1 MMI  taper Ůɝɧŭɞɡ ŮɑɢŮ ˊɚɎŰɞɠ ɛŮ ŭɘŬəɨɛŬɜůɖ Ŭˊɧ 0.69 ɛm 

ɏɤɠ 0.89 ɛm ɛŮ ɓɐɛŬ 0.2 ɛm Ůɜɩ Űɞ ŮɚŮɨɗŮɟɞ űŬůɛŬŰɘəɧ Ůɨɟɞɠ Űɤɜ ŭɞɛɩɜ 

ɐŰŬɜ Ŭˊɧ 5 ɏɤɠ 5.5 nm ɛŮ ɓɐɛŬ 0.5 nm. 

¶ ȰɜŬ ŰɞɛɏŬ ɛŮ 2x2 ůɡɛɓɞɚɧɛŮŰɟŬ əŬɗɡůŰɏɟɖůɖɠ ŭɡɞ ŰɛɖɛɎŰɤɜ ɛŮ 0.4 

ɛm/0.32 ɛm ŬɜŬɚɞɔɑŬ ˊɚɎŰɞɡɠ əɡɛŬŰɞŭɖɔɞɨ əŬɘ ŮɚŮɨɗŮɟɞ űŬůɛŬŰɘəɧ Ůɨɟɞɠ 7 

nm. ɇɞ 2x1 ůɡɛɓɞɚɧɛŮŰɟɞ əŬɗɡůŰɏɟɖůɖɠ ŮɑɢŮ ɛɐəɞɠ Ŭˊɧ 13.85 ɏɤɠ 17.85 ɛm 

ɛŮ ɓɐɛŬ 1 ɛm Ůɜɩ Űɞ ɛɐəɞɠ Űɤɜ ɗŮɟɛŬɜŰɘəɩɜ ůŰɞɘɢŮɑɤɜ ŮɑɢŮ ɛɘŬ ŭɘŬəɨɛŬɜůɖ 

Ŭˊɧ 300 ůŮ 500 ɛm ɛŮ ɓɐɛŬ 100 ɛm. 

¶ ȰɜŬɜ ŰɞɛɏŬ ɛŮ 1x1 ůɡɛɓɞɚɧɛŮŰɟŬ əŬɗɡůŰɏɟɖůɖɠ Ůɜɧɠ ŰɛɐɛŬŰɞɠ ɛŮ 

ɓŮɚŰɘůŰɞˊɞɘɖɛɏɜŮɠ ˊŬɟŬɛɏŰɟɞɡɠ ɀɀȽ əŬɘ ŰŬ ŬəɧɚɞɡɗŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ: 

o ȰɜŬ ůɡɛɓɞɚɧɛŮŰɟɞ əŬɗɡůŰɏɟɖůɖɠ ɛŮ ɇȺ grating couplers əŬɘ ɏɜŬ ɛŮ 

ɇɀ, ɛŮ ŮɚŮɨɗŮɟɞ űŬůɛŬŰɘəɧ Ůɨɟɞɠ 3 nm, ɛɐəɞɠ ɗŮɟɛŬɜŰɘəɩɜ 

ůŰɞɘɢŮɑɤɜ ɑůɞ ɛŮ 700 ɛm əŬɘ ˊɚɎŰɞɠ Űɞɡ əɡɛŬŰɞŭɖɔɞɨ Űɞɡ ɓɟŬɢɑɞɜŬ 

ɑůɞ ɛŮ 0.4 ɛm. 

o ȰɜŬ ůɡɛɓɞɚɧɛŮŰɟɞ əŬɗɡůŰɏɟɖůɖɠ ɛŮ ɇȺ grating couplers əŬɘ ɏɜŬ ɛŮ 

ɇɀ, ɛŮ ŮɚŮɨɗŮɟɞ űŬůɛŬŰɘəɧ Ůɨɟɞɠ 5 nm, ɛɐəɞɠ ɗŮɟɛŬɜŰɘəɩɜ 

ůŰɞɘɢŮɑɤɜ ɑůɞ ɛŮ 700 ɛm əŬɘ ˊɚɎŰɞɠ Űɞɡ əɡɛŬŰɞŭɖɔɞɨ Űɞɡ ɓɟŬɢɑɞɜŬ 

ɑůɞ ɛŮ 0.4 ɛm. 

o ȰɜŬ ůɡɛɓɞɚɧɛŮŰɟɞ əŬɗɡůŰɏɟɖůɖɠ ɛŮ ɇȺ grating couplers əŬɘ ɏɜŬ ɛŮ 

ɇɀ, ɛŮ ŮɚŮɨɗŮɟɞ űŬůɛŬŰɘəɧ Ůɨɟɞɠ 3 nm, ɛɐəɞɠ ɗŮɟɛŬɜŰɘəɩɜ 
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ůŰɞɘɢŮɑɤɜ ɑůɞ ɛŮ 700 ɛm əŬɘ ˊɚɎŰɞɠ Űɞɡ əɡɛŬŰɞŭɖɔɞɨ Űɞɡ ɓɟŬɢɑɞɜŬ 

ɑůɞ ɛŮ 0.32 ɛm. 

o ȰɜŬ ůɡɛɓɞɚɧɛŮŰɟɞ əŬɗɡůŰɏɟɖůɖɠ ɛŮ ɇȺ grating couplers əŬɘ ɏɜŬ ɛŮ 

ɇɀ, ɛŮ ŮɚŮɨɗŮɟɞ űŬůɛŬŰɘəɧ Ůɨɟɞɠ 5 nm, ɛɐəɞɠ ɗŮɟɛŬɜŰɘəɩɜ 

ůŰɞɘɢŮɑɤɜ ɑůɞ ɛŮ 700 ɛm əŬɘ ˊɚɎŰɞɠ Űɞɡ əɡɛŬŰɞŭɖɔɞɨ Űɞɡ ɓɟŬɢɑɞɜŬ 

ɑůɞ ɛŮ 0.32 ɛm. 

o ȰɜŬ ůɡɛɓɞɚɧɛŮŰɟɞ əŬɗɡůŰɏɟɖůɖɠ ɛŮ ɇȺ grating couplers əŬɘ ɏɜŬ ɛŮ 

ɇɀ, ɛŮ ŮɚŮɨɗŮɟɞ űŬůɛŬŰɘəɧ Ůɨɟɞɠ 3 nm, ɛɐəɞɠ ɗŮɟɛŬɜŰɘəɩɜ 

ůŰɞɘɢŮɑɤɜ ɑůɞ ɛŮ 700 ɛm əŬɘ ˊɚɎŰɞɠ Űɞɡ əɡɛŬŰɞŭɖɔɞɨ Űɞɡ ɓɟŬɢɑɞɜŬ 

ɑůɞ ɛŮ 0.3 ɛm. 

¶ ȰɜŬɜ ŰɞɛɏŬ ɛŮ ɗŮɟɛŬɜŰɘəɎ ůŰɞɘɢŮɑŬ ˊɞɡ ɗŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ɔɘŬ ɖɚŮəŰɟɘəɧ 

ɢŬɟŬəŰɖɟɘůɛɧ ɞɨŰɤɠ ɩůŰŮ ɜŬ ˊɟɞůŭɘɞɟɘůŰŮɑ ɖ ŬɜŰɑůŰŬůɐ Űɞɡɠ əŬɗɩɠ əŬɘ ɖ 

ŬɜŰɑůŰŬůɐ Űɤɜ contact pads. ȷɡŰɧɠ ɞ ŰɞɛɏŬɠ ɐŰŬɜ ɢɤɟɘůɛɏɜɞɠ ůŰɞɡɠ 

Ŭəɧɚɞɡɗɞɡɠ ɡˊɞ-ŰɞɛŮɑɠ: 

o ȰɜŬɠ ɛŮ ɗŮɟɛŬɜŰɘəɎ ůŰɞɘɢŮɑŬ ˊɚɎŰɞɡɠ 2 ɛm əŬɘ ɛɐəɞɠ ɛŮ ŭɘŬəɨɛŬɜůɖ 

Ŭˊɧ 500 ɏɤɠ 1500 ɛm ɛŮ ɓɐɛŬ 200 ɛm. 

o ȰɜŬɠ ɛŮ ɗŮɟɛŬɜŰɘəɎ ůŰɞɘɢŮɑŬ ˊɚɎŰɞɡɠ 3 ɛm əŬɘ ɛɐəɞɠ ɛŮ ŭɘŬəɨɛŬɜůɖ 

Ŭˊɧ 500 ɏɤɠ 1500 ɛm ɛŮ ɓɐɛŬ 200 ɛm. 

o ȰɜŬɠ ɛŮ ɗŮɟɛŬɜŰɘəɎ ůŰɞɘɢŮɑŬ ɛɐəɞɡɠ 500 ɛm əŬɘ ˊɚɎŰɞɠ ɛŮ 

ŭɘŬəɨɛŬɜůɖ Ŭˊɧ 1 ɏɤɠ 6 ɛm ɛŮ ɓɐɛŬ 1 ɛm. 

ũɘŬ Űɘɠ ˊɟɞŬɜŬűŮɟɗŮɑůŮɠ ŭɞɛɏɠ ɡˊɞɚɞɔɑůŰɖəŬɜ ɞɘ ŬəɧɚɞɡɗŮɠ ɓŮɚŰɘůŰɞˊɞɘɖɛɏɜŮɠ 

ˊŬɟɎɛŮŰɟɞɘ ɛŮ Űɖ ɢɟɐůɖ Űɞɡ ˊɟɞůɞɛɞɘɤŰɘəɞɨ ŮɟɔŬɚŮɑɞɡ ˊɞɡ ŬɜŬűɏɟɗɖəŮ ˊŬɟŬˊɎɜɤ: 

¶ 1x2 MMI: 

o ɀɐəɞɠ ɑůɞ ɛŮ 3.76 ɛm 

o ɄɚɎŰɞɠ ɑůɞ ɛŮ 2 ɛm 

o ɀɐəɞɠ taper Ůɘůɧŭɞɡ ɑůɞ ɛŮ 1.5 ɛm 

o ɄɚɎŰɞɠ taper Ůɘůɧŭɞɡ ɑůɞ ɛŮ 0.84 ɛm 

o ɀɐəɞɠ taper Ůɝɧŭɞɡ ɑůɞ ɛŮ 1.41 ɛm 

o ɄɚɎŰɞɠ taper Ůɝɧŭɞɡ ɑůɞ ɛŮ 0.79 ɛm 

o ȾŮɜɧ Ůɝɧŭɞɡ ɑůɞ ɛŮ 1.02 ɛm 

¶ 2x2 MMI: 

o ɀɐəɞɠ ɑůɞ ɛŮ 15.85 ɛm 

o ɄɚɎŰɞɠ ɑůɞ ɛŮ 2 ɛm 

o ɀɐəɞɠ taper Ůɘůɧŭɞɡ ɑůɞ ɛŮ 1.625 ɛm 

o ɄɚɎŰɞɠ taper Ůɘůɧŭɞɡ ɑůɞ ɛŮ 0.79 ɛm 

o ȾŮɜɧ Ůɘůɧŭɞɡ ɑůɞ ɛŮ 1.02 ɛm 

o ɀɐəɞɠ taper Ůɝɧŭɞɡ ɑůɞ ɛŮ 1.49 ɛm 

o ɄɚɎŰɞɠ taper Ůɝɧŭɞɡ ɑůɞ ɛŮ 0.79 ɛm 

o ȾŮɜɧ Ůɝɧŭɞɡ ɑůɞ ɛŮ 1.02 ɛm 

¶ ŪŮɟɛŬɜŰɘəɎ ůŰɞɘɢŮɑŬ ɛŮ ˊɚɎŰɞɠ 2 ɛm 

ȿŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɘɜ Űɖɜ Ŭɡɝɖɛɏɜɖ ˊɞɚɡˊɚɞəɧŰɖŰŬ Űɞɡ ůɢŮŭɘŬůɛɞɨ Űɞɡ 

ˊɞɚɡˊɚɏəŰɖ/ ŬˊɞˊɞɚɡˊɚɏəŰɖ ɧˊɤɠ Ůˊɑůɖɠ əŬɘ Űɖɜ ŮɝɎɟŰɖůɖ Űɖɠ űŬůɛŬŰɘəɐɠ Űɞɡɠ 

ůɡɛˊŮɟɘűɞɟɎɠ Ŭˊɧ Űɘɠ əŬŰŬůəŮɡŬůŰɘəɏɠ ŬŰɏɚŮɘŮɠ, ŬˊɞűŬůɑůŰɖəŮ ɜŬ ŭɞɗŮɑ ɏɛűŬůɖ 
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ůŰɞ ɜŬ ůɡɛˊŮɟɘɚɖűɗɞɨɜ ɧůɞ Űɞ ŭɡɜŬŰɧɜ ˊŮɟɘůůɧŰŮɟŮɠ ˊŬɟŬɚɚŬɔɏɠ ůŰɖ ɛɎůəŬ ɞɨŰɤɠ 

ɩůŰŮ ɜŬ ŭɘŮɡəɞɚɡɜɗŮɑ ɖ ůɤůŰɐ ɛɞɜŰŮɚɞˊɞɑɖůɖ Űɤɜ ůɡůəŮɡɩɜ.  

3.6 ȾŬŰŬůəŮɡɐ Űɤɜ ˊɟɩŰɤɜ ůɡůəŮɡɩɜ 

ˊɞɚɡˊɚɏəŰɖ/ŬˊɞˊɞɚɡˊɚɏəŰɖ 

ȰɢɞɜŰŬɠ ɤɠ ɓɎůɖ Űɞ ůɢɏŭɘɞ Űɖɠ ˊŬɟŬˊɎɜɤ ɛɎůəŬɠ, ŰŬ ˊɚŬəɑŭɘŬ əŬŰŬůəŮɡɎůŰɖəŬɜ 

ůŰɘɠ ŮɔəŬŰŬůŰɎůŮɘɠ Űɖɠ ȷɀɃ ůŰɖ ũŮɟɛŬɜɑŬ əŬɘ ˊŮɟɘŮɑɢŬɜ ɧɚŮɠ Űɘɠ ŭɞɛɏɠ 

ůɡɛɓɞɚɞɛɏŰɟɤɜ əŬɗɡůŰɏɟɖůɖɠ ˊɞɡ ˊŮɟɘɔɟɎűɖəŬɜ əŬɗɩɠ əŬɘ ɗŮɟɛŬɜŰɘəɎ ůŰɞɘɢŮɑŬ 

ɔɘŬ Űɖ ɗŮɟɛɘəɐ ɟɨɗɛɘůɖ Űɞɡ əŮɜŰɟɘəɞɨ ɛɐəɞɡɠ əɨɛŬŰɞɠ Űɤɜ ůɡůəŮɡɩɜ. ȰɜŬɠ Ŭɟɢɘəɧɠ 

ɞˊŰɘəɧɠ ɢŬɟŬəŰɖɟɘůɛɧɠ ˊɞɡ ɏɔɘɜŮ ůŰɖɜ ŮŰŬɘɟŮɑŬ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ əŬŰŬůəŮɡɐɠ, 

ŬˊɞəɎɚɡɣŮ ɧŰɘ ɞɘ ŭɞɛɏɠ ŮɑɢŬ ˊŮɟɑˊɞɡ 6-7 dB ŬˊɩɚŮɘŮɠ ɕŮɨɝɖɠ ŬɜɎ əɎɗŮ grating 

coupler ˊɟɘɜ Ŭˊɧ Űɖ ŬˊɧɗŮůɖ spin-on-glass (SOG) ɡɚɘəɞɨ ůŰɖɜ ŮˊɑůŰɟɤůɖ Űɞɡ 

ˊŮɟɘɓɚɐɛŬŰɞɠ Űɞɡ ˊɚŬəɘŭɑɞɡ, əɎŰɘ Űɞ ɞˊɞɑɞ ɐŰŬɜ ˊɞɚɨ əɞɜŰɎ ůŰŬ ŮəŰɘɛɩɛŮɜŬ Ŭˊɧ Űɞ 

ȺūȺ ˊɟɞůɞɛɞɘɤŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ ɔɘŬ Űɘɠ ŬˊɩɚŮɘŮɠ Űɤɜ grating couplers. Ⱥˊɘˊɚɏɞɜ, 

ɞɘ ŬˊɩɚŮɘŮɠ əɡɛŬŰɞŭɐɔɖůɖɠ ɛŮŰɟɐɗɖəŬɜ əŬɘ ɓɟɏɗɖəŬɜ ůŰɞ Ůɨɟɞɠ Űɞɡ 1-2 dB/cm. Ƀɘ 

ŮɘəɧɜŮɠ Űɤɜ ŭɞɛɩɜ Ŭˊɧ Űɞ ɛɘəɟɞůəɧˊɘɞ ůɎɟɤůɖɠ ɖɚŮəŰɟɞɜɑɞɡ (scanning electron 

microscope -SEM) űŬɑɜɞɜŰŬɘ ˊŬɟŬəɎŰɤ. 

 

ȺɘəɧɜŬ 69: SEM ŮɘəɧɜŮɠ Űɤɜ əŬŰŬůəŮɡŬůɛɏɜɤɜ ŭɞɛɩɜ. (Ŭ) ɏɜŬɠ grating coupler, (ɓ) əŬɘ (ɔ) MMI 

couplers 

3.7 ɄŮɘɟŬɛŬŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ 

ɇɞ ˊɚŬəɑŭɘɞ ˊɞɡ əŬŰŬůəŮɡɎůŰɖəŮ ɛŮŰɟɐɗɖəŮ ůŰɘɠ ŮɔəŬŰŬůŰɎůŮɘɠ Űɞɡ ȺūȺ ůŮ ɏɜŬ 

əɎɗŮŰɞ ůŰŬɗɛɧ ɓɎůɖɠ (vertical probe station). ȺɝŬɘŰɑŬɠ ɛɘŬ ŮˊɑůŰɟɤůɖɠ ˊɞɚɡɛŮɟɘəɞɨ 

ɡɚɘəɞɨ ˊɎɜɤ Ŭˊɧ Űɖɜ ˊɚŮɘɞɣɖűɑŬ Űɤɜ ŭɞɛɩɜ, ŭŮɜ ɐŰŬɜ ŭɡɜŬŰɐ ɖ ɛɏŰɟɖůɖ Űɞɡɠ. 

ɄŬɟŬəɎŰɤ ˊŬɟɞɡůɘɎɕŮŰŬɘ ɛɘŬ ůɡɜɎɟŰɖůɖ ɛŮŰŬűɞɟɎɠ Ůɜɧɠ Mach-Zehnder ɔɨɟɤ Ŭˊɧ 

Űɖɜ ˊŮɟɘɞɢɐ Űɤɜ 1550 nm. ũɘŬ Űɖ ɛɏŰɟɖůɖ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɛɞɜɧŰɟɞˊɖ ɑɜŬ, ɛɘŬ ˊɖɔɐ 

laser ůŰŬ 1550 nm ɛŮ ŭɡɜŬŰɧŰɖŰŬ ɟɨɗɛɘůɖɠ Űɞɡ əŮɜŰɟɘəɞɨ ɛɐəɞɡɠ əɨɛŬŰɞɠ 

ɚŮɘŰɞɡɟɔɑŬɠ əŬɘ ɏɜŬ ɞˊŰɘəɧɠ ŬɜŬɚɡŰɐɠ űɎůɛŬŰɞɠ (Optical Spectrum Analyzer- OSA). 

ȼ ůɡɜɎɟŰɖůɖ ɛŮŰŬűɞɟɎɠ Űɞɡ ůɡɛɓɞɚɞɛɏŰɟɞɡ əŬɜɞɜɘəɞˊɞɘɐɗɖəŮ Ŭűɞɨ ɚɐűɗɖəŬɜ 

ɡɧ́ɣɖ ɞɘ ŬˊɩɚŮɘŮɠ əɡɛŬŰɞŭɐɔɖůɖɠ. 
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ȾŮűɎɚŬɘɞ 4  

ɄŮɘɟŬɛŬŰɘəɐ ɀŮɚɏŰɖ ȹɞɛɩɜ VCSELs 

ɀŮɔɎɚɞɡ Ⱥɨɟɞɡɠ Ȼɩɜɖɠ ůŰŬ 1550 nm 

4.1 ȺɘůŬɔɤɔɐ 

ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ŮˊɘɚŮɢɗɞɨɜ ŰŬ əŬŰɎɚɚɖɚŬ VCSELs ˊɞɡ ɗŬ ɢɟɖůɘɛɞˊɞɘɞɨŰŬɜ ůŰɞɜ 

ɔɟɐɔɞɟɞ ˊɞɛˊɞŭɏəŰɖ, ŮɝŮŰɎůŰɖəŬɜ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ŭɘŬűɞɟŮŰɘəɩɜ ŭɞɛɩɜ 

ŬɜŬɚɡŰɘəɎ ůŮ ɛɘŬ ɓɖɛŬŰɘəɞɨ Űɨˊɞɡ ˊɟɞůɏɔɔɘůɖ. ɄŬɟŬəɎŰɤ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŰŬ 

ˊŮɘɟŬɛŬŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ Ŭˊɧ Űɖ ŭɞəɘɛɐ ɛɘŬɠ ůŮɘɟɎɠ ŭɞɛɩɜ ˊɞɡ əŬŰŬůəŮɡɎůŰɖəŬɜ 

ůŰɞ Technical University of Munich (TUM). 

4.2 ɆŰŬŰɘəɧɠ ɢŬɟŬəŰɖɟɘůɛɧɠ ˊɟɩŰɖɠ ɔŮɜɘɎɠ VCSELs ˊɎɜɤ ůŮ 

ˊɚŬəɑŭɘɞ  

ɇɞ ˊɟɩŰɞ ˊɚŬəɑŭɘɞ ɛŮ VCSELs ˊɞɡ əŬŰŬůəŮɡɎůŰɖəŮ ůŰɞ TUM [4.1] ɛŮŰɟɐɗɖəŮ ůŰɞ 

ȺūȺ ɛŮ ůŰŬŰɘəɧ Űɟɧˊɞ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɏɜŬ ůŰŬɗɛɧ ɓɎůɖɠ əɎɗŮŰɖɠ ɕŮɨɝɖɠ (vertical-

coupling probe station). ɇɞ ˊɚŬəɑŭɘɞ ˊŮɟɘŮɑɢŮ ŭɘɎűɞɟŮɠ ŭɞɛɏɠ ɛŮ ŭɘŬəɨɛŬɜůɖ ůŰɞ BTJ 

ɞɘ ɞˊɞɑŮɠ ŮˊɘɢŮɘɟɐɗɖəŮ ɜŬ ɢŬɟŬəŰɖɟɘůŰɞɨɜ. ȷɟəŮŰɏɠ Ŭˊɧ ŬɡŰɏɠ ŭŮɜ ɚŮɘŰɞɡɟɔɞɨůŬɜ 

əŬɘ ɧůŮɠ ɛŮŰɟɐɗɖəŬɜ ŮˊɏŭŮɘɝŬɜ ˊŬɟɧɛɞɘŬ ůɡɛˊŮɟɘűɞɟɎ ɞˊɧŰŮ ˊŬɟŬəɎŰɤ 

ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Ŭˊɧ Űɞ ɏɓŭɞɛɞ VCSEL ɛŮ Űɘɛɐ BTJ 5 ɛm Űɞ ɞˊɞɑɞ 

ŮˊɘůɖɛŬɑɜŮŰŬɘ ůŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ.  

 

ȺɘəɧɜŬ 71: (Ŭ) ȺɘəɧɜŬ ɛɘəɟɞůəɞˊɑɞɡ Ŭˊɧ ŰŬ VCSELs Űɞɡ ˊɟɩŰɞɡ ˊɚŬəɘŭɑɞɡ ˊɞɡ əŬŰŬůəŮɡɎůŰɖəŬɜ 

ůŰɞ TUM əŬɘ (ɓ) ɖ ɛɎůəŬ Űɞɡ ˊɚŬəɘŭɑɞɡ ɀ5262-1 ɛŮ ŮˊɘůɖɛŬůɛɏɜɞ Űɞ ɛŮŰɟɖɛɏɜɞ VCSEL 

ɇɞ ˊŬɟŬəɎŰɤ ŭɘɎɔɟŬɛɛŬ ŬˊɞŰɡˊɩɜŮɘ Űɖɜ LIV  ɢŬɟŬəŰɖɟɘůŰɘəɐ əŬɛˊɨɚɖ Űɞɡ 

ɛŮŰɟɞɨɛŮɜɞɡ VCSEL [4.2] ɖ ɞˊɞɑŬ Ůɚɐűɗɖ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ dc ɖɚŮəŰɟɘəɞɨɠ 

ŬəɟɞŭɏəŰŮɠ (dc electrical probe tips) ŰŬ ɞˊɞɑŬ ɐŰŬɜ ůɡɜŭŮŭŮɛɏɜŬ ɛŮ ɛɘŬ ˊɖɔɐ 

ɟŮɨɛŬŰɞɠ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŰɟɞűɞŭɞŰŮɑŰŬɘ ɖ ŭɞɛɐ, ɧˊɤɠ Ůˊɑůɖɠ əŬɘ ɏɜŬɜ ŬɜɘɢɜŮɡŰɐ 

ɛŮɔɎɚɖɠ ˊŮɟɘɞɢɐɠ (large area detector) ɔɘŬ Űɖ ɛɏŰɟɖůɖ Űɖɠ ɞˊŰɘəɐɠ ɘůɢɨɞɠ Ůɝɧŭɞɡ. ȼ 

ɛˊɚŮ ɔɟŬɛɛɐ ŬɜŰɘůŰɞɘɢŮɑ ůŰɖɜ ɘůɢɨ Ůɝɧŭɞɡ (ŬɟɘůŰŮɟɎ əŬŰŬəɧɟɡűɞɠ ɎɝɞɜŬɠ) Ůɜɩ ɖ 

əɧəəɘɜɖ ŬɜŰɘůŰɞɘɢŮɑ ůŰɖɜ ŰɎůɖ (ŭŮɝɘɎ əŬŰŬəɧɟɡűɞɠ ɎɝɞɜŬɠ). ȾŬɘ ɞɘ ŭɡɞ Űɘɛɏɠ 

ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ɔɟŬűɘəɎ ɤɠ ůɡɜɎɟŰɖůɖ Űɞɡ ŮɔɢŮɧɛŮɜɞɡ ɟŮɨɛŬŰɞɠ. 
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ȺɘəɧɜŬ 72: LIV  ɢŬɟŬəŰɖɟɘůŰɘəɐ əŬɛˊɨɚɖ Űɞɡ ɛŮŰɟɞɨɛŮɜɞɡ VCSEL, ɞˊŰɘəɐ ɘůɢɨɠ Ůɝɧŭɞɡ (ɛˊɚŮ 

ɔɟŬɛɛɐ)əŬɘ ŰɎůɖ (əɧəəɘɜɖ ɔɟŬɛɛɐ) ɤɠ ůɡɜɎɟŰɖůɖ Űɞɡ ŮɔɢŮɧɛŮɜɞɡ ɟŮɨɛŬŰɞɠ. 

ɀˊɞɟŮɑ ɜŬ ˊŬɟŬŰɖɟɖɗŮɑ ɧŰɘ Űɞ ɟŮɨɛŬ əŬŰɤűɚɘɞɨ Űɖɠ ŭɞɛɐɠ ŮɑɜŬɘ Űɖɠ ŰɎɝɖɠ Űɤɜ 2 mA 

Ůɜɩ Űɞ ɟŮɨɛŬ roll-over ŮɑɜŬɘ əɞɜŰɎ ůŰŬ 9.6 mA. ȼ ɛɏɔɘůŰɖ ɘůɢɨɠ, ɖ ɞˊɞɑŬ ŮəŰɘɛɐɗɖəŮ 

ůŰɞ roll-over ɟŮɨɛŬ, ɛŮŰɟɐɗɖəŮ ɚɑɔɞ ˊɎɜɤ Ŭˊɧ 3.5 mW. 

 

ȺɘəɧɜŬ 73: ȺɝɎɟŰɖůɖ Űɞɡ əŮɜŰɟɘəɞɨ ɛɐəɞɡɠ əɨɛŬŰɞɠ Ŭˊˊɧ (Ŭ) Űɖ ɗŮɟɛɞəɟŬůɑŬ ɚŮɘŰɞɡɟɔɑŬɠ əŬɘ (ɓ) Űɞ 

ŮɔɢŮɧɛŮɜɞ ɟŮɨɛŬ 

ȼ űŬůɛŬŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ VCSEL Ůˊɑůɖɠ ɛŮŰɟɐɗɖəŮ. ũɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ ɞ 

ŬɜɘɢɜŮɡŰɐɠ ɛŮɔɎɚɖɠ ˊŮɟɘɞɢɐɠ (large area detector) ŬɜŰɘəŬŰŬůŰɎɗɖəŮ Ŭˊɧ lensed 

ɞˊŰɘəɐ ɑɜŬ ɛŮ ŭɘɎɛŮŰɟɞ (spot diameter) 5 ɛm əŬɘ ŬˊɧůŰŬůɖ ɚŮɘŰɞɡɟɔɑŬɠ (working 

distance, ɓɏɚŰɘůŰɖ ŬˊɧůŰŬůɖ ɛŮŰŬɝɨ Űɖɠ ɑɜŬɠ əŬɘ Űɖɠ ŭɞɛɐɠ ˊɞɡ ŭɞəɘɛɎɕŮŰŬɘ 

ˊɟɞəŮɘɛɏɜɞɡ ɜŬ əɡɛŬŰɞŭɖɔɖɗŮɑ ɖ ɛɏɔɘůŰɖ ɘůɢɨɠ ůŰɞ ŮůɤŰŮɟɘəɧ Űɖɠ) ůŰŬ 26 ɛm [4.3]. 

ɆŰɖɜ ȺɘəɧɜŬ 73Ŭ ŬˊɞŰɡˊɩɜŮŰŬɘ ɖ ɛŮŰŬŰɧˊɘůɖ Űɞɡ ɛɐəɞɡɠ əɨɛŬŰɞɠ Űɖɠ ŭɞɛɐɠ ɤɠ 

ůɡɜɎɟŰɖůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ɚŮɘŰɞɡɟɔɑŬɠ ůŰɞ Ůɨɟɞɠ Űɤɜ 17 ɏɤɠ 30 oC. ȼ ɟɨɗɛɘůɖ 

Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬŰɏůŰɖ ŮűɘəŰɐ ɛŮ Űɖ ɟɨɗɛɘůɖ Űɞɡ ŮɚŮɔəŰɐ ɗŮɟɛɞəɟŬůɑŬɠ Űɖɠ 

ɓɎůɖɠ əŮɜɞɨ (vacuum chuck) ˊɎɜɤ ůŰɖɜ ɞˊɞɑŬ ŰɞˊɞɗŮŰɐɗɖəŮ Űɞ ˊɚŬəɑŭɘɞ ůŰɞ 

ůŰŬɗɛɧ ɓɎůɖɠ. ȼ əɚɑůɖ Űɖɠ ůɡɜɎɟŰɖůɖɠ ɖ ɞˊɞɑŬ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɤɠ ɔɟŬɛɛɘəɐ 

ˊɟɞůɏɔɔɘůɖ (linear fit ), ŬˊɞəŬɚɨˊŰŮɘ ɧŰɘ Űɞ ɛɐəɞɠ əɨɛŬŰɞɠ Ůəˊɞɛˊɐɠ ɛŮŰŬŰɞˊɑɕŮŰŬɘ 

əŬŰɎ 85 pm/oC. ȼ ȺɘəɧɜŬ 73ɓ ŭŮɑɢɜŮɘ Űɖɜ ŮɝɎɟŰɖůɖ Űɞɡ əŮɜŰɟɘəɞɨ ɛɐəɞɡɠ əɨɛŬŰɞɠ 
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Ŭˊɧ Űɞ ŮɔɢŮɧɛŮɜɞ ɟŮɨɛŬ. ȰŰůɘ, ɓɚɏˊɞɡɛŮ ɧŰɘ Űɞ ɛɐəɞɠ əɨɛŬŰɞɠ Űɞɡ VCSEL 

ɛŮŰŬŰɞˊɑɕŮŰŬɘ əŬŰɎ 5 nm ɧŰŬɜ Űɞ ŮɔɢŮɧɛŮɜɞ ɟŮɨɛŬ ɛŮŰŬɓɎɚɚŮŰŬɘ Ŭˊɧ Űɞ ɟŮɨɛŬ 

əŬŰɤűɚɑɞɡ ůŰɞ roll-over ɟŮɨɛŬ.  

