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Time-bin transmitters



BB84 and timéin/phase modulation

There are several ways implement the qubits in aphotonic system.
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BB84 and timéin/phase modulation

Ao 1
Timebin Phase encoding
PRO: CON:
A Insensitive to polarization change of A Effective haHrepetition rate due to
fibers time delay between timebin
A Easy to implement with fast diber A Hard to get low QBER due to
components stabilization of interferometers

A Harder to realize in frespace
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Implementation of timebin/phase BB34

There are several ways to implement the QKD protocol exploiting temporal DOF
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Different components: the Laser

Sending unit (‘Alice’) Receiving unit (‘Bob’)
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It ishard to generate true single photons, SOWCP with decoy states are used to avoid PNS
attack

However, the decoy analysis assume that the WCP have " ===
all uniform and random phases. But coherent states have
such distribution:
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Different components: the Laser

Let’s recall the properties that we want for our laser pulses in a QKD setup:

1. Short optical pulses ( the shorter the pulse the shorter the temporal filter, the higher is the
SNR. Too short can be challenging for interference )

No chirp in the pulse

Narrow spectrallinewidth ( we can use narrower filters to increase the SNR )

Identical power output between rounds ( no correlations between rounds )

Low temporaljitter in the emission

o v & W N

No phase correlations

Several ways to generate the PR-WCP, each with pro and cons:

GS/OIL (Reflection)

GS Laser Alice
Secondary
AV 5 Laser
- rimary 1
= | Laser ATT
igna 7 Circulator
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Gain-switch Optical Injection Locking Active phase rand
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Gain switching:

A simple and effective method is gain-switching:

1. Send short RF signals to the Lasers ot

5 gé 20
2. Carrier density raises until lasing is obtained =0
3. Fast overshoot, can be used to generate very short pulses (10 sor

then relaxation oscillations, and steadtate 88% 2
4. If enough time to dump the cavity from photons, subsequkA Z

pulses have random phases (only vac in cavity) g%g
GS Laser
Signal ot~
Generator ~ -2S€r £ 'g%
ag-

Technical caveats:

1. Sometimes the amplitude of the RF signal is not sufficient for Iagiﬁlg.
Need to add bias. Shift of first curve

2. If bias or frequency too high can destroy phase randomization

3. Nonperiodic driving can add intensity correlations

— Relaxation Oscillations

Time (ns)
10 15 20
: :

(note: randomised pulse phase) Phase: O [ 2r




Gain switching:

The approach has several pros and cons:

PRO:
1.

Power (dBm)

Simple experimental setup. Just 1 laser and driving
electronics

Very short optical pulses if only GS part is taken
Uniform phase randomization can be achieved

High repetitionrate: >5GHz

-—_ QW

Voc = 3.9V, Vee= 1.1V

— Vpc= 3.6V, Vrr=1.5V

| —— Voc=3.52V, Vge= L5V
J —— Voc =3.45V, Vgr= L.55V

1549.4 1549.6 1549.8 1550.0 1550.2 1550.4 1550
Wavelength {(nm)

Power (W)
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CON:

1. Driving of the laser at high speed can be
challenging

2. Spectral broadening of the GS

3. Gainswitched pulse is chirped

4. If repetition rate > carrier decay, no or partial
phase randomization

5. Carrier fluctuations induce timgtter in

temporal output
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Optical injection locking

Another approach exploits OIL to mitigate some of the problems of GS

GS/OIL (Reflection)

1. Two lasers: a master and a slave laser Sacondary
Laser

2. The master laser is GS with long electrical (and so also optical) pulses P['marv
aser

to get phase randomization @_ﬂ} Cnculator

3. Thelight is injected in the slave laser with a wavelength resonant

with the cavity of the slave

Tlme (ns)

4. The slave laser is GS with seed light from the master inthe ¢ ..., oeer

with short pumy H s

5. Acirculator is used to get the reflected light out Secondary Laser:

zE:mfummmﬂm
/\/\A/\/\/\/\/\/\/\

“inherits” the phase of the master laser ) e
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When the slave laser is Gain-Switched the stimulated emission
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Optical injection locking

The approach has several pros and cons:

PRO:

1. Reduced linewidth broadening thanks to seeding

2. Reduced temporal jitter of the output pulse

3. Increased relaxation oscillation frequency, more
stable pulses

4. More stable power output
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CON:

1. More complex and expensive solution

2. Requires tuning and lock of the wavelength of
the two lasers ( can be challenging in case of
very narrow lasers )

3. Have to control the optical power injected

4. More sensible to temperature fluctuations

103 103

(3] (-] -~
-
(3]

Power (W)
i
s

[2)
f/.../
e

3
2 3
1 | N | 25
0 N2

0.5 1 15 2 25 3
Time J




Active phase randomization

Finally, the last method is to use an active modulation

1. A CW laser is operated in continuous mode
2. One or more Intensity modulators are used to chop the CW light into pulses

3. Aninline phase modulator is used to add random phases to each pulse

Alice

r———

laser

PRO: CON:
1. Smallest linewidth ( can get to Fourier limit) Requires more modulators
2. Only one laser Requires active choice and randomness

1
2
3. Need to stabilize the phase and IM modulators
4. Can be correlations due to findeandwidth

5

Can be fluctuations due to temperature or electrical

pulse imprecision




Other important facts about the lasers

When operating a laser in a QKD system the re are other important effect to keep in mind:

A Temperature and current tuning: by changing the temperature of a laser, the cavity is changed
and so also the wavelength. Typical values for 1550nm lasers | 0,1nm/cm. Similarly increasin
current also shifts the wavelength. Temperature usually stabilized with TEC. This is necessar
high power to dissipate heat.

