SUB-NANO AT HOME W/GNSS & Al




BAGKGROUND




BOB GONTEXT

= Retired from low-latency trading June 2025

= Trading required precise event timestamping

= No more bosses to give me interesting problems to solve

= | gave myself a problem to solve: Precise GNSS timekeeping for datacenters

= Fifty slides have more detail than time allows
= QR code for on-line version at the end

= Focus on the visuals and the story

= Saw paradoxes mentioned at STAC last fall



PARADOX ONE

GNSS Clock GNSS Lawnmower

Key Features

e <15ns RMS to UTC (USNOQO) through GNSS

15 ns
“Call for quote”
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TERMINOLOGY

= Deviation & Discipline

= |t’s not kinky sex — it’s the way timing experts talk
= Deviation measures how an unstable clock ticks irregularly

= Discipline is pushing those ticks back into a stable pattern

= Position Error «« Time Error

= GNSS binds position and time together, so errors transfer

= | may say “GPS” when | mean GNSS, Galileo, BeiDou, or GLONASS



GNSS INTRO



€t ore accurate

Horizontal position accuracy (1-0)

10 m -

10 cm A

1cm -

GNSS positioning: observation-time vs accuracy regimes

‘Secondary y: c-equivalent timing (1 m = 3.33 ns).
 Method-specific timing labelled inside each blob.
T Recleiver-only (broadcast elph)
orrections required (NITRIP /SSR /IGS / OPLIS)
re$t OPUS <proq
1s 10s 1min 10m|n 7d

Observation time Takes |Ongel“ _)

- 33 ns

-3 ns

334 ps

- 33 ps

c-equwalent time accuracy



NSO POSITIONING TEGHNIQUES

2, or %

10 km from b eceiver World&
§ Offline: ho§s to weeks
@ nds

Realtime@ter 10s of mins

. §—Centimeter
w centimeters . .
@ Q ps w/calibration
32-

ardware/firmware

Worldwi

S@Qnds
N

W meters
“15 ns

AL

Hardware/firmware < $10 (9

it software or service

$215 each receiver $310, one receiver needed
“Reqgular old GPS” Requires survey-grade antenna, good sky view, dual band
Uses pseudorange signal Uses carrier phase

t Assumes nhominal receiver “warmth”



One set of raw observations - two timing solutions

—____________________\

| GNSS RECEIVER (silicon)

~

RF front-end
LNA + mixer - ADC

~

>

antenna

w|v %%

= |Nternal SPP + carrier smoothing - Raw PPS (no PPP)

Correlator bank (per-SV)
— specialized hardware —
DLL: code - pseudorange

PLL: carrier —» carrier phase

~

b PR - @ - Doppler

Internal SPP solution

- PVT/PPS

(timing receiver — best WITHOUT PPP)

code least-squares + carrier smoothing

rRaw PPs |,/

raw obs exported
out of the receiver
(e.g. UBX RXM-RAWX)

RAW

OBSERVATIONS PPP engine (hOSt)

float / ambiguity-resolved filter

- precise clock & time

- C/NO

internal

path + SSR

SSR corrections (NTRIP)
precise orbit - clock
- code & phase bias

\__________

~ 8 ns p-p

The same raw carrier-phase + code observations either drive the receiver's own SPP fix, or leave the receiver for an
external PPP engine fused with SSR. (How PPP turns SSR + raw observations into a precise time fix: later slides.)

PPP solution
precise
clock & time

discipline

l

Sub-nano PPS

external PPP + SSR - disciplined oscillator - Sub-nano PPS



PROJEGT KIGKOFF

= How to use satellite atomic clocks on Earth?

= Require a fixed antenna position
= Yes, it’s ironic, I'm using GPS when | already know my position
= First survey antenna position, then get time from that

= Combining PPP-AR with fixed position -> Project PePPAR-Fix

= No atomics, ho vacuums, no lasers, no cryogenics




GNSS PREGISION SUPPORTING INFRASTRUGTURE



HOW DO YOU SYNCHRONIZE ~12% ATOMIC GLOGKS IN SPAGE?

