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a 2-km? surface detector at the Pierre Auger Observatory in Malargiie, Argentina
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Layered Water Cherenkov detectors optically separated

An array with a spacing of 145 m between the detectors
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Probing Extreme PeVatron Sources
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Pierre Auger Observatory
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PEPS vs AUGER

05/26/2026

PEPS has smaller coverage(10km2 vs 3000km2) and higher density(55
stations/km2 vs 0.5 station/km?2)

PEPS stations will use the decommissioned electronics from Auger.

The Auger communication system, utilizing the custom 915 MHz "Leeds
Radio" for access and a microwave backbone for backhaul, faces
challenges regarding spectral congestion and component obsolescence
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Key charateristics:

Pierre Auger Surface Detector TDAQ Communication Chain
Leeds SU/BSU sector radio and microwave backbone to CDAS

* Serial Interface Rate: 38.4 kbps (RS-

232 with hardware flow control).

* Over-the-air Physical Rate: 200 kbps
(DSSS modulation).

« TDMA Slot Duration: ~11.76 ms (1-
second frame divided into 85 total slots).
« Effective Payload per Slot: ~150 Bytes
(1200 bits), yielding a net throughput of
1.2 kbps per station.

* Sector Capacity: Up to 68 Subscriber
Units (detectors) per Base Station Unit

0 Surface detector field

9 PMTs / FADC /
local electronics

Bl Universal Board (UB)
®©  GPStiming/ 1PPS

TL 71> T2 trigger fist
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Surface Detector Station l

9 Sector communication tower / BSU site

O CDAS/ central DAQ

© CcDAS-side microwave
receiving site

902-928 MHz ISM,
DSSS / TDMA,
SU <-> BSU

to CDAS T2 coll

%
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T3 decision /

= Uplink (station -> CDAS)
=== Downlink (CDAS -> station)
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Electrical and timing boundary Legacy frame carried over the stream

Unified Board (UB)

) ) Preamble Length Type Data CRC32
station firmware endpoint

RS-232 / DB-9 S
« Parser acquisition is based on preamble plus length, CRC and ETX chec

. . « Type identifies command/status/data semantics.
Legacy radio interface role
what the new bridge must emulate « Data may contain structured UB payload; default bridge behavior should

preserve it byte-for-byte.

« 38.4 kbps UART, 8N1 « CRC32 and byte order should be confirmed from the primary protocol do
before implementation.

« RTS/CTS hardware flow control
* PPS and reset are sideband timing/control signals
n te r a C e a n « DB-9 mapping is not a generic PC serial cable
protocol ——

* Designedin 2004

* Customized protocol as well as
pinout

e Carrying UART and Power and
PPS in the same connector
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UB Serial Bridge Strategy

UB serial Controller Radio (( )) us Parse Buffer / Scheduled Concentrator
[N} bytes (Pass-Through) bytes A [l frame | Quter Frame Queue FLRC Packet (Aggregator)

ﬁ ALl ﬁ q * + U U *
UB . Radio uB Q @ |l uy ' ﬂ}
(Legacy) — (FLRC) (Legacy) =2 @
C) 1. Fast smoke test

@) 2. Low firmware complexity
N

3. Radio delay exposed to UB
J

1. Preserves UB payload

2. Buffers complete frames

3. Supports TDMA slots

4. Enables diagnostics + lower duty cycle

6 Recommended: transparent mode for early tests; frz are , nt bridge for production.

[ 0 Frame-aware means parsing the outer legacy frame, not interpreting physics payloads. ]

5/26/2026 Realtime Conference



Implementation : FPGA vs ESP32 Development Board

0000
“~ ocoo |~

UB serial /
control interface

N

Protocol translation bridge
O,
- U=u eoe ((K))
T
L @9 8 @ 5
RS-232 Frame CRC/ Buffering Scheduling Command Diagnostics Wireless /
level shifting acquisition checks handling network transport

FPGA Implementation

J.Ij

Timing control
Parallel I/0
Latency jitter
Firmware style
Development speed
Debugging

