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Challenges for 100G/400G 

 Even as 100G coherent optical systems are being deployed, 

architecture for 400G systems and beyond are in development 

 Current proposals vary considerably from the number of carriers, to 

the carrier spacing, to the modulation format used 

 High accuracy complex modulation scheme more than QPSK 

 The test and measurement system must have the flexibility to 

support any combination of system parameters 

 

 

 

 

 



 
Example Industry Approaches to 400G and Beyond 

16 April 2014 

Sources: 1Beyond 100G, Fujitsu Network Communications, Inc. 

 2Dawn of the Terabit Age, Infinera Corporation 

 3Coherent Super-Channel Technologies, OSA Webinar, Infinera Corporation 
 4Super-Channels: DWDM Transmission at100Gb/s and Beyond, Infinera Corporation 

 51.5-Tb/s Guard-Banded Superchannel Transmission over 56× 100-km (5600-km) ULAF Using 30-Gbaud Pilot-Free OFDM-16QAM Signals with 5.75-b/s/Hz Net Spectral Efficiency, Alcatel-Lucent, Bell 

Labs 

system rate 

# of 

carriers 

modulation 

format 

400 Gb/s1 2 DP-16QAM 

500 Gb/s2 5 DP-QPSK 

500 Gb/s3 10 DP-QPSK 

1.0 Tb/s4 10 DP-QPSK 

1.5 Tb/s5 8 DP-16QAM 

87.5 GHz 

400 Gb/s, 2 carriers 

190 GHz 375 GHz 

500 Gb/s, 10 carriers 1.0 Tb/s, 10 carriers 
1.5 Tb/s, 8 carriers 

 No industry consensus on how to 

build superchannels 

 Vendors differ on characteristics as 

basic as carrier count and carrier 

spacing to what modulation format 

should be used 
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 Included with OM4106D 

Tektronix offers complete end-to-end testing of coherent 

modulation formats. 

ICR Meas./ 

ICR Cal. 
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AWG70000A Arbitrary Waveform Generators 

 Wideband RF signals at carrier up 

to 20GHz 

 10 bit Vertical Resolution 

– Allows for multi-level and signal 

compensation(PAM 4~16) 

 50 GS/s DAC 

– Can generate signal up to and 

above 32GBaud 
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“The sampling rate of 50 GS/s combined with the ability to synchronize two AWGs 

enabled us to generate 30-GBaud signals per optical carrier, with a data rate of 233 

Gb/s, more than twice the previous record. The performance and signal purity of the 

AWG70000 more than met our requirements for this demanding experiment.” –  
S. Chandrasekhar, Bell Labs 



OM5110 Tektronix Coherent Optical Modulator 

 46 GBaud Coherent optical transmitter offers modulation of common 

complex modulation formats such as BPSK, DP-QPSK, PM-16QAM. 

 Built-in C- or L-band lasers offer setup convenience.  Instrument also 

supports use of external lasers. 

 Instrument can be placed under control of Tektronix optical 

modulation analysis software and offers both manual and automatic 

bias control. 

 



Challenges upgrading from QPSK to QAM 

 For 20 years external optical modulators (typically LiNbO3 Mach-Zehnder) have 

successfully generated binary signals 

– OOK, BPSK and QPSK are all examples of binary modulation 

 Drive amplifiers operated with output stage in saturation 

– gives clean 2-level signal even if frequency response of linear stages is not flat 

 Mach-Zehnder has natural sine-shaped response 

– hides ISI in drive signal, impact of non-flat frequency response of modulator 

 

 

 

 

 

 

 

 

 With multilevel modulation response of amp + modulator no longer hidden 
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 Equalized drive signal is better than usual 4-level drive signal for 16-QAM 

Challenges upgrading from QPSK to QAM 
 Lithium niobate modulator has structure in its 

frequency response at low frequencies 

– skin loss in microstrip electrode 

– phase matching of backward travelling wave 

component 

 Example (right) is for z-cut Ti-diffused waveguide 
[Gopalakrishnan et al., JLT, vol. 12, 1994, p. 1807-1819] 

 28 Gbaud 16-QAM optical signals 

– Examples use clean (<4% EVM) electrical signal 

Without equalization: EVM = 9% With equalization: EVM = 6.4% 



Pre-compensation in RFXpress for Coherent 
Modulation and transmission 

 Calibration is performed using RFXpress from Tektronix 

 SignalVu/OUI software running on DPO73304DX is used to measure 

the EVM 



Using RFXpress design waveform 

 



Using RFXpress design waveform 

 Apply correction, either from the file supplied by Tektronix or user’s 

own calibration 

– Corrections for multiple hardware elements can be applied in turn, e.g. 

first AWG then optical transmitter 



Using RFXpress design waveform 

 RFXpress included calibration wizard, to obtain calibration of AWG + 

following hardware 

 Connects directly to AWG & oscilloscope, sends test waveforms, 

acquire results, and process them to give calibration file 

 
1. RFXpress is used to create baseband 

32Gbaud QSPK signal 

 

2. RFXpress ‘RF’ Calibration used to create 

the correction coefficients. 

