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Principle of TWSTFT: two-way comparison of the time of flight

» Coordinated Universal Time (UTC): comparison of (atomic) clocks
disseminated worldwide

» Various means of time comparison: optical fiber links, global navigation
satellite systems (spaceborne atomic clocks), Two Way Satellite Time and
Frequency Transfer (TWSTFT)

» Exchange timing signals for recovering frequency and time informations
» Objective: sub-200 ps accuracy and resolution at 1-s integration time ...

> ... using a Software Defined Radio transmitter and receiver

Easy: generate pseudo-random sequence ?, binary phase-modulate the
carrier, uplink on a 14-GHz microwave carrier to a geostationnary satellite
and receive the 11-GHz downlink, correlate to recover time

4same spectrum spreading technique as used in noise RADAR, see J.-M Friedt, Software
defined radio for noise and passive RADAR processing, GNU Radio Conference (2021) at
https://pubs.gnuradio.org/index.php/grcon/article/view/74
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Principle of TWSTFT: two-way comparison of the time of flight

» Coordinated Universal Time (UTC): comparison of (atomic) clocks
disseminated worldwide

» Various means of time comparison: optical fiber links, global navigation

satellite systems (spaceborne atomic clocks), Two Way Satellite Time and

Frequency Transfer (TWSTFT)
» Exchange timing signals for recovering frequency and time informations
» Objective: sub-200 ps accuracy and resolution at 1-s integration time ...
> ... using a Software Defined Radio transmitter and receiver

Easy: generate pseudo-random sequence ?, binary phase-modulate the

@

carrier, uplink on a 14-GHz microwave carrier to a geostationnary satellite
and receive the 11-GHz downlink, correlate to recover time

> Geostationary satellite = fixed location in space?

?same spectrum spreading technique as used in noise RADAR, see J.-M Friedt, Software
defined radio for noise and passive RADAR processing, GNU Radio Conference (2021) at
https://pubs.gnuradio.org/index.php/grcon/article/view/74

4/22


https://pubs.gnuradio.org/index.php/grcon/article/view/74

Motion of the satellite

> Satellite allocated bandwidth: 4.x MHz =
2.5 Mchips/s

» Intermediate Frequency feeding the
upconverter: 70 MHz

» 1-PPS timing reference = 1-s long code
(22-bit long)

» Pseudo random sequence generated from a
Linear Feedback Shift Register! with wisely
selected taps?
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unix time (s)

Result: time of flight (ranging) measurement consistent with proprietary SATRE modem
communication, but the satellite is moving by £75 us (150 ps=45 km) !

2Y. Guidon, Galois et les nombres pseudo-aléatoires, GNU/Linux Magazine France 261 (Jan. 2023)

’https://users.ece.cmu.edu/~koopman/1fsr/

1.5e+06

1.55e-
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SDR emitter and receiver hardware

>
>
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Inputs: reference 1-PPS and 10 MHz from metrological source
FPGA implements Linear Feedback Shift Register pseudo-random sequence (PRN) at

2.5 Mchips/s

10 MHz ref —|
1 PPS ref

transmitter

(FPGA PRN
generator)

TX RX

PRN generation controlled by Reset signal and 1-PPS edge

a 70 MHz sine wave is BPSK modulated (XOR) with the PRN sequence
GPIO output is filtered by a Surface Acoustic Wave 70 MHz filter (IF)
IF feeds microwave upconverter and power amplifier on transmitter
microwave downconverter and low noise amplifier returns 70 MHz IF signal ...
.. sampled by dual-channel coherent SDR board.

14 GHz 11 GHz

oz U L

SAW

dual channel
SDR receiver
(B210, X310)

|_,Ethernet
USB

©CK

FPGA is either on the SDR board or external (faster synthesis)
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Code length impact

Code length:
> matched filter for finding a pattern x in y:
Xcorr X y fN t + T)dt X power
with noise dropplng as N

but fixed Iocal copy of the code c in y:
xcorr(c,y)(r) = [y c(t) - y(t + 7)dt
voltage W|th noise dropplng as VN
Shorter code = more averages within 1 s =
noise dropping as v'N
Conclusion: SNR independent of code length
(longer code increases averaging duration but
fewer codes/s) as verified experimentally 2

>

2J.-M. Friedt & al., Development of an opensource,
openhardware, software-defined radio platform for
two-way satellite time and frequency transfer, Proc. IFCS
(2023)

TDEV (no unit)

Link delay fluctuation between Paris and Besangon

108

1000 F

10-10 3

200 ps

— 100000
— 10000
2500000
— 250000
~— 25000
500000 | J
— 5000

code length

107"
10%

102 10° 10!

time (s)

7/22



Correlation

How can we achieve 200 ps delay measurement when sampling at 5 MS/s (200 ns/sampling period)?

