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Presentation Overview
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s | he network architecture

= The electroabsorption modulator — Principle
of operation

= Proof of concept

= Impact of radiation — on electroabsorption
modulator and on system performance

s Conclusion
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Introduction/Motivation

= LHC upgrade:
= Higher data rate required

= Provides framework to explore
new technologies and increase
infrastructure efficiency

= Use of low mass, low power
consumption, radiation
resistant components as front-
end devices very important
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Link Requirements

= A bidirectional link, transferring
information to and from the detector over
the same fiber would offer a more
efficient infrastructure

= Information transferred over current TTC
and data readout links could be Tx

transferred over single, unified I Rx
infrastructure |

= Unconventional requirements (highly /
asymmetric, upstream-intensive) 3 Tx
compared to commercial networks (e.g. Rx ] R
PONs) -

Inic
Tx

Requirements for the upgraded optical
links

Upstream Data | 10Gbps 3 \;\ '
Rate/link  (From | B

Detector) ~

Downstream Data | 1Gbps -broadcast Counting | Detector

Room Environment

Rate (To Detector) |
Link Length <lkm

Target Splitting | 21:16
Ratio
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Upstream Transmission

= Use of Reflective
Electroabsorption Modulators
(REAMS) to transmit data

upstream (from detector to Shediator {Lip;st;?nn;
counting room) B @ —

= REAMSs probably radiation hard {5195%% |

nm

— as indicated by the results of
RD-23

= REAMSs potentially consume
less power (intrinsic device
power consumption <1mW Vs.
10s of mW for VCSELS)

= Upstream unknown component Counting
and system issues Room

= Investigate feasibility

Detector
Environment

Eeed
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Downstream Transmission

= Use of different
wavelengths for

upstream and cuoisre | o
downstream to achieve == 7 | = —
bidirectionality over e
single fiber e
= Simultaneous
transmission of data |
and information corr| e
currently transferred i
over TTC network = T
[ 7
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Network Architecture

If REAM
Rx

= Downstream simple and ) Creator
similar to current TTC
broadcast system

= Bidirectional architecture, Circulator
using single fiber for US & —0

Upstream
(1550nm)

|
|
o =
and DS transmission (1550nm) R
meeting data rate | Dovmaveam
requirements | (140
Circulator i
/ = Rx f‘i : REAM
I ‘
3 / B Splitter 1 i B
8" ___________,_————-ﬂ______ R =
T . Counting: Detector
Room 1 Environment
o | |
\ Tx
Rx Feed T
o | Brmen [T
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@ Electroabsorption Modulator — Principle of oot
i
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Operation

= Electroabsorption modulators are
devices that modulate light through the
variation of absorption of semiconductor 16 Hig au\enuaﬁon
material when an external electric field (Transmission o*0%)
Is applied

= Devices in this presentation based on
Quantum Confined Stark Effect (QCSE)

= Light modulation achieved by varying

18

141

12r

Low attenuation
10 (Transmission of "1")

Attenuation (dB)

externally applied reverse bias voltage °
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¢ Eext
CW Light -
* ——— ?
-
a(Eext) i
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Electrical Eye Diagram

Q=(Iy —lg )/(o,+0y)
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Measurements at 10Gbps, ===

Electrical eye
diagram, Q=7
(received
power=-16.4dBm,
equivalent
BER=10"")

Electrical eye
diagram, Q=9
(received
power=-13.5dBm,
equivalent
BER=107°)



Number of Users Vs. Required Power X AgieL:

= The required average power to achieve BER=10"* is
P... = -16.4dBm (launched power: -6.6dBm)

= Using a 10dBm DFB laser would allow us achieving a 1:16
splitting ratio (possibly 1:32, depending on RXx)

Number of Users
w N
o o

N
o
T

0 1 1 1 1 1 1 1
-20 -19 -18 -17 -16 -15 -14 -18 -12
Required average power (dBm)
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Measurement Setup and Methodology .y ye~n

= An accelerated irradiation
test was carried out at the
PS irradiation facility at —
CERN o

Optical connection

= Total fluence during the
test: ~14*10%° 24 GeV f K
plem? —

= Every ~20 mins we o |
measured the absorption -
spectrum, leakage current, - N
total reflected power and s [ e
photocurrent for different
bias voltages for the 2 P
devices in turn %

= In this presentation we o
focus on the absorption e
spectrum
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Impact of Radiation — Absorption Spectrum REAM A, 2 2 pug
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Impact of Radiation — Absorption Spectrum REAM B ,
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2\ EXxtinction Ratio and System Performance .

