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MEASUREMENT METHODS OF A HALF-WAVELENGTH  VOLTAGE  

AND A CHIRP PARAMETER FOR MACH-ZEHNDER OPTICAL MODULATORS  
IN  H IGH-FREQUENCY RADIO ON  FIBRE (ROF)  SYSTEMS 

 
FOREWORD 

1 )  The  I n ternati onal  E lectrotechn i cal  Commiss ion  ( I EC)  i s  a  worl dwide  organ ization  for standard ization  compris i ng  
a l l  nati onal  e l ectrotechn ical  comm i ttees  ( I EC National  Committees).  The  object  of I EC  i s  to  promote  i n ternationa l  
co-operation  on  a l l  q uestions  concern ing  standard i zati on  i n  the  e l ectri cal  and  e l ectron ic fi e l d s.  To  th i s  end  and  i n  
add i ti on  to  other acti vi ti es,  I EC publ i shes  I n ternational  Standards,  Techn ical  Speci fi cati ons,  Techn ical  Reports,  
Publ i cl y Avai l ab le  Speci fi cati ons  (PAS)  and  Gu i des  (hereafter referred  to  as  “ I EC Publ i cation(s) ”) .  Thei r 
preparati on  i s  en trusted  to  techn ical  commi ttees;  any I EC Nati onal  Comm i ttee  i n terested  i n  the  subject  deal t  wi th  
may parti cipate  i n  th i s  preparatory work.  I n ternational ,  governmental  and  non-governmental  organ i zati ons  l i a i s i ng  
wi th  the  I EC a l so  parti cipate  i n  th i s  preparation .  I EC col l aborates  cl osely wi th  the  I n ternational  Organ i zation  for 
S tandard i zati on  ( I SO)  i n  accordance  wi th  cond i ti ons  determ ined  by ag reement  between  the  two  organ i zati ons.  

2)  The  formal  decis ions  or ag reements  of I EC on  techn ical  matters  express,  as  nearl y  as  possib le,  an  i n ternati ona l  
consensus  of opi n ion  on  the  rel evant  sub jects  s i nce  each  techn ical  comm i ttee  has  representati on  from  a l l  
i n terested  I EC National  Comm ittees.   

3)  I EC Publ i cations  have  the  form  of recommendations  for i n ternational  use  and  are  accepted  by I EC National  
Commi ttees  i n  that  sense.  Whi l e  a l l  reasonable  efforts  are  made  to  ensure  that  the  techn ical  conten t of I EC  
Publ i cations  i s  accu rate,  I EC  cannot  be  hel d  responsi ble  for the  way i n  wh ich  they are  used  or for any 
m is i n terpretation  by any end  u ser.  

4)  I n  order to  promote  i n ternational  u n i form i ty,  I EC National  Commi ttees  undertake  to  app ly I EC Pub l i cations  
transparentl y to  the  maximum  exten t poss ible  i n  thei r nati onal  and  reg i ona l  pub l i cations.  Any d i vergence  between  
any I EC Publ i cati on  and  the  correspond ing  national  or reg iona l  publ i cati on  shal l  be  cl earl y i n d icated  i n  the  l atter.  

5)  I EC i tsel f d oes  not  provi de  any attestation  of conform i ty.  I n dependent  certi fi cati on  bod ies  provi de  conform i ty  
assessment  services  and ,  i n  some  areas,  access  to  I EC marks  of conform i ty.  I EC i s  not  responsi ble  for any 
services  carri ed  ou t  by i ndependent certi fi cation  bod i es .  

6)  Al l  u sers  shou ld  ensure  that  they have  the  l atest  ed i ti on  of th i s  publ i cati on .  

7)  No  l i abi l i ty shal l  attach  to  I EC  or i ts  d i rectors,  employees,  servants  or agen ts  i ncl ud ing  i n d ivi dual  experts  and  
members  of i ts  techn ical  comm i ttees  and  I EC  Nati onal  Commi ttees  for any personal  i n j u ry,  property  damage  or 
other d amage  of any nature  whatsoever,  whether d i rect  or i nd i rect,  or for costs  ( i ncl ud i ng  l egal  fees)  and  expenses  
ari s i ng  ou t  of the  publ i cati on ,  u se  of,  or re l i ance  upon ,  th i s  I EC Publ i cati on  or any other I EC Publ i cations.   

8)  Atten tion  i s  d rawn  to  the  Normative  references  ci ted  i n  th i s  publ i cation .  Use  of the  referenced  publ i cations  i s  
i nd i spensable  for the  correct appl i cati on  of th i s  publ i cation .  

9)  Atten tion  i s  d rawn  to  the  possib i l i ty that  some  of the  e l ements  of th i s  I EC Publ i cation  may be  the  subj ect  of patent  
ri gh ts.  I EC shal l  not  be  he l d  respons ibl e  for i denti fyi ng  any or a l l  such  paten t ri gh ts .  

I n ternational  Standard  I EC  62802  has  been  prepared  by I EC techn ical  committee  1 03:  
Transm itti ng  equ ipment for rad iocommun ication .  

The  text of th is  I n ternational  Standard  is  based  on  the  fo l lowing  documents :  

CDV Report  on  voti ng  

1 03/1 31 /CDV 1 03/1 61 /RVC 

 

Fu l l  i n formation  on  the  voting  for the  approval  of th i s  I n ternational  Standard  can  be  found  i n  the  
report on  voti ng  ind icated  i n  the  above table.  

Th is  document has  been  drafted  i n  accordance  wi th  the  I SO/IEC  D irecti ves,  Part 2 .  
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The  committee  has  decided  that the  conten ts  of th is  document wi l l  remain  unchanged  un ti l  the  
stabi l i ty date  i nd icated  on  the  I EC  websi te  under "h ttp: //webstore. iec. ch "  i n  the  data  re lated  to  
the  speci fic document.  At  th is  date,  the  document wi l l  be   

•  reconfi rmed ,  

•  wi thdrawn ,  

•  replaced  by a  revised  ed i ti on ,  or 

•  amended .  

