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Time-of-arrival based navigation (GPS)
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Distance measurement

start time

stop time

transit time ⌧

distance = ⌧ · c (c = 343 m/s or 1235 km/h)
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Transit time

GPS!Basics! ! u-blox!ag!

GPS-X-02007! ! Page!12!

2.1.1 Generating GPS signal transit time 
28! satellites! inclined! at! 55°! to! the! equator!
orbit! the! Earth! every! 11! hours! and! 58!
minutes! at! a! height! of! 20,180! km! on! 6!
different!orbital!planes!(Figure!3).!!

Each!one!of! these! satellites!has!up! to! four!
atomic! clocks! on! board.!Atomic! clocks! are!
currently! the! most! precise! instruments!
known,! losing! a!maximum! of! one! second!
every!30,000!to!1,000,000!years.!In!order!to!
make! them! even!more! accurate,! they! are!
regularly! adjusted! or! synchronised! from!
various!control!points!on!Earth.!Each!satellite!
transmits!its!exact!position!and!its!precise!on!
board!clock!time!to!Earth!at!a!frequency!of!
1575.42!MHz.!These!signals!are!transmitted!
at! the! speed! of! light! (300,000! km/s)! and!
therefore!require!approx.!67.3!ms!to!reach!a!
position! on! the! Earth’s! surface! located!
directly! below! the! satellite.! The! signals!
require! a! further! 3.33! us! for! each! excess!
kilometer!of! travel.! If! you!wish! to!establish!
your!position!on!land!(or!at!sea!or!in!the!air),!
all! you! require! is! an! accurate! clock.! By!
comparing! the! arrival! time! of! the! satellite!
signal! with! the! on! board! clock! time! the!
moment! the! signal! was! emitted,! it! is!
possible!to!determine!the!transit!time!of!that!
signal!(Figure!4).!!

!
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Figure 4: Determining the transit time 

!
Figure 3: GPS satellites orbit the Earth on 6 orbital planes 
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GPS!Basics! ! u-blox!ag!

GPS-X-02007! ! Page!13!

The!distance!S!to!the!satellite!can!be!determined!by!using!the!known!transit!time!τ:!!

!

c•S

light of speed the• timetraveldistance

τ=

=

!

!

Measuring!signal!transit!time!and!knowing!the!distance!to!a!satellite! is!still!not!enough!to!calculate!one’s!own!
position! in!3-D! space.!To!achieve! this,! four! independent! transit! time!measurements!are! required.! It! is! for!this!
reason!that!signal!communication!with!four!different!satellites!is!needed!to!calculate!one’s!exact!position.!Why!
this!should!be!so,!can!best!be!explained!by!initially!determining!one’s!position!on!a!plane.!

2.1.2 Determining a position on a plane 
Imagine!that!you!are!wandering!across!a!vast!plateau!and!would!like!to!know!where!you!are.!Two!satellites!are!
orbiting!far!above!you!transmitting!their!own!on!board!clock!times!and!positions.!By!using!the!signal!transit!time!
to!both!satellites!you!can!draw!two!circles!with!the!radii!S1!and!S2!around!the!satellites.!Each!radius!corresponds!
to!the!distance!calculated!to!the!satellite.!All!possible!distances!to!the!satellite!are!located!on!the!circumference!
of! the!circle.! If! the!position!above! the! satellites! is!excluded,! the! location!of! the! receiver! is!at! the!exact!point!
where!the!two!circles!intersect!beneath!the!satellites!(Figure!5),!!

Two!satellites!are!sufficient!to!determine!a!position!on!the!X/Y!plane.!

!
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S1= τ1 • c
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!
Figure 5: The position of the receiver at the intersection of the two circles 

x

2D localization

y

d1 = ⌧1 · c

d2 = ⌧2 · c

Receiver position (x, y)
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Satellite signals

GPS!Basics! ! u-blox!ag!

GPS-X-02007! ! Page!20!

3.2.2.3 Satellite signals 

The!following!information!(navigation!message)!is!transmitted!by!the!satellite!at!a!rate!of!50!bits!per!second![iii]:!

• Satellite!time!and!synchronisation!signals!

• Precise!orbital!data!(ephemeris)!

• Time!correction!information!to!determine!the!exact!satellite!time!

• Approximate!orbital!data!for!all!satellites!(almanac)!

• Correction!signals!to!calculate!signal!transit!time!

• Data!on!the!ionosphere!