= Extinction Ratio: P("1")/P("0")
= Extinction ratio power penalty: the additional power
required — In terms of average transmitted power — to

achieve the same performance as In the perfect
extinction ratio case

= We set the extinction ratio threshold to 4 dB, as below
this value penalty rises fast

Power Penalty (dB)

0 2 4 6 8 10 12 14 16 18 20
Extinction Ratio (dB)
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Impact of Radiation — System Performance .

= An optimum wavelength tracking mechanism could
lead to ~30% improvement of max. operating fluence

= Still max. operating fluence is well below HL-LHC

Tracker fluence levels

9 T T T T T 12 T T T T T T T T T
i LHC Tracker and No optimum wavelength tracking LHC Tracker and — No optimum wavelength tracking
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fluence levels 10k fluence levels
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Summary/Conclusion (1/2)

A]n architecture based on reflectlvg
elec roabsorﬂtlon modulator?]for idirectional

data tranafe n the HL-LH as been
presente
10 transmission has been experimentall
y ver‘?Pe%s P y

= Radiation hardness of REAMs was studied at
radiation levels never studied before:
= The modulation efficiency of the devices degrades

above ~0.5*10%° protons/cm? and become non-
operational above ~2.5*10%° protons/cm?

= Absorption spectrum retains its shape, but stops
responding to variations of external voltage -
Possibly due to changes in doping concentrations
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Summary/Conclusion (2/2)

= We evaluated the impact of radiation-induced
performance degradation on network
performance:

= REAMSs can function at LHC Tracker/HL-LHC
Calorimeter fluence levels — Not at HL-LHC Tracker
fluence levels (Extinction ratio value too small)

= Optimum wavelength tracking mechanism can
deliver moderate benefits

= Further research required to investigate
whether appropriate device design could
iIncrease REAM radiation hardness
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Impact of Radiation — Absorption Spectrum REAM A, 2 2 pug

40 T T T 40 T T T
— 0oV — 0oV
Fluence=0 p/cm? —v Fluence=0.5*10"% p/cm? — v
35F o —— oV 35F — oV
Excitonic peak av —3V
4 30 4
P~ VbiasT - —~ 25 4
g L g
5 il ] £ 5 ]
s VA Max diffe_}rence in g Max difference in
E attenuation levels 3 attenuation levels
< 15[ f <15 :
10f B 10+ B
5t . 50 .
0 L L L 0 L L L
1,450 1,500 1,550 1,600 1,650 1,450 1,500 1,550 1,600 1,650
Wavelength (nm) Wavelength (nm)
40 T T T 40 T T T
—ov ov
Fluence=1*10"® p/cm? —v Fluence=2.5*10"% p/cm? — v
351 —avj| 351 ——2v]|
—av v
30r B

Attenuation (dB)
Attenuation (dB)

Max difference in . .
attenuation levels Max difference in

¢ attenuation levels

| | | 0 | | |
1,450 1,500 1,550 1,600 1,650 1,450 1,500 1,550 1,600 1,650
Wavelength (nm) Wavelength (nm)