 

ȺɘəɧɜŬ 74: ȾŬɜɞɜɘəɞˊɞɘɖɛɏɜɞ űɎůɛŬ Ůəˊɞɛˊɐɠ Űɞɡ VCSEL ɧŰŬɜ ɖ ɑɜŬ ŮɑɜŬɘ ŰɞˊɞɗŮŰɖɛɏɜɖ (Ŭ) ůŰɖɜ 

ˊŮɟɘɞɢɐ ɚŮɘŰɞɡɟɔɑŬɠ əŬɘ (ɓ) ɧŰŬɜ ŮɑɜŬɘ ŬˊɞɛŬəɟɡůɛɏɜɖ Ŭˊɧ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ VCSEL. 

ȼ ˊŬɟŬˊɎɜɤ ŮɘəɧɜŬ ŬˊɞŰɡˊɩɜŮɘ Űɞ əŬɜɞɜɘəɞˊɞɘɖɛɏɜɞ űɎůɛŬ Ůəˊɞɛˊɐɠ Űɞɡ VCSEL 

ɛŮ Űɘɛɐ BTJ ɑůɖ ɛŮ 5 ɛm ůŮ ŭɡɞ ˊŮɟɘˊŰɩůŮɘɠ: (Ŭ) ɧŰŬɜ ɖ lensed ɑɜŬ ŮɑɜŬɘ 

ŰɞˊɞɗŮŰɖɛɏɜɖ ůŰɖɜ ŬˊɧůŰŬůɖ ɚŮɘŰɞɡɟɔɑŬɠ əŬɘ (ɓ) ɧŰŬɜ ŮɑɜŬɘ əŬŰŬəɧɟɡűŬ 

ŮəŰɞˊɘůɛɏɜɖ Ŭˊɧ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ VCSEL. ȺɑɜŬɘ ŮɛűŬɜɏɠ ɧŰɘ ůŰɖɜ ˊɟɩŰɖ 

ˊŮɟɑˊŰɤůɖ ɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ VCSEL ŮˊɖɟŮɎɕŮŰŬɘ ůɖɛŬɜŰɘəɎ Ŭˊɧ Űɞ űɤɠ Űɞ ɞˊɞɑɞ 

ŬɜŬəɚɎŰŬɘ Ŭˊɧ Űɖɜ Ɏəɟɖ Űɖɠ ɑɜŬɠ ˊɑůɤ ůŰɖɜ əɞɘɚɧŰɖŰŬ, ɞŭɖɔɩɜŰŬɠ ůŮ ˊɚŮɡɟɘəɞɨɠ 

ɟɡɗɛɞɨɠ (sidemodes) [4.4] əŬɘ ɛŮŰŬˊɐŭɖůɖ ɟɡɗɛɞɨ (mode hopping) [4.5], [4.6]. ȷɡŰɧ 

Űɞ űŬɘɜɧɛŮɜɞ ŮɚŬŰŰɩɜŮŰŬɘ (ůŮ ɓɎɟɞɠ Űɤɜ ŬˊɤɚŮɘɩɜ ůɨɕŮɡɝɖɠ) ɧŰŬɜ ɖ ɑɜŬ ŰɟŬɓɘɏŰŬɘ 

ˊɘɞ ɛŬəɟɘɎ Ŭˊɧ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɖɠ ŭɞɛɐɠ. 

4.3 ɆɡůŰɎŭŮɠ VCSELs ˊɟɩŰɖɠ ɔŮɜɘɎɠ  

4.3.1 ȷɟɢɘŰŮəŰɞɜɘəɐ Űɤɜ ůɡůŰɎŭɤɜ VCSELs ˊɟɩŰɖɠ ɔŮɜɘɎɠ 

ɇɞ TUM ŬɜɏˊŰɡɝŮ ŭɡɞ ŭɘŬűɞɟŮŰɘəɞɨ Űɨˊɞɡ ůɡůŰɎŭŮɠ Ŭˊɧ ɛɞɜɞɚɘɗɘəɎ VCSELs Űɖɠ 

ɛɞɟűɐɠ 2x2 əŬɘ 1x4 ŰŬ ɞˊɞɑŬ ɏɢɞɡɜ ŬɟəŮŰɎ ˊɚŮɞɜŮəŰɐɛŬŰŬ ɞɨŰɤɠ ɩůŰŮ ɜŬ 

ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ɤɠ ɞˊŰɘəɏɠ ˊɖɔɏɠ, ŬɜŬűɞɟɘəɎ: ɢŬɛɖɚɧ əɧůŰɞɠ, ɢŬɛɖɚɐ əŬŰŬɜɎɚɤůɖ 

ɘůɢɨɞɠ əŬɘ ɡɣɖɚɧ Ůɨɟɞɠ ɕɩɜɖɠ ŭɘŬɛɧɟűɤůɖɠ (high modulation bandwidth) 

ɛŮɔŬɚɨŰŮɟɞ Ŭˊɧ 15 GHz [4.7]. ũɘŬ ɜŬ ŮɑɜŬɘ ŭɡɜŬŰɐ ɖ ŮɜůɤɛɎŰɤůɖ Űɤɜ VCSELs ůŰɖɜ 

ůɡɔəŮəɟɘɛɏɜɖ SOI ˊɚŬŰűɧɟɛŬ, ɞɘ ůɡůŰɞɘɢɑŮɠ ůɢŮŭɘɎůŰɖəŬɜ əŬɘ ɓŮɚŰɘůŰɞˊɞɘɐɗɖəŬɜ 

ɔɘŬ ŬɜŮůŰɟŬɛɛɏɜɖ ůɡɔəɧɚɚɖůɖ (flip-chip bonding) ɧˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɖɜ ˊŬɟŬəɎŰɤ 

ŮɘəɧɜŬ [4.8]. Ⱥˊɘˊɚɏɞɜ, ɡɚɞˊɞɘɐɗɖəŬɜ ŮˊɘűɎɜŮɘŮɠ ŮˊŬűɐɠ ɛŮ ɖɚŮəŰɟɧɚɡůɖ 

(electroplated contact pads) Űɤɜ ɞˊɞɑɤɜ Űɞ ɨɣɞɠ ɐŰŬɜ 300 nm ɢŬɛɖɚɧŰŮɟɞ Ŭˊɧ ŬɡŰɧ 

Űɞɡ əŬɗɟɏˊŰɖ. ȷɡŰɏɠ ɞɘ ŮˊɘűɎɜŮɘŮɠ ŮˊŬűɐɠ ˊɞɡ ɚŮɘŰɞɡɟɔɞɨɜ əŬɘ ɤɠ ɛɏůŬ ɣɨɝɖɠ (heat 

sink), ˊɟɞůŰŬŰŮɨɞɡɜ Űɞɜ ŭɘɖɚŮəŰɟɘəɧ ˊɎɜɤ əŬɗɟɏˊŰɖ əŬɘ ˊŬɟɏɢɞɡɜ ŬɜɗŮəŰɘəɧŰɖŰŬ 

ɞɨŰɤɠ ɩůŰŮ ɜŬ ɡˊɞŭŮɢɗɞɨɜ Űɞɡɠ ɖɚŮəŰɟɘəɞɨɠ ŬəɟɞŭɏəŰŮɠ (probe tips) ˊɞɡ ɗŬ 

ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ůŰɞɜ ɢŬɟŬəŰɖɟɘůɛɧ.  

ũɘŬ Űɖ ůɨɜŭŮůɖ Űɤɜ ůɡůŰɞɘɢɘɩɜ VCSELs ɛŮ Űɖɜ ˊɚŬŰűɧɟɛŬ SOI ŮɟŮɡɜɐɗɖəŬɜ 

ŭɘɎűɞɟŮɠ ŭɡɜŬŰɧŰɖŰŮɠ. ɋůŰɧůɞ, ɖ ɡɣɖɚɐ ɗŮɟɛɞəɟŬůɑŬ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ ŬɡŰɏɠ Űɘɠ 

ŭɘŮɟɔŬůɑŮɠ (> 100 ÁC) ɛˊɞɟŮɑ ɜŬ ɗɏůŮɘ ůŮ əɑɜŭɡɜɞ ŬɜŮˊŬɜɧɟɗɤŰŬ Űɖɜ ɖɚŮəŰɟɘəɐ əŬɘ 
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ɞˊŰɘəɐ Ŭˊɧŭɞůɖ Űɤɜ ůɡůəŮɡɩɜ. ɆŰɞ ȺɘəɧɜŬ 75 ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ 

ɘůɢɨɞɠ-ɟŮɨɛŬŰɞɠ-ŰɎůɖɠ Ůɜɧɠ VCSEL ˊɟɘɜ əŬɘ ɛŮŰɎ Ŭˊɧ 10 ɚŮˊŰɎ ŬɜɧˊŰɖůɖɠ 

(annealing) ůŰɞɡɠ 180 Á C, 240 Á C əŬɘ 300 Á C ůŮ ŬŰɛɧůűŬɘɟŬ ŬɏɟŬ. ȷɡŰɧ Űɞ 

ɔɟɎűɖɛŬ ŭŮɑɢɜŮɘ ɧŰɘ ɖ ɛɏɔɘůŰɖ ɘůɢɨɠ Ůɝɧŭɞɡ Űɞɡ VCSEL ɛŮɘɩɜŮŰŬɘ əŬŰɎ ůɢŮŭɧɜ 3 dB 

ɛŮŰɎ Űɖɜ ŬɜɧˊŰɖůɖ 300 Á C əŬɘ ɡˊɞŭŮɘəɜɨŮɘ ɧŰɘ ɖ ɛɏɔɘůŰɖ ɗŮɟɛɞəɟŬůɑŬ ůɨɜŭŮůɖɠ ŭŮɜ 

ˊɟɏˊŮɘ ɜŬ ɡˊŮɟɓŬɑɜŮɘ Űɞɡɠ 200 ° C.   

 

ȺɘəɧɜŬ 75: (a) ȺɘəɧɜŬ Ŭˊɧ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ Ůɜɧɠ Ŭˊɧ ŰŬ ɛŮŰɟɞɨɛŮɜŬ VCSELs, (ɓ) ůɢɖɛŬŰɘəɧ Űɖɠ 

ŭɘŬŰɞɛɐɠ Űɤɜ VCSELs əŬɘ (ɔ) L-I-V ɢŬɟŬəŰɖɟɘůŰɘəɐ Ůɜɧɠ VCSEL ɛŮŰɎ Ŭˊɧ ŬɜɧˊŰɖůɖ 10 ɚŮˊŰɩɜ 

ůŰɞɡɠ 180 Á C, 240 Á C əŬɘ 300 Á C ůŮ ŬŰɛɧůűŬɘɟŬ ŬɏɟŬ. 

ɇɞ ɛɏɔŮɗɞɠ əŬɘ ɖ ŬɟɢɘŰŮəŰɞɜɘəɐ Űɤɜ ɖɚŮəŰɟɘəɩɜ ŮˊŬűɩɜ ŬˊɞŰɡˊɩɜŮŰŬɘ Űɖɜ 

ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ ɔɘŬ ŭɘŬŰɎɝŮɘɠ Ůɜɧɠ ɛɞɜɞɨ VCSEL ŬɚɚɎ əŬɘ 2x2 əŬɘ 1x4 

ůɡůŰɞɘɢɘɩɜ. ũɘŬ ɚɧɔɞɡɠ ůɨɔəɟɘůɖɠ, ɛɘŬ ŮɘəɧɜŬ ɞˊŰɘəɞɨ ɛɘəɟɞůəɞˊɑɞɡ Űɖɠ ůɡůŰɞɘɢɑŬɠ 

VCSEL 1x4 ůŰɞɘɢŮɑɤɜ ˊŬɟɞɡůɘɎɕŮŰŬɘ Ůˊɑůɖɠ ůŰɞ ɑŭɘɞ ůɢɐɛŬ. ȼ ˊŬɟŬˊɎɜɤ ɔŮɤɛŮŰɟɑŬ 

ɏɢŮɘ ŮˊɘɚŮɔŮɑ ɤɠ ɞ əŬɚɨŰŮɟɞɠ ůɡɛɓɘɓŬůɛɧɠ ɛŮŰŬɝɨ ɡɣɖɚɐɠ Ŭˊɧŭɞůɖɠ əŬɘ ůɡɛˊŬɔɞɨɠ 

ɛŮɔɏɗɞɡɠ ɞɨŰɤɠ ɩůŰŮ ɜŬ ɛˊɞɟŮɑ Űɞ VCSEL ɜŬ ŮɜůɤɛŬŰɤɗŮɑ ůŰɖɜ SOI ˊɚŬŰűɧɟɛŬ. Ƀɘ 

ɛŮɔɎɚŮɠ p- ŮˊɘűɎɜŮɘŮɠ ŮˊŬűɐɠ (p- contact pads) ɢɟɖůɘɛŮɨɞɡɜ ɤɠ ŮɜůɤɛŬŰɤɛɏɜɖ 

ɣɨɝɖ- ŭɘŬűɡɔɐ ɗŮɟɛɧŰɖŰŬɠ Ŭˊɧ Űɖɜ ˊɚŬŰűɧɟɛŬ əŬɘ Ůˊɑůɖɠ ŬɡɝɎɜɞɡɜ Űɖɜ Ŭɜɞɢɐ ůŰŬ 

ůűɎɚɛŬŰŬ əɞˊɐɠ əŬɘ ůɡɔəɧɚɚɖůɖɠ. ɋůŰɧůɞ, ɖ ˊŬɟŬůɘŰɘəɐ ɢɤɟɖŰɘəɧŰɖŰŬ (parasitic 

capacitance) ɛŮŰŬɝɨ Űɤɜ ŭɡɞ ŮˊɘűŬɜŮɘɩɜ ŮˊŬűɐɠ ŬɡɝɎɜŮɘ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɞɡ ɢɩɟɞɡ 

Űɖɠ n- ŮˊɘűɎɜŮɘŬɠ [4.9]. ũɘŬ ŬɡŰɧ Űɞ ɚɧɔɞ ŮɑɜŬɘ ŬɜŬɔəŬɑŬ ɖ ŮɝŮɨɟŮůɖ Ůɜɧɠ 

ůɡɛɓɘɓŬůɛɞɨ ɛŮŰŬɝɨ Űɖɠ ˊŬɟŬůɘŰɘəɐɠ ɢɤɟɖŰɘəɧŰɖŰŬɠ əŬɘ Űɞɡ ɛŮɔɏɗɞɡɠ (ɎɟŬ əŬɘ Űɖɠ 

ŭɡɜŬŰɧŰɖŰŬɠ on-chip ůɡɜŭɏůŮɤɜ). ȼ ɖɚŮəŰɟɘəɎ ŮˊɘɛŮŰŬɚɚɤɛɏɜɖ (electroplated) 

ˊŮɟɘɞɢɐ Űɤɜ ŮˊɘűŬɜŮɘɩɜ ɖ-ŮˊŬűɐɠ ŮˊɘɚɏɢɗɖəŮ ɜŬ ŮɑɜŬɘ 80 ɛm x 45 ɛm Ůɜɩ ɖ 

ɖɚŮəŰɟɘəɎ ŮˊɘɛŮŰŬɚɚɤɛɏɜɖ ˊŮɟɘɞɢɐ ŮˊŬűɐɠ -p ɔŮɛɑɕŮɘ ŰŬ əŮɜɎ ɛŮŰŬɝɨ ɔŮɘŰɞɜɘəɩɜ 

VCSELs. 

 

ȺɘəɧɜŬ 76: ɆɢɖɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ ɛŮ ŭɘŬůŰɎůŮɘɠ ɔɘŬ (Ŭ) ɏɜŬ ɛɞɜɧ VCSEL, (ɓ) ɛɘŬ 2x2 ůɡůŰɞɘɢɑŬ əŬɘ 

(c) ɛɘŬ 1x4 ůɡůŰɞɘɢɑŬ. (ŭ) ȺɘəɧɜŬ ɛɘŬɠ 1x4 ůɡůŰɞɘɢɑŬɠ Ŭˊɧ ɞˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ. 
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4.3.2 ɀɏɗɞŭɞɠ əɞˊɐɠ Űɤɜ ůɡůŰɎŭɤɜ VCSELs ˊɟɩŰɖɠ ɔŮɜɘɎɠ 

ȼ ɛɏɗɞŭɞɠ əɞˊɐɠ ɛŮ laser (laser dicing) ɐŰŬɜ ŬɡŰɐ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɖɜ 

ŮˊŮɝŮɟɔŬůɑŬ Űɤɜ VCSELs ɔɘŬ ɛɘŬ ůŮɘɟɎ Ŭˊɧ ɚɧɔɞɡɠ. ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ɓɟŮɗŮɑ ɖ 

ɓɏɚŰɘůŰɖ ŭɘŬŭɘəŬůɑŬ əɞˊɐɠ ɛŮ laser ˊŬɟɧɚŬ ŬɡŰɎ ŭɞəɘɛɎůŰɖəŬɜ ŭɡɞ ŭɘŬűɞɟŮŰɘəɏɠ 

ɛɏɗɞŭɞɘ ɛŮ Űɖ ɢɟɐůɖ Űɧůɞ Ůɜɧɠ picosecond (ůŮ ɛɐəɞɠ əɨɛŬŰɞɠ ɚŮɘŰɞɡɟɔɑŬɠ 355 nm 

əŬɘ ˊɚɎŰɞɠ ˊŬɚɛɞɨ 12 ps) [4.10] ɧůɞ əŬɘ Ůɜɧɠ femtosecond (ůŮ ɛɐəɞɠ əɨɛŬŰɞɠ 

ɚŮɘŰɞɡɟɔɑŬɠ 1030 nm əŬɘ ˊɚɎŰɞɠ ˊŬɚɛɞɨ 273 fs) laser [4.11]. ȾŬɘ ɞɘ ŭɡɞ ˊɟɞůŮɔɔɑůŮɘɠ 

ɏɢɞɡɜ ɗŮŰɘəɎ əŬɘ ŬɟɜɖŰɘəɎ ůŰɞɘɢŮɑŬ ɧˊɤɠ űɎɜɖəŮ əŬɘ Ŭˊɧ Űɘɠ ŭɞəɘɛɏɠ. ɇɞ 

femtosecond laser ŮˊɖɟŮɎɕŮŰŬɘ ɚɘɔɧŰŮɟɞ Ŭˊɧ Űɖ ɗŮɟɛɧŰɖŰŬ əŬɘ ŭɘŬɗɏŰŮɘ ɛɘəɟɧŰŮɟɖ 

ŭɘɎɛŮŰɟɞ ŭɏůɛɖɠ (beam spot-size) əɎŰɘ Űɞ ɞˊɞɑɞ ɓɞɖɗɎŮɘ ůŰɖ ŬəɟɑɓŮɘŬ Űɖɠ 

ŭɘŬŭɘəŬůɑŬɠ əɞˊɐɠ. ɄŬɟɧɚŬ ŬɡŰɎ, ɔɘŬ Űɖɜ ŬŭɘɎɚŮɘˊŰɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ əŬŰɎ Űɖ 

ŭɘɎɟəŮɘŬ Űɖɠ Ŭˊɞəɞˊɐɠ, ŮɑɜŬɘ ŬɜŬɔəŬɑŬ ɖ ɢɟɐůɖ Ůɜɧɠ Ŭəɟɞűɡůɑɞɡ əɞˊɐɠ (ɔɘŬ ɜŬ 

ŮˊɘŰɟɏˊŮɘ Űɖɜ ɘůɢɡɟɐ ɟɞɐ Űɞɡ ŬɏɟŬ) ɔɘŬ ɜŬ ŬˊɞŰɟɏˊŮɘ ɛɘŬ ˊɘɗŬɜɐ ɛɧɚɡɜůɖ Űɞɡ 

ŬɜŰɘəŮɘɛŮɜɘəɞɨ űŬəɞɨ Ŭˊɧ ɟɘɜɑůɛŬŰŬ ˊɞɡ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɖɜ əɞˊɐ. ȺˊŮɘŭɐ ɖ ɢɟɐůɖ 

Űɞɡ Ŭəɟɞűɡůɑɞɡ ŬɡŰɞɨ ŭŮɜ ɐŰŬɜ ŮűɘəŰɐ, ˊɟɞəɟɑɗɖəŮ ɖ ɚɨůɖ Űɞɡ picosecond laser ɖ 

ɞˊɞɑŬ əŬɘ ŮɟŮɡɜɐɗɖəŮ ůŮ ɓɎɗɞɠ ɞɨŰɤɠ ɩůŰŮ ɜŬ ɓŮɚŰɘůŰɞˊɞɘɖɗŮɑ ɖ ŭɘŬŭɘəŬůɑŬ. 

ɇɟŮɘɠ ŭɘŬűɞɟŮŰɘəɏɠ ɛɏɗɞŭɞɘ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɔɘŬ Űɖɜ ŮɝŮɨɟŮůɖ Űɖɠ  ɘŭŬɜɘəɧŰŮɟɖɠ 

ɚɨůɖɠ əŬɘ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ˊŬɟŬəɎŰɤ: 

¶ ɆŰɖɜ ˊɟɩŰɖ ˊɟɞůɏɔɔɘůɖ, ŰŬ VCSELs ŰɞˊɞɗŮŰɐɗɖəŬɜ ˊɎɜɤ ůŮ ɏɜŬ ɔɡɎɚɘɜɞ 

ɡˊɧůŰɟɤɛŬ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɏɜŬ ɚŮˊŰɧ űɘɚɛ əŮɟɘɞɨ ɢŬɛɖɚɐɠ ɗŮɟɛɞəɟŬůɑŬɠ 

(70 oC ůɖɛŮɑɞ Űɐɝɖɠ). ɇɞ ɔɡɎɚɘɜɞ ɡˊɧůŰɟɤɛŬ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɞɨŰɤɠ ɩůŰŮ 

ɜŬ ŮɑɜŬɘ ˊɘɞ Ůɨəɞɚɖ ɖ ŮˊɘɗŮɩɟɖůɖ Űɤɜ ŭɞɛɩɜ. ũɘŬ ɜŬ ˊɟɞůŰŬŰŮɡɗŮɑ ɖ ŮɜŮɟɔɧɠ 

ˊŮɟɘɞɢɐ Űɤɜ VCSELs ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɏɜŬ ɚŮˊŰɧ ůŰɟɩɛŬ PVA (polyvinyl 

alcohol) ůŰɖɜ əɞɟɡűɐ Űɞɡ ŭɘůəɑɞɡ (wafer) əɎɜɞɜŰŬɠ ɢɟɐůɖ Űɖɠ ŰŮɢɜɘəɐɠ 

ŮˊɑůŰɟɤůɖɠ ˊŮɟɘůŰɟɞűɐɠ (spin coating) [4.12]. ɀŮŰɎ Ŭˊɧ Űɖɜ Ŭˊɞəɞˊɐ Űɤɜ 

ůɡůŰɞɘɢɘɩɜ VCSEL (1x4 əŬɘ 2x2) ɖ ŮˊɑůŰɟɤůɖ PVA ˊɚɨɗɖəŮ ůŮ ɜŮɟɧ əŬɘ 

ɏˊŮɘŰŬ Űɞ ŭɘůəɑɞ ŬˊŮɚŮɡɗŮɟɩɗɖəŮ Ŭˊɧ Űɞɜ űɞɟɏŬ Ŭűɞɨ ŬˊɞůɡɜŰɏɗɖəŮ Űɞ əŮɟɑ 

ůŮ ɏɜŬ ŭɘɎɚɡɛŬ ŮůŰɏɟŬ. ɇɏɚɞɠ, ŰŬ ŬˊɞəɞɛɛɏɜŬ ŭŮɑɔɛŬŰŬ ˊɚɨɗɖəŬɜ ůŮ 

ŬəŮŰɧɜɖ, IPA (ɘůɞˊɟɞˊɡɚɘəɐ Ŭɚəɞɧɚɖ) əŬɘ ŬˊɞůŰŬɔɛɏɜɞ ɜŮɟɧ ɔɘŬ 3 ɚŮˊŰɎ.  

¶ ɀŮ Űɖɜ ˊŬɟŬˊɎɜɤ ˊɟɞůɏɔɔɘůɖ ɡˊɐɟɢŮ ɞ əɑɜŭɡɜɞɠ ɛɧɚɡɜůɖɠ/ əŬŰŬůŰɟɞűɐɠ 

Űɖɠ ŮɜŮɟɔɞɨ ˊŮɟɘɞɢɐɠ əŬɘ Űɖɠ ŮˊɘəɎɚɡɣɖɠ Űɞɡ əŬɗɟɏˊŰɖ Űɞɡ VCSEL. ũɘô ŬɡŰɧ 

Űɞ ɚɧɔɞ ůŰɖɜ ŭŮɨŰŮɟɖ ɛɏɗɞŭɞ ŭŮɜ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ əŬɗɧɚɞɡ ŮˊɘəɎɚɡɣɖ PVA 

ůŰɖɜ əɞɟɡűɐ Űɞɡ ˊɚŬəɘŭɑɞɡ əŬɘ ɏŰůɘ ɞɘ ůɡůŰɞɘɢɑŮɠ VCSEL ɛŮŰɎ Űɖɜ Ŭˊɞəɞˊɐ 

ŬˊŮɚŮɡɗŮɟɩɗɖəŬɜ Ŭˊɧ Űɞɜ űɞɟɏŬ əŬɘ əŬɗŬɟɑůŰɖəŬɜ ůŮ ŬəŮŰɧɜɖ əŬɘ IPA. ũɘŬ 

ɜŬ ŬɝɘɞɚɞɔɖɗŮɑ ɖ ŮˊɑŭɟŬůɖ ˊɞɡ ɏɢŮɘ ɖ ɛɏɗɞŭɞɠ ŬɡŰɐ ůŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ 

VCSELs ŮɚɏɔɢɗɖəŮ ɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ I-V əŬɛˊɨɚɖ ˊɟɘɜ əŬɘ ɛŮŰɎ Űɖ 

ŭɘŬŭɘəŬůɑŬ Űɖɠ Ŭˊɞəɞˊɐɠ.  

Ƀ ɏɚŮɔɢɞɠ ŬɡŰɧɠ ɏɔɘɜŮ ůŮ VCSEL ŰŬ ɞˊɞɑŬ ɐŰŬɜ ŭɞəɘɛŬůŰɘəɎ ɢɤɟɑɠ ɞˊŰɘəɏɠ 

ɚŮɘŰɞɡɟɔɑŮɠ (dummy) əŬɘ ŭŮɜ űɎɜɖəŮ ɜŬ ɡˊɎɟɢŮɘ əŬɛɑŬ ŮˊɑŭɟŬůɖ ůŰɖɜ ɖɚŮəŰɟɘəɐ 

Űɞɡɠ ůɡɛˊŮɟɘűɞɟɎ ɧˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɞ ˊŬɟŬəɎŰɤ ůɢɐɛŬ.  ɄŬɟɧɚŬ ŬɡŰɎ ɧŰŬɜ ɖ 

ŭɘŬŭɘəŬůɑŬ Űɖɠ Ŭˊɞəɞˊɐɠ ŮűŬɟɛɧůŰɖəŮ ůŮ VCSELs ŰŬ ɞˊɞɑŬ ˊɟɞɞɟɑɕɞɜŰŬɜ ɔɘŬ 

ˊɚɐɟɖ ɞˊŰɘəɐ əŬɘ ɖɚŮəŰɟɘəɐ ɚŮɘŰɞɡɟɔɑŬ ˊŬɟŬŰɖɟɐɗɖəŬɜ ŭɘɎűɞɟŬ ˊɟɞɓɚɐɛŬŰŬ. 
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ȾɡɟɘɧŰŮɟɞ ɐŰŬɜ Űɞ ɔŮɔɞɜɧɠ ɧŰɘ ɞɘ əŬɗɟɏˊŰŮɠ əŬɘ ɖ ŮɜŮɟɔɧɠ ˊŮɟɘɞɢɐ Űɞɡ VCSEL 

ŭŮɜ ɐŰŬɜ ŬɟəŮŰɎ ŬɜɗŮəŰɘəɏɠ ůŰŬ ɓɐɛŬŰŬ ŮˊŮɝŮɟɔŬůɑŬɠ ɛŮŰɎ Űɖɜ  Ŭˊɞəɞˊɐ 

(ŬˊɞɛɎəɟɡɜůɖ əŮɟɘɞɨ, əŬɗŬɟɘůɛɧɠ ɛŮ ŬəŮŰɧɜɖ əŬɘ IPA. ɀŮŰɎ Űɖɜ ŬˊɞɛɎəɟɡɜůɖ 

Űɞɡ əŮɟɘɞɨ əŬɘ ŰŬ ɓɐɛŬŰŬ əŬɗŬɟɘůɛɞɨ, ɖ ŮˊɘəɎɚɡɣɖ Űɞɡ əŬɗɟɏˊŰɖ Űɞɡ VCSEL 

ŬˊɞɛŬəɟɨɜɗɖəŮ. ȺˊɘˊɟɧůɗŮŰŬ, ɐŰŬɜ ŬɟəŮŰɎ ŭɨůəɞɚɞ ɜŬ ŬˊɞɛŬəɟɡɜɗɞɨɜ ŮɜŰŮɚɩɠ 

ŰŬ ůɖɛɎŭɘŬ Ŭˊɧ Űɞɡɠ ŭɘŬɚɨŰŮɠ Ŭˊɧ Űɘɠ ɛɖ ŮˊɑˊŮŭŮɠ ŮˊɘűɎɜŮɘŮɠ Űɞɡ VCSEL əŬɘ 

ŮɘŭɘəɎ Ŭˊɧ Űɞɡɠ əŬɗɟɏˊŰŮɠ ɞɘ ɞˊɞɑɞɘ ŮɑɜŬɘ ŰɞˊɞɗŮŰɖɛɏɜɖ ɓŬɗɨŰŮɟŬ Ŭˊɧ ɧŰɘ ɞɘ 

ŮˊɘűɎɜŮɘŮɠ ůɡɔəɧɚɚɖůɖɠ əŬɘ ŮˊŬűɐɠ (contact and bonding pads). 

