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 (Optical Receiver) 
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 1.1 

(Wavelength Division Multiplexing, WDM) 

 WDM 
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 WDM 

 2.5 Gb/s [1] 
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 2 
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 (Standard Single Mode Fiber, SSMF) 

 Truewave–Reduced Slope (Truewave-RS)  50 km 

 10–9
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1.

 (Electro–Absorption Modulator Integrated Laser, EML)  2.5 Gb/s 
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 (Wavelength Division Multiplexing, WDM) 
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 10–9  Power penalty  1 dB 
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 2.1  2.2 

 2.3 

 2.4 

 2.5 Gb/s 

2.1  (Optical Transmitter Components)

 (1) 

 (Continuous Wave, CW) 

 (2) 

 (3)  [6 – 8] 

 2.1 

 2.1 
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2.1.1  (Optical Source)

 (Light Emitting Diode, LED) 

(Laser Diodes, LD) 

1)  (Light Emitting Diode, LED) 

 (p–n junction)  (Forward bias) 

LED  (Incoherent) 

 800–900 nm  (50–200 nm) 

 100–200 Mb/s 

 LED 

 LED  (Edge Emitting LED, 

ELED)  (Surface Emitting 

LED, SLED) 

 LED 

2)  (Laser Diodes, LD) 

 LED 

 (Coherent) 

 50–80% 

 LED 

 Absorption 

Spontaneous Emission 
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 Stimulated Emission 

 1.3–1.6 

 LED  

–  (Fabry–Perot Laser) (Reflecting Layers) 

 (Resonance frequency)  (Sigma, )

 3 dB  2.2 

 Fabry–Perot Laser  3.19 nm

 2.2  Fabry–Perot Laser 

 (Distributed Feedback 

Laser, DFB) 

 Fabry–Perot Laser  2.3 

 DFB Laser  0.09 nm  Fabry–Perot 

Laser
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 2.3  Distributed Feedback Laser 

 (Threshold Current, thI )

 2.4 

 2.4 
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 LED 

 Peltier Effect [9]  

 2.4 

 (Operating Current) 

 Thermoelectric cooler (TEC) 

 (Thermistor) 

 (  2.4) 

 (Photodetector) 

2.1.2  (Modulator Driver Amplifier)

 0.3–1 p pV

 (  2 p pV )

2.1.3  (Optical Modulator)

 2.5 
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 2.5 

 (Electro–Absorption Modulator, EAM) 

Mach–Zenhder Modulator (MZM)  10 Gb/s 

 2.1.2 

2.2

 (1)  (2) 

 (3) 

2.2.1  (Direct Modulation)

 (Laser Driver) 

 ‘1’  ‘0’ 

 2.6  ‘1’ 

 ‘0’ 
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 (d
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Laser Current (A)

modI

biasI

‘0’
‘1’

‘0’

‘1’

 2.6 

 ( biasI )

 ( modI )

 ‘1’  ‘0’ 

 ‘1’  ‘0’  (Extinction 

ratio, EX) –

 EX  ‘1’  ‘0’ 

 dB  (2.1) [10] 

10

A
Extinction ratio (EX) 10log

B
    (2.1) 

 A =  ‘1’ 

  B =  ‘0’ 

 EX 

 ITU–T G.692 



13

 (Life Time) 

 3 Gb/s [8]  

 (Chirp) 

 WDM 

2.2.2  (Electro–Absorption Modulation)

 EAM 

 InGaAsP/InP 

 (Bandgap energy) 

 (Cut off wavelength) 

 10  Gb/s –

 Chirp 

 2.7  DFB 

 DFB laser  EAM 
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 (Electro–Absorption Modulator Integrated 

Laser, EML)  2.7  (Active Region)  DFB laser 

 (Continuous Wave, CW) 

 (Absorption Region) 

2.8  ‘1’ 

 ‘0’ 

 (Intensity Modulation, IM) 

 2.8  (dB)  (V)

 EML  10 Gb/s 

 600  1550 

 EML 

 [11–13]  EAM 

 Chirp 
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 Chirp 

EAM  [11]  EML 

 Chirp 

 Chirp 

2.2.3  (External Modulation)

 10 Gb/s 

 107 Gb/s 

[14]

 107 Gb/s 

 DFB 

–  ‘1’ 

 ‘0’ 

 Mach–Zehnder 

Interferometer
3

LiNbO  2.9 

 180 

 2.9  Mach–Zehnder Interferometer Modulator 
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 Chirp 

 WDM 

 Chirp 

 WDM 

2.3

 1  1  WDM 

 Wideband WDM 

 Narrowband WDM 

 (Dense Wavelength Division Multiplexing, DWDM) 

 16–160 

 200 GHz, 100 GHz, 50 GHz, 25 GHz  12.5 GHz  ITU–T 

G.694.1 [15] 

2.3.1

 WDM  (1)  (Optical 

Transmitters, TXn)  (2) 

 (Wavelength Multiplexer) (3)  (Optical Fiber) (4) 
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 (Wavelength De–multiplexer)   (5)  (Optical 

Receivers, RXn) 

 2.10 

 2.10 

 (Wavelength Multiplexer) 

 (Wavelength De–multiplexer) 

 WDM  (Channel spacing) 

WDM  DWDM 

Backbone

, TOT, 
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 WDM  100 GHz (  0.8 

nm)  ITU–T G.694.1 [15]  193.1 THz 

 1552.524 nm 

 (Single–channel system) ITU–T G.691 [16] 

 (Multichannel system) ITU–T G.692 [5] 

2.4

 DFB  1550 nm 

 20 mW  0.11 nm/ C

0.2 mA/ C

25 C [17] 

 WDM 

2.4.1

 2  (1) 

Thermoelectric  (2) Thermistor 

1) Thermoelectric Cooler (TEC)  Thermoelectric  Peltier 

 Thermoelectric  solid–state 

 60 C
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0.001 C  TEC 

 1834 Jean C. Peltier 

 (  P  N) 

 2.11  Peltier Effect 

 Thermoelectric [18] 

