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Phase-controlled homodyne 2(N + R)-port detection with R local oscillators is analyzed with
the aim of reconstructing the quantum state of a correlated N-mode signal field. It is shown that
both the (N + R)-fold joint count distributions and the N-fold joint difference-count distributions
contain all knowable information on the state of the field. In any case, the minimum number of
local oscillators is given by the number of different signal-field frequencies. Two Fourier integrals
per mode are found to be required to reconstruct the density matrix of the signal field from the
joint difference-count distributions measured in balanced homodyning. To illustrate the theory, it is
applied to balanced homodyne 4N-port detection (R=N). In this scheme, the joint difference-count
distributions directly yield the joint field-strength distributions of a correlated N-mode signal field.

PACS number(s): 42.50.Dv, 42.50.Ar, 03.65.Bz

I. INTRODUCTION

Photoelectric detection plays an important role in
gaining insight into the statistical properties of light. It is
well known that in direct detection the photon statistics
can be measured [1-3]. However, this knowledge does
not comprise the phase information required for the de-
termination of the quantum state of light.

Information on phase-sensitive light properties can be
obtained by means of homodyne detection, where in the
simplest case a signal-field mode whose properties are de-
sired to be observed and a strong local-oscillator mode
are combined by a beam splitter. Detecting the superim-
posed light, field strengths of the signal-field mode can
be measured [4,5].

Optical homodyne detection has been studied inten-
sively and applied successfully. The effect of detection
efficiencies has been analyzed [6] and various multiport
detection schemes have been considered [7]. A detailed
analysis of balanced homodyne four-port detection has
been given with special emphasis on the quantum prop-
erties of the local oscillator, the detection efficiencies, and
the relation between the measured difference-count dis-
tributions and the field-strength distributions (also called
rotated-quadrature distributions) of the signal-field mode
[8,9]. Moreover, homodyne detection has been applied to
the measurement of phase-sensitive properties of light,
such as squeezing [10,11] and the phase statistics of quan-
tized light modes [12-14].

Balanced homodyne four-port detection with input-
phase control can be used to obtain the quantum state
of the signal-field mode. It is well known that knowl-
edge of the field-strength distributions of a radiation-
field mode for all phases within a 7 interval is equivalent
to knowledge of the s-parametrized pseudodistributions
[15,16], which contain all information on the quantum
state of the mode. Since the field-strength distributions
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are given by the difference-count distributions measured
in (phase-controlled) balanced homodyne four-port de-
tection (cf. [8,9,17]), the quantum state of the signal-
field mode can be reconstructed in terms of pseudodis-
tributions. It has further been shown that the measured
field-strength distributions can also be used to directly
reconstruct the quantum state of the signal-field mode
in terms of the density matrix in a field-strength rep-
resentation [18], without introduction of pseudodistribu-
tions. Alternatively, more complex homodyne detection
schemes have been proposed to measure s-parametrized
pseudodistributions (with s <—1) [19-22] or the positive
P distribution [23,24].

Recently, experimental reconstruction of the quantum
state of a radiation-field mode has been performed by
using optical homodyne tomography [25]. The Wigner
function of the signal mode has been reconstructed from
the difference-count distributions measured in balanced
homodyne four-port detection using inverse radon trans-
formation [26], and the density matrix of the field has
been obtained as the Fourier transform of the Wigner
function. Although the results clearly demonstrate the
experimental feasibility of the reconstruction of the quan-
tum state of a radiation-field mode, there have been some
open questions, such as the effect of the additional noise
introduced by nonperfect detection and the influence of
the multimode structure of the light pulses used in the
experiments.

Apart from pulses, correlated multimode fields play an
important role in a number of nonlinear optical processes,
such as parametric down conversion and four-wave mix-
ing. When the modes of a field are correlated to each
other, single-mode measurements are not sufficient to ob-
tain the full information on the quantum statistics of the
field. In the present paper the problem of reconstruc-
tion of the quantum state of a correlated N-mode radi-
ation field in phase-controlled homodyne 2(NV + R)-port
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detection (with a R-mode local-oscillator field) is consid-
ered. It is shown that the measured (N + R)-fold joint
count distribution as a function of the phase parameters
contains all knowable information on the quantum state
of the N-mode signal field and can, therefore, be used
to reconstruct the state of the field. In particular, the
density matrix of the signal field can be obtained from
the count distributions by Fourier-transformation tech-
niques, which, in principle, enables one to also include
the effects of non-perfect detection. It is further shown
that the desired information on the quantum state of the
signal field can also be obtained from the N-fold joint
difference-count distributions measured in balanced ho-
modyning. This may be more suitable for practical ap-
plications, due to the elimination of classical excess noise
of the local oscillators. In this case the reconstruction of
the signal-field density matrix can be accomplished with
two Fourier integrals per mode.