¶ ʅˍʹ˄ ˍˊʾˍʹ ˉˊˇˋʷʴʴʽˋʹ ˍˇ ˉ˂ʰˁʾʵʽˇ ˃ʶ ˍʰ VCSELs ˁˇ˂˂ʺʻʹˁʶ ˋˍˇ˄ ʴˎʱ˂ʽ˄ˇ ˒ˇˊʷʰ 

˔˖ˊʾˌ ˔ˊʺˋʹ ˁʱˉˇʽˇˎ ˁʶˊʽˇˏ ˇˏˍ˖ˌ ˗ˋˍʶ ˄ʰ ʰˉˇ˒ʶˎ˔ʻʶʾ ʹ ˔ˊʺˋʹ ʶˉʶ˅ʶˊʴʰˋʾʰˌ 

ˁʰʻʰˊʽˋ˃ˇˏ ˃ʶ ʵʽʰ˂ˏˍʶˌ ˋˍʹ ˋˎ˄ʷ˔ʶʽʰΦ ʆʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˋʶ ʰˎˍʺ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ 

ʺˍʰ˄ ʰˊˁʶˍʱ ʶ˄ʻʰˊˊˎ˄ˍʽˁʱ ˃ʶ ˃ˈ˄ˇ ʰˊ˄ʹˍʽˁˈ ˁʱˉˇʽʰ ˎˉˇ˂ʶʾ˃˃ʰˍʰ ʰˉˈ ˍʹ 

ʵʽʰʵʽˁʰˋʾʰ ˍʹˌ ʰˉˇˁˇˉʺˌ ˋˍʽˌ ʱˁˊʶˌ ˍ˖˄ VCSEL ˍʰ ˇˉˇʾʰ ˈ˃˖ˌ ʵʶ˄ ˒ʰʾ˄ʶˍʰʽ ˄ʰ 

ʷ˔ˇˎ˄ ˋʹ˃ʰ˄ˍʽˁʷˌ ʶˉʽˉˍ˗ˋʶʽˌ ˋˍʹ˄ ˂ʶʽˍˇˎˊʴʾʰ ˍˇˎˌ ˁʰʽ ˋˍʹ ʵʽʰʵʽˁʰˋʾʰ ˍʹˌ 

ˋˎʴˁˈ˂˂ʹˋʹˌ ˍˇˎˌΦ  

4.3.3 ɉŬɟŬəŰɖɟɘůɛɧɠ Űɤɜ VCSELs ˊɟɘɜ Űɖ ŭɘŬŭɘəŬůɑŬ Ŭˊɞəɞˊɐɠ  

ɇŬ ˊŬɟŬəɎŰɤ ŬˊɞŰŮɚɏůɛŬŰŬ ɏɢɞɡɜ ˊɟɞəɨɣŮɘ Ŭˊɧ Űɘɠ ɛŮŰɟɐůŮɘɠ ɢŬɟŬəŰɖɟɘůɛɞɨ 

ůɡůŰɞɘɢɘɩɜ VCSELs (ɞˊŰɘəɞɑ ˊɞɛˊɞɑ əɎɗŮŰɖɠ əɞɘɚɧŰɖŰŬɠ) ŰŬ ɞˊɞɑŬ 

əŬŰŬůəŮɡɎůŰɖəŬɜ ůŰɞ TUM ůŰŬ ˊɚŬɑůɘŬ ůɡɜŮɟɔŬůɑŬɠ ɛŮ Űɞ ȺūȺ. Ƀɘ ŮˊɘŭɧůŮɘɠ Űɞɡ 

VCSEL ɔɘŬ əɎɗŮ ˊɞɚɤŰɘəɧ ɎɝɞɜŬ ŬɜŬűɞɟɎɠ ɛŮŰɟɐɗɖəŬɜ ůŮ ůɢɏůɖ ɛŮ Űɖɜ ɘůɢɨ 

Ůɝɧŭɞɡ Űɞɡɠ ɤɠ ůɡɜɎɟŰɖůɖ Űɞɡ ŮɔɢŮɧɛŮɜɞɡ ɟŮɨɛŬŰɞɠ. 

 
ȺɘəɧɜŬ 77: ȼ ůŰɞɘɢŮɘɩŭɖɠ ŭɞɛɐ VCSEL ˊɞɡ ɛŮŰɟɐɗɖəŮ 

ɆŰɖɜ ȺɘəɧɜŬ 77 ŬˊɞŰɡˊɩɜŮŰŬɘ ɖ ůŰɞɘɢŮɘɩŭɖɠ ŭɞɛɐ VCSEL ˊɞɡ ɛŮŰɟɐɗɖəŮ ůŰɞ 

ŮɟɔŬůŰɐɟɘɞ. ɇɞ ůɡɜɞɚɘəɧ ɛɏɔŮɗɞɠ Űɞɡ ˊɚŬəɘŭɑɞɡ ɞɚɞəɚɐɟɤůɖɠ (chip) ŮɑɜŬɘ 270x270 

ɛm2 Ůɜɩ Űɞ ɛɏɔŮɗɞɠ Űɤɜ p- əŬɘ n- ŮˊɘűŬɜŮɘɩɜ ŮˊŬűɐɠ ŮɑɜŬɘ 80x45 ɛm2. ũɘŬ ɜŬ 

ɛˊɞɟɏůɞɡɛŮ ɜŬ ŮɝŬůűŬɚɑůɞɡɛŮ Űɞɜ ůɤůŰɧ ˊɞɚɤŰɘəɧ ɎɝɞɜŬ ůŮ əɎɗŮ ɛɏŰɟɖůɖ, 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɏɜŬɠ ˊɞɚɤŰɐɠ ŮɚŮɨɗŮɟɞɡ ɢɩɟɞɡ Ŭˊɧ Űɖɜ əŬŰŬůəŮɡɎůŰɟɘŬ ŮŰŬɘɟŮɑŬ 

Newport. ɆŰɞ ˊŬɟŬəɎŰɤ ůɢɐɛŬ ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ɞɘ ŭɡɞ ˊɞɚɤŰɘəɞɑ ɎɝɞɜŮɠ ŬɜŬűɞɟɎɠ 

ůŰɘɠ ůɡůŰɞɘɢɑŮɠ Űɤɜ VCSEL ɞ́ɡ ɛŮŰɟɐɗɖəŬɜ.  
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ɆŰɞ ˊŬɟŬəɎŰɤ ůɢɐɛŬ ˊŬɟɞɡůɘɎɕŮŰŬɘ Űɞ wafer (ŭɘůəɑɞ ˊɡɟɘŰɑɞɡ) ˊɞɡ űɏɟŮɘ ŰŬ 

ŭŮɑɔɛŬŰŬ VCSELs ɡˊɧ ŭɞəɘɛɐ. ɀŮ ɛŬɨɟɞ ˊɚŬɑůɘɞ ŮˊɘůɖɛŬɑɜŮŰŬɘ ɖ ˊŮɟɘɞɢɐ ŮəŮɑɜɖ 

ˊɞɡ ŭɞəɘɛɎůŰɖəŮ ůŰɞ ŮɟɔŬůŰɐɟɘɞ. Ⱥˊɘˊɚɏɞɜ, ɔɑɜŮŰŬɘ ɛɘŬ ɞɛŬŭɞˊɞɑɖůɖ Űɤɜ 

ŭɘŬűɞɟŮŰɘəɩɜ VCSELs  ɛŮ ɓɎůɖ Űɘɠ Űɘɛɏɠ Űɞɡ mesa əŬɘ Űɞɡ BTJ Ůɜɩ ɡˊɞŭŮɘəɜɨɞɜŰŬɘ 

əŬɘ ɞɘ ŭɞɛɏɠ ˊɞɡ ɏɢɞɡɜ ŭɞəɘɛŬůŰŮɑ. ȳ́ ɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ 

ɛŮŰɟɐɗɖəŬɜ ɧɚŬ ŰŬ VCSEL Űɞɡ Űɨˊɞɡ C (C1, C2, C3), ŰŬ ɞˊɞɑŬ ɏɢɞɡɜ ɛɐəɞɠ BTJ 5 

ɛm əŬɘ Űɘɛɏɠ mesa 20, 24 əŬɘ 28 ɛm. 

 

ɄŬɟŬəɎŰɤ ɓɚɏˊɞɡɛŮ Űɖɜ Ŭəɟɘɓɐ ŬɟɢɘŰŮəŰɞɜɘəɐ Űɞɡ VCSEL ɛŮ Űɘɠ ˊɟɞŬɜŬűŮɟɧɛŮɜŮɠ 

ŭɘŬůŰɎůŮɘɠ ŬˊɞŰɡˊɤɛɏɜŮɠ.  

 
ȺɘəɧɜŬ 78: Ƀɘ ŭɡɞ ˊɞɚɤŰɘəɞɑ ɎɝɞɜŮɠ ŬɜŬűɞɟɎɠ ˊɎɜɤ ůŰɘɠ ŭɞɛɏɠ Űɤɜ VCSEL: (Ŭ) ɃɟɘɕɧɜŰɘɞɠ ˊɞɚɤŰɘəɧɠ ɎɝɞɜŬɠ, (ɓ) 

əɎɗŮŰɞɠ ˊɞɚɤŰɘəɧɠ ɎɝɞɜŬɠ 

 

 

ȺɘəɧɜŬ 79: (Ŭ) ɄɚŬəɑŭɘɞ ˊɡɟɘŰɑɞɡ ˊɞɡ ŭɞəɘɛɎůŰɖəŮ, (ɓ) ɞ ɢɎɟŰɖɠ ɛŮ ŰŬ ɛŮŰɟɞɨɛŮɜŬ VCSEL 

 



134 

 

 

ȺɘəɧɜŬ 80: ȼ ŬɟɢɘŰŮəŰɞɜɘəɐ Űɤɜ VCSEL ˊɞɡ ɛŮŰɟɐɗɖəŬɜ 

4.3.3.1 ɀŮŰɟɐůŮɘɠ L-I-V əŬɛˊɡɚɩɜ  

Ƀɘ L-I-V (light-current-voltage) əŬɛˊɨɚŮɠ ŬˊɞŰŮɚɞɨɜ ɛɘŬ ɗŮɛŮɚɘɩŭɖ ɛɏŰɟɖůɖ ˊɞɡ 

əŬɗɞɟɑɕŮɘ ŰŬ ɚŮɘŰɞɡɟɔɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Ůɜɧɠ [4.13]. Ƀɘ əŬɛˊɨɚŮɠ ŬɡŰɏɠ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ ɜŬ əŬɗɞɟɑůɞɡɜ Űɞ ůɖɛŮɑɞ ɚŮɘŰɞɡɟɔɑŬɠ (operating point) Űɤɜ 

ɞˊŰɘəɩɜ ˊɖɔɩɜ, ɛŮ ɎɚɚŬ ɚɧɔɘŬ ˊŮɟɘɔɟɎűɞɡɜ Űɞ ɟŮɨɛŬ ɞŭɐɔɖůɖɠ (drive current) ɔɘŬ 

ŬɜŰɑůŰɞɘɢŮɠ Űɘɛɏɠ ɘůɢɨɞɠ Ůɝɧŭɞɡ əŬɘ Űɞ ɟŮɨɛŬ əŬŰɤűɚɘɞɨ ˊɎɜɤ Ŭˊɧ Űɞ ɞˊɞɑɞ Űɞ Laser 

ɝŮəɘɜɎŮɘ ɜŬ ɚŮɘŰɞɡɟɔŮɑ. Ⱥˊɑůɖɠ Ůɚɏɔɢɞɡɜ Ŭɜ ɡˊɎɟɢŮɘ ɔɟŬɛɛɘəɐ ůɢɏůɖ ɛŮŰŬɝɨ Űɞɡ 

ɟŮɨɛŬŰɞɠ ɞŭɐɔɖůɖɠ əŬɘ Űɖɠ ɞˊŰɘəɐɠ ɘůɢɨɞɠ Ůɝɧŭɞɡ. ũɘŬ Űɞɜ ɚɧɔɞ ŬɡŰɧ ŮɑɜŬɘ ɛɘŬ ˊɞɚɨ 

çˊŮɟɘŮəŰɘəɐè ɛɏŰɟɖůɖ ˊɞɡ ɛŬɠ ŭɑɜŮɘ ˊɞůɞŰɘəɞɨɠ əŬɘ ˊɞɘɞŰɘəɞɨɠ ŭŮɑəŰŮɠ ɔɘŬ Űɖɜ 

ɚŮɘŰɞɡɟɔɑŬ Ůɜɧɠ Laser.    

ɆŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ ˊŬɟɞɡůɘɎɕŮŰŬɘ ɖ ˊŮɘɟŬɛŬŰɘəɐ ŭɘɎŰŬɝɖ ɖ ɞˊɞɑŬ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɖɜ ɛɏŰɟɖůɖ Űɤɜ L-I-V əŬɛˊɡɚɩɜ Űɤɜ ŭŮɘɔɛɎŰɤɜ VCSEL ˊɞɡ 

ŭɘŬɗɏŰɞɡɜ 3 əɓŬɜŰɘəɎ ˊɖɔɎŭɘŬ (quantum wells). ȼ Ŭˊɧŭɞůɐ Űɞɡɠ ŮɝŮŰɎůŰɖəŮ ůŮ 

ůɢɏůɖ ɛŮ Űɖɜ ɘůɢɨ Ůɝɧŭɞɡ Űɞɡɠ ɤɠ ůɡɜɎɟŰɖůɖ Űɞɡ ɟŮɨɛŬŰɞɠ ˊɞɡ ŮɔɢɨɗɖəŮ ɔɘŬ Űɞɡɠ 

ŭɡɞ ˊɞɚɤŰɘəɞɨɠ ɎɝɞɜŮɠ ŬɜŬűɞɟɎɠ.  

Power Supply VCSEL

Polarizer/ Free 

Space 

Detector

Power Meter

Temperature 

Controller

 

ȺɘəɧɜŬ 81: ȼ ˊŮɘɟŬɛŬŰɘəɐ ŭɘɎŰŬɝɖ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɖ ɛɏŰɟɖůɖ Űɤɜ LIV əŬɛˊɡɚɩɜ ɔɘŬ Űɞɡɠ 

ŭɡɞ ŭɘŬűɞɟŮŰɘəɞɨɠ ˊɞɚɤŰɘəɞɨɠ ɎɝɞɜŮɠ. 

ȳˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɞ ůɢɐɛŬ, ɏɜŬ ŰɟɞűɞŭɞŰɘəɧ ŰɎůɖɠ ɛŮ əŬŰɎɚɚɖɚɞɡɠ ɖɚŮəŰɟɘəɞɨɠ 

ŬəɟɞŭɏəŰŮɠ (probe tips) ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ ɜŬ ŮɔɢɨůŮɘ ɟŮɨɛŬ ůŰɘɠ p- əŬɘ n- 

ŮˊɘűɎɜŮɘŮɠ ŮˊŬűɐɠ (contact pads) Űɞɡ VCSEL ɞɨŰɤɠ ɩůŰŮ ɜŬ ŰɟɞűɞŭɞŰɖɗŮɑ 

əŬŰɎɚɚɖɚŬ Űɖɜ ŮɜŮɟɔɧ ˊŮɟɘɞɢɐ Űɞɡ. ȼ ɗŮɟɛɞəɟŬůɑŬ ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡ ˊɚŬəɘŭɑɞɡ 
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ɞɚɞəɚɐɟɤůɖɠ ŮɚɏɔɢɗɖəŮ ɛŮ Űɖ ɓɞɐɗŮɘŬ Ůɜɧɠ Ůɘŭɘəɞɨ ŮɚŮɔəŰɐ ɗŮɟɛɞəɟŬůɑŬɠ (TEC) 

əŬɘ Ůɜɧɠ ɗŮɟɛɑůŰɞɟ Űɞ ɞˊɞɑɞ ŰɞˊɞɗŮŰɐɗɖəŮ əɎŰɤ Ŭˊɧ Űɞ ůŰɐɟɘɔɛŬ Űɞɡ chip. Ƀɘ 

ɛŮŰɟɐůŮɘɠ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ůŮ ɗŮɟɛɞəɟŬůɑŬ 230ɞ C. ȼ ɞˊŰɘəɐ ɘůɢɨɠ Ůɝɧŭɞɡ Űɞɡ 

VSCEL ŬɜɘɢɜŮɨɗɖəŮ ɛɏůɤ Ůɜɧɠ ŬɘůɗɖŰɐɟŬ ɘůɢɨɞɠ ŮɚŮɨɗŮɟɞɡ ɢɩɟɞɡ (free space 

sensor), ɞ ɞˊɞɑɞɠ ůɡɜŭɡɎůŰɖəŮ ɛŮ ɏɜŬɜ ˊɞɚɤŰɐ, ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ɚɖűɗɞɨɜ ɞɘ 

ɛŮŰɟɐůŮɘɠ LIV ɔɘŬ Űɞɡɠ ŭɨɞ ɎɝɞɜŮɠ ˊɧɚɤůɖɠ (ɞɟɘɕɧɜŰɘŬ əŬɘ əŬŰŬəɧɟɡűɖ ˊɧɚɤůɖ). 

ɇɏɚɞɠ, ɖ ɞˊŰɘəɐ ɘůɢɨɠ Ůɝɧŭɞɡ ɛŮŰɟɐɗɖəŮ ɛŮ ɛŮŰɟɖŰɐ ɘůɢɨɞɠ (power meter). Ƀ 

ůɡɜŭɡŬůɛɧɠ Űɞɡ ˊɞɚɤŰɐ əŬɘ Űɞɡ ŬɘůɗɖŰɐɟŬ ŮɚŮɨɗŮɟɞɡ ɢɩɟɞɡ ˊɟɞůɏɔɔɘůŮ ɧůɞ Űɞ 

ŭɡɜŬŰɧɜ ˊɚɖůɘɏůŰŮɟŬ ůŰɞ ɎɜɞɘɔɛŬ Ůɝɧŭɞɡ Űɞɡ VCSEL ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ůɡɚɚŮɢɗŮɑ ɖ 

ɛɏɔɘůŰɖ ɞˊŰɘəɐ ɘůɢɨɠ Ůɝɧŭɞɡ (ˊŮɟɑˊɞɡ 2 cm).  

ɆŰɘɠ ˊŬɟŬəɎŰɤ ŮɘəɧɜŮɠ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ ɛŮŰɟɐůŮɘɠ Űɖɠ ɘůɢɨɞɠ Ůɝɧŭɞɡ Űɤɜ VCSELs 

ɤɠ ůɡɜɎɟŰɖůɖ Űɞɡ ɟŮɨɛŬŰɞɠ ɏɔɢɡůɖɠ ɔɘŬ Űɞɡɠ ŭɡɞ ˊɞɚɤŰɘəɞɨɠ ɎɝɞɜŮɠ ŬɜŬűɞɟɎɠ. ũɘŬ 

ŭɘŮɡəɧɚɡɜůɖ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ɏɢɞɡɜ ɞɛŬŭɞˊɞɘɖɗŮɑ ɛŮ ɓɎůɖ Űɘɠ Űɘɛɏɠ Űɞɡ BTJ əŬɘ Űɞɡ 

mesa ɔɘŬ əɎɗŮ VCSEL. ũɘŬ Űɖɜ ɛɏŰɟɖůɖ Űɞɡ ˊɞɚɤŰɘəɞɨ ɎɝɞɜŬ Ůəˊɞɛˊɐɠ Űɞɡ VCSEL 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɏɜŬɠ ˊɞɚɤŰɐɠ ˊɟɘɜ Ŭˊɧ Űɞɜ ŬɘůɗɖŰɐɟŬ ɘůɢɨɞɠ ŮɚŮɡɗɏɟɞɡ ɢɩɟɞɡ. Ƀ 

ɚɧɔɞɠ ůɓɏůɖɠ (extinction ratio) Űɖɠ ˊɧɚɤůɖɠ əɎɗŮ VCSEL ɏɢŮɘ ɛŮŰɟɖɗŮɑ ɔɘŬ Űɖɜ Űɘɛɐ 

Űɞɡ ɟŮɨɛŬŰɞɠ ŬɜŬŰɟɞˊɐɠ (rollover current). ũɘŬ Űɖɜ əŬɚɨŰŮɟɖ ˊŬɟɞɡůɑŬůɖ Űɤɜ 

ŬˊɞŰŮɚŮůɛɎŰɤɜ, ŮˊɘɚɏɢɗɖəŮ ɜŬ ˊŬɟɞɡůɘŬůŰɞɨɜ ɤɠ ŮɘəɧɜŮɠ ɛɧɜɞ ɞɘ ɛŮŰɟɐůŮɘɠ Űɤɜ 

ˊɟɩŰɤɜ ŭɞɛɩɜ, Ůɜɩ ůŰɘɠ ɡˊɧɚɞɘˊŮɠ ɞɛŬŭɞˊɞɘɐůŮɘɠ ɏɢŮɘ əɟŬŰɖɗŮɑ ɛɧɜɞ ɞ ůɢɞɚɘŬůɛɧɠ 

Űɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ Űɞɡɠ. 

4.3.3.2 ɄŮɘɟŬɛŬŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ 

Mesa: 20 um- BTJ: 5 um 

ɆŰɞ ˊŬɟŬəɎŰɤ ůɢɐɛŬ ŬˊŮɘəɞɜɑɕŮŰŬɘ ɖ ɞˊŰɘəɐ ɘůɢɨɠ Ůɝɧŭɞɡ ɤɠ ůɡɜɎɟŰɖůɖ Űɞɡ 

ɟŮɨɛŬŰɞɠ ɏɔɢɡůɖɠ ɔɘŬ ŰŬ VCSEL Űɨˊɞɡ C1 ́ ɞɡ ŭɘŬɗɏŰɞɡɜ mesa 20 ɛm əŬɘ BTJ 5 ɛm. 

Ƀ ŰɑŰɚɞɠ Űɞɡ ŭɘŬɔɟɎɛɛŬŰɞɠ ˊŮɟɘɔɟɎűŮɘ Űɖ ɗɏůɖ Űɞɡ əɎɗŮ VCSEL ůŰɞɜ ɢɎɟŰɖ 

ɛɏŰɟɖůɖɠ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, Űɞ C1-13-4 ůɖɛŬɑɜŮɘ ɧŰɘ Űɞ VCSEL ŮɑɜŬɘ Űɨˊɞɡ C1 əŬɘ 

ɓɟɑůəŮŰŬɘ ůŰɖ 13ɖ ůŮɘɟɎ- 4ɖ ůŰɐɚɖ ůŰɞɜ ɢɎɟŰɖ ɛɏŰɟɖůɖɠ. ȳˊɤɠ ŬɜŬűɏɟɗɖəŮ əŬɘ 

ˊŬɟŬˊɎɜɤ, ŭɘŮɝɐɢɗɖůŬɜ ɛŮŰɟɐůŮɘɠ əŬɘ ɔɘŬ Űɞɡɠ ŭɡɞ ˊɞɚɤŰɘəɞɨɠ ɎɝɞɜŮɠ ŬɜŬűɞɟɎɠ 

(ɞɟɘɕɧɜŰɘŬ əŬɘ əɎɗŮŰɖ ˊɧɚɤůɖ). ɄŬɟɧɛɞɘŬ ɚŮɘŰɞɡɟɔɑŬ ˊŬɟŬŰɖɟɐɗɖəŮ ůŮ ɧɚŬ ŰŬ 

ˊɚŬəɑŭɘŬ ɞɚɞəɚɐɟɤůɖɠ ɛŮ ɟŮɨɛŬ əŬŰɤűɚɑɞɡ ɛɘəɟɧŰŮɟɞ Ŭˊɧ 0.9 mȷ. ȼ ɛɏɔɘůŰɖ 

ɞˊŰɘəɐ ɘůɢɨɠ Ůɝɧŭɞɡ ɛŮŰɟɐɗɖəŮ ɑůɖ ɛŮ 2.32 mW (3.66 dBm) ɔɘŬ Űɞ VCSEL C1-14-4 

ůŰɞ ɟŮɨɛŬ ŬɜŬŰɟɞˊɐɠ 12 mA. 

 

 



136 

 

 

ȺɘəɧɜŬ 82: (a-e) ɃˊŰɘəɐ ɘůɢɨɠ Ůɝɧŭɞɡ ɤɠ ůɡɜɎɟŰɖůɖ Űɞɡ ŮɔɢŮɧɛŮɜɞɡ ɟŮɨɛŬŰɞɠ ɔɘŬ ŰŬ VCSELs Űɞɡ 

Űɨˊɞɡ C1, ɔɘŬ Űɞɡɠ ŭɡɞ ŭɘŬűɞɟŮŰɘəɞɨɠ ˊɞɚɤŰɘəɞɨɠ ɎɝɞɜŮɠ ŬɜŬűɞɟɎɠ 

ɄŬɟŬŰɖɟɐɗɖəŮ ɧŰɘ ɞ ɚɧɔɞɠ ůɓɏůɖɠ Űɤɜ ůɡɔəŮəɟɘɛɏɜɤɜ VCSELs ɏɢŮɘ ɛɘŬ ŭɘŬəɨɛŬɜůɖ 

Ŭˊɧ 12.17 ɏɤɠ 28.97 dB. ɇɞ VCSEL C1-13-7 əŬəɐ Ŭˊɧŭɞůɖ ɧůɞɜ ŬűɞɟɎ ůŰɖɜ 

ɞˊŰɘəɐ ɘůɢɨ Ůɝɧŭɞɡ (ɛɘəɟɧŰŮɟɖ Ŭˊɧ 10 dBm) əŬɘ ůŰɞɡɠ ŭɡɞ ˊɞɚɤŰɘəɞɨɠ ɎɝɞɜŮɠ 

ŬɜŬűɞɟɎɠ. Ⱥˊɘˊɚɏɞɜ, ůŰɞ VCSEL C1-14-5 ˊŬɟŬŰɖɟɐɗɖəŮ ɛɘŬ ůɖɛŬɜŰɘəɐ ŬɚɚŬɔɐ 

ůŰɞɜ ˊɞɚɤŰɘəɧ ɎɝɞɜŬ (Ŭˊɧ Űɞɜ ɞɟɘɕɧɜŰɘɞ ůŰɞɜ əɎɗŮŰɞ ˊɞɚɤŰɘəɧ ɎɝɞɜŬ) ůŰŬ 4.5 mA. 

Ⱥˊɑůɖɠ, ŰŬ VCSELs C1-13-5, C1-14-6 əŬɘ C1-14-7 ŭɞəɘɛɎůŰɖəŬɜ əŬɘ ŭŮ 

ɚŮɘŰɞɡɟɔɞɨůŬɜ 

Mesa: 24 um- BTJ: 5 um 

ɄŬɟɧɛɞɘŬ ůɡɛˊŮɟɘűɞɟɎ ˊŬɟŬŰɖɟɐɗɖəŮ ɔɘŬ ɧɚŮɠ Űɘ ŭɞɛɏɠ ɛŮ ɟŮɨɛŬ əŬŰɤűɚɘɞɨ 

ɛɘəɟɧŰŮɟɞ Ŭˊɧ 0.9 mA ȼ ɛɏɔɘůŰɖ ɞˊŰɘəɐ ɘůɢɨɠ Ůɝɧŭɞɡ ɛŮŰɟɐɗɖəŮ ɑůɖ ɛŮ 2.36 mW 

(3.72 dBm) ɔɘŬ Űɞ VCSEL C2-15-5 ůŰɞ rollover ɟŮɨɛŬ Űɤɜ 12.6 mA. ɄŬɟŬŰɖɟɐɗɖəŮ 

Ůˊɑůɖɠ, ɧŰɘ ɞ ɚɧɔɞɠ ůɓɏůɖɠ Űɖɠ ˊɧɚɤůɖɠ (polarization extinction ratio) Űɤɜ ˊŬɟŬˊɎɜɤ 

VCSELs ˊɞɡ ɛŮŰɟɐɗɖəŬɜ əɡɛŬɑɜŮŰŬɘ ɛŮŰŬɝɨ 10.19 dB əŬɘ 28.34 dB. Ⱥˊɘˊɚɏɞɜ Űɞ 

VCSEL C2-16-7 ˊŬɟɞɡůɑŬůŮ ɑŭɘŬ ůɡɛˊŮɟɘűɞɟɎ əŬɘ ůŰɞɡɠ ŭɡɞ ɎɝɞɜŮɠ ˊɧɚɤůɖɠ.  

Mesa: 28 um- BTJ: 5 um 
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ȳˊɤɠ əŬɘ ˊŬɟŬˊɎɜɤ, ɖ ůɡɔəŮəɟɘɛɏɜɖ ɞɛŬŭɞˊɞɑɖůɖ ŭɞɛɩɜ ɏɢŮɘ ˊŬɟɧɛɞɘŬ 

ůɡɛˊŮɟɘűɞɟɎ ɛŮ ɟŮɨɛŬ əŬŰɤűɚɑɞɡ ˊɞɡ ŭŮɜ ɝŮˊŮɟɜɎŮɘ ŰŬ 0.8 mA. ȼ ɛɏɔɘůŰɖ ɞˊŰɘəɐ 

ɘůɢɨɠ Ůɝɧŭɞɡ ɛŮŰɟɐɗɖəŮ 2.15 mW (3.32 dBm) ɔɘŬ Űɞ VCSEL C3-18-7 ůŰɞ rollover 

ɟŮɨɛŬ Űɤɜ 13 mA. ɄŬɟŬŰɖɟɐɗɖəŮ ɧŰɘ ɞ ɚɧɔɞɠ ůɓɏůɖɠ Űɖɠ ˊɧɚɤůɖɠ ɔɘô ŬɡŰɐ Űɖɜ 

ɞɛɎŭŬ Űɤɜ VCSELs ɏɢŮɘ ɛɘŬ ŭɘŬəɨɛŬɜůɖ Ŭˊɧ 3.46 ɏɤɠ 18.05 dB. ɇɞ VCSEL C3-17-

7 ŮɑɢŮ əŬəɐ Ŭˊɧŭɞůɖ ɧůɞɜ ŬűɞɟɎ ůŰɖɜ ɞˊŰɘəɐ ɘůɢɨ Ůɝɧŭɞɡ Űɞɡ (ɛɘəɟɧŰŮɟɖ Ŭˊɧ 10 

dBm) əŬɘ ůŰɞɡɠ ŭɡɞ ˊɞɚɤŰɘəɞɨɠ ɎɝɞɜŮɠ ŬɜŬűɞɟɎɠ.  

 

ɆŰɞɜ ˊŬɟŬəɎŰɤ ˊɑɜŬəŬ ůɡɜɞɣɑɕɞɜŰŬɘ ɞɘ Űɘɛɏɠ Űɞɡ ɚɧɔɞɡ ůɓɏůɖɠ Űɖɠ ˊɧɚɤůɖɠ, Űɞɡ 

rollover ɟŮɨɛŬŰɞɠ əŬɘ Űɖɠ ɞˊŰɘəɐɠ ɘůɢɨɞɠ Ůɝɧŭɞɡ Űɤɜ ɛŮŰɟɞɨɛŮɜɤɜ VCSELs. 