 2.11 

 2.12  TEC [19] 
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 TEC  (  Bismuth 

Telluride)  2.12 

 TEC  12 

 TEC 

60 C  TEC 

 2.13 

 2.13 

 Heat Sink 

 TEC 

Thermal Load 

2) Thermistor 

 Thermistor   Thermistor 
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 Thermistor  (Nonlinear) 

 Thermistor 

Thermistor  2.14  Thermistor  10 kohms  

 25  10 kohms 

25  10 kohms  [20] 

 2.14  Thermistor 

2.4.2

 TEC 

(Feedback loop)  2.15 

(Temperature sensor)  (Amplifier)  (Error 

Amplifier)  (Error Signal Amplifier or Processor) 

 (Bipolar Output Driver) 

 TEC
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 2.15 

 TEC  Thermistor 

EML (  3.4) 

 Temperature Controller (

 3.2) 

 Thermistor 

Temperature controller 

TEC

 0.1 nm/ C

 Thermistor 

Temperature controller 

TEC

2.5

 2  (1) 

 (2)  2.5.1  2.5.2 

2.5.1  (Attenuation) 

 3  (Absorption) 

(Scattering)  (Radiative losses) [8] 
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 P(0)  Z = 0 

 Z  (2.2) [8] 
Z

( )
10P(z) P(0) 10

(2.2)

 dB/km 

2.5.2  (Chromatic dispersion) 

 (Group Velocity) 

 (Group Velocity Dispersion, GVD) 

 2  (1) 

 (2) 

1)  (Material Dispersion)

 2.16 

 (Refractive Index) 
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 2.16 

2)  (Waveguide Dispersion)

 2.17 

(Core)  (Cladding)  80  20 

 20 

 2.17 

 (D) 

 (2.3) (  ps/nm/km) 

g
22

g

d1 d 1 2 c
D

L d d V

(2.3)

  L  =   

g  =    (Delay Time)  (Group Delay) 

 =   

gV  =    (Group Velocity) 

 c =   

2  =   
2

2

d

d
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( GVDt )  (2.4) 

GVDt DL (2.4)

       L    =   

 =    (Spectral Width) 

(Dispersion Compensation Fiber, DCF) 



 3 

 2.5 Gb/s  3.1

 (1)  (Electro-

Absorption Modulator, EAM) (2)  (Temperature controller) (3) 

 (Current controller)  (4) 

(EML)  2.5 Gb/s 

 3.1 

3.1

 (Integrated Circuit, IC)  MAX3941 

MAXIM

EAM  2.5 Gb/s  (Evaluation 

board)  MAX3941 

 4 

 EAM  4  DATA DATA

CLK CLK  1  –5.2 V  3.2 
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 0.2–1.6 p pV

0–50 mA  0–1.25 V  50 

 3.2  EAM Driver Evaluation Board  MAXIM

 40 m p pA  120 m p pA

 1 p pV  3 p pV

 EAM  (Edge Speed)  20%  80% 

 23–32 ps  EAM  3.3 [21] 

 3.3  EAM 
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3.2  (Temperature Controller) 

 LDT–5100 

ILX Lightwave  Thermistor

 EML ( 3.4)  Thermistor+  Thermistor– 

 Thermistor  

 TEC+  TEC–  EML 

 TE   TEC  (Heat sink)

 TE 

 TEC 

 [22] 

 3.4  LDT–5100  ILX Ligthwave 
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 3  +15V –15V 

 +5.2V  2  Thermistor 

TE  TEC  Thermistor  100 uA  TE 

 TEC 

 –0.5 A 

 1.3 A 

 EML  CC–505 TEC 

Interconnect Cable [23]  15 pin D–sub 

 R52  TE  TE+  TE– 

 TE 

 –0.5 A  1.3 A 

 EML 

 1551.72 nm  ITU–grid  WDM

3.3  (Current Controller) 

 LDX–3100  ILX Lightwave  3.5 

 0 mA  250 mA  0  270 

mA [24] 
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 3.5  LDX–3100  ILX Lightwave 

 +15V  –15V 

 2 

 100 mA  EML (

3.4)  EML  CC–305S Current Source 

Interconnect Cable [23]  9 pin D–sub 

3.4  (EML) 

 DFB  EAM 

 1550 nm  TEC  Thermistor 

 CyOptics  E4560H32  (Laser 

mount)  LDM–4980  ILX Lightwave  3.6 [25] 
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 3.6 EML  Laser Mount 

 EML  8  Thermister+, 

Thermister–, Anode+, Photodetector Anode–, Photodetector Cathode+, TEC+, TEC– 

 RF port  RF port  SMP 

 Anonde+, 

Phototdetector Anode–  Photodetector Cathode+ 

3.2  Thermiaster+, Thermister–, TEC+, TEC–  3.3

 3.1– 3.4 

3.7  Anode 

 Thermistor  TEC  EML 

 EAM  RF 

 SMP  EML 

 3.7  2.5 Gb/s 
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 1550 nm  0.2 

dB/km  Differential Signal 

CML  Common Mode Logic  –400 mV  0 mV 

 PRBS (Pseudo–Random Binary Sequence) 312 1 polynomial 

 SONET/SDH  OC–48/STM–16 (2.488 Gb/s) 

 ITU–T G.657 [10] 



 4 

 2.5 Gb/s 

 4.1 

 4.2 

 5 

4.1

 (Printed Circuit Board, PCB) 

 (High–speed digital system) 

 (Transmission line) 

 (Propagation delay) 

1.  (Noise) 

2.  (Terminator) 

3.  (Crosstalk) 

4.  (Ground bounce) 

5.  (Matching impedance)

 (1)  (Material)  substrate (2) 

 (Transmission line) (3)  (Routing) 

 crosstalk  (Maintaining signal integrity)

4.1.1

 PCB 

 Loss tangent 
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–  (Dielectric constant, r
o

)

–  Loss tangent ( )  loss 

tangent

 PCB  FR–4 

(Fiberglass)  epoxy rasin laminate  4.1

 4.1  loss tangent 

(  2.5 GHz  25 ) [26] 

Material Dielectric Constant ( r ) Loss Tangent ( )

