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Abs t r a c t 

Homodyne detect ion is a powerful too l used i n many fields of optics such as 
opt ica l communicat ions and metrology. Th i s work aims at quan tum homodyne 
detection, wh ich is wide ly used i n quan tum optics for the measurement of quan­
t u m states. Here we perform the detai led character izat ion of a time-resolved 
quantum homodyne detector and demonstrate its ba lanc ing and cal ibrat ion. 

The homodyne detection is appl ied to the character izat ion of coherent state 
thermal i zat ion . The single-mode therma l l ight can be emulated by the inter­
ference of many coherent states w i t h random phases. We show the dynamic 
of the t rans i t i on between coherent and therma l states by m ix ing two and four 
coherent states and perform the homodyne measurement of the result ing states 
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Chapter 1 

Introduct ion 

Homodyne detect ion is a measurement method wide ly used i n many fields of 
optics. The most impor tant appl icat ion is i n opt i ca l communicat ions [1, 2, 3], 
where is used for measuring signals w i th phase or quadrature-ampl i tude modu­
lat ion. Ano the r impor tant appl icat ion of homodyne detect ion is opt i ca l metrol­
ogy. A special form of homodyne detect ion is quantum homodyne detect ion 
used for the observation of quan tum states such as squeezed states. Th i s can 
be used in quan tum cryptography and basic research such as gravitat ional-wave 
detect ion [4], or elsewhere where we need to work w i t h well-defined quantum 
states. 

Un l ike other methods such as detectors using one photodiode or charge-
coupled devices, homodyne detect ion offers the possibi l i ty to measure phase 
in format ion of an unknown signal [5]. The phase in format ion is obtained by 
compar ing the measured signal w i t h a reference signal ( local osci l lator) , wh ich 
allows measuring the relative phase between these signals. Th i s method can be 
used w i th arb i t rary opt i ca l or R F signals. In homodyne detect ion, the measured 
signal and the loca l osci l lator have the same frequency. For this reason, it is 
convenient to use the same light source for bo th signals. 

The measured signal and the loca l osci l lator interfere at the beam spl i t ter 
and the h igh quan tum efficiency photodiodes detect the output signals. For 
balanced homodyne detect ion, the mean values of the photocurrent from the 
photodiodes are the same. We get the s ignal f rom the detector by subtract ing 
the signals from photodiodes. Since the s ignal f rom homodyne detect ion is 
weak, the amplif ier is an impor tant part of homodyne detection. The noise 
of the amplif ier must be lower than the noise of the signal. For this reason, 
we can use only a few suitable amplif iers, especially i n a t ime domain . There 
are two types of amplif iers most ly used for homodyne detect ion, transimpedance 
amplif iers and charge sensitive amplif iers. In this work, we use a charge sensitive 
amplif ier, first employed for quan tum homodyne detect ion by Hansen et a l . [6]. 

There are two basic modes of homodyne detect ion, the frequency doma in 
where the loca l osci l lator and s ignal are obta ined from continuous-wave sources, 
and the t ime domain , where the loca l osci l lator and s ignal are obta ined from 
pulsed sources. The homodyne detect ion in the frequency doma in can be used 
for the measurement of coherent, vacuum and squeezed states of l ight, wh ich can 
be used, for example, for opt i ca l communicat ions. O n the other hand , nont r i v ia l 
quan tum states are usual ly generated i n the t ime domain [7, 8]. However, ho-
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modyne detect ion i n pulse mode is extremely exper imental ly challenging. The 
most impor tant is the bandw id th of the detector, wh ich is given by the response 
of photodiodes and the cut-off frequency of the amplif ier. T h i s frequency must 
be higher than the repet i t ion frequency of the laser source. Typ ica l l y , there is 
a trade-off between the cutoff frequency and signal-to-noise rat io (SNR ) of the 
amplif ier. 

Op t i ca l homodyne detect ion was first used for the measurement in the fre­
quency domain [9]. The first quan tum t ime-domain homodyne detect ion was 
performed i n 1993 by Raymer et a l . [5]. The homodyne detector was used for the 
measurement of the Wigner d i s t r ibut ion of the vacuum state and the squeezed 
state. Hansen et a l . i n 2001 [6] used charge sensitive amplif ier for ampl i fy ing the 
signal f rom the homodyne detector for the first t ime. The homodyne detector 
had a cutoff frequency higher than 1 M H z w i t h S N R 14 d B and was used for 
the reconstruct ion of the single-photon fock state. The homodyne detector w i t h 
a cutoff frequency of 250 M H z was designed by O k u b o et a l . [10] i n 2008, but 
the S N R was only 7.5 d B and the detector was unstable. In 2009 Haderka et a l . 
[11] used transimpedance amplif ier for homodyne detection; the detector had a 
cutoff frequency of 54 M H z and S N R 12 d B . The detectors designed by Zavat ta 
et a l . [12] i n 2011, K u m a r et a l . [13], and Cooper et. a l [14] i n 2012 can be used 
for detect ing signals f rom most commerc ia l ly available mode-locked lasers. 

For the ful l reconstruct ion of the quan tum coherent states f rom homodyne 
measurements, we use a procedure cal led homodyne tomography. The arb i t rary 
quantum state can be described by the density operator p or by the quasiprob-
abi l i ty d i s t r ibut i on i n phase space cal led the Wigner funct ion. Assume that we 
observe an unknown quantum state v i a homodyne detection. The measured 
da ta w i l l form stat ist ics, wh ich corresponds to a marg ina l d i s t r ibut ion of the 
unknown state along an axis determined by the relative phase between the loca l 
oscil lator and the measured signal. We per form many measurements w i t h dif­
ferent relative phases and from obta ined da ta we can reconstruct the unknown 
state. W i t h an increasing number of measurements, we can reconstruct the state 
more precisely. The different methods of homodyne tomography are reviewed 
by Lvovsky and Raymer i n [15]. 

