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% - National dnstitute of Standards & Technalogy

ertificate of Analusis
Standard Reference Material® 2538

Polarization-Mode Dispersion (Non-Mode-Coupled)
Serial Mo 003

This Standard Reference Material (SRM) is intended for use for the calibration of polarization-mode dispersion
(PMD) measurements on nos-mode-coupled devices. Certified data in this certificate apply only to the antifact with
the serial number shown above

Secope of Use: This SEM has been charactenzed for wavelength-averaged differential group delay (mean DGDY,
and this certilicate supplies certified values over any wavelength range subject 1o the wavelength constramis histed.
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used wlihﬁut w:wElerl“lll nﬁrmalualmn 1.he DII.D over awmelenb:h range where the source mle:nqu:y is low will be
weighted less than the DGD at a wavelength with high source intensity.  The user should be aware of this when
measuring this artifact with such techniques in order 1o properly interpret uncertainty statements

In principle,

Certified Values and Uncertainties: The mean DGD measurements were performed wsing the NIST Jones Matrix
Eigenanalysis (JME} svstem [1], and venfied with a Fixed Analyzer (Wavelength Scanning) measurement. This
certificate reports mean DGD averaged over any range of wavelength within the 1250 nm to 1650 nm window
subject to a 50 pm minimuom span width. These wavelength range constraints are summarized as

Ay =4 =50 nm
1250 nm = & < 1600 nm (1)
1300 nm < &, = 1630 nm

where &y and &, are, respectively, the minimum and maximum wavelengths of the averaging range. The certified
values of mean DGD are found in Table 1. Table 2 hists a “high-accuracy™ value of mean DGD over the range of
the JME measurement system.  Table 1 reports the mean DGD of the amifact for averaging between a start
wavelength, &y, and a stop wavelength, L, Note that wavelengths are resolved only to 5 nm ag this is sufficient for
the DGD resolution provided. To use the table, find the nearest start wavelength (within 5 nm) on the top row and
nearzst stop wavelength {within 5 nm}) on the left column. The intersection point of the row and column defined by
these two wavelengths gives the certified mean DGD over the selected wavelength range  The associated
uncertainty, given at the top of Table 1, represents a coverage factor of &= 2, vielding an approximate 95 %
confidence interval.

Expiration of Certification: The SEM will remain in certufication indefinitely, provided the cleaning and storage
instructions are followed and the housing s not opened. A sudden increase in insertion loss or the sudden
appearance of ripples in the DGD spectrum are indications that something has changed in the device. 1f this occurs,
carefully clean the connectors, examining the fiber pigtails to be attached (o the 3RM, and repeat the measurement.

The support aspects involved with the certification and issuance of this SEM were coordinated through the NIST
Standard Reference Matenals Group by 1W L. Thomas,

Giordon Day, Chief
Optoelectronies Division

Ciaithersburg, MD 20899 John Rumble, Jr., Chiel
Cenificate Issue Date: 23 September 2002 Measurement Services Division
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The research and development effort leading to this 3EM included contnbutions from the following NIST
personnel. 3 M. Etzel, 1D Kofler, and P.A. Williams (NIST Opteelectronics Division), and C.M. Wang (NIST
Statistical Engineering Division). Questions regarding this device should be addressed 1o the NIST Optoelectronics
Division at (303} 497-5342 or via email at optoelectronics@boulder nist gov

INSTRUCTIONS FOR USE

This SEM unit is a pigtailed quartz plate with FC/APC style connectors (2.15 mm “wide key™). The temperature of
the quartz plate is actively controlled to ensure a stable mean DGD value, This unit requires an AC power source
{115V, 60 Hz),

The SEM is a delicate optical instrument and should be handled carefully. Damage can easily ocewr if the device is
dropped or jarred. The howsing should not be opened, and the optical connectors should be cleaned carefully before
each connection. When making connections o the SEM, use high quality FC/APC connectors (2,13 mm “wide
key™). The cleanliness of the connectors 15 important. Use a dust free and residue-free air source and a commercial
fiber endface cleaner before every connection.  If such a cleaner is not available, then lens paper welted with
reagent-grade 1sopropyl alcohol can be wsed 1o wipe the ferrule endface and the air source used o dry the connactor.