— You don’t really try!

= Let clocks run free, measure error, predict it, broadcast it, receivers apply corrections
= Same goes for orbits

= Monitoring stations with atomic clocks track sat clock errors

= Prediction quality and available bandwidth limit SPP accuracy to ~1 m, ~3-15 ns

Constellation SVs| clock-offset range worst error (= position) drift / 24 h
GPS 32 -607 ... +748 us 748 ps = 224 km < 1.9 us
Galileo 30 -1147 ... +5263 ps 5.26 ms = 1578 km < 10.9 us
BeiDou 40 -977 ... +967 us 977 ps = 293 km < 16.2 us

The “master clocks” are on Earth, not in space
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= National Metrology Institutes (NMis), e.g. NPL, USNO, NIST, PTB e e o et
= BIPM Time Department PP 2 R0
= Constellation “ground segment” or “control segment”
= |nternational GNSS Service (IGS)
= 800 monitoring stations worldwide
= 100 with atomic clocks YERAWEA S\ Vi y
a® e i ® .'
= Global GNSS Analysis Centers (ACs) i : P ¢
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EAST

-100

HEIGHT
(mm)
-

Position Time Series

Zoom Tm 3m ©6m YTID 1y All Apr22,2019 - Jun14,2026

W

W™ — —

T e—

Station moved south 15 cm in 7 years —————
Clock would be off by 500 ps if not corrected

| A | (R | VALY K A |

| | | | | | | | | | | | | |
2019-07  2020-01  2020-07  2021-01  2021-07  2022-01  2022-07  2023-01  2023-07  2024-01  2024-07  2025-01  2025-07  2026-01
[———— e e i N P Y PP , & R A — _ . S 7
= WWV\FW e
ﬁp 2020 2021 2022 2023 T o T T T s 2026

- ENV + Sigma Time Series — ENVDetrended time Series
IGS Central Bureau
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Lustblihel Observatory near Graz, Austria

Source: Wikipedia




GNSS AGGURAGY LIMITS



ANSS SIGNALS & PROGESSING

= Pseudorange code identifies the satellite and anchors absolute time to ~1 ms
= Pseudorange phase resolves time to ~1-10 ns within each ms

= Carrier phase resolves time to ~30 ps within a cycle, but is ambiguous by cycle

= Very careful corrections and processing provide AR (Ambiguity Resolution)

~I'm ~1-3 ns ~3-15 ns Large beachball
~10 cm ~100-300 ps sub-ns, w/calibration Softball

~4 cm ~40-133 ps sub-ns, w/calibration Table tennis ball
~Tcm ~10-30 ps ~100s ps, w/calibration Green pea



MATGHING TIME AGQUISITION & TRANSFER

Internet NTP Millisecond
GNSS SPP PTP ~15 ns
GNSS Float PPP PPS ~1 ns
GNSS PPP-AR White Rabbit Sub-nanosecond



SPP

HAS - E6-B

Two data flows — SPP vs PPP

observations (shared) broadcast nav (shared) simple models — SPP precise corrections — PPP advanced models — PPP == = Galileo HAS

Code pseudorange (PR) EXtra Cl‘edit fOI" nOtiCing A|-genel"ated S|ideS QW)

PUT + PPS
Satellite CloC ) ~ .
\\\ (snapshot) =~ 1-5 m - tens of ns

Simple models available immediately (1 epoch)
(broadcast-grade atmosphere)
no tide - no antenna models

GNSS

antenna Better corrections + Better models + Better code + Patience

Code + carrier phase (PR, o)

Internet

I .
NTRIP Broadcast ephemeris

& satellite clock
. Precise satellite
______ [ orbit - clock - biases

Sequential PPP filter (Kalman)

Precise clock & time
~ Ccm * sub-ns

(broadcast + SSR) position - clock + ZTD -

Precise corrections (SSR - HAS) ambiguities (float - fixed)

orbit A - clock A - code/phase bias

Internet
HAS - IDD 7 ,

local weather (METAR)

Three orders of magnitude
better than SPP!