A b i l i ngual  vers ion  of th is  publ ication  may be  i ssued  at  a  l ater date.  

 

IMPORTANT – The  'colour inside'  logo  on  the  cover page  of th is  publ ication  i nd icates  
that i t  contains  colours  which  are  considered  to  be  usefu l  for the  correct  
understand ing  of i ts  contents.  Users  shou ld  therefore print  th is  document using  a  
colour prin ter.  
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INTRODUCTION  

A variety of m icrowave/m i l l imeter-wave-photon ic  devices  are  usefu l  for wi reless  commun ication  
and  broadcasting  systems.  An  optical  modu lator i s  an  i n terface  wh ich  converts  an  e lectron ic  
s i gnal  to  an  optica l  s ignal .  I n  the  fie l d  of optical  fi bre  communication  systems,  the  I EC 62007  
series  was  publ ished  in  1 999.  

M icrowave/m i l l imeter-wave RoF  systems are  comprised  main l y of two  parts :  one  i s  RF  to  
photon ic converter (E/O) ,  and  the  other is  photon ic to  RF  converter (O/E).  Rad io  waves  are  
converted  i n to  an  optica l  s i gnal  at  E/O.  Th is  s i gnal  i s  transferred  through  the  optical  fi bre  and  
then  the  rad io  waves  are  regenerated  at O/E.   

A variety of photon ic  devices  that carry m icrowave and  m i l l imeter-wave s i gnals  as  subcarrier 
frequencies  are  used  for h igh-frequency RoF  systems.  I n  particu lar,  the  Mach-Zehnder optical  
modu lator (MZM)  plays  an  important role  to  convert e lectron ic (h igh -frequency above  
m i l l imeter-wave)  s ignal  to  optical  s i gnal .  I n  h igh-frequency RoF  systems,  speci fications  of d ri ve  
vol tages,  ch i rp  characteristics ,  in ter-modu lation  d istortion  of the  modu lators  have  been  the  
important techn ical  parameters.  Th is  document i s  prepared  to  provide  the  measurement method  
of MZMs  to  the  industry for evaluating  e lectro-optic  materia l  of the  modu lators  to  be  used  in  
h igh-frequency RoF  systems.  Th is  document defines  the  measurement methods  of a  
ha l f-wavelength  vol tage  and  a  ch i rp  parameter,  wh ich  have  a  s ign i fican t impact on  the  
performance  of RoF  systems.  Add i ti onal l y,  these  methods  are  also  used  for the  estimation  of the  
i n termodu lation  d istortions  and  transm ission  performances.  

The  hal f-wavelength  vol tage  and  the  ch i rp  parameter can  be  measured  at  the  same time  us ing  
the  methods  defined  i n  th is  document.  The  non l i near d istortion  characteristics  are  a lso  
important for the  performance of the  systems.  The  i n termodu lation  d istortion  of the  MZM  is  
ca lcu lated  from  the  dri ving  vol tage  and  the  ha l f-wavelength  vol tage.  The  deta i l ed  explanations  
and  calcu lation  method  of i n termodu lation  d is tortions  from  the  normal ized  optica l  modu lation  

i ndex (NOMI )  are  described  in  I EC PAS  62593: 2008[1 ] 1 ,  Annex B .  

The  I n ternational  E lectrotechn ical  Commission  ( I EC)  d raws atten tion  to  the  fact that i t  i s  cla imed  
that compl iance  wi th  th is  document may i nvolve  the  use of patents  concern ing :  

a)  a  method  for characterization  of optical  modu lator,  and  method  for control l ing  h i gh  frequency 
osci l l ator us ing  the  same  (JP  353861 9B),   

b)  a  method  and  apparatus  for measurement of characteristic  of opti ca l  modu lator 
(JP  3866082B),    

c)  a  method  for evaluati ng  characteristic of optica l  modu lator having  Mach-Zehnder 
i n terferometer (WO 201 1 -027409) ,   

d )  a  method  of measuring  hal f-wave vol tage  of optica l  modu lator (JP  2009-229926A).  

Detai ls  perta in ing  to  the  patent  holders  and  the  l ocations  where  the  paten ts  are  referred  to  i n  the  
document are  g i ven  i n  Table  1 .  

___________ 

1  Numbers  i n  square  brackets  refer to  the  B i b l i ography.  
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Table  1  – Patents  present i n  th is  document  

Related  cl ause  Paten t holder Paten t number 

Clause  6  

Annex A ( i n formative)  

National  I nsti tu te  of I n formation  and  Commun ications  
Technology 

JP  353861 9  

6 . 4 . 3  National  I nsti tu te  of I n formation  and  Commun ications  
Technology 

Sum i tomo Osaka  Cement Co. ,  Ltd .  

JP  3866082  

A. 2 . 1  National  I nsti tu te  of I n formation  and  Commun ications  
Technology 

Sum i tomo Osaka  Cement Co. ,  Ltd .  

(WO 201 1 -027409)  

EP  2477021 A 

US  8867042  

CN  1 02575971  

JP  56221 54  

A. 2 . 2  Sum i tomo Osaka  Cement Co. ,  Ltd .  (JP2009-229926A)  

JP  4991 61 0  

 

I EC takes  no  pos i ti on  concern ing  the  evidence,  va l i d i ty and  scope  of these  paten t ri ghts .  

The  holders  of these  patent  ri gh ts  have  assured  the  I EC  that  he/she  i s  wi l l i ng  to  negotiate  
l i cences  under reasonable  and  non-d iscrim inatory terms  and  cond i ti ons  wi th  appl ican ts  
throughou t the  world .  I n  th is  respect,  the  statement of the  holders  of these  paten t ri gh ts  are  
reg istered  wi th  I EC.  I n formation  may be  obtained  from :  

National  I nsti tu te  of I n formation  and  Commun ications  Technology 
4-2-1  Nuku i -Ki tamach i ,  Koganei ,  Tokyo  1 84-8795,  J apan  

Sum itomo Osaka Cement Co. ,  Ltd .  
6-28  Rokubancho,  Ch i yoda-Ku ,  Tokyo  1 02-8465,  J apan .  