VCSEL 
Rollover 

Current (mA)  

Output Optical Power 

(dBm) 

Polarization 

extinction ratio (dB) 

C1-13-4 11.3 2.57 12.17 

C1-13-6 11.2 2.74 8.24 

C1-13-7 8.5 -9.5 11.25 

C1-14-4 12 3.66 28.97 

C1-14-5 11.8 3.08 17.25 

C2-15-4 11.3 3.05 12.24 

C2-15-5 12.6 3.72 28.34 

C2-15-6 12.2 2.66 10.66 

C2-15-7 12.1 2.65 11.83 

C2-16-4 12.1 3.28 26.93 

C2-16-5 12.4 2.78 12.42 

C2-16-6 12.6 2.54 10.19 

C3-17-4 11.9 2.83 11.84 

C3-17-5 11.7 3.11 16.01 

C3-17-6 12.9 3 12.03 

C3-18-4 12.5 3.05 18.05 

C3-18-5 12.7 2.29 10.21 

C3-18-6 12.1 1.04 3.46 

C3-18-7 13 3.32 11.12 

ɄɑɜŬəŬɠ 15:Ɇɨɜɞɣɖ Űɤɜ Űɘɛɩɜ Űɞɡ ɚɧɔɞɡ ůɓɏůɖɠ Űɖɠ ˊɧɚɤůɖɠ, Űɞɡ rollover ɟŮɨɛŬŰɞɠ əŬɘ Űɖɠ ɞˊŰɘəɐɠ 

ɘůɢɨɞɠ Ůɝɧŭɞɡ Űɤɜ ɛŮŰɟɞɨɛŮɜɤɜ VCSELs. 

4.3.3.3 ɀŮŰɟɐůŮɘɠ ůɡůŰɎŭɤɜ ɛŮŰɎ Ŭˊɧ ɜɏŬ əɞˊɐ 

ɋɠ ůɡɜɏɢŮɘŬ Űɞɡ ˊŬɟŬˊɎɜɤ ɢŬɟŬəŰɖɟɘůɛɞɨ, Űɞ ŭɘůəɑɞ (wafer) ɛŮ ŰŬ ɛŮŰɟɞɨɛŮɜŬ 

VCSELs, Ŭűɞɨ ůŰɎɚɗɖəŮ ɔɘŬ ŮˊŮɝŮɟɔŬůɑŬ əŬɘ Ŭˊɞəɞˊɐ, ŮˊɏůŰɟŮɣŮ ůŰɞ ȺɟɔŬůŰɐɟɘɞ 

ūɤŰɞɜɘəɩɜ Ⱥˊɘəɞɘɜɤɜɘɩɜ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ɛŮŰɟɖɗɞɨɜ əŬɘ ɜɏŮɠ ŭɞɛɏɠ. Ƀɘ ɜɏŮɠ ŬɡŰɏɠ 

ɛŮŰɟɐůŮɘɠ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ůŮ ůɨɔəɟɘůɖ ɛŮ Űɘɠ ˊɟɞɖɔɞɨɛŮɜŮɠ ɞɨŰɤɠ ɩůŰŮ ɜŬ 

ŬɝɘɞɚɞɔɖɗŮɑ Ŭɜ ɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ Ŭˊɞəɞˊɐɠ ŮˊɖɟɏŬůŮ Űɖɜ Ůˊɑŭɞůɐ Űɞɡɠ. ɆŰɖ 
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ŭɘŬŭɘəŬůɑŬ ŬɡŰɐ ɛŮŰɟɐɗɖəŬɜ VCSELs ɛŮ ŭɘŬűɞɟŮŰɘəɎ mesas əŬɘ BTJs. ɆŰɞɜ 

ˊŬɟŬəɎŰɤ ˊɑɜŬəŬ ůɡɜɞɣɑɕɞɜŰŬɘ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ ɛŮŰɟɞɨɛŮɜɤɜ VCSELs əŬɘ 

ůɡɔəŮəɟɘɛɏɜŬ Űɞ rollover ɟŮɨɛŬ, ɖ ɞˊŰɘəɐ ɘůɢɨɠ Ůɝɧŭɞɡ əŬɘ ɞ ɚɧɔɞɠ ůɓɏůɖɠ Űɖɠ 

ˊɧɚɤůɖɠ. 

 

VCSEL Rollover 

Current (mA)  

Output Optical 

Power (dBm) 

Polarization extinction 

ratio (dB) 

A2-3-3 7.4 3.33 13.5 

A2-4-3 7.3 3.5 21.07 

A2-8-3 6.9 3.2 22.3 

A3-1-5 7.3 3.33 8.82 

A3-4-5 7.1 3.62 23.28 

A3-8-5 6.7 3.31 28.45 

B1-2-7 8.2 2.12 6.65 

B1-4-7 9.5 2.66 3.47 

B1-8-7 9.8 3.47 3.63 

B2-1-9 10 4.74 4.79 

B2-2-9 9.6 4.11 8.84 

B2-4-9 10.2 3.8 6.58 

B2-8-9 9.8 2.99 3.16 

B3-1-11 9.6 4.64 12.31 

B3-2-11 9 3.23 26.23 

B3-4-11 8.6 3.23 3.72 

B3-8-11 9.8 3.97 6.4 

C1-8-13 11.3 3.6 6.4 

C2-8-15 7.6 4.5 22.48 

C3-8-17 12.6 5.18 18.95 
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ɄɑɜŬəŬɠ 16: Ɇɨɜɞɣɖ Űɤɜ Űɘɛɩɜ Űɞɡ ɚɧɔɞɡ ůɓɏůɖɠ Űɖɠ ˊɧɚɤůɖɠ, Űɞɡ rollover ɟŮɨɛŬŰɞɠ əŬɘ Űɖɠ ɞˊŰɘəɐɠ 

ɘůɢɨɞɠ Ůɝɧŭɞɡ Űɤɜ ɛŮŰɟɞɨɛŮɜɤɜ VCSELs. 

4.3.3.4 ɀɏŰɟɖůɖ Űɖɠ ůŰŬɗŮɟɧŰɖŰŬɠ Űɖɠ ˊɧɚɤůɖɠ ɤɠ ůɡɜɎɟŰɖůɖ 

Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ 

ȰɜŬ əɞɛɓɘəɧ ɕɐŰɖɛŬ ˊɞɡ ůɡɜŬɜŰɎŰŬɘ ɛɏůŬ ůŮ ɏɜŬ data center ŮɑɜŬɘ ŬɡŰɧ Űɖɠ 

ŭɘŬɢŮɑɟɘůɖɠ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ. ũɘŬ ɛɘŬ ůŮɘɟɎ Ŭˊɧ ɕɖŰɐɛŬŰŬ ˊɞɡ Ŭűɞɟɞɨɜ Űɧůɞ ůŰɖ 

ɗŮɟɛɧŰɖŰŬ ˊɞɡ ŮəɚɨŮŰŬɘ, əŬɘ ɎɟŬ ůŰɖɜ ŮɜɏɟɔŮɘŬ ˊɞɡ əŬŰŬɜŬɚɩɜŮŰŬɘ, əŬɗɩɠ əŬɘ ůŰɖ 

ůŰŬɗŮɟɧŰɖŰŬ Űɖɠ ɚŮɘŰɞɡɟɔɑŬɠ Űɤɜ ŭɞɛɩɜ ˊɞɡ ůɡɜŬˊɞŰŮɚɞɨɜ ɏɜŬ data center, ɖ 

ŭɘŬɢŮɑɟɘůɖ ŬɡŰɞɨ Űɞɡ ɕɖŰɐɛŬŰɞɠ ŮɑɜŬɘ ˊɞɚɨ ɣɖɚɎ ůŰɘɠ ˊɟɞŰŮɟŬɘɧŰɖŰŮɠ [4.14], [4.15], 

[4.16]. ɆŮ ŬɡŰɐ Űɖɜ əŬŰŮɨɗɡɜůɖ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŭɘɎűɞɟŮɠ ŰŮɢɜɘəɏɠ ˊɞɡ Ůˊɘŭɘɩəɞɡɜ 

ŬűŮɜɧɠ Űɖ ŭɘŬŰɐɟɖůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ůŮ ɧůɞ Űɞ ŭɡɜŬŰɧɜ ˊɘɞ ůŰŬɗŮɟɏɠ Űɘɛɏɠ əŬɘ ůŮ 

ɧůɞ ˊɘɞ ɢŬɛɖɚɎ ŮˊɑˊŮŭŬ ɔɑɜŮŰŬɘ. ɄŬɟɧɚŬ ŬɡŰɎ, ˊɞɚɚɏɠ ŭɞɛɏɠ əŬŰŬůəŮɡɎɕɞɜŰŬɘ ɛŮ 

ŰɏŰɞɘɞ Űɟɧˊɞ ɞɨŰɤɠ ɩůŰŮ ɜŬ ɏɢɞɡɜ Ŭɜɞɢɐ ůŰɘɠ ɛŮŰŬɓɞɚɏɠ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬɘ ɜŬ 

ɛˊɞɟɞɨɜ ɜŬ ɚŮɘŰɞɡɟɔɞɨɜ ůŮ ŬɟəŮŰɎ ɡɣɖɚɎ ŮˊɑˊŮŭŬ.  

ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ŮɚŮɔɢɗŮɑ ɖ ŭɡɜŬŰɧŰɖŰŬ Űɤɜ ɛŮŰɟɞɨɛŮɜɤɜ VCSELs ɜŬ ɚŮɘŰɞɡɟɔɞɨɜ 

ůŰɘɠ ůɡɜɗɐəŮɠ Ůɜɧɠ data center ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛɘŬ Ůˊɘˊɚɏɞɜ ɛɏŰɟɖůɖ ˊɞɡ ŬűɞɟɎ 

ůŰɞɜ ɏɚŮɔɢɞ Űɖɠ  ˊɞɚɤŰɘəɐɠ əŬŰɎůŰŬůɖɠ Űɤɜ ŭɞɛɩɜ ɤɠ ůɡɜɎɟŰɖůɖ Űɖɠ ŬɚɚŬɔɐɠ 

ɗŮɟɛɞəɟŬůɑŬɠ. ɆŰɖɜ ŮɘəɧɜŬ ˊɞɡ ŬəɞɚɞɡɗŮɑ ŬˊɞŰɡˊɩɜŮŰŬɘ ɖ ɞˊŰɘəɐ ɘůɢɨɠ Ůɝɧŭɞɡ ɤɠ 

ůɡɜɎɟŰɖůɖ Űɞɡ ŮɔɢŮɧɛŮɜɞɡ ɟŮɨɛŬŰɞɠ ůŰɞ VCSEL C1-14-4 Űɞɡ ŭɡɞ ˊɞɚɤŰɘəɞɨɠ 

ɎɝɞɜŮɠ ůŰɞɡɠ 23 ɞC əŬɘ 43 ɞC. ɇɞ ůɡɔəŮəɟɘɛɏɜɞ VCSEL ŮˊɘɚɏɢɗɖəŮ ɚɧɔɤ Űɞɡ 

ɡɣɖɚɞɨ ɚɧɔɞɡ ůɓɏůɖɠ Űɖɠ ˊɧɚɤůɖɠ Űɞɡ. ɄŬɟŬŰɖɟɐɗɖəŮ ɧŰɘ ɖ ŭɞɛɐ ŬɡŰɐ ŮˊɘŭŮɘəɜɨŮɘ 

ˊŬɟɧɛɞɘŬ ůɡɛˊŮɟɘűɞɟɎ ůŰɞɜ ˊɞɚɤŰɘəɧ Űɞɡ ɎɝɞɜŬ əŬɘ ůŰɘɠ ŭɡɞ ˊŮɟɘˊŰɩůŮɘɠ. Ƀ ɚɧɔɞɠ 

ůɓɏůɖɠ Űɖɠ ˊɧɚɤůɖɠ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ 43 ɞC ŮɑɜŬɘ 28.9 dB ˊɞɡ ŮɑɜŬɘ ůɢŮŭɧɜ ɑůɞɠ 

ɛŮ Űɞɜ ŬɜŰɑůŰɞɘɢɞ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ 23 ɞC. ɄŬɟɧɚŬ ŬɡŰɎ ŮɑɜŬɘ ůŬűɏɠ ɧŰɘ ůŮ 

ŰɏŰɞɘŮɠ ŭɘŬűɞɟɏɠ ɗŮɟɛɞəɟŬůɑŬɠ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ VCSEL ŭŮɜ ɛɏɜɞɡɜ ŰŮɚŮɑɤɠ 

ŬɜŬɚɚɞɑɤŰŬ. ȼ ɛɏɔɘůŰɖ ɞˊŰɘəɐ ɘůɢɨɠ Ůɝɧŭɞɡ Űɞɡ VCSEL ůŰɘɠ ŭɡɞ ŬɡŰɏɠ 

ɗŮɟɛɞəɟŬůɑŮɠ ɛŮŰɟɐɗɖəŮ 3.66 dBm ůŰɞɡɠ 23 ɞC əŬɘ 2.52 dBm ůŰɞɡɠ 43 ɞC. ȼ 

ŭɘŬűɞɟɎ ŬɡŰɐ ŮɑɜŬɘ ŬɜŬɛŮɜɧɛŮɜɖ əŬɘ ɛɏůŬ ůŰŬ ŬˊɞŭŮəŰɎ ɧɟɘŬ ɚŮɘŰɞɡɟɔɑŬɠ. 
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ȺɘəɧɜŬ 83: ɆŰŬɗŮɟɧŰɖŰŬ Űɖɠ ˊɧɚɤůɖɠ Űɞɡ VCSEL C1-14-4 ɤɠ ůɡɜɎɟŰɖůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ 

 

4.4 VCSELs ˊɎɜɤ ůŮ ɔɡɎɚɘɜɞ ɡˊɧůŰɟɤɛŬ 

ɇɞ TUM ůŮ ůɡɜŮɟɔŬůɑŬ ɛŮ Űɞ IMEC, əŬŰŬůəŮɨŬůŬɜ əŬɘ ŬˊɏůŰŮɘɚŬɜ ůŰɞ ȺūȺ ŰɟɑŬ 

ŭŮɑɔɛŬŰŬ (S1, S2, S3) ŰŬ ɞˊɞɑŬ ŬˊɞŰŮɚɞɨɜŰŬɜ Ŭˊɧ ůɡůŰɞɘɢɑŮɠ VCSEL ˊɎɜɤ ůŮ 

ɔɡɎɚɘɜɞ ɡˊɧůŰɟɤɛŬ ůŮ ůɡɜŭɡŬůɛɧ ɛŮŰŬɚɚɘəɏɠ ŮˊɘůŰɟɩůŮɘɠ ɞɘ ɞˊɞɑŮɠ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɔɘŬ Űɖɜ ŰɟɞűɞŭɧŰɖůɖ Űɤɜ ŭɞɛɩɜ ɛŮ ɟŮɨɛŬ. ɀŮŰɎ Ŭˊɧ ŭɘŬɚɞɔɐ 

ŮˊɘɚɏɢɗɖəŮ ɜŬ ŬɝɘɞɚɞɔɖɗŮɑ ɖ Ŭˊɧŭɞůɖ Űɤɜ ŭŮɘɔɛɎŰɤɜ S3 ůŮ ůɢɏůɖ ɛŮ Űɖɜ ɘůɢɨ 

Ůɝɧŭɞɡ Űɞɡ ɤɠ ůɡɜɎɟŰɖůɖ Űɞɡ ɟŮɨɛŬŰɞɠ ˊɞɡ ŮɔɢɨɗɖəŮ, əŬɘ ɔɘŬ Űɞɡɠ ŭɡɞ ˊɞɚɤŰɘəɞɨɠ 

ɎɝɞɜŮɠ ŬɜŬűɞɟɎɠ. ȺˊɘˊɟɧůɗŮŰŬ, ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ ŭŮɑɔɛŬŰɞɠ S2 ɛŮŰɟɐɗɖəŬɜ ɞɘ s-

ˊŬɟɎɛŮŰɟɞɑ Űɤɜ ɖɚŮəŰɟɘəɩɜ ɔɟŬɛɛɩɜ ɔɘŬ ɜŬ ŮɟŮɡɜɖɗŮɑ Ŭɜ ɧɜŰɤɠ ŮɑɜŬɘ əŬŰɎɚɚɖɚŬ 

əŬŰŬůəŮɡŬůɛɏɜŮɠ ɔɘŬ ŮűŬɟɛɞɔɏɠ ˊɞɡ ŬˊŬɘŰɞɨɜŰŬɘ ɡɣɖɚɏɠ ŰŬɢɨŰɖŰŮɠ.  
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ȺɘəɧɜŬ 84: ɇŬ VCSELs ůŮ ɔɡɎɚɘɜɞ ɡˊɧůŰɟɤɛŬ ŰŬ ɞˊɞɑŬ ɛŮŰɟɐɗɖəŬɜ 

ȷˊɧ Űɘɠ ŭɘŬŰɎɝŮɘɠ VCSEL ˊɟɞɠ ɛɏŰɟɖůɖ ůŰɞ ŭŮɑɔɛŬ S3, ɛɧɜɞ ɞɘ ŭɡɞ ˊɟɩŰŮɠ ŭɞɛɏɠ 

ɚŮɘŰɞɡɟɔɞɨůŬɜ (id1 əŬɘ id2). ɆŰɞ ˊŬɟŬəɎŰɤ ůɢɐɛŬ ŬˊɞŰɡˊɩɜɞɜŰŬɘ ɞɘ 

ˊɟɞŬɜŬűŮɟɗŮɑůŮɠ ɛŮŰɟɐůŮɘɠ. ɄŬɟɧɛɞɘŬ lasing ůɡɛˊŮɟɘűɞɟɎ ˊŬɟŬŰɖɟɐɗɖəŮ əŬɘ ůŰŬ 

ŭɡɞ ŭŮɑɔɛŬŰŬ ɛŮ ɟŮɨɛŬ əŬŰɤűɚɘɞɨ ɛɘəɟɧŰŮɟɞ Ŭˊɧ 0.9 mA.  

 

ȺɘəɧɜŬ 85: ɃˊŰɘəɐ ɘůɢɨɠ Ůɝɧŭɞɡ ɤɠ ůɡɜɎɟŰɖůɖ Űɞɡ ŮɔɢŮɧɛŮɜɞɡ ɟŮɨɛŬŰɞɠ ɔɘŬ ŰŬ VCSELs id1 əŬɘ id2 

ɔɘŬ Űɞɡɠ ŭɡɞ ˊɞɚɤŰɘəɞɨɠ ɎɝɞɜŮɠ ŬɜŬűɞɟɎɠ 

ɄŬɟŬŰɖɟɐɗɖəŮ ɧŰɘ əŬɘ ɞɘ ŭɡɞ ŭɞəɘɛŬɕɧɛŮɜŮɠ ŭɞɛɏɠ ŮˊɏŭŮɘɝŬɜ ɢŬɛɖɚɐ Ŭˊɧŭɞůɖ ůŰɞ 

əɞɛɛɎŰɘ Űɖɠ ɞˊŰɘəɐɠ ɘůɢɨɞɠ Ůɝɧŭɞɡ əŬɘ ůŰɘɠ ŭɡɞ ůɡɜɗɐəŮɠ Űɖɠ ˊɧɚɤůɖɠ. Ʉɘɞ 

ůɡɔəŮəɟɘɛɏɜŬ, ɖ ɛɏɔɘůŰɖ ɞˊŰɘəɐ ɘůɢɨɠ Űɤɜ ŭɞɛɩɜ id1 əŬɘ id2 ɛŮŰɟɐɗɖəŮ ůŰɞ rollover 

ɟŮɨɛŬ əŬɘ ɓɟɏɗɖəŮ -4.76 dBm əŬɘ -5.83 dBm ŬɜŰɑůŰɞɘɢŬ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ id2 ɞ 

ɚɧɔɞɠ ůɓɏůɖɠ Űɖɠ ˊɧɚɤůɖɠ ɓɟɏɗɖəŮ 11.51 dB. ȺˊɘˊɟɧůɗŮŰŬ, əŬŰɎ Űɖ ɛɏŰɟɖůɖ Űɞɡ 

VCSEL id1 ˊŬɟŬŰɖɟɐɗɖəŮ ŬɚɚŬɔɐ Űɞɡ ˊɞɚɤŰɘəɞɨ ɎɝɞɜŬ əŬŰɎ Űɖɜ Ŭɨɝɖůɖ Űɞɡ 

ŮɔɢŮɧɛŮɜɞɡ ɟŮɨɛŬŰɞɠ. ɇŬ űŬɘɜɧɛŮɜŬ ŬɡŰɎ ˊŬɟŬŰɖɟɐɗɖəŬɜ ˊɘɗŬɜɩɠ ɚɧɔɤ Űɞɡ ɡɚɘəɞɨ 

ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɖɜ əɧɚɚɖůɖ Űɤɜ ŭɞɛɩɜ ůŰɞ ɔɡŬɚɑ (epoxy), Űɞ ɞˊɞɑɞ əŬɘ 

ŭɘŬɢɨɗɖəŮ əŬŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ ˊɎɜɤ ůŰŬ VCSELs.  
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Ƀɘ ɛŮŰɟɐůŮɘɠ Űɤɜ s-ˊŬɟŬɛɏŰɟɤɜ (S11 əŬɘ S21) ɔɘŬ Űɘɠ RF ɔɟŬɛɛɏɠ Űɤɜ ŭɞɛɩɜ 

űŬɑɜɞɜŰŬɘ ůŰɘɠ ˊŬɟŬəɎŰɤ ŮɘəɧɜŮɠ. ȾŬɘ ůŰɘɠ ŭɡɞ ˊŮɟɘˊŰɩůŮɘɠ ŭŮɘɔɛɎŰɤɜ, ɖ ɛɏŰɟɖůɖ 

Űɖɠ ŭɘɎŭɞůɖɠ ŭɖɚŬŭɐ Űɖɠ ˊŬɟŬɛɏŰɟɞɡ S21 ŬɜŰɘůŰɞɘɢŮɑ ůŮ ɛɘŬ ŮˊɑˊŮŭɖ ɔɟŬɛɛɐ ɔɘŬ 

ůɡɢɜɧŰɖŰŮɠ ɛɏɢɟɘ ŰŬ 40 GHz.  

 

ȺɘəɧɜŬ 86: ɀŮŰɟɐůŮɘɠ ŬɜɎəɚŬůɖɠ (S11 ) əŬɘ ŭɘɎŭɞůɖɠ (S21 ) ɔɘŬ Űɘɠ RF ɔɟŬɛɛɏɠ Űɤɜ ŭŮɘɔɛɎŰɤɜ id1 

əŬɘ id2. 

4.5 ɀŮŰɟɐůŮɘɠ ůŰŬ VCSEL ɞəŰɩ əɓŬɜŰɘəɩɜ ˊɖɔŬŭɘɩɜ 

ȰɜŬ ˊɚŬəɑŭɘɞ ˊɞɡ ɏűŮɟŮ ˊɎɜɤ Űɞɡ VCSEL ɛŮ ɞəŰɩ əɓŬɜŰɘəɎ ˊɖɔɎŭɘŬ ůŰɎɚɗɖəŮ Ŭˊɧ 

Űɞ TUM ůŰɞ ȺūȺ ɔɘŬ Ůə ɜɏɞɡ ɢŬɟŬəŰɖɟɘůɛɧ. Ƀ ɢɎɟŰɖɠ Űɤɜ ŭɞɛɩɜ ŬəɞɚɞɡɗŮɑ Űɖɜ 

ɑŭɘŬ ɞɜɞɛŬŰɞŭɞůɑŬ ˊɞɡ ŬəɞɚɞɡɗɐɗɖəŮ əŬɘ ˊŬɟŬˊɎɜɤ. ȳˊɤɠ əŬɘ ɛŮ ŰŬ VCSELs Űɤɜ 

Űɟɘɩɜ əɓŬɜŰɘəɩɜ ˊɖɔŬŭɘɩɜ, ɛŮŰɟɐɗɖəŬɜ ɞɘ LIV  əŬɛˊɨɚŮɠ əŬɘ ɔɘŬ Űɘɠ ŭɡɞ ˊɞɚɩůŮɘɠ ɛŮ 

Űɖ ŭɘɎŰŬɝɖ ˊɞɡ űŬɑɜŮŰŬɘ ˊŬɟŬəɎŰɤ. ɆŰŬ ˊɚŬɑůɘŬ Űɖɠ ůɡɜɞɚɘəɐɠ ŭɘŮɟŮɨɜɖůɖɠ Űɤɜ 

ɢŬɟŬəŰɖɟɘůŰɘəɩɜ Űɤɜ VCSELs ɛŮ ɞəŰɩ əɓŬɜŰɘəɎ ˊɖɔɎŭɘŬ, ɏɔɘɜŬɜ əŬɘ ɛŮŰɟɐůŮɘɠ Űɤɜ 

s-ˊŬɟŬɛɏŰɟɤɜ Űɞɡɠ. ȸŬůɘəɏɠ ˊŬɟɎɛŮŰɟɞɘ ŮɜŭɘŬűɏɟɞɜŰɞɠ əŬŰɎ Űɖ ɛɏŰɟɖůɖ ŬɡŰɐ ɐŰŬɜ 

ɖ ɛɏŰɟɖůɖ Űɞɡ Ůɨɟɞɡɠ ɕɩɜɖɠ Űɤɜ ŭɞɛɩɜ ɛɏůɤ Űɖɠ ˊŬɟŬɛɏŰɟɞɡ s21 əŬɗɩɠ əŬɘ Űɞ 

əɞɛɛɎŰɘ Űɤɜ ŬɜŬəɚɎůŮɤɜ ɛɏůɤ Űɖɠ ˊŬɟŬɛɏŰɟɞɡ s11. Ƀɘ s- ˊŬɟɎɛŮŰɟɞɘ ɛŮŰɟɐɗɖəŬɜ ɛŮ 

Űɖ ɓɞɐɗŮɘŬ Űɖɠ 40 GHz ɖɚŮəŰɟɞ-ɞˊŰɘəɐɠ ŭɘɎŰŬɝɖɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ əŬɘ 

ˊŬɟŬˊɎɜɤ ɔɘŬ Űɖ ɛɏŰɟɖůɖ ŭɞɛɩɜ VCSELs.  
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ȺɘəɧɜŬ 87: (Ŭ) ɄŮɘɟŬɛŬŰɘəɐ ŭɘɎŰŬɝɖ ɔɘŬ Űɘɠ əŬɛˊɨɚŮɠ LIV  əŬɘ (ɓ) ˊŮɘɟŬɛŬŰɘəɐ ŭɘɎŰŬɝɖ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɖ ɛɏŰɟɖůɖ Űɤɜ s-ˊŬɟŬɛɏŰɟɤɜ. 

ɆŰŬ ŭɘŬɔɟɎɛɛŬŰŬ ˊɞɡ ŬˊɞŰɡˊɩɜɞɡɜ Űɖɜ s21 ˊŬɟɎɛŮŰɟɞ ɡˊɞŭŮɘəɜɨŮŰŬɘ əŬɘ Űɞ 3 dB 

Ůɨɟɞɠ ɕɩɜɖɠ Űɖɠ ŭɞɛɐɠ. ȼ ɛɏŰɟɖůɖ ŬɡŰɐ ɏɔɘɜŮ ůŮ ŭɘɎűɞɟŬ bias ůɖɛŮɑŬ Űɤɜ 

ŭɞəɘɛŬɕɧɛŮɜɤɜ ŭɞɛɩɜ əŬɘ ůŰŬ ŭɘŬɔɟɎɛɛŬŰŬ ŬˊɞŰɡˊɩɜŮŰŬɘ ɖ ɛŮɔŬɚɨŰŮɟɖ Űɘɛɐ ˊɞɡ 

ɛŮŰɟɐɗɖəŮ. Ƀɘ ɓɏɚŰɘůŰŮɠ Űɘɛɏɠ ɟŮɨɛŬŰɞɠ ɧůɞɜ ŬűɞɟɎ ůŰɞ Ůɨɟɞɠ ɕɩɜɖɠ ɓɟɏɗɖəŬɜ 

ˊɞɚɨ əɞɜŰɎ ůŰɘɠ Űɘɛɏɠ Űɞɡ roll-over. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ ɞɛŬŭɞˊɞɘɞɨɜŰŬɘ ɛŮ ɓɎůɖ Űɖɜ 

Űɘɛɐ Űɞɡ BTJ əŬɘ Űɞɡ mesa. Ʉɟɞɠ ɢɎɟɘɜ ɞɘəɞɜɞɛɑŬɠ, ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŮɜŭŮɘəŰɘəɎ ɛɧɜɞ 

ŰŬ ŭɘŬɔɟɎɛɛŬŰŬ Űɖɠ ˊɟɩŰɖɠ ˊŮɟɑˊŰɤůɖɠ (mesa 20 um- BTJ 3um) Ůɜɩ ůŰɘɠ ɡˊɧɚɞɘˊŮɠ 

ɞɛɎŭŮɠ ŭɞɛɩɜ ˊŬɟŬŰɑɗŮŰŬɘ ɛɧɜɞ ɞ ůɢɞɚɘŬůɛɧɠ Űɤɜ ɛŮŰɟɐůŮɤɜ. 

Mesa: 20 um- BTJ: 3 um  
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ȺɘəɧɜŬ 88: OˊŰɘəɐ ɘůɢɨɠ Ůɝɧŭɞɡ ɤɠ ůɡɜɎɟŰɖůɖ Űɞɡ ŮɔɢŮɧɛŮɜɞɡ ɟŮɨɛŬŰɞɠ ɔɘŬ ŰŬ VCSELs Űɨˊɞɡ ȷ1 

Ƀ ɚɧɔɞɠ ůɓɏůɖɠ Űɖɠ ˊɧɚɤůɖɠ Űɤɜ VCSELs Űɨˊɞɡ ȷ1 ɏɢŮɘ ŭɘŬəɨɛŬɜůɖ Ŭˊɧ 10.66 ɏɤɠ 

20.93 dB. ɔɘŬ ŰŬ VCSEL ȷ1-2-1 əŬɘ ȷ1-8-1 ˊŬɟŬŰɖɟɐɗɖəŮ ŬɚɚŬɔɐ Űɞɡ ˊɞɚɤŰɘəɞɨ 

ɎɝɞɜŬ ůŰŬ 6 mA əŬɘ 3.5 mA ŬɜŰɑůŰɞɘɢŬ. ȳůɞɜ ŬűɞɟɎ ůŰɞ Ůɨɟɞɠ ɕɩɜɖɠ 3 dB, ɞɘ ŭɞɛɏɠ 

ŮˊɏŭŮɘɝŬɜ ˊŬɟɧɛɞɘŬ ůɡɛˊŮɟɘűɞɟɎ ɛŮ Űɘɛɐ əɞɜŰɎ ůŰŬ 13 GHz ůŰŬ 10 mA. 