 

3. Signal is connected to scope to find roll off 

point and correction coefficients are send 

back to RFXpress 

 

4. RFXpress is used again to recreate the 

signal with correction coefficients/pre-

compensation applied 

 

5. Final waveform is downloaded to 

AWG70001A for transmission 



Examples of equalized OM5110 transmitter output 

 28 Gbaud 16-QAM optical signal 

 EVM = 5.8% 



Examples of equalized OM5110 transmitter output 

 32 Gbaud 16-QAM optical signal 

 EVM = 6.5% 



400G Multi-Carrier Super-Channel 

Example: Spectrum of 4-Carrier Super-Channel 

Ch 1 

193.9700 

GHz 

Ch 2 

194.0055

GHz 

Ch 3 

194.0410

GHz 

Ch 4 

194.0765

GHz 
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Complete and open solutions to 

complex measurement challenges in 

long-haul fiber-optic 

communications 

 

Advanced dual-polarization in-phase 

and quadrature receiver with integrated 

signal and reference tunable laser 

sources 

Open-architecture MATLAB-based 

computational engine offers : 

 powerful phase-recovery analyze 

 polarization, bit-error rates 

 record/playback 

Intuitive graphical user interface 

controls frequently-used instrument 

functions: 

– Laser control 

– Modulation schemes 

– PRBS or user-generated data 

Accessories available to easily verify 

optical calibration 

OM4106D 33 GHz Coherent Lightwave Signal Analyzer 



Tektronix OM4000 series ‘ICR’ compliance with OIF 

 Only the T&M vendor in OIF member list 

 First instrumentation ICR in the world 

Tektronix Confidential 



Example Real Time Scope Configuration 

DSA/DPO70k-Series 

OM4106D 

Note: Ethernet connections not shown. All instruments assumed to be connected to same network. 

Local Laser: 
Wavelength Range: C+L 

Output power:14.5dBm 

Power adjustable: 0.01dBm 

Gridding: 12.5GHz 

Receiver: 
Linewidth tolerance:>5MHz 

Linear receiver 

EVM floor: <2% (with scope) 

BER limit : >10e-2 

Analysis sample : >1M pts 



Introducing the DPO/DSA70000DX Series 

The World’s Most Accurate Oscilloscope 

 Industry leading 

combination of 33 GHz 

bandwidth and 100 GS/sec 

sample rate 

 6.25mV/div the most 

accurate vertical resolution 

 Most flat frequency 

response ±0.5dB 



Full Automatically Measurements over 50+ items 

 Optical Field 
– Wavelength range 

– Polarization ER 

– Laser phase noise 

– PDL/ PMD/ CD 

 Electrical Field 

– Quadrature phase angle 

– Constellation bias.  

– Eye crossing points 

– Std. dev. by quadrant 

– I/Q skew 

– Total skew 

 System 
– Q-factor 

– EVM, noise-loaded BER 

 Time Domain 

 

 

 



Comprehensive Diagrams 

24 



Exclusive: 
Measuring TX Constellation Imperfections: Q-factor 

Re 

Im 
 Counts errors as decision 

threshold is moved.   

 Errors fitted to error 

function in “Q-space” 

 → Plot, max-Q and 

optimum decision 

threshold 



Open All Algorithms for Power User with MatlabTM 
Interaction Between GUI and Matlab 

 write Analysis 

Parameters to 

matlab 

workspace 

 acquire scope 

record 

 write record to 

matlab 

workspace 

 clock recovery 

 polarization 

estimation 

 phase estimation 

 ambiguity 

resolution 

 2nd phase 

estimate 

 count bit errors 

 calculate 

constellation 

parameters 

 plot results –  

eyes, constellation 

diagrams, 

Poincaré sphere 

 report bit errors 

 report Q-factors, 

constellation 

parameters 

Matlab 

workspace 

SigType, 

FreqWindow, 

etc. 

