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Optical Transmitters and Receivers (OTR) 
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Tutorial:     Dipl.-Ing. S. Wolf 

      J. N. Kemal, M.Sc. 

Contents: 

•  Optical communication concepts 

•  Transmitters 

      Light sources 

      Modulators 

•  Optical amplifiers 

•  Receivers 

      Pin photodiode 

      Noise 

      Detection errors 



LECTURE 1 

OTR WS 2014/15 Institut für Photonik und Quantenelektronik (IPQ), Karlsruher Institut für Technologie (KIT) 1 



Introduction 
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Optical Fibre Submarine Systems 
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Submarine Cable Map (2013) 

http://www.cablemap.info/ 
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Submarine Cable Map (2014) 
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Submarine Communication Systems — Laying the Cable  
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Submarine Communications Cable  

http://en.wikipedia.org/wiki/Submarine_communications_cable 
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Optical Network Infrastructure — Abbreviations & Buzz Words 
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Communication With Light 
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Light Guidance by Total Internal Reflection or by Index Gradient 

http://en.wikipedia.org/wiki/File:Total_internal_reflection_of_Chelonia_mydas_.jpg 

Gießen, H.: Öffentliche Vorlesung über Tarnkappen im Mercedes Museum am 

22.7.2008. http://www.pi4.uni-stuttgart.de/ 

http://en.wikipedia.org/wiki/File:TIR_in_PMMA.jpg 
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Fibre Types 
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Chromatic Dispersion 
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Optical  Communications 

Rapid extension of internet communication requires systems having 

higher transmission capacity. 

current current 

light light 

glass fibre 

laserdiode photodiode 

Demands increase 100 % to 200 % per year. Systems are based on 

photonic networks with WDM technology (wavelength division 

multiplexing). 
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Services and Available Bitrates 
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Bitrates of typical services: 

Voice (ISDN)    64 kbit/s  (compressed  < 10 kbit/s) 

Picture (TV)   140 Mbit/s (compressed 26 Mbit/s) 

Loss: 40 % for 10 km quartz glass fibre (like 20 m coax cable) 

Bitrates of transmission media: 

Twisted pair         6 Mbit/s (6 km); coax 650 Mbit/s (1.5 km) 

Glass fibre    40 Gbit/s (1 Mio km)                Bell / IPQ 2002 

Glass fibre 1.28 Tbit/s single channel (240 km)    HHI 2006 

Fibre+OFDM 13.5 Tbit/s 135 OFDM   ch  (6 248 km) NTT 2009  

Fibre+OFDM 26.0 Tbit/s 325 OFDM   ch      (50 km) IPQ  2011 

Fibre+Nyquist 32.5 Tbit/s 325 Nyquist ch    (227 km) IPQ  2012 

 Bible                100  Mbit     325,000 bibles/s (250,000 full TV) 
J. Leuthold, G. Raybon, Y. Su, R. Essiambre, S. Cabot, J. Jaques, M. Kauer: 40 Gbit/s transmission and cascaded all-optical wavelength conversion over 

1 000 000 km. Electron. Lett. vol. 38 no. 15, July 2002 

H. G. Weber, S. Ferber, M. Kroh, C. Schmidt-Langhorst, R. Ludwig, V. Marembert, C. Boerner, F. Futami, S. Watanabe, C. Schubert: Single channel 1.28 Tbit/s and 

2.56 Tbit/s DQPSK transmission. Electron. Lett. Vol. 42 No. 3, Feb. 2006 

H. Masuda, E. Yamazaki, A. Sano, T. Yoshimatsu, T. Kobayashi, E. Yoshida, Y. Miyamoto, S. Matsuoka, Y. Takatori, M. Mizoguchi, K. Okada, K. Hagimoto, T. 