A Mode hopping: if the gain profile of the laser matches two competing modes of the cavity with
al most the same gain, the | aser can start
power fluctuations and induce beatings

A Aging: with time the power of semiconductor lasers is reduced. Usually on DFB a photodiode
included for compensation

laser die collimating
. lens
laser longitudinal modes . gain profile NOT TO SCALE /
- / ’
/\\ ,/’/ \\\\ )

_|_ I | L'// [ ’ \\J o monitolr phcgjtgdiode main
LA mode hopping Toosea . '*-~-_.> output

with methane beam
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Phase modulator

Sending unit (‘Alice’) Receiving unit (‘Bob’)
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A fundamental component for almost every QKD setup is the phase modulator

As the name says, it allows to change the phase of the light passing through. We will analyze twc
ways to modulate the phase

Several approaches: we will analyze

— ° Current-Induced
FETROL %g%“i Phase Shift
e 3 | 0 g
- : L . Direct laser modulation
Lithium-niobate phase modulators Carrier injection/depletion

modulators




Electrcoptic Phase modulator

The electreoptic phase modulator is a device based on a nonlinear optical material that has a
large... coefficient. Typical materials are LINBpBKTP

For such materials we have the Pockels effect, where the refractive index depends on the applied

electric field
Electrical signal V(t) @ Waveguide
‘8 (.O) 8 c !O ) li'hase modulated
T ‘8 e il;lght_’ V77 light
\ Y J Electrode
3¢ 0 Vi
< L >

For a beam of light travelling in the waveguide the difference in refractive index implies a
difference in the time for the propagation of the light, which is a difference in the phase.

A optical phase shift

30(0)

. e YVv 9 v 3%0) 1 3 M
0w

>

*  modulation

| voltage Linear around the O
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Working with phase modulators

Polarization support: fiber LNphase
modulator come in two types:-Zut or Xcut.
The name refers to the orientation of the
waveguides with respect to the crystal axis.
X-cut: have symmetric electrodes, high¥pi,
no chirp and support only one polarization
Z-cut: have asymmetric electrodes, lower
Vpi, chirp and support both polarizations Ti-Indiffused Waveguide | Electrode
with different modulation efficiencies Fleetric Feld tne NGO, Substate

Crystal Axis (Z-Axis) TCrystaI Axis (Z-Axis)
—_—

Ti-Indiffused Waveguide Electrode
Electric Field Line LiNbO, Substrate

For a light that is= (1( ) |&) , for a modulation with V we get (A () A | )

Stability: the refractive index in the LN does not only depend on external electric fields but also by
temperature, and mechanical stresses and input RF power. Fiber phase modulators usually add a
additional3%0. 0 due to these effects. They require external feedback loop to stabilize.

-



Driving phase modulators

Travelling wave modulators: the electrodes placed on high
speed phase modulators are made of strip transmission lines.

The RF modulation signal is injected at one end, propaga = ] - \
along the same direction as the optical wave, and termina \ . . RN,
. . V.s ~O '\ \ \ [
at the end on a 50 ohm termination. N
A
Twolimits on bandwidth: \\\
A Speed mismatch between RF and optical signal Transmission lines

A Microwave attenuation at high frequencies

Beware, if used in reverse mode the modulation efficiency is lower due to
the reduced interaction between the travelling RF signal and the optical
signal.

Driving the pm: drivingthe phasemodulatorat high speed can behallenging Theelectrodesare
mainlya capacitive load witfew pf of capactitanceHowevey the 500hmterminationin travelling
waverequiresto supply asignificatamountof current.

TypicalVpiare between4 to 8V, and the 50o0hm loagsuallyrequiresto use power broadband

amplifiers _



Carrier injection/depletion phase modulators

Theyare mostlyusedin siliconbaseddeviceswhereit ishard to integratedifferent materials
due to thefabricationprocess

Due to the plasma dispersion effect,
the density of free carriers in a
semiconductor, changes both the
real and imaginary parts of the
refractive index.

An

2 12 » . ..
_ —e“A; [ AN, +AN;, Wherea{  isthe variationof numberof electronsand
8z’c’en\ m, m, holes

By doping withboth p and ndopantsthe regionacrossa waveguidewe canaddan highdensityof
carriesclose to thewaveguidewhile creatinga p-n junction. Byapplyingan electicalfield we can
remove( oradd) carriers to thgunction, changinghe refractiveindex.

Can be fast (20 GHz Byt unlike LN PMhey behavelike diodes Can bealrivenonlyin reverse mode
otherwisethe junctionis opened

Vpiaround1V/mm



Direct laser phase modulation

Time (ns)
0 1 2 3 4 5 6 7 8 9 10

Anothermethodto directly modulate thephaseof the
opticalpulsesisto exploit the dynamics of the laser. For
DFBlasersthe carrierdensityisrelatedto the refractive
index of the gain medium. o

40 - .
2 -
Current-Induced
r Phase Shift
Phase
O [ 21

However the change in phase will induce changes in phase.
intensity. To avoid this effect the lasers are placed in tt  (®) | | | o; -2
masterslave configuration, combining with the global

randomization. @{iﬁ' @” /\ /\ /\ /\ /\

The modulation can be deterministically performed by (0

changing amplitude and length of tledecticmod. /\ /\ /\
Extremely efficient: for 250ps mod 7,4ma! @ﬁﬁ* @ f : u |
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Electrical Modulation

Carrier
Density
(107 em—3)

o

Changindhe currentwill changethe refractiveindex,
changinghe effectivelength of the cavityandthusthe
wavelength After themodulationis off the wavelegthis
changedback to theoriginal

Howeverthe acaumulatedphaseisretained
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Intensity modulator

Sending unit (‘Alice’) Receiving unit (‘Bob’)

[
1active

dssd . Gandarg 120V AMZL
2755 M igtoasi SM fibre Ipolarisation E actlvehﬂbrei single photon
e ' aftenuator ,recovery E stretcher : detectors

Q@

4’D’

éphase (I)

E modulalor/

ctandard

Another important component for a QKD setup is th&ensity Modulator

This component is required for the deestate method where two or more intensity levels need to
be generated.

Several approaches: we will analyze

Phase shifter
Propagation loss: a
Modulation efficiency: VL

Optical input
power: P, = | ||| }AP
—

— >
Optical output
Voltage Waveguide Coupler
amplitude le ] Electrode
FAY Length of phase shifter: / I

Mach-Zehndemodulator Sagnadoop IM




Mach-Zehnder modulator

The MackhZehnder modulator allows to use the interference effect in a Maehnder
interferometer to modulate the intensity of the output light. In this case a phase modulator in the
MZ is used to change the phase of the light

o0 oai &L %0 Yo AT 6= ——
q q ¢ CW

With pushpull driving, i.e. driving the up and low modulator with differential signals we remove
the chirp and reduce by half thtee w

TypicallyMZ intensitymodulator areproducedwith X-cut modulators

—



Disadvantages of Maehehnder modulator

Orthogonal
point

7N

L L L L L
0.40 0.45 050 055 060

A 4

AWA

The MZ modulator inherits sevemisadvantagef the MZinterferomentersand from the phase
modulators:

To o Do Do o I Ix

Very sensible to change in the path of the arms due to temperature

Very sensible to change in the phase in the arms due to phase modulator drifts
Fluctuations in the phase change working
Fluctuations in the phase change working point: change in the ratio

They usually work on therthtogonalpoints: small variation of the electrical signals mean high
variations in the intensity output

Extinction rate depends by the balancing of the BS

Hard to get over 25/30db of ER ER = -20 1 0g10¢

—



A solution with two way configurations

A better solution employs an asymmet&agnadnterferometer

with PM fiber:

A Light is split into clockwise and anticlockwise path

A The phase modulator is placed asymmetrically so that
clockwise and counterclockwise pulses can be addressed
independently

A By either modulating the CW or the CCW pulse one can add
a positive or negative phase shift

A Since both pulses travel in the same optical path, phase
shifts experienced by both CW and CCW will be canceled

out
o I o< R +T% + 2RT cos(Ag)

A Higher temporal stability due to cancellation of Time (h)
common phases

A Tunable ratio

A Lower fluctuations if working point adjusted around
the max of the transfer function

A Constructive interference with no modulation is

useful for pulse chopping w | .
Cons: Vo V

A Max frequency due to travelling wave structure —

Normalised Power

0.1

—
mb

APz

v

AV :I.\V
- B




The encoding interferometer

Both for phaseandtim® i n i mpl ement ations it i s necessa
the two temporal modes that are used to encode the phase.

i ; Sendi it (‘Alice’
One of the most common solution is to employ an  Sendng ot (Rlee) :

unbalanced MactZehnder interferometer, where one arm is
longer than the other.

pUlSEd Voo TTTTTTTTTTT T

155um intensity |  delayloop _ |
laser  modulator | 3\_(‘) i aftenuator

In this way the input pulse is mapped into to orthogonal
pulses at different times.

I"QOA'I'(@FQO» c’m’(@n () @6 3046

Being based on a MZ interferometer also this solution suffers the same stability problems
discussed in the previous cases, which are related to the #&rm

However anotherproblemisrelated ot the polarization: the interferenceoccursonly for states
with the samepolarization If the polarizationof the lightat the reconbiningBSis different the
visibilitywill be lower,

Relevanfor fiber implemetationswith SM —



The Faradayvlichelson interferometer

: : . . Faraday-Michelso:
Again, to solve instability problems a tweay solution is used interferometer

The (unbalanced) Faraddjichelson interferometer is a Michelson
interferometer where the mirrors are replaced with Faraday mirrors.

The Faraday mirror, in the reference frame of the photon, applies a
transformation mapping

O © |hw) © [OHO)© [O)HB) O [8)HD) © [VA'Y) O |D)

Placinghe faradaymirror at the end of the armye ensurethat anyrelative phasedrift
experiencedoy the light in theforward directionis compensatedn the way back

0 l0° O Q Wl Q [9°Q [0 Q v [0 [w

—



The Faradayvlichelson interferometer

Faraday—-Michelso1

Several ways to modulate: EM interferometer
FM —
_—
“—> «— , \

/\/\%@ S /\/\%‘“’) 3

9~ 719 >~ 079 =

One orboth pulsesbeforethe FM, onebefore one after thereflection, or inpush ,on\g‘a‘,';,,v
pull

The bigadvantagdasthat manyof the instabilitiesare compensatedhigher
visibilities typically>98%

However path differenceisdoubleddue to thereflection. Increasedohasefluctuationsdue to
temperaturechanges

Alsoadditionaltime requirementson the modulationt the originalsignalgetsback to thephase
modulator aftercs k

—



Electronic driving

Gain switched
laser

| Filter

Service ‘
Channel 10 GHz
FPGA

For most of the discussed implementations the timing requirements are quite challenging and
jitter or low risetime of the modulation signals imply amersimbolicinterference between the
time-bins or subsequent pulses that increase the QBER.

For example: 200ps of separation requires-tisge of less than 50/70ps, equivalent to
bandwidth of around 7GHz.

CMOS cannot provide such high speed, the only standards are ECL or CML witndiejle
swings of 400mV into 50ohm load. However, typically IM or PM YWpweoltages around 4 to 8V.
This requires RF amplifier with sufficient BW, gain and saturation power of arot2edpan.

R3

"N & . . . .
R: If multi amplitude is required need to add an RF DAC that

" vl maps parallel inputs into different amplitudes

Ri
Vi A A | Vout

Reo

Vo —AN—




Polarization transmitters



EfficientBB84 and polarization modulation

One of the first and simplest implementations of the BB84 protocol were done using
the polarization of photons as degree of freedom.

Usually, the computational basis is chosen as the

H/V basis: §
M ['Ohp) |w)

While one of theother two ischosenascheck
basis

P .. b e P o n 02
| » — (IO Ya —(|O h =1

N W0 hOS N (Cive
Polarizatiomhasseveraladvantages

A Robust for free space transmission
A No need of interferometric setup and can be
preparedand measuredeaslily

—



Implementation of polarizatiofbased BB84

There are several ways to implement the QKD protocol exploiting the polarization

i
Bt (¢
H0/50 BS 50/50 BS

& 7 : A Four independent lasers
“ PBSm channel E F'BS. And four SPD

Pl
Alice D ‘A\ 'A Bob

PBS2 PBS4

PC2
T Aoty A | >,
11656nm laser| _______ . | @ : @
Sk —mm L eee N gy oo _55_

EPC  50/50 PC1 PBS1 PBS3

PD1

Inline phase modulator @45 deg and polarization multiplexed SPD

—



Implementation of polarizatiofbased BB84

. Logic
Control

PD *

Phase modulator@45
in two-way
configuration with
Faraday mirror

Enable/disable PS1 & PS2

PBS2 SPDs

o[10/90 BS [50/50BS  PBSI -
N B "
1

E

U+ . [n) = f A . Y N R AV
light splitter @ .} @ — Pognact Ipognac
= PBS == modulator with

- '.'\.‘ - © — "". 't'
= (T 6—0 o\ . ) modueon
‘l' R P, an
O AL
PM
|thout) = 7(|H> + etlde—oe )|1_/>) A@E{Sig fiber
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Independent lasers

One possible implementation is to use 3 or 4 independent lasers or SOA, together with different pc
elements and combining them

|
H ! soA
r BS ' | 5
h LD fiber-pigtailed ' i e
> v Ibuﬂerﬂy package SOA B Dnvmgelectromcs &
HV+ | Polarizers Bare output fiber
c e substrate
f LD — T
= Ll i
| SOA Coupling tube 7.64 mm
|