• Information!on!satellite!health!

The!time!required!to!transmit!all!this!information!is!12.5!minutes.!By!using!the!navigation!message!the!receiver!is!
able!to!determine!the!transmission!time!of!each!satellite!signal!and!the!exact!position!of!the!satellite!at!the!time!
of!transmission.!

Each! of! the! 28! satellites! transmits! a! unique! signature! assigned! to! it.! This! signature! consists! of! an! apparent!
random!sequence!(Pseudo!Random!Noise!Code,!PRN)!of!1023!zeros!and!ones!(Figure!12).!

!

0

1

1 ms

1 ms/1023

 
Figure 12: Pseudo Random Noise 

Lasting!a!millisecond,!this!unique! identifier! is!continually!repeated!and!serves!two!purposes!with!regard!to!the!
receiver:!

• Identification:! the!unique! signature!pattern!means!that!the! receiver!knows! from!which! satellite! the! signal!
originated.!

• Signal!transit!time!measurement!

3.2.3 Generating the satellite signal 

3.2.3.1 Simplified block diagram 

On! board! the! satellites! are! four! highly! accurate! atomic! clocks.! The! following! time! pulses! and! frequencies!
required!for!day-to-day!operation!are!derived!from!the!resonant!frequency!of!one!of!the!four!atomic!clocks!(figs.!
13!and!14):!

• The!50!Hz!data!pulse!

• The!C/A! code! pulse! (Coarse/Acquisition! code,! PRN-Code,! coarse! reception! code! at! a! frequency! of! 1023!
MHz),! which!modulates! the! data! using! an! exclusive-or! operation! (this! spreads! the! data! over! a! 1MHz!
bandwidth)!

• The!frequency!of!the!civil!L1!carrier!(1575.42!MHz)!

The!data!modulated!by! the!C/A!code!modulates! the!L1!carrier! in! turn!by!using!Bi-Phase-Shift-Keying! (BPSK).!
With!every!change!in!the!modulated!data!there!is!a!180°!change!in!the!L1!carrier!phase.!

 

Each satellite transmits a unique 1 ms signature (pseudo random
noise code (PRNC) of 1023 zeros and ones), repeated continuously

• Identification: the receiver knows from which satellite the signal
originated

• Signal transit time measurement
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Timing accuracy

• Secret to perfect timing is a fourth satellite
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Accurate measurement of signal transit time:

• 1µs error ) positional error 300m

• Synchronised clocks are needed

• Atomic clocks in satellites

• Too costly ($50K to $100K) for receivers
<latexit sha1_base64="agItoHbWr+3YYr86S33fh/6UeJs="></latexit>



di,measured = c(⌧i +�⌧)

= di +�d

=
p

(xi � x)2 + (yi � y)2 + (zi � z)2 + c�⌧

3D localization

four unknowns

In order for the receiver to determine its position, it has to receive
time signals ⌧1, . . . , ⌧4 from four di↵erent satellites.

• Time at which the satellite transmits signals is known accu-
rately due to the synchronised atomic clocks at the satellites

• The receiver is not synchronised to UTC and is slow or fast by
�⌧ :
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Time error

cross check

�d = c�⌧
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PulsarPlane project
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PulsarPlane

Partners:
Kick-off: September 
2013      
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Key research question 

Pythagoras 
± 570 BC2050?

How and to what extent can nature (pulsars in radio domain) fulfill

the required navigation performances for aviation?

E.g. PSR B0329+54 (2,643 ly). Aircraft would navigate using source

signals that have been underway long before Christ was born...

13
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Life cycle of a star
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Radio pulsars

Kramer (University of Manchester) 

Pulsars (pulsating star):

• Highly magnetized, rotating neutron star

that emits a beam of electromagnetic ra-

diation.

• Radiation can only be observed when the

beam of emission is pointing toward the

earth (lighthouse model)

• Wideband (100 MHz - 85 GHz)

• Extremely accurate pulse sources
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History of radio pulsars

• Over 1500 pulsars detected

• Expected to discover thousands

more during the next few years

• First discovered by Jocelyn Bell (November 28, 1967)

• For a short time scientists thought they might be coming from
an extra-terrestrial civilisation
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History of radio pulsars
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• They nicknamed the signal LGM-1, for ”little green men”

• It was not until a second pulsating source was discovered in a
di↵erent part of the sky that the ”LGM hypothesis” was entirely
abandoned