Yamada, S .Kamei: 13.5-Tb/s (135 x 111-Gb/s/ch) No-guard-interval coherent OFDM transmission over 6,248 km using SNR maximized second-order DRA in the 

extended L-band. OFC 2009, PDPB5 
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Optical Wavelength Division Multiplexing (WDM) 

•  Internet: Need for bandwidth B 

 

•  Optical transmission systems 

      fibres:          B  65 THz (450 nm)  

      amplifiers:   B  10 THz (  80 nm) 

      wavelength division multiplexing 

C L 

laser photodet. 

transm. fibre 

disp. compensat. 

       opt. amplifier 

V F 

opt. proc.  

channels:   f  5, 10, 25, 50, 100 GHz 

capacity:    40 Gbit/s  100 ch = 4 Tbit/s 
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Wavelength Division Multiplexing 
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Standard ITU Channel Grid 
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Ultrahohe Übertragungskapazität (ECOC’07 PDP 1.6) 
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0 dBm = 1 mW 

 

3 dBm = 2 mW 

5 dBm = 3 mW 

10 dBm = 10 mW 

20 dBm = 100 mW 

 

-3 dBm = 0.5 mW 

-10 dBm = 100 W 

-30 dBm = 1 W 

-60 dBm = 1 nW 

0 dB = 1 

 

+ 0.1 dB = 1.023 (+2.3%) 

+ 3 dB = 2 

+ 5 dB  = 3 

+ 10 dB = 10 

 

-3 dB = 0.5 

-10 dB = 0.1 

-20 dB = 0.01 

-30 dB = 0.001 

dB = 10 log10 (P1 / P0) dBm  = 10 log10 (P / 1 mW) 

The Logarithmic Scale 
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Optical Power 

Power (P): 

– Transmitter: typ. -6 to +17 dBm (0.25 to 50 mW) 

– Receiver: typ. -3 to -35 dBm (500 down to 0.3 µW)  

– Optical Amplifier: typ. +3 to +20 dBm (2 to 100 mW) 

 
Laser safety  

– International standard: IEC 825-1 

– United States (FDA): 21 CFR 1040.10  

– Both standards consider class I safe under reasonable 

forseeable conditions of operation (e.g., without using 

optical instruments, such as lenses or microscopes) 
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LECTURE 2 
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Organization of Course 
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1. Introduction 

2. Communications concepts 

3. Optical transmitters 

4. Optical amplifiers 

5. Optical receivers 

6. Optical communication systems 

 

(information theory, modulation) 

(lasers, modulators, implementation)  

(SOA, EDFA) 

(PD, noise, direct and coherent Rx) 

(impairments, noise figure, shaping) 

26 

F:/U/Wofreu/PCTEX/ONTneu/OTR/OTR_WS14.pdf


Advantages and Shortcomings of Optical Communication (1) 
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Advantages and Shortcomings of Optical Communication (2) 
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Advantages and Shortcomings of Optical Communication (3) 
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Why? 
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Calculations stimulated by an oral presentation of N. J. Doran (S. K. Turitsyn, M. P. Fedoruk, N. J. Doran and W. Forysiak: Optical soliton transmission in fiber lines with 

short-scale dispersion management. 25th European Conf. on Optical Communication (ECOC’99), Nice, France, September 26–30, 1999) 

Distributed Amplification (1) 
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Distributed Amplification (2) 

Universe’s mass calculations and web address contributed by Dipl.-Phys. Jan Brückner, DFG Research Training Group 786 “Mixed Fields and Nonlinear Interactions” 

(http://www.gkmf.uni-karlsruhe.de), Karlsruhe, Germany, June 23, 2005 



Optical Communication Concepts 

OTR WS 2014/15 Institut für Photonik und Quantenelektronik (IPQ), Karlsruher Institut für Technologie (KIT) 32 



Signal Conditioning 
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Sampling, Nyquist Frequency and Interpolation 
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Sampling, Nyquist Frequency and Interpolation 
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Quantization (1) 
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Quantization (2) 
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Quantization and Coding 
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Coding 
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Bit Rate 
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Orthogonality, Modulation, Multiplexing, and Coding 
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T. Mizuochi: Recent progress in forward error correction and its interplay with transmission impairments. IEEE J. Sel. Topics Quantum Electron.12 (2006) 544554 



Time and Frequency Multiplexing (TDM, OTDM, OFDM, WDM) 
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LECTURE 3 
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Fundamentals of Wave Propagation 

Fourier Transform 

Maxwell’s Equations 
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Coordinates — Homogeneous Medium — Wave Equation 
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Propagating Mode in a Waveguide 

OTR WS 2014/15 Institut für Photonik und Quantenelektronik (IPQ), Karlsruher Institut für Technologie (KIT) 46 



Optical Fibre Channel (1) 

OTR WS 2014/15 Institut für Photonik und Quantenelektronik (IPQ), Karlsruher Institut für Technologie (KIT) 47 



