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Abstract: Temporally-stationary electromagnetic fields with arbitrary
second-order coherence functions are ssimulated using standard statistical
tools. In cases where the coherence function takes a commonly-used
separable form, a computationally-efficient variation of the approach can be
applied. This work provides a generalization of previous spatio-temporal
simulators which model only scalar fields and require either restrictions
on the coherence function or consider only two points in space. The
simulation of a partially-polarized Gaussian Schell-model beam and a
partially-radially-polarized beam are demonstrated.
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1. Introduction

The non-deterministic nature of light is well known and is the subject of a significant body of
literature, e.g. [1, 2]. Stochastic electromagnetic behavior may be taken to arise from fluctua-
tionsin the primary source of the field and/or from the interaction of the field with some random
medium. While a time- and space-dependent probability density function (PDF) is required to
completely define a non-deterministic classical electromagnetic field, physical measurements
do not capture this full description. Optical detectors typically measure a time integral of the
square magnitude of the impinging field. As aresult, the second-order moments of the PDF are
directly related to physical measurements and are foremost among the parameters used in the
characterization of stochastic electromagneticfields. Theaverageintensity, spatial and temporal
coherence lengths and the polarization state are al determined by the second-order coherence
function. This work describes the numerical generation of a discrete random process that can
be used to simulate a temporally-stationary electromagnetic field with arbitrary second-order
correlation properties.

The simulation of a stochastic scalar field was recently demonstrated [3]. This computa
tional method generates a random process as a function of two spatia coordinates and time.
The random process represents a scalar field and can be used in a wide range of numeri-
cal experiments. Visualization of the instantaneous intensity of a partially-coherent Gaussian
Schell-model beam [1] was demonstrated, as was the effect of its propagation through arandom
medium.

The effect of propagation on coherence functions is dictated by analytic relations [1, 4] but
these can be difficult to evaluate in many cases of interest. Numerical approaches (e.g. [5])
can be applied or simplifications such as geometrical propagation can be used in some circum-
stances[6]. A beam simulator providesacomplementary tool asit allowstherandomfield to be
generated, propagated numerically and the coherence function estimated from the output. More
generally, the simulated beam can be used as an input to any field-based numerical model of an
optical system and the output used in Monte Carlo investigations of the (possibly stochastic)
optical system or the properties of the resultant field. By simulating the random process, rather
than computing the correlation functions, it is possible to gain insight into the short-time be-
havior of the quantities of interest, rather than just their effectsin the long-time measurements.
Additionally, one can envision the numerical demonstration of analytical or experimental re-
sults from coherence theory, such as propagation-induced spectral shifts[7] or the observation
of interference effects from uncorrel ated sources using short-time-average measurements [8].

The simulator detailed in this work generalizes that described in [3] and also of earlier
work [9] that considered the simulation of ascalar field at two points, or avector field at asingle
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point. Specifically, the simulator described here has no restrictions on the coherence function
that can be modeled and a vector field is generated. Theform of the coherencefunction required
in[3] excludesthe simulation of certainfields, e.g. Twisted Anisotropic Gaussian Schell-Model
(TAGSM) beams[10] or the partially-coherent output from alaser or waveguide with morethan
one non-zero mode [11]. Restrictions on the form of the coherence function also appear in re-
lated literature [5]. The model presented here has no such restrictions and can therefore be
used to numerically investigate phenomena such as the propagation of TAGSM beams [12] or
the estimation of mode distribution from the spatial coherence of a laser [13]. The coherence
of fields produced by arrays of correlated sources is also of practical interest (e.g. [14]) and
their numerical simulation would not be possible with previous partially-coherent-field simula-
tors. The vector nature of the new model also represents a significant generalization as effects
such as propagati on-induced polarization change [15] or the influence of random media on the
polarization state [ 16] are now encompassed.

2. Generatingthe Field

The second-order statistics of a stationary two-dimensional electric field are described by the
coherence function,

L (xy.X,Y . 1) =< &%) (XY t— 1) >, (1)

where j and j’ can take on the values x or y, and & (x,,t) is the electric field at spatial coor-
dinates (x,y), a timet and in direction j. Here a script typeface is used to indicate a random
quantity and angle braces indicate an expected value. The electric field is assumed to be sta-
tionary so I" dependson 7 but not t. Ergodicity is aso assumed so that a temporal average over
one redlization of the random field is equivalent to an ensemble average, at any given t, over
many realizations of the field.