• Their pulsar was later dubbed CP 1919, and is now known by a
number of designators including PSR 1919+21, PSR B1919+21
and PSR J1921+2153

• Although CP 1919 emits in radio wavelengths, pulsars have,
subsequently, been found to emit in visible light, X-ray, and/or
gamma ray wavelengths

<latexit sha1_base64="3/KJb8WEkgw+Aeead0JossYMHQo="></latexit>



Observing radio pulsars

Handbook of Pulsar Astronomy, Lorimer & Kramer
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Radio pulsars profiles
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Radio pulsars

r = 12km

m = 1.4msun
Vela

Crab

millisecond pulsars

B0329+54
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Radio pulsars

Variance of (millisecond) pulsars compared to atomic clocks:

pulsars atomic clocks
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Why pulsar navigation?

Advantages of pulsar navigation:

• Completely independent from Earth

• No satellites involved

• Negligible infrastructure

• Always available

• Robust against solar flares and hostile attempt to disable them

• Wideband (jamming is di�cult)
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Why pulsar navigation?

• Pulsar maps have been included on the two Pioneer Plaques
(1972/1973) as well as the Voyager Golden Record (1977).

• They show the position of the sun, relative to 14 pulsars, which
are identified by the unique timing of their electromagnetic
pulses, so that our position both in space and in time can be
calculated by potential extraterrestrial intelligences.
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Detection of radio pulsars
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Data acquisition

• (Average) signal strength of pulsars is expressed
in terms of milli-Jansky (mJy)

• 1 Jy = 10
�26 W/m2/Hz

• Strongest pulsar (Vela): 5000 mJy

• Usually in the order 1-10 mJy

• Mobile phone placed on the moon is by far the
strongest signal!
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Data acquisition

fc = 1.4 GHz
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Propagation effects
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Dispersion

ISM

The ISM acts as an all-pass filter!

Phase velocity is frequency dependent
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Dispersion
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Data acquisition

• The epoch folding technique assumes that we know the peri-
odicity of the underlying signal, say T0

• Detection of pulsar signal by averaging signal segments of length
T0

– Noise signal will be cancelled out

– T0-periodic pulsar signal will be added constructively

• Performance increases with increasing number of frames K

• K large implies a large integration time

31
January 7, 2021
Netherlands Defence Academy



Epoch folding
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Epoch folding
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Some observations:

• Pulsar signals are weak (SNR = -35 · · · -90 dB)

• Detecting them requires antennas with large aperture, large in-
tegration times, advanced algorithms or a combination of both

• ”Peaked” signals are easier to detect

• Traditionally, astronomers use a de-dispersion algorithm be-
fore epoch folding, which is a time- and processing power-
consuming approach (⇡ 80% of computational complexity)

Detection of pulsars

) not true!
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Detection of deterministic signal

Consider the more general signal detection problem of detecting a
known deterministic signal s with unknown time-of-arival (TOA) ⌧0
in white, zero mean, Gaussain noise (z). The detection problem is
to distinguish between the hypotheses

H0 : x = z

H1 : x = z +D⌧0s

where x, z, s 2 RN and D is the shift operator. ⌧0 is the unknown
time-of-arrival (delay)



Detection of deterministic signal

If the probability density function of the signals under the hypotheses
H0 and H1 are denoted by p0(x) and p1(x), respectively, the optimal
(Neyman-Pearson) detector decides H1 if

LG(x) =
p1(x; ⌧̃0)

p0(x)
> ⇠

where ⌧̃0 denotes the ML estimate of ⌧0
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

(✏ = ksk2)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Detector depends on the ENR ⌘ = ✏/�2
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1.3 Deterministic signals 7

x1

p0(x)

p1(x)

{x | sTx = γ
′}

x2

−2 −1 0 1 2 3 4
−2

−1

0

1

2

3

4

x1

x2

{x | sTΦ− 1
Z x = γ

′}

p 1(x)

p 0(x)

−2 −1 0 1 2 3 4
−2

−1

0

1

2

3

4

a) b)

Figure 1.4: Illustration of the detection procedure of the optimal (Neyman-Pearson) detector.

so that the scaled test statistic T ′ = T/
√
εσ2 has a distribution

T ′ ∼







N (0, 1), H0 true

N (
√

ε/σ2, 1), H1 true
.