The paper is organized as follows. In Sec. II the
multimode-field density matrix is related to the expecta-
tion value of the (coherent) multimode-field displacement
operator, which is shown to be a characteristic function
of the density matrix. The relation between this charac-
teristic function of the density matrix and the joint count
distributions measured in multiport homodyne detection
is studied in Sec. III. In Sec. IV the theory is extended
to balanced multiport homodyning and illustrated by an
example. A summary and some concluding remarks are
given in Sec. V.

II. MULTIMODE-FIELD DENSITY MATRIX IN
FIELD-STRENGTH REPRESENTATION

Let us consider a quantized N-mode radiation field,

with the creation and destruction operators d:-' and a;,
respectively,
[a:,a]) = 655, 4,5=1,2,...,N. (1)

Using standard quantum mechanics, the state of the field
J

L F-F .
[(Fhon ) =exp |13 5"

j=1

and

|{‘7:.‘i}a{‘ppj}><{]:j}v{‘pi‘j}‘ = S({}_J _F.’i}1{90Fj})
N N
= (%) /dyl.../dyN exp —i;y]‘fj

straightforward calculation yields

N 1
{FD +FPY, (s, el FO - FPY, {01, }) = W/dyl.../dyn exp

is described in terms of the density operator g. As we
will see later, the density matrix of an N-mode signal
field and the joint (difference-) count distributions that
can be measured in (balanced) 2(IN + R)-port homodyn-
ing (R being the number of local-oscillator modes) are
directly related to each other through their characteris-
tic functions expressed in terms of the expectation value
of the (coherent) multimode-field displacement operator.
We first show that the expectation value of the (coherent)
multimode-field displacement operator is a characteristic
function of the density matrix of the field.

For this purpose we represent the density operator g
in the basis of the field-strength operator

N
F:ZFj(‘PFj)? (2)
j=1
where
Fj(pr,) = Fja; + Fja}, F; =|Fj|e". (3)

The eigenkets of F may be written as
N
{FitAer, 1) = 1 1 Fis es,)s (4)
j=1

where the |7, ¢, ) are the eigenkets of the single-mode
operators F; (Lij ),

Bi(0r,) | Fis@r,) = Fi | Fir s, )- (5)

To calculate the density matrix elements in the F' basis,
({F5} {er, Hol{Fi 3 {or, 1)

= {6 {73} {on, Y ({Fs} Lo, H (6)

0

we note that ﬁj(‘/’r,-) and ﬁ‘,-((ppj + 7 /2) satisfy the same
type of commutation rule as position and momentum,
so that standard concepts of quantum mechanics apply.
Using in Eq. (6) the relations

Fy (e, + 37) | HFih{0n 1) (7)

N A
exp| i yiFi(es,) | (®)

i=1

R FOFr
<(o({ T +mrs})) @
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where

N N
D({8;}) = ][] Di(8) = exv| 3_ (85 4] -5 ;)| (10)

=1

is the familiar (coherent) multimode-field displacement
operator, and

1 2 1 2
Fi=FP+7F?, Fl=r"-FP. (11)

Equation (9) indeed reveals that (for appropriately
chosen arguments) the expectation value of the (coher-
ent) displacement operator of a multimode radiation field
is a characteristic function of the density matrix of the
field. Knowing this characteristic function, the density
matrix in a field-strength basis can simply be obtained
by Fourier transformation, where one Fourier integral
per mode must be performed. In this way we find that

J
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any measurement scheme that enables one to determine
(D({B;})) for all complex values of 5; (j =1,...,N)
yields all knowable information on the quantum state of
a N-mode radiation field. Note that if we let .7:;2) =

(j #k) in Eq. (9) and integrate over all f;l) (j #k), we
obtain the single-mode density matrix of the kth mode
(k=1,...,N) [18], which of course does not comprise
information on the quantum correlations of the modes.