FR–4 4.1 – 4.5 0.015–0.019 

RT/duroid® 5870 / 5880 2.33/2.20 0.0012/0.0009 

RO4003C TM / RO4350B TM  3.38/3.48 0.0027/0.0037 

GETEK 3.6 – 4.2 0.010 

 4.1 

 RO4003  RO4350 

 PTFE 

 [27] 

 4.1 
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 4.2   FR–4 

 [27] 

 4.2 

 4.3 

 2.5 GHz  FR–4 

 0.2 dB/inch [27] 

 4.3 
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4.1.2

 (Conductivity) 75.88 10 S/m

 1 oz/ ft 2  1.4 

mils  4.2 

 4.2 

Weight (oz/ft 2 ) Thickness (mils) 

1/4 0.35 

1/2 0.70 

1 1.40 

2 2.80 

3 4.20 

 Microstrip 

Stripline  Microstrip 

PCB  Stripline 

(Electrical wave propagation) 

 (Propagation velocity) 

 Signal path 

Ground return path    Signal path  z 

 Vi  Ground return path  0 V 

 Transverse electromagnetic mode (TEM) [28] 

 (Trace impedance) 

 (Propagation delay)
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1)  (Trace Impedance)

 Microstrip line  4.4 

Microstrip  4.1 

 4.4  microstrip line 

microstripe

r

87 5.98H
Z ln

1.41 0.8W T (4.1)

r
0.1 W /H 2.0 , 1 15  [28]  

 T = 1.4 mils  H = 12.66 mils 

 W  8 mils  30 mils  4.5 

 50 

 23 mils

40

50

60

70

80

8 12 16 20 24 28

Microstrip Trace Impedance with Changing Width

Zo

W (mils)

T=1.4 mils
H=12.66 mils

 4.5  Microstrip  (W) 

 T = 1.4 mils  W = 10 mils 

 H  4 mils  8.5 mils  H 

 4.6  50  H  5.7 mils 
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35

40

45

50

55

60

65

4 5 6 7 8 9

Microstip Trace Impedance with Changing Height

Zo

H (mils)

T=1.4 mils
W= 10 mils

 4.6  Microstrip  (H) 

70

71

72

73

74

75

76

77

78

0.5 1 1.5 2 2.5 3 3.5 4 4.5

Microstrip Trace Impedance with Changing Trace Thickness

Zo

T (mils)

W = 10 mils
H = 12.66 mils

 4.7  Microstrip  (T) 

 H = 12.66 mils  W = 10 mils 

 T  0.7 mils  4.2 mils 

 T  4.7

 Stripline  4.8 

Stripline  4.2 
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H
W

T

 4.8  stripline 

stripline

r

60 4H
Z ln

0.67 T 0.8W
W T

0.35 , 0.25
T H

 [28] 

(4.2)

2)  (Propagation delay) 

 Propagation delay 

 microstrip  4.3 [28] 

PD rt (microstrip) 85 0.475 0.67 (4.3)

  Propagation delay  stripline  4.4 [28] 

PD rt (stripline) 85 (4.4)

50

100

150

200

250

300

0 2 4 6 8 10

Propagation Delay vs. Dielectric Constant of Transmission Line

Microstrip
Stripline

Dielectric Constant 

 4.9 Propagation delay 
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 Propagation delay 

 4.9 

Stripline

4.1.3  (Routing)

 Crosstalk 

 2  (1) Single–ended signal  (2) Differential 

signal

1)   Single–ended signal 

1.1)

 (Delay) 

1.2)

 4.10  (layer)  PCB 4 

 4.10  Single–ended 

1.3)

 50  4.1 
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 2)  Differential signal [29[] 

2.1)

 (Common Mode Noise) 

 4.11

 4.11  Differential

 4.12 

 4.12  Differential 
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2.2) 

 4.13 

 4.13  Differential 

2.3) Common Mode Input Range (CMIR) 

 CMIR 

 4.14 

CMIR  3 V 

 4.14 

2.4)  Single–ended 

2.6) 

Differential impedance  100 1W  , 2W
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 Polar Si8000  TXLine 

4.2

 EML 

 4.15  EML 

 4.15 

 (Data+  Data–)  (Clk+  Clk–) 

 Differential signal  2.5 Gb/s 

 2.5 Gb/s 

 4  4.16 

(Signal layer, M1)  (Ground plane, M2)  (DC power 

plane, M3)  (Signal layer, M4) 
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T

T

W

W

t

t

Board

Thickness
FR4

Dielectric

M1 (Signal layer)

M2 (Ground plane)

M3 (DC power plane)

M4 (Signal layer)

striplineH

microstripeH

microstripeH

 4.16 PCB stackup

 4.17  2.5 Gb/s 

 4.17  4  (1) 

 EAM, (2)  EML Mount, (3) ,  (4) 

4.2.1  EAM 

 (EAM) 

 400 mVp–p  1–2.5 mVp–p 

 0 mV  1 V  EAM 

MAX3941  MAXIM  QFN (4mm x 4mm) 

 24 pins 

 Crosstalk  (Schematic 
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)

 SMA  DC  18 GHz 

 Single–ended signal  Differential 

Signal  EAM 

 4.18  EAM 

1)  Single–ended 

OUT

 Differential Signal  4.18 

 260 mils  FR–4  4.4 

 4.3  141.21 ps 
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 50  4.1 

 (T)   1 oz.  1.4 mils 

 FR–4  4.40  2.5 GHz 

 PCB  1 mm (39.37 mils) 

(T)  0.7 mils  Microstrip 

stripline  Microstrip [28[]  

microstripH 12.66 mils (
39.37 2 (0.7)

3
)

 4.1 

 4.1         
87 5.98 12.66

50 ln
4.40 1.41 0.8(W) 1.4

W  21.95 mils 

(  :  TXLINE 2003  W  22.99 mils 

 Polar Si8000  W  22.86 mils) 

10 mils  10 mils 

75.33  (  :  TXLINE 2003  75.09 

 Polar Si8000  74.77 )

 2)  Differential  4.18 

 (Data+)  (Data–) 