The algorithms devel oped in this paper generate arandom variable with user defined second-
order statisticsfor adiscrete set of (j,x,y,t) values. Two different algorithmswill be given. The
first case is applicable to any coherence function I and will be known as the ‘general’ case.
The general case produces arandom variable at any user-defined set of spatial (x,y) points and
field directions j at these points. Thisset of (j,x,y) valueswill be mapped to aone-dimensional
vector and the location in this vector indexed by the integer n. The temporal axis is assumed
to be regularly sampled at or above the Nyquist rate and with samples indexed by m. Thus the
values of the continuous coherence function I'jj/ (x,y,X',y, 7) at the points of interest are used
to define a discrete coherence function T'[n,n’;m— m]. Here curved brackets ( ) are used to
indicate continuous variables and square brackets [ ] indicate discrete variables.

The second caseis said to be ‘ separable’ and requires the coherence function to be factorable
into a particular form. This form arises frequently in coherence theory and is similar to that
required in [3], but with a generalization to vector fields. In the separable case the form of the
coherence function is exploited to allow a significantly more efficient al gorithm. The separable
algorithm also requires that the x, y and t directions are regularly sampled at a rate satisfying
the Nyquist criterion and that j takes on values of both x and y at all spatio-temporal points
(i.e. al field directions are considered). The sampled x and y axes are then indexed by k and
| respectively. As aresult, the values of the continuous coherence function T (x,y, X, Y, 7) at
the sample points are used to define a discrete coherence function T/ [k, I, k', m— ]

The algorithms described here start with a set of uncorrelated random variables, which are
linearly manipulated to produce a set of discrete-time random processes that have the desired
second-order correlation properties. The input random variables can be realized in simulation
by using random number generators — specific examples of this are given later in the paper.
The linear manipulations involve scaling and shift-invariant filtering in the separable case; and
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random variable summation using the Cholesky decomposition[17] and shift-invariant filtering
in the general case. Both of these techniques are standard methods of manipul ating the statistics
of random processes [18, 19]. The resulting complex random processes represent the complex
amplitude field at the discrete points of interest.

2.1. The General Case

The algorithm starts with one complex random variable for each discrete point considered.
These input processes .2~ have second-order correlations given by,

< 2 [nm 27", m] >= §[n—n']§[m—n], 2

where &[] is the discrete-argument delta function. These input random variables will be ma-
nipulated to give adiscrete field & that exhibits the required second-order correlations.
Consider the discrete-time Fourier transform of the coherence function,

W(n,n', o) Zl"nnu ey, (3)

This can be regarded as a matrix function of angular frequency W(w), with n and n’ index-
ing the rows and columns respectively and ~ denoting a matrix. Since the matrix is a discrete
representation of the cross-spectral density, it is guaranteed to be Hermitian and positive semi-
definite [1]. This means that it can be decomposed using the Cholesky decomposition to give
amatrix V(o) such that V(o)V'(w) = W(w), where T represents the Hermitian (conjugate
transpose). Writing this explicitly,

W(n,n', o) ZVnrw “In',r, m). (4

It isthen useful to define a set of temporal filters,

T

hy[n,r,m] = 21 V[n, ro)d°"do. (5)

The output random variables, which simulate the field, can then be calculated as,

m}:zzh\/[nﬁam_q]%[nq]' (6)
rq

This equation describes the implementation of the general algorithm.
Eq. (6) is a discrete convolution over the time axis and a summation over all the input
processes. Taking the cross correlation, it can be shown that,

/ 1 /7 / jo(m—n'
<&nmein,m] > = 5/ W[n,n', 0)d®M™ M dg,
—T

= T[n,n,m—n]. (7)

This verifies that the method described by Eq. (6) produces random processes with the desired
second-order correlations.