The state of the field in terms of pseudoprobabilities
can also be obtained from (D({B;})), since this quan-
tity is uniquely related to the characteristic functions of
s-parametrized pseudodistributions [16]. However, one
more Fourier integral per mode must be performed, be-
cause of the complex integration variables.

Finally, it should be noted that when .7"3(2) =0 (5=
1,...,N) from Eq. (9) the joint field-strength distribu-
tion p({F;}, {¢x, }) is given by

p({}-j}’{‘PFj }) = <{fj}7{‘pfrj}'é|{fj}?{§0}=j }>

N
= (2;)N /dyl'“_/dyN exp| =i y;iF; | T({ys} {er, ) (12)

where the characteristic function ¥({y;}, {chJ_ }) of the
distribution p({F;}, {¢ 5 }) can be obtained from the ex-

pectation value of the (coherent) displacement operator
as

¥({y;} e, ) = (D{iwF7))).- (13)

III. MULTIPORT HOMODYNING

In this section we show that the characteristic func-
tion of a N-mode-field density matrix as introduced in
Egs. (9) and (10) can directly be related to the character-
istic functions of the (N+R)-fold joint count distributions
measured in homodyne 2(NN + R)-port detection.

Let us suppose that the IV modes of the field under con-
sideration can be separated from each other so that each
mode can be used as an input-signal mode in a multiport
linear device. In particular, to detect a field that consists
of modes of different frequencies w, (r=1,..., R), we as-
sume that the set of modes can be subdivided into R
groups, N =Ef=1 N,., where the N, modes belonging to
the rth group are equal in frequency. We further assume
that the coherent reference field consists of R modes of
frequencies w, (r=1,...,R), so that each group of the
signal-field modes can be assigned to a local oscillator
(whose frequency is equal to the frequency of the modes
of the group). This implies a detection scheme, where a
linear lossless 2(IN + R)-port apparatus that consists of
R subdevices is used as shown in Fig. 1. The N, signal
modes of the rth group and the associated local-oscillator
mode are combined by the rth subdevice to give N, +1
output modes. The N+R output modes of all the subde-

=1

r

vices fall on photodetectors and the (/N + R)-joint count
distribution is measured.

Since the rth subdevice is a linear lossless 2(V, +1)-
port apparatus that transforms N, +1 input modes into
N, +1 output modes, we may write

A N,+1
B = S uRal) (r=1,...,R), (14)
k'=1

where &g) and I;ff) are the photon destruction operators

Poe({M}, {0}

4
L 1
R)
e Wil e M2,
{1} {eP}
Moo e N

|

A1 ~(1) a(1)
ay) & aN

B

® al o )

FIG. 1. Scheme of homodyne 2(NN+R)-port detection. For
chosen r (r=1,...,R) the signal modes a\” (k=1,...,N,)
of frequency w(™ and a strong local oscillator &553 +1 E&](:) of
frequency w'™ are combined by a lossless linear 2(N,+1)-port
device to give N,+1 output modes (U, ,E:),, unitary transforma-
tion matrix of the rth device; {<p$f)}, phase control of the rth
device). Simultaneous detection of the N+ R output modes
(N = Zle) yields the (N + R)-fold joint (scaled) count dis-
tributions psc({M{"}, {}).
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of the input and output modes, respectively, and vt k, is
a unitary matrix,

N.+1 N,.+1
Z ]E;;)u klkll Z U,S‘:) Ulgr’)k’) - Jkkl (15)
kll 1 kll 1

Note that any discrete finite-dimensional unitary matrix
can be constructed in the laboratory using devices, such
as beam splitters, phase shifters, and mirrors [27].

Altogether, N + R input modes are transformed into
N + R output modes, which can be detected using stan-
dard photoelectric detectors to obtain the joint count dis-
tribution

r 1 1 R R
p({m( )})5 (mg),...,mgvl)+1,...,m(1 ),...,mgvlz+1)
(16)

From photodetection theory [2,3] it is well known that
the characteristic function of p({mg)}),