 

ȺɘəɧɜŬ 89: ȷɜɎəɚŬůɖ əŬɘ ŭɘɎŭɞůɖ ɔɘŬ ŰŬ VCSELs Űɨˊɞɡ ȷ1 

Mesa: 24 um- BTJ: 3 um  

Ƀ ɚɧɔɞɠ ůɓɏůɖɠ Űɖɠ ˊɧɚɤůɖɠ Űɤɜ VCSELs Űɨˊɞɡ ȷ2 ŮɑɢŮ ŭɘŬəɨɛŬɜůɖ ɛŮŰŬɝɨ 5.55 

əŬɘ 21.21 dB ůŰɞ roll-over ɟŮɨɛŬ Ůɜɩ Űɞ 3 dB Ůɨɟɞɠ ɕɩɜɖɠ Űɞɡɠ ɐŰŬɜ ɛŮŰŬɝɨ 13 əŬɘ 

14 GHz ůŰŬ 10 mA. 
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Mesa: 28 um- BTJ: 3 um  

ɄŬɟŬŰɖɟɐɗɖəŮ ɧŰɘ ŰŬ VCSEL ȷ3-4-5 əŬɘ ȷ3-88-5 ŮɑɢŬɜ ˊŬɟɧɛɞɘŬ ůɡɛˊŮɟɘűɞɟɎ 

ůŰɖɜ ɞˊŰɘəɐ ɘůɢɨ Ůɝɧŭɞɡ Űɞɡɠ əŬɘ ůŰɞɡɠ ŭɡɞ ˊɞɚɤŰɘəɞɨɠ ɎɝɞɜŮɠ. Ƀɘ ɡˊɧɚɞɘˊŮɠ ŭɞɛɏɠ 

ŮɑɢŬɜ ɚɧɔɞ ůɓɏůɖɠ ˊɧɚɤůɖɠ ůŰŬ 5.08 dB. ɇɞ Ůɨɟɞɠ ɕɩɜɖɠ Űɤɜ ŭɞɛɩɜ ɐŰŬɜ ůŰŬ 14 

GHz ůŰŬ 10 mA 

Mesa: 20 um- BTJ: 4 um  

Ƀ ɚɧɔɞɠ ůɓɏůɖɠ ˊɧɚɤůɖɠ Űɤɜ VCSELs Űɨˊɞɡ ȸ1 əɡɛɎɜɗɖəŮ Ŭˊɧ 5.38 ɏɤɠ 21.37 dB 

Ůɜɩ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɞɡ ŮɔɢŮɧɛŮɜɞɡ ɟŮɨɛŬŰɞɠ ˊŬɟŬŰɖɟɐɗɖəŮ ŬɚɚŬɔɐ Űɞɡ ˊɞɚɤŰɘəɞɨ 

ɎɝɞɜŬ. ɇɞ 3 dB Ůɨɟɞɠ ɕɩɜɖɠ ɛŮŰɟɐɗɖəŮ ůŰŬ 12.5 mA əŬɘ ɓɟɏɗɖəŮ ɛŮŰŬɝɨ 15 əŬɘ 17 

GHz. 

Mesa: 24 um- BTJ: 4 um  

Ƀ ɚɧɔɞɠ ůɓɏůɖɠ ůŰɘɠ ůɡɔəŮəɟɘɛɏɜŮɠ ŭɞɛɏɠ ɐŰŬɜ ɛŮŰŬɝɨ 4.49 əŬɘ 24.66 dB Ůɜɩ Űɞ 

Ůɨɟɞɠ ɕɩɜɖɠ əɡɛɎɜɗɖəŮ ɛŮŰŬɝɨ 14 əŬɘ 16 GHz ůŰŬ 12.5 mA. 

Mesa: 28 um- BTJ: 4 um  

ɇŬ ůɡɔəŮəɟɘɛɏɜŬ VCSELs Űɨˊɞɡ ȸ3 ŮˊɏŭŮɘɝŬɜ əŬəɐ ůɡɛˊŮɟɘűɞɟɎ ɧůɞɜ ŬűɞɟɎ ůŰɞ 

ɚɧɔɞ ůɓɏůɖɠ ɖɠ ˊɧɚɤůɖɠ Űɞɡɠ ɛŮ Űɘɛɏɠ ɛŮŰŬɝɨ 3.7 əŬɘ 8.24 dB.Űɞ Ůɨɟɞɠ ɕɩɜɖɠ Űɞɡɠ 

ɛŮŰɟɐɗɖəŮ ůŰŬ 12.5 mA əŬɘ ɓɟɏɗɖəŮ ɛŮŰŬɝɨ 13 əŬɘ 16 GHz.  

Mesa: 20 um- BTJ: 5 um  

Ƀɘ ŭɞɛɏɠ C1-4-13 əŬɘ C1-8-13 ŮˊɏŭŮɘɝŬɜ ˊŬɟɧɛɞɘŬ ůɡɛˊŮɟɘűɞɟɎ ɧůɞɜ ŬűɞɟɎ ůŰɖɜ 

ɞˊŰɘəɐ ɘůɢɨ Ůɝɧŭɞɡ Űɞɡɠ əŬɘ ůŰɞɡɠ ŭɡɞ ˊɞɚɤŰɘəɞɨɠ ɎɝɞɜŮɠ. ũɘŬ Űɞ VCSEL C1-2-13 ɖ 

Űɘɛɐ Űɞɡ PER ɐŰŬɜ ůŰŬ 7.78 dB. Ƀɘ ŬɜŰɑůŰɞɘɢŮɠ Űɘɛɏɠ Ůɨɟɞɡɠ ɕɩɜɖɠ ɐŰŬɜ ɛŮŰŬɝɨ 16 

əŬɘ 17 GHz ůŰŬ 12.5 GHz.  

Mesa: 24 um- BTJ: 5 um  

Ƀ ɚɧɔɞɠ ůɓɏůɖɠ Űɖɠ ˊɧɚɤůɖɠ Űɤɜ VCSELs Űɨˊɞɡ C2 əɡɛɎɜɗɖəŮ ɛŮŰŬɝɨ 8.94 əŬɘ 

19.51 dB Ůɜɩ ůŰŬ 12.5 mA ŮɔɢŮɧɛŮɜɞɡ ɟŮɨɛŬŰɞɠ ɞɘ Űɘɛɏɠ Űɞɡ Ůɨɟɞɡɠ ɕɩɜɖɠ 

əɘɜɐɗɖəŬɜ ɛŮŰŬɝɨ 15 əŬɘ 17 GHz. 

Mesa: 28 um- BTJ: 5 um  

Ƀ ɚɧɔɞɠ ůɓɏůɖɠ Űɖɠ ˊɧɚɤůɖɠ ɔɘŬ ŰŬ VCSELs Űɨˊɞɡ C3 ŮɑɢŮ ŭɘŬəɨɛŬɜůɖ Ŭˊɧ 4.53 

ɏɤɠ 8.67 dB əŬɘ ɔɘŬ Űɞɡɠ ŭɡɞ ˊɞɚɤŰɘəɞɨɠ ɎɝɞɜŮɠ. Ƀɘ ŭɞɛɏɠ C3-2-17 əŬɘ C3-8-17 

ŮɑɢŬɜ ŬɚɚŬɔɐ ůŰɞɜ ˊɞɚɤŰɘəɧ ɎɝɞɜŬ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɞɡ ŮɔɢŮɧɛŮɜɞɡ ɟŮɨɛŬŰɞɠ. ɆŰŬ 

12.5 mA ŮɔɢŮɧɛŮɜɞɡ ɟŮɨɛŬŰɞɠ ɞɘ Űɘɛɏɠ Űɞɡ Ůɨɟɞɡɠ ɕɩɜɖɠ əɘɜɐɗɖəŬɜ ɛŮŰŬɝɨ 14 əŬɘ 

15.5 GHz. 

Ƀ ˊŬɟŬəɎŰɤ ˊɑɜŬəŬɠ ůɡɜɞɣɑɕŮɘ Űɘɠ ɛŮŰɟɞɨɛŮɜŮɠ Űɘɛɏɠ ɔɘŬ ŰŬ VCSELs Űɨˊɞɡ C3. 

VCEL  
Rollover 

ɅŮɨɛŬ (mA) 

ɃˊŰɘəɐ Ƚůɢɨ 

Ⱥɝɧŭɞɡ (dBm) 

ȿɧɔɞɠ Ɇɓɏůɖɠ 

Ʉɧɚɤůɖɠ (dB) 

3-dB Ⱥɨɟɞɠ 

Ȼɩɜɖɠ (GHz) 

A1-2-1 9 2.63 20.93 13 

A1-4-1 9 2.45 12.75 13 

A1-8-1 9.2 2.33 10.66 13 
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A2-1-3 11.2 1.49 5.55 13 

A2-2-3 10.7 2.22 13.92 14 

A2-7-3 8.3 2.33 17.77 13 

A2-8-3 8.6 2.76 21.12 - 

A3-1-5 8.7 2.4 5.08 14 

A3-2-5 8.8 1.25 5.08 13.5 

A3-4-5 11.9 0.5 8.55 14 

A3-8-5 8.4 1.7 2.08 14 

B1-1-7 8.4 1.19 5.38 16 

B1-2-7 12.7 3.15 5.82 16 

B1-4-7 12 3.62 21.37 15 

B1-8-7 12 3.63 18.2 17 

B2-1-9 10.2 2.33 4.49 14 

B2-4-9 11.9 3.41 24.66 15 

B2-8-9 12.4 3.05 12.75 16 

B3-1-11 12 2.48 4.06 16 

B3-2-11 12.9 2.21 3.7 13.5 

B3-4-11 12.2 3.17 8.24 13 

B3ð11 14.7 2.41 4.8 14 

C1-2-13 15.5 1.84 7.78 16 

C1-4-13 13.2 2.54 1.9 17 

C1-8-13 12.6 2.38 1.39 - 

C2-1-15 14.5 4.84 8.94 17 

C2-2-15 14.6 5.13 16.73 16 

C2-5-15 15.1 4.81 0.48 15 
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C2-8-15 14.8 4.51 19.51 15 

C3-1-17 15.4 4.83 8.67 15.5 

C3-2-17 14.5 5.09 7.91 15 

C3-4-17 16.7 3.53 4.53 15 

C3-8-17 15.1 4.64 7.43 14 

ɄɑɜŬəŬɠ 17: ɅŮɨɛŬ rollover, ɞˊŰɘəɐ ɘůɢɨɠ Ůɝɧŭɞɡ, ɚɧɔɞɠ ůɓɏůɖɠ ˊɧɚɤůɖɠ əŬɘ Ůɨɟɞɠ ɕɩɜɖɠ 3 dB ɔɘŬ Űɘɠ 

ŭɞɛɏɠ VCSELs Űɨˊɞɡ C3 

4.6 ũɏɜɜɖůɖ ˊŬɚɛɞɨ ŭɘŬɛɞɟűɤɛɏɜɞɡ əŬŰɎ ˊɚɎŰɞɠ ŰŮůůɎɟɤɜ 

ůŰŬɗɛɩɜ (PAM-4) ɛɏůŬ Ŭˊɧ Űɖɜ ŰŮɢɜɘəɐ Űɖɠ ˊɞɚɡˊɚŮɝɑŬɠ ůŰɖɜ 

ˊɧɚɤůɖ.  

4.6.1 ȺɘůŬɔɤɔɘəɏɠ ůɖɛŮɘɩůŮɘɠ 

ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ŬɡɝɖɗŮɑ ɖ ɢɤɟɖŰɘəɧŰɖŰŬ Űɤɜ ɕŮɨɝŮɤɜ ůŰŬ ŭɑəŰɡŬ, ˊɟɞŰŮɑɜɞɜŰŬɘ ˊɘɞ 

ˊɟɞɖɔɛɏɜŮɠ ŰŮɢɜɘəɏɠ ˊɞɚɡˊɚŮɝɑŬɠ ůŮ ɛɘŬ ˊɟɞůˊɎɗŮɘŬ ɜŬ ŮɝŬɜŰɚɖɗɞɨɜ ɧɚŬ ŰŬ ɛɏůŬ 

ɞ́ɡ ɡˊɎɟɢɞɡɜ ůŰɖ ŭɘɎɗŮůɖ Űɞɡ ŭɘəŰɨɞɡ [4.17]. ɆŰŬ ˊɚŬɑůɘŬ ŬɡŰɎ, ɖ ŰŮɢɜɘəɐ Űɖɠ 

ˊɞɚɡˊɚŮɝɑŬɠ ˊɧɚɤůɖɠ ˊɟɞůűɏɟŮɘ Űɖ ŭɡɜŬŰɧŰɖŰŬ ŭɘˊɚŬůɘŬůɛɞɨ Űɖɠ Ŭˊɧŭɞůɖɠ Űɞɡ 

Ůɨɟɞɡɠ ɕɩɜɖɠ ŮəɛŮŰŬɚɚŮɡɧɛŮɜɞɘ əɎˊɞɘŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ ɞˊŰɘəɩɜ ˊɖɔɩɜ [4.18]. 

ɆŬɜ ŰŮɢɜɘəɐ ˊɞɚɡˊɚŮɝɑŬɠ Űɖɠ ˊɧɚɤůɖɠ (Polarization-Division Multiplexing) 

ɢŬɟŬəŰɖɟɑɕɞɡɛŮ Űɖɜ ˊɞɚɡˊɚŮɝɑŬ ˊɞɡ ŮˊɘŰɟɏˊŮɘ ŭɡɞ əŬɜɎɚɘŬ ˊɚɖɟɞűɞɟɑŬɠ ɜŬ 

ɛŮŰŬŭɞɗɞɨɜ ůŰɖɜ ɑŭɘŬ ůɡɢɜɧŰɖŰŬ űɏɟɞɜŰɞɠ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɖɚŮəŰɟɞɛŬɔɜɖŰɘəɎ 

əɨɛŬŰŬ ɛŮ ŭɡɞ ɞɟɗɞɔɩɜɘŮɠ ˊɞɚɤŰɘəɏɠ əŬŰŬůŰɎůŮɘɠ.  

 

 

ȺɘəɧɜŬ 90: ɆɢɖɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ Űɞɡ űŬɘɜɞɛɏɜɞɡ Űɖɠ ŭɘŬůˊɞɟɎɠ Űɟɧˊɤɜ ˊɧɚɤůɖɠ 

ɋůŰɧůɞ, Űɞ əɨɟɘɞ ˊɟɧɓɚɖɛŬ Űɞ ɞˊɞɑɞ ůɡɜŬɜŰɎŰŬɘ əŬŰɎ Űɖ ŭɘɎŭɞůɖ ůŮ ɑɜŬ əŬɘ ŬűɞɟɎ 

ůŰɖɜ ˊɞɚɡˊɚŮɝɑŬ Űɖɠ ˊɧɚɤůɖɠ, ŮɑɜŬɘ Űɞ űŬɘɜɧɛŮɜɞ Űɖɠ ŭɘŬůˊɞɟɎɠ Űɟɧˊɤɜ ˊɧɚɤůɖɠ 

(polarization mode dispersion) [4.19]. ɇɞ űŬɘɜɧɛŮɜɞ ŬɡŰɧ ɞűŮɑɚŮŰŬɘ ůŰŬ ŭɞɛɘəɎ 

ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɖɠ ɞˊŰɘəɐɠ ɑɜŬɠ. ɆŮ əŬɜɞɜɘəɏɠ ůɡɜɗɐəŮɠ, ɧŰŬɜ Űɞ űɤɠ ŰŬɝɘŭŮɨŮɘ ůŮ 

ɛɘŬ ŰɏɚŮɘŬ əɡɚɘɜŭɟɘəɐ ɑɜŬ ɢɤɟɑɠ ɚɡɔɑůɛŬŰŬ, Űɞ űŬɘɜɧɛŮɜɞ Űɖɠ ŭɘŬůˊɞɟɎɠ Űɟɧˊɤɜ 

ˊɧɚɤůɖɠ ŭŮɜ ɡűɑůŰŬŰŬɘ. ɄŬɟɧɚŬ ŬɡŰɎ ůŰɖɜ ˊɟŬɔɛŬŰɘəɧŰɖŰŬ ŬɡŰɐ ɖ ɘŭŬɜɘəɐ ůɡɜɗɐəɖ 
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ŭŮɜ ůɡɜŬɜŰɎŰŬɘ Ŭűɞɨ ɖ ɞˊŰɘəɐ ɑɜŬ ŮɑɜŬɘ ŭɞɛɘəɎ ŬŰŮɚɐɠ, ɡˊɧ Űɖɜ ɏɜɜɞɘŬ ɧŰɘ ŭŮɜ ɏɢŮɘ 

ŬˊɧɚɡŰŬ əɡəɚɘəɐ ŭɘŬŰɞɛɐ. ȰŰůɘ, ŮɛűŬɜɑɕŮŰŬɘ Űɞ űŬɘɜɧɛŮɜɞ Űɖɠ ŭɘˊɚɞɗɚŬůŰɘəɧŰɖŰŬɠ 

ˊɞɡ ɡˊŬɔɞɟŮɨŮɘ ɧŰɘ ůŮ ŭɘŬűɞɟŮŰɘəɞɨɠ ɎɝɞɜŮɠ Űɖɠ ɑɜŬɠ Űɞ űɤɠ ŰŬɝɘŭŮɨŮɘ ɛŮ 

ŭɘŬűɞɟŮŰɘəɐ ŰŬɢɨŰɖŰŬ Ŭűɞɨ çɓɚɏˊŮɘè ŭɘŬűɞɟŮŰɘəɧ ŮɜŮɟɔɧ ŭŮɑəŰɖ ŭɘɎɗɚŬůɖɠ 

(effective index) ɞ ɞˊɞɑɞɠ ŮɑɜŬɘ ŬˊɞŰɏɚŮůɛŬ Űɖɠ ŭɘŬűɞɟɎɠ Űɞɡ ˊɚɎŰɞɡɠ Űɞɡ əɎɗŮ 

ɎɝɞɜŬ. ȷˊɞŰɏɚŮůɛŬ ɧɚɤɜ ŬɡŰɩɜ ɚɞɘˊɧɜ ŮɑɜŬɘ ɖ ŭɘŬůˊɞɟɎ Űɟɧˊɤɜ ˊɧɚɤůɖɠ ɖ ɞˊɞɑŬ 

ůŰɖɜ Ɏəɟɖ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɏɢŮɘ çɝŮɢɤɟɑůŮɘè (ŭɘŬůˊŮɑɟŮɘ) Űɘɠ ŭɡɞ ˊɞɚɤŰɘəɏɠ 

əŬŰŬůŰɎůŮɘɠ, Ŭűɞɨ ɏɢɞɡɜ ŰŬɝɘŭɏɣŮɘ ůŮ ŭɘŬűɞɟŮŰɘəɧ ɢɟɧɜɞ. ȼ ŭɘŬůˊɞɟɎ Űɟɧˊɤɜ 

ˊɧɚɤůɖɠ ŮɑɜŬɘ ɏɜŬ ůŰɞɢŬůŰɘəɧ űŬɘɜɧɛŮɜɞ Űɞ ɞˊɞɑɞ ɞűŮɑɚŮŰŬɘ Ůɜ ˊɞɚɚɞɑɠ ůŰɘɠ 

ɔŮɤɛŮŰɟɘəɏɠ ŬŰɏɚŮɘŮɠ Űɖɠ ɑɜŬɠ ɐ ŬəɧɛŬ əŬɘ ŰŬ ɚɡɔɑůɛŬŰŬ ˊɞɡ ŬˊɞəŰɎ əŬŰɎ Űɖɜ 

ŮɔəŬŰɎůŰŬůɖ. ȰŰůɘ Űɞ űŬɘɜɧɛŮɜɞ ŬɡŰɧ ɏɢŮɘ ɛɘŬ ůɡɜŮɢɐ ŭɘŬəɨɛŬɜůɖ ˊɞɡ ŭŮɜ ɛŬɠ 

ŮˊɘŰɟɏˊŮɘ Űɖɜ ŬɡůŰɖɟɐ ˊɞůɞŰɘəɞˊɞɑɖůɖ Űɞɡ ŬɚɚɎ Űɖɜ ˊɟɞůɏɔɔɘůɖ ɛɘŬɠ ɛɏůɖɠ Űɘɛɐɠ 

ůŰɞɜ ɢɟɧɜɞ [4.20]. ɆŰɞ ůɖɛŮɑɞ ŬɡŰɧ ɜŬ ŬɜŬűŮɟɗŮɑ ɧŰɘ ɖ ŭɘŬůˊɞɟɎ Űɟɧˊɤɜ ˊɧɚɤůɖɠ 

ŮɑɜŬɘ űŬɘɜɧɛŮɜɞ əŬɗɞɟɘůŰɘəɧ ɔɘŬ Űɖ ŭɘɎŭɞůɖ Ůɜɧɠ ůɐɛŬŰɞɠ ɧŰŬɜ ŮɑɜŬɘ ůɡɔəɟɑůɘɛɞ 

ɢɟɞɜɘəɎ ɛŮ Űɖ ŭɘɎɟəŮɘŬ Ůɜɧɠ ˊŬɚɛɞɨ, ɛŮ ɎɚɚŬ ɚɧɔɘŬ ɧůɞ ŬɡɝɎɜŮŰŬɘ ɖ ŰŬɢɨŰɖŰŬ 

ɛŮŰɎŭɞůɖɠ, ůŰŮɜŮɨŮɘ ɖ ɢɟɞɜɘəɐ ˊŮɟɑɞŭɞɠ Űɞɡ ˊŬɚɛɞɨ əŬɘ ɎɟŬ ŮɑɜŬɘ ˊɘɞ ŮˊɘɟɟŮˊɐɠ ůŮ 

űŬɘɜɧɛŮɜŬ ŭɘŬˊɚɎŰɡɜůɖɠ.  

ũɘŬ Űɞɡɠ ˊŬɟŬˊɎɜɤ ɚɧɔɞɡɠ, ɖ ɢɟɐůɖ Űɖɠ ŰŮɢɜɘəɐɠ ˊɞɚɡˊɚŮɝɑŬɠ ˊɧɚɤůɖɠ ŬˊŬɘŰŮɑ 

ŬɜŰɘůŰŬɗɛɘůŰɘəɞɨɠ ɛɖɢŬɜɘůɛɞɨɠ ŬˊɏɜŬɜŰɘ ůŮ ŬɡŰɐ Űɖ ɢɟɞɜɘəɐ ɞɚɑůɗɖůɖ Űɤɜ ŭɡɞ 

əɎɗŮŰɤɜ ˊɞɚɩůŮɤɜ ůŰɖɜ ɑɜŬ. ȹɡɞ ɛɏɗɞŭɞɘ ŮɑɜŬɘ ŬɟəŮŰɎ ŭɘŬŭŮŭɞɛɏɜŮɠ ɔɘŬ 

ŬɜŰɘůŰɎɗɛɘůɖ, ɖ ŮɜŮɟɔɐ ˊŬɟŬəɞɚɞɨɗɖůɖ Űɖɠ ˊɧɚɤůɖɠ (active polarization tracking) ɐ 

ɖ ůɨɛűɤɜɖ ŬɜɑɢɜŮɡůɖ (coherent detection) ɛŮ ŭɏəŰɖ ŮɡŬɑůɗɖŰɞ ůŰɖɜ ˊɧɚɤůɖ əŬɘ 

ůɡɜŮˊɘəɞɡɟɞɨɛŮɜɞ Ŭˊɧ ɣɖűɘŬəɐ ŮˊŮɝŮɟɔŬůɑŬ ůɐɛŬŰɞɠ. ȼ ŰŮɚŮɡŰŬɑŬ ŰŮɢɜɘəɐ ŮɑɜŬɘ 

Ůɡɟɏɤɠ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɖ ůŰŬ ɞˊŰɘəɎ ŭɑəŰɡŬ, ˊŬɟɧɚŬ ŬɡŰɎ ŮɑɜŬɘ ŬɟəŮŰɎ ůɨɜɗŮŰɖ, 

ɏɢŮɘ ɡɣɖɚɧ əɧůŰɞɠ əŬɘ ɡɣɖɚɐ əŬŰŬɜɎɚɤůɖ ɘůɢɨɞɠ [4.21]. ɆŰŬ ˊɚŬɑůɘŬ Űɤɜ 

ɛŮŰɟɐůŮɤɜ ˊɞɡ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ůŰɞ ȺūȺ ɛŮ ŰŬ VCSEL ˊɞɡ əŬŰŬůəŮɡɎůŰɖəŬɜ 

ůŰɞ TUM, ŭɘŮɟŮɡɜɐɗɖəŮ ɛɘŬ ɜɏŬ ɛɏɗɞŭɞɠ ˊɞɚɡˊɚŮɝɑŬɠ ůŰɖɜ ˊɧɚɤůɖ 

ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖɜ ɛɞɜɞɟɡɗɛɘəɧŰɖŰɎ Űɞɡɠ əŬɘ ŬˊɞűŮɨɔɞɜŰŬɠ Űɖ ɢɟɐůɖ ůɨɛűɤɜɖɠ 

ŬɜɑɢɜŮɡůɖɠ. ȯɛŮůɖ ŬɜɑɢɜŮɡůɖ (direct detection) ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ůŰɖ ɛŮɟɘɎ Űɞɡ 

ŭɏəŰɖ ɧˊɤɠ ůŮ ɏɜŬ Ŭˊɚɧ PAM-4 ůɢɐɛŬ əŬɘ ɏŰůɘ ɛŮɘɩɗɖəŮ ɖ ůɡɜɞɚɘəɐ 

ˊɞɚɡˊɚɞəɧŰɖŰŬ. Ⱥˊɘˊɚɏɞɜ, ɖ ůɡɔəŮəɟɘɛɏɜɖ ŰŮɢɜɘəɐ ˊŬɟŬəɎɛˊŰŮɘ Űɖ ɢɟɐůɖ 

ɔɟŬɛɛɘəɩɜ ɖɚŮəŰɟɞɜɘəɩɜ ŮɜɘůɢɡŰɩɜ (linear electronic drivers) əŬɘ ŭŮɜ ŬˊŬɘŰŮɑ Űɖɜ 

ɞŭɐɔɖůɖ Űɤɜ ŭɞɛɩɜ ŬɡůŰɖɟɎ ůŰɖ ɔɟŬɛɛɘəɐ Űɞɡɠ ˊŮɟɘɞɢɐ.  

ɇŬ VCSEL ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ůŮ ŬɡŰɧ Űɞ ˊŮɑɟŬɛŬ ŮɑɜŬɘ ɓŬůɘůɛɏɜŬ ůŮ ɛɘŬ 

ŬɟɢɘŰŮəŰɞɜɘəɐ əɞɜŰɐɠ əɞɘɚɧŰɖŰŬɠ (short cavity) əŬɘ ŭɘˊɚɞɨ mesa (double mesa) ůŰɖɜ 

ɞˊɞɑŬ Űɞ ɛɐəɞɠ Űɖɠ əɞɘɚɧŰɖŰŬɠ Űɞɡ ɖɛɘŬɔɤɔɞɨ ŮɑɜŬɘ ŰɟɘˊɚɎůɘɞ Ŭˊɧ Űɞ ɛɐəɞɠ əɨɛŬŰɞɠ 

Ůəˊɞɛˊɐɠ Űɞɡ laser [4.22]. ũɘŬ ɜŬ ɛŮɘɤɗɞɨɜ ŰŬ ˊŬɟŬůɘŰɘəɎ űŬɘɜɧɛŮɜŬ ůŰɞ ˊɚŬəɑŭɘɞ 

(chip parasitics) ɖ ŭɞɛɐ ůɢŮŭɘɎůŰɖəŮ əŬɘ əŬŰŬůəŮɡɎůŰɖəŮ ɛŮ ŭɘˊɚɧ mesa əŬɘ Ůɜ 

ůɡɜŮɢŮɑŬ ŮɜɗɡɚŬəɩɗɖəŮ (encapsulated) ˊɚɐɟɤɠ ůŮ ɓŮɜɕɞəɡəɚɞɓɞɡŰɏɜɖ 

(benzocyclobutene-BCB). ɇɞ ɛɘəɟɧŰŮɟɞ mesa əŬɗɞɟɑɕŮɘ Űɖɜ ɢɤɟɖŰɘəɧŰɖŰŬ əŬɘ ɏɢŮɘ 

ŭɘɎɛŮŰɟɞ dbm. ȼ ŭɞɛɐ ɛŮ ŬɡŰɧ Űɞ ɢŬɟŬəŰɖɟɘůŰɘəɧ, ŮˊɘŰɟɏˊŮɘ Űɖɜ əŬŰŬůəŮɡɐ mesas ɛŮ 

ŭɘɎɛŮŰɟɞ ɏɤɠ əŬɘ 14 ɛm ɛŮɘɩɜɞɜŰŬɠ ɏŰůɘ Űɖ ůɡɜɞɚɘəɐ ɢɤɟɖŰɘəɧŰɖŰŬ əŬŰɎ ɏɜŬ 
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ˊŬɟɎɔɞɜŰŬ ŭɡɞ ůŮ ůɨɔəɟɘůɖ ɛŮ ɎɚɚŮɠ ˊɘɞ ˊŬɟŬŭɞůɘŬəɏɠ ˊɟɞůŮɔɔɑůŮɘɠ ůŰɖɜ 

ŬɟɢɘŰŮəŰɞɜɘəɐ VCSELs [4.23].   

ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ŮɜɘůɢɡɗŮɑ ɖ ŮɔɔŮɜɐɠ ŭɡɜŬɛɘəɐ Ŭˊɧŭɞůɖ (intrinsic dynamic 

performance) Űɖɠ ŭɞɛɐɠ, ɖ ŮɜŮɟɔɐ ˊŮɟɘɞɢɐ Űɞɡ VCSEL çŰŮɜŰɩɗɖəŮè (strained) ɛŮ Űɖ 

ɢɟɐůɖ 6 AlGaInAs əɓŬɜŰɘəɩɜ ˊɖɔŬŭɘɩɜ ɛŮ ˊɎɢɞɠ 5 nm əŬɘ 1.7% ůɡɛˊɑŮůɖ. ȳˊɤɠ 

űŬɑɜŮŰŬɘ əŬɘ ůŰɖɜ ŮɘəɧɜŬ, ɖ ŮɜŮɟɔɧɠ ˊŮɟɘɞɢɐ ŮɑɜŬɘ ŮɜůɤɛŬŰɤɛɏɜɖ ɛŮŰŬɝɨ ɛɘŬ 

ɜŰɞˊŬɟɘůɛɏɜɖɠ ɛŮ ŬɟɜɖŰɘəɎ ɘɧɜŰŬ (n-doped) InP ůŰɟɩůɖɠ əŬɘ Ůɜɧɠ ɡɣɖɚɎ 

ɜŰɞˊŬɟɘůɛɏɜɞɡ (highly doped) AlInAs ˊŮɟɘɓɚɐɛŬŰɞɠ. Ƀ ˊŮɟɘɞɟɘůɛɧɠ Űɞɡ ɟŮɨɛŬŰɞɠ 

(current confinement) ŮˊɘŰŮɨɢɗɖəŮ ɛŮ ɛɘŬ p+-AlGaInAs/n+-GaInAs ŭɘŬůŰŬɨɟɤůɖ 

ůɐɟŬɔɔŬɠ (buried tunnel junction-BTJ) ɖ ɞˊɞɑŬ ŮɑɜŬɘ ˊɚɐɟɤɠ Ŭɔɩɔɘɛɖ ůŮ ɛɘŬ ˊŮɟɘɞɢɐ 

əɡəɚɘəɞɨ ůɢɐɛŬŰɞɠ ɛŮ ŭɘɎɛŮŰɟɞ dBTJ= 5 ɛm. ȺəŰɧɠ ŬɡŰɐɠ Űɖɠ ˊŮɟɘɞɢɐɠ, Űɞ 

ɛˊɚɞəɎɟɘůɛŬ Űɞɡ ɟŮɨɛŬŰɞɠ (current blocking) ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛŮ ɛɘŬ ŬɜɎůŰɟɞűŬ 

ˊɞɚɤɛɏɜɖ (reverse biased) p+n ŭɘŬəɚɎŭɤůɖ ɖ ɞˊɞɑŬ ŮəŰŮɑɜŮŰŬɘ ůŮ ɧɚɖ Űɖɜ ˊŮɟɘɞɢɐ 

Űɞɡ mesa Űɞɡ ˊɡɗɛɏɜŬ (bottom mesa). ȼ ŭɘŬůŰŬɨɟɤůɖ ůɐɟŬɔɔŬɠ, ɏɢŮɘ ŬɜŬˊŰɡɢɗŮɑ ɛŮ 

ɛɘŬ ŬɟɜɖŰɘəɎ ɜŰɞˊŬɟɘůɛɏɜɖ (n-doped) ůŰɟɩůɖ InP, ɞɨŰɤɠ ɩůŰŮ ɜŬ ŰŬɘɟɘɎɕŮɘ ɛŮ Űɞ 

ɛɐəɞɠ Űɖɠ əɞɘɚɧŰɖŰŬɠ. ȼ ŬˊɧŰɞɛɖ ŬɚɚŬɔɐ ůŰɖ ůɡɔəɏɜŰɟɤůɖ ɛɘəɟɞůɤɛŬŰɘŭɑɤɜ 

(impurities concentration) ůŰɖɜ ŬɜɎůŰɟɞűŬ ˊɞɚɤɛɏɜɖ ŭɘŬůŰŬɨɟɤůɖ, ɞŭɖɔŮɑ ůŮ ɛɘŬ 

ˊŮɟɘɞɢɐ Ŭˊɞɔɨɛɜɤůɖɠ (depletion region) ɖ ɞˊɞɑŬ ůɡɜŭɏŮŰŬɘ ɛŮ ɢɤɟɖŰɘəɧŰɖŰŬ 

ŬɜɎɚɞɔɖ ɛŮ Űɖ ŭɘŬűɞɟɎ Űɤɜ ŰŮŰɟŬɔɩɜɤɜ Űɖɠ ŭɘŬɛɏŰɟɞɡ Űɞɡ mesa ˊɡɗɛɏɜŬ əŬɘ Űɖɠ 

ŭɘŬɛɏŰɟɞɡ Űɖɠ ŭɘŬůŰŬɨɟɤůɖɠ ůɐɟŬɔɔŬɠ . ɇɞ VCSEL ɛŮ Űɖɜ ŭɘˊɚɐ mesa 

ŬɟɢɘŰŮəŰɞɜɘəɐ ɢɟɖůɘɛɞˊɞɘŮɑ ɏɜŬ ŭɘɖɚŮəŰɟɘəɧ əŬŰŬɜŮɛɖɛɏɜɞ Bragg ŬɜŬəɚŬůŰɐ 

(distributed Bragg reflector) əŬɘ ɏɜŬ ɡɓɟɘŭɘəɧ əŬŰŬɜŮɛɖɛɏɜɞ Bragg ŬɜŬəɚŬůŰɐ 

ˊɡɗɛɏɜŬ ɛŮ Űɘɛɐ ˊŬɟŬɛɏŰɟɞɡ ŬɜŬəɚŬůŰɘəɧŰɖŰŬɠ ɑůɖ ɛŮ 99.3% əŬɘ 99.9% ŬɜŰɑůŰɞɘɢŬ. 