08/06/2012 s.papadopoulos@ee.ucl.ac.uk 18



L

Impact of Radiation — Absorption Spectrum REAM B , g sgmn

40 T T T 40 T T T
—0oVv — 0oV
Fluence=0 p/cm? — v Fluence=0.5*10"% p/cm? — v
35- — 2V 35 —— 2V
—3V —3V
Excitonic peak
30F 1 30 1
V.MT i & 25} 1
°
C
Max difference in i £ 20 Max difference in i
attenuation levels g attenuation levels
2
4 <C 15 4
. 10 .
i 5 i
0 L L L 0 L L L
1,450 1,500 1,550 1,600 1,650 1,450 1,500 1,650 1,600 1,650
Wavelength (nm) Wavelength (nm)
40 T T . 40 T T T
15 2 ov ov
Fluence=1*10"" p/cm — 1V Fluence=2.5*10"° p/cm2 — 1V
35F —— 2V —— oyl
—av —11
30 1 4
—~25 E —~ i
J g
c c
o S
5 20 Max difference in 7 5 7
0:3) attenuation levels 2
2 £
< 15t 1 < 4
Max difference in
attenuation levels
10 E i
5r B 5k i
0 . L L 0 | | L
1,450 1,500 1,550 1,600 1,650 1,450 1,500 1,550 1,600 1,650

Wavelength (nm) Wavelength (nm)

08/06/2012 s.papadopoulos@ee.ucl.ac.uk 19



S |
ACEOLE

Impact of radiation — Modulator-induced attenuation,

= Attenuation levels for different voltages decrease
(at 1553 nm) with increasing fluence

= Neither device works above ~3*10% protons/cm?
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Impact of Radiation — Leakage current ,

&
ACEOLE

= Leakage current values increased from 10s of nA to
6UA (REAM A) and 1.6uA (REAM B) at the end of
Irradiation for Vbias=3V

= This is equivalent to ~10% increase in power
consumption
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Impact of Radiation — Leakage current annealing .

= Leakage current at 3V decreased by 30% for
REAM A and 50% for REAM B after 5 days of
annealing
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Possible EAM device structure

P- e[lectmdt polyimide
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|
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Impact of radiation — System performance .

'
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= Extinction ratio power penalty: the additional power required — In
terms of average transmitted power — to achieve the same
performance as In the perfect extinction ratio case

= Overall penalty=Extinction ratio power penalty + Insertion Loss
= At HL-LHC fluence levels overall penalty increases by 10-20 dB
= Most of the increase caused by ER power penalty

30

Penalty (dB)
o
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Optical Eye Diagram Measurements at 10Gbps cnoen
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Optical eye
diagram, Q=7
(received
power=-9.3dBm,
equivalent
BER=10")

Optical eye
diagram, Q=9
(received
power=-7.9dBm,
equivalent
BER=10)
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Extinction Ratio

= Extinction Ratio: P("1")/P("0")
= Extinction ratio power penalty: the additional power
required — In terms of average transmitted power — to

achieve the same performance as In the perfect
extinction ratio case

= We set the extinction ratio threshold to 4 dB, as below
this value penalty rises fast

Power Penalty (dB)

0 2 4 6 8 10 12 14 16 18 20
Extinction Ratio (dB)

SO FREREREERREBERERNG 1
i e S S B i i
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QCSE - Background Information g, &=t

= Electroabsorption  modulators In  this
presentation are based on Quantum Confined
Stark Effect (QCSE)

= The bandgap of a quantum well structure and
the  electron-hole  wavefunction  overlap
decrease with the application of an electric field

A

No electric field applied Electric field applied
_—

Ee A /N Eet
~__ T~

\!

Absorption

En1

/

—_— >
Wavelength
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X Extinction
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Electroabsorption Modulator — Principle of

Operation

Electroabsorption modulators are
devices that modulate light through the
variation of absorption of semiconductor
material when an external electric field
Is applied

Devices in this presentation based on
Quantum Confined Stark Effect (QCSE)

The induced attenuation as a function of
voltage determines the maximum
achievable extinction ratio — Extinction

Ratio: P(“0”)/P(“1”) — which can have a
significant effect on system performance

¢ Eeﬂ
CW Light
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QCSE and REAM Figures

No electric field applied Electric field applied
_—
—] [
Ee1 Ee1 g‘ \
0
Q0
<
Eh1 \/ \/ Eh1
L—
- - >
- Wavelength
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Fluence and temperature =
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Fluence (p/cmz)
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Estimated BER Vs Average Power AcEoLe

= The required average power to achieve BER=10"* is
P... = -16.4dBm (launched power: -6.6dBm)