When not in use 1ce should be stored at a temperature from 15 °C 10 30 °C in a clean, dry environment

MD
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Table 1. Certified value of mean DGD (fs) for SRM 2538 serial number 003 averaged over the wavelength
range from “start wavelength” to “stop wavelength”. Expanded uncertainty (95 % confidence interval) for
any value in this table is 4.1 fs.
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1S e HiIE e 31T AT AT HHAT 3T 8 Sia
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AL Hia 13 318 Hi4 4 FHA4 14 14 FHE HHIS HAE FHiS  FH4E IS 18 §HIE 8 HHaE
LE:H 18  #1EF H1EF HHid HIA Hi4 FHA4 14 #i4 F4 SIS HE FHAS  FH4E IS 15 §Hi1E g HaE
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1878 Hi2  #1Z H1E FHE FHA O E1E 4B H4E &4 314 4 14 FH4 0 44 FHS 1S A5 SIS HHE EA
18P Hi2  #1Z  HH1Z  FiE FHA O E1E FHAE HH4E S13 314 314 14 FH4 0 44 FH4 IS S5 HIE BHE ES
Lk Hi2  #1Z  H1E FHE FHE E1E FH4AE O HH4E S1E 313 513 14 F4 0 4 #4314 S5 HIE BHE ENS
1885 Hi2  #1Z  #H1Z  FHE FHE O EH2 O HAE O HH4E S1E 313 13 i3 34 34 344 314 314 Hi4 BHE ENE
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A2 &2 E1Z FH4I F42 A8 41E HH1E FHE 518 &iia

1528 0 Mg 31 M1 B 1 #H4 EA
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1485 0D 30E 308 N0 S04 300 M40 F10 3D o N0 EMg FNO &4 Ea
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147 OB 30E 30E N0 09 W00 HOD  FOLD M0 0 AMO0 S0 SN0 &30 30 310 3Mid 31 Eia Ea
1485 OB 30E  30E H0E 09 W00 HOD  FOLD M0 M0 309 S0 SN0 &30 310 310 1o 3g i Ea
1488 OB 30E  30E 308 08 W0e  HOD  FOLD 30 0 30g  EO0S FNO0 0 310 310 310 1o 3g Eg E:ia
1455 OB M0E  30E 308 08 W0e  HOE FO0D 30 M09 309 EOS IO 300 FH10 M0 31 31g 30 ;0

1455 AT 3GE  JM0E 308 808 DA OB FO0E 308 30D 309 WMOS  F0 300 FOD IO 30 g B0 O
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1430 AT AT 0T 0T ST 50T H0E  30E  30E  3M0E 308 JMO0E IMA 300 300 e :0e 3109 3109 ;10

1428 AT AT 0T 0T ST STF W07 30E  N0E 3OS 308 JMO0E IMA 306 300 e 30W 3109 3109 00
1428 EHOT  FAT  HHOAT  HOT  F0T LT HAT  HOT H0S 3OS Fi08 08 FE 306 506 3de 300 309 509 00
1418 EHOE AT AT HOT  F0T LT W4T HOT HO0T 3OS 08 08 FE 06 506 S 300 309 509 500
14id EOE S S FHOT  F0T 0T HAT  HOT O HO0T HOT 08 08 FE 06 506 S 308 309 509 00
1408 EHOE kS S FH0E  F0T 0T HAT  HOT O HO0T HOT 307 HOY  F0E 06 506 H0E  S08 308 509 00

1402 EOE S Sl H0E 508 0T HAT  HOT O HO0T HOT 307 SOT O F0T 06 506 s 308 308 508 06
R H] EHOE S Sl H0E 508 F0E AT SOT O HO0T M7 307 SOY ST 07 506 S 08 308 508 06
L] HOE S HlE  HH0E  H08 S8 FHO0E  HO0E  S0T #HOT O H0Y SOY O FAT 30T H4AT oS 808 S08 508

RE-H HOE  3dE  HlE  HH0E  HI08  S0E  FHO0E  H0E S0 #HOT O H0Y O SOY O FAT 0T HAT  HMHOAT  S0E Si08

Rk H] HO5 3RS HdE S0 H08  S0E  FHO0E 08 S90S #H0S  HOT O SIOT ST FHOT  HAT O HOAT ST

1578 HO5 3RS HHOS SO  H08  S0E  FHO0E  H08 S90S #H0S  H0E  SI0T  FAT FHOT  HAT  HHOAT
5P HO5 RS MRS HOS  SI08  S0E 08 HO0E  S0S 3OS e MO8 FT 30T HaT