T h e r m a l sources are the major sources of na tura l l ight. The rad ia t ion of 
these sources can be approx imated by the black body rad ia t ion . T h i s rad ia t ion 
is incoherent w i th a continuous frequency spect rum, wh ich density is described 
by P l anck ' s law. W h e n we filter out a single mode from a therma l source, it 
possesses the Bode -E ins t e in photon statist ics. O n the other hand, the most 
simple mode l of l ight emission known from the theory of electromagnetic field 
is an osc i l lat ing electric dipole emi t t ing monochromat ic and coherent l ight w i t h 
Poissonian statist ics. We assume, that the black body is composed of many such 
dipoles, while each dipole emits coherent l ight (coherent state) w i th random 
frequency and phase. Thus single-mode therma l l ight ( thermal state) is formed 
by interference of many coherent states w i t h random phases. A coherent state 
thermal i za t ion is a t rans i t ion between coherent and the rma l l ight. We can 
study the thermal i za t ion for only a few interfering coherent states to explore 
the t rans i t i on in detai l . 

Th i s work w i l l focus on the homodyne detector character izat ion and the 
measurement of the coherent state thermal i zat ion. In Chapte r 2, the basic 
theory of homodyne tomography, the m a x i m u m l ike l ihood est imat ion method, 
and the thermal i za t ion process w i l l be presented. We w i l l define the quantum 
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states used in the work such as vacuum state, coherent state, and the rma l state. 
We w i l l also show their decomposi t ion into the basis of Fock states. In Chapte r 
3, we w i l l propose a method for selecting suitable photodiodes for the homodyne 
detector and we w i l l show the dependence of the photodiode t ime response shape 
on the bias voltage. Furthermore , we w i l l characterize the electronic spec t rum of 
the homodyne detector and the dependence of the noise var iat ion on the power 
of the loca l osci l lator. We w i l l also describe the ba lanc ing process of the detector 
and its ca l ibrat ion. In Chapter 4, the setup of the thermal i za t ion experiment 
w i l l be described i n deta i l . We w i l l show the m a i n problems of the adjustment 
of the setup and its character izat ion. F ina l l y , the results of the coherent state 
thermal i za t ion and their compar ison w i th the s imulat ions w i l l be presented. 
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Chapter 2 

Basic concepts 

2.1 Homodyne detect ion 

To get a better idea of the fundamentals of homodyne detect ion, let us show 
the homodyne detect ion for a classical coherent state as loca l osci l lator. Th i s 
can be i n phase space (x,p) described by complex number a, or by quadrature 
ampl i tudes X and P given by 

X = ^=(a + a*), (2.1) 

P = - ^ ( a - a * ) . (2.2) 

Sometimes is more convenient to describe the pos i t ion of the state by a mean 
photon number n (or intesity /) and opt i ca l phase <fi. These are given by 

h = I=\a\2 (2.3) 

P 
4> = arctan — . (2-4) 

X 

If we consider the free evolut ion of the mode, the coherent state oscillates as 

a = a0eiwt, (2.5) 

where uojlix is the frequency of the osci l lations. Th i s frequency is for visible 
light i n the hundreds of T H z , wh ich is typ ica l l y impossible to measure w i t h 
electronic detectors. For this reason, we can only measure the relative phase 
between two states of l ight. We can define a rotated quadrature Xg given by 

Xe = \(e-*da + eMa*), (2.6) 

where 0 is the relative phase. 
In homodyne detect ion, we have the coherent reference state ( local oscil lator) 

(3 w i th intensity Ip, and the measured state (signal) a w i t h intensity Ia, w i th 
relative phase between them 6. These states are m ixed at a beam spl i t ter 
w i th t ransmit tance T and reflectance R. The interact ion prov ided by the beam 
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Figure 2.1: The scheme of the homodyne detection. 

splitters is given as 

7 \ _ I v T VR 
sj-y-vn vrjypj ( 2 J ) 

The output states 7 and 5 are converted into electr ical signals by the photodi -
odes. We get the result ing signal i by subtract ing these signals f rom each other. 
The scheme of homodyne detect ion can be seen i n F i g . 2.1. The s ignal i w i l l be 
given as 

i = (Ia- Ip)(T - R ) + WR • T • IAXE. (2.8) 

For the beam spl i t ter 50:50, T = R = 1/2, and the detected current i is given 
by 

i = 2VhoXe. (2.9) 

However, i n the ful l quan tum descr ipt ion, the state i n the phase space is 
given by the probabi l i ty density d i s t r ibut ion . Due to that , we have to replace 
quadrature ampl i tudes X and P w i t h quadrature operators X and P given by 

x = 7 ! ( a + a t ) ' ( 2 ' 1 0 ) 

P = - ^ a - a t ) , (2.11) 

where a) and a are bosonic creat ion and annih i la t ion operators, [a, a f ] = 1. The 
commutat ion between quadrature operators is then [ X , P ] = i and uncertainty 
relations are 

AXAP > - . (2.12) - 4 
The f inal equation for the detected current can be derived f rom the classical 
case as 

i = I^KOXQ. (2.13) 

A s we can see, the measured signal depends only on the loca l osci l lator ampl i tude 
and on the relative phase 9 between the s ignal and the loca l osci l lator. For this 
reason, the power of the loca l osci l lator has to be as h igh as possible for the 
highest S N R . However, there is the power of the loca l osci l lator has to be lower 
than the power, wh ich saturates the homodyne detector. Homodyne detect ion 



allows us to measure the quan tum state probabi l i ty d i s t r ibut i on i n phase space 
along an axis whose d irect ion is given by 9. It follows that the quan tum state can 
be reconstructed f rom many measurements w i th different 9, where the number 
of measurements determines the resolut ion of the reconstructed state. Thus 
we need many copies of the measured quan tum state. For the measurement of 
classical quan tum states fol lowing the Gauss ian probabi l i ty density d i s t r ibut ion 
we need at least two measurements along different axes. Th i s can be done 
by two measurements using a single homodyne detector, or one measurement 
using two d is t inct homodyne detectors. In this work, we use the first approach. 
The procedure of reconstruct ing the quan tum states f rom the homodyne da ta 
is cal led homodyne tomography. 