» Improve resolution with correlation peak fitting:

. . . _0.488265

> Search for correlation magnitude |x| maximum @ o.4ss264
.. > 0.488264

at position n T 0488264
A . © 0.488264

» Parabolic fit with samples at position n — 1, n 0.488264
and n+ 1: R
dn 1 |Xn—1] — |Xn+1] I

= — o O

2 |xo—1] + [Xat1| — 2[xa| S _se-09

-1e-08

» Correlation peak position improvement =
measurement SNR after correlation (+10 x logig(N))

T T T
3 3.2 ns/s . 4
- —— with interpolation -
! L L
50 100 150
time (s)
T T T
200 ns/(3.2 ns/s) - 7
3 =62.5s -
50 100 150
time (s)

> BUT the satellite is moving as we correlate! At 3.2 ns/s, the correlation peak shifts from one

sampling period to the next (200 ns) in 62.5 s

> Solution: oversampling by interpolation (here 3-fold oversampling)



Correlation with peak fitting and oversampling

Convolution theorem
conv(x,y)(7) = /x(t) -y(r — t)dt — FT(conv(x,y)) = FT(x)- FT(y)
Application to correlation
xcorr(x, y)(r) = /X(t) y*(t+7)dt — FT(xcorr(x,y)) = FT(x) - FT*(y)

Once we are in the Fourier domain: interpolate by zero-padding FT(x) - FT*(y) before returnig to
time-domain by iFT

Zero
( , rotate
?actldmg) measurement
interp.
zero ﬁ

I
ADC| +1 -
ddi FFT +0 parabolic
Q padding argmax it

(interp.) -1
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Frequency offset impact

» Only time delay between correlation peaks can be used for time and frequency transfer: the
satellite introduces a frequency offset when transposing from 14 GHz upling to 11 GHz downlink

> [ c(t) x(t+ 7)exp(jow(t + 7))dt: T maximizing xcorr is not dependent on dw except through
loss of SNR

function traite(ref,in)

1900 s=abs(xcorr(ref ,in));
[7 . u]l=max(s)
— OP (s(u=1)=s(ut1))/2/(s(u=1)ts(ut1)—2xs(u))
—— LTFB eod
f=f n(’../221207 _twoway_codes/codes/noiselen100000_bitlenl7_taps09.bin’);
1850 codoeiefre(ad(f,inf,’iztmts’));j ‘ oo )
~ code=repelems(code ,[[1:length (code)] ; ones(1l,length(code))=3]);
1:/ a=2%code’ ' —1;
ko] b=a(2:end).*exp(j*0.8); traite(a(l:end—2),b);
2 b=a (2:end).xexp(—j*0.2); traite(a(1:end—2),b);
S 1800 b=a(2:end).*exp(j*2%xpi*xle—6*[0:length (a) —2]"); traite(a(l:end—2),b);
2 b=a(2:end).*exp(j*2xpixde—6x[0:length (a) —2]"); traite(a(l:end—2),b);
g b=a(2:end).xexp (j#*2%pi*l2e—6x[0:length(a)—2]"); traite (a(l:end—2),b);
g b=a (2:end).xexp (j#*2%pi*40e—6x[0:length (a)—2]"); traite (a(l:end—2),b);
= 2 static phase cases and 4 frequency offset cases
1750 u = 300000 ans = -5.0108e-06
u = 300000 ans = -5.0108e-06
u = 300000 ans = -3.4308e-06
1700 u = 300000 ans = -2.6150e-05
59964 59964.5 59965 5922?65(h;>j[9)$6 59966.5 59967 59967.5 u = 300000 ans = 1.8744e-05
u = 290580 ans = 0.031081

Frequency offset from the satellite transponder: carrier frequency
cannot be used for frequency transfer

25 Hz accuracy at 5 MS/s=5-10"6 = 200 ns- 107> = 2 ps 10/22



Impact of time synchronization

What if the two-way processing is not applied to the same time-transfer delay measurement?

