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Presentation Overview

CLICK: CubeSat Laser Infrared CrosslinK

* CLICK Mission and Motivation

- CLICK A and CLICK B/C
* TDC Receiver (RX) & Transmitter (TX) for transfer scheme
* Flatsat testing in electric loopback mode

* Future work
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CLICK Motivation & Mir ©PssL

* Tech demo for laser crosslink Typical RF Link (S-band): 2.25 GHz
with low SWaP N N
(Seize, Weight and Power) Wavelength: 13 cm

Typical Optical Link: 193.4 THz

* Why laser com? VS (RF): AV

Wavelength: 1550 nm

* Higher optical frequency
* Higher modulation rates
* Less divergence (power, security)

* Future/present constellations:
* Gbps-rate full-duplex crosslinks
* Precision ranging and timing

Tomio IEEE ICSOS 2022
3€ courtesy of MIT STAR Lab
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CLICK Mission @ Nlir ©PSSL

Mission Goal: Demonstration of low-SWaP, full-duplex, high data rate laser communication, timing
transfer and ranging between two (3U) CubeSats using COTS (commercial off-the-shelf ) components

A
CLICK A it i CLICK B/C
Operations: Sept. 2022 — Mar.2023 |
Single 1.2 U, 1.2 kg, <I5W payload

Risk-reduction mission

C

1563 nm Receive IIi=Jl
gl

1537 nm Transmit -

Eé;iw

Successfully tested:

* MEMS Fast Steering Mirror and PAT
capabilities

* Crosslink and downlink
* Pair of 1.5 U, 1.5 kg, <30 W payloads

1550 nm Downlink

* Pointing error data ¥

* Spacecraft bus hardware and

software, ground support systems,
optical ground station
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Launch to ISS: Early 2025




CLICK-B/C data transfer & Mir ©PssL

* Full-duplex Pulse Position Modulation (PPM) crosslinks
(1537/1565 nm)
* 50 Mbps, 4-PPM
- 25 Mbps, 16-PPM

4-PPM (# of slots here) — encoding 2bit words

¢ 25-580 km range |
.. r ° IR N
* Timing error from slot deviation:
* 200 ps timing accuracy |
2 e
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CLICK-B/C Payload @ Nir ©prssL

- Optical bench, fiber raceway and electronic boards in 1.5 U

Electronics
Boards

PAT
Optical

.
d
“

-
.. “
....
.
‘e

. “‘
Fiber = ™., 3 ** Optoelectronics
., N

Tomio, 2022. ICSO.
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TDC Chain Hardware & Mir ©PssL

* 4 channel Time-to-Digital converter FPGA Board
(TDC) timestamps pulses at 4 times_l_DC

* FPGA averages into single
timestamp per pulse

* FPGA hosts PPM decoder

* TX pulses are generated on the
FPGA and transmitted via SERDES

SERDES

* (Parallel ADC receiver chain) (Serializer/Deserializer)
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TDC Receiver: Front-end S ir & PSSL

Threshold 2

Threshold 1

* 4 timestamps per pulse

time_

 Two comparators with
different thresholds and 4
latches

Lowpass Filters .
210 MHz

FPGA
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TDC Receiver: Decoder & Mir ©PssL

Local timestamp

Running @ 100 MHz

71
tsymbol
Z1 . o
)\ Error Function » Time Difference >
| Timestamps »-)
Symbol Valid Decoded Symbol
Error Function

” ” Section

T [ ] Symbol Decoder —{ Decoded Svmbol>ﬂ ﬂ ﬂ ”

Slot Guard

e [ N e
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TX Modulator

 Converts raw bytes into PPM symbols
* Qutput via SERDES

FPGA logic: TX Transmitter

2 GHz SerDes output

Data encode Bin width: 500 ps
DDR memory gm mmd (Bytes-to- SERDES " " " "

Pulses)

Raw bytes: PPM16 symbols:
0001 11010011 1120... 1133 14 ..
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TDC Loopback Testing (LT)

@ ir ©pPssL

04/23/24

-

\_

Payload CPU
(s/c bus interface
and housekeeping)

~

)