2.2 Q u a n t u m states 

In quan tum optics, there are several basic quan tum states. The first and most 
important is the vacuum state. If we consider that l ight can be approx imated by 
the l inear harmonica l osci l lator model , the vacuum state has the lowest possible 
energy, but this energy is non-zero. Th i s can be possible due to uncertainty 
relations between X and P. The vacuum state is also symmetr ic about the or ig in 
of the phase space. Due to this , the other states can be created by inject ing 
photons into this state or d isplac ing it f rom the or ig in of the phase space. The 
vacuum state is impor tant for ca l ibrat ing the homodyne detector. Since the 
variance of the vacuum state is the lowest possible and its mean ampl i tude in 
phase space is zero (see F i g . 2.2 A ) , we can assume, that the vacuum state has 
the same Gauss ian probabi l i ty d i s t r ibut ion along a l l axis w i th a variance of | 
and a mean value of 0. 

The Fock states are quan tum states w i th an exact ly defined number of par­
ticles (photons). The probab i l i t y d i s t r ibut ion of Fock state |1) i n phase space 
is shown i n F i g . 2.2 B . T h i s single-photon state can be used i n quantum com­
put ing or quan tum cryptography. In this work, we use a Fock representation of 
quantum states for their character izat ion; it corresponds to the photon-number 
d is t r ibut ion . T h i s d i s t r ibut i on can be described by the moments such as the 
mean photon number (the first moment) and the var iat ion (the second central 
moment) . 

Coherent states are eigenstates of the l inear harmonic osci l lator. In the 
phase space, their variance is the same as the vacuum state and their ampl i tude 
depends on their energy (see F i g . 2.2 C ) . In the Fock basis, the coherent state 
has a Poisson d i s t r ibut ion (see F i g . 2.3 A ) given as 

fin) = — r , (2.14) 
TV. 

where n is the mean photon number. For the Poisson d i s t r ibut ion , the variance 
of the d i s t r ibut ion is the same as the mean photon number. The coherent state 
was first proposed by E r w i n Scrodinger i n 1926. F r o m the electromagnetic field 
theory, a coherent wave is emi t ted by the osci l lat ing electric dipole. The laser 
light can be considered coherent w i t h good approx imat ion. 

T h e r m a l l ight is produced by the rad ia t ion of the black body w i t h tempera­
ture T. In our case, the temperature is represented by the mean photon number 
n. In the phase space, the therma l state var iat ion is greater than the var iat ion 
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Figure 2.2: (A) The vacuum state probab i l i t y d i s t r ibut ion in the phase space. 
(B) The Fock state probabi l i ty d i s t r ibut ion in the phase space. (C) The co­
herent state probabi l i ty d i s t r ibut i on i n the phase space. (D) The therma l state 
probabi l i ty d i s t r ibut ion i n the phase space. 

0.30 
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r0 .20 
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Figure 2.3: (A) The theoret ical photon number d i s t r ibut ion of the coherent 
state. (B) The theoret ical photon number d i s t r ibut i on of the the rma l state. 
B o t h d is tr ibut ions are for n = 1.8 
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of the vacuum state and its ampl i tude is zero (see F i g . 2.2 D ) . The therma l 
state for the temperature 0 K is the vacuum state. The d i s t r ibut i on in the Fock 
basis is the Bose-E inste in statist ics (see F i g . 2.3 B ) given as 

/ ( « ) ( n + 1 ) n+l ' 
(2.15) 

2.3 Coherent state thermal i za t ion 

Pho t on stat ist ics, i.e. the probabi l i ty d i s t r ibut ion of various numbers of photons 
in a quan tum state of l ight, is a fundamental characterist ic of opt ica l signals. 
A s said above, the single-mode therma l state can be achieved by the interfer­
ence of many coherent states of l ight w i t h random phases. Thus , i n the l imi t 
of inf inite ly many coherent states, the result ing superposi t ion signal is indis­
t inguishable f rom a single-mode therma l state. The photon stat ist ics of the 
coherent state follows the Po issonian d i s t r ibut i on and the photon statist ics of 
the single-mode therma l state follows the Bose-E inste in d is t r ibut ion . In the 
coherent state thermal i za t ion , we want to explore the photon statist ics of the 
states between those two extremes. To this end, we measured the photon statis­
tics of the coherent state, interference of two phase-randomized coherent states 
(1st thermal i za t ion stage) and interference of four phase-randomized coherent 
states (2nd thermal i za t ion stage) by homodyne detection. For the preparat ion 
of these states, we had four coherent states, wh ich we pair-wise interfered at 
beam splitters (see F i g . 2.4). 

a i l 

a2 

a3) 

|a4) 

HZh 

/ 

LO 

S S H - f r 

- e -

F igure 2.4: The scheme of the coherent state thermal izat ion. 

We compared measured stat ist ics w i t h theoret ical ones. A s said above, for 
one coherent state, the photon stat ist ics follow the Po issonian d is t r ibut ion . The 
other photon stat ist ics we obta ined w i t h theoret ical s imulat ions performed using 
the P y t h o n programming language and Q u t i p l ibrary. We created mathemat i ca l 
models of two coherent states w i th random phases, \a.\) and \a2)- These states 
are m ixed on the 50:50 beam-spl i t ter . O u t p u t states can be described i n the 
Heisenberg representation by re lat ion 

/5i2,out = UhijJP (2-16) 

where p i 2 , 0 u t is a density operator of output state given as /5i2 j 0 ut = \oti, 012) (oti, o^l-

U is evolut ion operator given by U(<f>) = e~l^H, where <j> = ^ for beam-spl i t ter 
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50:50 and H is Hami l t on i an of the beam-spl i t ter given by 

H = %-{a\a2 - ai'a\), (2.17) 

where a\ and 0,2 are annih i la t i on operators of the first and second modes, re­
spectively. The result ing output states pout can be obta ined as the par t i a l traces 
of /5i2,out, Pout = Tr2[/5i2,out]- Higher thermal i za t ion stages can be obta ined by 
repeating this process. Instead of the coherent states, we brought on the beam­
splitter input states from the first thermal i za t ion stage for the preparat ion of 
the second thermal i za t ion stage state, and so on. 