10 f

delay difference (ns)
o

1 s offset

2 s offset

50000

temps=[1:86400%3];
sinus=75e—6xsin (2% pi*temps/86400) ;

plot ((sinus(l:end—1)—sinus (2:end))*1e9);

hold on

plot ((sinus (1l:end—2)—sinus (3:end))x*1e9);

xlabel (*time (s)’)
ylabel (’delay difference (mns)’)

100000

150000 200000 250000

time (s)

On both ends the sequence is generated by the
metrological 1-PPS timing reference, but

1.

make sure we are comparing the same
pseudo-random sequence (tag beginning of
second if code length < 1's)

. make sure we are comparing the same second
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If the satellite is moving at X ns/s, then a 1 s error is observed as X ns offset, X < 1/f

e ———————— 1674471961.1674472146 59967l 16744743011674474456.59067 i

70 MHz
output
> Need to encode NTP timestamp (at least seconds) in the transmitted Lst PPS
signal [ code | code | code | code |-
» Shorter code allows for more accurate time alignement on both ends 1 : ! L
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If the satelllte is movmg at X ns/s, then a 1 s error is observed as X ns offset, X < 1/f;

167A4T1061.16744T2146 59967 in - 16744T1OT2CH D xt

E7A4TAS011674474486. 50067 bin - 167447412 3t

— |l

Shtbona

phase (rad)

phase
unwrap(2'phase)2 —

> Need to encode NTP timestamp (at least seconds) in the transmitted &

signal

» Shorter code allows for more accurate time alignement on both ends

o

2 3 4
time (s)

o=mw

Cornesin

bit state (a.u.)

time (s)
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Impact of time synchronization

» On both ends the emission script is started by
264 ms an NTP synchronized crontab

launch Xx310°

oP » On both ends UHD initializes their respective
SDR boards (X310, B210), introducing a

random delay
On both ends the FPGA starts emitting their

Toame respective PRN code at the 1-PPS mark after
the recording started

© » On both ends the sampling duration
x (3 minutes) is known within one sample
P accuracy

T » On both ends the end of the acquisition date

is stored (“last access time” argument of the
file)

start acq X310

rx LTFB

e
e,
23
Epd
2

LTFB

launch B210
start acq B210

tx LTFB
rx OP
v

z
5
el

common time framework

O
o
= |tx OP

LTFB ﬁ‘

rx OP

k

tfbl Kltfbr
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Code alignement

Rather than observing the code position at a given index, align the received signal on the local copy
of the code to avoid cyclic correlation between two sets of chips

= removes correlation peak drift during a session

=3
[0}
2
o
~

> One big correlation and search for correlation . .|
peaks every code length or small correlation < 4e:07

—1

on datasets incremented by code length g Se+07 ¢
. .. . X 2e407
samples? Correlation cyclicity hypothesis 2 1:107 I
©
thanks C. Calosso, INRIM 0
( ) 0 2e+06 4e+06 6e+06 8e+06 1e+07 1.2e+071.4e+07
» real() v.s. abs()? sample number after interpolation (a,u.) !ohase
FPGA " 46407 ‘ ‘ ‘ ‘ ‘ ‘ m!smatch
@’ code | code | code \ t g ZHW,‘ ¥ ]
= 0 T VTS W W —
T T
SDR’ code | code | code \ code_f § zeu07f ! |
T -des07 | 1
xcorr ¢ ¢ ¢ o
-6e+07 :

0 2e+06 4e+06 6e+06 8e+06 1e+07 1.2e+071.4e+07
sample number after interpolation (a,u.)
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Code alignement

Rather than observing the code position at a given index, align the received signal on the local copy
of the code to avoid cyclic correlation between two sets of chips
= removes correlation peak drift during a session