 Single–ended 

 1240 mils 

 FR–4  4.4  (4.3)  141.21 ps 

Differential impedance  100 1W  , 2W

 10 mils 

 Polar Si8000  86.02 
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4.2.2  EML Mount 

 4.19  EML Mount 

 EML Mount  4.19  EML 

EML  1  RF  SMP (

 DC  40 GHz)  Adaptor  SMP  SMA 

 SMA

 EML  7  7 

 TEC–, TEC+, Monitor Cathode+, Monitor Cathode–, Thermistor+ 

Themistor–  pads 

4.2.3

 4.20 

 Regulator 

LM317  Anode+  EML (pin 3)  
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 50–100 mA  4.21 

 R2  (C1 = 10 uF, C2 = 1 uF, 

C3 = 1 uF, R1 = 100 , R2 = 200 )

 4.21 

4.2.4

 4.22 

 Thermistor  EML 

 TEC  EML 

 Ligthwave Technologies  LDX–5100 (

 3.2)  9 pin DSub  LDX–

5100



 5 

 WDM 

 (Channel spacing) 100 GHz 

 3  0.8 

nm

 5.1  5.2 

 5.3 

5.1

 WDM 

 3  100 GHz 

 5.1.1  2 

 100 GHz  50 GHz  5.1.2

5.1.1  WDM 3  100 GHz 

 4  1551.72 nm 

 2 

 1 (1550.92 nm)  3 (1552.52 nm) 

 2  100 GHz 

 ITU–Grid G.694.1 

 (Fiber optic coupler) 

 coupler  coupler  2 

 1  N  Tee coupler (1*N)   N 
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 N  Star coupler (N*N)    Coupler  1*2 

 5.1 

 5.1 

Coupler  2  Dual 

Wavelength Coupler  1310  1550 nm  1*2 Tee 

coupler  (bi–directional) 

coupler  Out 1  Out 

2  50%  3 dB optical coupler 

 Bi–directional  Coupler 

 Out1 

 Out2  Input 

 1  3 

 2  3 

 5.2 

 5.2 

Input
Out1

Out2
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 5.3  WDM 

 5.3  1 (1550.92 nm), 2 

(1551.72 nm)  3 (1552.52 nm) 

 WDM 

 100 GHz  0.8 nm 

5.1.2  WDM 2 

 WDM  2 

 50 GHz (0.4 nm) 

 2 

 WDM 100 GHz  4 

 WDM  2 

1551.72 nm  1 

 1550.92 nm  0.8 nm 

 Optical Coupler  5.4
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 5.4  WDM 2 

 1551.12 nm  2 

 1551.52 nm  0.4 nm 

50 GHz  ITU–T Grid G.694.1 

5.2

 (Standard Single Mode Fiber, SSMF), 

 (MultiMode Fiber, MMF), 

(Non–zero Dispersion Shifted Fiber, NZDF) 

 (1) SSMF  (2) Truewave–RS  50 

km  Short–haul  Intermediate range 

5.2.1  SSMF 50 km 

 SSMF  ITU–T G.652 [30]  (attenuation) 

 0.2–0.3 dB/km  (dispersion)  18 dB/km/nm 

 1550 nm  SSMF 

 50 km  18  5.5 
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 5.5  SSMF  50 km 

 5.6  SSMF 50 km  OTDR 

 Optical Time Domain Reflectrometer 

(OTDR)  5.6  50.166 km 

 (total loss)  13.95 dB

 SSMF  18 ps/km/nm 

 Group Velocity Delay (
GVD

)

GVD
D L

GVD
18 ps / km / nm 50.166 km 0.064 nm 57.79 ps

GVD

5.2.2  Truewave–RS 50 km 

 Truewave–Reduce Slope (Truewave–RS) [31] 

 NZDF (ITU–T G.655) 

 SSMF  Truewave–RS 



54

 NZDF   1550 nm  4 

dB/km/nm  0.2 dB/km  50 km 

 2  5.7 

Truewave-RS 50 km
Connector

#1 #2

 5.7  Truewave–RS  50 km 

 5.8  Truewave–RS 50 km  OTDR 

 OTDR  5.8 

 48.765 km  11.37 dB

 SSMF  4 ps/km/nm 

 Group Velocity Delay (
GVD

)

GVD
D L

GVD
4 ps / km / nm 48.765 km 0.064 nm 12.48 ps

5.3

 5.9  WDM 



55

 (1) Fiber Bragg Grating 

(2) Optical Circulator  (3) 

Avalanche (Avalanche Photo Diode, APD) 

 5.9

5.3.1 Fiber Bragg Grating (FBG)

FBG  Ultraviolet 

 FBG 

FBG  Photonixm 

 1551.67 nm  0.5 nm 

FBG  5.10 

 5.10 Fiber Bragg Grating  WDM 

5.3.2 Optical Circulator

 FBG 

 FBG 

 Circulator  Circulator 

 Circulator  3 – 4 

 Circulator  3  1 
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 2  2  3 

 2  FBG  1  Circulator  2 

FBG  FBG  FBG 

 FBG  2  Circulator 

 3 

 Optical Circulator  Agiltron Inc. 

5.11  1550 nm  (Insertion Loss) 

 1  2  1 dB  2  3  0.5 dB

 5.11 Optical Circulator  WDM 

5.3.3  Avalanche (Avalanche Photo Diode, APD) 

 APD 

 R195A  Cyopics  5.12 

 (Transimpedance Amplifier, TIA) 

 APD  Sensitivity  –26 dBm  27 V 

 TIA  –5.2 V 

 (Differential signal)  DATA+ 

DATA–  700–1000 

mVp–p    APD  R195A  APD 

5.13 [32] 
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 5.12 APD  R195A  ( Cyoptics)

 5.13 

 APD+TIA 

 APD+TIA  APD 

 TIA 

Differential Signal



 6 

 5  (1)  EML (2) 

 (Evaluation board)  (3) 

 (4) 

 (5)  (Wavelength 

Division Multiplexing, WDM) (6)  (Channel 

spacing)  6.1  6.6 

6.1  EML 

 EML 

 (1)  (2) 