LB HOS 3RS HHOE  HOS  F0S O E0E  HOE 08 208 30S  FH0E MO8 F0E FH0T

LB HOS 3RS HHOS  HOS  F0S EOS HOE 08 208 0S8 F0E MO8 FNhE

1358 HOS  3BE  HHOE  HOS  H0E E0S HOE 308 208 3OS HOE 08

L] HOS RS HHOE  HOSE  F0S EOE  HOE  HOE  S0E 308 H0E
Rk HOL  BE  HHOS  HOSE  F0E E0E  HOAE  HOE  S0S 305

LE=] 04 b4 M0S  HOSE  F0S 505 HAS  HHOS A0S

1358 04 b4 Add HOS  H0SE 506 HAS  H0S

1358 o4 b4 Add S04 F0SE 506 HOS

LB~ 04 b4 H0d S04 5804 505
Rk~ EHO4 b4 H04 S04 5804

LEIE 04 k4 J04 304

1d 04 b4 304

1308 04 k4

1303 ey [ k]
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Table 1. {cont'd} Certified value of mean DGD (fs) for SRM 2338 serial number 003 averaged over the
wavelength range from “start wavelength” to “stop wavelength”. Expanded uncertainty (95 % confidence
interval) for any value in this table is 4.1 fs.
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£ 1880 10 INE X0 MG 20 W20 HI0 H21 M3 M4 m21 B2 §m2Y  3E2 O M22  MI2  MIE 323 323 E2a
1835 10 INME e Mg 20 W20 HI0 HJ20 M1 M1 m21 B2 §EM 3E2 M22  MI2 I 323 323 E2a
L= 10 NS e Mg 9 W20 HI0 HJ20 M0 M4 w21 B2 FEM #E1 22 MI2 O #MIZ 32T 323 E2a

1820 1B IME AME MS 8 30 Hi0 R0 M0 M0 320 B0 FEM EE1 M2 MI1 #MI 32T 322 2D
18 1B IME AME IME 8 30 Hi0 340 3 M0 20 B0 Emd0 FE1 M2 MI1 331 32T 322 ;2D
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1578 1A  3is  HHiIS  FHE  FHT LT AT ST 1T MHI& 8 18 FE &6 S0 IS 38 38 520 F20
15 1A  3is  HHis  FE  FHE FHILT AT ST SHITF O #HIT 18 18 FiE 6 FAE 1S 38 318 59 20
Lk H] 15 IS HHis  FHig HHE  HiE  FHiE ST 17 I8 e 36 46 3IE Hid 3e FH8 EiD
1860 15 IS HHiIS  FiE  FHE HiE  FHi8  Hi8 1T #HIT Y EIT O ST &6 F4E 3iE 318 318 59 FHD
1858 15 IS HIS  FiIE  FHE HiE FHi8  Hi8 #3185  #HIT T EHIT O ST AT 46 3iE 318 318 59 FHD

1855 H15 15 HIS  FHE  HHE O HHE  FHE  Fie  S185 #HIS T HIT ST ST ST 3iE SE 518 58 HHa
LEH] Hi4 IS HIS FHE  HHE  HHIE FHiE HFie S185  #HIS e FHIT ST ST &AT 31T S8 518 58 Ha
Lk Hi4 14 Hi4  FHE  FHE  HHIE FHAE  HiS  SH185  #HIS e HiE FA ST ST 3T ST Hi8 58 Ha
1838 Hi4 14 Hi4 Fi4 FHE  HHIE FHAE  HIS S5 #HIS e Hig FA 44 ST 3T ST 5T 58 Ha
1838 Hi4 14 Hi4 FH4 HHA HHIE FHAE O HAS S5 #HIS e HiE  FHA 44 F48 31T ST 5T 51T HE

1828 H1E 314 HHi4 FHi4 FHA B4 S HHAE S5 #HIS FHE I8 FHA 44 348 318 ST ST BT =T
1828 H1E  31E H14 FH4 FHA B4 FHA4 FHAE 8 s EISE A 344 HiA  31E HH1E  FHT O EHT BT
18E H1E  31E H1E FHi4 FHA B4 FHH4 FHHi4 S5 #HIS FHE IS FAE 4 FH44  31s S8 S8 5T =T
L L H1E  31E H1E FHE FHA B4 FHA4 F4i4 314 314 FHE HIE FHE IS FH48  3is S8 HiE B8 =T
1808 H1E  31E H1E HHE FHAE B4 FHA4 FHi4 314 314 4 EHIE FHE S F4S 1S S8 S8 HiH18 FA

1505 H12  31E H1E HHE FHAE O EH1E FHAE F44 314 314 4 4 FHE IS FHS 1S A1E S8 518 FA
1488 12 21F  H1E FHA FHA O HH1E H4E S48 A4 214 FHi4 514 54 FAS H45 315 A5 SIS 5B HA
1485 12 31F  HiF  HHA HHA O HH1E H4E H48 213 314 4 54 F4 0 14 H4S A5 A5 518 SiiE

1488 12 31F  H1F  HHF HHZE O H1E H4E H48 213 A1E 0 4 54 54 14 FH4 315 A5 HiS

1485 12 31F  H1F  HHF EHZE O HH12 O HAE H48 A3 H1E H1A 0 54 FH4 0 14 HH4 A4 A1

1478 44 M1 A1F M1 B2 SN2 #4120 &8 A13 M1E 3H3 B3 S04 344 314 314
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Table 1. {cont'd) Certified value of mean DGD (fs) for SRM 2538 serial number 003 averaged over the
wavelength range from “start wavelength™ o “stop wavelength”. Expanded uncertainty (95 % confidence
interval) for any value in this table is 4.1 f5.