Optical Fibre Channel (2) 
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Optical Fibre Channel (3) 
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Optical Fibre Channel (4) 
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                                      Propagation in a Nonlinear Fibre 
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Channel Capacity and Spectral Efficiency (1) 
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Channel Capacity and Spectral Efficiency (2) 
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Channel Capacity and Spectral Efficiency (3) 
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LECTURE 4 
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Channel Capacity and Spectral Efficiency (2, repeated) 
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Channel Capacity and Spectral Efficiency (4) 
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Nonlinear Shannon Limit 



Modulation and Mixing 
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Multiplicative and Additive Mixing 
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Analytic Signal, Phasor, IQ-(De)modulator, Heterodyne-Tx/Rx 
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 

/2 

LO 
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Transmission and Reception of a Complex Signal 
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Spectrum of IQ-Modulator Output Signal 
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Single-Sideband Modulation 
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IQ-Demodulator — Heterodyne and Homodyne Reception 
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LECTURE 5 

OTR WS 2014/15 Institut für Photonik und Quantenelektronik (IPQ), Karlsruher Institut für Technologie (KIT) 66 



Analogue Modulation ― Amplitude Modulation 
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Analogue Modulation ― Sinusoidal Amplitude Modulation 
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Analogue Modulation ― Amplitude and Intensity Modulation 
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Analogue Modulation ― CS Sinusoidal Amplitude Modulation 
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Analogue Modulation ― Intensity Modulation 
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Analogue Modulation ― Amplitude and Intensity Modulation 
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Angle Modulation ― Phase Modulation 
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Angle Modulation ― Phase and Frequency Modulation 
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Single-Sideband Generation and Vestigial Sideband Filtering 
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Analogue and Digital Modulation ― Synopsis 
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Digital Modulation Formats 
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ASK Modulation Formats (1) 
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ASK Modulation Formats (2) 
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ASK Modulation Formats (3) 
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Digital Modulation Formats ― Synopsis  
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Digital Modulation Formats ― Synopsis  
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Digital Modulation Formats ― Synopsis  
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Digital Modulation Formats ― Synopsis  
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Digital Modulation Formats ― (D)PSK (1) 
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Digital Modulation Formats ― (D)PSK (2) 
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LECTURE 6 
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Digital Modulation Formats ― OOK vs. PSK 

Ho, Keang-Po R.: Effects of Nonlinear Phase Noise to DPSK Signals (2004) 

Elect. field amplitude E switched 

on and off (on-off keying) 

Elect. field phase differ. from previous bit 

 = 0 for a logical “0”   

 =  for a logical “1” 

…0 1 0 0 0 1… 
. . .. . .  
…0 1 0 0 0 1… 

3 dB OSNR advantage wrt OOK 

 PM 

…… random pattern periodic int. pattern 

 MZM 

 push-pull 

 at V 

 

field amplit.   = 1 

peak power  = 1 

mean power = ½ 

field amplit.   = ½ 

peak power  = ¼ 

mean power = ¼ 
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Digital Modulation Formats ― DPSK 
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Digital Modulation Formats ― FSK 

OTR WS 2014/15 Institut für Photonik und Quantenelektronik (IPQ), Karlsruher Institut für Technologie (KIT) 91 



Digital Modulation Formats ― FSK and OFDM 
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Digital Modulation Formats ― Synopsis (1) 
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Digital Modulation Formats ― Synopsis (2) Gray Code 
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http://en.wikipedia.org/wiki/Gray_code 

LSB 

MSB 



Digital Modulation Formats ― Synopsis (3) 
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LECTURE 7 
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Pulse-Position Modulation (1) 
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Pulse-Position Modulation (2) 
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Pulse-Position Modulation (3) 
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Optical Transmitters 
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Light Sources 
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Semiconductor Laser — Counting Resonator Modes 
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Free Electron as a Wave Function 
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Schrödinger Equation  for “Bound Electron” & “Two-Level Atom” 
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Schrödinger Equation  for “Two-Level Atom” 
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Schrödinger Equation  for “Bound Electron” & “Two-Level Atom” 
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Luminescence and Laser Radiation 

107 



OTR WS 2014/15 Institut für Photonik und Quantenelektronik (IPQ), Karlsruher Institut für Technologie (KIT) 