R N,+1
A=) = 3 p(Em)) p( 3 wz”mzﬂ),

{mi")} r=1 k=1
(17)
can be represented as
R No+l =
Q({w;:)}) = <: exp [Z (e”’k — 1) n,(cr)fzg)] >
r=1 k=1
(18)
Here n( ") are the photon-number operators of the output
modes,
ny) = G)TEY, (19)
and 7;,(:) are the efficiencies of the associated photodetec-

tors. The notation : : indicates normal order.
We now assume that the (V. + 1)th input mode in
the rth subdevice (r =1,..., R) is prepared in a coher-

U]

which may be rewritten as

Qe ({2)}) = exp[ %

X expl:1
2

2(% )2

771:)

N, Np+1
X <: exp{z Z [ZGI'P“"E(T)UISTRI +1 (UIS:;))*(&S"))T —-H

Z Uil
k=

u™)
Uk w, +1
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ent state |a,) (o, = |a,|e?¥=r) with large values of ||
(strong local oscillators). To obtain the asymptotic be-
havior of the joint count distribution for large values of
|a,|, it is convenient to introduce scaled counts

(r) _ l (7‘) |2'ar|2

M = my kN.+1 (20)
k (r)
77k |ove|
(k=1,...,N.+1,r=1,...,R) and to consider the joint

scaled count distribution

psc({M(’)}) = p({n e MO +00 Uy a1 |ar|2})-

(21)
Its characteristic function is given by
%el(z) = 3 pe((407})
(M7}
R N.+1
X exp (’L Z Z :L'S')M,ET)) , (22)
r=1 k=1

where for large values of |a,| the Fourier sums may be
performed as Fourier integrals. Using Egs. (17) and (20),

- the characteristic functions Qsc({xk )}) and Q({m(r)}) are

related to each other as

(r)
» T
QSC({mg)})ZQ({ (r)kl })
e o, |
R N,.+1
x exp{——i U [ el ‘”}

(23)

Note that the wg) are real variables. We now combine
Egs. (23) and (18) and use Eq. (19) together with (14).
Following Ref. [7], we expand in the resulting expression
for Qsc({mg)}) the exponential exp[im;:)/n,(:)]arﬂ into a
(r)|a |) < 1) and omit terms of

higher than second order in |:1:,c )| / (n(r) |oer|). After some
calculation we obtain, on keeping only the leading terms,

power series (|m(r)|/(

c. } :> , (24)

2(‘% )2

’71:) ]

(U)o

} (D({ie=0})), (25)
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where lj({ﬁ,(f) = iei“"'vz,(f)}) is the (coherent) displace-
ment operator of the N-mode signal field,

R N,
D({8)}) = exp [ZZ (8P @) -He)|  (26)
r=1n=1
[cf. Eq. (10)], and
N,.+1
= Y U (U)o (27)
k'=1

N,.+1

k'=1

(k=1,...,N.+1,r=1,...,R).
Recalling Eqgs. (9) and (10), from Eq. (25) we see that
J
N (FT s
R N;+1

X exXp %Z

r=1 k' ,k"=1

(n=1,...,N,). From inspection of Eq. (29) we see that
the left-hand side of this equation does not depend on
the zxr)ﬂ (r=1,...,R). With regard to high-precision
state determination we, therefore, let

z1(\¢)+1 0 (30)

(r =1,...,R), otherwise the 21(\;,)+1 would give rise to
a growing exponential leading to an artificial enhance-

ment of experimental inaccuracies even in perfect detec-
tion (77,(;) =1). Note that the conditions (30) correspond

to
plas ( ) ( ) —
E: ' krN,+1l " (31)

[see Eq. (27)], which means that for each r one of the .7;5:)

is given by the remaining ones, e.g.,

No+1 IU(’) ’2

» IN,+1 »
7 = - i (32)
ll;é:kl,. Ukr Nr+1\

(1< k,.< N,+1), and Eq. (28) reduces to

20 — o™

2 i (U # k). (33)

In other words, to obtain the characteristic function of
the IN-mode signal field, we may restrict attention to
a N-dimensional hypersurface in the space of the N +
R variables of the characteristic function of the (scaled)

joint count distribution Qsc({m )})

(r)

Since the x, ' are real, for chosen unitary matrices

U,Eﬁ the allowed complex values of the z{" in Eq. (29)

the characteristic function of the joint (scaled) count dis-
tribution, Qsc({xg) }), can directly be obtained from the
characteristic function of the density matrix of the N-
mode signal field, (D({8{"})).