For the descr ipt ion of the photon statist ics, we used the mean photon number 
n , the variance Var (n ) and the parameter <?(2)(0). The g^(r) is a degree of 
second-order coherence given as 

„ ( 2 ) M (I(t)I(t + T)) 
9 ( T ) = <J(*)>2 ' ( 2 ' 1 8 ) 

where / is the intensity of the signal. For our needs, we consider T = 0, hence 
the parameter can be calculated as 

ffl=1+Var(n)»-n 

where n is the photon number. For the Poissonian d i s t r ibut i on Var (n) = n , and 
for Bose-E inste in d i s t r ibut ion Var (n) = i i (n + 1). Thus for the ideal coherent 
state g(2^ = 1 and for the therma l state g^ = 2. 

2.4 M a x i m u m l ike l ihood est imat ion 

M a x i m u m l ike l ihood est imat ion ( M a x L i k ) is the stat is t ica l method used for 
the est imat ion of parameters of a jo int probab i l i t y d i s t r ibut ion of the set of 
independent random variables. In quantum optics, the M a x L i k is used for the 
reconstruct ion of a density ma t r i x of the unknown quan tum state f rom the 
measured da ta set. In other words, we want to assign to the measured da ta set a 
density ma t r i x p e s t as s imi lar as possible to the density ma t r i x p of the measured 
quantum state. Th i s is s imi lar to l inear regression, where we want to estimate 
a mode l that fits the measured da ta as much as possible, but the prob lem is 
highly nonl inear i n this case. The mathemat i ca l formulat ion of the M a x L i k for 
quantum state reconstruct ion is developed i n [16, 17, 18]. Let us assume a finite 
number n of ident ica l copies of unknown state. The probabi l i t ies of ind i v i dua l 
outcomes of a measurement are pi{p) = Tr[/3IIi], where fl; are posit ive operator-
valued measure elements. Let /; = ki/n be the relative detect ion frequencies 
where ki are occurrences of the outcomes H . The density operator pest is given 
as 

pest = arg maxp£(fi,pi), (2.20) 

C(fuPi) = J2h l n f e ) " A T ^ ] > (2-21) 
l 

where A is a Lagrange mul t ip l i ca tor . The funct ion £(fi,pi) represents the dis­
tance between the probab i l i t y d i s t r ibut ion p\ and the relative frequencies /;. To 



maximize the l ike l ihood funct ional , we have to formulate a nonl inear extremal 
operator equat ion for the density ma t r i x p 

p = RpR, R = V (2.22) 

wh ich preserves the posit ive semidefinitness and normal i za t ion of the density 
operator p. F r o m this equat ion, we get an i terat ion a lgor i thm 

= (2.23) 

where we can choose the in i t i a l form of the density ma t r i x = i . E a c h i tera­
t ion of this a lgor i thm w i l l monotonica l ly increase the l ike l ihood of the est imated 
density ma t r i x to the measured one. 

For homodyne detect ion, the probab i l i t y of detect ing a part icu lar quadrature 
y for a given relative phase 9 is 

p(y) = rH[U(9,y)p], (2.24) 

where 11(9,y) = \9,y)(9,y\ is the project ion onto this quadrature eigenstate, 
wh ich can be i n Fock basis expressed as 

I W M ) = (m\9,y)(9,y\n). (2.25) 
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Chapter 3 

Homodyne detector 
operation and 
characterization 

3.1 Homodyne detector construct ion and pho-
todiodes t ime response 

Q u a n t u m homodyne detect ion requires a homodyne detector w i th the S N R 
as h igh as possible. We also need a bandw id th higher than the laser pulse 
repet i t ion rate. To this end, the components we use must be suitable for h igh 
frequencies w i th low noise. In this work, we used a homodyne detector w i t h 
charge sensitive amplif ier designed by Hansen et a l . [6] and modi f ied by M . 
Ježek. For the construct ion of the detector, we used two H a m m a m a t s u S3883 
P I N diodes, charge sensitive preamplif ier A M P T E K A250 , and two amplifiers 
A M P T E K A250 . The scheme of the detector is shown in F i g . 3.1. 

For the most balanced homodyne detector, we must choose two photodiodes 
w i th t ime responses as s imi lar as possible. A s said above in the detector used in 
this work, we use H a m a m a t s u S3883 P I N photodiodes, wh ich are wide ly used 
in quantum homodyne detectors and provide the best trade-off of quan tum 
efficiency and frequency response. The radius of the active area of these diodes 
is 1.5 m m , the quan tum efficiency is 92.2 % at the wavelength of 780 nm. 

T ime response characterizes the dependence of the electronic s ignal from 
the photodiode on the measured opt ica l s ignal. For the ideal photodiode, the 
electronic s ignal is the same as the opt i ca l one, but for a real photodiode, the 
electronic s ignal can be deformed due to the nonzero response t ime. Th i s effect 
can be affected by the bias voltage Ubias appl ied to the photodiode, wh i ch can 
change the shape of the t ime response. We put the photodiode in the testbed 
for this measurement, shown in F i g . 3.2. For a better understanding of how the 
t ime response depends on the Ubias, we performed the measurement of the t ime 
responses of the pulsed laser s ignal for the different bias voltages (see F i g . 3.3 
A ) . F r o m measured t ime responses we f ind the area under the pulses and then 
compared these areas w i th the bias voltages (see F i g . 3.3 B ) . 