Laser Active Materials  — Two-Level Systems (2) 
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Laser Active Materials  — Semiconductors 
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Band Structure of Direct and Indirect Semiconductors 
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Radiative and Nonradiative Recombination 
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Filling of Electronic States — Fermi Function 
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LECTURE 8 

OTR WS 2014/15 Institut für Photonik und Quantenelektronik (IPQ), Karlsruher Institut für Technologie (KIT) 118 



OTR WS 2014/15 Institut für Photonik und Quantenelektronik (IPQ), Karlsruher Institut für Technologie (KIT) 

Impurities, Doping and Carrier Concentration — Equilibrium 
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Impurities, Doping and Carrier Concentration — Non-Equilibrium 
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Quasi Fermi Levels in Non-Equilibrium 
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Abrupt pn-Homojunction in Equilibrium (Zero Bias) 
space charge region

0
x

~ 100 µm

eU

x

)(WV 

U  0
p,n

(lg)

cm
-3

10
16

ni

p-region

np0

diffusion region

neutral

n-region

U  0

 1 µm
pn0

e(UD – U)

nFW

pFW

WC(0)

WV(0)

4102 

p l nl

W )(C 

diffusion region

neutral

U = 0

TU/U
nnn ep)(p 0lTU/U

ppp en)(n 0 l

2( ) ( ) ip x n x n

pp0

nn0

122 



OTR WS 2014/15 Institut für Photonik und Quantenelektronik (IPQ), Karlsruher Institut für Technologie (KIT) 

Abrupt pn-Homojunction in Equilibrium (Zero Bias) 
space charge region

0
x

~ 100 µm

eU

x

)(WV 

U  0
p,n

(lg)

cm
-3

10
16

ni

p-region

np0

diffusion region

neutral

n-region

U  0

 1 µm
pn0

e(UD – U)

nFW

pFW

WC(0)

WV(0)

4102 

p l nl

W )(C 

diffusion region

neutral

U = 0

TU/U
nnn ep)(p 0lTU/U

ppp en)(n 0 l

2( ) ( ) ip x n x n

pp0

nn0

123 



OTR WS 2014/15 Institut für Photonik und Quantenelektronik (IPQ), Karlsruher Institut für Technologie (KIT) 

Abrupt pn-Homojunction in Non-Equilibrium (Non-Zero Bias) 
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Abrupt pn-Homojunction in Non-Equilibrium (Non-Zero Bias) 
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Abrupt pn-Homojunction — Radiative / Nonradiative Recombinat. 
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An auger An auger 

oʒe 

Pierre V. Auger 
(1899–1993) 

Physicist 

Radiative and Nonradiative Recombination 

f:/U/Wofreu/PCTEX/ONTneu/OntID/Vorlesung/auger_EN.mp3
f:/U/Wofreu/PCTEX/ONTneu/OntID/Vorlesung/Auger_FR.mp3


OTR WS 2014/15 Institut für Photonik und Quantenelektronik (IPQ), Karlsruher Institut für Technologie (KIT) 128 

Compound Semiconductors (1) 
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Compound Semiconductors (2) 
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Heterojunctions 
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Band Diagram for Heterostructures 
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Band Diagram for Heterostructures 
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Band Diagram of a Left-Alone NpP-Heterojunction 
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Band Diagram of a Forward-Biased NpP-Heterojunction 
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Bulk SOA Structure for Doping Design Study at  = 1.55 µm 

w = 3.6 m Doping Profile 

* Kapoor, A.; Sharma, E. K.; Freude, W.; Leuthold, J.: Investigation of the saturation characteristics of InGaAsP-InP bulk SOA. Photonics West 2010. Paper 7597-56 
†

 Leuthold, J.: Advanced indium-phosphide waveguide Mach-Zehnder interferometer all-optical switches and wavelength converters. Konstanz: Hartung-Gorre 1999 
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Bulk SOA — Trends for Doping the Active Region ( = 1.55 µm) 
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LECTURE 9 
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Emission and Absorption in a Semiconductor. Amplification 
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Emission and Absorption in a Semiconductor. Measurement 
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Radiative and Nonradiative Recombination 
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Effective Carrier Recombination Lifetime. Step Response 
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LED — Generated Power, Internal and Optical Efficiency 
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LED — Device Structure. Surface and Edge Emitter, SLED 
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LED — Power Spectrum 
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LD — Cavity and Field Confinement 
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LD — Longitudinal Mode Spectrum 
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LD — Gain and Loss 
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Stationary Laser Oscillation 
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LD — Gain and Loss Distributed 
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LD — Gain Model and Gain Compression 
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Carrier/Gain Depletion and Recovery 