Atten tion  is  d rawn  to  the  possibi l i ty that some of the  e lements  of th is  document may be  the  
subject  of patent ri gh ts  other than  those  i den ti fied  above.  I EC shal l  not be  held  responsib le  for 
i denti fying  any or a l l  such  paten t ri ghts .  

I SO (www. iso. org/paten ts)  and  I EC  (h ttp: //patents . i ec.ch)  main tain  on - l i ne  data  bases  of paten ts  
re levant  to  thei r standards.  Users  are  encouraged  to  consu l t  the  databases  for the  most 
up-to-date  i n formation  concern ing  paten ts.  

 

http://www.iso.org/patents
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MEASUREMENT METHODS OF A HALF-WAVELENGTH  VOLTAGE  
AND A CHIRP PARAMETER FOR MACH-ZEHNDER OPTICAL MODULATORS  

IN  H IGH-FREQUENCY RADIO ON  FIBRE (ROF)  SYSTEMS 
 
 
 

1  Scope 

This  document speci fies  measurement methods  of a  hal f-wavelength  vol tage  and  a  ch i rp  
parameter appl icable  to  MZMs  in  m icrowave and  m i l l imeter-wave RoF  systems.  I n  add i ti on ,  
these  methods  are  a lso  effective  for the  estimation  of the  i n termodu lation  d istortions  and  
transm ission  performances.  The  methods  appl y for the  fol lowing :  

– frequency range:  5  GHz to  1 1 0  GHz;  

– wavelength  band :  0 , 8  µm  to  2 , 0  µm ;  

– e lectro-optic  materia l  based  MZMs and  thei r modu les.  

2  Normative references  

The fo l lowing  documents  are  referred  to  i n  the  text i n  such  a  way that some or a l l  of the ir con tent  
consti tu tes  requ irements  of th is  document.  For dated  references,  on l y the  ed i ti on  ci ted  appl ies.  
For undated  references,  the  l atest  ed i ti on  of the  referenced  document ( includ ing  any 
amendments)  appl i es .  

I EC 62007-1 ,  Semiconductor optoelectronic devices for fibre  optic system applications – Part 1 :  
Specification template for essential ratings and characteristics 

IEC 62007-2,  Semiconductor optoelectronic devices for fibre optic system applications – Part 2: 
Measurement methods 

3 Terms,  defin i tions  and  abbreviated  terms  

3. 1  Terms and  defin i tions  

For the  purposes  of th is  document,  the  terms  and  defin i tions  g iven  in  I EC  62007-1 : 201 5  and  
IEC 62007-2: 2009  and  the  fol l owing  appl y.  

I SO  and  I EC main ta in  term inolog ical  databases  for use  i n  standard ization  at  the  fol lowing  
addresses:  

•  I EC  E lectroped ia:  avai lab le  at  h ttp : //www.electroped ia. org /  

•  I SO  On l ine  browsing  p latform :  avai lable  at h ttp : //www. iso.org/obp  

3. 1 . 1   
hal f-wavelength  vol tage  
V
π
 

vol tage  requ i red  for a  Pockels  effect materia l  based  Mach-Zehnder optical  modu lator to  i nduce  
a  phase  sh i ft  of ha l f a  wavelength  between  the  l i gh twaves  of two arms  of the  Mach-Zehnder 
i n terferometer 

SEE:  F i gure  1 .  

Note  1  to  en try:  I t  corresponds  to  an  ON/OFF  vol tage  of the  Mach -Zehnder opti cal  modu lator.  

Note  2  to  en try:  I EC PAS  62593  defi nes  a  measurement  method  for a  ha l f-wavelength  vo l tage  su i tab le  for l ower 
frequency appl i cati ons,  especi a l l y l ess  than  5  GHz.  

http://www.iso.org/obp
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Figure  1  – Transfer curve of a  Mach-Zehnder optical  modu lator 

3. 1 .2   
NOM I  
normal ized  optical  modulation  index 
for the  Mach-Zehnder optical  modu lator,  ratio  of d ri ving  vol tage  and  hal f-wavelength  vol tage  of 
the  modu lator,  defined  as:  

 NOMI  =  (Vpp  /  Vπ)  ×  1 00  [%]  (1 )  

where  

Vpp  i s  the  d ri ving  vol tage  (peak to  peak vol tage);  

V
π
 i s  the  hal f-waveleng th  vol tage.  

Note  1  to  en try For the  Mach-Zehnder opti ca l  modu lator,  the  i n termodu lation  d i storti on  i s  dependent on  NOMI .  The  
detai l ed  exp lanations  of OMI  i ncl ud i ng  measurement  method  are  described  i n  I EC PAS  62593: 2008,  Annex A.  The  
calcu lation  method  of i n termodu lati on  d i storti ons  from  the  measured  NOMI  i s  described  i n  I EC PAS  62593: 2008,  
Annex B .  

3. 1 .3   
extinction  ratio  
Rext  
ratio  of two  optical  power l evels  of the  optical  s i gnal  generated  by the  optica l  modu lator,  defined  
as:  

 Rext  =  1 0 log(P1 /P2)  (2)  

where  

P1  i s  the  optical  power l evel  generated  when  the  output power is  "on " ;  

P2  i s  the  power level  generated  when  the  ou tput power is  "off. "  

Note  1  to  en try:  The  exti nction  rati o  i s  sometimes  expressed  as  a  fraction  not  i n  dB .  

3. 1 .4   
ch i rp  parameter 
undesi red  optical  phase  change  wi th  ampl i tude  or i n tens i ty modu lation ,  wh ich  i s  defi ned  as  the  
ratio  of ampl i tude  modu lation  and  the  phase  modu lation :  
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where   

E  i s  the  optical  ampl i tude  at the  modu lator ou tput,  

φ  i s  the  optical  phase  at the  modu lator ou tpu t.  