 

ȺɘəɧɜŬ 91: (a) LIV  ɢŬɟŬəŰɖɟɘůŰɘəɏɠ əŬɘ ɞˊŰɘəɧ űɎůɛŬ, (b) S11 ɛɏŰɟɖůɖ Ůɜɧɠ 16 ɛm ŭɘˊɚɞɨ mesa 

VCSEL. 

ɆŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ, Űɞ ɟŮɨɛŬ əŬŰɤűɚɑɞɡ ŮɑɜŬɘ Űɖɠ ŰɎɝɖɠ Űɞɡ 1.0 mA əŬɘ ɖ 

ɛɏɔɘůŰɖ ɞˊŰɘəɐ ɘůɢɨɠ Ůɝɧŭɞɡ ŮɑɜŬɘ ŮɚŬűɟɩɠ ɛɘəɟɧŰŮɟɖ Ŭˊɧ 4 mW. ȼ ŭɘŬűɞɟɘəɐ 

ŬɜŰɑůŰŬůɖ ɛŮŰɟɐɗɖəŮ əŬɘ ɓɟɏɗɖəŮ 52 ɋ. ɆŰɞ ɏɜɗŮŰɞ Űɖɠ ȺɘəɧɜŬ 91Ŭ űŬɑɜŮŰŬɘ Űɞ 

ɞˊŰɘəɧ űɎůɛŬ Űɞɡ VCSEL ɧŰŬɜ ŬɡŰɧ ŰɟɞűɞŭɞŰŮɑŰŬɘ ɛŮ 9 mA. ɇɞ ɛɏɔɘůŰɞ Ůɨɟɞɠ 

ɕɩɜɖɠ ŭɘŬɛɧɟűɤůɖɠ Űɖɠ ŭɞɛɐɠ ɓɟɏɗɖəŮ 20.6 GHz Űɞ ɞˊɞɑɞ ŮˊɘŰŮɨɢɗɖəŮ ɔɘŬ 10.4 mA 

ŮɔɢŮɧɛŮɜɞɡ ɟŮɨɛŬŰɞɠ, ɧˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɖɜ ȺɘəɧɜŬ 91ɓ.  
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4.6.2 Concept əŬɘ ɄŮɘɟŬɛŬŰɘəɐ ȹɘɎŰŬɝɖ 

ɇɞ ˊŮɑɟŬɛŬ ɓŬůɑůŰɖəŮ ůŰɖɜ ɘŭɏŬ Űɖɠ ŭɖɛɘɞɡɟɔɑŬɠ Ůɜɧɠ ŭɘŬɛɞɟűɤɛɏɜɞɡ əŬŰɎ ˊɚɎŰɞɠ 

ůɐɛŬŰɞɠ ŰŮůůɎɟɤɜ ůŰŬɗɛɩɜ əŬŰŮɡɗŮɑŬɜ ůŰɞɜ ɞˊŰɘəɧ ŰɞɛɏŬ, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɘɠ 

Ůɝɧŭɞɡɠ ŭɨɞ VCSEL ɛɞɜɐɠ ˊɧɚɤůɖɠ (single mode VCSELs) əŬɘ ŮűŬɟɛɧɕɞɜŰŬɠ 

ˊɞɚɡˊɚŮɝɑŬ ůŰɖɜ ˊɧɚɤůɖ. ȷəɞɚɞɡɗɩɜŰŬɠ ŬɡŰɐ Űɖ ɚɞɔɘəɐ əŬɘ ˊŬɟɎɔɞɜŰŬɠ Ůˊɑ Űɖɠ 

ɞɡůɑŬɠ ɏɜŬ ˊɞɚɡůŰŬɗɛɘəɧ (multilevel) ůɐɛŬ ɛŮ ɞˊŰɘəɧ Űɟɧˊɞ, ŬˊɞűŮɨɔŮŰŬɘ ɖ ɢɟɐůɖ 

ɖɚŮəŰɟɘəɞɨ ɊɖűɘŬəɞɨ-ůŮ-ȷɜŬɚɞɔɘəɧ ɀŮŰŬŰɟɞˊɏŬ (Digital-to-Analog Converter- 

DAC). ȰŰůɘ ɖ ɡɚɞˊɞɑɖůɖ ŬˊɚɞˊɞɘŮɑŰŬɘ ůɖɛŬɜŰɘəɎ Űɧůɞ ůŮ ŮˊɑˊŮŭɞ əɧůŰɞɡɠ əŬɘ 

ŮɔəŬŰɎůŰŬůɖɠ ɧůɞ əŬɘ ůŮ ŮˊɑˊŮŭɞ əŬŰŬɜɎɚɤůɖɠ ɘůɢɨɞɠ. ȺˊɘˊɟɧůɗŮŰŬ, ɖ ŬɜɎɔəɖ 

ɞŭɐɔɖůɖɠ Űɞɡ VCSEL ŮɜŰɧɠ Űɖɠ ɔɟŬɛɛɘəɐɠ Űɞɡ ˊŮɟɘɞɢɐɠ ˊŬɟŬɚŮɑˊŮŰŬɘ, 

ˊɟɞůűɏɟɞɜŰŬɠ ɏɜŬ ŮɡɟɨŰŮɟɞ ŭɡɜŬɛɘəɧ űɎůɛŬ. ɋɠ ŬˊɞŰɏɚŮůɛŬ, Űɞ ˊŬɟŬɔɧɛŮɜɞ ůɐɛŬ 

ŮɑɜŬɘ ɚɘɔɧŰŮɟɞ ˊŮɟɘɞɟɘůɛɏɜɞ ɧůɞɜ ŬűɞɟɎ ůŰɞ ˊɚɎŰɞɠ Ůɜɩ ɞɘ ůŰɎɗɛŮɠ əŬɘ ɞɘ 

ɛŮŰŬɓɎůŮɘɠ Űɞɡ ůŰɞ ŭɘɎɔɟŬɛɛŬ ɛŬŰɘɞɨ ŮɑɜŬɘ ˊɞɚɨ ˊɘɞ ŭɘŬəɟɘŰɏɠ. ȼ ˊŮɘɟŬɛŬŰɘəɐ 

ŭɘɎŰŬɝɖ ˊɞɡ ůŰɐɗɖəŮ ˊɟɞɠ ŮˊŬɚɐɗŮɡůɖ Űɖɠ ɚŮɘŰɞɡɟɔɘəɧŰɖŰŬɠ Űɖɠ ɘŭɏŬɠ, ŮˊŮɘŭɐ ŭŮɜ 

ŭɘɏɗŮŰŮ ŭɡɞ ŭɘŬűɞɟŮŰɘəɎ VCSELs, ˊŮɟɘɚɎɛɓŬɜŮ Űɖ ɔɏɜɜɖůɖ Ůɜɧɠ ɞˊŰɘəɞɨ NRZ 

ůɐɛŬŰɞɠ Ŭˊɧ ɛɘŬ ɛɧɜɞ ŭɞɛɐ. Ƀ ˊŬɚɛɧɠ ŬɡŰɧɠ Ůɜ ůɡɜŮɢŮɑŬ ɢɤɟɑůŰɖəŮ, əŬɘ ůŰɞɜ ɏɜŬ 

Ŭˊɧ Űɞɡɠ ŭɡɞ əɚɎŭɞɡɠ Ůɘůɐɢɗɖ əŬɗɡůŰɏɟɖůɖ ɞɨŰɤɠ ɩůŰŮ ɜŬ ŭɖɛɘɞɡɟɔɖɗɞɨɜ ŭɡɞ 

ŭɘŬəɟɘŰɏɠ (decorrelated) ɟɞɏɠ ŭŮŭɞɛɏɜɤɜ (data streams). ɄɟɞəŮɘɛɏɜɞɡ ɜŬ 

əŬŰŬůəŮɡŬůŰŮɑ Űɞ ůɐɛŬ ɛŮ Űɘɠ ŰɏůůŮɟŮɘɠ ůŰɎɗɛŮɠ, ůŮ ɛɘŬ Ŭˊɧ Űɘɠ ŭɡɞ ɟɞɏɠ ŭŮŭɞɛɏɜɤɜ 

Ůɘůɐɢɗɖ ŮɝŬůɗɏɜɘůɖ ɞɨŰɤɠ ɩůŰŮ ŬɡŰɐ ɜŬ ŬˊɞŰŮɚɏůŮɘ Űɖ ɟɞɐ Űɞɡ ɚɘɔɧŰŮɟɞɡ ɢɟɐůɘɛɞɡ 

bit (least significant bit-LSB) Ůɜɩ ŬɜŰɘɗɏŰɤɠ ɖ Ɏɚɚɖ ɟɞɐ ŬˊɞŰɏɚŮůŮ Űɞ ˊŮɟɘůůɧŰŮɟɞ 

ɢɟɐůɘɛɞ bit (most significant bit-MSB). Ƀɘ ŭɡɞ ɟɞɏɠ ůɡɜŭɡɎɕɞɜŰŬɘ ůŰɞ Űɏɚɞɠ ɏɢɞɜŰŬɠ 

əɎɗŮŰŮɠ ˊɞɚɩůŮɘɠ ɛŮŰŬɝɨ Űɞɡɠ ŭɖɛɘɞɡɟɔɩɜŰŬɠ ɏɜŬ ɞˊŰɘəɧ ůɐɛŬ ŰŮůůɎɟɤɜ ůŰŬɗɛɩɜ. 

ɆŰɖɜ ˊɟŬɔɛŬŰɘəɧŰɖŰŬ ŬɡŰɧ ˊɞɡ əɎɜŬɛŮ ŮɑɜŬɘ ɜŬ ůɡɜŭɡɎůɞɡɛŮ Űɘɠ ŭɡɞ ɞˊŰɘəɏɠ ɟɞɏɠ ɛŮ 

əŬŰɎɚɚɖɚŬ ˊɚɎŰɖ ɞɨŰɤɠ ɩůŰŮ ɜŬ ŮɝɞɛɞɘɩůɞɡɛŮ Űɖ ɚŮɘŰɞɡɟɔɑŬ Ůɜɧɠ ɖɚŮəŰɟɞɜɘəɞɨ 

DAC.  

 

ȺɘəɧɜŬ 92: ɄŮɘɟŬɛŬŰɘəɐ ŭɘɎŰŬɝɖ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɖɜ ɡɚɞˊɞɑɖůɖ Űɖɠ ɞˊŰɘəɐɠ ɔɏɜɜɖůɖɠ 

ˊŬɚɛɞɨ ŰŮůůɎɟɤɜ ůŰŬɗɛɩɜ 

ɆŰɖɜ ˊŬɟŬˊɎɜɤ ŮɘəɧɜŬ ŬˊɞŰɡˊɩɜŮŰŬɘ ɖ ˊŮɘɟŬɛŬŰɘəɐ ŭɘɎŰŬɝɖ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ 

ɔɘŬ Űɖɜ ɡɚɞˊɞɑɖůɖ Űɖɠ ɞˊŰɘəɐɠ ɔɏɜɜɖůɖɠ ŭɘŬɛɞɟűɤɛɏɜɞɡ əŬŰɎ ˊɚɎŰɞɠ ůɐɛŬŰɞɠ 

ŰŮůůɎɟɤɜ ůŰŬɗɛɩɜ. ũɘŬ ɜŬ ɛˊɞɟɞɨɛŮ ɜŬ ůɡɔəɟɑɜɞɡɛŮ Űɖɜ ŮˊɘŰɡɢɑŬ Űɖɠ 

ˊɟɞŰŮɘɜɧɛŮɜɖɠ ɡɚɞˊɞɑɖůɖɠ, Űɞ VCSEL ŭɘŬɛɞɟűɩɗɖəŮ ŬɟɢɘəɎ ɛŮ NRZ ɖɚŮəŰɟɘəɧ 

ůɐɛŬ ɔɘŬ ɜŬ ˊɞɚɡˊɚŮɢɗŮɑ ůŰɖɜ ˊɧɚɤůɖ əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ɛŮ ɏɜŬ ůɐɛŬ ŰŮůůɎɟɤɜ 

ůŰŬɗɛɩɜ ɞɨŰɤɠ ɩůŰŮ ɜŬ ůɡɔəɟɘɗɞɨɜ ɛŮŰŬɝɨ Űɞɡɠ. ɇŬ ɖɚŮəŰɟɘəɎ NRZ əŬɘ PAM-4 

ůɐɛŬŰŬ ůŰŬ 14 Gbaud ˊŬɟɎɢɗɖəŬɜ Ŭˊɧ ɛɘŬ 8-bit, 65 GSa/s ˊŬɚɛɞɔŮɜɜɐŰɟɘŬ 

(Arbitrary Waveform Generator-AWG) Ŭˊɧ Űɖɜ ɞˊɞɑŬ ˊŬɟɎɢɗɖəŮ ɏɜŬ 

ŮˊŬɜŬɚŬɛɓŬɜɧɛŮɜɞ ɛɞŰɑɓɞ (repeating pattern) ɛɐəɞɡɠ 210 ůɨɛɓɞɚŬ. ȺˊɘˊɟɧůɗŮŰŬ, 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ űɑɚŰɟɞ Raised Cosine (RC) ɔɘŬ Űɞ ˊŮɟɘɞɟɘůɛɧ Űɞɡ Ůɨɟɞɡɠ ɕɩɜɖɠ 
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Űɞɡ ˊŬɚɛɞɨ (pulse shaping) ɛŮ ˊŬɟɎɔɞɜŰŬ roll-off ɑůɞ ɛŮ Ŭ=1. ɇɞ űɑɚŰɟɞ ŬɡŰɧ Ůˊɑ Űɖɠ 

ɞɡůɑŬɠ ɔɘŬ ɜŬ ˊŮɟɘɞɟɑůŮɘ Űɞ Ůɨɟɞɠ ɕɩɜɖɠ Űɞɡ ůɐɛŬŰɧɠ ɛŬɠ ɞɨŰɤɠ ɩůŰŮ ɜŬ 

çəɞɡɓŬɚɎŮɘè ɛɧɜɞ Űɖɜ ɤűɏɚɘɛɖ ˊɚɖɟɞűɞɟɑŬ, əŬŰŬˊɘɏɕŮɘ Űɞɡɠ ˊɚŮɡɟɘəɞɨɠ ɚɞɓɞɨɠ. 

ȰŰůɘ Űɞ ůɐɛŬ ɓŬůɘəɐɠ ɕɩɜɖɠ (baseband signal) ɏɢŮɘ Ůɨɟɞɠ ɕɩɜɖɠ ůŰŬ 14 GHz 

Ŭəɟɘɓɩɠ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ˊɟɞŰŮɘɜɧɛŮɜɖɠ əŬŰŬůəŮɡɐɠ PAM-4 ůɐɛŬŰɞɠ ɛŮ ɞˊŰɘəɧ 

Űɟɧˊɞ, ŭɖɚŬŭɐ ɛŮ Űɖɜ ŰŮɢɜɘəɐ ˊɞɚɡˊɚŮɝɑŬɠ ůŰɖɜ ˊɧɚɤůɖ, Ŭˊɧ Űɖɜ ˊŬɚɛɞɔŮɜɜɐŰɟɘŬ 

əŬŰŬůəŮɡɎůɗɖəŮ NRZ ɖɚŮəŰɟɘəɧ ůɐɛŬ ɛŮ ˊɚɎŰɞɠ 600 mVP-P. ȷˊɧ Űɖɜ Ɏɚɚɖ, ɔɘŬ Űɖɜ 

əɚŬůůɘəɐ ɛɏɗɞŭɞ ˊŬɟŬɔɤɔɐɠ PAM-4 ůɐɛŬŰɞɠ əŬŰŬůəŮɡɎůɗɖəŮ əŬŰŮɡɗŮɑŬɜ PAM-4 

ɖɚŮəŰɟɘəɧɠ ˊŬɚɛɧɠ ɛŮ ˊɚɎŰɞɠ 500  mVP-P. ȾŬɘ ůŰɘɠ ŭɡɞ ˊŮɟɘˊŰɩůŮɘɠ, ŰŬ ɖɚŮəŰɟɘəɎ 

ůɐɛŬŰŬ ˊɞɡ ɔŮɜɜɐɗɖəŬɜ Ŭˊɧ Űɖɜ ˊŬɚɛɞɔŮɜɜɐŰɟɘŬ ŭɘŬɛɧɟűɤůŬɜ əŬŰŮɡɗŮɑŬɜ Űɞ 

VCSEL əŬɘ Űɞ ɞˊŰɘəɧ ůɐɛŬ Ůɝɧŭɞɡ ŮɑɢŮ əŬɘ ůŰɘɠ ŭɡɞ ˊŮɟɘˊŰɩůŮɘɠ ɘůɢɨ 0 dBm.  

ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ ɖ ˊɟɞŰŮɘɜɧɛŮɜɖ ŰŮɢɜɘəɐ əŬŰŬůəŮɡɐɠ 

ŭɘŬɛɞɟűɤɛɏɜɤɜ ůɖɛɎŰɤɜ ŰŮůůɎɟɤɜ ůŰŬɗɛɩɜ ɛŮ ˊɞɚɡˊɚŮɝɑŬ əŬŰɎ ˊɧɚɤůɖ, Űɞ NRZ 

ɞˊŰɘəɧ ůɐɛŬ ɛŮ ŰŬɢɨŰɖŰŬ 14 Gb/s, ɢɤɟɑůŰɖəŮ ůŮ ŭɡɞ ŰŬɡŰɧůɖɛŬ ůɐɛŬŰŬ ɛɘůɐɠ 

ɘůɢɨɞɠ Ŭˊɧ Űɖɜ Ŭɟɢɘəɐ ɛŮ Űɖ ɢɟɐůɖ Ůɜɧɠ ŭɘŬɢɤɟɘůŰɐ ɘůɢɨɞɠ. ũɘŬ ɜŬ ŬˊɞůɡůɢŮŰɘůŰɞɨɜ 

ɢɟɞɜɘəɎ ɛŮŰŬɝɨ Űɞɡɠ ɞɘ ŭɡɞ ɟɞɏɠ ůɐɛŬŰɞɠ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ůŰɖɜ ɛɘŬ Ŭˊɧ ŬɡŰɏɠ 

əŬŰɎɚɚɖɚɞ ɛɐəɞɠ ɞˊŰɘəɐɠ ɑɜŬɠ ɔɘŬ ɜŬ ˊɟɞůŰŮɗŮɑ ɖ ŬˊŬɘŰɞɨɛŮɜɖ əŬɗɡůŰɏɟɖůɖ. ȷűɞɨ 

ŮˊɘŰŮɨɢɗɖəŮ ɖ ɢɟɞɜɘəɐ əŬɗɡůŰɏɟɖůɖ, ˊɞɡ Ůˊɑ Űɖɠ ɞɡůɑŬɠ ŮɝŬůűŬɚɑɕŮɘ ɧŰɘ ŰŬ ŭɡɞ 

ůɐɛŬŰŬ ɛŮŰŬɝɨ Űɞɡɠ ŭŮɜ ɗŬ ŮɑɜŬɘ ŰŬɡŰɧůɖɛŬ, Űɞ ɕɖŰɞɨɛŮɜɞ ɐŰŬɜ ɜŬ ɡˊɎɟɝŮɘ 

ůɡɔɢɟɞɜɘůɛɧɠ ůŰɖ ɓɎůɖ Űɤɜ ˊŮɟɘɧŭɤɜ Űɤɜ bits. ȰŰůɘ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɛɘŬ 

ˊɟɞůŬɟɛɞɕɧɛŮɜɖ ɞˊŰɘəɐ ɔɟŬɛɛɐ əŬɗɡůŰɏɟɖůɖɠ (tunable optical delay line) ůŰɞɜ ɏɜŬ 

Ŭˊɧ Űɞɡɠ ŭɡɞ əɚɎŭɞɡɠ, ɞɨŰɤɠ ɩůŰŮ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɞ ůɡɔɢɟɞɜɘůɛɧɠ ůŰɞ ŮˊɑˊŮŭɞ Űɤɜ 

ˊŮɟɘɧŭɤɜ Űɤɜ bits. ɀŮ ŭŮŭɞɛɏɜɞ ɧŰɘ ɞ ůəɞˊɧɠ ɐŰŬɜ ɖ əŬŰŬůəŮɡɐ Ůɜɧɠ ůɐɛŬŰɞɠ 

ŰŮůůɎɟɤɜ ůŰŬɗɛɩɜ, ŬɜŬɔəŬɑŬ ɐŰŬɜ əŬɘ ɖ űɟɞɜŰɑŭŬ Űɤɜ Űɘɛɩɜ ɘůɢɨɞɠ Űɤɜ ŭɡɞ ɟɞɩɜ 

ɏŰůɘ ɩůŰŮ Űɞ ˊŬɟŬɔɧɛŮɜɞ ůɐɛŬ ɜŬ ɏɢŮɘ ůŰɎɗɛŮɠ ɞɘ ɞˊɞɑŮɠ ɘůŬˊɏɢɞɡɜ ɛŮŰŬɝɨ Űɞɡɠ. ũɘŬ 

Űɞɜ ɚɧɔɞ ŬɡŰɧ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɏɜŬ ˊɟɞůŬɟɛɞɕɧɛŮɜɞɠ ɞˊŰɘəɧɠ ŬˊɞůɓɏŰɖɠ (variable 

optical attenuator) ůŰɞɜ ɏɜŬ Ŭˊɧ Űɞɡɠ ŭɡɞ əɚɎŭɞɡɠ. ɉɟɖůɘɛɞˊɞɘɐɗɖəŬɜ Ůˊɑůɖɠ ŭɡɞ 

ŮɚŮɔəŰɏɠ ˊɧɚɤůɖɠ (polarization controllers), ɏɜŬɠ ůŮ əɎɗŮ əɚɎŭɞ, ɔɘŬ ɜŬ 

ŮɡɗɡɔɟŬɛɛɘůŰɞɨɜ ɞɘ ˊɞɚɤŰɘəɞɑ ɎɝɞɜŮɠ Űɞɡ əɎɗŮ ůɐɛŬŰɞɠ ɛŮ ŬɡŰɞɨɠ Űɞɡ ůɡɜŭɡŬůŰɐ 

ˊɧɚɤůɖɠ (polarization beam combiner). ũɘŬ ɜŬ ŮɚɏɔɝɞɡɛŮ Űɖ ɓɘɤůɘɛɧŰɖŰŬ Űɖɠ 

ɛŮɗɧŭɞɡ ŬɡŰɐɠ əŬɘ ůŮ ɏɜŬ ůŮɜɎɟɘɞ ŭɘɎŭɞůɖɠ, ŮˊɘůŰɟŬŰŮɨɗɖəŮ ɛɘŬ əŬɚɞɨɛˊŬ 

ɛɞɜɧŰɟɞˊɖɠ ɞˊŰɘəɐɠ ɑɜŬɠ ɛɐəɞɡɠ 500 m.  

ɆŰɖ ɛŮɟɘɎ Űɞɡ ŭɏəŰɖ, əŬɘ ɛŮ ŭŮŭɞɛɏɜɖ Űɖɜ ŬˊɞɡůɑŬ Ŭˊɧ Űɞ ŮɟɔŬůŰɐɟɘɞ Ůɜɧɠ ɔɟɐɔɞɟɞɡ 

űɤŰɞŭɏəŰɖ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɏɜŬɠ ɞˊŰɘəɧɠ ŮɜɘůɢɡŰɐɠ ɑɜŬɠ Ůɟɓɑɞɡ (Erbium Doped 

Fiber Amplifier-EDFA) ůŮ ůɡɜŭɡŬůɛɧ ɛŮ ɛɘŬ 50 Gb/s pin űɤŰɞŭɑɞŭɞ ɛŮ 

ŬˊɞəɟɘůɘɛɧŰɖŰŬ Űɖɠ ŰɎɝɖɠ Űɞɡ 0.65. ȰɜŬɠ Ůˊɘˊɚɏɞɜ ˊɟɞůŬɟɛɞɕɧɛŮɜɞɠ ɞˊŰɘəɧɠ 

ŬˊɞůɓɏŰɖɠ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ůŰɖɜ Ůɑůɞŭɞ Űɖɠ űɤŰɞŭɘɧŭɞɡ ɔɘŬ ɜŬ əŬŰŬůŰɐůŮɘ ŭɡɜŬŰɐ 

Űɖ ɛɏŰɟɖůɖ Űɞɡ BER ɤɠ ůɡɜɎɟŰɖůɖ Űɖɠ ɚŬɛɓŬɜɧɛŮɜɖɠ ɘůɢɨɞɠ Űɞɡ ůɐɛŬŰɞɠ. ɇɞ 

űɤŰɞɟŮɨɛŬ ˊɞɡ ˊŬɟɎɢɗɖəŮ Ŭˊɧ Űɖ űɤŰɞŭɑɞŭɞ, ɚɐűɗɖəŮ Ŭˊɧ ɏɜŬɜ ˊŬɚɛɞɔɟɎűɞ 

ˊɟŬɔɛŬŰɘəɞɨ ɢɟɧɜɞɡ (real-time oscilloscope) ɛŮ ŬɜŬɚɞɔɘəɧ Ůɨɟɞɠ ɕɩɜɖɠ ůŰŬ 33 GHz 

əŬɘ 80 GSa/s ɟɡɗɛɧ ŭŮɘɔɛŬŰɞɚɖɣɑŬɠ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ɣɖűɘɞˊɞɘɖɗŮɑ əŬɘ ɜŬ Űɞɡ ɔɑɜŮɘ ɖ 

əŬŰɎɚɚɖɚɖ ŮˊŮɝŮɟɔŬůɑŬ.  
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 ũɘŬ ɜŬ ůɡɔəɟɘɗŮɑ ɖ ˊɟɞŰŮɘɜɧɛŮɜɖ əŬŰŬůəŮɡɐ ɞˊŰɘəɞɨ ůɐɛŬŰɞɠ ŰŮůůɎɟɤɜ ůŰŬɗɛɩɜ 

ɛŮ Űɖ ůɡɛɓŬŰɘəɐ ɛɏɗɞŭɞ ˊɞɡ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖɜ ŬˊŮɡɗŮɑŬɠ ɞŭɐɔɖůɖ Űɞɡ VCSEL ɛŮ 

ɏɜŬ ɖɚŮəŰɟɘəɧ ůɐɛŬ ŰŮůůɎɟɤɜ ůŰŬɗɛɩɜ, ɖ ˊŮɘɟŬɛŬŰɘəɐ ŭɘɎŰŬɝɖ ŰɟɞˊɞˊɞɘɐɗɖəŮ 

əŬŰɎɚɚɖɚŬ. ȰŰůɘ, ɖ ˊŬɚɛɞɔŮɜɜɐŰɟɘŬ ˊŬɟɐɔŬɔŮ ɏɜŬ ɖɚŮəŰɟɘəɧ ůɐɛŬ ŰŮůůɎɟɤɜ 

ůŰŬɗɛɩɜ ɛŮ ˊɚɎŰɞɠ 500 mVP-P ůŰɞ ɞˊɞɑɞ ŮűŬɟɛɧůŰɖəŮ Űɞ ɑŭɘɞ űɑɚŰɟɞ Raised Cosine 

(RC) ɔɘŬ Űɞ ˊŮɟɘɞɟɘůɛɧ Űɞɡ Ůɨɟɞɡɠ ɕɩɜɖɠ Űɞɡ ˊŬɚɛɞɨ (pulse shaping) ɛŮ ˊŬɟɎɔɞɜŰŬ 

roll-off ɑůɞ ɛŮ Ŭ=1. ɄɟɞűŬɜɩɠ ɞ ɛɖɢŬɜɘůɛɧɠ ˊɞɚɡˊɚŮɝɑŬɠ ůŰɖɜ ˊɧɚɤůɖ ˊɞɡ űŬɑɜŮŰŬɘ 

ůŰɞ ůɢɐɛŬ ˊŬɟŬɚɐűɗɖəŮ əŬɘ ůŰɖ ɛŮɟɘɎ Űɞɡ ŭɏəŰɖ ɞ Ůɝɞˊɚɘůɛɧɠ ˊŬɟɏɛŮɘɜŮ ɞ ɑŭɘɞɠ. ɇɞ 

ůɐɛŬ ŬɝɘɞɚɞɔɐɗɖəŮ Űɧůɞ ůŰɖɜ ŬˊŮɡɗŮɑŬɠ ɛŮŰɎŭɞůɖ Űɞɡ ɧůɞ əŬɘ ůŮ ůɡɜɗɐəŮɠ 

ŭɘɎŭɞůɖɠ ůŮ ɛɞɜɧŰɟɞˊɖ ɞˊŰɘəɐ ɑɜŬ ɛɐəɞɡɠ 500 m. 