7 SOA
3 x couplers
| SMF 1 x 2 in-fiber coupler

Each laser is turned on independently selecting the required " ois
polarization sate. This simple solution has several drawbacks. - ?E%}EE’L??J"SBMKW Rate
SERT. S
A Expensive and power hungry (4 lasers, 4 TEC, 4 driving circuits) E B ; 5 x
A Security: the 4 polarization states should be indistinguishable &« Tt 7 S
otherwise we get security loopholes. < PN
A Different wavelengths o : :
A Different time emission Y R

A Different intensity
A Non periodic drive of the laser introduces power fluctuations

between the rounds

Lowest QBER 2%




Inline configuration

A better, yet simple, solution is to exploit the properties e€idt phase modulators

____________

PBS2 PBS4
PC2
Anritsu ' e .
11555nm laser | _

>< SPD2
i oee i ase (D s

et [ | 008 -ﬂm__

k . PC 541 PC 1 HiBi |

T HiBi | SR EPC  50/50 PCT ooy pmsa

SPD1

We recall that Zzut phase modulators support two different polarization modes, however they have
different modulation efficiencies

For the same modulation voltage the H polarized light will experience a phase retardatfer{@fe x 0
while %o (0t 9alf we enter with a diagonally polarized statf: ) \/—_( 'O Q

p L1/ € LA p € ”, € 3 0w Q
— 9) o —_(qg C ) 0 C ) i
\/E(IO) Sl \/E( 'O L N

%o ()

(o Q s8¢

%o (00) N %0 ((JL) -
3%k Bychanginghe Voltagewe can createall
the stateson the equatorof the Bloch

sphere

—




Properties of the inline configuration

This inline configuration is relatively simple to realize either using a PC or twisting the PM fiber at
the input of the PM by 45 degree

PBS2 PBS4

PC2 .
T Anitsu S | 02
.1555nm laser; _______ I : ! @
L K—Em-ete [ | e%e f ese 55, .

; ___________ : :_______‘l PC :___P_M__E PC '--.}_.ll.B.I--.' VA EPC 50”50 PC1 PBS1 PBSB SPD1

However it has several disadvantages:

A Need to control the polarization at the input of the PM. Any drift of the input polarization will caus
a drift of the output polarization. Not only unitary transformation but a change in the relative anc
between the states-> Security issue

A Phase instability: any phase instability from the phase modulator will add a t&s0 to the
relative phase between the polarizatioDecresestability over time

A Higher modulation voltages: the polarization modulation is given by the relative phase modulatiol

between the two components. Usually a factor 3 in difference. Need to afptg the phase

modulator to obtain & shift in polarization

A Polarization mode dispersion: the PM is long and highly birefringent. The H and V components w
travel at different speeds. For short pulses this will add a 4ofiget to the components that will
induce depolarization, increasing the QBER

—



Performance of the inline configuration

This inline configuration offers limited performances due to the instability problems and the PML
introduced by the modulator

PBS2  PBS4
PC2
" Aty e . SPD2
1555nm laser; _______ e : : BS
:* G 00 — . 00 - eee _BS_
' K ' 1 : iBi !
i e PC CPM PC H|B|" VA EPC  50/50 PC1 PBS1 PBS3
------------ R R Rk SPD1
= 104k joeeees ; ............ I I -.a) I_
5 | = .
%10} ot i
o : 5 :
Still relatively high QBER g o
= 10 ] ke
Around 2% < ;
by ; : ‘
10 I ] 1 1 I ] I ]
0 25 50 75 100 125 150 175 200
_s|| = QBERZ 4 QBERX|. ? b)) al
Eap r : : : : : "
o9l : : T .4
% 25 50 75 100 125 150 175 200

Distance (km)




Two way with faraday mirror

An alternative solution is to use a twaeay scheme with Faraday mirror

Early mod Late mod

Theschemeis similarwith the PQorepraringa Laser CIRC ? Yy EM
‘_|_> B RF

state before enteringin the phasemodulator: @ 1T :
*_ ¢ modulator | l]
1 2

£ » . 1 o 3
fcuo) Q i F
N [0) = <

(
If we modulate thephasebefore the reflectionwith a Ve
positivevoltagewe adda relativephase 0

Q
P . s o G O
\/E(IQ L0 —\/E(IO> Lo

After thereflection, sincethe faradaymirror exchage$i and Mt becomesa negativgphase

H) +eiée—o0|V))

— {0 Q i 0 —(la) Q gax © — (0 Q L

A latemodulation will adda positivephase 3%. w ¢ Gs0 that together

— (1" ‘0 C ) C ) g
Because of this any fluctuationterm ~ <« va (1o S
experienced before and after the reflection will be

_



Properties of the tweway with Faraday mirror

The twoway scheme with Faraday mirror has
some advantages and disadvantages Laser CIRC ——> FM

3
PRO:
A stability: it improves the overall is
3" (V)= H(

stability over time since phase V2
fluctuations are completely canceled 3.4

H) +ei@—60|V))

out by the Faraday mirror aalle . Temp —o—
32 F 52
3_5' 3.1 I ‘E
CONS: : 9
A Polarization: it still requires a phase PN gt R
modulator supporting both polarizations 29 f by P
A Still requires stabilization of input - _
polarlzatlon 0 5 10 15 20 25 30 35 40
A Not all the PMD is compensated fime (hours)
A Still requires high modulation voltages High QBER and low stability
A Adds timing constraints to the modulation

—



POGNAC

A method that improves the previous solution is called POGNAC and exploits the properties of

Sagnadoop
- Early mod Late mod
Laser i CIRC ————> @ @ __ RE e
© ﬁ L (+V))
A @‘ | )
* ) = %(|H) +eil$e=1) |V)) @ 7 AL

Working principle:
A A PC prepares a balanced superposition of H agr-c(VO) Q

A The PBS splits the two components in the clockwise and couluekwise directions

A The output fiber of the PBS on the H axis is aligned with the PANDA and with the key on the
horizontal axis. After the connection with the next fiber this map H in V. Now a single polarizatic
runs in the loop.