Note  1  to  en try:  I n  I EC 61 280-2-9  [2 ] ,  ch i rp  measurement methods  for l aser transm i tters  were  overviewed ,  and  
time-resol ved  ch i rp  and  a l pha-parameter measurement  methods  for of l aser transm i tters  for d i g i tal  systems  i s  are  
g i ven  i n  I EC 61 280-2-1 0  [3 ] .  The  ch i rp  parameter a l pha  of an  MZM  i s  explai ned  i n  d etai l  i n  [4 ] .  

Note  2  to  en try:  The  a l pha  parameter of an  MZM  can  a l so  be  measured  together wi th  a  hal f-wave  vol tage  V
π
 by the  

s i deband  mon i tori ng  methods  described  i n  [5]  and  [6 ]  us i ng  an  opti cal  spectrum  anal yzer.  

3.2  Abbreviated  terms  

DC d i rect  cu rren t  

DUT device  under test  

MZM  Mach -Zehnder modu lator 

NOMI  normal i zed  OMI  

OMI  opti cal  modu l ation  i ndex 

OSA opti cal  spectrum  anal yzer 

RF  rad io  frequency 

 

4 Electro-optic material -based  Mach-Zehnder optical  modulators  

4.1  Mach-Zehnder optical  modu lators  

4. 1 . 1  Component parts  

The optical  modu lators  and  the ir modu les  cons ist of the  basic  parts  as  fo l l ows:  

– Mach-Zehnder i n terferometer type  optica l  modu lator;  

– i nput and  ou tput fi bre  p ig ta i l s  (where  appropriate);  

– b ias  con trol  port (where  appropriate) ;  

– photod iode  for b ias  mon i toring  (where  appropriate) ;  

– l aser d iode  for l i ght  source  (where  appropriate) ;  

– thermal  sensor (where  appropriate) ;  

– Pel tier e lemen t (where  appropriate).  

4.1 .2  Structure  

The structure  i s  as  fo l lows:  

– e lectrode:  l umped  type,  travel i ng-wave  type,  etc.  

– options :  optical  i so lator,  photod iode,  ha l f-m irror,  l aser-d iode,  etc.  

 

 

Figure 2  – Optical  phase retardations  

IEC  
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Due  to  the  Pockels  effect,  opti ca l  phase  retardation  at  each  arm  i n  the  Mach-Zehnder 
i n terferometer can  be  control led  by the  vol tage  appl ied  on  the  e lectrode.  The  optica l  phase  
retardations  at the  upper arm  and  the  l ower arm  are  proportional  to  the  vol tages  V1  and  V2  

(see  F igure  2) .  

4.2  Requ irements  for MZMs 

4.2. 1  General  

This  method  is  based  on  the  theoretical  transfer curve  of e lectro-optic materia l  based  
Mach-Zehnder i n terferometer,  where  the  phase  sh i ft  of travel i ng  l i gh t  on  each  arm  of the  
i n terferometer shou ld  be  proportional  to  appl ied  vol tage,  and  the  power of travel i ng  l i gh twaves  
i n  each  arm  are  a lmost the  same.  Requ i rements  for the  modu lator of th is  measurement method  
are  as  fol l ows.  

4.2.2  Substrate  material  

The main  substrate  materials  of the  modu lator shou ld  be  materia ls  such  as  L iNbO3 ,  L iTaO3 ,  
KH 2PO4 ,  PZT,  PLZT,  I nP,  GaAs,  I nGaAs,  I nAlAs,  I nGaAsP,  non l inear optical  chromophore  
con tain ing  pol ymer,  FTC type  ch romophore  con tain ing  pol ymer,  etc. ,  wh ich  real i se  the  
e lectro-optic  effect  (Pockels  effect) .  I f strictl y cons idered ,  sem iconductor materia ls  do  not 
possess  a  pure  e lectro  optic effect,  however,  the  sem iconductor Mach-Zehnder modu lators  can  
be  ad j udged  as  e lectro-optic  materia l -based  Mach-Zehnder modu lators.   

4.2.3  Optical  waveguide  design  

The  optical  wavegu ide  shou ld  be  des igned  as  a  s i ng le  Mach-Zehnder i n terferometer type  
comprised  of two  Y-junctions  or symmetric  d i rectional  couplers  and  paral l e l  wavegu ides.  
Reflection-type  Mach-Zehnder optica l  modu lators  are  mod i fied  des igns  of the  modu lators .   

5 Sampl ing  for qual i ty control  

5.1  Sampl ing  

A statis tical l y s ign i ficant sampl i ng  p lan  shal l  be  agreed  upon  by user and  suppl ier.  Sampled  
devices  shal l  be  random ly se lected  and  representati ves  of production  popu lation ,  and  shal l  
satisfy the  qual i ty assurance  cri teria  us ing  the  proposed  test methods.  

5.2  Sampl ing  frequency 

Appropriate  s tatistica l  methods  shal l  be  appl ied  to  determ ine  adequate  sample  s i ze  and  
acceptance cri teria  for the  cons idered  l ot  s i ze.  I n  the  absence  of more  deta i led  statis tical  
anal ys is,  the  fol lowing  sampl i ng  p lan  can  be  employed :  

Hal f-wavelength  vol tage:  two  un i ts  at l east per manufacturing  l ot.  

6 Measurement method  of a  hal f wavelength  vol tage  

6.1  Ci rcu i t  d iagram  

See  F igure  3 .  