6.1.1  EML 

 EML  RF port  DFB 

 (Optical power monitor) 

 6.1 
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0

1

2

3

4

5

6

0 20 40 60 80 100

Continueous Wavelength Characteristic of EML Module E4560

Current (mA)

 6.1  DFB  EML 

 6.1 

 11.16 

mA  5–15 mA  datasheet  [25] 

 71 mA  50–100 mA 

 4.4 mW  6.4 dBm 

 1551.689 nm  1552.72 nm 

 0.052 nm  6.2 

 6.2 
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6.1.2  EML 

 EAM 

 SMP 

 EAM 

 6.3 

-15

-10

-5

0

5

10

-2.5 -2 -1.5 -1 -0.5 0

EAM Characteristic

Vbias (V)

 6.3  EAM  RF 

 6.3  EAM 

 EAM 

 2.8 
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6.2

 6.4 

 6.5  CML 

 6.4 

  Common Mode Logic (CML)  ‘0’  –400 mV 

 ‘1’  0 V  2.488 Gb/s 

 OC–48/STM–16  Pseudo Random Bit Sequence (PRBS) 
312 1 polynomial (Eye diagram)  6.5  EAM 

Driver  EAM Driver 

 0 V  2 p pV
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 –1 p pV  –2.5 p pV  6.6 ( )

 (Power attenuator)

 16 dB 

6.31

 TE  0.5 mA 

 100 mA 

 50 – 100 mA 

65.25 mA  6 dBm

 6.6 ( )         ( )

 6.6 ( )  2.488 Gb/s 

 ‘1’  ’0’  Extinction Ratio  11.44 dB 

 ITU–T  8.2 dB  1.2 mW 

 42.2 ps  28.9 ps 

EML

6.3

 6.7 
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 4  6.7  6.8 

 3.3 V  EAM –5.2 V  CML 

 ‘0’  –400 mV  ‘1’  0 V 

 2.488 Gb/s (OC–48/STM–16)  PRBS 312 1 polynomial 

 Differential signal  Input DATA+, DATA–, CLK+  CLK–

 6.8 

 50 – 

100 mA 

 EAM 

 0 V  1 V  1 – 2.5 p pV

 –1 p pV  –2.5 

p pV )  2.488 Gb/s 
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6.3.1

  71 mA 

 6.4 dBm 

 CML 

 0 V  1 V 

 6.9 

( )  0 V           ( )  0.5 V           ( )  1 V 

 6.9 

 6.9 

( )  0 V  2.702 mWp–p  EX 

 12.9 dB  rise time  fall time  76  44 ps 

( )  0.5 V  1.704 mWp–p  EX 

 12.62 dB  rise time  fall time  74  36 ps 

( )  1 V  0.485 mWp–p  EX 

 9.59 dB  rise time  fall time  67  35 ps 

 EML  6.10 

 (peak–to–peak)  EX 
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OPTICAL

POWER (dBm)

OUTPUT OPTICAL 

DATA

‘1’
‘0’

INPUT ELECTRICAL 

DATA

‘1’

‘0’

‘1’

‘0’

Vbias

Vbias

 6.10 

 0 V 

 2 Vp–p  1 Vp–p 

 6.11 

( )  2 Vp–p      ( )  1.5 Vp–p      ( )  1 Vp–p 

 6.11 

 6.11 

 0  EX 
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( )  2 Vp–p  2.116 mWp–p  EX 

 8.97 dB  rise time  fall time  89  84 ps 

( )  1.5 Vp–p  1.792 mWp–p 

EX  5.21 dB  rise time  fall time  98  93 ps 

( )  1 Vp–p  1.489 mWp–p 

EX  3.72 dB  rise time  fall time  102  93 ps 

 6.12 

 EML  6.12 

 (peak–to–peak)  0 

EX

 0 V 

 2 Vp–p  6.13
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 6.13  2.5 Gb/s 

 6.13  EX  10.93 dB 

 ITU  8.2 dB  Jitter peak–to–

peak  17.78 ps  Rise time  Fall time (  20–80% 

)  84.4  68.9 ps 

 6.2  EX  Jitter p–

p  Rise time  Fall time 

 Matching impedance 

6.3.2

 6.13

 Power monitor  3 dBm 

(Optical Spectrum Analyzer, OSA)  6.14 
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 6.14 

 6.14 

 2.75 dBm  1552.72 nm 

 0.054 dBm

6.3.3

 6.15  TEC 

 EML 

 Thermistor  EML 

 10 kohms   Thermistor 

 11.55 kohms  TE  TEC 

 1551.12 nm 

 TE  1.3 A 

 Thermistor  6.20 kohms  TE  TEC 

 1552.32 nm 

 TE  –0.5 A 

 3 nm 
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 6.15 
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 1551.72 nm 

 Thermistor  8.43 kohms 

1551.72  ITU–Grid 694.1 

 1551.72 nm 

 WDM  6.16  2.75 dBm 

 0.054 nm 

 6.16 

6.3.4  (Jitter)

 6.17  jitter  Histogram 



71

 (Total Jitter) 

 histogram  6.17 

 histogram  5.075 khits  Jitter peak–to–peak  27.8 ps 

 histogram 

(Standard Deviation, )  4.032 ps

6.3.5  (Power consumption)

 3.3 V  –5.2 V 

 95.3 mA  –203.4 mA 

  P  =  IV 

P1   =       (95.3 mA) (3.3V)    = 314.49 mW 

P2   =       (–203.4 mA) (–5.2V)              = 1057.68 mW 

Ptotal =     P1 + P2    =  314.49 + 1057.68 = 1372.17 mW 

 1.37  W 

6.4

 3 

 (1)  (Loop back) (2)  SSMF  50 km (3) 

 Truewave–RS  50 km 

6.4.1  (Loop back) 