Modified from: Mørk, J. et al. IEEE LEOS Newsletter 16 (2002) 2124. Fig. 2. —  Mørk, J. et al. Optics & Photonics News July (2003) 4248 
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LD — Rate Equations 
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LD — Rate Equations. Threshold 
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LECTURE 10 
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LD — Rate Equations. Characteristic Curves 
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LD — Small-Signal Intensity Modulation 
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LD — Small-Signal Intensity Modulation. Transfer Function 
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LD — Large-Signal Intensity Modulation 
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LD and SOA — Amplitude-Phase Coupling 

Nussenzveig, H. M.: Causality and dispersion relations. Vol. 95 in "Mathematics in 

science and engineering”, Ed. R. Bellmann. New York: Academic Press 1972. Sect. 1.6 
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LD — Amplitude-Phase Coupling. Line Broadening 

173 



OTR WS 2014/15 Institut für Photonik und Quantenelektronik (IPQ), Karlsruher Institut für Technologie (KIT) 

LD — Amplitude-Phase Coupling. Chirp 
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LD — Amplitude-Phase Coupling. Electric Field 
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LD — Device Structures with Gain and Index Guiding 
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Vertical Cavity Surface Emitting Laser — VCSEL 

http://www.ino.it/~gianni   Giovanni Giacomelli: Progetto INOA 4.2 : strutture spazio-temporali in laser a cavità verticale 

Spatio-temporal structures in vertical cavity lasers. F:\U\Wofreu\PCTEX\SKRIPTEN\Giacomelli\INO_ Gianni Giacomelli.pdf 
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Vertical Cavity Surface Emitting Laser — Beam Shape and SEM 
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Modulators 
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Electro-Absorption Modulator (EAM) — QCS 
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Electro-Optic Modulator 
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LECTURE 11 
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Directional Coupler — Four-Port Scattering Matrix 
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Mach-Zehnder Modulator (1) 
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Mach-Zehnder Modulator (2) 
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Optical IQ-Modulator (1) 



Optical IQ-Modulator (2) 
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Implementation of Selected Modulation Formats 
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Implementation of Modulation Formats — NRZ-OOK 
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Implementation of Modulation Formats — RZ-OOK (1) 
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Implementation of Modulation Formats — RZ-OOK (2) 
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Duobinary and Alternate Mark Inversion (1) 
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Duobinary and Alternate Mark Inversion (2) 
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Duobinary and Alternate Mark Inversion (3) 
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Polarization Mode Shift Keying (PMSK) 
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Software-Defined Transmitter 
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What is Software-Defined Optical Transmission? 
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F. Derr, Electron. Lett., vol. 27, no. 23, pp. 2177–2179, Nov. 1991 

J. Mitola III, IEEE AES Systems Magazine, vol. 8, no. 4, pp. 25–26, April 1993 

C. Glingener, Proc. OFC’11, March 6–10, 2011, Los Angeles (CA), USA. Paper OThAA1 



Software-Defined Optical Transmission ─ Advantages and Issues 
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Performance of State-of-the-Art FPGA and DAC 
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A. Konczykowska, J.-Y. Dupuy, F. Jorge, M. Riet, J. Moulu, V. Nodjiadjim, 

P. Berdaguer, J. Godin: 42 GBd 3-bit power-DAC for optical 

communications with advanced modulation formats in InP DHBT. Electron. 

Lett. 47 (2011) 389390 



Modulator Directly Driven BY FPGA Board Without Amplifier 
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● Regular constellation, 

no amplitude-phase coupling 

● Record-low BER for 16QAM, 

28GBd in silicon, far below hard-

decision FEC 

 

16QAM, 112 Gbit/s 

EVM = 8.7 % 

BER = 5.1  105 

I 

Q 

28 GBd 

Lauermann, M.; Palmer, R.; Koeber, S.; Schindler, P.; Korn, D.; Wahlbrink, T.; Bolten, J.; 

Waldow, M.; Elder, D.; Dalton, L.; Leuthold, J.; Freude, W.; Koos, C.: '16QAM silicon-

organic hybrid (SOH) modulator operating with 0.6 Vpp and 19 fJ/bit at 112 Gbit/s,' Conf. on 