A The PM is placed asymmetrically and the CW and CCW pulse arrive at different times

A A phase modulation on the early pulse add a positive shift while a late adds a negative shift

A Atthe PBS after the recombination the state is |

[Woa%) = 72
Any common phase fluctuation is canceled out! 2

—

“H) + ei(qéc—m—fpo)w)]



Properties of the POGNAC

The POGNAC improves the Faraday Mirror solution, however still has some drawbacks

oo Early mod Late mod
£
RF Ty

b

e
* )= 75 (|H) +ei@-—o0[V)) @ ~

PRO: CONS:

A stability: phase fluctuations longer than a round A Still requires stabilization of input
trip are canceled out polarization

A Only one polarization runs in the loop: no need of A Adds timing constraints to the
special PM modulation

A Since only one polarization PMD is completely A Unknown polarization state at the
compensated-> high ER output due to SMF

A Lower modulation voltages: phase modulation is

directly mapped ad voltage modulation

—



IPOGNAC

To solve the problem of input polarization and known output states we can use the IPOGNAC

Early mod  Late mod

1 FY W) — y -
JplH+VY) ) = 5 (1H) + V)

light beam
pulses splitter @ ; .
- — RF
= PMF =/

=i
O
%
[
@
®

slow

axis PM @
o o ( j )fa’s_t fiber
[out) = TE[lH}-H*"“' L) axis
Similar working principie:

A Input freespaceBS and lightoupled@45 degree in the inputber
Input PM fiber instead of SM. In general between the coupler and the PBS the light will pick up

A
relative phaséoo

A However, since also th®agnadoop exchanges H with V, ti#s phase will be compensated in

A

the way back
At the output of the BS in reflection we have known state of polarization, since there are no

unitary transformations applied by the SM fiber and the input relative phases are compensate

Solves problems of input stability and output reference, useful for free-space

—



Performance of POGNAC and IPOGNAC

The removal of the PMD and the increased stability allow for a substantially lower QBER

AT o l M&
ol Q. L Ly ] .w!hj_
= 0.08 | W! M"@i (T, MLB‘_‘#_ . Ji}
2 oo i AR AN YA ¢
o 0.04
0.02 WA i W o |
0‘00 1 1 1 1 | 1 1 1 ]
0 b} 10 15 20 25 30 35 40 45
Time [minutes|
Long term stability with 26km of fiber channel

Time [hours]

Qber below 0.05%

Early mod  Late mod

L) ot = 518+ V) b
light beﬁrp . - N e ERF N
pulses splitter .
— e e
O—d ©

1.0%
0.8%
r 0.6%
]
o
T 0.4%
0.2%

0.0%

)
PM
N ey st fiber
Yo = 5 ([H) + IV axis
v

QBER of |L),|R} in the key-generation basis

0.2%

0.18%
7] 0.16%

E=S

7
o —
oo —
AR

10

0 2 4 6 8 10 12 14
Tima (hanr

QBER of |D) in the check basis

18 19 20 21 22 23 24
Time (hour)



What about integrated optics?

A common problem in silicon photonics is that silicon waveguides support only one polarization. C:
still have polarizatiorencoded QKD?

™\

PC

- L
1/99 VOA WDM
BS

The ideasto useonly one polarizationand maptwo different pathsto different polarizations
TheGratingCoupler2D mapstwo TEmodes with orthogonalinput into orthogonalpolarizations

Then usingthe structurein the picture:

A First MZusedfor intensitymodulation

A Second MZallowsto preparelight allin the upperarm (Hpol) or in thelower (Vpol) or a linear
combination Thisallowsto moveup or down in theblochsphere

A The last set ophasemodulatorsallowto adda relativephaseto H, or VIf enter with a |+> stateallows
to generate L or R

Moving on the equator of Bloch



The integrated solution, while being an
interferometric structure offers a reasonable high
stability due to the integration of all components in
the same substate and small length at play

Also, only one polarization is present in the chip
allowing to remove PMD and achieving low QBER

o o e
1é959 VOA WDM

GC2d polarization

200 Apr|I18 1000
N TDR
- M :
~ 100 500 =2
o u
(]
|_

o———""—0 QBER below 0,5% in the frspace
~ 1.0 o implementation in daylight
=
< — Qx
1]

&
0.0

O o0 o0 o0 .0 0.0 O .a® .o

Time (hour) —



Satellite QKD sourc#icius

Mirror

FSM2

Liao, SKCaj WQ. Liu, WY. et al. Satellitso-ground
quantum keydistribution. Nature 549, 4347 (2017).




Satellite QKD source: Jinrdmicrosatellite

QLD ISO
812 nm
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Detector and technologies

There are two main categories of single photon detectors that are used in usual QKD

systems.

Single photon avalanche photodiodes Superconducting Nanowire Single photon
detectors

(SPAD)
(SNSPD)

Superconductivity )
/”)

= absorption

—1 =
(vi) I | l (i)
\ Hotspot generated
0) ‘ YT (i)

Resistive barrier —— =
— i g (iv)

High current density enlarges hotspot

—

il g-1

|

1II
T
.'




The SPAD, as the name says, are similar to conventional PIN diodes, but with a biasin

field close the breakdown voltage of the junction

Dark current versus bias voltage
Breakdown voltage

hy hv
I a
VBD

o]
[

> T g L
/ V Vias o | o

Viias . o —_— a0 o

~ —_ L
L N - o
; v (o] P ®
ly

SPAD and SiPM linear mode APD PD operates in

«erate in this region operates in this region this region P
P > pairs
I y—=>1 pair

1
WV, BD 4

Al GF__—’T\F/

Operation mode of an (A)PD

Geiger region

\Y

The photon when interacts with the intrinsic region creates an elechrole pair that is accelerated
by the electric field. In Geiger mode the carriers acquire sufficient kinetic energy that when they
collide with the lattice they have energy to create other elector hole pairs, generating an avalancr
and so a macroscopic current.

—



SPAD: quenching

The avalanche is an exponential process, if not blocked will blow up the semiconducto
need to quench the avalanche!

Viias
Voltage pulse on R, due to avalanche
A
! 4 uench Veutios ™ ¥ Boeakdonn + Vea
R, S0 /- steady state Vg q - :
Photon
transient 5 Autlliari;'.currcnl source
recovery -~ Jucncl ing transistory
photon 25== P s
. 3
Vv uench -
SPAD BIAS 4 T, ~Rq'C; (recovery characteristi £ +
Rq quasi-stable “ready” = Avalanche AQ
current clrrent
RS state Detection
L' R Ity i-‘ l N circuit
A% o —— Parasitic
VED VBL’\S SPAD « . time capacitanees
= recharge 10s — 100s of ns L
Ry >> Ry

Passive quench Active quench

In the passive quench, a large Resistor RQ is used to reduce the voltage bias when the avalanch
starts. Such circuits passively quench the circuit.
Drawbacks? Large RQ increases the recovery time!