 6.13 

 1551.72 nm 
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APD  TIA   variable optical 

attenuator  –16 dBm 

6.18  275.90 mVp–p  Jitter peak–to–peak 

37.78 ps  Rise time  Fall time  104.4  106.7 ps 

 6.18  APD+TIA 

6.4.2  SSMF 50 km 

 6.13  SSMF 

 50 km  18  5.2.1 

 50.166 km  13.95 dB  fiber 

dispersion  18 ps/km/nm  1550 nm 

 6.19  SSMF 50 km 
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 Power monitor  SSMF 

3 dBm  –11 dBm 

 3– (–11) =14 dB  – 13.95 dB 

 SSMF  6.19  Jitter 

peak–to–peak  135.56 ps  Rise time  Fall time  464.4 ps  200 

ps

 6.20  APD+TIA (  SSMF 50 km) 

 SSMF  –16 dBm 

 APD+TIA  6.20 

 284.41 mVp–p  Jitter peak–to–peak  48.89 ps  Rise time 

Fall time  135.6  113.3 ps 

 loop back  6.18 

 Jitter peak–to–peak, Rise time  Fall time 

6.4.3  Truewave–RS 50 km 

 6.13  Truewave–RS 

 50 km  2 

5.2.2  48.765 km  11.37 dB 

fiber dispersion  4 ps/km/nm  1550 nm
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 6.21  Truewave–RS 50 km 

 power monitor  Truewave–

RS  3 dBm  –9.9 dBm 

 3– (–9.9) =12.9 dB  11.37 

dB  –9.9 dBm  6.21

 6.22  APD+TIA (  Truewave–RS 50 km) 

 Truewave–RS  –16 

dBm  APD+TIA  6.22 
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 270.18 mVp–p  Jitter peak–to–peak  42.22 ps  Rise 

time  Fall time  111.1  108.9 ps  SSMF 

 loop back  6.18 

 Rise time  Fall time 

 SSMF 

 Truewave–RS  fiber 

dispersion

6.23  SSMF 

 Truewave–RS  Power penalty  BER = 
910  SSMF  Truewave–RS 

0.41 dB (–25.68–(–26.09))  0.22 dB (–25.87–(–26.09)) 

10-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

-27.5 -27 -26.5 -26 -25.5 -25

Bit Error Rate of 2.5Gbps WDM Transmission

Loop back
50km SSMF
50km Truewave-RS

Average received power (dBm)

 6.23  3  (1) Loop back (2)  SSMF 50 km  (3) 

Truewave–RS 50 km 
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6.5  WDM

( )                              ( )

 6.24 ( )  WDM ( )  WDM 

 5.1.1  WDM  100 GHz 

0.8 nm  6.24 

 2.5 Gb/s  2 (Transmitter 2) 

 2 (1551.72 nm)  

 6.13  2 

6.5.1

 1 (1550.92 nm) 

 3 dBm  2 (1551.72 

nm)  3 dBm 

 3 dB optical coupler  1  6.25 

 2.81 dBm 

Transmitter 2 

Transmitter 1 

Transmitter 3Coupler

Circulator

FBG

APD+TIA
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 6.25 

 6.25 

 3 (1552.52 nm) 

 –0.7 dBm  3 dB optical coupler  2 

 6.26  1.2 dBm  3 

0.8 nm 

 6.26 
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6.5.2

 WDM 3 

 6.5.1  3  (1) 

WDM 100 GHz , (2) WDM 100 GHz  SSMF 50 km 

 (3) WDM 100 GHz  Truewave–RS 50 km 

1)  WDM 100 GHz 

 6.26 

 2 

 3 port optical circulator  FBG 

 5.3 

 Circulator  FBG 

 2  2  FBG 

 3  Circulator 

 6.27  FBG 

6.28

 6.27  3  Circulator 

 6.27 

 2  3 
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 1  3  –23.8 dBm 

 –23.4 dBm  2 

 –15 dB 

 2 

 6.28  FBG 

 6.28  FBG 

 2 

1  3  FBG 

 3  Circulator  6.27 

variable attenuator  –10 dBm  APD 

 TIA  (Sensitivity)  

 –26 dBm 

 (Differential signal) 

 –10 dBm  6.29 

 888.68 mVp–p 
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 6.29  APD+TIA (  6 dB) 

 WDM 

 (Bit Error Rate, BER)  APD+TIA 

6.29

 BER  Bit Error Rate Testor (BERT)  BER 

 BER  6.30  BER 

 6.30  Loop Back 

 BER  6.30 WDM

 Power penalty  BER 910  –26.13 – (–25.55) = 0.58 dB 

 1 dB 

 WDM 

 BER 910  ITU–T G.692 
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10-11

10-10

10-9

10-8

10-7

10-6

10-5

-27.5 -27 -26.5 -26 -25.5 -25 -24.5

Bit Error Rate of 2.5 Gbps WDM Transmission

Loop back
WDM

Average received power (dBm)

 6.30  BER 

2) WDM 100 GHz  SSMF 50 km

 1.2 dBm  WDM 100 GHz 

SSMF 50 km  –14.4 dBm  -16 dBm 

 APD+TIA 

 6.31  111.66 mVp–p

 6.31  SSMF 50 km  WDM 100 GHz
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6.49  Power penalty  BER = 910 WDM 100 GHz 

 SSMF 0.89 dB (–25.24–(–26.13)) (  0.23+0.58=0.81 dB) 

10-11

10-10

10-9

10-8

10-7

10-6

10-5

-27.5 -27 -26.5 -26 -25.5 -25 -24.5

Bit Error Rate of 2.5 Gbps WDM Transmission

Loop back
WDM
50 km SSMF
WDM+50km SSMF

Average received power (dBm)

 6.32  WDM 100 GHz 

3) WDM 100 GHz  Truewave–RS 50 km

 1.2 dBm  WDM 100 GHz 

SSMF 50 km  –13.8 dBm  -16 dBm 

 APD+TIA 

 6.33  108.07 mVp–p
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 6.33  Truewave–RS 50 km  WDM 100 GHz

6.49  Power penalty  BER = 910 WDM 100 GHz 

 Truewave–RS  0.72 dB (–25.41–(–26.13)) (

0.13+0.58=0.71 dB)