Power profile

Flexibility

Best suited for

Interface
Logic

—p » » >
]}j; | UART
o—

J

| Precise Clock

[ UART
& Timers

FIFO

deterministic hardware timing

strong for multiple synchronous signals

very low and predictable

HDL logic design

slower iteration, specialized tooling

requires logic analyzer / HDL simulation

can be efficient, depends on device and clocking
changes require synthesis and reprogramming

hard real-time logic, many precise 1/0 paths,
production hardware integration

Timing control

Serial handling
Latency jitter
Firmware style
Development speed
Debugging

Power profile

Flexibility

Best suited for

ESP32 Development Board

Timer Software
Interrupts Buffer

—> > oo ¥ >
pekiEEl @ | B

timer/interrupt based software timing

UART SPI/ GPIO

@)

straightforward UART and GPIO integration
depends on firmware, interrupts, RTOS load
C/C++ embedded software

fast iteration, low-cost boards

serial logs, JTAG/USB, software instrumentation
low-duty operation possible, board overhead varies
easy firmware updates and protocol changes

prototyping, protocol parsing, buffering,
diagnostics, early integration tests

e

Main trade-off:

hardware determinism and integration effort vs software flexibility and fast prototyping
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Single-Tier vs Two-Tier Radio Architecture

~
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- . . .
1 Access Tier Techniques
Single-Tier Two-Tier i
Short-range
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antennas Lo = e Sge S o \ ~ reuse
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i' S lf? \\\\ NS SNs — 7/ 1 MRy Low-power
S A e NS S M .4 \ NS nodes
= S %7 L MRy s X \ S
TDMA o DU e S ST S NS i ) 7 i Ya :
schedullng/ * 2 Sl / 'l \ AN R Aggregation ~ & Aggregation y M~ Aggregation Sector/omni
SN o7 */ 7 o N e S \ Point [].!.{] Point Ui,[] Point L antennas )
T BT / | \ R W= \ st G collias. =
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/ 7 f—~ ] ’ PN o 728N A e
\ = = é e \ / W o o B T N ’,' o Al o) Directional
Power i t/ é W " é SWTAR \ﬁ H ﬁ T \t V! */ e \‘\t ! links
\ N 1 / = \ ! / = \ Tl / '
N N \ / \ } / 1 - HE S -
control '\ Large coverage cell i ; O SR B S S By ] Egitito; poli
High shared medium S/ k! é A é 1 “ 7 i or point-to-
igh shared mediu 7 " ﬁ / \ é VA é é g7 multipoint
Robust 5 7 b f 4 " f 4 3 ‘
modulation/ TS o e if N e 2o < f3 s Separate
coding NN _ -2 (e - Sveeoa- = channel plan
. e a Higher-gain
1 T () @ antennas
i Field Node @~  ----- Single Radio Layer ﬁ Field Node Aggregation Point ~ ——- Access Tier ——- Backhaul Tier ~ \_
(short-range links) (long-range links)
=

Coverage domain
Radio layers

Link distance
Frequency use

Infrastructure

Antenna options

5/26/2026

one large domain

multiple local domains + backhaul domain

one shared layer

separated access and backhaul layers

longer station-to-gateway paths

shared channel plan over large area

central gateway focus

shorter access paths + longer backhaul paths

local reuse possible, backhaul separated

local aggregation points plus gateway

directional/sector/omni

local omni/sector + backhaul directional
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Sector-Edge vs Cell-Centered Local Aggregation

Topology and antenna placement comparison only

Sector-Edge Local Aggregation Cell-Centered Local Aggregation
sector /
directional o 0 o
o)
— \ e .- o Q | o ° ‘ or:wnldllt(t_actlotnal
S ~ o = stations 5 \ i # e — 0 mut I-sector
Eay .- S~ inside W LY antenna
ooal e © sector . 5 T
aggregation b (@) coverage by s
point at e e S 0 _ o e P e 0
S . e o around -~ sl AP P> backhaul
D ey | =31 \\\ o aggregation e AW A, ‘
backhaul 0 > B ' point & 3 “0
\\\ e 1 R station -> edge ¢ "' R ° station -> center
o o \\\ ~ aggregation O el aggregation
o o first hop o o o o first hop
Boz] Aggregation point local node at cell/sector edge local node near cell center
((ié’)) Access antenna directional sector coverage omni or multi-sector coverage
®--—--® First-hop geometry stations connect toward one edge stations connect toward center
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First-Hop Hardware Specs: Bullet AC vs E28/SX1280