Sl wirsngth i ——
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Eo1Esd Hra NI5 NIE HISE WIS 2 HMIE HI2e MIE NIT M2T WY SN2E MIE MIE 3XEF NI 119 29 EED
£ 1gas F2d NI4 NIE HIS WIS E2E M HIe MIE MDA M2AT WY ENRTY RET O MIE 3XEF NMIE 119 29 2D
£ 18an x4 NI4 NI4 124 WIS 2E  HIE e MIE MDA M2E MY OENRTY  RET O M2T  IE NMIE 1I8 29 20
1838 2B N4 NI4 124 W24 E2E HIE O HIE O MIS MDA H2E W28 ERTY RET O M2T O MIT MIE 1I8 28 ;2D
183D 2B NIF NI4 124 W24 EN24 IS IS MIS NMIS H2E WIS SN2E RET M2T X7 MIT  1l1a 28 A

1528 FII LI NIT 24 SII4 BN B4 FES NMIS IS 3125 2B FI2E MIE  MIT 32T MIT O 32T 5128 ER2E
1520 HII  IIF NIT 323 S4B B4 B4 NMIS IS 3125 WIS FI2E MIE 328 32T NIT O o32AT O 3127 ER2E
s F}I2 32 NMIT ;23 I3 OEN24 24 R4 NI4 IS 3125 WIS TS MIE  F2E IS NS 2T 3127 maT
1= FI2 32T NIT 23 I3 B3 MIEE R4 NI4 3I4 3125 2SS FI2E MI5 28 28 NS I8 12T EaT
l 1505 F}I2 32 NIT M2T OIII OFN23 O MIE O RII MI4 3I4 3124 2SS FI2E MI5 O FIZS 28 NS I2E 3128 ER2T

1505 HFHEi  #EE #HIF HIX  HIXI  E2E  BIEE  HSEI MIS 3I4 324 24 Fi24 SES5 SIS 325 HIS 318 528 EE2E
1585 HFHEi  #E4 #HEF HIX  FIXF  E22  FHEE  HSEI  MIS I3 324 24 Fi24 SZ4  HZS 325 IS 318 528 ER2E
1585 HFHEi  #E4 #IA FHIZ O FII O E2D  MEIX I IS I3 F23 24 54 24 4 HHIS XIS 3iIS 528

1585 HFHEi  #E4 #I FHII FIE O E2D  MEX I SIS I3 F23 I3 5IX4 HEE  HIZ4  HI4 IS 3iiS

1582 O #E4 #EIA 0 FII O OFI ORI HEX I 12 JIE H23 O HIS 5IX3 MI4  FIé 34 JiI4

1878 HaO  S430  HHE4 I ERA EEDT FE2 O SE: O SEE  S4E2 5123 23 23 SIS SZ4 k4
18T HaO  S430  #HIO0 HIe SR EE21 FI4 FE1 SMEE  S4E2 323 323 23 SIS SIS

1868 HaO  S430  HI0 HIG  EIe  E21 S FE1 S34 S4E2 323 WIF  FNRI 32S

1865 Hi@  S1  HIO0 HIG  HIe 20 I HJE1 M3 #8434 32E O WIF sNRD

1855 Hig  S1  HHid HIG  HIe 20 SHBD  HJEi 34 #434 324 L

1855 Hi0 2319 HHid IS FIE EE20 FHIB0 O H:0  SE4 0 S4F4 0 324
1848 HiE 219 HHiS IS FHS  EE20 FHI0  HI0  SE0 8434

1885 HiE 21EF HiS IS FAL O EAD HRD IO Si10

1838 HiE 231E HH1E FHIL  FAIL  EID iDL 3E0

1855 HiE 21E HH1E FIE  EHL  EID HiD

1828 18 A1EF  H1E  FHE S5HE 560

1825 1T a1&  Hia Ha
1818 1T 41T 1A
188 1T aHiT

1808 1T a7

1805 EIRE-]
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Table 1. {cont'd) Certified value of mean DGD (fs) for SRM 2538 serial number 003 averaged over the
wavelength range from “start wavelength” to “stop wavelength”. Expanded uncertainty {95 % confidence

interval) for any value in this table is 4.1 fs.