Advanced, location-specific models

"t : estimated troposphere (ZTD) -
tide - antenna - wind-up - relativity

elapsed time: tens of minutes to converge

Matching colours = the same data feeding both flows — PPP builds on the broadcast nav message, not instead of it.
SSR/HAS orbit/clock are A-corrections applied on top of broadcast (IODE-matched); code & phase biases are absolute.



INITIAL PEPPAR-FIX VISION & PIVOT

= Existing open source good for post-processing, but scant real-time support

= Some not maintained well, platform-specific, FORTRAN &

= |dea: Write my own real-time PPP-AR solution with Al!
= Solve PPP-AR for position &d Solve PPP-AR for time &d Discipline oscillator

= Dangerous mix: Al overconfidence + Bob inexperience &d Trouble!

= PPP-AR wouldn’t reliably converge on an answer (a position)
= | didn’t know the right answer, so debugging proceeded slowly
= Finally figured out how to do my own antenna position surveys
= Pijvoted to require a surveyed position before solving for time
= Gave up on TCXOs and PTP, given far better results with OCXOs and PPS



[Mmm]

North 1

UFO1 antenna reference point — survey confidence (10)

common leading digits in normal weight - bold = digits that change across the 1o range - first two decimals masked (XX)

Plan view (top-down)

rARP (1o box centre)j ARP (1o box centre)
41. XX306516° N 200.5073 m ellipsoidal
88.XX372800° W 200.5137 m
7.51/200.5073m 7.5 7 +6.40 mm up
|- T~~~ ) S |
| |
5.0 - 5.0 - : |
|
41.XX306518° N : o vert :
+2.23 mm N — 6.40 mm
| & | I |
2.5 c 2.5 | :
«— I |
B8. XX372806° W 88.XX372794° W c 88. XX372806° W | *f ARP | 88.XX372794° W
0.07 " —294mm w +4.94 mm E S 007 _—294mmw?® >® 494 mm E
' © I o E/W = 4.94 mm |
| > | |
! k | [0 | |
—2.5- - e - 2 -2.5- | |
| - ‘& ™ | )6514°N = l |
| TR - mm S | I
| |
| |
| |
S - — — — — — - d
200.5009 m
—7.5- — 7.5 —6.40 mm down
N1T Eo-
—7.5 - 0 2.5 5.0 7.5 —7.5 —-5.0 —2.5 0.0 2.5 5.0 7.5
[mm] East - [mm]

Elevation view (from the south, looking north)

ITRF2020 @ 20
1o = across-day

atic, 6-day mean (final orbits, IGS precise) - Leica GRX1200 GG Pro reference + SFESPK6618H antenna (NGS-calibrated PCO/PCV)
JPUS-Static solutions (N/S 2.23 mm, E/W 4.94 mm, vertical 6.40 mm) cross-checks: PRIDE PPP-AR 2 mm, FOP CORS-RTK 32 mm
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GNSS ANTENNAS!



SURVEY-GRADE “UFQ" ANTENNA GONSTRUGTION

PCB bottom view PCB top view
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GETTING BELOW Ta NS IN REALTIME



Inter-system bias drift, straight from the SSR clock stream
per-constellation mean clock correction vs GPS — an NTRIP-only quantity (no receiver / DO)

Inter-system time offset — mean [ns]

GPS Time # Galileo Time # BeiDou Time # GLONASS Time

‘ ‘ u
-‘ ,L,,'V.M-M _

— GLO-G
—— BDS-G
—— GAL-G

w

PS  (drift +0.08 ns/
PS  (drift +0.03 ns/

°S  (drift +0.01 ns/

;Lr.:&, g PN

N, span 7.6 ns)
N, span 5.4 ns)

N, span 0.7 ns)

5 10 15
elapsed time [h] (SSR capture 23.9 h)

20
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range-equivalent — mean [ns]

deterministic site displacement (no stream); up peak = 1.11 ns = 33 cm, period ~12.42 h