Datasheet-level comparison only

Ubiquiti Bullet AC

Ebyte E28-2G4M27SX / SX1280

®) " operating band 2.4 GHz + 5 GHz 2.4 GHz ISM

. 160+ Mbps @ 2.4 GHz; FLRC: 260 kbps-1.3 Mbps;
(@) Throughput /air rate 300+ Mbps @ 5 GHz GFSK up to 2 Mbps; LoRa 0.595-253.9 kbps
TAT Transmit power 21-22 dBm up to 27 dBm / 500 mW

Receive sensitivity

airMAX ac: -93 to -62 dBm
depending on modulation

LoRa sensitivity down to -132 dBm;
FLRC sensitivity depends on data rate

Power / supply

7-8 W max; 24 V passive PoE

2.5-3.6 V; TX 580 mA; RX 14.5 mA;
sleep 2 pA

Y,
©

Antenna interface

N-Type external antenna connector

IPEX / PCB antenna, 50 ohm

Transmission distance

No single distance number in
datasheet; external antenna/
link dependent

Reference distance: 8000 m under ideal
open conditions, 5 dBi antenna, 2.5 m height,
1 kbps

]

5/26/2026

Data interface

Gigabit Ethernet

Realtime Conference

SPI, pure RF transceiver module




2.4 GHz Link Margin: Distance, Bandwidth, and EIRP
\ ( Link Margin vs Distance

-

x 41 cell-scale example upper-bound example
FSPL(dB) = 32.44 + 20 log,,(dy,) + 20 10g,q(fus,) 40
At f = 2400 MHz: 35
FSPL(dB) = 100.0 + 20 log,,(d;.,)
o 30
P..(dBm) = EIRP — FSPL + G, -
SIE:
Margin(dB) = P,, — Sensitivity ?; 25
Assumptions: E 20
* Frequency: 2400 MHz 5

* RX antenna gain: +2 dBi
» Cable loss: 0 dB 15
* EIRP already includes TX antenna gain

FLRC bandwidth Representative sensitivity 10 . ;

0.3 MHz -106 dBm 0.5 0.7 1.0 1.5 2.0
, Distance (km)
0.6 MHz -103 dBm FLRC bandwidth (sensitivity) EIRP (line style)
—— 0.3 MHz (—106 dBm) —— 20 dBm EIRP
1.2 Mz -97 dBm ——— 0.6 MHz (—103 dBm) S mAThasios

= 1.2 MHz (=97 dBm)
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Proposed PEPS Radio Readout Structure

10 local aggregation points, about 55 stations per aggregation point

Tier 1 access:
2.4 GHz
SX1280 /
E28 FLRC

Aggregation-side role

station traffic

® manage access

e forward traffic

! 1
| 1
1 1
1 1
| 1
| 1
1 1
1 1
1 1
1 1
1 : 1
| ~55 stations |
1 1
. . | |
Station-side path " i
S 1 1
1 1
[ UBt Iifgacy | 1
interface 1 ; '
z | -~ DAQ / CDAS Tier 2 backhaul: | e collect local
- : é 5 GHz [
RS- 232 / : : commercial radio / é é\ é :
RTS- CTS brid | Station: equivalent S (( )) // é |
foge: | | UB + bridge + LAP:9 SO f L | el
| 2.4 GHz radio ———-:::;:/ ::::——-— é | timing
3 I é 3 /// \é |
Frame buffer/ ! & 55 stations I
scheduler : : to CDAS
1 1
= 1 o I
= : e P i
FLRC packet link | 1 T ;é 1
I \ N |
J I é é I
! ~55 statio I
VS o (s .- o - s o, £ s | S i e el e, S - S S ot e e e S S s i ¢ v e i i it | e o (S e { w mn sm, h ~
Scale Access layer Backhaul layer

10 LAPs x ~55 stations = ~550 stations

short-range station-to-LAP wireless links

LAP

-to-CDAS network path

5/26/2026
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Test consideration

Ubiquiti Bullet
and Rocket
communication

J

05/26/2026

UB and protocol
translator
communication

J
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SX1280 tx and rx
communication

J
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Bullet and rocket communication
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Ication

UB and protocol translator
communicati
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UB Ethernet bridge
p I‘OtOtype UB Ethernet Bridge

Echo payload (ASCIl)

Device IP: 10.248.1.132 | Raw RX chunks: o | Valid frames: o

* Embedded web server for command Logs updted.
control and diagnostics

Raw RX Bytes Valid Frames

[ J Au ge r/ U B UA RT fra m e e n C 0 d e r a n d %};;&:zggﬁT bytes the ESPg2 actually received, even if they do not form a valid Shows only frames that passed UB preamble, length, ETX and CRC checks.
No valid frames yet.
pa rse r No raw RX bytes yet.