We had a batch of 10 photodiodes, f rom which we had to select two w i t h the 
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+ 12 V 

-12 V 

Figure 3.1: The simpli f ied electronic scheme of the homodyne detector. The 
signals f rom photodiodes P D 1 and P D 2 are subtracted and brought to the input 
of the charge-sensitive preamplif ier. We use several low-pass filters to reduce 
noise from external noise. 

+uKls 

Figure 3.2: The scheme of the testbed for the photodiodes character izat ion. The 
bias voltage Z/bias is brought to the photodiode P D through a series of low-pass 
filters. The signal is displayed on the oscilloscope O S C . 
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Figure 3.3: (A) The t ime responses for a l l bias voltages. (B) Dependence of the 
area under the pulse on the bias voltage. 
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Figure 3.4: (A) The t ime responses for a l l photodiodes. (B) The corrected t ime 
responses of two chosen photodiodes. 

most s imi lar t ime responses. We performed the character izat ion for two values 
of [/bias, 20 V and 25 V . A s the light source, we used a pulsed s ignal f rom a 
t i t an ium-sapph i re laser M i r a O p t i m a 900-F. S ignal power was set to 0.488 m W 
at wavelength 800 n m . The output of the testbed was displayed on the oscillo­
scope L e C r o y WavePro 715ZL Measured traces f rom the oscilloscope for each 
photodiode can be found i n F i g . 3.4. In our scheme of balanced homodyne 
detection, we could use several possible degrees of freedom to balance the pho-
tocurrent passing through photodiodes and the delay between pulses imp ing ing 
bo th photodiodes. For this reason, we could consider two free parameters D 
and G , for wh ich we search the global m i n i m u m O m ; n of the funct ion 

0 = [ |A? + A§|<ft, (3.1) 
Jo 

which characterizes the overlap of t ime responses for b o t h values of [/bias- The 
parameters A f and A | are the overlaps for [/b ias , i = 20 V and [/bias,2 = 25 V ; 
their values are given by 

A ^ = (UA,n(t) ~ °n • UB,n{t +  Dn)f • (3.2) 
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We find the OM[N for a l l pairs (A, B) of photodiodes. The pair w i t h the 
lowest value of O m i n was the best pa ir w i t h the most s imi lar t ime responses. 
For the measured samples, it was diode numbers 2 and 8. The t ime responses 
of these photodiodes w i t h the correct ion for parameters D and G are p lot ted in 
F i g . 3.4(b). 

3.2 E lec t ron ic spec t rum and balancing of the 
homodyne detector 

Laser diode 

Figure 3.5: Scheme of the setup for ba lanc ing and character izat ion of the ho­
modyne detector. The opt i ca l s ignal from the laser diode w i t h po lar i za t ion 
control led by the half-wave plate H W P is brought to the input of the polar iz­
ing beam-spl i t ter P B S . Ou tpu t s of P B S are brought to the inputs of homodyne 
detector H D . The output from H D is displayed on the oscilloscope O S C and 
electronic spectrum analyser E S A . 

It is c ruc ia l for homodyne detect ion to balance the detector as much as 
possible. For the ba lanc ing and character izat ion of the homodyne detector, we 
used a n opt ica l setup w i t h the loca l osci l lator at the first port of the beam 
spl itter and a vacuum state o the second port . The scheme of the opt ica l setup 
is i n F i g . 3.5. There are several degrees of freedom used to balance the detector 
in our opt i ca l setup. The first was a half-wave plate before the po lar i za t ion 
beam spl i t ter , which can opt imize s ignal power d i s t r ibut ion . The second is the 
lens i n Z -ax i s mount , which can change the focus of the laser beam to one of the 
photodiodes. The last degree of freedom is the bias voltage of the photodiodes. 

To determine the degree of balance of the detector we used two methods. 
The first uses the oscilloscope and the second uses the spec t rum analyzer. A f ter 
we connected the unbalanced detector output to the oscilloscope we could see 
unipo lar laser pulses envelope, wh ich we want to decrease so that only quantum 
noise remains. The difference between the unbalanced and balanced detector 
signals is shown in F i g . 3.6. T h i s method we use only for p r imary balancing, for 
the f inal ba lanc ing we connected the output to the frequency spec t rum analyzer. 
If the detector is unbalanced there is a peak i n the frequency spec t rum of the 
detector at the repet i t ion frequency and its harmonics. For the best possible 
balanced homodyne detect ion, we must min imal i ze these peaks as much as pos­
sible. We per form the measurement of the electronic spec t rum of the balanced 
homodyne detector for loca l osci l lator power 10 /xW, the unbalanced homodyne 
detector for loca l osci l lator power 0.05 / iW, and the homodyne detector w i th -
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out the loca l osci l lator, which represents electronic noise. Measured electronic 
spectrums are shown i n F i g . 3.7. We compensated the difference between pow­
ers of the loca l osci l lator for better comparison of electronic spectrums of the 
balanced and unbalanced homodyne detector. The C M R R of the first peak of 
the unbalanced homodyne detector electronic spec t rum is 45 d B . 

A 

F igure 3.6: (A) The signal from the unbalanced homodyne detector. (B) The 
signal f rom the balanced homodyne detector. In the background of the signal 
trace is the trigger trace. For a clearer display of the signal , we used the persis­
tency mode of the oscilloscope. 

F igure 3.7: E lec t ron ic spectrum of the signal f rom the balanced and unbalanced 
homodyne detector. The C M R R for the first peak of the spec t rum of the un ­
balanced detector is 45 d B . 
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3.3 L inear i ty and ca l ibrat ion of homodyne de­
tector 

A s said above, homodyne detect ion allows us to measure the rotated quadrature 
X(9). The one rotated quadrature is given by the area under the homodyne 
detection signal for the t ime of one pulse for the homodyne detect ion i n the 
t ime domain . The posit ions of pulses are given by the trigger s ignal f rom the 
driver swi tching the laser diode. The number of measured quadratures depends 
on the acquis i t ion t ime of the oscilloscope and the repet i t ion rate of the pulses. 
In this work, we obta in several thousand quadratures for one r u n of the mea­
surement. We can construct a h is togram of measured quadratures and calculate 
their variance and mean value. 
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noise level 
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Figure 3.8: Dependence of the quadrature variance on the power of the loca l 
oscil lator i n LogLog scale. The measured variances are f itted by a l inear funct ion 
w i th d irect ion 1.135. 

