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Ultrafast Photodiodes PTB

&

Optical excitation

1.2 . . T . , T T

L ) 100 GHz PD:

ol @ « FWHMS5 ps
o 0.8} S * Frequency
(@)] o
8 L6l > components
S £ up to 180 GHz
c 04} Z | . | |
g 0 50 100 150 200

0.2} Frequency (GHz) 1
Electrical signal @ o_og«v/v%j WW
coaxial line
-0.2 ' ' '

(1.0 mm or 1.85 mm) 20 60 80 100 120 140
Time (ps)

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute

2022-05-18 2 Elektrooptische Abtastung ultraschneller Photodioden



Applications of High-Speed Photodiodes @PTB

. . . . .- ™
Optical links in modern communication

schemes
* High-bandwidth receiver
* Key technology of 6G networks

Required:
Ultrashort voltage pulse standards Detailed knowledge of

* Metrology: characterization of \ the impulse response
high-speed electronic devices +

(e.g., oscilloscopes) Uncertainty budged
* Transfer standard for industrial usage -

Full waveform metrology
Broadband phase reference standard

e System design
* System tests
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Impulse Response PTB
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Outline

* General measurement procedure
* International comparison

e Summary & outlook
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The Femtosecond Laser PTB

Optical pulse train 13.16 ns
= Repetition rate = 76 MHz = 13.16 ns < > 100 fs
= Pulse length = 15-100 fs —>|—
= Wavelength = 800 nm /1600 nm .
(=~ 380 THz / 190 THz carrier frequency) .
time
—  Electric field Ein
- = Time-averaged intensity {E*(1)E{1)}
I.E} i I
e | |
;L'E 0.5 4L
:"_'.- xl1l
% 0.0
% —0.5} '
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The Femtosecond Laser PTB

Optical pulse train 13.16 ns
= Repetition rate = 76 MHz = 13.16 ns < > 100 fs
= Pulselength= 100 fs —>|—
= Wavelength = / 1600 nm .
(= 190 THz carrier frequency) _
time
Smaller than a shoe box!
—  Electric field Ein
- = Time-averaged intensity {E*(NE{1)}
I.E.'I B I
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Electro-Optic Sampling EEPIB

laser pulse
1600 nm
voltage pulse 100 fs

50 Q termination
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Electro-Optic Sampling EEPIB

voltage pulse Electrical field changes

the refractive index
(electro-optical effect)

detection Polarization change

probe unit of the probe beam
pulse

wAl bt o
Vo = G EZ nBT F elative polarization
it det Zlaser c 074l 2 change (ocF) is detected

by ellipsometric
Viaet : measured detector signal ~ Glae: : detector gain tec h n i q ues

Flaser - probe laser field strength  w: probe laser frequency

Al: interaction length c: speed of light in vacuum

ng: refractive index of GaAs ry; : electro-optic coefficient = i
National Metrology Institute
F..: electric field of the voltage
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Detection of ultrashort voltage pulses dIs

photodetector

voltage pulse

voltage pulse

W detection robe pulse E E
MWP LT-GaAs Uit P ‘ PERC ‘ ‘ ‘
<) B probe beam ; ,
_ (1600 nm) —
delay line \
Time delay
Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute

2022-05-18 10 Elektrooptische Abtastung ultraschneller Photodioden



Detection of ultrashort voltage pulses dIs

photodetector

voltage pulse Properties:

! " emeg  * bandwidth of ~500 GHz

* frequency spacing of

detection 500 MHz
MWP unit
PREE probe beam * dynamic range of >50dB
-
_ (1600 nm)
delay line « directly traceable to
the unit of length (time)
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Ultrashort voltage pulses PTB

Measured Voltage Pulse (V)
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0.04 1 777 e Reflections: forward and
= backward propagating
0.021 10.0005 £ .
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photodetector voltage pulse
All devices have -~ /
500
50 Q impedance! [
measurement plane /,"2 r long coaxial cable
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Full Mismatch Analysis dIs

12 cm-long
coaxial cable

pulse

n voltage

photo-

I, S 3 ,/' detector /
12 e

(:,,/ 31-} I 522(;/ DRPD pump

measurement calibration beam

plane Vepw Vep plane

Vor () = Veow (1 =11 (1 — S22Rpp)
PD —
512 Zr HEos 1+

I, I : Reflection coefficients Hgos : EOS transfer function
S12,S2, : Scattering parameter Zr  : Impedance ratio (CPW, coax)

https://doi.org/10.1109/TMTT.2015.2481426
https://doi.org/10.1007/s10762-017-0433-7
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Full Mismatch Analysis

PIB
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Full Mismatch Analysis

PIB

Measured voltage Vepw
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https://doi.org/10.1007/s10762-017-0433-7
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Full Mismatch Analysis

PIB
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Full Mismatch Analysis

PIB
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pulse width: 4.6 ps

flat spectrum up to 130 GHz
frequency components

up to ~180 GHz

cut-off at 110 GHz leads to
significant changes in the
time-domain response
(pulse width: 5.9 ps)
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Calibration and Measurement Capability