Active quench is faster




SPADafterpulse

One of the unwanted effects @padis theaferpulsingeffect:

trap sites located in
# of trapped

T . . # of trapped
multiplication region carriers N& mmeml K K

primary q i
XE avalanche
— =
- .\\
N

— I I Long hold-off time

; short hold-off

/ 'Y ! tme  afterpulses

' |

1\.

S ;’f
Due 1o nonpertect purity Long decay times. If biasisre  Need to increase the holdoff
there are trap levels in the applied trapped electrons or time to avoid avalanche
semiconductor holes start the avalanche!

100

25 ]

The higher the avalanche the higher thiterpulse

The shorter the holdoff the higher thafterpuse

The lower thespadtemperature, the higher the lifetime of
trap states, the higher thafterpulse

For Si, DT=1us, ftmGA<DT=10640us

- N
)] o
P PR RS BT

-
o
[

Do o o Do

............................................

Afterpulse Probability [%)]

(&)
(IR

Iime [us]

Main limitation to high count-rate SPAD

o

1.0 1.5 2.0
Dead Time [us]

e
o
=}
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SPAD: dark counts

Another unwanted effect is due to dark counts detections

: : <
trap sites |ocated in & Carriers in the SPAD are at a
multiplication region 5 Cold temperature non-zero temperature and
8 their energy is distributed as a
- - g Room temperature M axwe el' B O ItZ m an n
! - x""«\ v E Activation energy dIStrIbu'[IOI’l
! £y < :
'1 | = : Hot temperature ) )
N > = ' Due to the long tail at high
bl S 5 < energy, statistically some
The energy gap between the & i carrier will have the energy to
conduction and the valence Frerevt “jJ ump” startin
band is finite
This problem is more severe in INnGAs where the energy gap is smaller that in silicon where the
gap is bigger
Bl / / Solutions:
o T A Cool down the SPAD

: A Cool down the fiber
A Decrease the bias

R

-6 1E-5 1E-4 1E-3 1E-2 1E-1




SPADafterpulseand dark counts and gating

However cooling down increase the holdoff!

Afterpulse Dark counts

Compensate with
hold-off

Another method: gating!
v athode

Ton Toee N [/
EXCESS SPAD
BIAS L,
vV na avalanche! Cp
EX o T
0.5V, % - Veate Rgz= Ry >
VeoZ II"‘anm:ler N Veo Temperature
GND

Only turn on bias for short time, when you expect the photon. Need good synchronization!

i L e e

f(GHz) n(%) Pa(%) Pa(gate”')

An option is to use Seldifferenciatingdetectors!

(@) (a) APD Bias SD-APD, 2007* 1.25 10.9 6.16 234 x 107"
1.2 or 3 GHz Sine-wave, 2009” 1.5 10.8 2.8 6.3 x 10~
square waves reakdown This work 2.0 11.8 1.43 3.79 x 107"
(6] APD Response 2.0 23.5 484 1.32x107°
bias-T )
(3] E WJ\/LM
£ [@bshited by one cock A GHz square waves to gate
,0%:; A Small excess bias smaller avalanche
v s el A Shorter avalanche
A SD circuit reveals avalanche over capacitive transient
x10

o 2 4 & 8
Time (ns)




Typical SPAD performances

Let’s summari ze the typical SPAD perf ol

Silicon: INGAs SeltDifferentiating

A Detection efficiency@800: A Detection efficiency@1550: A Detection
62% 15-25% efficiency@1550: 15-25%
A Dark counts: 100-1500 cps A Dark counts: 1-10k cps A Dark counts: 3k cpg
A litter: 350ps A litter: 70 - 200 ps A Jitter: 100 ps
A Dead time: 40ns A Dead time: 10 - 100 us A Dead time: 0.5 -1 ns

—



The other technology is given by SNSPD:
Working principle

When a photon
hits the wire, it
creates a hotspot,
where a small
region of the wire
goes normal.

An SNSPD is simply a
With the current through the

‘l current-biased super-
conducting wire in parallel
Ve with a readout crcul/
nanowire reduced, the hotspot
cools off, returning the wire to its
original state.

4 The current density surrounding the hot-

spot exceeds the critical curent, and the
entire wire width goes normal. The current
is redirected through the measurement circuit,
creating a detectable voltage pulse.

The current diverts
around the hotspot.

after [1] Gol'tsman et al. (20071)




SNSPD: requirements

Requirements and properties:

A Different superconducting materialébN, Wsibut all require
cryostat, vacuum and cooling: 6:8,5K

A Up to now dimension is around 15um or smaller: need to coirge
SM fibers not MM

A Polarization dependent: due to asymmetry one polarization ha
higher absorption than the other ( half)

A Cavity: SNSPD are broadband but to enhance efficiency they t
cavity specific for the wavelength of interest

"\\Mirror (Metal) e
Q SI0 cavity
‘ L__ Superconducting
nanowire <

‘ MgO substrate

Photon - bte

Mirror (Metal)

. SiO cavity

Superconducting
nanowire

i ally-oxidized Si (SiO,)

Previous structure

Photon

New structure chiCT —



SNSPD: performances

Typical performances of SNSPD:

(a) 90-| . bCEwo Iie( [ [ | i :10
.. . | = SCE w' on-fiber BPF S
A Efficiency @ 1550nm: up to 99%, typical 85% 6 | T ! 104 (
70 -{ DCR wi on-fiver BPF | 4_.,'.! 10
Intrinsic DCR ]
A DCR: down to 0,1cps, typical 100cps _60F F110°
& 50} S Al S
A Jitter: down to 10ps, typical 5000ps § ;g? “ !‘10* §
ki 1107
A Recovery time: 10 to 100ns @50% fg.' B i e
‘ faslip, 4 L - T"-:::‘ 1 ] -2
Other features: 9 05 06 07 o8 o9 14°
I,

Photon Number resolving

Multi pixel SNSPD

360Mcpd

Different amplitudes for different number

of resolved photons



Recelvers

Let’' s | ook now at t he recei ver -bimde. T

Receiving unit (‘Bob’)

_____________________________

1
iactive _AMA |
standard 5 0aication active fibre| single photon ! BS

SM fibre 1
SMF

recovery strefcher §  detectors

Pt

1
1
! phase :
i 1
1
standard | 0 \_ ‘t---------d 1
SM fibre 2 random :
optical number 1
generator i
1
1

transceiver . !
i Service
: _Channel __ 10 GHz
) FPGA
1

______________________________

Phasaeceiver Timebinreceiver

The main issue for both setup is that they involve interferometers for the extraction of the relative
phase between the time bins.