10-11

10-10

10-9

10-8

10-7

10-6

10-5

-27.5 -27 -26.5 -26 -25.5 -25 -24.5

Bit Error Rate of 2.5 Gbps WDM Transmission

Loop back
WDM
50km Truewave-RS
WDM+50km Truewave-RS

Average received power (dBm)

 6.34  WDM 100 GHz 
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6.6  (Channel spacing) 

   ( )                                                   ( )

 6.35 ( )  ( )  WDM 2 

 5.1.2  WDM  100 GHz 

0.8 nm  6.35 

 2  6.13 

 1 

 2 

 50 GHz  0.4 nm  BER 

 2 

6.6.1

 WDM 2 

 100 GHz (0.8 nm)  50 GHz (0.4 nm) 

1)  100 GHz 

 6.7  WDM 2 

 2  1551.72 nm 

 1  1550.92 

nm  0.8 nm 

Transmitter 2 

Transmitter 1 FBG

APD+TIA

Circulator

Coupler
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 3 dB optical coupler  6.36 

 WDM  0.8 nm

 6.36  WDM  channel spacing 100 GHz 

 2.81 dBm 

 6.37  EX = 10.06 dB   Jitter peak–to–peak 

33.33 ps  Rise time  Fall time  91.1 ps  82.2 ps 

 6.37  WDM  channel spacing 100 GHz 



86

2)  50 GHz 

 1  1550.92 nm  1551.12 nm 

 2  1551.72  1551.52 nm 

 0.4 nm   50 GHz  6.38 

 6.38  WDM  channel spacing 50 GHz 

 2.81 dBm  6.39 

 Extinction ratio = 10.25 dB   Jitter peak–to–peak  26.67 ps  Rise time 

 Fall time  88.9 ps  86.7  ps 

 100 GHz 

 ‘1’ 

 6.39  WDM  channel spacing 50 GHz 
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6.6.2

 WDM 2 

 6.6.1  6  (1) WDM 100 GHz 

, (2) WDM 50 GHz  (3) WDM 100 GHz 

SSMF 50 km , (4) WDM 100 GHz  Truewave–

RS 50 km , (5) WDM 50 GHz  SSMF 50 km 

 (6) WDM 50 GHz  Truewave–RS 50 km 

1)  WDM 100 GHz 

 6.37  WDM 

Circulator  FBG  2 

 APD+TIA  FBG 

6.40  2  Circulator  3 

 6.41 

 6.40  FBG  WDM  channel spacing 100 GHz 
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 6.41  2  WDM  channel 

spacing 100 GHz 

 6.41 

 2 

 17.489 dB

 6.42  WDM channel spacing 100 GHz 
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–16 dBm 

 6.42  273.75 mVp–p  Jitter peak–to–

peak  46.67 ps  Rise time  Fall time  104.4 ps   106.7 ps 

2)  WDM 50 GHz 

 6.39  WDM 

Circulator  FBG  2 

 APD+TIA  FBG 

6.43  2  Circulator  3 

 6.44 

 6.43  FBG  WDM  channel spacing 50 GHz 
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 6.44  2  WDM  channel 

spacing 50 GHz 

 6.44 

 2 

 15.772 dB

 6.45  WDM  channel spacing 50 GHz 

 –16 dBm 
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6.45  277.57 mVp–p  Jitter peak–to–peak 

51.11 ps  Rise time  Fall time  102.2 ps  108.9 ps 

10-11
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Loop back
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Average received power (dBm)

 6.46  WDM channel spacing 100 GHz  50 GHz 

6.46  Power penalty  BER = 910  WDM 

channel spacing 100 GHz  50 GHz  0.22 dB (–25.87–(–26.09))  0.51 

dB (–25.58–(–26.09))  WDM 50 GHz 

 WDM 

3) WDM 100 GHz  SSMF 50 km

 2.81 dBm  WDM 50 GHz 2 

 SSMF  50 km 

 –16 dBm 

 6.47 

 284.41 mVp–p  Jitter peak–to–peak  48.89 ps  Rise time 

Fall time  135.6 ps  113.3 ps 
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 6.47  SSMF 50 km  WDM 100 GHz

4) WDM 100 GHz  Truewave–RS 50 km

 2.81 dBm  WDM 50 GHz 2 

 Truewave–RS  50 km 

 –16 dBm 

 6.48 

275.36 mVp–p  Jitter peak–to–peak  44.44 ps  Rise time  Fall time 

 111.1 ps  108.9 ps 

 6.48  Truewave–RS 50 km  WDM 100 GHz
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6.49  power penalty  BER = 910  WDM 100 GHz 

 SSMF  0.65 dB (–25.44–(–26.09)) 

 power panelty  WDM 100 GHz  (0.22 dB)  

SSMF  (0.41 dB)  0.22+0.41=0.63 dB  

 Truewave–RS  0.45 dB (–25.64–(–26.09)) 

 power panelty  WDM 100 GHz (0.22 dB) 

 Truewave–RS  (0.22 dB) 

0.22+0.22=0.44   SSMF 

 Truewave–RS  WDM 100 GHz 

 Truewave–RS  fiber dispersion  1550 nm 

SSMF
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Average received power (dBm)

 6.49  WDM 100 GHz 

5) WDM 50 GHz  SSMF 50 km 

 2.81 dBm  WDM 100 GHz 2 

 SSMF  50 km 

 –16 dBm 
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 6.50 

 277.75 mVp–p  Jitter peak–to–peak  57.78 ps  Rise time 

Fall time  146.7 ps  113.3 ps 

 6.50  SSMF 50 km  WDM 50 GHz  

6) WDM 50 GHz  Truewave–RS 50 km

 2.81 dBm  WDM 100 GHz 2 

 Truewave–RS  50 km 

 –16 dBm 

 6.51 

276.09 mVp–p  Jitter peak–to–peak  60.00 ps  Rise time  Fall time 
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 6.51  Truewave–RS 50 km  WDM 50 GHz
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Average received power (dBm)
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6.52  power penalty  BER = 910  WDM 50 GHz 

 SSMF  0.93 dB (–25.16–(–26.09)) 

 power panelty  WDM 50 GHz  (0.51 dB)  