Hence, the detection performance increases with ε/σ2 since the two pdfs (of T ′ under H0 and T ′ under H1) retain

their shape but move further apart as ε/σ2 increases. Indeed, we have

PFA = Pr (T (x) > γ′ ; H0)

= Q

(

γ′

√
εσ2

)

,

and

PD = Pr (T (x) > γ′ ; H1)

= Q

(

γ′ − ε√
εσ2

)

.

Since Q is a monotonically decreasing function, it has an inverse function Q−1. This allows us to write

γ′ =
√
εσ2 Q−1(PFA) .

With this, the probability of detection can be expressed as

PD = Q

(

Q−1(PFA)−
√

ε

σ2

)

. (1.7)

As asserted, PD increases as ε/σ2 increases. Figure 1.5 shows the detection performance of the matched filter for

various values of PFA. It should be noted that a similar discussion holds for arbitrary distributions. Indeed, since the

uncertainty in T is due to the term z, which is present under both hypotheses, the distributions only differ from each

other by the term ε = sT s, which only affects the mean value. This means that the two pdfs have the same shape

c© Delft University of Technology
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Detection performance1.6 Application to the detection of radio pulsars 21

0 2 4 6 8 10 12 14 16
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
probability of detection

pFA = 10−1

pFA = 10−2

PD

10 log10
(

ε
σ2

)

pFA = 10−3

pFA = 10−4

pFA = 10−5

Figure 1.9: Detection performance of the matched filter for the pulsar B0148-06 for various values of PFA.

At this point we can draw some conclusions. First of all, since the detection performance depends on Kε0/σ2,

we can improve the performance by either increasing K (increasing the integration time) or increasing ε0 which is

done by increasing the sampling rate (more data samples per time unit). As shown in Section 1.5.2, the probability

of false alarm will increase as well when increasing the number of data samples per time unit and we need to

compensate for this by increasing the detection threshold γ′. The increment of γ′, however, was shown to be

negligible compared to the increase of η. Since ε0 increases linearly with the sampling frequency fs, we conclude

that we can trade-off integration time versus sampling frequency while keeping the detection performance constant

(keeping the product Kfs constant). Figure 1.10 shows the effect of oversampling on the detection performance for

a false alarm probability PFA = 10−2. As expected, since η = ε/σ2 increases linearly with increasing oversample

rate µ, doubling the oversample rate results in an increase of 3 dB in 10 log10(ε/σ
2).

The second conclusion we can draw at this point is that the ENR η = Kε/σ2 depends on the energy ε of the

signal but not on the actual waveform. As a consequence, the ENR is not affected by shape transformations where

the total energy of the signal is kept constant (unitary transformations). Indeed, let U ∈ RT0×T0 denote a unitary

transform. That is, UU∗ = U∗U = I , where the superscript ∗ denotes complex conjugation and I is the identity

operator in RT0 . We then have ‖Us0‖22 = ‖s0‖22. In the case the operator can be implemented by a linear time-

invariant filter with impulse response h, the matrix U is circular2 [4] and unitarity implies that hTDτh = δ(τ). In the

Fourier domain this relation implies that |ĥ(f)|2 = 1 for all f , where ·̂ denote Fourier transformation. Such a filter

is referred to as an all-pass filter; it only affects the phase spectrum and keeps the magnitude spectrum unchanged.

The detector performance, however, does depend on unitary transformations since PFA depends on the covariance

matrix ΦT which is a function of the noise variance σ2 and the pulsar profile s0, see (1.25). This in contrast to

the situation described in Section 1.4 where the signal was known completely and the detection performance was

2We assume that both s0 and Us0 are in RT0 which implies that the filter operation corresponds to circular convolution so that U is circular.

c© Delft University of Technology
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Unknown TOA

In other words, the MLE of ⌧0 is the shift-value that gives highest
correlation between x and D⌧s (matched filter)

We have

p1(x) =
1

(2⇡�2)
N
2

exp

✓
� (x�D⌧s)T (x�D⌧s)

2�2

◆

Hence,

⌧̃0 = argmin
⌧

kx�D⌧sk22

= argmax
⌧

xTD⌧s
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Unknown TOA
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Relation to epoch folding

0 500 1000 1500 2000 2500
−5

0

5
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15
x 104

T0 = NTs

K epochs, M = KN samples in total

s(n) = s(n+ kN)

xTD⌧s =
1

M

M�1X

m=0

x(m)s(m� ⌧)
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Matched filter:
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Relation to epoch folding

Epoch folding:

x̄K(n) =
1

K

K�1X

k=0

x(n+ kN)

