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Optical Communication Recelvers
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Photon Starved Laser Satellite

Communications Environments
Motivation for Laser Satellite Communications:

* Need to transfer larger amounts of data from space to
ground.

Examples of Photon Starved Environments:

* Deep space : '
* Low earth or Geosynchronous earth orbits applications
with small signal strength SNt

* Cloud cover
* Size, weight, and power constrained systems

* Quantum communication applications

.nasa.gov



Photon counting ground receiver
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Possible Aperture/Detector Architectures

Fiber device to multiple single-pixel detectors Free Space to a multi-element
or multi-element detector detector

Multi-moded Multi-moded N
light from aft light from aft a4
of Receiver of Receiver ;
Telescope Telescope

e Fiber device =y

Multielement

detector
E Detectors

Single Photon Detector System
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Aperture/Detector Architectures-considerations

Goal: Lower recurring costs B
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Strategy: Use commercial off the shelf (COTS) parts, design for scalability |

Fiber device to multiple single-
pixel detectors or multi-element
detector

Free Space to a multi-element
detector - RN

* Some fiber devices are COTS Backend optics are COTS'_ A

* Smaller area detectors * Custom filters (not COTS)"' =
* Larger area detectors 5;‘_‘”

* Fiber allow flexibility of
location(of DEECEY * Detectors have windows = _ >

* Detectors are COTS . Detector not COTS '

* Enables scalable flexibility * Less scalable flexibility




Possible Fiber/Detector architectures

Photonic Lantern to
multiple single-pixel
detectors

Multi-moded
light from aft
of Receiver
Telescope

MMF input wapy.

Photonic
Lantern

SMFs or FMIFs ===mjpy.

Single-

l‘*
pixel

detectors \
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Multi-Plane light
conversion device to
multiple single-pixel
detectors

Multi-moded
light from aft
of Receiver
Telescope

MMF input

Multi-Plane
Light
Conversion
Device

Single-
pixel
detectors

MMF to a multi-
element detector

Adaptive optics to single
mode fiber to multiple
single-pixel detectors

Multi-moded Deformable
light from aft mirror
of Receiver
Telescope Wavefront
:> sampllng
SMF input ===
e feedback
MMF loop
Multielement SMFS\
detector Single- *
— pixel m™
detectors
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Fiber/Detector architectures- evaluation crlterlai

Goal: Lower recurring costs

Strategy: Use commercial off the shelf (COTS) parts, design for scalability

Photonic Lantern to
multiple single-pixel
detectors

X Fiber device not
COTS, Under
development

v' Detectors are COTS

v' Enables scalable
design
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Multi-Plane light

conversion device to
multiple single-pixel

MMF to a multi-
element detector

detectors
* Fiber device newly ] v Fiber device is a

COTS, not yet
evaluated

v' Detectors are COTS

v' Enables scalable

design

COTS part

* Detectors newly
COTS, not yet
evaluated.

X Unable to rescale
detectors.

Note: Architecture
previously used in

NASA Optical Comm.

Demo

Adaptive optics to-
mode fiber to multiple
single-pixel detect

 AO newly COTS, not
yet evaluated®

v' Detectors are COTS

v' Enables scalable
design

200

Note: Architecture
previously used in
NASA Optical Comm.

Demo
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Fiber/Detector architecture evaluation criteria: sign
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» Effects of signal loss
* Decrease signal to noise = constrains data rate capabilities
* Increases power, size and weight of space transmitter - increases cost
* Increases ground aperture size = increases cost

e
e Contributions to loss

* Back end optical train ———p
* Fiber device insertion loss

* Fiber device jitter

* Uneven Splitting to detectors

> (causes loss during detector saturation
* Fiber to Detector coupling loss
* Detector dead time
* Detector litter

B,
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Fiber Device loss evaluation

Photonic Lantern to multiple ] MMF to a multi-element
single-pixel detectors detector

Multi-moded Multi-moded
light from aft light from aft
of Receiver of Receiver
Telescope Telescope
'V Y MIMF input >
Photonic
MMF
Lantern SMFs or FMFs
Sl.ng:e- .* Multie)dément
.
PIX€ < deteftor
detectors