The quantity W is the discrete cross spectral density of the field to be simulated. The
Cholesky decompositionisused to findV such that Eq. (4) issatisfied but it would al so be possi-
ble to use an eigenvector-based approach as given by the Karhunen-L oéve decomposition [19].
Such a decomposition would lead to a synthesis of the field according to the principles of the

coherent mode representation [1] — V[n,r, ) would be the rth coherent mode at frequency
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. Algorithms for both Cholesky and eigenvector-based matrix decompositions are well stud-
ied [17] but the Cholesky decompositionis chosen here asit guaranteesV[n,r,w) =0forr > n.
This means that fewer filters hy need to be calculated and stored. In both the Cholesky and
eigenvector-based methods, significant computational savings can be realized if W is sparse.
Efficient algorithms exist for sparse decomposition [17] and fewer non-zero hy filters will be
produced.

2.2. The Separable Case

In the separable case all dimensions are assumed to be regularly sampled on a grid with a
sampling rate satisfying the Nyquist criterion. Without loss of generality, the sampling rates
will be normalized to 1. The coherence function is assumed to take the separable form,

Ty lk, 1K1 m— ] = Ajk AS K, 1]Bjm [k — K, | — I')Rim— . 8

As areminder, k and | are the discrete spatia indices, while m and j continue to index time
and the field direction respectively. In Eq. (8), Aj[k, ] controls the local scale of the coherence
function, Bjj determines the relation between the x- and y-polarized fields, n[k —k’,1 — ']
determines the spatial coherence and Rim— m’] determines the temporal coherence. Bjj: obeys
the constraints By = Byy = 1, Byx = B}, = b and |b| < 1. Additionally, if the magnitudes of
Axlk, 1] and Ayk, 1] are equal, |b| is the degree of polarization [1] at [k,1]. The functions n and
R are correlation functions and must satisfy the standard positive-semidefiniteness conditions.

The separability of the factor n shown in Eq. (8) implies the degree of spatial coherence
is uniform across the x-y plane. While this is a restrictive assumption, it is often seen in the
literature and results in what is typically referred to as either a Schell-model or quasihomoge-
neous [20] source. The separability of R in Eq. (8) implies that the temporal spectrum of the
field does not change with space or field direction. In an earlier ssmulator [3] an assumption
analogousto Eq. (8) was used and as mentioned in Sec. 1, this does not allow the simulation of
asignificant number of practically-important fields.

Aswith the general case, input random variables are uncorrelated so that,

< [k 1,m 2K,V m] >= 8, 6k—K]8[l —1")§[m—m], )

where d;j is the Kronecker delta. The constraints on B guarantee that it is a positive semi-
definite tensor, so the Cholesky decomposition can be used to define the matrix factor H such
that,

ﬁm_g_[gx SWXV] (10

Explicitly,

[} ]

Analogous decompositionsfor 1 and R can be found such that,

Rm = hrlg]hglq—m, 12)
q

n[k7|] = zhn[oap]h;[o_kap_l]' (13)
o,p

For example, h, [0, p] can befound by Fourier-transforming n [k, 1] to 7 (w1, @2), taking the pos-
itive square root (7 isreal and non-negativeasit is a power spectral density) to get hy (o1, »)
and then inverse Fourier transforming to find h, [0, p].
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The desired random process can then be constructed as,

gilk,l,ml = Aj[k 1] Y helm—q] 3> hylk—o0,1 —p] ¥ HjsZs[o,p,q], (14)
q op

S=Xy

where the matrix H relates to H; s in the same way that B relates to B;j/ in Eq. (10).

From Eq. (14) itiseasily verified that < & [k, I, m]éaj’;[k/, I",m] >=T;j[k1,K,I",m—nT]. The
processing described in EqQ. (14) consists of linear shift-invariant filtering to produce the desired
spatial and temporal coherence characteristics, a linear combination of the x- and y-polarized
input fields to produce the desired polarization relation and multiplication by spatial amplitude
profiles. This processing will be much less computationally expensive than that required for
the general case. If the field considered has N x N spatial samples, the general case will re-
quire the cal culation and implementation of approximately 2N # temporal filters, while the most
expensive operation in the separable algorithm can be implemented using N x N Fast Fourier
transforms (or (N+M — 1) x (N+ M — 1) transforms if h,, is M x M and discrete-Fourier
wrap-around effects are to be avoided).