As we have seen, interferometers suffer from stability issues over time due to their sensitivity to
environmental factors such as temperature.

Additional challenge: to obtain good visibilities the delay of the transmitting IF should match as

much as possible the one at the receiver.

A We recall that 1ns delay is around 20cm in fiber. Pulses are usually 30ps large, a precision of
10ps is 2mm

A Also the phase reference should match: when

Alice send 0 phase, constructive IF




Phase recelver

Let’s | ook at the phase r  ;----oooo- - TESHOARIER) .

(-
1active

Ipolarisation active fibre ! single photon
recovery ¢ stretcher | Getectors

standard
SM fibre

A Polarization recovery to fix the pol at the receiver
A When the stat% 40O 'Q <b enters in the AMZI

We have 4 possible outputs: Shé&hort, Long_ong, |
ShortLong, Longshort. Only last two give rise to interference e | oo ) o

optical»
A Postseleconly the central peak. — =
A Click in the upper detector: 0 phase, lowemphase

A The PMsusedto add- phasewhenmeasuringn the check

basis Phaseeceiver
SL+LS
Several important points:
A Relativelengthdifferencebetweentrasmitter and receivermay 4
changeover time. Usdiber stretcherto adjust = '\ s
A Relativephasemaychange use a dc offset with thphase J\ A .
modulator toadjustthe steadyphaseof the interferometer
A Thesechangesare fast!Eitheruse a seconwvavelengthor fast
data from the checlbasis(public)
A Activebasisselectiot Usesrandomnessandrequiresgood [\ /\  Detector2
synchronizatioh =

—




Fiber stretcher

Just acoupleof words onFiberstretcher.

Whenone needsto changethe lengthof the fiber by morethan
one ortwo wavelenghtsphasemodulatorsare not suitable

Fiberstretchersare piezoelectricelementswith fiber coils
attached Theyphisicallycompressor elongate thdiber, increasing
the delay.

Fewcharacteristics

A Delay range: 8 up tops

A Voltage:usuallyrequire 100V to drive giezo
A Speed: fronfew Hz up totensof kHz

A Lowloss <1db

Main problems:

A Addfiberin the loopincreasinghe instability

A Hysteresisafter tuning the device théber require some time
to relax,creatingdrifts in the phaseduringthe transient

—



Phase receiver typical performances

E sifted rate

[ secure rate

By looking at the performance over time:

Key Rates (bit/s)

A QBERs quite symmetricin the key and check " e ki et
basis ; _
A Visibilitiescan bequite high> 99% i 2 ; °
A Main contributionto the QBERs the Time (e
stabilizationof phaseandlength of
interferometers
A Driftsin the phasecan be fast _
A TypicalQBER in the order 0f&% close to (a)sfftedrale —
saturation '

15

secure rate

A Forsynchronizatioranotherservicechannelis
required
A Half ofpulsesost due to nointerference

Key Rates (bit/s)




Timebin recelver

Let ' s | oo-Binreceéivert he t i1 me
BS

A The BS selects passively the measurement basis l@)—
A One directly sent to a SPD. Measurement in the Key Basis
A Timemeasurement tells if received j§) or L0
A The secondranchusesa MF IF taneasurethe phasewithout

the needof polarizationcompensation Service |
A Inthis case the relativgphaseis tuned usingthe piezoat the _ngme_l__

trasmitter to havedestructivelFat the detector
A Alsoin this caseonly interferencepeakis kept

Timebin

Several advantages: 200 ps

A Noactivepolarizationcompensatiorusingthe FM

A Passivédasisselection

A Onlyoneinterferometric measurmentin the checkbasis Gain switched
A Alltuningdoneat the trasmitter (lower losse$ 2.5 GHz

| | Filter f
: —
Caveats: A

A With onlytwo detectors,needto boundcheck events from
early-earlydetections

—




Timebin receiver with twadetectosand overlap

For this specific type dime binreceiverwith two detectorswe
haveto estimate thetotal numberof counts

@ v W

(a) P
w . w .
Alice ‘ . / ‘ . Alice Alice . ‘ Alice ‘ ‘

Bob det- 1 / - Bob st Bob det ‘

‘ Bob det

Not allthe events can beseddue to estimatehis quantity! If pulseseparationmatches with
repetition rate there are correlationsbetweendifferent pulses

Only eventavhere |m) isfollowedby| ) or| )isfollowedby |p) do not carrryanyinterferenceand
can beusedfor the estimation

_ TNiXside

nx = .
In the endwe get X 1p% where nXsideare thesemeasuredevents,P_zis the probabilityto
senda state in the Dasis Theother factor Y2is becausehalf of the events aregoingback to the input

—



Stabilization of the timéin receiver

200 ps

In the timebin receiverthe receiver BS

interferometer needsto be SMF

stabilizedover time.

Gain switched
laser

Onlythe Checlbasisneedsto be RO |
stabilizedand the information of the :9!%: -
checkbasisispublic soit canbe [

! | e e e Service
' _Channel | IERNelzr2
)
disclosed

Howeverthe mainlimitation isthe time toget a sufficientstatisticon Timebin
from the countrates toevaluatethe QBER.