 – 1 2  – I EC 62802: 201 7  © I EC 201 7  

 

Key 

The  ci rcu i t  d escripti on  and  requ i rements  are  as  fol l ows:  

1  l aser d iode  

2  polari zati on  control l er 

3  devi ce  under test  (DUT)  

4  opti cal  spectrum  anal yzer (OSA)  

5  personal  computer 

6  DC vol tage  sou rce  or mon i tor s i gna l  source  (SG2)  

7  b i as  tee  

8  (step)  attenuator (electri cal )  

9  m icrowave  ampl i fi er  

1 0  m icrowave  s i gnal  sou rce  (SG1 )  

1 1  power meter or spectrum  anal yzer (e lectri cal )  

Figure  3  – Ci rcu i t  d iagram  

6.2  Measurement conditions  

6.2. 1  Temperature and  environment  

The measurement shou ld  be  carried  ou t  i n  a  room  wi th  a  temperature  rang ing  from  5  °C  to  35  °C.  
I f the  operation  temperature  ranges  of the  measurement apparatuses  are  narrower than  th is  
range,  the  speci fications  of the  measurement apparatuses  shou ld  be  fol l owed .  I t  i s  desi rable  to  
con trol  the  measurement temperature  wi th in  ±5  °C  i n  order to  suppress  the  in fluence  of the  
temperature  dri ft  of measurement apparatuses  to  a  m in imum .  The  temperature  of the  DUT can  
be  changed  using  a  temperature  control l er to  veri fy the  temperature  dependence  of the  
measured  parameters  as  necessary.  

6.2.2  Warming-up  of measurement equ ipment  

The  warm ing-up  time  shal l  be  kept  typica l l y to  60  m in ,  or the  time  wri tten  i n  the  speci fications  of 
the  measurement equ ipments  or systems.  Moreover,  the  warm ing-up  time shou ld  be  taken  to  be  
the  l ongest  among  al l  of the  measurement equ ipment.  

1  3  4  5  

1 1  

1 0  

7  6  

8  

9  

2  

IEC  
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6.3  Principle  of measurement method  

6.3. 1  General  

The method  for measuring  the  ha l f-wavelength  vol tage  (RF  hal f-wavelength  vol tage)  of a  
Mach-Zehnder type  optical  modu lator i s  described  in  6 . 3 .  I n  th is  method ,  the  hal f-waveleng th  
vol tages  of Mach-Zehnder type  optical  modu lators  can  be  measured  accuratel y by us ing  an  
optica l  spectrum  anal yzer (OSA).  When  a  s i ng le-tone  RF  s i gnal  i s  appl ied  to  the  modu lator,  the  
optical  ou tpu t wou ld  have  s i deband  components  whose frequency separation  i s  equal  to  the  
frequency of the  s i ng le-tone  RF  s ignal .  The  i nduced  optical  phases  i n  a  MZ modu lator can  be  
ca lcu lated  from  the  in tens i ties  of the  optical  s ideband  components  measured  by the  OSA.  
When  the  i npu t RF  power or vol tage  is  a lso  measured  at th is  cond i tion ,  the  hal f-wavelength  
vol tage,  V

π
 can  be   determ ined .  Th is  measurement can  be  ach ieved  through  a  wide  frequency 

range  from  a  few GHz to  1 1 0  GHz,  wh ich  depends  on  the  frequency range  of the  RF  s ignal  
generator and  power meter.  

6.3.2  Mathematical  expressions  of basic measurement principle  

The optical  ou tpu t of an  MZM  is  g i ven  by:  
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where  

1Bφ  and  2Bφ  are  the  optical  phase  delays  at  two  arms  i n  the  Mach-Zehnder i n terferometer i n  

the  modu lator;   

the  phase  d i fference Bφ  can  be  con trol l ed  by DC-bias  vol tage  appl ied  on  the  e lectrode  of the  

modu lator;  

tj
ieE 0ω  i s  the  e lectric  fi eld  of the  i nput  l igh twave,  where  0ω i s  the  angu lar frequency of the  

i nput  l ightwave  and  mω  i s  that of the  RF  s ignal ;  

A1  and  A2  are  the  optica l  phase  retardation  due  to  the  RF  s ignal  fed  to  the  e lectrode  in  the  

modu lator.   

Jn   i s  the  fi rst kind  Bessel ’s  function .  I n tens i ties  of s ideband  components,  wh ich  correspond  to  
the  n-th  order terms  i n  Equation  (4),  can  be  measured  by using  an  OSA.  Non l inear 
s imu l taneous  equations  for A 1  and  A2  can  therefore  be  obtained .  

The  hal f-wavelength  vol tage  V
π
 was  derived  from  A 1  and  A2  us ing :  

 
)(2 21 AA

πV
V

pp
π −
=  (7)  
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I f the  case  of a  smal l  ampl i tude  modu lation  where  A 1  and  A2  <  1  i s  considered ,  the  ch i rp  
parameter,  the  ratio  of the  ampl i tude  modu lation  and  the  phase  modu lation  can  be  described  by:  

 
21

21
0

AA

AA

−

+
=α ,  (8)  

where  the  DC-bias  i s  2πB =φ ,  wh ich  corresponds  to  an  optimal  cond i tion  for smal l  ampl i tude  

modu lation  [6] .  A 1  and  A2  have  opposi te  polari ty i n  properl y des igned  MZMs  us ing  push-pu l l  
configuration  wh ich  provides  effecti ve  i n tens i ty modu lation .  I f the  modu lator has  a  symmetric  

structu re  wi th  respect  to  the  optica l  wavegu ide,  A 1  equals  −A2  ,  so  that  0α  equals  0 ,  wh ich  

corresponds  to  a  zero-ch i rp  modu lator.  Assum ing  that  non l i near optical  effects,  except the  
Pockels  effect,  are  neg l ig ible ,  the  ratio  between  A 1  and  A2  d oes  not depend  on  the i ntensity of 

the  e lectric s i gnal .  Thus,  0α  i s  a lso  an  i n trins ic  parameter of the  modu lator.  There  are  vari ous  

options  i n  the  selection  of the  s imu l taneous  equations.   

6.3.3  Principle  of half-wavelength  vol tage  and  ch i rp  parameter wi th  fixed  DC-bias  
cond ition  (method  A)  

The ratio  between  the  n- th  and  (n+1 )-th  order s i deband  i n tensi ti es  i n  the  optical  spectrum  is  

expressed  by:  
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I f the  e lectrode  i s  not DC-coupled ,  the  phase  d i fference  Bφ  can  not  be  control led  by the  bias  

vol tage.  S imu l taneous  equations  for Bφ ,  A 1  and  A2  therefore  need  to  be  solved .  For example,  by 

us ing  three  equations,  R0 ,  R1 ,  and R2 ,  Bφ ,  A 1  and  A2  can  be  obtained .  When  Bφ  can  be  

precise l y control led ,  A 1  and  A2  can  be  determ ined  from  two  Rn ’s.  The  number of equations  is  
equal  to  that of unknown  variables ,  bu t  these  equations  are  transcendenta l .  Thus,  several  
solu tions  may be  derived ,  and  some of them  may be  unphys ical .  Actual  solu tions  can  be  
obtained  by us ing  more  equations  than  the  number of unknown  variables .   