—— east

N

T

I
N

I
N

Solid Earth tide as a timing correction — detrended, =5 ns

— up (vertical)

—— north

My lab moves up and down by 1.1 ns per day!

e
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=
s =
—==
Vertical displacements East-west North-south
of sectorial movement. displacements of displacements of
Red up, blue down. sectorial movement. sectorial movement.
[UfOl ARP - IERS deg ree-2 - 1 m = 3.336 nSJ Red east, blue west. Red north, blue south.
e ——

hours since 2026-06-13T00:00:00Z

(window 48 h)




GETTING BELOW To NS INREAL-TIME

= |nstability like PPS sawtooth averages to zero over 24 hours or less

= Can be ignhored until you get below about 15 ns
= However, bias can’t be averaged away
= Requirements
= Survey-grade, low-multipath antenna with good sky view
= Can’t reliably track carrier phase without these
= Real-time correction streams from GNSS Analysis Centers or Galileo HAS
= Complex PPP code for Kalman filters and detailed models like solid earth tides
=  Allow 10s of minutes to converge
= Attention to details, e.g. Coordinate Reference System tagging ITRF2020@2026.3164



PRECISION GLOGK ARGRITEGTURE



raw GNSS
observations

Estimate the error —» then steer it out, gracefully

two Kalman estimators feed one optimal controller — each shown by class of state and class of measurement

POSITION

EKF - PPP position

where is the antenna?
Estimates - states

position (XY Z)
receiver clock

Inter-system bias
troposphere (ZTD)

ambiguity, per satellite

7 + N states

Measures - arms

code range — every SV
carrier phase — every SV
(+ NAV2 & weather ties)

2 arms X ~30 SVs

every state carries = 1o (covariance)

clock
& rate

TIME

EKF - measurement fusion

how far off is the clock?
Estimates -

rx-TCXO phase
rx-TCXO frequency
DO phase

DO frequency

states

Measures - fuses

PPP time - gErr - TDCP
EXTINT - TICC - holdover
ClockMatrix on-chip phase

7 measurement arms
every state carries = 1o (covariance)

(each arm observes one staleclass ) —

error
+ O

CONTROL

LQR - optimal control

what to do about it?
Reads

the 4 time-filter states
+ their £ 10 confidence

Decides

one steering command
adjfine / DAC / combo bus

Goal

drive phase & frequency error
to zero — smoothly

- No overshoot
- weight each move by confidence

closed loop: the steered DO is re-measured by the time filter

Disciplined Oscillator

PPS
ouT



Fusion Filter Tracking Two Coupled Oscillators and Servo

N\
—> GNSS receiver (F9T)
EXTINT raw obs - qErr
'S * raw obs
PPP engine
dt rx - TDCP
TICC

do _pps — gnss_pps

[
ClockMatrix DPLL L
[

[
: (Timebeat OTC)

PPS’
Disciplined Oscillator

- PPS « steer

Four-State Extended Kalman Filter + Linear Quadratic Regulator

rx TCXO - Short-t path
; Open loop
\i/
: f rx — Long-7 path

frequency

Closed loop

o oo et oot Time-Differenced
] Carrier Phase

f do
freallency E LQR control

holdover

steer the DO - servo loop
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u-blox EVK-FOT: $350 _
Raspberry Pi 5, heatsink, fan, NVMe hat, SSD: $200

TAPR TICC: $250
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UPS: $50
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PROTOTYPE GLOGK PERFORMANGE



TDEV (ns)

PePPAR-Fix — the win: disciplined output vs raw GNSS

Time stability — TDEV(T)

=
-
o

-
-
o

TICC + FE-5680A Rb measurement floor

e=s PePPAR-Fix on an OCXO (PulsePuppy)
PePPAR-Fix improvement over raw PPS
- Raw GNSS PPS (F9T)
— =~ |deal GNSS (t7'7?)