Zusatzleistungen

Quantity Instrument | Method of Minimum | Maximu Units Paramet |Specifications Value Units Cover |Level |Isthe
or Artifact Measurement value m value er age of expanded
Factor | Confi- | uncertainty
dence | a relative
one?
Nominal Typically
band- between
Optoelectronic :"“3:2? g.gus B
Signal and time-domain -0.1 1.5 cr)gxial 70 GHz or 100 (r-nultivari
pulse Ultrafast measurements | (multivar | (multivar _ | GHz, 1.85 mm or te 2 95% No
characteristics: | photodiode based on iate iate CO:DI:_EC 1.0 mm, 1550 :uantity
1 H r r
step response fen'llll;osseer(;ond quantity) | quantity) ex_c:ita— nm depends
tion on MC
wave- simulatio
length ns)

https://www.ptb.de/cms/fileadmin/internet/fachabteilungen/abteilung 2/QMH A2 KAP 31

V17 2020 web.pdf
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https://www.ptb.de/cms/fileadmin/internet/fachabteilungen/abteilung_2/QMH_A2_KAP_31_V17_2020_web.pdf

Outline

PIB

* International comparison

e Summary & Outlook
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International Comparison PTB

* First international comparison on ultrafast / X
waveform metrology between 4 NMls: : ‘ E )
- BIRMM & NIM (China) (L Bimsen [,/

T BT Eo ash =
Beijing Institute of Radio EFI H- =2 ﬂH ¥ EH jr"L I.KJTJ
_ PTB (G e rma ny) Metrology and Measurement National Institute of Metrology,China

- NIST (USA) PTB ,[}!,,lﬁ.l;e of

Standards and Technology

schweig und Berlin U.S. Department of Commerce

e Comparison of the frequency- and time-
domain response of a high-speed
photodiode

* Measurements started in spring 2018
and ended in summer 2019

e Publication
10.1109/CPEMA49742.2020.9191926
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https://doi.org/10.1109/CPEM49742.2020.9191926

Device under Test PTB

100 GHz Photodetector
Typical Performance

* Optical input 1550 nm
« 1.0 mm coaxial output Frequency Response

« 3dB bandwidth 100 GHz 0-

Magnitude (dB)

0 10 20 30 40 50 &0 70 80 S0 100 110
Frequency (GHz)

https://ii-vi.com/product/100-ghz-single-high-speed-photodetector
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Partner Detalls

EPB

PTB BIRMM NIM NIST
Laser 76 MHz 250 MHz 80 MHz 10 MHz
100 fs 100 fs 80 fs 100 fs
Substrate (001) GaAs (001) GaAs y-cut LiTaO, y-cut LiTaO,
reflection reflection transmission transmission
S-Parameter, | Laser-based Laser-based VNA VNA
Reflection VNA VNA
Coefficients
Uncertainty EOS, impedance, delay line, EOS, impedance, impedance,
. . scattering parameters, | reflections, de- scattering parameters, reflections, field
Contributions measurement embedding, measurement penetration,
repeatability measurement repeatability radius/width of the
repeatability beams, measurement
repeatability
Uncertainty Monte-Carlo Monte-Carlo Monte-Carlo NIST Microwave
correlation / | simulations simulations simulations Uncertainty
propagation Framework
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Results: Frequency Domain Amplitude EEPIB

Best estimates 95% coverage intervals

o o
Z Z
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< < |
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_g| mmm PTB
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* Normalized to mean value obtained from frequency range [10 GHz, 100 GHz]
* Very good agreement in frequency range 30 GHz - 70 GHz
* Larger deviations (2 dB) at very small (<10 GHz) and very large (>100 GHz) frequencies
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Results: Frequency Domain Phase EEPIB

Best estimates 95% coverage intervals
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~ 301 — NIM . 30] NIM
o —— NIST o NIST
S 200 — p1B S 201 mmm pTB
(O] (O]
wn 1]
© ©
e £
o o
© ©
] Q
= j=
= =
] O
=2 =2
-20
20 40 60 80 100 20 40 60 80 100
Frequency (GHz) Frequency (GHz)

* Linear phase obtained from frequency range [10 GHz, 100 GHz] was subtracted
* Good overall agreement, some features observed by several partners

» Size of coverage intervals vary, not all intervals overlap
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Results: Time Domain PTB

Best estimates 95% coverage intervals
1.0 —— BIRMM 1.0/ ﬁ m== BIRMM
ﬂ —— NIM NIM

0 9087 —— PTB 0 98] e PTB
S S
£ 0.61 £ 0.61
3 £
<0.4 < 0.41
£ £
S0.21 g S 0.2 ‘

0.01 0.0 | Wm

—20 0 20 40 60 -20 0 20 40 60
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NIST’s limitation to 110 GHz does not allow one to plot time-domain response

Maximum normalized to one and shifted to O ps

Some oscillations after the main peak nicely reproduced
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Summary & Outlook EEPIB

voltage 12 cm-long
500 pulse coaxial cable

ﬁ-»-

e Ultrafast waveform metrology:

Characterization of photodiodes /" photo- y
~ment lib ,:VPD e

. . . . measuremen calibration b
* First international comparison plane Vo plane o

 Overall good agreement despite different
measurement techniques

* Not all coverage intervals overlap

* Not all features were reproduced by all NMIs

Norm. Amplitude (dB)

20 40 60 80 100

Further work:

* |EC standard on sample-by-sample
uncertertainty

Nonlinear Phase (deg.)

* |Improve low-frequency uncertainty

e Quantitative electro-optic sampling D e B
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