Lasers and Electro-Optics (CLEO'14), San Jose (CA), USA, June 8–13, 2014. Paper 

SM2G.6 (invited) 



Modulator Driven By FPGA Board Without and Amplifier 
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Wolf, S.; Schindler, P. C.; Ronniger, G.; Lauermann, M.; Palmer, R.; Koeber, S.; Korn, D.; Bogaerts, W.; Leuthold, J.; Freude, W.; Koos, C.: '10 GBd SOH modulator 

directly driven by an FPGA without electrical amplification,' 40th European Conf. Opt. Commun. (ECOC'14), Cannes, France, Sept. 21–25, 2014. Postdeadline Paper 

PD.4.5   



Software-Defined Transmitter (1) 

OTR WS 2014/15 Institut für Photonik und Quantenelektronik (IPQ), Karlsruher Institut für Technologie (KIT) 203 



Software-Defined Transmitter (2) 
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R. Schmogrow, D. Hillerkuss, M. Dreschmann, M. Huebner, M. Winter, J. Meyer, B. Nebendahl, C. Koos, J. Becker, W. Freude, J. Leuthold: Real-time software-defined 

multiformat transmitter generating 64QAM at 28 GBd. IEEE Photon. Technol. Lett. 22 (2010) 16011602 
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Optical Amplifiers 
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Laser Diode (LD) — Cavity and Longitudinal Modes 
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LD Mirrors Removed — Semiconductor Optical Amplifier (SOA) 
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SOA Single-Pass Gain and Ripple 
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SOA Chip with Angled Facets and Lensed Fibres 
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Er-Doped Optical Amplifier 
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LECTURE 12 
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Optical Receivers 
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pin-Photodiode 
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pin-Photodiode    
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Sensitivity of a pin-Photodetector 
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Absorption Zone — Quantum Efficiency 
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Absorption Zone — Short-Circuit Current 
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  Absorption Zone — Generation Rate     
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Absorption Zone — External Short-Circuit Current 
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External Short-Circuit Current — Static Case (DC) 
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photoconductive photovoltaic 

223 

Photodiode — Characteristic Curves and Operating Regions 
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pin Photodiode — Dynamics 
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pin Photodiode — Impulse Response Strong Absorption 
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pin Photodiode — Impulse Response Weak Absorpt. (vn = vp)  
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pin Photodiode — Impulse Response for Fair Absorpt. (vn = vp) 
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pin Photodiode — Transit Time Cutoff Frequency 
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Extended Equivalent Circuit (1) 
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Extended Equivalent Circuit (2) 
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Noise 
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Reasons for Noise (1) 
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Reasons for Noise (2) 
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Photocurrent Noise 
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Photocurrent Noise Statistics 
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LECTURE 13 
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Photocurrent Shot Noise and Poisson Statistics 
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pin-Photodiode Noise 
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Avalanche Photodiode Noise 
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Thermal Noise (1) 
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Thermal Noise (2) 
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Thermal Noise (3) 
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Noisy Two-Port Network — Transformation of Noise Sources 

OTR WS 2014/15 Institut für Photonik und Quantenelektronik (IPQ), Karlsruher Institut für Technologie (KIT) 249 



Noisy Two-Port Network — Parameters of Two-Port Noise NW 
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Noisy Two-Port Network — Parameter Calculation 
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Noisy Two-Port Network — Noise Figure and Temperature 
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Optical Amplifier — Amplified Spontaneous Emission (ASE) 
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Noisy Two-Port Network — Transimpedance Amplifier 
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Photodiode Receiver 
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Detection Errors by Noise (1) 
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Detection Errors by Noise (2) 
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Detection Errors by Noise (3) 
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BER and Signal Quality Factor Q          
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Bit-Error Parameter (Signal Quality Factor) and SNR 
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BER and Power Penalty (1) 
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BER and Power Penalty (2) 
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WDM System Simulations: BER for NRZ-OOK  
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Kremp, T.; Freude, W.: 'DWDM transmission optimization in nonlinear optical fibres with a fast split-step wavelet 

collocation method', Proc. 7th Intern. Conf. on Optoelectronics, Fiber Optics & Photonics (Photonics 2004), Kochi, 