To obtain the characteristic function of the density ma-
trix from the characteristic function of the joint count
distribution, we invert Eq. (27), on using the relations

(15),

N-+1

=3

()
k=1 Ur N, 11

U
— (28)

and rewrite Eq. (25) as

U(r? . 1 B N, )
T Z'(“')}) e""[‘i 3P
kN,.+1 r=1n=1

N+1 (r) () \*
Up (Ugpnt r )\ *
(5 Y o o
k

k=1

are restricted to those satisfying the condition that the
expression on the left-hand side in Eq. (33) is real.
This means, from a single measurement performed by
an apparatus with chosen mode-mixing properties the
characteristic function of the state of the signal field,
(D({BY) = iei®ar2{7})), can only be obtained for cer-
tain complex values of its arguments ,8,(:).

To obtain the characteristic function for arbitrary ar-
guments, the 27 must of course be allowed to attain
arbitrary complex values. This can be achieved by appro-
priately varying the transformation matrices U, ,21,3, which
implies measurement of a set of count distributions, for
example, by using phase shifters in the apparatus and
varying the phase parameters from measurement to mea-
surement. As mentioned, any discrete finite-dimensional
unitary matrix can be constructed in the laboratory [27].
In this scheme we may, therefore, regard the U, ,g’,;), as being
given in a parametrized form UISJ e} (n=1,...,N,)
and choose, for a given set of complex values of z,(f), the
parameters <p( ) in such a way that the left-hand side in
Eq. (33) is real for all values of | (I#k,).

In particular, starting with real U,S;?, the situation is
rather simple. In this case, insertion of phase shifters in
the input channels of the signal modes, e.g.,

U ({00}) =7 Ul (34)

(<p(N") 4+1=0), obviously implies that the expression on the

left-hand side in Eq. (33) is always real, provided that

2D = exp[-ioD] ¥ @), real).  (35)

Hence, if the characteristic functions of the joint (scaled)
count distributions are known for all values of the phase
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parameters (p( ") within 7 intervals, the characteristic function of the density matrix of the signal-radiation field is

known as well.

For simplicity we assume that the photodetectors used have equal efficiencies (77,(c

") =

= Mg 1). From Eq. (29)

1% ,S',;), -U ,E',;?({tpl(r)})] together with Eq. (30) and the relations (15) we see that

(r)

(p(tenrsn) e[ 525

which in the case of perfect detection (n=1) reduces to

N,

(D(fietera})) = | 4ol = 3

n=1

Here the notation Qsc({w(r)} {0o}) is used to explic-

itly indicate the dependence on the wg ) of the measured
distributions and their characteristic functions.

Equation (37) shows that the characteristic function of
the density matrix of the N-mode signal field can directly
be obtained, for appropriately chosen arguments, from
the characteristic functions of the joint (scaled) count
distributions measured in perfect homodyne 2(N + R)-
port detection with phase control. Hence, the quantum
state of the signal field expressed in terms of the density
matrix can be reconstructed by straightforward Fourier
transformation [Eq. (9)].

When the count distributions are measured by pho-
todetectors whose efficiencies are less than unity, the
characteristic functions of the count distributions must
be corrected by an inverse Gaussian [according to
Eq. (36)], which obviously corresponds to a deconvolu-
tion in the Fourier space. It should be pointed out that
the appearance of the inverse Gaussian requires a very
careful consideration of the experimental inaccuracies.

IV. BALANCED MULTIPORT HOMODYNING

From Sec. III we know that when the characteris-
tic function of the density matrix of the N-mode signal
field is related to the characterlstlc functions of the joint
count distributions, Q({m ") }), the originally (N + R)-

dimensional space of independent variables a:fc) can be

reduced to a N-dimensional hypersurface in this space.
To reconstruct the quantum state of the N-mode signal
field, it should, therefore, be sufficient to measure N-fold
joint count distributions in place of (/N + R)-fold ones.
As it is shown below, the reduction conditions (30) used
in Sec. III just imply that the characteristic functions of
N-fold joint difference-count distributions are picked out.
Since the joint difference-count distributions can be mea-
sured in balanced homodyning, both a reduction of data
and, similarly to balanced four-port homodyning [28-31],
an elimination of classical excess noise of the local oscil-
lators are feasible.
Let us return to Eq. (20) and introduce N = Zle N,