. . . 66+07 : : ‘ ‘ : ‘
> One big correlation and search for correlation . o, |
peaks every code length or small correlation £ 4e:07
on datasets incremented by code length g Se+07 1
. . . X 2e+07 |
samples? Correlation cyclicity hypothesis 2 o7 |
(thanks C. Calosso, INRIM) 0 b= — : :
521720 521730 521740 521750 521760 521770 521780 521790
> real() V.S. abs()? sample number after interpolation (a,u.)
o 250407
FPGA  &[ code | code | code | ¢ 3 zewr
L —align £ 156407
SDR|code| code | code | code | ¢t 5 =¥
X 5e+06
8 0
xcorr ¢ ¢ ¢ £
-5e+06

521720 521730 521740 521750 521760 521770 521780 521790
sample number after interpolation (a,u.)
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power (dBm)

Signal to noise ratio calculation

From equations to implementation (post-processing):

lo=exp(—j*2*pi*df*xtemps); % local oscillator
H H . y=d.*lo; % frequency transposition
» Signal is fX(t) COde(t + T)dt for T Frty=Fft(y): % FFT(xcorr(x,y))=FFT(x).FFT#(y)
s . cx=fftshift (fcode.xconj(ffty)); % v O—padding xcorr = interpolation
maXImIZIng the COI’re|atI0n cx=[zeros(length(y)*(Nint),1) ; cx ; zeros(length(y)=*(Nint),1)];
.. > x=(ifft (fftshift(cx))); % back to time—domain
» Noise is fX (t)dt yint=zeros(length (y)*(2xNint+1) ,1); % interpolate dataset by O—padding
yint (1:length(y)/2)=ffty (1:length(y)/2); % for code—dataset alignement
_ A yint (end—length (y)/2+1:end)=ffty (length(y)/2+1:end);
> = SNR € [ 20 . 5] dB or yint=ifft (yint); % vv match code length and interpolated dataset length
. H H ci=repelems(code ,[[1:length(code)] ; ones(1l,length(code))*(2%Nint+1)]) ';
C/NO 6 [47 " 62] dBHZ conSIderlng the cm=1; % vv loop every code length elements and analyze xcorr peak/SNR
H for cidx=1:length (code)*(2%Nint+1):length (cx)—length (code)*(2%Nint+1)+1
5 MHz sampling rate [~ indice (cm)]=max(abs (cx(cidx : cidx+length (code)»(2#Nint +1)—1))) ;
vl=cx(indice (cm)+cidx —1); % xcorr maximum
viml=cx (indice (cm)+cidx —1—1); % neigbours for parabolic fit
vipl=cx(indice (cm)tcidx —141); % v analytical solution of position

crr(cm)=(abs(viml)—abs(vip1l))/(abs(viml)+abs(vipl)—2xabs(vl))/2;
yintmp=yint (cidx: cidx+length (code)=(2%Nint+1)—1); % select data

-15 T T T yincode=[codetmp(indice(cm)—1l:end) ; codetmp(l:indice(cm)—2)].*yintmp;
20 k (—SDR EU EU _I SNRr(cm)=mean(real (yincode))"2/var(yincode); % ° rotate code
- P RASESA RN SNRi (ecm)=mean (imag(yincode))"2/var(yincode);
25 [ Eu-us— 6 power(cm):var(ly);
30 b —— TXOP, RXLTFB pu[ssancecoqe(cm):r_nean(rleal(ylnt.tode)) 2+mean(imag(yincode)) "2;
puissancenoise (cm)=var(yincode);
35 —— TXOP, RXOP cm=cm+1;
40 b power probe end
_gg noise oot . https://github.com/oscimp/gr-satre/
167156:00  167160:00 16717609 16718es00 DiTate_digital mode/claudio_aligned_code.m
unix time (s)
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Demonstration

Options
Title: Not titled yet
Author: florian
Output Language: Python
Generate Options:

UHD: USRP Source
Sync: Unknown PPS
Samp rate (Sps): SM

command| Cho: Center Freq (Hz): 70M

File Source

File: ..._bitlen17_taps09.bin

Repeat: Yes Repeat Char To Float Add Const
Add begin tag: () Interpolation: 2 Scale: 1 Constant: -500m
Offset: 0