India, November 9–11, 2004 (invited) 
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Limiting Sensitivity for Direct Detection (1) 
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Limiting Sensitivity for Direct Detection (2) 
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Measured Sensitivities for Direct Detection 
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Coherent Receiver (1) 
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Beam Splitter, Optical Hybrid and IQ-Demodulator 
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Relative Intensity Noise and Phase Noise 
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Coherent Receiver (2) 
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Heterodyne Reception Limit 
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Balanced Heterodyne Reception (1) 

OTR WS 2014/15 Institut für Photonik und Quantenelektronik (IPQ), Karlsruher Institut für Technologie (KIT) 302 



OTR WS 2014/15 Institut für Photonik und Quantenelektronik (IPQ), Karlsruher Institut für Technologie (KIT) 303 

Balanced Heterodyne Reception (2) 
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Homodyne Reception and Reception Limit 
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Intradyne Reception (2) 
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Coherent Optical Receiver Concepts 
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Heterodyne Reception in a WDM System 
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● Both  I  and  Q  can be recovered from one signal at  fIF 

Heterodyne with narrowband filtering 

● Bandwidth  ~2Rs  is required at  fIF 

● Only  fdes =  fL + fIF   is down-converted to  fIF 

   → no noise penalty, no potential interference 
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Homodyne Reception in a WDM System 
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● Recovering both  I  and  Q  requires two balanced receivers 

Homodyne without (or with) narrowband filtering 

● Bandwidth  ~Rs  is required at  f = 0 
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IQ Receiver Schematic 
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• Homodyne decision-directed PLL shown is applicable to 4-PSK. 

• Optimized performance is very similar to analog PLL. 

• Challenges: 

- Analog-digital converters 

- Propagation delay inside loop R. Noé, 2003; M. G. Taylor; 2004, Ly-Gagnon et al., 2005 
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Signal Quality Metric for QAM Reception 



Definition of Error Vector Magnitude 
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BER, Error Vector Magnitude EVM and SNR 
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Signal Quality Metric for QAM Reception ― EVM, BER and SNR 
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Self-Coherent Receiver — RZ-DPSK Reception 



RZ-DPSK Demodulation With 1-bit Delay Discriminator 
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Self-Coherent Reception 
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Xiang Liu, S. Chandrasekhar, and Andreas Leven: Digital self-coherent detection. Opt. Expr. 16 (2008) 792-803 

No LO, similar to 

DPSK receiver 

Orthogonal phase 

offsets in both ODI 
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Self-Coherent Reception ― Signal Field Reconstruction 
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Pre-Amplifier Receiver 



Photodetection of Signal and Noise 
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Bose-Einstein Distribution for Thermal Photons 
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Bose-Einstein Distribution for Thermal Photons 
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Direct Pre-Amplifier Receiver ― Limiting Sensitivity 
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Coherent Pre-Amplifier Receiver 
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Coherent Pre-Amplifier Receiver ― Heterodyne Reception 
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Heterodyne Pre-Amplifier Receiver ― Limiting Sensitivity 
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Homodyne Pre-Amplifier Receiver ― Limiting Sensitivity 
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Homodyne Pre-Amplifier Receiver ― Limiting Sensitivity 

Institut für Photonik und Quantenelektronik (IPQ), Karlsruher Institut für Technologie (KIT) OTR WS 2014/15 339 



LECTURE 16 

OTR WS 2014/15 Institut für Photonik und Quantenelektronik (IPQ), Karlsruher Institut für Technologie (KIT) 340 



Optical Communication Systems 

OTR WS 2014/15 Institut für Photonik und Quantenelektronik (IPQ), Karlsruher Institut für Technologie (KIT) 341 



Noise Figure of Optical Amplifiers 
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Direct Reception Limit With Full and Matched OA Bandwidth 
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Noise Figure of Optical Amplifiers (1) 
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Noise Figure of Optical Amplifiers (2) 
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Noise Figure of Optical Amplifiers (3) 
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Noise Figure of Optical Amplifiers (4) 
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Noise Figure of Optical Amplifiers (5) 
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Noise Figure of Optical Amplifier Link         
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Noise Figure of Optical Amplifier Link         
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Signal Shaping 
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Elements of a Communications System 
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NRZ Spectrum for M-ary Quadrature-Amplitude Modulation 
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Nyquist Band 



Increasing the Spectral Efficiency for WDM Systems 
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OTDM (Nyqist-WDM) SDOTx ─ Experiments at  = 1.55 µm 
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