6.3.4  Principle  of hal f-wavelength  vol tage  and  ch i rp  parameter using  DC-bias  sweep 
(method  B)  

Factor Bφcos  i n  Equation  (9)  shows  the  connection  between  the  optical  spectrum  and  the  

DC-bias  vol tage.  Bφ  d epends  on  the  environmenta l  cond i ti ons,  wh ich  i s  known  as  DC-dri ft.  

Because  the  hal f-waveleng th  vol tage  V
π
 does  not change  much,  the  effect  of DC-dri ft  can  be  

e l im inated  by sweeping  the  DC-bias  vol tage  across  two times  V
π
 for DC,  wh ich  corresponds  to  

a period  of  Bφcos .  The  ratio  of the  optica l  s i deband  i n tens i ti es  is  expressed  by:  
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and  does  not depend  on  the  DC-bias  vol tage,  so  A 1  and  A2  can  be  precisel y determ ined .  
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6.3.5  Principle  of half-wavelength  vol tage  and  ch i rp  parameter using  m in imum  
transmission  b ias  and  maximum  transmission  bias  (method  C)  

I f Bφ  can  be  precisel y con trol l ed ,  A 1  and  A2  can  be  obtained  from  the  zeroth  and  fi rst order 

s i deband  componen ts,  where  two types  of DC-bias  cond i tions  are  used .  The  i n tensi ty of the  n-th  

order s ideband  can  be  expressed  by:  
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When  no  RF  s i gnal  i s  appl ied  to  the  modu lator,  A 1  and  A2  are  equal  to  zero.  The  optical  power is  

g i ven  by:   

 
2

cos1
' 2

0
B

iEP
φ+

=  (1 2 )  

'0P  d epends  on  the  DC-bias  and  2
iE  shows the  peak power of the  optical  ou tput wi thou t RF  

s ignal  i npu t.  Two  DC-bias  poin ts  are  used :  the  maximum  transm ission  b ias  Bφ =0  ( 2
0 ' iEP = ) ,  and  

the  m in imum  transm ission  b ias  Bφ  =  π  ( 0'0 =P ) .  At  the  maximum  transm iss ion  b ias,  0P  has  

the  maximum  ( oaP ) ,  wh i l e  1P  h as  the  m in imum .  At the  m in imum  transm ission  b ias ,  1P  has  the  

maximum  ( bP1 ) ,  wh i le  0P  has  the  m in imum.  0P  can  therefore  be  accurate l y measured  at the  

maximum  transm ission  b ias,  and  0P  a t  the  m in imum  transm ission  bias ,  because  the  other 

spectral  components  are  much  smal ler than  the  des ired  component.  oaP  and  bP1  are  

normal i zed  by 2
iE ,  and  expressed  by:  
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oaP  and  bP1  are  normal i zed  by 2
iE  and  can  be  measured  by an  OSA or an  optical  power meter.  

A 1  and  A2  are  determ ined  from  Equations  (1 3)  and  (1 4) .  

6.4  Measurement procedure  

6.4. 1  Method  A 

The measurement procedure  for Method  A i s  as  fo l l ows:  

1 )  The  measurement setup  i s  prepared  as  shown  i n  F igure  3 .  

2)  The  ou tpu t s ignal  of SG1  is  set as  fo l lows:  

Frequency:  measurement frequency of d ri ving  vol tage  (1 0  GHz,  26  GHz,  etc. )  

Output power:  >0  dBm  at  the  RF  i npu t port of the  modu lator.  

3)  I n tensi ties  of optica l  s ideband  components  (0th ,  1 st,  2nd ,  3rd  and  4th)  are  measured  by 
us ing  an  OSA.  
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4)  Bφ ,  A 1  and  A2  are  numerical l y calcu lated  from  three  s imu l taneous  equations  from  R0 ,  R1 ,  R2  

and  R3  (see  Equation  (9)) .  To confi rm  the  val i d i ty of the  solu tion ,  Bφ ,  A 1  and  A2  are  pu t  to  the  

Equation  (9)  wh ich  i s  not used  to  calcu late  them .  

5)  The  ha l f-wavelength  vol tage  V
π
 and  the  ch i rp  parameter 0α  are  obtained  from  A 1  and  A2  by 

us ing  
)(2 21 AA
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6.4.2  Method  B  

The  measurement procedure  for Method  B  is  as  fo l l ows:  

1 )  The  measurement setup  i s  prepared  as  shown  i n  F igure  3 .  

2)  The  ou tpu t s i gnal  of SG1  i s  set as  fo l lows:  

Frequency:  measurement frequency of d rivi ng  vol tage  (1 0  GHz,  26  GHz,  etc. )  

Output  power:  >0  dBm  at  the  RF  i nput  port of the  modu lator.  

3)  V
π
 at d . c.  i s  measured .  

4)  The  ou tpu t s i gnal  of SG2  i s  set as  fo l lows:  

Frequency:  low frequency (1  kHz,  1 00  kHz,  etc. )  

Output ampl i tude:  2  V
π
 at d . c.  

5)  I n tensi ti es  of optica l  s i deband  components  (0th ,  1 st,  2nd  and  3rd)  are  measured  by us ing  an  
OSA.  

6)  A 1  and  A2  are  numerical l y ca lcu lated  from  two  s imu l taneous  equations  from  R0 ,  R1 ,  and  R2  
(see  Equation  (1 0)) .  To  confi rm  the  val i d i ty of the  solu tion ,  A 1  and  A2  are  pu t i n to  
Equation  (1 0),  wh ich  is  not used  to  calcu late  them .  