3. Examples

The generation of two example fields is described in this section. A vectorial Gaussian Schell-
model beam is simulated to demonstrate the separable-I" algorithm and a partially-radially-
polarized beam is ssimulated to demonstrate the general-T" algorithm. In both cases the input
random variables 2" are simulated using standard Gaussian random number generators. In ad-
dition to satisfying Eq. (2) or Eq. (9), each random variable is zero-mean and complex with
a variance of 0.5 in each of the real and imaginary parts and no real-imaginary correlation.
The linear processing maintains the Gaussian PDF structure so the generated field & is aso
Gaussian. This corresponds to thermal or chaotic light [21] and the PDF of the field is com-
pletely determined by T

3.1. The Separable Case: A Gaussian Schell-Model Beam

A vectorial Gaussian Schell-model [22] satisfies the separable form shown in Eq. (8). Such a
beam will be simulated here on a 12 x 12 spatial grid (normalized units) with 5 samples per
spatial unit. The temporal axis is 1000 units long with one sample per unit. The constituent
functions of Eq. (8) are Gaussian with the following parameters: A has unit amplitude and a
second-order moment of 4 for both the x and y field directions; 1 is unit amplitude and has a
second-order moment of 1; R has unit amplitude and a second-order moment of 4; B is defined
by b= 0.5. Thefilter hy, istruncated to 20 samplesand hr istruncated to 12 samples. Truncation
allows the random field to be generated using a finite number of input random variables.

The random processis generated using Eq. (14) and ergodicity allows the coherencefunction
to be estimated by replacing the expectation operator in Eq. (1) with a discrete average over
time. The local coherence propertiesat a point (x,y) can be decomposed as,

i
Fjj'(xv Y, XY, O) =1 (X> y) {[1 - P(Xa y)] % + P(X> y) Pj (Xa y) pT’ (Xa y)} ) (15)

wherel (x,y) isthe averageintensity, P(x,y) isthe degree of polarizationand p j(x,y) represents
the normalized complex amplitude of the fully-polarized field component in the j direction
[1]. The resulting estimates of these measures along with |Tx«(X,y,0,0,0)| (measures spatial
coherence), [T'w(0,0,0,0, )| (measures temporal coherence) and the instantaneous intensity
areshownin Fig. 1. Thereis strong agreement between the specified val ues and those cal cul ated
from the realized random processes. Note that only the real part of the vector p(x,y) is used
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to plot the field direction, however this is justified as the estimated coherence shows that the
intensity of the imaginary component is less than 2% of the intensity of the real component
at all spatia points. This agrees with the specification of T", which defines a linearly polarized
field.

3.2. TheGeneral Case: A Partially-Radially-Polarized Beam

To demonstrate the general method given by Eq. (6), the local properties of Eq. (15) will be
used to describe a partially-polarized, partially-coherent radially polarized beam [23]. The spa-
tial and temporal coherence will be included by multiplying these local properties with the
functions ny and R from the Gaussian-Schell example and the degree of polarization will be 0.5.

A fully-radially-polarized beam is known as the TEM §; mode of a laser when Gauss-
Laguerre functions are used to describe the modes. The TEM j; mode is the sum of a TEM g1
mode and a TEM 19 mode with orthogonal polarization directions. This simple mathematical
representation is not trivial to reproduce experimentally (e.g. [24, 25]), where the presence of
additional modes may result in areduction of spatial coherence and/or degree of polarization.
The example considered here has P(x,y) = 0.5, [px(X,Y), Py(X,y)] = [X, Y]/ v/ X2+ y2 and | (X, y)
equal to the intensity of the TEM §; mode.

The resulting coherence function no longer satisfies Eq. (8), as B would have to be afunction
of x and y (note that afully-radially-polarized beam can be cast in the form of Eq. (8) by setting
b = 1 and having Ay and Ay equal to the appropriate TEMo; and TEM 19 modes). The fully-
general method was used to generate the partially-radially-polarized field although it should
be noted that a hybrid separable-general method could have been employed. If B is allowed to
vary with (x,y) and H is defined according to Eq. (10), then using H js(x,y) in Eq. (14) would
allow the generation of a field with the prescribed spatially-varying polarization properties.
This hybrid method would set the polarization state at each point with dedicated processing
but the separable nature of the spatial and temporal coherence would be exploited to affect
computational gains. The fully-general method was used in the example presented here as a
proof-of-concept.