\ e
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* Fiber device insertion loss

> Coupling loss to detector NOT
included

> Case study of emulated
atmospheric conditions:
" Low earth orbit
= 60 cm receiver telescope aperture

= Range of turbulence levels:
" (r,=7-50 cm = D/r0 = 1.2-8.6)

* Fiber device jitter
> Analysis (no measurement)

* Uneven Splitting to detectors
> Initial measurements
> Photonic lantern only



Traditional SMF Photonic Lanterns i\
Capillary Tubing: 550/1650 um

. ”

Buffer

/ Cladding

Light from Back-
end Telescope -
Optics :

I
30 um
(core)

1
250 pm
(inner dia.)

40 mm SMFs: 9/80/180 um

Cladding
N

Light is coupled out of 7
SMF'’s to 7 Detectors -

Light from
telescope couples
into MMF side of
lantern

N

A\ A\\; \ e
"= SN\
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Light is split into 7
SMF’s

Multimode input of lantern

An unpackaged 7:1 SMF photonic lantern.
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Motivation for Photonic lanterns made from few mode fibers

 SMF lanterns have 1:1 output leg to mode ratio.
* Light arriving to the telescope is multi-mode
* Power throughput efficiency depends on number of supported modes
 Example need to couple 15 modes = Need 15 legs

* At higher turbulence level environment # of detectors to over come satt
< # of modes needed for efficient coupling
* Increases cost of system.

e New few-mode fiber lanterns: I . I

15 modes with Detector 15 mode with

* Increase modes supported by each output leg SV lantern __ Saturation _ FMFlantern? 8
* Enables higher number of modes with same number of detectors. Ex: 7 I \ > 42 moc

Cost of Detectors

y ‘.'
“;— SRS s . -
P o

e J‘*

WWW.nasa.gov




7:1 Few-Mode Fiber Photonic Lantern

Light from
Back-end
Telescope
Optics

Cladding

* Made at Univ. of Sydney and NASA GRC
 Made with graded index few-mode flbers
* Each couples 1% 6 fiber spatial modes ‘
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Multimode input of lantern
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Creation of emulated atmospheric conditions

Simulation Emulation
Incoming wavefront
\ R \ T/

"'|H'

HHII’“

— ~ Telescope Simulated Intensity Phase Hologram Emulated intensity
* Optical turbulence is modeled with phase  Complex amplitude phase hologram created
screens distributed based on the Hufnagel- from simulated wavefront.
Valley turbulence strength profile. * Hologram applied to beam with spatial light
e Simulation model verified. modulator generates emulated wavefront.
* Details in: chahine et al, “Beam propagation through atmospheric * Emulation accuracy not fully verified

turbulence using an altitude-dependent structure profile with non-uniformly A ol
distributed phase screens”, Tuesday poster session. Resu ItS prellmlnary




Experimental setup for coupling efficiency

Filter of first order

from SLM
SLM 5 ¢
A § 5
IS =

Hologram of beam with Beam Intensity |, 5t power measurement
emulated atmosphere 1 - r
(100 @ each turbulence level) Photonicllamtam Output power

: Y | ," 11 orFiber under test measurement

50:50 Beam splitter N R i )\
| 14 LI
PH M1 PM1
Half Wave Plate [ |

Used to vary numerical aperture (NA)

Reflective Collimator 8 channel power
meter

SMF

Test setup measures efficiency of lanterns and fibers over a range of input
numerical apertures and emulated turbulences levels.
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FMF Lantern coupling loss over a range of input *

numerical apertures at a few emulated D/r,’s ;
oo Vp
14 ¢ D/r0=8.6 =
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The input NA at which the FMF lantern minimum coupling loss occurs depends on the
emulated D/r,. This indicates a fixed optical design wouldn’t be ideal for a FMF Lantern.
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Best input numerical aperture for minimum z._;.j...:,... .
coupling loss versus D/r, 48

0.2 Increasing Turbulence

= ¢t ¢
2 0.16
O
Q.
< 0.12 +
P ;
g 0.08 ® MIMF 30 micron
> N
2
+ 0.04 A SMF Lantern
g ® FMF Lantern

