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«"Discrete"» vs «"continuous"» Light!
 Photons!Light is :! Wave!

We want to know :! their Number!
& Coherence!

its Amplitude & Phase (polar)!
its Quadratures X & P (cartesian)!

« Simple » States ! Fock States! Gaussian States!

We measure it by :! Counting: !
APD, VLPC, TES...!

Demodulating : Homodyne Detection!

We describe it with :! Density!
matrix!
#n,m!

Wigner!
function!
W(X,P)!

Discrete! Continuous!

Local Oscillator!

V1-V2 ! X$=Xcos$+Psin$!

Quantum State!



Basic Properties of Linear Optical Amplifiers !

•  Phase sensitive vs phase insensitive amplifier!
•  Some classical and quantum applicatiosn ! !



Quantum Limits on Noise in  Linear Amplifiers  
Carlton M. Caves, Phys. Rev. D 26, 1817  (1982)  

Relevant quantity : "Noise Figure" NF of the amplifier : 

     Input signal to noise ratio        " Xin #2 / " !Xin
2 # 

   Output signal to noise ratio      " Xout #2 / " !Xout
2 # 

        NF should be small, minimum value = 1 (or 0 dB).  

Input signal  : 
Useful amplitude (squared)  : " Xin #2 

Fluctuations (noise)  : " !Xin
2 # 

Signal to noise ratio : " Xin #2 / " !Xin
2 # 

AMPLIFIER 

Output signal : 
Useful amplitude (squared)  : " Xout #2 

Fluctuations (noise)  : " !Xout
2 # 

Signal to noise ratio : " Xout #2 / " !Xout
2 # 

NF =            = 





Spontaneous emission noise 

AMPLIFICATEUR 
ain	

aout	bin	

bout 	

Interpretation : for an amplifier based on a population inversion, it is 
unavoidable to get "spontaneous emission noise". 

Exception : for some amplifiers (parametric amplifiers) one can manage to 
have the two modes a and b exactly overlapping. The amplifier becomes a 
"phase sensitive amplifier" or "squeezer") 
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Application of a phase-sensitive amplifier :%
improvement of an homodyne detection !

Take an imperfect homodyne detection  with efficiency % < 1 !
This degrades an input signal, for a coherent input the Noise Figure is :!
! ! ! ! NF =  1 / %  > 1!

Just before the homodyne detection, add a phase sensitive amplifier on 
the signal beam with gain G = g2, amplifying the measured quadrature. 
For a coherent input the  Noise Figure is then : !
! ! NF = 1 + (1 - %) / (G %)   =>  1   if G  >> 1  !
The phase sensitive amplifier makes the homodyne detection perfect !   !





Improving CVQKD with a phase-sensitive amplifier ? !

In principle, it works ! 
(theory only : S. Fossier et 
al, J. Phys. B 42, 114014 
(2009), quant-ph/0812.4314) !

"Perfect" : perfect detector!

g=1 :  imperfect detector 
with  % = 0.6, no amplifier.!

g= 3, 20 : imperfect detector, 
increasing the amplifier 
gain : gets closer and closer 
to perfect !  !



Towards quantum communications #
and quantum networks ? !

•  Longer distances require quantum repeaters and 
therefore «"real"» entanglement ! !
•  Can we «"amplify"» entanglement ?   !



Phase-independent amplifier 
(amplifies the amplitude for all 
values of the phase) 

&  Adds excess noise  
  (3dB for large gain)  
&  Decreases signal to noise ratio 

&  No excess noise 
&  Keeps same  signal to noise ratio 
&  One must know the signal phase 

 Linear deterministic amplifiers (Caves 1982)!

Phase-dependent amplifier 
(amplifies the amplitude a specific 
value of the phase : “antisqueezing”) 



Principle 

Goal : we want :   |in# = |'#    |out # = |g '# 

which means 

! ' ( g ' 
! ) ( ) 

! X ( g X 
! P ( g P 

Same noise 

&  Increases signal to noise ratio ? 
&  Breaks all rules ?  

X X 

P 

0 
)*

|'|*

g |'|*

 Non-deterministic noiseless optical amplifier!
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T. C. Ralph and A.P.  Lund,  arXiv:0809.0326 (2008) : theory 
G. Y. Xiang et al, arXiv:0907.3638 (2009) + Nature Photonics (2010) : theory + expt 
J. Fiuracek, Phys. Rev. A 80, 053822 (2009) : theory  
F. Ferreyrol et al, arXiv:0912.2065 (2009) + PRL 104, 123603 (2010) : expt 
A. Zavatta et al, arxiv:1004:3399 + Nature Photonics (2011) : expt 
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 Non-deterministic noiseless optical amplifier ?!
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Tomography of the amplified state!
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Gain and Noise !
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Violation of QM… ?   no ! !
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Bob!

Alice prepares a 
random quantum state!

and sends it to Bob!

"Prepare and measure"  protocol is equivalent to an entangled state protocol !!
This equivalence is extensively used in security proofs!

Eve and Bob receive the states 
prepared by Alice!

Bob!
EPR 

source!

The density matrix received Eve and Bob is the 
same in both cases : Eve cannot know more !!

Alice!

Alice measures half an EPR 
state, the other half goes to 

Bob!

Eve!

Eve!Alice!

A very useful equivalence  : "virtual entanglement"!



«"Winning"» mutual information !
 Q I P C  !
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Can we use the NLA for CVQKD ?  
 Q I P C  !
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Can we use the NLA for CVQKD ?  
 Q I P C  !
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R. Blandino et al, arxiv:1205.0959!
Phys. Rev. A 86, 012327 (2012)$$$$!



Can we use the NLA for CVQKD ?  
 Q I P C  !
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Can we use the NLA for CVQKD ?  
 Q I P C  !
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Conclusion 



Thank you for your attention ! 
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