The radially-polarized field was realized on the same grid used for the Gaussian-Schell ex-
ample, although thereis now no requirement to use aregularly-spaced spatial grid. The fact that
n and R describe coherence functions that drop to zero at a finite range (due to the truncation
of thefilters in the previous example) makes the Cholesky decomposition much more tractable.
It reduces the number of non-zero entries in the correlation matrix W () and therefore eases
storage requirements. It also reduces numerical complications in the Cholesky decomposition
that might arise due to round-off errorsin the tails of the coherence functions.

Theresults seen in Fig. 2 again show excellent agreement between the expected and observed
values. Notethat the degree of polarizationis undefined at the origin astheintensity iszero. The
intensity of the complex component of p(x,y) is again small — less than 2% of the intensity of
thereal part at al spatial points.

4. Conclusionsand Outlook

A method for simulating spatio-temporal stochastic electromagnetic fields has been pre-
sented. The random processes generated can be used in numerical experiments where the non-
deterministic behavior of light isimportant. Unlike previous simulators, there are no restrictions
on the coherence properties and vectorial fields are modeled. This allows the simulation of a
variety of fields that cannot be simulated with previous methods — for example, partially-
polarized beams, multi-mode light from lasers or waveguides, twisted anisotropic Gaussian
Schell-model beams and fields produced by arrays of correlated sources.

One can also envision straight-forward extensions of this work where temporally non-
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Fig. 1. Realized and specified coherence properties for the Gaussian-Schell example. The
specified intensity I(x,y) and field direction p(x,y) (in blue) are shown in (&) and the re-
alized values in (b). The white bar indicates one spatial unit. An overlay of x-axis cross
sections from (@) and (b) is shown in (c), where the dashed line gives the specified profile.
Specified and realized images of |T'x(X,Y, 0,0, 0)| are shown in (d) and (€) respectively, with
an x-axis cross section in (f). A movie (1.4MB) showing 100 consecutive frames of thein-
stantaneous intensity isgiven in (g). The realized degree of polarization P(x,y) isshownin
(h) while the specified value was P = b = 0.5. A temporal correlation |T'x(0,0,0,0,7)| is
shown in (i).
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Fig. 2. Realized and specified coherence properties for the radially-polarized example. The
specified intensity I(x,y) and field direction p(x,y) (in blue) are shown in (&) and the re-
alized values in (b). The white bar indicates one spatial unit. An overlay of x-axis cross
sections from (@) and (b) is shown in (c), where the dashed line gives the specified profile.
Specified and realized images of |T'x(X,Y, 3,0, 0)| are shown in (d) and (€) respectively, with
an x-axis cross section in (f). A movie (1.4MB) showing 100 consecutive frames of thein-
stantaneous intensity is given in (g). The realized degree of polarization P(X,y) is shown
in (h) while the specified value was P = 0.5. A temporal correlation [Txx(0,0,3,0,7)| is
shown in (i).

#79583 - $15.00 USD Received 31 January 2007; accepted 4 March 2007
(C) 2007 OSA 19 March 2007 / Vol. 15, No. 6/ OPTICS EXPRESS 2845


http://www.opticsexpress.org/viewmedia.cfm?URI=oe15-6-2837-2

stationary fields are considered. However this would involve an increase in dimensionality as
the absolute time t would need to be included. As a result, substantially more computational
effort would be required. In the examples shown here a Gaussian input process produced a
Gaussian simulated field. If non-Gaussian distributions are desired the relation between in-
put and output random variables is less clear. However, there is the potential to include non-
Gaussian statistics using similar random-process generation methods, e.g. [26]. This would
allow the simulation of non-thermal light.

Acknowledgments

The author would like to acknowledge P. Scott Carney for his insightful reading of the man-
uscript and general support of this research. This work was supported in part by the National
Science Foundation (CAREER Award, 0239265, to P. Scott Carney).

#79583 - $15.00 USD Received 31 January 2007; accepted 4 March 2007
(C) 2007 OSA 19 March 2007 / Vol. 15, No. 6/ OPTICS EXPRESS 2846