4.6.3 ɄŮɘɟŬɛŬŰɘəɎ ȷˊɞŰŮɚɏůɛŬŰŬ 

ũɘŬ Űɖɜ ˊɞɘɞŰɘəɐ Ŭɝɘɞɚɧɔɖůɖ Űɖɠ ɛŮɗɧŭɞɡ ɞˊŰɘəɐɠ əŬŰŬůəŮɡɐɠ ůɐɛŬŰɞɠ ŰŮůůɎɟɤɜ 

ůŰŬɗɛɩɜ ɛɏůɤ ˊɞɚɡˊɚŮɝɑŬɠ ůŰɖɜ ˊɧɚɤůɖ, ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŰŬ ɞˊŰɘəɎ ŭɘŬɔɟɎɛɛŬŰŬ 

ɛŬŰɘɞɨ ůŰŬ 28 Gb/s Űɧůɞ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ŬˊŮɡɗŮɑŬɠ ŭɘɎŭɞůɖɠ ɧůɞ əŬɘ Űɖɠ 

ɛŮŰɎŭɞůɖɠ ɛɏůɤ ɛɞɜɧŰɟɞˊɖɠ ɞˊŰɘəɐɠ ɑɜŬɠ ɛɐəɞɡɠ 500 m. ɇŬ ŭɘŬɔɟɎɛɛŬŰŬ ɛŬŰɘɞɨ 

ŮɚɐűɗɖůŬɜ Ŭˊɧ ɏɜŬɜ ˊŬɚɛɞɔɟɎűɞ ɘůɞŭɨɜŬɛɞɡ ɢɟɧɜɞɡ (equivalent-time oscilloscope).   

 

ȺɘəɧɜŬ 93: ɃˊŰɘəɎ ŭɘŬɔɟɎɛɛŬŰŬ ɛŬŰɘɞɨ ɔɘŬ Űɞ ɞˊŰɘəɎ əŬŰŬůəŮɡŬůɛɏɜɞ ɞˊŰɘəɧ ůɐɛŬ ŰŮůůɎɟɤɜ 

ůŰŬɗɛɩɜ ůŰŬ 28 Gb/s ɔɘŬ (Ŭ) ŬˊŮɡɗŮɑŬɠ ŭɘɎŭɞůɖ əŬɘ (ɓ) ŭɘɎŭɞůɖ ůŰŬ 500 m. 

ɆŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŰŬ ŬɜŰɑůŰɞɘɢŬ ɞˊŰɘəɎ ŭɘŬɔɟɎɛɛŬŰŬ ɛŬŰɘɞɨ ɔɘŬ 

Űɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ŬˊŮɡɗŮɑŬɠ ɞŭɐɔɖůɖɠ Űɞɡ VCSEL ɛŮ ɖɚŮəŰɟɘəɧ ůɐɛŬ ŰŮůůɎɟɤɜ 

ůŰŬɗɛɩɜ ůŮ ŰŬɢɨŰɖŰŬ ɛŮŰɎŭɞůɖɠ ŭŮŭɞɛɏɜɤɜ 28 Gb/s.  
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ȺɘəɧɜŬ 94: ɃˊŰɘəɎ ŭɘŬɔɟɎɛɛŬŰŬ ɛŬŰɘɞɨ ɔɘŬ Űɖɜ ŬˊŮɡɗŮɑŬɠ ɞŭɐɔɖůɖ Űɞɡ VCSEL ɛŮ ɖɚŮəŰɟɘəɧ ůɐɛŬ 

ŰŮůůɎɟɤɜ ůŰŬɗɛɩɜ ůŰŬ 28 Gb/s ɔɘŬ (Ŭ) ŬˊŮɡɗŮɑŬɠ ŭɘɎŭɞůɖ əŬɘ (ɓ) ŭɘɎŭɞůɖ ůŰŬ 500 m. 

ɆŰɞ ɣɖűɘɞˊɞɘɖɛɏɜɞ ůɐɛŬ, Ŭűɞɨ Ůɚɐűɗɖ ůŰɞɜ ˊŬɚɛɞɔɟɎűɞ ˊɟŬɔɛŬŰɘəɞɨ ɢɟɧɜɞɡ (real 

time oscilloscope), ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ŮˊŬɜŬŭŮɘɔɛŬŰɞɚɖɣɑŬ (resampling), ŬɜɎəŰɖůɖ 

ɢɟɞɜɘůɛɞɨ ůɡɛɓɧɚɤɜ (symbol timing recovery) əŬɘ ŮűŬɟɛɧůŰɖəŮ əŬɘ ɏɜŬɠ ůŰŬŰɘəɧɠ 

ɘůɞůŰŬɗɛɘůŰɐɠ (static equalizer) ɔɘŬ ɜŬ ŬɜŰɘůŰŬɗɛɑůŮɘ Űɞɡɠ ˊŮɟɘɞɟɘůɛɞɨɠ Ůɨɟɞɡɠ 

ɕɩɜɖɠ Űɞɡ əŬɜŬɚɘɞɨ. ũɘŬ Űɖɜ ŬɜɎəŰɖůɖ Űɤɜ ůɡɛɓɧɚɤɜ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ŬɡŰɧɛŬŰɞɠ 

əŬɗɞɟɘůɛɧɠ əŬŰɤűɚɘɩɜ (automatic thresholding) əŬɘ Ŭəɞɚɞɨɗɤɠ ŮəŰŮɚɏůŰɖəŮ 

Ŭɝɘɞɚɧɔɖůɖ Űɖɠ Űɘɛɐɠ Űɞɡ BER. ȼ Ŭɝɘɞɚɧɔɖůɖ Űɞɡ BER ɏɔɘɜŮ ůɡɔəɟɑɜɞɜŰŬɠ Űɞ 

ɚɖűɗɏɜ ůɐɛŬ ɛŮ Űɖɜ Ŭɟɢɘəɐ ŬəɞɚɞɡɗɑŬ bits əŬɘ ɛŮŰɟɩɜŰŬɠ ŰŬ ˊɟŬɔɛŬŰɘəɎ 

ɚŬɜɗŬůɛɏɜŬ bits Űɞɡ ɚŬɛɓŬɜɧɛŮɜɞɡ ůɐɛŬŰɞɠ. 

ɆŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ ŬˊɞŰɡˊɩɜɞɜŰŬɘ ɞɘ əŬɛˊɨɚŮɠ BER ɔɘŬ Űɘɠ ŭɘŬűɞɟŮŰɘəɏɠ 

ɛŮɗɧŭɞɡɠ əŬŰŬůəŮɡɐɠ PAM-4 ůɐɛŬŰɞɠ ůŰŬ 28 Gb/s ůŮ ˊŮɟɘˊŰɩůŮɘɠ ŬˊŮɡɗŮɑŬɠ 

ŭɘɎŭɞůɖɠ əŬɘ ŭɘɎŭɞůɖɠ ɛɏůŬ Ŭˊɧ 500 m ɛɞɜɧŰɟɞˊɖɠ ɞˊŰɘəɐɠ ɑɜŬɠ. Ƀɘ əŬɛˊɨɚŮɠ ɏɢɞɡɜ 

ůɢŮŭɘŬůŰŮɑ ɤɠ ůɡɜɎɟŰɖůɖ Űɖɠ ɛɏůɖɠ ɚŬɛɓŬɜɧɛŮɜɖɠ ɞˊŰɘəɐɠ ɘůɢɨɞɠ ůŰɞ ŭɏəŰɖ ɖ ɞˊɞɑŬ 

ɡˊɞɚɞɔɑɕŮŰŬɘ Ŭˊɧ Űɞ ɛŮŰɟɞɨɛŮɜɞ űɤŰɞɟŮɨɛŬ. ȼ ˊɟɎůɘɜɖ əŬɘ ɖ əɧəəɘɜɖ ůɡɛˊŬɔɐɠ 

ɔɟŬɛɛɐ ŬɜŰɘůŰɞɘɢŮɑ ůŰɞ ůɐɛŬ Űɞ ɞˊɞɑɞ ˊŬɟɎɢɗɖəŮ ɛŮ Űɖɜ ŰŮɢɜɘəɐ Űɖɠ ˊɞɚɡˊɚŮɝɑŬɠ 

ůŰɖɜ ˊɧɚɤůɖ ɔɘŬ ŬˊŮɡɗŮɑŬɠ ŭɘɎŭɞůɖ əŬɘ ŭɘɎŭɞůɖ ůŰŬ 500 m ŬɜŰɑůŰɞɘɢŬ. ȾŬŰɎ Űɞɜ 

ɑŭɘɞ Űɟɧˊɞ ɖ ŭɘŬəŮəɞɛɛɏɜɖ ɛˊɚŮ əŬɘ ɛŬɨɟɖ ɔɟŬɛɛɐ ŬɜŰɘůŰɞɘɢɞɨɜ ůŰɞ ůɐɛŬ Űɞ ɞˊɞɑɞ 

ˊɟɞɏəɡɣŮ ɛŮ ŬˊŮɡɗŮɑŬɠ ŭɘŬɛɧɟűɤůɖ ŰŮůůɎɟɤɜ ůŰŬɗɛɩɜ ɔɘŬ Űɘɠ ŭɡɞ ˊŮɟɘˊŰɩůŮɘɠ 

ŭɘɎŭɞůɖɠ. ɆŰɞ ůɖɛŮɑɞ ŬɡŰɧ ˊɟɏˊŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ ɖ ɛɏŰɟɖůɖ Űɖɠ əŬɛˊɨɚɖɠ BER 

Ůɜɩ ˊɟɞůŮɔɔɑɕŮɘ ůŮ ˊɞɚɨ ɛŮɔɎɚɞ ɓŬɗɛɧ Űɖɜ ɡˊɞɓɎɗɛɘůɖ Űɞɡ ůɐɛŬŰɞɠ əŬŰɎ Űɖ 

ŭɘɎŭɞůɖ, ůŬɜ ɛŮŰɟɘəɧɠ ŭŮɑəŰɖɠ ˊŮɟɘɏɢŮɘ əŬɘ Űɖɜ ˊɚɖɟɞűɞɟɑŬ Űɖɠ ŮɡŬɘůɗɖůɑŬɠ Űɞɡ 

ŭɏəŰɖ ɛŬɠ. ȰɜŬɠ ŭɏəŰɖɠ ɏɢŮɘ ɏɜŬ ŬˊɞŭŮəŰɧ Ůɨɟɞɠ Űɘɛɩɜ ɛɏůŬ ůŰɞ ɞˊɞɑɞ ɏɢŮɘ ɔɟŬɛɛɘəɐ 

ůɡɛˊŮɟɘűɞɟɎ. Ȱɝɤ Ŭˊɧ ŬɡŰɧ Űɞ Ůɨɟɞɠ ŮɘůɎɔŮɘ ˊŮɟŮŰŬɑɟɤ ɡˊɞɓɎɗɛɘůɖ ůŰɞ ůɐɛŬ ɛŬɠ ɖ 

ɞˊɞɑŬ ŮɑɜŬɘ ˊɞɚɨ ŭɨůəɞɚɞ ɜŬ ˊɞůɞŰɘəɞˊɞɘɖɗŮɑ əŬɘ ɏŰůɘ ˊɟɞůŰɑɗŮŰŬɘ ůŰɖɜ ɐŭɖ 

ɡˊɎɟɢɞɡůŬ ɡˊɞɓɎɗɛɘůɖ Ŭˊɧ Űɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ ŭɘɎŭɞůɖɠ. ũɘŬ Űɞɜ ɚɧɔɞ ŬɡŰɧ 

ˊɟɞůˊŬɗɞɨɛŮ ɜŬ ŭɘŮɝɎɔɞɡɛŮ Űɘɠ ɛŮŰɟɐůŮɘɠ ɛŬɠ ɛɏůŬ ůŰɞ Ůɨɟɞɠ Űɘɛɩɜ ůŰɞ ɞˊɞɑɞ ɞ 

ŭɏəŰɖɠ ůɡɛˊŮɟɘűɏɟŮŰŬɘ ɛŮ ɔɟŬɛɛɘəɧ Űɟɧˊɞ. 
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ȺɘəɧɜŬ 95: ɀŮŰɟɐůŮɘɠ BER ɔɘŬ Űɞ 28 Gb/s PAM-4 ůɐɛŬ Űɞ ɞˊɞɑɞ əŬŰŬůəŮɡɎůŰɖəŮ ŮɑŰŮ ɛŮ Űɖɜ ŰŮɢɜɘəɐ 

ˊɞɚɡˊɚŮɝɑŬɠ ůŰɖɜ ˊɧɚɤůɖ ŮɑŰŮ ɛŮ ŬˊŮɡɗŮɑŬɠ ŭɘŬɛɧɟűɤůɖ Űɞɡ VCSEL ɔɘŬ ˊŮɟɘˊŰɩůŮɘɠ ŬˊŮɡɗŮɑŬɠ 

ŭɘɎŭɞůɖɠ əŬɘ ŭɘɎŭɞůɖɠ ůŮ ɛɞɜɧŰɟɞˊɖ ɞˊŰɘəɐ ɑɜŬ ɛɐəɞɡɠ 500 m. 

ȳˊɤɠ űŬɑɜŮŰŬɘ ůŰɖɜ ŮɘəɧɜŬ, ɞɘ əŬɛˊɨɚŮɠ BER ŬˊɞəŬɚɨˊŰɞɡɜ ɧŰɘ Űɞ ůɐɛŬ Űɞ ɞˊɞɑɞ 

əŬŰŬůəŮɡɎůŰɖəŮ ɛɏůɤ Űɖɠ ŰŮɢɜɘəɐɠ ˊɞɚɡˊɚŮɝɑŬɠ ůŰɖɜ ˊɧɚɤůɖ, ˊŬɟɞɡůɘɎɕŮɘ 

əŬɚɨŰŮɟɖ Ŭˊɧŭɞůɖ ɧůɞɜ ŬűɞɟɎ ůŰɘɠ ɚɖűɗŮɑůŮɠ, Űɘɛɏɠ BER ůŮ ůɢɏůɖ ɛŮ Űɘɠ 

ŬɜŰɑůŰɞɘɢŮɠ Űɘɛɏɠ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ŬˊŮɡɗŮɑŬɠ ŭɘŬɛɧɟűɤůɖɠ Űɞɡ VCSEL. ȼ 

ɓŮɚŰɘɤɛɏɜɖ ŬɡŰɐ Ŭˊɧŭɞůɖ ɛɎɚɘůŰŬ ɘůɢɨŮɘ əŬɘ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ŭɘɎŭɞůɖɠ ůŮ 

ɛɞɜɧŰɟɞˊɖ ɞˊŰɘəɐ ɑɜŬ ɛɐəɞɡɠ 500 m. ȺɑɜŬɘ Ůˊɑůɖɠ ůŬűɏɠ ɧŰɘ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ 

ŰŮɢɜɘəɐɠ ˊɞɚɡˊɚŮɝɑŬɠ ůŰɖɜ ˊɧɚɤůɖ, ŮəɛŮŰŬɚɚŮɡɧɛŬůŰŮ ŬˊɞŰŮɚŮůɛŬŰɘəɎ ɧɚɖ Űɖɜ 

ůɡɜɎɟŰɖůɖ ɛŮŰŬűɞɟɎɠ Űɞɡ VCSEL əŬɘ ɎɟŬ ŬˊɞűŮɨɔŮŰŬɘ ɖ ŬɜɎɔəɖ ɜŬ ɞŭɖɔɞɨɛŮ Űɖ 

ŭɞɛɐ ɛɧɜɞ ůŰɖ ɔɟŬɛɛɘəɐ Űɖɠ ˊŮɟɘɞɢɐ. ɆŰɖɜ ŭŮɨŰŮɟɖ ˊŮɟɑˊŰɤůɖ, ŮˊŮɘŭɐ ɖ ɔɟŬɛɛɘəɐ 

ˊŮɟɘɞɢɐ ŮɑɜŬɘ ɛɘəɟɧŰŮɟɖ, ɏɜŬ ŭɘŬɛɞɟűɤɛɏɜɞ ůɐɛŬ əŬɘ ɘŭɘŬɑŰŮɟŬ ɏɜŬ ůɐɛŬ Űɞ ɞˊɞɑɞ 

űɏɟŮɘ ˊɚɏɞɜ Űɤɜ ŭɡɞ ůŰŬɗɛɩɜ, ɗŬ ɏɢŮɘ ˊɞɚɨ ɛɘəɟɧŰŮɟɖ ŭɡɜŬŰɧŰɖŰŬ ɛŮŰɎŭɞůɖɠ ɛŮ 

ŭŮŭɞɛɏɜɞ ɧŰɘ ůŮ ˊɞɚɨ ɛɘəɟɧ Ůɨɟɞɠ ˊɚɎŰɞɡɠ ɗŬ ˊɟɏˊŮɘ ɜŬ çɢɤɟɏůɞɡɜè ˊŮɟɘůůɧŰŮɟŮɠ 

ůŰɎɗɛŮɠ ɘůɢɨɞɠ. ȷɡŰɧ ɛˊɞɟɞɨɛŮ ɜŬ Űɞ əŬŰŬɚɎɓɞɡɛŮ əŬɘ Ŭˊɧ Űɞ ŭɘɎɔɟŬɛɛŬ ɛŬŰɘɞɨ 

ɧˊɞɡ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ŬˊŮɡɗŮɑŬɠ ŭɘŬɛɧɟűɤůɖɠ ŮɑɜŬɘ ˊɞɚɨ ˊɘɞ çəɚŮɘůŰɧè. Ⱥˊɑ Űɖɠ 

ɞɡůɑŬɠ ůŮ ɏɜŬ ŭɘŬɛɞɟűɤɛɏɜɞ ůɐɛŬ ůŰɞ ɞˊɞɑɞ ɞɘ ůŰɎɗɛŮɠ ɘůɢɨɞɠ (əŬɘ ɎɟŬ ɖ 

əɤŭɘəɞˊɞɑɖůɖ Űɤɜ ůɡɛɓɧɚɤɜ) ŮɑɜŬɘ ˊɘɞ əɞɜŰɎ, ŬɡŰɧ ůɖɛŬɑɜŮɘ ɧŰɘ Űɞ ůɐɛŬ ŮɑɜŬɘ ˊɘɞ 

ŮˊɘɟɟŮˊɏɠ ůŰɖ ŭɘŬůɡɛɓɞɚɘəɐ ˊŬɟŮɛɓɞɚɐ əŬɘ ŬɜŰɘůŰɞɑɢɤɠ ɞ ŭɏəŰɖɠ ɛŬɠ ɗŬ 

ŬɜŰɘɛŮŰɤˊɑůŮɘ ŭɡůəɞɚɑŬ ůŰɞ ɜŬ ŭɘŬəɟɑɜŮɘ ůɤůŰɎ ŰŬ ůɨɛɓɞɚŬ əɎŰɘ Űɞ ɞˊɞɑɞ ɗŬ 

ɞŭɖɔɐůŮɘ əŬɘ ůŮ ˊŮɟɘůůɧŰŮɟŬ ɚɎɗɖ əŬɘ ɎɟŬ əŬɘ ůŮ ɢŮɘɟɧŰŮɟɖ Űɘɛɐ BER.  

ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ ůɐɛŬŰɞɠ ŰŮůůɎɟɤɜ ůŰŬɗɛɩɜ ˊɞɡ əŬŰŬůəŮɡɎůŰɖəŮ ɛŮ Űɖɜ 

ŰŮɢɜɘəɐ Űɖɠ ˊɞɚɡˊɚŮɝɑŬɠ ůŰɖɜ ˊɧɚɤůɖ, ɞɘ Űɘɛɏɠ Űɞɡ ɚŬɛɓŬɜɧɛŮɜɞɡ BER ɓɟɑůəɞɜŰŬɘ 
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əɎŰɤ Ŭˊɧ Űɞ ɧɟɘɞ Űɞɡ FEC (7% ŮˊɘəŮűŬɚɑŭŬ) ɔɘŬ Űɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ŬˊŮɡɗŮɑŬɠ 

ŭɘɎŭɞůɖɠ. ũɘŬ Űɖ ŭɘɎŭɞůɖ ůŮ 500 m ɛɞɜɧŰɟɞˊɖɠ ɞˊŰɘəɐɠ ɑɜŬɠ Űɞ penalty ɘůɢɨɞɠ ŮɑɜŬɘ 

ˊŮɟɑˊɞɡ 0.5 dB ɔɘŬ BER ɑůɞ ɛŮ 3x10-4. ȷɜŰɘůŰɞɑɢɤɠ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ŬˊŮɡɗŮɑŬɠ 

ŭɘŬɛɧɟűɤůɖɠ Űɞɡ ůɐɛŬŰɞɠ ŰŮůůɎɟɤɜ ůŰŬɗɛɩɜ ůŰɞ VCSEL ɖ Űɘɛɐ Űɞɡ penalty ɘůɢɨɞɠ 

ŭɘŬɛɞɟűɩɜŮŰŬɘ ůŰŬ 0.8 dB ɔɘŬ Űɘɛɐ BER Űɖɠ ŰɎɝɖɠ Űɞɡ 5x10-4. Ⱥɜ əŬŰŬəɚŮɑŭɘ, ɖ 

ˊŬɟŬˊɎɜɤ ˊŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ ˊɘůŰɞˊɞɘŮɑ ɧŰɘ ɖ ˊɟɞŰŮɘɜɧɛŮɜɖ ŰŮɢɜɘəɐ 

əŬŰŬůəŮɡɐɠ ɞˊŰɘəɞɨ ůɐɛŬŰɞɠ ŰŮůůɎɟɤɜ ůŰŬɗɛɩɜ ɡˊŮɟŰŮɟŮɑ ɤɠ ˊɟɞɠ Űɖɜ Ŭˊɧŭɞůɐ 

Űɖɠ ŬɚɚɎ ˊŬɟɎɚɚɖɚŬ ŮɑɜŬɘ əŬɘ ˊɘɞ Ŭˊɚɐ Ŭűɞɨ ˊŬɟŬəɎɛˊŰŮɘ Űɞɜ ˊɞɚɨˊɚɞəɞ ɖɚŮəŰɟɘəɧ 

Ůɝɞˊɚɘůɛɧ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ůŰɖ ɛŮɟɘɎ Űɞɡ ˊɞɛˊɞɨ əŬɘ Űɞɡ ŭɏəŰɖ. ũɘŬ Űɞɜ ɚɧɔɞ ŬɡŰɧ 

ŮɑɜŬɘ əŬɘ ˊɘɞ ɞɘəɞɜɞɛɘəɐ Űɧůɞ Ŭˊɧ ɛŮɟɘɎɠ əŬŰŬɜɎɚɤůɖɠ ŮɜɏɟɔŮɘŬɠ ɧůɞ əŬɘ Ŭˊɧ ɛŮɟɘɎɠ 

əɧůŰɞɡɠ.   

4.7 ɄŮɑɟŬɛŬ VCSELs ɛŮ ŭɘŬɛɧɟűɤůɖ ŰŮůůɎɟɤɜ ůŰŬɗɛɩɜ ůŮ 

ŰŬɢɨŰɖŰŮɠ ɏɤɠ 80 Gb/s 

ɀŮ ŭŮŭɞɛɏɜɞ Űɞ ɛŮɔɎɚɞ Ůɨɟɞɠ ɕɩɜɖɠ Űɤɜ ŭɞɛɩɜ VCSELs, Űɞ ɞˊɞɑɞ ɏűŰŬɜŮ ŰŬ 20.5 

GHz, ŭɞəɘɛɎůŰɖəŬɜ ŰŬ ɧɟɘŬ Űɖɠ ŭɡɜŬŰɧŰɖŰŬɠ ɛŮŰɎŭɞůɖɠ ˊɚɖɟɞűɞɟɑŬɠ ɛŮ Űɖ ɢɟɐůɖ 

ŭɘŬɛɧɟűɤůɖɠ ŰŮůůɎɟɤɜ ůŰŬɗɛɩɜ. ɆɡɔəŮəɟɘɛɏɜŬ ŭɞəɘɛɎůŰɖəŬɜ ŰŬɢɨŰɖŰŮɠ ɛŮŰɎŭɞůɖɠ 

ˊɏɟŬ Ŭˊɧ ŰŬ 28 Gbaud əŬɘ ɖ ˊŮɘɟŬɛŬŰɘəɐ ŭɘɎŰŬɝɖ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɞɜ 

ůəɞˊɧ ŬɡŰɧ, űŬɑɜŮŰŬɘ ůŰɞ ˊŬɟŬəɎŰɤ ůɢɐɛŬ. 

 

ȺɘəɧɜŬ 96: ȼ ˊŮɘɟŬɛŬŰɘəɐ ŭɘɎŰŬɝɖ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɖɜ Ŭɝɘɞɚɧɔɖůɖ Űɖɠ Ŭˊɧŭɞůɖɠ Űɤɜ 

VCSELs ůŮ ŰŬɢɨŰɖŰŮɠ ˊɏɟŬ Ŭˊɧ ŰŬ 28 Gbaud. 

ũɘŬ Űɖ ɛɏŰɟɖůɖ ŬɡŰɐ, ŭɖɛɘɞɡɟɔɐɗɖəŮ ɏɜŬɠ ˊɞɛˊɧɠ ɛŮŰɎŭɞůɖɠ ŭɘŬɛɞɟűɤɛɏɜɞɡ 

ůɐɛŬŰɞɠ ůŮ ŰɏůůŮɟŮɘɠ ůŰɎɗɛŮɠ, ɓŬůɘůɛɏɜɞɠ ůŮ ɛɘŬ 8-bit, 65 GSa/s ɔŮɜɜɐŰɟɘŬ 

əɡɛŬŰɞɛɞɟűɩɜ (Arbitrary Waveform Generator-AWG). ɇŬ ɖɚŮəŰɟɘəɎ ůɐɛŬŰŬ ˊɞɡ 

ˊŬɟɐɔŬɔŮ ɖ ɔŮɜɜɐŰɟɘŬ ɐŰŬɜ ůŰŬ 32 əŬɘ 40 Gbaud ɛŮ ŮˊŬɜŬɚŬɛɓŬɜɧɛŮɜɞ ɛɞŰɑɓɞ 

ˊɚɖɟɞűɞɟɑŬɠ (repeating pattern) ɛɐəɞɡɠ 210 ůɨɛɓɞɚŬ. ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ˊŮɟɘɞɟɘůŰŮɑ Űɞ 

Ůɨɟɞɠ ɕɩɜɖɠ Űɞɡ ŭɘŬŭɘŭɧɛŮɜɞɡ ůɐɛŬŰɞɠ ɛɧɜɞ ůŰɞɜ əŮɜŰɟɘəɧ ɚɞɓɧ, ŮűŬɟɛɧůŰɖəŮ 

ɛɞɟűɞˊɞɑɖůɖ ˊŬɚɛɞɨ (pulse shaping) Űɨˊɞɡ raised cosine (RC) ɛŮ ˊŬɟɎɔɞɜŰŬ roll-off 

Ŭ=1. ȾŬɘ ůŰɘɠ ŭɡɞ ˊŮɟɘˊŰɩůŮɘɠ ɛŮŰɎŭɞůɖɠ, Űɞ ˊŬɟŬɔɧɛŮɜɞ ɖɚŮəŰɟɘəɧ ŭɘŬɛɞɟűɤɛɏɜɞ 

ůɐɛŬ ŰŮůůɎɟɤɜ ůŰŬɗɛɩɜ, ŮɑɢŮ ˊɚɎŰɞɠ 550 mVP-P əŬɘ Ůɘůɐɢɗɖ əŬŰŮɡɗŮɑŬɜ ůŰɖ ŭɞɛɐ 

Űɞɡ VCSEL ŭɖɛɘɞɡɟɔɩɜŰŬɠ ɏŰůɘ ɏɜŬ ɞˊŰɘəɧ ůɐɛŬ ŰŮůůɎɟɤɜ ůŰŬɗɛɩɜ ɛŮ ɞˊŰɘəɐ ɘůɢɨ 

Ůɝɧŭɞɡ ɑůɖ ɛŮ 1.5 dBm. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, Űɞ VCSEL çɞŭɖɔɐɗɖəŮè ˊɎɜɤ Ŭˊɧ Űɞ 

lasing əŬŰɩűɚɘ Űɞɡ (lasing threshold) ɛŮ Űɖ ɓɞɐɗŮɘŬ Ůɜɧɠ ŰɟɞűɞŭɞŰɘəɞɨ ŰɎůɖɠ 

ŬəɟɘɓŮɑŬɠ. ɇɞ ɖɚŮəŰɟɘəɧ ůɐɛŬ ŰŮůůɎɟɤɜ ůŰŬɗɛɩɜ ɡˊŮɟŰɏɗɖəŮ ˊɎɜɤ ůŰɞ DC ůɐɛŬ 

Ŭˊɧ Űɞ ŰɟɞűɞŭɞŰɘəɧ. ɆŰɖɜ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ űŬɑɜŮŰŬɘ ɞ ɛɘəɟɞəɡɛŬŰɘəɧɠ ůŰŬɗɛɧɠ 

ɓɎůɖɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɞ ůɡɔəŮəɟɘɛɏɜɞ ˊŮɑɟŬɛŬ. 
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ȺɘəɧɜŬ 97: (Ŭ) Ƀ ɛɘəɟɞəɡɛŬŰɘəɧɠ ůŰŬɗɛɧɠ ɓɎůɖɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ůŰɘɠ ɛŮŰɟɐůŮɘɠ əŬɘ (ɓ) əɞɜŰɘɜɐ 

Ɏˊɞɣɖ Űɖɠ əŬŰŬəɧɟɡűɖɠ ŭɘɎŰŬɝɖɠ ŬɜɑɢɜŮɡůɖɠ 

ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ɏɢɞɡɛŮ əŬɘ ɏɜŬ ůŮɜɎɟɘɞ ŭɘɎŭɞůɖɠ Űɞɡ ŭɘŬɛɞɟűɤɛɏɜɞɡ ɞˊŰɘəɞɨ 

ůɐɛŬŰɞɠ ůŰɞ ɛɏůɞ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ 500 m Űɡˊɘəɐɠ ɛɞɜɞɟɟɡɗɛɘəɐɠ ɑɜŬɠ (SMF). 