* Predefined command templates

* Raw UART logging and validated-frame
monitoring
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Mode: SX1280 FLRC packet mode valid row = tail == OxAA55

Frequency: usually 2449.5 MHz
Bitrates tested: 260, 325, 520, 650, 1000, CRC failure count = receiver-
1300 kbps side integrity rejection
Coding rate index: tail-bad count = payload
2->CR1/2 marker corruption
3->CR3/4
4->CR1/1 loss estimate = counter
Preamble: usually 16 discontinuity after filtering
CRC: RadioLib default 2-byte CRC corrupt rows
Whitening: disabled in current notes
Packet length: fixed 6-byte payload

SX1280 tx and rx communication

05/26/2026 Realtime Conference 18
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B

Segment 1
Segment 2

A3, BbRSERRMm

05/26/2026

Bia]
10:50:45 - 10:53:44

10:55:37 - 10:57:33

@D \_-139mVv /div 20.0MS/s

counter

1492 - 1670

0-116

N

valid RX

169

113

282

50.0ns/pt

expected
179

117

lost loss rate

10 5.59%

4 3.42%

Realtime Conference
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E28+ESP32XIAO
Optimized power distribution system

V1vsV2
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Short distance test results

0.301

LN
™
o

o 1n o
N o
o o o
% / Uoljoel)

0.051

0.001
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Preliminary long distance test(700 m
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Fraction of lost signal: 0.4950 +- 0.086% (606 603)
W“ *M —— bkg
—70 ﬁ%;w e %ﬁﬁﬁw signal
c —75-
m
E —80-
O
5 8> /700 meters
-90{ w results
_95_
N D %
N N N
3 A A
24 X X
Q Q Q
time
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Summary and Outlook

e Summary

A 2.4 GHz two tier system based on omnidirectional antennas is proposed for the
communication of PEPS

A very low power consumption can be achieved (important for the remote locationin La
Pampa Amarilla)

Intial tests show that the system is stable a short distance with a data loss of less than
0.1%, depending on the configuration

Long range tests in Brussels limited for now by the large city noise and by the time of the
data taking

Full functional hardware firmware is under development

e Qutlook

Perform tests at different distances, also by raising the antennas from the ground

* Test the system on site in Argentina (lower background noise)
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* Thankyou!
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$X1280 FLRC Channel Planning: Channel Count vs Bandwidth

4 2.4 GHz ISM usable band: 83.5 MHz =
|

G R RS A O .

2483.5 MHz Frequency

2400 MHz
@ Selectable center frequency SX1280 center frequency is programmable; channels are a planning choice.

20 channels easy with ~0.5 MHz spacing

FLRC 260 / 325 kbps 0.3 MHz 0.5 MHz Example non-overlapping plans
approx. 0.3 MHz =" !"1 ‘
RF bandwidth ﬂ [I I] I] [I ” [| see |] I] [l [l [I I] ﬂ FLRC example span for span for fits in
2400 MHz ] 2483.5 MHz bandwidth | center spacing | 10 channels | 20 channels | 83.5 MHz?
20 channels easy with ~1 MHz spacin ) g ; - A i
FLRC 520 / 650 kbps . it y pacing | 0.3 MHz | 0.5 MHz | 4.5 MHz | 9.5 MHz es |
approx. 0.6 MHz ra— | f=3 ‘
RF bandwidth [ ] [ ] [ ] e [ ] [ ] [ "I | 0.6 MHz 1.0 MHz 9 MHz 19 MHz Yes \
2400 MHz 2483.5 MHz ‘ i
20 channels feasible with ~2 MHz spacing; rehin ‘ S Lt SBiME Yes
@ FLRC 1000/ 1300 kbps 10 channels very comfortable ' '
1OMHE, . o REREREERRE I sss s em s smams e ais mrne s e e e e
approx. 1.2 MHz Pl ~2 MHz ( )
RF bandwidth [ ] [ ]“"“4—» [ ] L J : Approx. occupied span = (N - 1) x spacing + channel bandwidth !
2400MHz o B 28835iMHz: | [ e e e e e e e s e e e e e e e Z
N WicFi local di 5 . =
. g guard o~ : adjacent-channel (¢@))) antenna / filter il regulatory
Practical constraints: @ bands ‘ ‘: avoidance mtir::;ence { | | leakage ( A) behavior -0 limits