scaled difference counts

e

U ({e “?}) 0

(r) — (r)
o= RUZUIE (36)
n=1 U’Srgl +1 ({ })
(r)({(p(r’)}>
n (r) (r)
oe) oy (e (37)
kN, +1 {‘Pn'}
f
(r) I L7 Y
le, = Ml - '—‘“(7)‘—"'——‘—2- Mkr (38)
U N, 41
(I=1,...,k,—1,k.+1,...,N,+1, r=1,..., R) and con-

sider the joint scaled difference-count distribution

puac ({Df2)})
|l-]l(;‘l2 -9-1[2
"2 p“({ Pk + 10 ZM’E:)’M'S)})’
7y ‘Uk, N*“l

(39)
with the characteristic function
Quac ({2;7})
R N.+1
= Z pst({Dl(l:Z}) exp 'LZ Z J:I(T)D(T) (40)
(D)} T= A,

In Eq. (39) the notation {,M,i:)} is introduced to in-
dicate that (for given r) the k.th argument in p,. is not
changed. Combining Egs. (40), (39), and (22), we easily
see that

Qeac ({27}) = Qe ({=7}), (41)
with
Nl IUJ(;V) +1‘2
) == z T (42)
1=1 U(r) l
1£ky kr No+1
(recall that I=1,...,k.—1,k.+1,... N.+1 whereas k=

L, Ne+1).

Since the relations (42) are just the conditions (30)
given in the form (32), Eq. (41) implies that the results
obtained in Sec. III using the conditions (30) remain valid
when the characteristic functions of the joint (scaled)
count distributions, ., are simply replaced by the char-
acteristic functions of the joint (scaled) difference-count
distributions, Q4q4.. In particular, in place of Eq. (36) we
obtain
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N- (r)({(p‘n’ })
(r) _ r
Joe{=22 ()

which reveals that the characteristic function of the density matrix of the N-mode signal field can directly be ob-
tained from the characteristic functions of the N-fold joint (scaled) difference-count distributions measured in phase-
controlled balanced homodyne 2(/N+R)-port detection. Knowing the joint difference-count distributions, two Fourier
integrals per mode must be performed to obtain the density matrix of the signal field. For example, starting with an

(r)

< ({ze“""'z(r)})> = exp|:1 n Z z {gp(r)} s (43)

r=1n=1

apparatus that performs real transformations U "2, Eq. (43) reads as, on using Egs. (34) and (35),
kk

r o r ) 1— R N, .
(D({8 =ieitoar—et™) ()})>_exp[7n’z;;|yﬁ.’

(y,(1 ), real). For each chosen set of input-phase param-

eters <p,(1) the joint difference-count distribution can be

measured and its characteristic function can be obtained
by an N-fold Fourier transformation. Varying the y,(f)
(=00 < y( ) < +00), the arguments of the characteris-
tic function of the count distribution can be assigned
to the arguments of the characteristic function of the
density matrix as indicated in Eq. (44). In this way
(ﬁ({,@,(f)})) is obtained for the arguments 8
") in the complex ,Bf(.r)
Varying the phase parameters <p$,r)
repeating the procedure outlined above, (f)({ﬂ,(f)})) can
be obtained for all arguments. Now the N-fold Fourier
transformation of (ﬁ({ﬂﬁr)})) may be performed to ob-
tain the signal-field density matrix [cf. Egs. (9) and (10)].

Although at least one local oscillator per group of
signal-field modes of equal frequencies is needed to recon-
struct the quantum state of the signal field, in practice
it may be advantageous to increase the number of local
oscillators and accordingly reduce the dimensions of the
transformation matrices U, ,52), (r=1,...,R).

To illustrate the theory developed let us consider a
scheme where each signal mode is assigned to a local os-
cillator, so that N, =1 and R = N. In this case the
overall detection scheme simply consists of N four-port

along the
lines B = jeilpar =)y (r -planes.

within 7 intervals and

<b({iei‘/’ar 2(1‘)})> = exp |:12_—,,717 Ti:; lz(r) ‘zjl Quae ({ (oD — ()

Choosing
2(M) = (M) ie” (51)

(), real), where
¢ = —olD + o) + 7, (52)

we easily see that [according to the condition (33)] the ar-
guments of ;4. are real. Hence, Eq. (50) may be rewrit-
ten as