A s said i n Chapter 2, the signal from the homodyne detector depend on the 
power of the loca l osci l lator. To this goal, we measured the dependence of the 
quadratures variance (and S N R ) on the power of the loca l osci l lator for vacuum 
state (see F i g . 3.8). The graph shows a region from 6 mi l l i on photons/pulse 
to 55 mi l l i on photons/pulse, where the dependence is l inear. For the power 
smaller than 6 m i l l i on photons/pulse, the measured shot noise is close to the 
electronic noise of the detector. Non l inear i ty for the power larger than 55 mi l l i on 
photons/pulse is probab ly caused by imperfect ba lanc ing or saturat ion of the 
operat ional amplif ier i n the detector. For the next measurements, we need to 
choose the loca l osci l lator power, wh ich is i n the l inear region and at the same 
t ime is strong enough. Af ter considering these condit ions, we choose the loca l 
oscil lator power of 41 mi l l i on photons/pulse (10/xW). T h i s loca l osci l lator power 
corresponds to the S N R higher than 20 d B . 

For ca l ibrat ion of the detector, we used the vacuum state, wh ich is easy 
to prepare and its probabi l i ty d i s t r ibut ion is the same along a l l axis. The 
quadrature d i s t r ibut ion of the vacuum state follows the Gauss ian d is t r ibut ion . 
The measured quadratures and their h is togram can be found in F i g . 3.9. We 
fitted the histogram of the measured quadratures w i th the Gauss ian funct ion of 
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the form 

ip(x) (3.3) 

wh ich is a probabi l i ty density funct ion of the Gauss ian d i s t r ibut i on w i t h variance 
r j 2 and mean value fi. For the vacuum state a2 = |. The variance is given as 
a s u m of the different noises, wh ich include ma in l y the vacuum noise, but also 
the noise of the detector and l ight source. The mean value of the vacuum 
state is 0 by the def init ion, but there can be some offset caused by an offset of 
the operat ional amplif ier. The variance and the mean value of the measured 
quadratures were a2 = 323 and fj, = 21. A c t u a l values of bo th parameters are 
affected by the amplif ier gain, its response, and also the da ta postprocessing. We 
compensate the offset and rescale the noise of the vacuum state. The cal ibrated 
quadratures are given as 

ip(x) - \1 

a 

The ca l ibrated quadratures possess the variance a1 

fi = 0. 

(3.4) 
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Figure 3.9: The measured quadratures (A) and the quadrature h is togram (B) 
from the balanced homodyne detector. The variance and the mean value are 
r j 2 = 323 and fj, = 21. 

17 



Chapter 4 

Thermal izat ion of coherent 
states 

4.1 Therma l i za t i on setup and its adjustment 

The scheme of the setup we used for coherent state thermal i za t ion is shown 
in F i g . 4.1. A s an opt i ca l source ( L A S E R ) , we used the QFLD-810 -10S laser 
diode manufactured by Q-Photonics and switched by a homemade electronic 
pulser, emi t t ing nanosecond pulses w i t h a repet i t ion frequency of 1.1 M H z at 
a wavelength 808 n m . We placed a 3 n m bandpass filter after the l ight source 
for the well-defined wavelength and spectrum. The laser l ight is spl it into four 
signal paths \an) and the loca l osci l lator pa th ( LO ) . The opt i ca l power of these 
paths is control led v i a half-wave plates ( H W P ) , po lar iz ing beam-spl i t ters ( PBS ) 
and variable neutral-density attenuators. We must use the attenuators because 
of other po lar i zat ion modes, which cannot be muted by the half-wave plate and 
po lar iz ing beam spl i t ter system. For the best results, the power levels of the 
input s ignal states have to be as s imi lar as possible. The power of the loca l 
oscil lator was set to 10 /xW. 

The input signals are pair-wise interfered in Miche lson interferometers. E a c h 
interferometer was made of a 50:50 beam-spl i t ter (BS) and two plane mirrors 
attached to piezo crystals ( P Z T ) contro l l ing the phase shift of input signals. The 
piezo crystals were dr iven by the voltage source prov id ing a tr iangle waveform 
w i th control led ampl i tude 0-55 V and frequency 0.1-1.1 k H z . One output of 
each interferometer is brought to a 50:50 beam-spl i t ter forming a Mach-Zehnder 
interferometer. Th i s setup allowed us to prepare a coherent state, two mixed 
coherent states, and four mixed coherent states. The prepared states were 
interfered w i th the loca l osci l lator and measured by the homodyne detector 
(HD ) , wh ich was presented i n 3. The interferences in the experiment are not 
perfect, but i n theory, we assume the perfect interferences of coherent states. 
For this reason, the v is ibi l i t ies have to be as h igh as possible. The coherence 
length of the laser source is 1 0 ~ 4 m. For this reason, there are two delay lines 
( D L 1 , D L 2 ) on adjustable stages i n the setup for v i s ib i l i t y as h igh as possible. 
The mirrors i n the Miche lson interferometers were on the adjustable stages too. 
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Figure 4.1: (A) The scheme of the exper imental setup for the coherent state 
thermal i zat ion . (B) A photo of the exper imenta l setup. 

4.2 Transmit tance and v is ib i l i t y character izat ion 

The homodyne detector is placed and al igned at the output of the setup. How­
ever, the i n i t i a l coherent states and the pairs of interfered coherent states are 
prepared after the attenuators and after Miche lson interferometers, respectively. 
To proper ly characterize these states, we have to quanti fy the t ransmit tance of 
opt ica l paths between the detector and the point , where the states are prepared. 
In this goal, we measured the power of the laser s ignal at the input I-m and at the 
output /out (homodyne detector input ) of the opt ica l setup for each pa th . F r o m 
the measured powers we determined the t ransmit tance T = Iout/Iin, wh ich are 
l isted in Table 4.1. 