st ivulasgeh jairi)
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Table 2. Certified Value of Mean DGD for SRM 2538 (Serial Number 003)
Ower the "High-Accuracy”™ Wavelength Range

F i ] I
Wavelength (nm} £ 5 nm Mean DGD (fs) Expanded l.::certmm}
Start Stop (f5)

1481 1568 3131 3.2

* Expanded unceriamty, & = 2, gives the half wadth of an approximate 95 % conlidence interval,

Details on the certification procedures and the asscciated uncertanties are given in Reference 2. The uncertainties
associated with each certified value are reported as “expanded uncertainty”, meaning a coverage factor of 2 15 used
o Zive an approximate 95 % conflidence interval |3

MEASUREMENT CONDITIONS

Device Warm Up: Before measunng the SEM, the power should be tumed on and the unit allowed to warm up for
at least one hour. The internal temperature can be checked by measuning the voltage across the BNC style connector
on the back panel of the device. The output voltage s proportional to the internal temperature in kelvins (10 mV/K).
The voltage should read 3,149 V £ 0.05 V. If the voltage reading is outside this range, or if the device has not been
powered up for at least one hour, the mean DGD is not certified.

Wavelength Range: The certified values of mean DGD are valid for measurements where the DGD s averaged
over the stated wavelength ranges.  All wavelengths reponted are vacuum wavelengths,

The start and stop wavelengths are defined as the wavelength locations associated with the first and last DGD
measurements (with uniformly spaced samples in between). This could cause confusion. For example, in the case
of IME measurements, 1o measure the DGD at a given wavelength point requires the measurement of the Jones
matrix of the device under test at two wavelengths on either side of the target wavelength. For example, a IME
measurement of the DGD at 1480.5 nm might come as the result of measurements of the Jones translfer matrices at
say 1480 nm and 1481 nm. The wavelength start and stop values of Tables | and 2 refer to the wavelengths at
which the DGD values were measured (not wavelengths ag which the Jones matrix was measured). So, for this IME
example, if this was the first measurement point, the start wavelength would be reported as 1480.5 nm.

For the values in Table 1, the minimum wavelength-averaging scan range must be at least 30 nm. This prevenis
ncarrect measurements due to possible multiple reflections within the device

Care should be taken that the PMD measurement actually measures the mean DGD and not a weighted mean, as
discussed in Scope of Use section

Lead Birefringence: Lead birefringence on the PMD measurement system can impose an uncerlainty on the
measurement.  Our calibrations were performed with a short lead length (~80 em total) on the IME measurement
system, and the PMD of the leads was measured and added to the uncentainty statement of Tables 1 and 2.
Orientation of the system fiber leads was randomized in between measurements in order 10 average away as much of
the lead birefringence as possible. 1t is recommended that the user of this SRM do the same. MNote that the most
complete randomization of the leads must include onentations where the fibers do not always lie in a single plans.
Take care in reorienting the fiber leads that significant bending, which increases the liber birefringence, 15 not
introduced. Bend birefringence goes as R, where R is the bend radius of the fiber [4]. It is recommended thas any
bends in the fiber leads be restricted 1o radii greater than 5 em. Some fraction of the lead birefringence might not
average 1o 0, due to an inabality to completely randomize the lead orientation or due to fixed sources of extraneous
PMD, such as in the fiber connectors. Therefore, it 18 recommendead that the shortest possible leads be used and that
onentational averaging of lead birefningence be emploved for the best measurement. A measurement of the lead
birefringence in the absence of the SRM gives an estimate of the uncertainty that can be expected due to lead
birefringence
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Multiple Reflections: Muluple reflections in the optical path can cause mcorrect measurements of device DGD.
The most probable cause of multiple reflections 1s poor connections. The bulkhead connectors on the SRM unit are
the FC/APC type (215 mm “wide key™). The cleanliness of the connectors 15 important.  Accumulation of dust or
dirt in the bulkhead adapter or on the connector ferrule endface can cause multiple reflections across the specimen,
which will add a random (with wavelength and temperature) noise to the measurement.  Other sources of reflection
in the measurement system are equally important. If the reflections cannot be reduced, multiple measurements can
be made at slightly different wavelength sampling points or temperatures in order to average out the effects of
multiple reflections
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Users of this SRM should ensure that the certificare in their possession is cwvent. This can be accomplished by
contacting the SRM Program ar: relephone (301) 9735-6776; fax (300) 9264751, e-mail srminfonise gov, or via
the Trterned g W RisE gov s,
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