7)  The  hal f-wavelength  vol tage  V
π
 and  the  ch i rp  parameter 0α  are  obta ined  from  A 1  and  A2  by 

us ing  
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6.4.3  Method  C  

The  measurement procedure  for Method  C  is  as  fo l l ows:  

1 )  The  measurement setup  i s  prepared  as  shown  i n  F igure  3 .  

2)  The  b ias  vol tage  is  set as  fo l lows:  

The  i n tens i ty of optical  ou tput  power becomes  the  maximum  value.  

3)  The  optica l  ou tpu t power wi thout  RF  i npu t s i gnal  (P0)  i s  measured .  

4)  The  ou tpu t s ignal  of SG1  is  set as  fo l lows:  

Frequency:  measurement frequency of d ri vi ng  vol tage  (1 0  GHz,  26  GHz,  etc. )  

5)  The  b ias  vol tage  is  read j usted  as  fol l ows:  

The  i n tens i ty of the  optica l  carrier (optical  s ide  band  0th)  becomes  the  maximum  va lue.  

6)  The  i n tens i ty of the  optica l  carrier P0a  i s  measured  by us ing  an  OSA.   

7)  The  b ias  vol tage  is  set as  fo l lows:  

The  i n tens i ty of the  optical  carrier (optical  s ide  band  0th)  becomes  m in imum.  

8)  The  i n tens i ty of the  1 st  optical  s i deband  P1 b  i s  measured  by us ing  an  OSA.  
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9)  oaP  and  bP1  are  normal i zed  by 2
iE  (=  P0) .  A 1  and  A2  are  numerica l l y ca lcu lated  from  the  

two  s imu l taneous  equations,  Equations  (1 0)  and  (1 1 ) .  

1 0)  The  ha l f-wavelength  vol tage  V
π   and  the  ch i rp  parameter 0α  are  obta ined  from  A 1  and  A2  

us ing  
)(2 21 AA

V
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−
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Annex A 
(informative)  

 
Measurement methods  for paral lel  i n tegrated  Mach-Zehnder modulators  

A.1  General  

The methods  described  i n  th is  document are  appl i cable  to  i n tegrated  MZMs.  By us ing  a  paral l e l  
i n tegrated  MZM  consisting  of p l ural  sub-MZMs,  vector modu lation  and  mu l ti level  modu lation  can  
be  generated  and ,  therefore,  the  quadrature  phase-sh i ft-keying  (QPSK)  us ing  a  dual  paral l e l  
modu lator i s  prevai l i ng  technology.  More  i n tegrated  MZMs,  such  as  quad-paral l el  MZMs,  
octet-paral le l  MZMs,  wh ich  can  syn thes ize  optical  mu l ti - l evel  s ignals  from  b inary data  stream  
generated  by e lectron ics  des igned  for b inary modu lation  formats,  have  been  developed .  
Measurement of modu lator characteristics  are  very importan t in  order to  ach ieve  precise  and  
h igh-speed  optical  modu lation .  However,  the  para l le l  MZMs  have  many e lectrodes  to  control ,  so  
that  precise  characterization  of MZMs  is  not easy.  

Annex A g i ves  examples  of measurement for paral l e l  i n tegrated  MZMs.  Precise  measurement of 
ha l f-wave  vol tage,  extinction  ratio  and  ch i rp  parameter of each  MZM  e lement can  be  ach ieved  
us ing  an  optical  spectrum  anal ys is  [1 , 3] .  Method  A i s  particu larl y su i table  for the  measurement  
of in tegrated  modu lators.   

A.2  Examples   

A.2. 1  Quad  paral lel  Mach-Zehnder modulators  

I n  a  quad  paral le l  MZM  (QP-MZM)  consisting  of quad  sub  MZM  elements,  seven -d imensional  
b ias  con trol  i s  needed  for the  operation .  However,  characteristics  of one  of the  MZM  e lements  
can  be  measured  wi thou t turn ing  off the  other elements,  us ing  Method  A or Method  B,  i n  wh ich  
d ri vi ng  vol tage  and  ch i rp  parameter can  be  obtained  wi thou t measurements  of i n tens i ti es  of 
optical  carrier component [1 , 3] .  

An  e lectric  s inusoida l  s i gnal  i s  fed  to  one  of the  MZM  elements,  as  shown  i n  F igure  A. 1 .  When  
the  e lectric  i so lation  between  the  e lectrodes  is  h i gh  enough ,  the  fi rst and  h i gher order s ideband  
components  are  generated  on l y at  the  sub-MZM  element to  wh ich  the  e lectric  s ignal  i s  appl i ed ,  
wh i l e  the  zeroth-order (carrier)  component i s  composed  of l i gh twaves  from  a l l  MZM  components.  
The  characterization  of a  particu lar sub-MZM  element can  be  ach ieved  by us ing  the  fi rst  and  
h igher order s ideband  components  us ing  method  A.  

On  the  other hand ,  as  b ias  con trol  i s  needed ,  method  C  is  used  to  ach ieve  precise  
characterization  of sub-MZMs.  For the  measurement of the  fi rst  MZM  e lement of a  QP-MZM,  
optica l  phase  d i fferences  i n  the  second ,  th i rd  and  fourth  e lements  shou ld  be  π  to  turn  off other 
e lemen ts  other than  the  fi rst,  where  s i deband  componen ts  i nclud ing  the  zeroth-order wou ld  be  
used  to  obta in  a  ha l f-wave vol tage  and  a  ch i rp  parameter.   