Forschemesvherethe correctionis at the trasmitter we haveto add

( . ~\
the latencyof the reconciliation Z-basis PD
X-basis PD
. DLI |
Anotheroptionisto injectlight at a different wavelengthin the T ps__’
interferometerand usethis wavelengthto lock with a PLL the working |>"{asg 2" =S
point of theinterferometer Thishasto be donefor the two e

interferometersindependently —Bob

The secondvavelengthaddsnoiseto the QBER —



Performances of timdin receiver

L. et . > ook at t h-e length attn QBER Z ¢z RKR SKR
bin receiver: (km) (dB) (%) (%) (bps) (bps)
251.7 42.7 0.5 2.2 12-10° 4.9-10°
302.1 51.3 0.4 3.7 1.9-10°  0.79-10°
A AsymmetricQBER for Key and Check 354.5 60.6 0.7 1.8 117 62
A Keyerror waylower: mainsource of 4049 693 ;[1) 43 AT 6.5
.. . . . 4921.1 71.9 . 12.8 2.3 (4.5%) 0.25 (0.49%)
error finite extinctionratio of IMat the

trasmitter side
A Checkbasiserror higerand more
unstable needto performan

) ) P 101010 A A
interferometric measurement 2 1500]
= ® SKR RKR |
3 1000
= o000 pg000®®00 0000000
C 500t .
Caveats: oL . . . . _(a)
A Needto wait for the reconciliationto performthe < °l Jleee |
.y . . ) L] egeoe® [ ] ®
stabilizationon the phaseof the trasmitter ] * et
. w
interferometer D2 e % QBER Z 1
A Stillneedto throw awaysome datanot in the olrsreserenecereeresse:adb)
interferencepeakfor the checkbasis Time (hours)

—



Bandwidth and latency considerations

In a real QKD protocol we have to take into
account some considerations about required
bandwidth and latency

At the trasmitter side:

A QRNG: needat least1 bit for state, 1 bit for
basis 1 or 2 fordecoy If biasing2 bits of
overhead:at least5bits foreachstate
@1GHz = 5Gbps of stream

A Memory: thesedata must bekeptin
memoryuntil bob tellsthe click. More
latency-> more storage

Sending unit (‘Alice’)

___________________________________________________________

I

: pulsed i
! 1.55um intensity
, laser  modulator ;
1 '

1
single photon :
detectors '

:
; 1
3 1

1

1

1

]

1

1

1

1

number !
enerator ]
1

1

)

ctive fibre !

delayloop |
 aftenuator |

1 1

' standard
1

optical ] SM fibre opical

- !
transceiver m I transceiver

1 1

]

1 1

1 1

random N\ T\
number
generator

At the receiver side:

SPADsaturationat 100khzif not RFgated

100 Mbpsif RFgated

SNSPD can dngher

TimeTaggesaturation 300Mtags/s
TypicalER/PAsaturatesat 10Mbps, moreneedto
offload

Too J>o T To Do

—



SKR and detectors

Let’'s |l ook at the ' RE

graph as function of losses -
10

A At lowlossesSKR limited by QBER and
maxcountrate i
A Saturationeffect either due to the E "
detector/tagging on posprocessing
A At intermediateloss we havelinear
A

Secret key ratg

10" | 100 ;

scaling witHoss
At highlosssharpkned Dependsalot
on darkcountanderrord Why?

Quantum bit error rate (%)
o - N w & wn o
- - - -

T Optical QBER

100 150 200 250 300 350
Fibre length (km)

. 2
The signal: -|| L.] te —,
Noise:d H L p4 Main limitation to the maxdistanceis givenby the
errorsand darkcount of the detector!

SNR= +H1l,
SNSPMDsedfor almostalllong range demo!

—



Long range timdin QKD

PHYSICAL REVIEW LETTERS 121, 190502 (2018)

EMSPDs
Secure Quantum Key Distribution over 421 km of Optical Fiber

Alberto Boaron,"” Gianluca Boso,' Davide Rusca,' Cédric Vulliez,' Claire Autebert,' Misael Caloz,' Matthieu Perreno
Gagtan Gras,"” Félix Bussitres,’ Ming-Jun Li," Daniel Nolan,® Anthony Martin, and Hugo Zbinden'
lf.;roup rJ.f'.ﬂJl.'if{n'J'{':F Physics, University of Geneva, Chemin de Pinchar 22, 1211 Geneva 4, Switzerland
1D Quantique SA, Chemin de la Marbrerie 3, 1227 Carouge, Switzerland
"L'.'ru'.ur'nn Incorporated, Corning, New York [4831, USA

M (Received 10 July 2018; published 5 November 2018)

Before the experimental implementations of Twhireld QKD this was the longest QKD
experiment that was demonstrated. Even longer than MIBID (404km)

What is the key point to acheive such long

distance ove t_he fiber? _ the detector. The black-body radiation around the laser
A Theexperimentalsetupwassimpleand lead wavelength (1550.92 nm) is eliminated using a standard
to low but not exceptionallylow QBER 200 GHz fibered dense wavelength division multiplexer

Highrepetition rate helpedto get higher bandpass filter cooled to 40 K. Infrared light above
SKRbut not the distance 1550 nm is filtered by coiling the optical fiber just before

A
A Detectionefficiency? Only40-60% with
A

the detector [13]. In this way, we achieve a dark count rate
(DCR) of 0.1 Hz, which is close to the intrinsic DCR of the
detectors. The maximum efficiencies of our detectors are

SNSPDicebut not ground breaking
0,1Hz of DCR and 40ps jitter




Polarization receivers



Polarization receivers

Typical solution employs a

A BS for a passive choice of the basis, EO—
A two Automatic polarization controller to compensate for the APC &
drift introduced by SMF fiber - - " 1
A Two PBS for the polarization measurement aligned one on 10/90 Al
Key and one on the check basis using the APC APC B i}
A Four Single Photon Detectors for the detection 83— . =

Bob -
PBS PBS v
APC | .
— dDW '"‘:)‘ Key Basis & -
B PBS = SPAD|
COM| G4 m‘\ PES ‘
| APC |
| \ii'k Busiz TDC
* e
PC

n

State analyzer

To reduce the number of detectors is
possible to perform polarization and
time multiplexing at the expense of
additional 3db of losses and a factor 4
on the maxcountrate

—



Active Polarization receivers

Another option is to use an active receiver where the selection of the basis is performed in real tim
using a polarization modulator at the receiver side

Alice Bob

SPD 1

L PC1 PM 1 VYOA @ PC2 M 2 PC3 PBS
_* _CH)_| — ] oo — o0

SPD 2

This configuration allows:
A Reduce the number of detector to 2 without penalty loss from multiplexing

However:

A More losses introduced by the polarization modulator
A Require active measuremert randomness

A Requires better synchronization at the receiver side

—



Polarization and frespace/ satellite links

Polarization is mostly used in freapace and satellite links

A Air doesn’t have a significant birefringe
A Due to the Doppler effect satellites add an additional phase to the signal. Need to compensat
in the case of timéin QKD

All freespace transmitter and receivers can potentially be alignrHesg after first calibration
For satellite still need to compensate for the rotation of the satellite

—
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