2 " _ x> U
Dac| 427 =D —5—u b {7} (44)
n=1 UlN,-f—l
I

devices (/N unitary 2 x 2 matrices), which can be real-
ized by single beam splitters (Fig. 2). Supposing that
a phase shifter is inserted in the second input channel
(local-oscillator) of each four-port device, we may write

vl ( (r)) = ei%u U(r ( = Sp2 0% )) » (45)

U = el v (46)
(r=1,...,N; k,k'=1,2,). The condition that the U,E;),
are unitary matrices obviously implies that
2 2
| + o] =1, (47)
| = o8|, |uR|= v (48)
90({1) ‘Pg) gz) - ‘P(z) = xm. (49)

In particular, when the photodetectors have equal effi-
ciencies (77,(c = nl(n, ) = 1) and the four-port devices are
50%:50% (|U1(;) |2= |U2(;)|2 =1/2), application of Eq. (43)
yields (k,=2)

©i) (r)} {90(7‘)}) (50)

(2(1571)) )
_exp[ 15 (=)

r=1

} Qe (=), 6}). (59)
where

B = g™ exp[ (o — &7 + 01D + ))] (54)
from which we see that the phase control by the phase
shifters (which corresponds to a change of the local-
oscillator phases) effectively reduces to a variation of the

cp;") within 7 intervals. Recalling Egs. (20) and (38), in



the case under consideration the scaled difference counts
D7) are related to the observed (unscaled) difference

counts d{}) =m{” —m{) as

o _ 4%
2 play

(55)

which implies that the corresponding distributions are
related to each other as

Peac({DG 1 {65}) = pac ({nlen] DY, {0§7}) - (56)

Hence, the characteristic functions of the joint scaled
difference-count distributions are given by

(), (64)) = 3 e (D). £7))
D{7}

R
X exp (z Z x(T)D§2)>
r=1
- 5 pu{10.680)
0y .
2"

X exp( Z oon] d(")>. (57)

Equation (53) together with Egs. (54) and (57) shows
that when the joint difference-count distributions are
known for all values of the phases <p2) (r=1,...,N)
within 7 intervals, then the characteristic functlon of the
density matrix of the N-mode signal field is known for all
complex values of its arguments. Note that the Fourier
sums in Eq. (57) are effectively Fourier integrals, because
of the large values of |a,|.

To explicitly obtain the signal-field density matrix in
the form (9), in Eq. (53) together with Eq. (54) we may
let (r— 3, 8 = B;),

(2)F
b= Tl
= ia) expli(pa, — o + ¢ +0§")]  (58)

(j=1,...,N), so that
]

N
Qsdc({m(’)},{wéﬂ}) = eXP[ 72 g m(’))z] \P({E,(—,l} {— ¢a, + 87 — 07 -

which in the case of perfect detection (n=

Quae ({z(r)} {Lp(r) )

1) reduces to
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psdc((D } {50 })

I 1 -
o o
Ml(l) M,gl) MI(N) MZ(N)
‘Pgl) <P§N)
e Sl v T S U
& &‘(I:) PP

FIG. 2. Scheme of balanced homodyne (N x4)-port detec-
tion. Each signal mode @™ (r=1,...,N) and an associated
strong local oscillator a "(T) of the same frequency are com-
bined by a lossless lmear four—port device to give two output
modes [U, k),, unitary (2 x 2) transformation matrix of the rth
four-port device; <pg ), input-phase control of the rth local
oscillator]. Simultaneous detection of the N (scaled) differ-
ence counts DE;) M(T) M(T) yields the N- fold joint (scaled)

difference-count distributions psdc({D(T)}, 2y .
2 1/2
(€] f;Z) 2
e = 1\ = |+ WilFl) ) (59)
|F]
. _7:(2)
(P;.'l) = arg( |F A +iy; | Fj|
~ P, — Pa; + 90 — 0 — 3. (60)

It is worth noting that the joint difference-count distri-
butions measured in the 4N-port scheme under consid-
eration can be used to characterize the multimode sig-
nal field in a physically very illustrative way. To show
this, we recall that according to Eq. (13) the charac-
teristic function ¥ of a joint field-strength distribution
is given, for appropriately chosen arguments, by the ex-
pectation value of the corresponding multimode-field dis-
placement operator. Comparing Egs. (53) and (54) with
Eq. (13), we find that the characteristic functions of the
joint (scaled) difference-count and joint field-strength dis-
tributions are related to each other as

m("')