Tx modulator
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ADC
decoder

TDC
decoder

-

FPGA board




TDC LT: Status TX Modulator

rile [JJESEN Uity  Help

& i ©PssL

MSS FPGA logic: TX Transmitter
ol Date = PRSI SIS NTSTIS SR SRS pus—-
-Set PIzM —> encode SERDES
parameters (Bytes_to_

- Write data

Pulses)

 Currently issues with DDR bus
-> |nstead: shorter test pattern in FIFO
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TDC LT: Status Receiver

@ 1ir € PssSL

e Currently issues with DDR interface
-> readout via JTAG/SmartDebug

e Currently only one TDC channel utilized

SmartFusion2

SmartDebug
Read FIFO

TDC Receiver (RX)

A

TDC

Buffer-FIFO 4—4— TDC-IF
decoder

Comparators/
Buffers

04/23/24
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TDC LT: Overall status

@ 1ir € PssSL

* Testing:

* Raw timestamp readout
» Easy target data to check decoder (dark blue)

SmartFusion2

SmartDebug
Read FIFO

TDC Receiver (RX)

Buffer-FIFO PPM aammm 1 DC-IF
decoder

A

TDC

MSS

- Write data to
Test-FIFO

=e lest-FIFO
2048 Byte

TX Transmitter

Data encode wmmg SERDES

Comparators/
Buffers

v

(Bytes-to-

Pulses)
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TDC LT Results: Raw Timestamps I"lir € PSSL

e Test pulses timed to interval of 320 ns 320 ns

A
A

 With LSB 4.88 ps:

-> expect increment of 21th bit for every 16 timestamp 3
i O000BF383J2F5683

i O000BF38373F36AD

. 0000BF383y4F5%69C
User Design Memory Block: ~ FABRIC_MODULES_0/RX_TDC_MODULE_0/TDCReceiver_0/TDC_AXI_TAP_O/TDC_TAP_Burgy#lffer_0/T rapper_1/U2_asyncnonpipe

Port Width: 64-bit ) O000BF383[/5FH5FE

Port Used: PotA - /\
0 | 1 | 2 / 3 \ 4 5 | 6 I 7 8

0000 | 0000BF38378354C4 0000BF38376D54DD 0000BF38372E55Q6 0000BF38372F5683 (RPOOBF38373055C0 0000BF3837315566 0000BF3837325C3D 0000BF38373354CA 0000BF383

0010 |0000BF38373C566B 0000BF38373D5696 0000BF38373E5686 0000BF38373F56AD 0Q00BF383740568B 0000BF3837415652 0000BF38374255F2 0000BF38374355A1 0000BF383

0020 | 0000BF38374C55AF | 0000BF38374D560E 0000BF38374E563A  0000BF38374F569C | Op00BF38375056DC 0000BF38375156D5 0000BF38375256B5 | 0000BF383753567E  0000BF383

0030 (0000BF38375C550C 0000BF38375D554B | 0000BF38375E55A0\ 0000BF38375F55FE #0000BF383760566B | 0000BF38376156B9 0000BF38376256E4 0000BF38376356F0 0000BF383
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TDC LT Results: Decoder

Send data, easy target: 0000000EOOOOOOOE

Ilir € PSSL

7
OOOdODOOOOOOODOO
User Design Memory Block: ~ FABRIC_MODULES_0/RX_TDC_MODULE_0/TDCReceiver_0/TDC_AXI_TAP_0/TDC_Decode_BurstBuffer_0/TDC_TAP_BurstBuffer_0/RW2.Ul_ram_wrapper_1/U2_asyncnonpipe
Port Width: 64-bit 00000D0000000DOO
Port Used: Port A v
S I S - - - - 000q0D0000000FQ0
0000 |00830D8300000D83 | 00000D0000000DO0 | 00000D0000000DO0  00000DO00000OFO0 00000D0O000000CO0 00000C0000000D0O0 00000D0O00000OD!
0010 | 00000D0000000EDO | 00000D0000000D0O0 | 00000D0000000D00  00000D0000000DO0 00000D0000000DO0 00000D0000000DO0 00000D000000OD! OOOqODOOOOOOODOO

0020 {00000D0000000D0O0 00000D0000000D0O0 00000D0000000D0O0 00000D0000000DO0 | 00000D0000000DO0 00000D0000000D0O0 00000DO000000D