= Using a 10dBm DFB laser would allow us achieving a 1:16
splitting ratio (possibly 1:32, depending on RXx)

6.5 L L L L L L L L 10™°
110"
7 4107
710-13
75F b
8 1107
(3] [an]
2 kel
<
S 8.5 %
(04 IS
19 S
9- 1104
9.5 b
| 10-22
10~
105 r r r r r r r r 10'25
-17 -16 -15 -14 -13 -12 -11 -10 -9 -8

Average Received Power (dBm)
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Static Response and Wavelength ,, 2="

= Important trends with e T T
Increasing wavelength: - oo
= Insertion loss decreases - .
= Static response minimum | :* =R——
moves to higher voltage .
s Maximum achievable N
extinction ratio shows a E
maximum at ~1545 nm: i T
= Hence proper laser can be 7 VIR B
selected go g
= Required voltage swing ~ °
to achieve maximum
extinction ratio is ~2V at .
1545nm 1

0 r r r r r r r
1500 1520 1540 1560 1580 1600 1620 1640
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Static Response and Temperature,,, 23

* Increasing temperature leads to:

— Increase of insertion loss

— Decrease of the reverse bias voltage level at which
the static response minimum occurs

— Slight increase of the maximum extinction ratio

—10C
-3t Measurement at 1550 nm —30CT
50C||

 Device is temperature-
sensitive

 In commercial applications use
of TEC is an appropriate

_g_ = .
10} / | solution
- |  Not in our application — mass

and power increase

Static Response (T(V)) (dB)

Reverse Bias (V)

08/06/2012 s.papadopoulos@ee.ucl.ac.uk 34



'
ACEOLE

@) Extinction Ratio Power Penalty Vs.

A\ Temperature

-2 . . . . -2 T T T T
50C T(VL) —10C
~4ET(VL) 1 -4t
g 5[ g -5
=) z
=~ g § 6L
é 7t E 4 T(VH,Fixed)
ﬁ E 78,
s —8f 2
a
3 o 3 ol
o « T(VH,0pt)
o
£ -10} = -10F
» »
=11 11}
oLl TV | | Ll
DR . . Vi ‘ BREAL . . VH,Fixed VH,opt
2 0 1 2 3 4 -1 0 1 2 3 4

Reverse Bias (V) Reverse Bias (V)

= The extinction ratio power penalty was
calculated for two cases:

=  When optimum modulation voltage levels are 45
used at different temperatures (i.e. there is a
voltage adaptation mechanism)

=  When fixed modulation voltage levels are
used at different temperatures (i.e. no
adaptation mechanism)

=B- Optimum Voltage Levels
=6- Fixed Voltage Levels

Extinction Ratio Power Penalty (dB)

= There is a significant increase in the 25¢
extinction ratio power penalty for high 2l
temperature variation

= Temperature variations of the order of ~5°C o0 e a0 %0 o
can be easily accommodated
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Noise and BER
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p(1)=0.5

&

O = Onose

p(0)=0.5
u=0
0= Oyose

p(1)*p(rcv O | xmit 1)  p(0)*p(rev 1 | xmit O)

We would like to have maximum
“distance” between “0” and “17,
affected by => received power,
extinction ratio

We would also like to minimize noise
standard deviation, affected by =>
thermal noise, relative intensity noise,
reflection-induced noise

s.papadopoulos@ee.ucl.ac.uk
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Sources of power penalty A

= Main sources of power penalty:
= Extinction Ratio
= Reflections
= Relative Intensity Noise
= Dispersion (not source of major power penalty)
= Chirping (not source of major power penalty)
= Modal Noise (irrelevant)
= Mode partition noise (irrelevant)
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Link budget calculations N it

Quantity Value

Seeding Source 7 dBm Quantity value
Power Transmitter Power 0 dBm
Receiver Sensitivity -19 dBm T —— 25 dBm
Overall Fiber Loss 0.4 dB Sensitivity

Connector Loss 2 dB Overall Fiber Loss 0.2 dBm
Splitting Loss 1+10log(N) Connector Loss 2 dB