GUI 

zXSym, 

zYSym, zX, 

zY, DecTh, 

etc. 

Matlab GUI 

Vbloc

k 



 
Example Industry Approaches to 400G and Beyond 

Sources: 1Beyond 100G, copyright 2012, Fujitsu Network Communications, Inc. 

 2Dawn of the Terabit Age , copyright 2011, Infinera Corporation 

 3Coherent Super-Channel Technologies, OSA Webinar , copyright 2011, Infinera Corporation 
 4Super-Channels: DWDM Transmission at100Gb/s and Beyond, copyright 2012, Infinera Corporation 

 51.5-Tb/s Guard-Banded Superchannel Transmission over 56× 100-km (5600-km) ULAF Using 30-Gbaud Pilot-Free OFDM-16QAM Signals with 5.75-b/s/Hz Net Spectral Efficiency, Alcatel-Lucent, Bell 

Labs 

system rate 

# of 

carriers 

modulation 

format 

400 Gb/s1 2 DP-16QAM 

500 Gb/s2 5 DP-QPSK 

500 Gb/s3 10 DP-QPSK 

1.0 Tb/s4 10 DP-QPSK 

1.5 Tb/s5 8 DP-16QAM 

87.5 GHz 

400 Gb/s, 2 carriers 

190 GHz 375 GHz 

500 Gb/s, 10 carriers 1.0 Tb/s, 10 carriers 
1.5 Tb/s, 8 carriers 

 No industry consensus on how to  

build super-channels – no one 

architecture fits all requirements. 

 Vendors differ on characteristics as 

basic as carrier count and carrier 

spacing to what modulation format 

should be used. 

 

 

 

 

 



 
Example Industry Approaches to 400G and Beyond 

system rate 

# of 

carriers 

modulation 

format 

system 

bandwidth 

req’d scope 

bandwidth 

400 Gb/s1 2 DP-16QAM 87.5 GHz 44 GHz 

500 Gb/s2 5 DP-QPSK 190 GHz 95 GHz 

500 Gb/s3 10 DP-QPSK 190 GHz 95 GHz 

1.0 Tb/s4 10 DP-QPSK 375 GHz 188 GHz 

1.5 Tb/s5 8 DP-16QAM 260 GHz 130 GHz 

Tektronix recently announced a 70GHz real-time oscilloscope(ATI 

Technology),  
but current oscilloscopes still do not have sufficient 

bandwidth to capture an entire super-channel with a single 

acquisition. 



Acquiring Super-Channels – Local Oscillator Tuning 

 Coherent detection works 

by combining the input 

signal with a local 

oscillator. 

 The local oscillator 

frequency determines the 

center of the frequency 

range that is detected. 

 By sweeping the local 

oscillator, different 

frequency ranges can be 

captured in sequence. 



Acquiring Super-Channels – Configuration 

Example 

 4 Carrier Super-Channel 

 Center frequencies spaced 

at 35.5 GHz: 

 

Channel 1: 193.9700 GHz 

Channel 2: 194.0055 GHz 

Channel 3: 194.0410 GHz 

Channel 4: 194.0765 GHz 

 



Acquiring Super-Channels – Captured Spectrum 



Acquiring Super-Channels – Digital Channel Filtering 





Tektronix Multi-Carrier Support – Option MCS for 400G/1T 

Integrated Measurement Results 

 Integrated measurement results 

can be viewed for each channel 

side-by-side 

 Eye diagrams, constellation 

diagrams, and optical spectrum 

plots can be viewed individually by 

channel or with all channels 

superimposed for easy comparison 
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Fiber Optic 

OM2210 Calibration source 

 



 



 



 



 



Customized ICR testing with Hybrid Cal 

 

Tektronix Confidential 



高级信号处理
和测试软件 高速信号

采集系统 

Tektronix Coherent Optical T&M Platform 

PPG码型发生器 

AWG700001 

任意波形发生器 

OM5110 

复杂相干光信号调制源 OM4106D相干光分析仪 

4 

2 

Fiber Optic 4 – or – 

DPO73304DX数字示波器 

复杂调制 

基带码源 
相干光信
号调制源 

相干光信
号 

标准接收
机 

OM1106高级 

相干光分析软件 

Tektronix offers complete end-to-end testing of coherent 

modulation formats. 

CONFIDENTIAL 

相干光接收机 

校准源 

 

 

 

Fiber Optic 
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Thanks！ 