0030

Data is detected but offset of 1 symbol and occasional bit error
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Next steps I"lir € PSSL

SmartFusion2
TDC Receiver (RX)

B ffe o M PPM  PEEE ... - TDC Comparators/
decoder Buffers

A

v
N

Data encode =% SERDES
(Byt 2s-to-
Tulses)
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Next steps: custom interconnect S ir & PSSL

- AXI Interconnect IP not fast enough for 150 MHz bus speed
TDC raw
timestamps

N o N .Round robin Address manager and [ AX| Master
— interconnect wrapper
data
ADC raw
samples . .. .
- AXI Master @ 150 MHz->300 MHz DDR has strict timing constraints
47
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Next steps: optical flatsat @ ir ©PSsSL

CSAC = Chip-scale atomic clock

X
CSAC
(CPU Board)

RX
CSAC
(CPU Board)

TX Modulator

(FPGA Board)
Collimator

Variable ¢

optical
attenuator

RX
(FPGA Board)

Laser Seed Shutter (SOA)

(VOA)
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Summary

CLICK B/C Mission
* CubeSats with low SWaP + COTS components

* full-duplex, high data rate laser com, ranging,
timing transfer

TDC-based data & timing transfer
* TDC timestamps PPM pulses 4 times

* Tracking loop for PPM decoder (100 MHz)

* Flatsat: First successful electric loopback tests

* Future: optical flatsat, independent clocks

CLICK B/C Launch: Early 2025

04/23/24 Thomas Schwarze, CDW 2024




@ ir ©PSSL

Thank you!

This research is supported by NASA grant 80NSSCI18K1579. Thanks to the
NASA Ames management team and Massachusetts Institute of Technology Space

Telecommunications, Astronomy, Radio (STAR) Laboratory for their support of
this research.

Email: t.schwarze@ufl.edu
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Backup slides
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CLICK B/C CONOPS

Crosslink & Ranging Tests

25 - 580 km
GPS !
Ry /’ '{ \‘l\ ‘\\\SiPS
\

Differential Drag )

Maneuvers =l "7 H=N-
mm — @

Communications

GPS 1\,
P
- ~1550 nm Comms Laser .
-7 i)
g | 976 nm Beacon Laser Downlink
- Tests
HEEE
Low < High "
Dra
g ~ N Drag \ S
Ny,
'~

End of Life
Operations

/2N

Orbit: 400 - 600km circular
Inclination: > 40 deg
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APD-TDC Receiver Chain

@ NiT € PssSL

* TDC samples: 2 on the T r— ymarmic i
rising edge at set | ___IAG200HS | . -"_e_“"_"%i____i
thresholds, and 2 at the | k‘i,az“t‘fj’fstHz ;"{[{c:éggz:.
falling edge (same :N;PRM"g:g;;";
thresholds) " L.

Comparators

* FPGA converts TDC
measurements intoa @ ] ___________
timestamp o iee s ciieiing)

APD Board FPGA Board
The data we want Cable

* PPM decoding requires
knowing pulse timing
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APD Board

S mir

©PSSL

Transmitter Hieh Volt Bi
. . igh Voltage Bias:
Fsm  Laser
5 «vawwuadc(:’“ ~_ | Dichroic High \slo::?ge Bias * Min. operational: ~60 V
. - Boar 11 i eting * Breakdown: ~71V
xpander

Differential

Signal sent to
TDC Chain

System Health
Monitoring
Mission Ops
Development

Offset
Adjustment
Beacon
Laser Assembly
Collimator Batte APD Health
Telemetry
Telemetry:
* 3 temperature readings
* APD Vrssi (Received Signal
Strength Indicator voltage)
i‘::?% G H L] 't o
Coorgan, 2022. Small Satellite Conference. \/ NEP Requ"ement' 15 pW/\/HZ
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Flatsat/Testbed Development @ Nlir ©PSSL

v'Initial pulse testing
capabilities confirmed i taser [ Attenuator

.—_ (Not Connected)

)
gry - R
- B . I

Next Steps: = G&H AA1416 B  ,_;
* Upgrade laser TX system & |
* Optical loopback testing &

* End-to-end testbed ¥ .
performance testing b Vo |
(CSAC in loop) ‘#g s

CPU Board e FPGA Board | o
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