Table 4.1: Measured transmittances of i nd i v i dua l s ignal paths. 

S ignal pa th T 

l « i> 0.178 

l « 2 > 0.159 

l " 3> 0.175 

M 0.167 
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Figure 4.2: The dependence of the signal intensity on the phase shift. 

A s said above, for the measurement of the coherent state thermal i za t ion 
we need to measure the v is ibi l i t ies of interferences. The v is ibi l i t ies depend on 
the setup adjustment and stabi l i ty of the laser diode, thus they can sl ightly 
change i n t ime. Hence, we have to determine them before the measurement. 
For this reason, we brought the laser s ignal f rom each interferometer to a high-
sensit iv i ty photodetector. T h e output was displayed on the oscilloscope. A s we 
can see f rom F i g . 4.2, the measured funct ion is s inusoidal w i t h m a x i m u m 7 m a x 

and m i n i m u m 7 m a x . T h e v is ib i l i t y V of the interference is then given as 

V (4.1) 

The measured vis ibi l i t ies are l isted in Table 4.2. A s we can see, the vis ibi l i t ies 
of the coherent states \a\) + \a2) and |a3) + \a4) are larger than others. The 
reason is, that these interferences take place on the Miche lson interferometers, 
wh ich have much shorter arms and are more simple than other interferometers 
used i n the setup. 

Table 4.2: Measured vis ibi l i t ies of the interferences. 

Interference V 

+ \a2) 0.98 

|«2) + « 3 ) 0.89 

|«3) + |«4) 0.96 
\a2) + LO 0.91 
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Figure 4.3: Photon-number d i s t r ibut ion of the i n i t i a l coherent state (A-B ) w i t h 
input mean-photon number n = 2, two interfered coherent states (C -D ) , and 
four interfered coherent states (E -F ) . Measured photon-number d is tr ibut ions 
are shown in the left panels (A, C , E ) . The corresponding ideal theoret ical 
d istr ibut ions are depicted in the r ight panels (B, D , F ) . 
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4.3 Coherent state thermal i za t ion results 

For coherent state thermal i za t ion , we need to characterize the coherent state, 
1st thermal i za t ion stage, and 2nd thermal i za t ion stage for several different mean 
photon numbers. For each state, we measured the photon-number d is t r ibut ion , 
its mean photon number ň, variance Var (n ) , and parameter g^2\ The measured 
values are compared w i th the theoret ical values, wh ich are determined by nu­
mer ica l s imulat ions. The coherent state is prepared f rom signal branch |o!2), 
the 1st thermal i za t ion stage is prepared by m i x ing the two phase-randomized 
coherent states \a\) and {0:2}, and the 2nd stage thermal i za t ion is prepared by 
mix ing a l l phase-randomized coherent states. The phase-randomizat ion is done 
by the coprime frequencies of the drive signals of the piezo crystals. The com­
parison of the measured photon-number d is t r ibut ions w i th the theoret ical ones 
for input mean photon number ň = 2 is shown in F i g . 4.3. The fidelity between 
measured and theoret ical photon-number d is tr ibut ions is 0.994 for the coherent 
state, 0.982 for 1st thermal i za t ion stage, and 0.988 for 2nd thermal i za t ion stage. 

The measured values of Var (n ) and for mean values ň are shown in 
F i g . 4.4. The measured da ta correspond well to theoret ical values except for 
the g(2) values for low mean photon number (ň < 1). Th i s is caused by the 
strong sensit iv i ty of g^ to noise i n higher photon-numbers terms, which is 
unavoidable i n exper imenta l data. Th i s sensit iv i ty also increases the error bars. 
Furthermore , s l ight ly larger values of g^ compared to the theoret ical value of 
(jf(2) = 1 for in i t i a l coherent states represent another discrepancy i n F i g . 4.4 B . 
It is caused by excess fluctuations of the coherent states, i.e. instabi l i t ies of the 
light source and instabi l i t ies of the balanc ing of the homodyne detection. 
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Figure 4.4: ( (A) Variances of the measured photon stat ist ics. (B) Values of the 
parameter g^ ca lculated from the measured photon statist ics. Po ints denote 
exper imental data , dashed lines depict the ideal theoret ical values. 
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Chapter 5 

Conclusions and outlook 

The m a i n goal of this thesis was to characterize the quan tum homodyne detector 
and describe the m a i n problems associated w i t h homodyne detect ion such as the 
selection of suitable photodiodes or ba lanc ing of the detector. We also showed 
how powerful too l the homodyne detect ion is for quan tum states reconstruct ion. 
Th i s was demonstrated i n the coherent state thermal i za t ion experiment. 

F i r s t , the methods used for the operat ion of the homodyne detector are 
discussed. In Sect ion 3.1, the method for selection of the most suitable pho­
todiodes is demonstrated. Furthermore , the dependence of the t ime responses 
on the bias voltage is shown. F r o m the batch of 10 photodiodes, we choose the 
best-matching photodiodes. Then , i n Sect ion 3.2 the methods for ba lanc ing the 
homodyne detector are described and there is also shown the frequency spec­
t r u m of the unbalanced homodyne detector. The C M R R of the first peak in 
the electronic spec t rum of the unbalanced homodyne detector is 45 d B . In Sec­
t ion 3.3, the measurement of the vacuum state is presented. F r o m the measured 
da ta the quadratures are processed. F r o m the quadrature statist ics, the variance 
a2 = 323 and mean value /J, = 21 are determined. These values were used for 
the ca l ibrat ion of the homodyne detector. A l so , we performed the measurement 
of the dependence of the variance of the vacuum state quadratures statist ics on 
the loca l osci l lator power. F r o m this dependence, the suitable power of the loca l 
oscil lator 10 /xW was determined. The S N R at this power is higher than 20 d B . 