=
1

K

K�1X

k=0

D⌧0s(n+ kN) +
1

K

K�1X

k=0

z(n+ kN)

= D⌧0s(n) + z̄(n)

Hence

lim
K!1

x̄K = D⌧0s.
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

41
January 7, 2021
Netherlands Defence Academy



Relation to epoch folding

: epoch-folded observation
| {z }

x̄K(n)

=
1

KN

K�1X

k=0

N�1X

n=0

x(n+ kN)s(n� ⌧ + kN)

xTD⌧s =
1

M

M�1X

m=0

x(m)s(m� ⌧)
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(one-period matched filter)
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Detection of deterministic signal

Conclusions:

• Detector depends on the ENR ⌘ = K✏0/�2

• ⌘ can be increased by either increasing K (increasing the inte-
gration time) or increasing ✏0 which is done by increasing the
sampling frequency fs (more data samples per time unit)

• Trade-o↵ between K and fs

• Performance independent of phase
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Dispersion

36 Hypothesis testing
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Figure 1.17: Examples of different unitary transforms .
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Correlation independent of phase ) dispersion has NO e↵ect!
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Effect of sampling rate

1.7 Improving the ENR η = ε/σ2 21
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Figure 1.10: a) Power spectral density SZa
(u) and b) corresponding autocorrelation function RZa

(t).

the amount of data samples per time unit). To do so, we consider the block diagram as depictted in Figure 1.9,

which consists of a receiver, an analog-to-digital (A/D) convertor and M -fold decimator. We will assume that the

number of representation levels in the A/D convertor is large enough so that we can neglect quantization effects and

our focus will be on the effect of time discretization only. In addition, we assume that the received noise signal is

a realization of a white, zero mean Gaussian noise process with power spectral density N0. As a consequence, the

continuous-time noise process {Za(t), t ∈ R} has a power spectral density

SZa
(u) =







N0 for |u| ≤ 2πB

0 otherwise
,

with u is the angular frequency in rad/s, and corresponding autocorrelation function

RZa
(t) =

N0

2π

∫ 2πB

−2πB
eiutdu

=
N0

πt
sin(2πBt)

= 2BN0 sinc(2πBt),

as depicted in Figure 1.10a and b, respectively. The variance of the process is given by σ2 = RZa
(0) = 2BN0.

The discrete-time signals s and z are obtained by sampling the signals sa and za, respectively. Assuming we

sample the data at the Nyquist rate (fs = 2B), we have s(n) = sa(nTs) and z(n) = za(nTs), where Ts = 1/fs =

1/2B is the sampling period. In order to compare the Fourier transforms for different sampling frequencies, we will

use the discrete-time Fourier transform pair in terms of the unnormalized frequencies, given by

x(n) =
1

2πfs

∫ 2πfs

0
x̂(u)eiunTsdu,

x̂(u) =
∞
∑

n=−∞

x(n)e−iunTs .
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20 Hypothesis testing
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Figure 1.9: Block diagram of the receiver, A/D convertor and M -fold decimator.

has the pdf

2 lnLG(X)
a∼







χ2
r, H0 true

χ2
r(λ), H1 true

,

where "a" denotes an asymptotic pdf, χ2
r denotes the chi-square distribution with r degrees of freedom, χ2

r(λ)

denotes a noncentral chi-square distribution with r degrees of freedom and noncentrality parameterλ, which depends

on parameter to be tested. Since the asymptotic pdf under H0 does not depend on any of the unknown parameters,

the threshold required to maintain a certain false alarm probability PFA can be found, and we conclude that this type

of detector asymptotically becomes a CFAR detector.

As an example, consider the case where we want to detect a deterministic signal with unknown amplitude a in

white, zero mean, Gaussian noise. As was shown in Section 1.6.1, the GLRT becomes

lnLG(x) =
|T (x)|2

2εσ2
> ln ξ.

The distribution of the test statistic T (x) = xT s is given by

T ∼







N (0, εσ2), H0 true

N (aε, εσ2), H1 true
,

so that

T√
εσ2

∼







N (0, 1), H0 true

N (
√

a2ε
σ2 , 1), H1 true

,

and thus

|T |2

εσ2
∼







χ2
1, H0 true

χ2
1

(

a2ε
σ2

)

, H1 true
.

Note that by the central limit theorem, the distribution of T will always be Gaussian for large N , irrespective of

the distribution of the noise process Z . As a consequence, 2 lnLG(X) will have a chi-squared distribution when

N → ∞.