é’)}), (61)

o})- (62)

In this case the characteristic function of each joint (scaled) difference-count distribution is equal to the characteristic
function of a joint field-strength distribution of the signal field. Hence we obtain the result that the measured joint
difference-count distributions are joint field-strength distributions of the N-mode signal field:

N
poac ({0}, {07} )=[1‘[|F<’>|]p<{f<r>=|F<r>|D"’}{ o, +017 — 085 =0 }). (63)
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Equation (61) clearly shows that for n <1 the measured
joint difference-count distribution is a convolution of the
true joint field-strength distribution with a Gaussian.
This is a consequence of the additional noise introduced
by the detectors.

V. SUMMARY AND CONCLUSIONS

In the present paper we have studied the reconstruc-
tion of the quantum state of a radiation field consisting of
N (correlated) modes of R different frequencies (R < N)
from the data that can be recorded in appropriate mul-
tiport homodyning. Because of the complexity of the
problem, let us summarize the main aspects of the the-
ory and refer to some basic equations.

The full information on a (correlated) multimode ra-
diation field is contained in the mean value of the
multimode-field displacement operator D({3;}) defined
in Eq. (10). For example, any moment of the annihila-
tion and creation operators of the modes can be derived
from (D({B;})) by appropriate differentiation with re-
spect to the variables §;. In this manner also the cross
correlations of the modes are specified. Generally speak-
ing, the density matrix of the N-mode field is uniquely
related to (D({8;})). In particular, the density matrix in
a field-strength basis can be obtained from (f)({,BJ})) by
N-fold Fourier transformation [Eq. (9)]. Thus the prob-
lem of the reconstruction of the quantum state of the
field may be reduced to that of the determination of its
characteristic function (D({5;})).

This characteristic function can be obtained from the
count distributions measured in multiport homodyne de-
tection. If there are R groups of modes of different fre-
quencies, for the rth group (r=1,..., R) a linear multi-
port device can be used to combine N, signal-field modes
of equal frequencies (3, N, = N) with a local oscilla-
tor mode of the same frequency to obtain N,+1 output
modes [Eq. (14)]. Simultaneous detection of the N+ R
output modes of the R devices then yields a (IV+ R)-
fold joint count distribution. Its characteristic function
is obtained by Fourier transformation of the count dis-
tribution [Egs. (17) and (23)] and can be related to the
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characteristic function (D({8;})) of the signal field at
certain values of the arguments 8; [Eq. (29)]. To obtain
(ﬁ({,@]})) for all (relevant) values of the 8;, a succes-
sion of measurements with appropriate phase control is
required, for example by inserting phase shifters in the
input channels and varying the phase parameters from
measurement to measurement.

To obtain the characteristic function' of the state
of a N-mode signal field, R reduction conditions can
be imposed on the (N + R)-fold joint count distribu-
tions. In particular, it is sufficient to measure N-
fold joint difference-count distributions. In this way
both a reduction of data and an elimination of the dis-
turbing effects of classical excess noise of the local os-
cillators can be achieved. Fourier transformation of
the (phase-controlled) joint difference-count distributions
yields again their characteristic functions [Eq. (40)], from
which the sought characteristic function of the state of
the signal field can directly be obtained [Egs. (43) or
(44)].

In the special case of all mode frequencies being dif-
ferent from each other the determination of the quan-
tum state needs as many local oscillator modes as sig-
nal modes are present. Thus a combination of N bal-
anced four-port homodyne detection schemes can be
used. Clearly, such an approach is also possible when
some of the mode frequencies are equal, but it then re-
quires more local oscillator modes than would be neces-
sary. However, such a measurement scheme is of inter-
est since it allows a direct physical interpretation of the
measured joint difference-count distribution as a (scaled)
joint field-strength distribution [cf. Eq. (63)] of the N-
mode signal field under study.

Finally, it should be pointed out that the theory also
applies when some of the input ports are unused, which
simply means that the corresponding modes can be re-
garded as being signal-field modes in the vacuum state.
In particular, unused input ports may be useful to obtain
the count distributions in terms of pseudodistributions of
the signal field similar to the (smoothed) single-mode Q
function observed in balanced homodyne eight-port de-
tection when two input ports are unused [19-22].
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