ɄɟɞəŮɘɛɏɜɞɡ ɖ ŭɏůɛɖ Ůɝɧŭɞɡ Űɞɡ VCSEL ɜŬ əɡɛŬŰɞŭɖɔɖɗŮɑ ůŰɖɜ ɞˊŰɘəɐ ɑɜŬ, ɏɔɘɜŮ 

ɢɟɐůɖ ɛɘŬɠ əŬŰŬəɧɟɡűɖɠ ŭɘɎŰŬɝɖɠ ɕŮɨɝɖɠ (vertical probing arrangement) ɧˊɤɠ 

űŬɑɜŮŰŬɘ əŬɘ ůŰɖɜ ˊŬɟŬˊɎɜɤ ŮɘəɧɜŬ əŬɘ ɑɜŬɠ lensed. ȷɡŰɧɠ ɞ Űɨˊɞɠ ɑɜŬɠ ŮˊɘŰɟɏˊŮɘ Űɖ 

ɓɏɚŰɘůŰɖ ɕŮɨɝɖ Űɞɡ űɤŰɧɠ Ŭˊɧ Űɞ űɤŰɞɜɘəɧ ɞɚɞəɚɖɟɤɛɏɜɞ ˊɚŬəɑŭɘɞ ůŰɖɜ ɑɜŬ ɚɧɔɤ 

Űɖɠ ɘŭɘŬɑŰŮɟɖɠ ŭɞɛɐɠ Űɞɡ ɛŮ ŭŮŭɞɛɏɜɞ ɧŰɘ ůŰɖɜ Ɏəɟɖ űɏɟŮɘ ɏɜŬɜ űŬəɧ ɛŮ ŭɘɎɛŮŰɟɞ 

ˊŮŭɑɞɡ ɟɡɗɛɞɨ (mode field diameter) ˊɞɡ ŰŬɘɟɘɎɕŮɘ ɛŮ Űɞ ŬɜŰɑůŰɞɘɢɞ Űɞɡ űɤŰɞɜɘəɞɨ 

əɡəɚɩɛŬŰɞɠ (mode matching). ȾŬŰɎ ŬɡŰɧɜ Űɞɜ Űɟɧˊɞ ɏɢɞɡɛŮ ɚɘɔɧŰŮɟŮɠ ŬˊɩɚŮɘŮɠ ůŰɖ 

ɕŮɨɝɖ. ɇɞ ɞˊŰɘəɧ ůɐɛŬ Ůɚɐűɗɖ Ŭˊɧ ɏɜŬɜ Ůɛˊɞɟɘəɧ 40 GHz ŭɏəŰɖ ˊɟɘɜ Ŭˊɧ Űɞɜ ɞˊɞɑɞ 

ɏɜŬɠ ɟɡɗɛɘɕɧɛŮɜɞɠ ɞˊŰɘəɧɠ ŬˊɞůɓɏŰɖɠ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ ɜŬ ɟɡɗɛɑɕŮɘ ŰŬ ŮˊɑˊŮŭŬ 

Űɖɠ ɘůɢɨɞɠ Ůɘůɧŭɞɡ. ɀŮ ŬɡŰɧɜ Űɞɜ Űɟɧˊɞ ɡˊɐɟɢŮ ɖ ŭɡɜŬŰɧŰɖŰŬ ŭɘŮɝŬɔɤɔɐɠ 

ɛŮŰɟɐůŮɤɜ BER ɤɠ ˊɟɞɠ Űɖɜ ɞˊŰɘəɐ ɘůɢɨ Ůɘůɧŭɞɡ ůŰɞ ŭɏəŰɖ.  

ȼ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ ŬˊɞŰɡˊɩɜŮɘ ŰŬ ŮɜŭŮɘəŰɘəɎ ŭɘŬɔɟɎɛɛŬŰŬ ɛŬŰɘɞɨ ůŰŬ 32 əŬɘ 40 

Gbaud ɔɘŬ ŬˊŮɡɗŮɑŬɠ ŭɘɎŭɞůɖ (back-to-back) ŰŬ ɞˊɞɑŬ ŮɚɐűɗɖůŬɜ ɛŮ Űɖ ɢɟɐůɖ Ůɜɧɠ 

70 GHz equivalent time oscilloscope. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ 32 Gbaud ŬˊɞŰɡˊɩɜŮŰŬɘ 

əŬɘ Űɞ ŭɘɎɔɟŬɛɛŬ ɛŬŰɘɞɨ ɛŮŰɎ Ŭˊɧ ŭɘɎŭɞůɖ ůŮ 500 m ɛɞɜɞɟɟɡɗɛɘəɐɠ ɞˊŰɘəɐɠ ɑɜŬ. 
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ȺɘəɧɜŬ 98: ȹɘŬɔɟɎɛɛŬŰŬ ɛŬŰɘɞɨ (a )ɔɘŬ back-to-back ŭɘɎŭɞůɖ ůŰŬ 32 Gbaud, (b) ŭɘɎŭɞůɖ ůŮ 500 m 

SMF əŬɘ (ɔ) ɔɘŬ back-to-back ŭɘɎŭɞůɖ ůŰŬ 40 Gbaud 

Ƀɘ ɛŮŰɟɐůŮɘɠ BER ɏɔɘɜŬɜ Ŭűɞɨ Űɞ ŭɘŬɛɞɟűɤɛɏɜɞ ɞˊŰɘəɧ ůɐɛŬ ŰŮůůɎɟɤɜ ůŰŬɗɛɩɜ 

ɛŮŰŬŰɟɎˊɖəŮ ůŮ űɤŰɞɟŮɨɛŬ Ŭˊɧ Űɞɜ ŭɏəŰɖ əŬɘ ɖ ŭɘŬűɞɟɘəɐ Űɞɡ ɏɝɞŭɞɠ ůɡɜŭɏɗɖəŮ ɛŮ 

ɏɜŬɜ ˊŬɚɛɞɔɟɎűɞ ˊɟŬɔɛŬŰɘəɞɨ ɢɟɧɜɞɡ (real-time oscilloscope) ɛŮ ŬɜŬɚɞɔɘəɧ Ůɨɟɞɠ 

ɕɩɜɖɠ ůŰŬ 33 GHz əŬɘ 80 GSa/s ɟɡɗɛɧ ŭŮɘɔɛŬŰɞɚɖɣɑŬɠ. ɆŰɞ əɞɛɛɎŰɘ Űɖɠ ɣɖűɘŬəɐɠ 

ŮˊŮɝŮɟɔŬůɑŬɠ Űɞɡ ɚŬɛɓŬɜɧɛŮɜɞɡ ůɐɛŬŰɞɠ ɏɔɘɜŮ offline ŮˊŬɜŬŭŮɘɔɛŬŰɞɚɖɣɑŬ (re-

sampling), ŬɜɎəŰɖůɖ ɢɟɞɜɘůɛɞɨ ůɡɛɓɧɚɞɡ (symbol timing recovery) əŬɘ Ůɜ ůɡɜŮɢŮɑŬ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ůŰŬŰɘəɧɠ ɘůɞůŰŬɗɛɘůŰɐɠ (static equalizer) ɞɨŰɤɠ ɩůŰŮ ɜŬ 

ŬɜŰɘůŰŬɗɛɑůŮɘ Űɞɡɠ ˊŮɟɘɞɟɘůɛɞɨɠ ůŰɞ Ůɨɟɞɠ ɕɩɜɖɠ ˊɞɡ ɏɗŮŰŮ Űɞ ɑŭɘɞ Űɞ əŬɜɎɚɘ. 

ɄɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ Ůˊɑůɖɠ ŬɡŰɧɛŬŰɞɠ ɞɟɘůɛɧɠ əŬŰɤűɚɘɞɨ (automatic thresholding) 

ɔɘŬ Űɖɜ ŬɜɑɢɜŮɡůɖ Űɤɜ ůɡɛɓɧɚɤɜ əŬɘ Ŭɝɘɞɚɧɔɖůɖ Űɖɠ Űɘɛɐɠ Űɞɡ BER Űɧůɞ ɔɘŬ Űɖɜ 

ŬˊŮɡɗŮɑŬɠ ŭɘɎŭɞůɖ ɧůɞ əŬɘ ɔɘŬ Űɖ ŭɘɎŭɞůɖ ůŮ ɑɜŬ ɛɐəɞɡɠ 500 m. ȼ Ŭˊɧŭɞůɖ Űɞɡ 

BER ŬɝɘɞɚɞɔɐɗɖəŮ ůɡɔəɟɑɜɞɜŰŬɠ Űɞ ɚŬɛɓŬɜɧɛŮɜɞ ůɐɛŬ ɛŮ Űɖɜ Ŭɟɢɘəɐ ŬɚɚɖɚɞɡɢɑŬ 

Űɤɜ bit əŬɘ ɛŮŰɟɩɜŰŬɠ ŰŬ ˊɟŬɔɛŬŰɘəɎ ɚŬɜɗŬůɛɏɜŬ bit.  

ȼ ˊŬɟŬəɎŰɤ ŮɘəɧɜŬ ˊŬɟɞɡůɘɎɕŮɘ Űɘɠ ɛŮŰɟɩɛŮɜŮɠ əŬɛˊɨɚŮɠ BER ɤɠ ůɡɜɎɟŰɖůɖ Űɖɠ 

ɛɏůɖɠ ɚŬɛɓŬɜɧɛŮɜɖɠ ɞˊŰɘəɐɠ ɘůɢɨɞɠ ůŰɞ ŭɏəŰɖ ɔɘŬ ŰŬ ůɐɛŬŰŬ ůŰŬ 32 əŬɘ 40 Gbaud. 

ȼ ˊɟɎůɘɜɖ əŬɘ əɧəəɘɜɖ ɔɟŬɛɛɐ ŬɜŰɘůŰɞɘɢɞɨɜ ůŰɞ ɚŬɛɓŬɜɧɛŮɜɞ ůɐɛŬ ůŰŬ 32 Gbaud 

ɔɘŬ Űɖɜ ˊŮɟɑˊŰɤůɖ Űɧůɞ Űɖɠ ŬˊŮɡɗŮɑŬɠ ŭɘɎŭɞůɖɠ ɧůɞ əŬɘ Űɘɠ ŭɘɎŭɞůɖɠ ůŮ 500 m 

ɞˊŰɘəɐɠ ɑɜŬɠ ŬɜŰɑůŰɞɘɢŬ. ȷəɞɚɞɡɗɩɜŰŬɠ Űɖɜ ɑŭɘŬ Ŭəɟɘɓɩɠ ɚɞɔɘəɐ, ɖ ŭɘŬəŮəɞɛɛɏɜɖ 

ɛŬɨɟɖ əŬɘ ɛˊɚŮ ɔɟŬɛɛɐ ŬɜŰɘůŰɞɘɢɞɨɜ ůŰŬ ŬɜŰɑůŰɞɘɢŬ ůŮɜɎɟɘŬ ŭɘɎŭɞůɖɠ ɔɘŬ Űɞ ůɐɛŬ 

Űɤɜ 40 Gbaud. ȳˊɤɠ ˊŬɟŬŰɖɟŮɑŰŬɘ, ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ 32 Gbaud əŬɘ ɔɘŬ Űɘɛɐ 

ɞˊŰɘəɐɠ ɘůɢɨɞɠ Ůɘůɧŭɞɡ ůŰɞ ŭɏəŰɖ ˊɞɡ əɡɛŬɑɜŮŰŬɘ Ŭˊɧ -10 ɏɤɠ 0 dBm, ɖ əŬɛˊɨɚɖ 

BER ɓɟɑůəŮŰŬɘ əɎŰɤ Ŭˊɧ Űɞ hard FEC ɧɟɘɞ əŬɘ ɔɘŬ ŰŬ ŭɡɞ ůŮɜɎɟɘŬ ŭɘɎŭɞůɖɠ. ɆŰŬ 40 

Gbaud, ́ ŬɟŬŰɖɟŮɑŰŬɘ ɛɘŬ ɚɞɔɘəɐ ɡˊɞɓɎɗɛɘůɖ Űɞɡ ɛŮŰɟɞɨɛŮɜɞɡ BER əɡɟɑɤɠ ɚɧɔɤ Űɞɡ 

ɧŰɘ Űɞ Ůɨɟɞɠ ɕɩɜɖɠ Űɞɡ VCSEL ɏɗŮŰŮ ɏɜŬ ˊŮɟɘɞɟɘůɛɧ ůŰɖ ɛŮŰɎŭɞůɖ Űɖɠ 

ˊɚɖɟɞűɞɟɑŬɠ. ɄŬɟɧɚŬ ŬɡŰɎ ůŰŬ 40 Gbaud, ɞɘ BER əŬɛˊɨɚŮɠ ɓɟɘůəɧŰŬɜ ˊɎɚɘ əɎŰɤ 

Ŭˊɧ Űɞ ɧɟɘɞ Űɞɡ hard FEC ŬəɧɛŬ əŬɘ ůŰɖɜ ˊŮɟɑˊŰɤůɖ ŭɘɎŭɞůɖɠ ůŰŬ 500 m. ȷɝɑɕŮɘ ɜŬ 

ůɖɛŮɘɤɗŮɑ ɧŰɘ ˊɏɟŬ Ŭˊɧ Űɞ Ůɨɟɞɠ ɕɩɜɖɠ Űɞɡ VCSEL, ɖ ˊŮɟɘɞɟɘůɛɏɜɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ 

ŭɏəŰɖ ɐŰŬɜ Ɏɚɚɞɠ ɏɜŬɠ ˊŬɟɎɔɞɜŰŬɠ ˊɞɡ ŮˊɘɓɎɟɡɜŮ Űɖ ůɡɜɞɚɘəɧŰŮɟɖ Ŭˊɧŭɞůɖ 

ɘŭɘŬɑŰŮɟŬ ɔɘŬ ˊŮɟɘˊŰɩůŮɘɠ ůɐɛŬŰɞɠ Ůɘůɧŭɞɡ ɛŮ ɡɣɖɚɐ ɞˊŰɘəɐ ɘůɢɨ.  
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ȺɘəɧɜŬ 99: ȾŬɛˊɨɚŮɠ BER ɔɘŬ ŰŬ ůŮɜɎɟɘŬ ŭɘɎŭɞůɖɠ ŭɘŬɛɞɟűɤɛɏɜɤɜ ůɖɛɎŰɤɜ ŰŮůůɎɟɤɜ ůŰŬɗɛɩɜ ůŰŬ 

32 əŬɘ 40 Gbaud ɛŮ ɢɟɐůɖ Űɖɠ ŭɞɛɐɠ Űɞɡ VCSEL. 
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ȾŮűɎɚŬɘɞ 5  

ɄŮɘɟŬɛŬŰɘəɐ ȺˊɑŭŮɘɝɖ ȹɞɛɩɜ Ʉɞɛˊɞɨ, 

ȹɏəŰɖ əŬɘ ȹɘŮˊŬűɐɠ ȷˊŮɛˊɚɞəɐɠ 

5.1 ɄɟɩŰɖ ɔŮɜɘɎ ˊɞɛˊɞɨ (PTL)  

ɆŰɖɜ əŬŰŮɨɗɡɜůɖ ɛɘŬ ɓɖɛŬŰɘəɐɠ ˊɟɞůɏɔɔɘůɖɠ ůŰɖɜ ɡɚɞˊɞɑɖůɖ Űɞɡ ˊɞɛˊɞŭɏəŰɖ, 

ŭɞəɘɛɎůŰɖəŮ ɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ Ŭɟɢɘəɞɨ ɛɞɜŰɏɚɞɡ Űɞɡ ˊɞɛˊɞɨ ɤɠ ɝŮɢɤɟɘůŰɐ ůɡůəŮɡɐ 

ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŭɘŮɟŮɡɜɖɗŮɑ ɖ əŬŰŬɚɚɖɚɧŰɖŰɎ Űɞɡ ɔɘŬ ŮűŬɟɛɞɔɐ ůŰɖ ŭɘŬůɨɜŭŮůɖ 

ɡˊɞɚɞɔɘůŰɘəɩɜ ůɡůŰɖɛɎŰɤɜ. Ƀɘ ˊŮɘɟŬɛŬŰɘəɏɠ ɛŮŰɟɐůŮɘɠ ɏɔɘɜŬɜ ůŰɞ ŮɟɔŬůŰɐɟɘɞ Űɞɡ 

IMEC [5.1] əŬɘ ŮɑɢŬɜ ŭɡɞ ůəɏɚɖ. ɆŰɞ ˊɟɩŰɞ ˊŮɑɟŬɛŬ, ŭɘŮɟŮɡɜɐɗɖəŬɜ ɞɘ ŮˊɘˊŰɩůŮɘɠ 

Űɖɠ ɢɟɤɛŬŰɘəɐɠ ŭɘŬůˊɞɟɎɠ ůŰɖɜ ˊɞɘɧŰɖŰŬ Űɞɡ ŭɘŬɛɞɟűɤɛɏɜɞɡ ůɐɛŬŰɞɠ ɛɏůŬ Ŭˊɧ Űɖ 

ŭɘɎŭɞůɐ Űɞɡ ůŮ ɞˊŰɘəɐ ɑɜŬ ɛŮ ɛɐəɖ 100 m əŬɘ 1 km. ȺɝŮŰɎůŰɖəŬɜ ŭɡɞ ůɢɐɛŬŰŬ 

ŭɘŬɛɧɟűɤůɖɠ, ŰŮůůɎɟɤɜ (PAM-4) əŬɘ ŭɡɞ (NRZ) ůŰŬɗɛɩɜ, ɛŮ ŰŬɢɨŰɖŰŬ ɛŮŰɎŭɞůɖɠ 

ůŰŬ 28 Gb/s. ɇŬ ɖɚŮəŰɟɘəɎ ŭɘŬɔɟɎɛɛŬŰŬ ɛŬŰɘɞɨ ɛŮŰɎ Űɞɜ ŭɏəŰɖ əŬŰŬůəŮɡɎůŰɖəŬɜ 

Ŭˊɧ ɏɜŬ 50 GHz ˊŬɚɛɞɔɟɎűɞ Ůɜɩ ɞɘ əŬɛˊɨɚŮɠ Űɞɡ BER ɛŮŰɟɐɗɖəŬɜ ɛŮ Űɖ ɢɟɐůɖ 

Ůɜɧɠ BER ŬɜŬɚɡŰɐ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ ɔɘŬ Űɖɜ ŬˊŮɡɗŮɑŬɠ (back-to-back) ɛŮŰɎŭɞůɖ, 

ɛŮŰɎ Ŭˊɧ ɓŮɚŰɘůŰɞˊɞɑɖůɖ Űɞɡ ŮűŬɟɛɞɕɧɛŮɜɞɡ feed-forward equalizer (FFE), 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɤɠ ɛŮŰɟɐůŮɘɠ ŬɜŬűɞɟɎɠ. ɆŰɞ ŭŮɨŰŮɟɞ ˊŮɑɟŬɛŬ, ŭɘŮɟŮɡɜɐɗɖəŮ ɖ 

ɛɏɔɘůŰɖ ŭɡɜŬŰɐ ŰŬɢɨŰɖŰŬ ɛŮŰɎŭɞůɖɠ ˊɚɖɟɞűɞɟɑŬɠ ɛŮ Űɖ ɢɟɐůɖ Űɞɡ ˊɞɛˊɞɨ əŬɘ 

ůɡɔəɟɑɗɖəŮ ɛŮ ɏɜŬɜ ŬɜŰɑůŰɞɘɢɞ ŮɛˊɞɟɘəɎ ŭɘŬɗɏůɘɛɞ ˊɞɛˊɧ ɛŮ VCSEL ůŰŬ 850 nm 

ŬɚɚɎ əŬɘ ɏɜŬ ŮɝɤŰŮɟɘəɎ ŭɘŬɛɞɟűɤɛɏɜɞ laser (externally modulated laser).  

ɇŬ ŭɘŬɔɟɎɛɛŬŰŬ ɛŬŰɘɞɨ ůŰŬ 28 Gb/s ɔɘŬ Űɘɠ ŭɘŬűɞɟŮŰɘəɏɠ ˊŮɟɘˊŰɩůŮɘɠ ɛŮŰɎŭɞůɖɠ 

űŬɑɜɞɜŰŬɘ ůŰɞ ˊŬɟŬəɎŰɤ ůɢɐɛŬ. ɁŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ ˊŮɟɘˊŰɩůŮɘɠ 

ŬˊŮɡɗŮɑŬɠ ɛŮŰɎŭɞůɖɠ ɛŮ əŬɘ ɢɤɟɑɠ Űɖ ɢɟɐůɖ FFE ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ůɡɔəɟɘɗɞɨɜ. ȺɑɜŬɘ 

ŮɛűŬɜɏɠ ɧŰɘ ůŰɖɜ ŰŬɢɨŰɖŰŬ ŬɡŰɐ Űɞ VCSEL ɝŮəɘɜɎŮɘ ɜŬ ŮɘůɎɔŮɘ ˊŮɟɘɞɟɘůɛɞɨɠ ɚɧɔɤ 

Űɞɡ ˊŮɟɘɞɟɘůɛɏɜɞɡ Ůɨɟɞɡɠ ɕɩɜɖɠ Űɞɡ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ɏɢɞɡɛŮ ŭɘŬůɡɛɓɞɚɘəɐ 

ˊŬɟŮɛɓɞɚɐ (Intersymbol Interference- ISI). ɀŮ Űɖ ɢɟɐůɖ Űɞɡ FFE ŬɜŰɘůŰŬɗɛɑɕŮŰŬɘ Űɞ 

űŬɘɜɧɛŮɜɞ ŬɡŰɧ əŬɘ ɡˊɞəŬɗɑůŰŬŰŬɘ ɖ ŮɘəɧɜŬ Űɞɡ ŭɘŬɔɟɎɛɛŬŰɞɠ ɛŬŰɘɞɨ [5.2], [5.3]. 

ɄŬɟɧɚŬ ŬɡŰɎ ɞ ŮűŬɟɛɞɕɧɛŮɜɞɠ FFE ɛŮɘɩɜŮɘ Űɞ ɞˊŰɘəɧ ˊɚɎŰɞɠ ŭɘŬɛɧɟűɤůɖɠ (optical 

modulation amplitude-OMA) ɘŭɘŬɑŰŮɟŬ ɔɘŬ Űɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ NRZ ůɐɛŬŰɞɠ. ȷɡŰɧ 

ůɖɛŬɑɜŮɘ ɧŰɘ Űɞ power penalty Űɖɠ ŰɎɝɖɠ Űɤɜ 4.7 dB ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ PAM-4 

ůɐɛŬŰɞɠ ŭŮɜ ɘůɢɨŮɘ ˊɚɏɞɜ ɔɘŬ əŬɘ ɏɢŮɘ əŬŰŬˊɏůŮɘ ůŰŬ 3.7 dB.  
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ȺɘəɧɜŬ 100: 28 Gb/s PAM-4 əŬɘ NRZ ɚŬɛɓŬɜɧɛŮɜŬ ŭɘŬɔɟɎɛɛŬŰŬ ɛŬŰɘɞɨ 

Ƀɘ əŬɛˊɨɚŮɠ BER ˊɞɡ ŬˊɞŰɡˊɩɜɞɜŰŬɘ ůŰɞ ˊŬɟŬəɎŰɤ ůɢɐɛŬ ůŮ ůɡɜŭɡŬůɛɧ ɛŮ ŰŬ 

ŭɘŬɔɟɎɛɛŬŰŬ ɛŬŰɘɞɨ, ŬˊɞŭŮɘəɜɨɞɡɜ ɧŰɘ ɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ FFE ŬˊɞəŬɗɘůŰɎ Űɞ ɨɣɞɠ 

əŬɘ Űɞ ˊɚɎŰɞɠ Űɞɡ ɛŬŰɘɞɨ əŬŰɎ 30% əŬɘ 17% ŬɜŰɑůŰɞɘɢŬ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ NRZ 

ůɐɛŬŰɞɠ, Ůɜɩ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ PAM-4 ůɐɛŬŰɞɠ ŭɘŬɛɞɟűɩɜŮɘ ůɡɜɗɐəŮɠ 

ɛŮŰɎŭɞůɖɠ ɢɤɟɑɠ ůűɎɚɛŬŰŬ (error free). Ƀɘ ŭɞɛɘəɎ ŬůɨɛɛŮŰɟɞɘ ɢɟɧɜɞɘ Ŭɜɧŭɞɡ əŬɘ 

əŬɗɧŭɞɡ Űɞɡ VCSEL ŭŮɜ ŬɜŰɘůŰŬɗɛɑɕɞɜŰŬɘ Ŭˊɧ Űɞɜ FFE ɧˊɤɠ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɞ 

ŬůɨɛɛŮŰɟɞ ůɢɐɛŬ Űɤɜ əŬɛˊɡɚɩɜ əŬɘ Űɤɜ ŭɘŬɔɟŬɛɛɎŰɤɜ ɛŬŰɘɞɨ. ȼ ŮˊɏəŰŬůɖ Űɖɠ 

ŬˊɧůŰŬůɖɠ ŭɘɎŭɞůɖɠ ůŰŬ 100 m əŬɘ 1 km əŬŰŬŭŮɘəɜɨŮɘ ɧŰɘ əŬɘ ɞɘ ŭɡɞ ɛɏɗɞŭɞɘ 

ŭɘŬɛɧɟűɤůɖɠ ɡűɑůŰŬɜŰŬɘ ˊŬɟɧɛɞɘɞ ɢɟɞɜɘəɧ ˊŮɟɘɞɟɘůɛɧ ɞ ɞˊɞɑɞɠ ŮɑɜŬɘ Űɖɠ ŰɎɝɖɠ Űɞɡ 

35% ůŰɞ 1 km ůŮ ůɨɔəɟɘůɖ ɛŮ Űɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ŬˊŮɡɗŮɑŬɠ ŭɘɎŭɞůɖɠ (back-to-

back). Ⱥˊɘˊɚɏɞɜ, ɡˊɎɟɢŮɘ ɛɘŬ ŮɛűŬɜɐɠ ŮˊɘɓɎɟɡɜůɖ ůŰɞ əɎɗŮŰɞ ˊŮɟɘɗɩɟɘɞ Űɞɡ 

ŭɘŬɔɟɎɛɛŬŰɞɠ ɛŬŰɘɞɨ (vertical eye margin) [5.4], [5.5].  

ɆŰŬ 100 m Űɞ ɨɣɞɠ Űɞɡ ŭɘŬɔɟɎɛɛŬŰɞɠ ɛŬŰɘɞɨ ůŰɖɜ ˊŮɟɑˊŰɤůɖ ŭɘŬɛɧɟűɤůɖɠ NRZ, 

ůɡɛˊɘɏɕŮŰŬɘ əŬŰɎ 10% Űɞ ɞˊɞɑɞ ˊɞůɞůŰɧ ŬɜŮɓŬɑɜŮɘ ůŰɞ 60% ɔɘŬ Űɖɜ ˊŮɟɑˊŰɤůɖ 

ŭɘɎŭɞůɖɠ ůŮ 1 km SMF ɑɜŬɠ. ɀɘŬ ɛŮɑɤůɖ ɛɘəɟɧŰŮɟɖ Ŭˊɧ 5% ůŰɞ ɨɣɞɠ Űɞɡ 



163 

 

ŬɜɞɑɔɛŬŰɞɠ Űɞɡ ŭɘŬɔɟɎɛɛŬŰɞɠ ɛŬŰɘɞɨ ůŰɖɜ ˊŮɟɑˊŰɤůɖ ŭɘŬɛɧɟűɤůɖɠ PAM-4 

ŮˊɘɓŮɓŬɘɩɜŮɘ Űɞ ŬɜŬɛŮɜɧɛŮɜɞ, ŭɖɚŬŭɐ ɧŰɘ ɞ ůɡɔəŮəɟɘɛɏɜɞɠ Űɟɧˊɞɠ ŭɘŬɛɧɟűɤůɖɠ 

ŮɑɜŬɘ ˊɞɚɨ ˊɘɞ ŬɜɗŮəŰɘəɧɠ ůŰɖ ɢɟɤɛŬŰɘəɐ ŭɘŬůˊɞɟɎ ůŮ ůɢɏůɖ ɛŮ Űɞɜ NRZ ůŰŬ 

VCSEL ŬˊŮɡɗŮɑŬɠ ŭɘŬɛɧɟűɤůɖɠ (directly modulated VCSELs). ɄŬɟɧɚɞ ˊɞɡ ŰŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ Űɞɡ BER ŭŮɑɢɜɞɡɜ ɧŰɘ ɖ ˊŮɟɑˊŰɤůɖ NRZ ŭɘŬɛɧɟűɤůɖɠ ɏɢŮɘ əŬɚɨŰŮɟɖ 

Ŭˊɧŭɞůɖ Ŭˊɧ Űɖɜ PAM-4, ˊɟɏˊŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ ɏɜŬ ŬůűŬɚɏɠ ůɡɛˊɏɟŬůɛŬ ŭŮɜ 

ɛˊɞɟŮɑ ɜŬ ŮɝŬɢɗŮɑ Ŭɜ ɞ ŭɏəŰɖɠ ŭŮɜ ɓŮɚŰɘůŰɞˊɞɘɖɗŮɑ əŬŰɎɚɚɖɚŬ ɔɘŬ Űɞ əɎɗŮ ůɢɐɛŬ 

ŭɘŬɛɧɟűɤůɖɠ. ɄŬɟɎɛŮŰɟɞɘ ɧˊɤɠ ɖ ŮɡŬɘůɗɖůɑŬ [5.6], ɖ ˊɟɞ-Ůɜɑůɢɡůɖ (pre-emphasis) 

[5.7] əŬɘ ɖ ŭɘŬůˊɞɟɎ ɗŬ ɛŮɘɩůɞɡɜ ˊŮɟŮŰŬɑɟɤ Űɖɜ ŮˊɘɓɎɟɡɜůɖ ɘůɢɨɞɠ (power penalty) 

ɖ ɞˊɞɑŬ ůɢŮŰɑɕŮŰŬɘ ɛŮ Űɞ PAM-4 ɧŰŬɜ Űɞ bit rate ŬɡɝɎɜŮŰŬɘ.  

 

ȺɘəɧɜŬ 101: ȾŬɛˊɨɚŮɠ BER ůŰŬ 28 Gb/s ɔɘŬ PAM-4 əŬɘ NRZ ŭɘŬɛɧɟűɤůɖ ɔɘŬ ŰŬ ŭɘɎűɞɟŬ ɛɐəɖ ɑɜŬɠ 

SMF. (Ŭ) ɃɟɘɕɧɜŰɘɞ ˊŮɟɘɗɩɟɘɞ ŭɘŬɔɟɎɛɛŬŰɞɠ ɛŬŰɘɞɨ əŬɘ (ɓ) əɎɗŮŰɞ ˊŮɟɘɗɩɟɘɞ ŭɘŬɔɟɎɛɛŬŰɞɠ ɛŬŰɘɞɨ.  

ȼ ɚŮɘŰɞɡɟɔɑŬ ɢɤɟɑɠ ɚɎɗɖ ŭɘŬŰɖɟɐɗɖəŮ ɛɏɢɟɘ ŰŬ 40 Gb/s ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ PAM-4 

ŬˊŮɡɗŮɑŬɠ ŭɘɎŭɞůɖɠ ɧˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɖɜ ȺɘəɧɜŬ 101. ȼ Űɘɛɐ Űɞɡ BER ŬɜŮɓŬɑɜŮɘ 

ůŰɘɠ Űɘɛɏɠ 10-11 əŬɘ 10-9 əŬɗɩɠ ɖ ŬˊɧůŰŬůɖ ŭɘɎŭɞůɖɠ ŬɡɝɎɜŮɘ ůŰŬ 100 m əŬɘ 1 km 

ŬɜŰɑůŰɞɘɢŬ. ɀŮ Ŭˊɧŭɞůɖ ŮɜɏɟɔŮɘŬɠ (energy efficiency) ɑůɖ ɛŮ 9.4 pJ/bit, ɞ 

ůɡɔəŮəɟɘɛɏɜɞɠ PAM-4 VCSEL ˊɞɛˊɧɠ ŮɑɜŬɘ ůŮ ɗɏůɖ ɜŬ ŬɜŰŬɔɤɜɘůŰŮɑ Űɞɡ ˊɞɛˊɞɨɠ 

NRZ ɛŮ ŰŮɢɜɞɚɞɔɑŬ SiGe BiCMOS ůŰŬ 850 nm ɧˊɤɠ űŬɑɜŮŰŬɘ əŬɘ Ŭˊɧ Űɞɜ ˊŬɟŬəɎŰɤ 

ˊɑɜŬəŬ [5.8], [5.9] (2, 3 ůŰɞɜ ˊŬɟŬəɎŰɤ ˊɑɜŬəŬ). ȺɑɜŬɘ ůɢŮŭɧɜ ŰɟŮɘɠ űɞɟɏɠ ˊɘɞ 

ŬˊɞŭɞŰɘəɧɠ Ŭˊɧ ɏɜŬɜ ˊɞɛˊɞɨ ɛŮɔɎɚɞɡ ɛɐəɞɡɠ əɨɛŬŰɞɠ (long wavelength) 


















































































