Examples  of measured  resu l ts  are  as  fol lows:  

Hal f-wave vol tages  and  i n tri ns ic ch i rp  parameters  of four MZM  elements  i n  a  QP-MZM  
monol i th ical l y i n tegrated  on  a  l i th ium  n iobate  substrate  were  measured .  The  3-dB  bandwid th  of 
the  E/O  response  measured  by a  l i gh twave component anal yzer (Ag i l en t,  86030A)  wi th  a  
1  548  nm  wavelength  l i gh t source  was  1 6  GHz.  A 1 0-GHz s i nusoida l  s i gnal  was  appl ied  on  one  
of the  MZM  e lements.  I n tens i ties  of the  fi rst,  second  and  th i rd  optical  s i debands  were  measured  
by an  optica l  spectrum  anal yzer.  The  ratio  between  the  fi rst,  second ,  th i rd  and  fourth  order 
si deband  i n tensi ti es  i n  the  optical  spectrum  of each  sub-MZM  (MZM 1  MZM2 ,  MZM3  and  MZM 4)  
at 1 0  GHz were  measured .  Hal f-wave vol tages  and  ch i rp  parameters  were  derived  from  
simu l taneous  transcendental  equations  described  i n  6 . 3. 3 .  The  number of unknown  variables  is  
equal  to  the  number of equations  to  be  solved  i n  general .  However,  the  equation  wou ld  have  
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several  so lu tions  because  these  equations  are  non l i near.  I n  th is  case ,  more  than  three  
equations  were  used  to  select cons isten t solu tions .  Ha l f-wave  vol tages  of MZM  e lements  
derived  from  Rn ’ s  in  a  1  525  nm  to  1  575  nm  wavelength  reg ion  are  shown  i n  F igure  A. 2 ,  where  

the  d i fference in  the  ha l f-wave vol tages  of the  MZM  elements  was  l ess  than  6  %.  The  ch i rp  
parameters  of MZM  e lements  are  shown  in  F igure  A. 3.  The  ch i rp  parameters  were  less  than  0, 1  
for a l l  the  e lements.   

 

Figure A. 1  – Optical  s ideband  generation  from  a  sub-MZM  element  
i n  a  paral lel  MZM   

 

Figure A.2  – Halfwave  vol tages  of sub-MZMs of a  quad  paral lel  MZM  
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Figure A.3  – Ch irp  parameters  of sub-MZMs of a  quad  paral lel  MZM  

A.2.2  Dual  paral lel  Mach-Zehnder modulators  wi th  four RF  electrodes  

For the  ch i rp  parameter con trol  and  the  reduction  of d rive  vol tage,  push-pu l l  operations  us ing  
dual -e lectrodes  MZMs b iased  at q uadrature  poin t have  been  used .  Dual  para l l e l  Mach-Zehnder 
modu lators  (DP-MZMs)  composed  of two  sets  of dual  e l ectrodes  sub-MZMs as  shown  i n  
F igure  A. 4  have  a lso  been  provided  and  used  widel y.  The  sub-MZM  A and  B  are  dual  e lectrodes  
type  MZMs  and  each  e lectrode  A1 ,  A2,  B1  and  B2  modu lates  the  phase  of l i gh twave at each  arm .  
I n  th is  configuration ,  a  ch i rp  parameter of a  sub-MZM  can  be  con trol l ed  by ad j usti ng  the  vol tage  
of the  s i gnal  to  each  phase  modu lator.   

When  e lectric i so lation  between  the  e lectrodes  i s  h igh  enough,  the  fi rst  and  h igher order 
si deband  components  are  generated  on l y at  the  phase  modu lator  e lement to  wh ich  the  e lectric 
s i gnal  i s  appl i ed ,  wh i l e  the  zeroth -order (carrier)  component i s  composed  of l i gh twaves  from  a l l  
MZM  components .  The  measurement of ha l f-wave vol tage  of a  particu lar phase  modu lator 
e lement can  be  ach ieved  eas i l y by us ing  the  fi rst and  h igher order s ideband  components  wi thout  
turn ing  off the  other e lemen ts  [4] .   

 

Figure A.4  – Structure  of dual  paral lel  Mach-Zehnder modulators  wi th  four RF  electrodes  

For phase  modu lators  us ing  the  Pockels  effect on l y,  carrier and  s ideband  components  of the  
modu lated  l i ghtwave  spectrum  are  expressed  by:  
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 (A. 1 )  

where   

A   i s  a  constant wh ich  corresponds  to  optical  power of input  l i ght,  

ωo   i s  the  angu lar frequency of the  i nput  l ightwave  and  ωm  i s  that of the  RF  s i gnal ,  

Vpp   i s  the  vol tage  of i npu t RF  s ignal ,   

V
π
  i s  the  hal f-wave  vol tage.   

The  Vp  i n  Equation  (A. 1 )  i s  the  vol tage  requ i red  for i nducing  a  phase  change  of one-hal f a  
wavelength  of the  l i gh twave at the  phase  modu lator to  wh ich  the  electrica l  s i gnal  i s  appl ied .  Jn  
i s  the  fi rst ki nd  Bessel ’s  function .  I n tens i ti es  of s ideband  components,  wh ich  correspond  to  the  
n-th  order terms  in  Equation  (A. 1 ) ,  can  be  measured  by us ing  an  OSA.   

The  ratio  of s i de  band  peak i n tensi ty P1  and  P2  i s  therefore  g i ven  by:  
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 (A. 2)  

The  hal f-wavelength  vol tage  V
π
 of the  phase  modu lator e lement i s  obtained  from  the  

measurement resu l t  of appl i ed  vol tage  Vpp  and  i n tens i ti es  of s ide  band  peaks  P1  and  P2  u s ing  

Equation  (A.2)  wi thout  ad justi ng  b ias  cond i tions  [4] .  

An  example  of the  measurement procedure  is  as  fo l l ows.  

1 )  The  measurement setup  i s  prepared  as  shown  i n  F igure  3 .  

2)  The  ou tpu t s i gnal  of SG1  i s  set as  fo l lows:  

Frequency:  measurement frequency of d ri vi ng  vol tage  (1 0  GHz,  26  GHz,  etc. )  

Outpu t power:  >  0  dBm  at the  RF  i npu t port  of the  modu lator.  

3)  I n tens i ti es  of optical  s ideband  components  (1 st,  2nd)  are  measured  us ing  an  OSA.  

4)  The  ha l f-wavelength  vol tage  V
π   i s  obtained  from  Equation  (A. 2) .  
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