1.7 Improving the ENR η = ε/σ2

In the previous sections we concluded that the ENR η = ε/σ2 is a measure for the detection performance. In this

section we will consider the effect of increasing the integration time of the signal to be detected on η, thereby increas-

ing the data record length N , and the effect of increasing the sampling frequency of the DA-convertor (increasing

c© Delft University of Technology

LP filter
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In the previous sections we concluded that the ENR η = ε/σ2 is a measure for the detection performance. In this

section we will consider the effect of increasing the integration time of the signal to be detected on η, thereby increas-
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RZ(k) = EZnZn+k = EZa(nTs)Za((n+ k)Ts) = RZa(kTs)
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• sampling at Nyquist rate (fs = 2B):

⌘ =
✏s
�2
z

=
fs ✏a
2BN0

=
✏a
N0
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Estimation of TOA

Cramer-Rao lower bound

Suppose we wish to estimate an unknown deterministic parameter ✓
from noisy measurements x.

The variance of any unbiased estimator ✓̃ is bounded from below by
the reciprocal of the Fisher information I(✓). That is

var(✓̃) � 1

I(✓)
,

where

I(✓) = E

 ✓
@ log p(x; ✓)

@✓

◆2
!

= �E

✓
@2 log p(x; ✓)

@✓2

◆
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Estimation of TOA

independent of phase
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Maximum likelihood estimator is asymptotically optimal:

• unbiased estimator

• Cramer-Rao bound is tight
<latexit sha1_base64="/RhhzoLAd7llAFb7+NOKeCwEgHE="></latexit>

Cramer-Rao bound:

var(⌧̃0) �
N0

✏a var(|ŝ(f)|2)
=

1

⌘ var(|ŝ(f)|2)
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Maximum likelihood estimator:

⌧̃0 = argmax
⌧

xTD⌧s
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Estimation of TOA
2.10 Maximum likelihood estimation 37
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Figure 2.11: TOA estimation performance for a Gaussian pulse in white Gaussian noise.

frequency less than er equal to B = fs/2. In the example at hand, however, the spectrum has an infinite support

and increasing the sampling frequency will decrease the CRLB due to a decline of the denominator term in (2.35).

For sufficiently large sampling frequencies this effect will be negligible due to the fast decay of ŝa(u) as a function

of increasing u. Figure 2.11 shows the result for a = 104 and a sampling frequency of fs = 10 kHz. Results are

averaged over 104 noise realizations.
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Data Aquisition

• Real data obtained from the Wester-
bork Synthesis Radio Telescopes in West-
erbork (Drenthe, The Netherlands)

• Linear array of 14 antennas with a di-
ameter of 25 metres arranged on a 2.7
km East-West line.
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Observed Pulsar

http://www.jb.man.ac.uk/research/pulsar/Resources/epn/epndb/B0329+54

• Observed pulsar B0329+54

• Pulse period T = 0.7145 s

• Dispersion measure DM = 26.77 pc/cm3

• Flux density 203 Jansky@1400 MHz

• SNR original data -35 dB

• Pulsar template:
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Measured Data

• Recordings made on February 2
nd
, 2012

• Real voltage signals in X and Y polarization (Vx, Vy)

• Total observation of 14 s (20 periods)

• Central frequency of the acquisition 1.33 GHz

• Bandwidth 20 MHz

• Sampling frequency fs = 40 MHz.

• Both polarizations are coherently de-dispersed

• Signal power obtained by V 2
x + V 2

y
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Measured Data
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Conclusions

• Radio pulsars generate extremely accurate periodic signals, mak-

ing them potential candidates for navigation

• Di�cult to detect due to the propagation e↵ects of the inter-

stellar medium

• Optimal detection involves correlation with known template

• Optimal detection does not depend on waveform, but on the

autocorrelation of it (no need for de-dispersion)

• Detection performance can be improved by increasing the sam-

pling frequency
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Graduation project

55
January 7, 2021
Netherlands Defence Academy 

<latexit sha1_base64="eaN+96LNHCuuwfka/94efZZJauM="></latexit>

In cooperation with the Netherlands Defence Academy (NLDA) and
the Netherlands Aerospace Centre (NLR):

Feasibility study of pulsar navigation:

• E↵ect of receiver bandwidth, antenna size, etc. on

– Detection performance

– Location accuracy

– Timing accuracy

• Implementation of (very) wideband DA convertor