Length: 0
Constant Source

Constant: 0

Complex To Real
Number of Points: 200k Complex to Mag
ST H

Autoscale: Yes
Complex to Imag

QT GUI Time Sink
Number of Points: 10.24k
sample Rate: 5M
Autoscale: Yes

QT GUI Frequency Sink
FFT Size: 1024

Center Frequency (Hz): 0
Bandwidth (Hz): 5M

Complex to Arg

Costas Loop

Loop Bandwidth: 70m

Cho: AGC: Default lasync_msas| o
Cho: Gain Value: 10 G noise| order: 2
Cho: Antenna: TX/RX EBECTI U

Value: 5M

Float To Complex

Vector to Stream

QT GUI Time Sink
Number of Points: 10.24k
sample Rate: 5M
Autoscale: Yes FFT

Stream to Vector

FFT Size: 200k
Forward/Reverse: Reverse
Window: window.blackmanhar...
Shift: Yes

Num. Threads: 1

Variable
ID:N
Value: 200k

FFT
FFT Size: 200k
Forward/Reverse: Reverse
Window: window.blackmanhar...
Shift: Yes
Num. Threads: 1

FFT
FFT Size: 200k
Forward/Reverse: Forward

Multiply Conjugate

Window: window.blackmanhar...
Shift: Yes
Num. Threads: 1

Vector Length: 200k
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Conclusion

- 55
g 50 C T T T T i
5 35 MWW WA
» Demonstrated two-way satellite time and frequency H ‘3‘8 v ]
link using SDR transmitter and receiver between Paris v 30 9;8 9('50 9('52 9('54
Observatory (OP) and Besan¢on (LTFB) R
) 1
> ldentified key parameters (code length, timing < 88 I I I I ]
accuracy) 2 83 .
T Vv ]
> . . . . . . . S 0 1 1 1 1
Funct!onal |mhplemer.1taF|on Tcludhmg first correlation 958 960 962 964
inversion at the beglnmng of each second . LTFB seen by OP OP seen by OP OP seen by LTFB
. . . ) C T T T ]
» Implemented all post-processing analysis scripts o T ]
C Bl e N
‘ https://github.com/oscimp/amaranth_twstft ‘ z j N A e A S ]
958 960 962 964
Work in progress MJD-59000 (days)

» What additional information to include in the transmitted
sequences? (time? date? ID?) e )

» Code length selection: not driven by SNR considerations but FI RST
by payload (short code = more bits) / RGN
» Complete TWSTFT post-processing sequence: at the " . ) T F PUBLIC CODE

moment, random fluctuations of pmX ns from one
measurement to the next
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Conclusion

~ 20 T T T T
R -
s . . . ]
958 960 %3 964 Direct digital  synthesizer
@ 1e-08 T T T T (square wave output with & 0
b 5e-09 g
> 0 H K‘ ﬂ m" F\/‘\/\ ] offset) and counter clocked lem)i) ) i)
Q _5e-l - .
& o0 (1] IOl il LN 3 by hydrogen maser e
958 960 96 964 PREKGRRD  Guie
g 1.§ I I I loo Iback T
= 1L L . ]
[y angj, -
£ ot A S Y B
958 960 QGT 964
2 oasf ' ' ' ' 1
2 0.26295 NU \J 4
S 02629 | ]
§ 026285 & . . . . ]
958 960 962 964
MJD-59000 (days) Counter clocked by hydrogen

. 0% —15 maser and doubled hydrogen
1ns delay over 40 h is 20-3600 7-10 or at aser (requires a sine wave to

20 MHz a frequency offset of 14 nHz on both the sauare wave conditioning cir-
reference and measurement channels (since offset cuit to clock the FPGA)

on FPGA reference clock), visible on the hydrogen

maser disciplined B210




Conclusion
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Experimental setup

Paris
1 PPSref 10 MHz ref
|, 1PPSin  10MHzin l
> BasicRX
BasicRX X310
GPIO
Ay, 5]
RE :
ERE 2

N
o
> |computer
4

SATRE :E}_u

X
pconverter

RX

downconverter

Besang¢on
1 PPSref 10 MHz ref
refin
\ 4
Agilent
33220A
v {20 MHz
Zedboard [€2¢fRPi4
|70 MHz _— dusB3
: JIB210[<=
SATRE —~ / switch |—> refin
upconverter
X downconverter
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