In Sections 4.1 and 4.2, the basic properties of the opt ica l setup, wh ich is 
used for coherent state thermal i za t ion , are demonstrated. The m a i n tasks of the 
setup adjustment and character izat ion are discussed, such as the t ransmit tance 
and v is ib i l i t y measurements. Then , i n Sect ion 4.3, the results of the coher­
ent state thermal i za t ion were provided. We prepared the coherent state, two 
mixed coherent states, and four mixed coherent states for four different input 
mean photon numbers. A l l states were measured w i t h the homodyne detector. 
F r o m the measured data , the photon number d is tr ibut ions were reconstructed 
v i a m a x i m u m l ike l ihood est imat ion. Consequently, the variances of these dis­
t r ibut ions and </2) parameters were determined and compared w i th theoret ical 
values. 

A s the next step, we p lan to s tudy the thermal i za t ion process and its dy­
namic i n more detai l . We w i l l place the hera ld ing detectors at the unused 
output ports of the interferometers and s tudy the thermal i za t ion condit ioned 
on the non-detect ion (zero photons detected) of these detectors. Furthermore , 
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we w i l l continue the development of the homodyne detectors. We a im for a ho-
modyne detector w i t h a bandw id th large enough for detecting the signal from 
an ultra-fast mode-locked laser. Ano the r goal is to improve the signal-to-noise 
rat io and balanc ing of our detectors. 

24 



Bibl iography 

[1] R . Lange and B . Smutny. Homodyne B P S K - b a s e d opt i ca l inter-satel l ite 
communicat ion l inks. In Steve Mecherle and O l ga Koro tkova , editors, Free-
Space Laser Communication Technologies XIX and Atmospheric Propaga­
tion of Electromagnetic Waves, volume 6457, page 645703. Internat ional 
Society for Opt ics and Photonics , S P I E , 2007. 

[2] B . J . P u t t n a m et a l . Self-homodyne detect ion i n opt i ca l communicat ion 
systems. Photonics, 1 (2):110-130, 2014. 

[3] W . Wel ls , R. Stone, and E . Mi l es . Secure communicat ions by opt i ca l homo-
dyne. IEEE Journal on Selected Areas in Communications, l l ( 5 ) :770-777 , 
1993. 

[4] The L I G O Scientific Co l labora t i on . Enhanced sensit iv i ty of the L I G O grav­
i ta t iona l wave detector by using squeezed states of l ight. Nature Photonics, 
7(8):613-619, 2013. 

[5] D . T . Smithey, M . Beck, M . G . Raymer , and A . Far idan i . Measurement of 
the wigner d i s t r ibut i on and the density ma t r i x of a l ight mode using opt ica l 
homodyne tomography: App l i c a t i on to squeezed states and the vacuum. 
Phys. Rev. Lett, 70:1244-1247, 1993. 

[6] H . Hansen, T . Aichele , C . He t t i ch , P. L o d a h l , A . I. Lvovsky, J . Mlýnek, 
and S. Schil ler. Ul trasensi t ive pulsed, balanced homodyne detector: appl i ­
cat ion to t ime-domain quantum measurements. Opt. Lett., 26(21):1714-
1716, 2001. 

[7] G . Bre i tenbach, S. Schil ler, and J . Mlýnek. Measurement of the quantum 
states of squeezed l ight. Nature, 387:471-475, 1997. 

[8] A . I. Lvovsky, H . Hansen, T . Aichele , O . Benson, J . Mlýnek, and S. Schil ler. 
Q u a n t u m state reconstruct ion of the single-photon fock state. Phys. Rev. 
Lett, 87:050402, 2001. 

[9] E . Jakeman, C . J . Ol iver , and E . R . P ike . O p t i c a l homodyne detection. 
Advances in Physics, 24(3):349-405, 1975. 

[10] R. O k u b o , M . H i rano , Y . Zhang, and T . H i rano . Pulse-resolved measure­
ment of quadrature phase ampl i tudes of squeezed pulse trains at a repeti­
t i on rate of 76 mhz . Opt. Lett, 33(13):1458-1460, 2008. 

[11] O. Haderka , V . Michálek, V . Urbášek, and M . Ježek. Fast t ime-domain 
balanced homodyne detection of l ight. Appl. Opt, 48(15):2884-2889, 2009. 

25 



[12] A . Zavat ta , M . Be l l i n i , P. L . Ramazza , F . M a r i n , and F . T . A recch i . T ime-
domain analysis of quan tum states of l ight: noise character izat ion and 
homodyne tomography. J. Opt. Soc. Am. B, 19(5):1189-1194, 2002. 

[13] R. K u m a r , E . Barr ios , A . M a c R a e , E . Ca i rns , E . H . Hunt ing ton , and A . I . 
Lvovsky. Versati le w ideband balanced detector for quan tum opt ica l homo-
dyne tomography. Optics Communications, 285(24):5259-5267, 2012. 

[14] M . Cooper , C . Soller, and B . J . Sm i th . H igh-s tab i l i t y t ime-domain bal ­
anced homodyne detector for ultrafast opt i ca l pulse appl icat ions. Journal 
of Modern Optics, 60(8):611-616, 2013. 

[15] A . I. Lvovsky and M . G . Raymer . Cont inuous-var iable opt i ca l quantum-
state tomography. Rev. Mod. Phys., 81:299-332, 2009. 

[16] Z. H r a d i l . Quantum-state est imat ion. Physical Review A, 55 (3 ) :R1561-
R1564, 1997. 

[17] A . I. Lvovsky. Iterative max imum- l ike l ihood reconstruct ion in quantum 
homodyne tomography. Journal of Optics B: Quantum and Semiclassical 
Optics, 6(6):S556, 2004. 

[18] M . Ježek, J . Fiurášek, and Z .Hrad i l . Q u a n t u m inference of states and 
processes. Physical Review A, 68(1), 2003. 

26 