109

~10? 102 103 10

Averaging time T (s)

ADEV (fractional)

Frequency stability — ADEV(T)

10784
] e=s PePPAR-Fix on an OCXO (PulsePuppy)
- PePPAR-Fix improvement over raw PPS
'\ - Raw GNSS PPS (F9T)
A === ldeal GNSS (t°1)
| ‘\&
'\.
_9 . *
10 x"’
LY
o
Ve
%k
Y
\«&
“y,
10—10
10—11
?
TICC + FE-5680A Rb measurement fl .
10—12

109

10 107 10
Averaging time T (s)



TDEV (ns)

101‘:

=
-
o

-
-
o

109

PePPAR-Fix — the limits: noise floor, free-run oscillator, remaining room

Time stability — TDEV(T)

e=s PePPAR-Fix on an OCXO (PulsePuppy)
—s— (OCXO free-running
Remaining room for improvement

- == |deal GNSS (t717?)

TICC + FE-5680A Rb measurement floor

102 102 103
Averaging time T (s)

o

ADEV (fractional)

Frequency stability — ADEV(T)

1078
e PecPPAR-Fix on an OCXO (PulsePuppy)
: —s— (OCXO free-running
'\ == Remaining room for improvement
N === ldeal GNSS (t-1)
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107° N
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N
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\\
N
1010 fN
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10—12

TICC + FE-5680A Rb measurement fl

109
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Averaging time T (s)



TDEV (ps)

Servo input precision vs realized output vs DO free-run
MadHat — F9T-20-00 (L1/L5) + OCXO/AD5693R

—@— Realized PPS output (chA, disciplined DO)
—— Our PPP time solution (chA — ¢DO)

A=+ FIT SPP + carrier-smooth (de-sawtoothed, no DO)
=@ DO free-run (OCXO, DAC-parked vs Rb)

-
-
IS

1.0 ns per-clock budget (separate antennas)

-
-
OV

A A

CAVEATS — state these with the number:
e TDCP band & chA-¢DO are receiver carrier-phase, NO DO / NO TICC — the servo INPUT
precision, not a disciplined output. White-PM floor (averages DOWN with T); the rx
TCX0 it measures itself WALKS to tens of ns (not shown).|

e chA is the honest realized OUTPUT (DO + actuator + loop). The mid-t hump = servo
realization residual — midTauTrackingResidual (I-102153) / softGateMidTau.
e DO free-run = DAC-parked 0CX0 vs TICC-Rb (truly open-loop floor).
» Moonshot target = lower envelope of (DO free-run, input precision); the gap above it
— especially mid-t — is the work that remains.

100 | 10l | 102
T (S)

ANALYSIS VERSION=servo-io-overlay-1 git=9631cdc data: stepb-qerr-20260623 + do-freerun-compare + receiver-comparison-2026-06-01



WRAP UP



HARD LESSONS

= Know your position before asking new PPP code to solve for it

= Real-time PPP is always harder than post-processed PPP

= Sweat the details like tracking coordinate reference systems

= Hardware details like power distribution and level shifting matter sub-nano

“People who are really serious about software should make their own hardware”
— Alan Kay
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AIUSAGE NOTES

= Use CLI, not chat, e.g.: claude --dangerously-skip-permissions

= Runs on sandboxed VM with root access on my time lab
= Multiple, coordinated agents with specialized roles
= Researching and planning
= Python coding
= Managing time lab, running experiments, and running simulations
= Analyzing data and presenting results
= Key moments are often the exchange of intuition between Al and human
= Sloppy language is sloppy thinking — watch for misnomers
= Agents read a project glossary on startup and maintain it as new ideas are added



FUTURE WORK

= Push for two-clock, two-antenna agreement to 2 ns
= Use disciplined oscillator to clock GNSS receiver

= More stable oscillators could get down to a few hundred ps
= Make PPP-AR position convergence reliable

= Add support for Timebeat’s portable grandmaster
= Low-cost version without TICC, target $500

= Try newer u-blox GNSS receivers

= Maybe faster update rates like 10 Hz?

= Maybe OSNMA?
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Includes two bonus slides