Q Answer: 10 channels is straightforward; 20 channels is technically feasible in 2.4 GHz FLRC if spacing and site interference are managed.
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Candidate First-Hop Technologies: Wi-Fi HaLow vs 2.4 GHz FLRC

region-dependent
sub-GHz channels

existing 900 MHz
site band

L 4

A

2.4 GHz ISM

'
1
|
I
1
i

1
300 MHz coexistence check required 900 MHz 902 MHz 928 MHz

Operating band

e (ﬂ)

sub-GHz; channel availability
depends on region

'
1
1
I
I
I
1

T
2.4 GHz 2.4835 GHz

2.4 GHz ISM band

>

Frequency

Wi-Fi HaLow | 2.4 GHz FLRC

E o)) + ((o Coexistence context

closer to existing 900 MHz
site radios; requires site-specific
coexistence study

frequency-separated from
existing 900 MHz site radios

E [1A M~ Channel/bandwidth model

Wi-Fi style channels;
PHY/MAC profile dependent

packet-radio bandwidth options:
approx. 0.3, 0.6, 1.2 MHz

n m Data-rate range

Mbps-class possible depending
on channel and MCS

260 kbps to 1.3 Mbps
configurable FLRC bitrates

MAC and timing control

B O

standard Wi-Fi MAC;
less direct low-level slot control

custom packet timing and
TDMA-style control possible

ﬂ @ Power profile

device and Wi-Fi stack dependent

simple duty-cycle control
around scheduled packets

Antenna size

()

larger sub-GHz antennas
for similar gain

smaller antennas
for similar gain

Integration focus

B O

regulatory channel availability,
coexistence, stack behavior

link budget, interference,
custom firmware validation

((')/ ) Selection depends on site coexistence, regulation, timing control, power budget, and validation effort.

5/26/2026
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Current SX1280 FLRC Test Firmware Data Format

. 6-byte $X1280 FLRC
TX test firmware H FLRC payload H aket ]—} RX parser + log

- 6-byte FLRC payload (exactly 6 bytes) 3

TX-side meaning

e reinitCount: Byte 0 Byte 1 Byte 2 Byte 3 Byte 4 Byte 5 e packet counter discontinuity
increments after -> loss estimate
radio re-initialization o tail = OXAA55
< reinitCount COUMLET countte goCnLeT OxAA 0x55 > -> corrupted payload /
* counter: i _ [7:0] [15:8] [23:16] tail-bad event
monotonic low 24 bits « RadioLib CRC mismatch (-7)
1. -> packet rejected before
) :ia)::a.d integrity marker - 8 i - e & Rayidailioe
24-bit packet counter tail marker OxAA55 e RSSI recorded for
| valid packets
S$X1280 FLRC packet envelope (over the air)
FLRC Header / PHY
Preamble sync Word (addressing, Iength, 6'byte Payload Z'byte CRC
modulatlon; ete) (see layout above) (default)
e r S— . o s—— Sem— o o
. Pfeamblle 'e"tgtbh ! :’ fixed payload length: ‘: ! default FLRC CRC: ‘: :’ whitening disabled ‘:
commonly set by ;
| CFG command ! '. e ' | i ol B g
Runtime configuration command CAUTION
CFG <freq_MHz> <bitrate_kbps> <CR_index> <power_setting_dBm> <preamble> Current parser caveat: some RX logs still
= reconstruct a 32-bit counter from bytes 0-3,
Example candidates: = 2449.5 MHz 650 kbps CR=2 || pwr=-8dBm | preamble = 16 so reinitCount may affect the printed counter.
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