Filter Loss 1.5dB Splitting Loss 1+10log(N)
Circulator Losses 1.5dB Filter Loss 0.75 dB

REAM Insertion 3.5  dB<dggamins<® Circulator Losses 0.75 dB
Loss dB

Power Penalties — dpg,ys Power Penalties — 0Opg, ps
Upstream Downstream
Power Margin 19.6 — 10log(N) — Power Margin 20.3 — 10log(N) —

ORreaM,ins ~ Open,us Open US
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Extinction ratio power penalty and choice of

optimum wavelength

= There is a relatively wide
wavelength region where
the overall power penalty
caused by the imperfect
extinction ratio and the
Insertion loss is stable

= 1545 nm has been
judged to be a good .
compromise between Exincion Rato (05
low required voltage i

16

Power Penalty (dB)
=] = ] [ ] . o o =] =]

swing and optimum  £¥ T~ /
overall power penalty Eo N\ /
ha /

O N BO

1510 1520 1530 1540 1545 1550 1555 1560 1570 1580 1640

Wavelength (nm)
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() Static response and polarization aciou:
7\

* Polarization sensitivity at 1545 nm has
been measured

* Maximum extinction ratio difference 1 dB
(ignored In the rest of the document)

Reverse Bias Voltage (V)
o—1——vr—————7——T1T—T—T—T—1

0 0.20.40608 1 1.21.4161.8 2 2.22.42628 3 3.2343.63.8

o

B

Maximum Absorption
= Ninimum Absorption

—

\/
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Saturation/Optical input power and maximum +

ACEOLE

absorption

* Maximum absorption variation <1dB
* |nput optical power dynamic range (>10dB)
much higher than the required

136

13.4

13.2

13

12.8

12.6

Maximum Absorption {dB)

12.4

12.2

12

-4.94 -394 -2.94 -1.94 -0.94 0.06 1.06 2.06 3.06 4.06 5.06 6.06

Input Optical Power (dBm)

08/06/2012 s.papadopoulos@ee.ucl.ac.uk 41



¥

Noise Measurements acioLe

Optical head thermal noise (BW=30GHz): 10.50uW
Electrical head thermal noise (BW=20GHz): 260uV
Electrical head + 10G PIN Diode: 780.5uV

PIN diode induced thermal noise: 735.8uV
Equivalent optical thermal noise:2.9uW

Overall “Conversion efficiency” (measured by comparing
optical and electrical noise): ~265V/W

Implied receiver sensitivity (Q=7): -14dBm
Tunable laser relative intensity noise: ~ -146dB/Hz

Insertion of REAM between tunable laser and scope did
not lead to noise Increase (no shot noise added+no
reflection-induced performance degradation)
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Impact of Relative Intensity Noise Ao

= For Q=9, RIN=145dB/Hz, RIN power penaly
~0.1dB (negligible)
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Impact of reflections

= Can affect system performance through the
following mechanisms:

= Beating of signal and reflections at the receiver
= Cavity formation
= Disturbance of laser diode operation
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@) Impact of reflections Bragg grating reflectivity
i

ACEOLE

7\/ vs wavelength &

Reflectivity Vs Wavelength
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Backup slide - Impact of Reflections

Q-Penalty Vs Reflectivity

Q-Value Difference
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Possible implementation — Front- and back-end

= Laser diode depicted:
3cm(length)x1.5cm(wid
th)

= Circulator depicted:
5.5mm(diameter)x80m
m(length)
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Other Graphs
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Measurement setup and methodology .

s An accelerated irradiation
test was carried out at the
PS irradiation facility at
CERN which can generate

Optical connection
................. Electrical connection

2-8*1014 24GeV
p rot O n S / C m 2 / d ay Irradiated space Esa(jciaetion protected

= Total fluence during the { st
test: ~14*10%° p/cm? Y

= Every ~20 mins we {j
measured the absorption = N
spectrum, leakage current, s e
total reflected power and
photocurrent for different e
bias voltages for the 2 ==
devices in turn

" : (Temperature|
= In this presentation we L

focus on the absorption
spectrum
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