SSMF  (0.41 dB)  0.51+0.41=0.92 dB  

 Truewave–RS  0.74 dB (–25.35–(–26.09)) 

 power panelty  WDM 50 GHz (0.51 dB) 



96

 Truewave–RS  (0.22 dB) 

0.51+0.22=0.73   SSMF 

 Truewave–RS  WDM 50 GHz 

Truewave–RS  fiber dispersion  1550 nm  SSMF 

 BER  1 

dB  ITU–T G.692 Optical interfaces of multichannel 

systems with optical amplifiers [5] 

6.6.3 Power Penalty

 6.53  Power penalty 

 SSMF  Truewave–RS  50 km 

 Power penalty 

 SSMF  Truewave–RS  50 km 

 Power penalty 

 Power penalty  0.45 dB  SSMF 

0.22 dB  Truewave–RS 

 Power penalty 



 7

7.1

 2.5 Gb/s  SONET/SDH 

 (Standard Single Mode Fiber, SSMF) 

 Truewave–RS  50 km 10–9

 FR4  4 

 Signal layer, Power plane, Ground plane  Signal layer 

 Protel 

 TXLine2003  PolarSi8000

 CML  PRBS 312 1

 2.5 Gb/s  3 

dBm  ITU-T G.692 

 1.37 W

 1551.72 

nm

3  100 GHz (0.8 nm) 

1550.92, 1551.72  1552.52  ITU-Grid G.694.1 

 1551.72 nm 

Power penalty  ITU-T  1 dB 



98

 SSMF 

Truewave-RS  50 km  Intermediate-Reach 

 Power panelty  0.93  0.74 dB 

 ITU-T  1 dB 

7.2

1)

 Duriod  Roger  FR4 

 FR4 

2)

 TXLINE2003  PolarSi8000 

3)

 2.5 Gb/s 

4)

5)

 Photodetector  EML 

6)  (Simulation) 

 AWR  Sonnet 

7)
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8)  2 

 cross-phase modulation 

9)  Long-Reach 

Ultra-Reach  Erbium-Doped Fiber Amplifier (EDFA) 
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A 2.5 Gb/s Optical Transmitter 

 in Wavelength Division Multiplexing Applications 

 10330 

. 0-2218-6915 E-mail: palabas@hotmail.com, Duangrudee.W@Chula.ac.th 

(Electro-Absorption Modulator Integrated Laser, EML) 

2.5 Gb/s  1551.72 nm 

 (Wavelength Division Multiplexing, 

WDM)  WDM 

 50 km  (Bit 

Error Rate, BER)  10-9

 : , ,

,

Abstract

This article will describe the designing details of 2.5 Gb/s 

Electro-Absorption Modulator Integrated Laser (EML) optical 

transmitter using Electro-Absorption Modulation technique to apply in 

Wavelength Division Multiplexing (WDM) systems. It will also show 

the experimental results of multi-channel data transmission over 50 km 

standard single mode fiber (SSMF) at 1551.72 nm with the Bit Error 

Rate below 10-9

Keywords: Optical Transmitter, Electro-Absorption Modulator, Electro-

absorption Modulator Integrated Laser, Wavelength 

Division Multiplexing 
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16-160  (Channel 

spacing)  200 100 50 25  12.5 GHz  ITU-T 

G.694.1   

 WDM  [3] 

 2 

 3  WDM  4 

 WDM  50 km 
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(Electro-Absorption Modulator, EAM) 

 (Electro-

Absorption Modulator Integrated Laser, EML)  1 

 (Active Region) 

(Continuous Wave, CW)  (Absorption 

Region)

 ‘1’ 

 ‘0’ 

 (Intensity Modulation)  2 

 2 

3.

 3  2.5 Gb/s 
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 EAM (EAM Driver) 
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 (Standard Single Mode Fiber, SSMF)

 3 

 4 
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EML  E4560  CyOptics 

Thermo Electric Cooler (TEC)  Thermistor 
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13 dBm 
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mA
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 (Feed Back Control) 
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Grid G.694.1 

4.
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 0.8 nm 

 4.1  4.2 

4.1

 5  3 

 1551.72 nm 

 2 

 1 (1550.92 nm)  3 (1552.52 nm) 

 2 

 100 GHz  ITU-Grid G.694.1 

 3 

 (Optical Coupler) 2 

 5  WDM 

4.2

 Optical circulator 

 FBG  2  Circulator 

 Agiltron  1550 nm 

 1  2

 2  3 

 Fiber Bragg Grating (FBG) 

 3  Circulator  FBG 

 FBG  Circulator 

 FBG  Photonix 

 1551.67 +/- 0.25 nm 

 2 (1551.72 nm) 

 3  Circulator 

 Avalanche Photodiode (APD)  -26 dBm 

 Linear Preamplifier  Transimpedance Amplifier 

(TIA)

 700-1000 mVp-p  APD  TIA 

 R195A  CyOptics 

 6  WDM 

5.

5.1  (Eye Diagram) 

 2.5 Gb/s  PRBS  231-1

polynomial

 7 ( )  3 

dBm  2 Vp-p 

0 V  Digital Communication 

Analyzer (DCA)  (Extinction ratio, EX)

10.53 dB  8.2 dB  ITU-T G.693 

.    .

 7        ( ) 2.5 Gb/s Eye Diagram  EML 

( )  3 

 3 

 2  7.
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 3 
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 8 ( )

 – 10 dBm  peak-to-peak 830 mVp-p 

.    .

 8     ( )

 ( ) 2.5 Gb/s Eye Diagram  APD+TIA 

5.2

 9 

 2.5 Gb/s 

 4  (1) Loop-Back, (2) 

 50 km, (3)  WDM, (4)

 WDM 

50 km  10-9

 -26.13, -25.9, -25.55 

-25.24 dBm  Power Penalty 
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 Power Penalty  0.23 dB (-25.90-(-26.13)) 
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 0.58 dB (25.55-(-26.13)) 
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 0.89 dB (-25.24-(-26.13))  Power 

Penalty  2  (0.58 + 0.23 = 0.81 dB)  1 dB 
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