0 .. i " E ! ! s

o 2 a4 s 8 10

D/rg
The GI-MMF’s best coupling NA is independent of D/r,,.
The lanterns’ best NA is dependent on D/r,
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Coupling loss at emulated D/r,’s (at best input e

Increasing Turbulence

Gain Relative | Loss Relative

16 ® MMF 30 micron
14 A SMF Lantern to the SMF to the GI-MMF
= FMF Lantern [ Lantern (dB) (dB)
o 12
=2 A
v 10
S 8 Unperturbed
Eﬂ beam (flat top)
= 6
S
S 4 }
||
@ .
0
0 2 4 6 8 10

D/r,

Results shown at each devices’ NA with minimum coupling loss.
FMF lantern coupling losses: between SMF lantern and 2 meter GI-MMF.




Loss per meter for Multi mode fiber |
3.5 '
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3.1 =-0.0017x+ 3.3011

2
- S y=0.0813x+2.3869 R*=10.7034
w27 % RZ2=0.8379

= ® Ave. loss of supported modes

® Ave. loss of supported modes

0 20 40 60 80 100
Length of Fiber (meters)

* Most of the loss happens in first 5-10 meter length of the fiber
* Previous measurements were made with 2 meter fibers
 May explain difference between MMF and few mode fiber lantern insertion loss results
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Difference from even split (dB)
o

Difference from even split at r0=7 cm

1
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Average difference from even split (dB)
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Channel (Output Leg) Channel (Output Leg)
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Ideally want even splitting to contribute no blocking loss to detectors. FMF lantern on average worst
caseis 1.5dB




Average difference from even split (dB)
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Preliminary measurements of splitting evenness
between the FMF Lantern 7 output legs 3

6 - Increasing turbulence levels increases the evenness in the
. i * “ power split between output legs, indicating less detector
. | g .L il blocking.
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Average difference from even split (dB)

Average difference from even split (dB)

1 2 3 4 5 6 7 1 2 3 4 5 6
Channel (Output Leg) Channel (Output Leg)
r0=15cm

Increasing Turbulence
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Analysis of Fiber device Jitter

Fiber Device Total Jitter Over 20 Meers

(ps)
Multimode Fiber (Graded Index) 6.93

SMF 7:1 Lantern 0.22
FMF 7:1 Lantern 3 93

Calculation includes differential mode delay and chromatic dispersion.

* FMF lantern contributes more jitter than a SMF lantern. But the amount
of jitter is less than the MMF.

 The contribution to jitter is much less than the detectors (60-80 ps) so
fiber devices are not the major contributor to loss.
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Fiber/Detector architectures- Status of loss evalt

Photonic Lantern to
multiple single-pixel
detectors

 Back end optical
train losses

* Fiber device
insertion loss

v’ Fiber device jitter

* Even Splitting to
detectors

v’ Detector coupling
loss

v' Detector dead time
v' Detectors Jitter
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Multi-Plane light
conversion device to
multiple single-pixel
detectors

x Back end optical

train losses

x Fiber device

insertion loss

* Fiber device jitter

x Even Splitting to

detectors

v’ Detector coupling
loss

v' Detector dead time
v' Detectors lJitter

MMF to a multi-
element detector

Back end optical
train losses

Fiber device
insertion loss

v’ Fiber device jitter

X

Even Splitting to
detectors

Detector coupling
loss

Detector dead time

Detectors Jitter

Adaptive opti ;:
mode fiber to
single-pixel d

x Back end op,
train losses —

* Even Splittingtﬁi’ ‘
detectors

v’ Detector coupll_,_'
loss

v' Detector dead t
v' Detectors lJitter



Next Steps

 Complete verification of the accuracy of the atmospheric emulation

e Measure the 7:1 FMF lantern and MMF insertion loss with >10
meter fibers

 Complete splitting loss evaluation.

* Evaluate Multi-element detector for
* Jitter
* Coupling loss
* Splitting
* Quantify and compare back end optic train losses for photonic
lantern and MMF
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