FAST AND ACCURATE PROPAGATION OF COHERENT LIGHT

RYAN D. LEWIS, GREGORY BEYLKIN, AND LUCAS MONZON

ABSTRACT. We describe a fast algorithm to propagate, for any user-specified
accuracy, a time-harmonic electromagnetic field between two parallel planes
separated by a linear, isotropic, and homogeneous medium. The analytic for-
mulation of this problem (circa 1897) requires the evaluation of the so-called
Rayleigh-Sommerfeld integral. If the distance between the planes is small,
this integral can be accurately evaluated in the Fourier domain; if the dis-
tance is very large, it can be accurately approximated by asymptotic meth-
ods. In the large intermediate region of practical interest, where the oscillatory
Rayleigh-Sommerfeld kernel must be applied directly, current numerical meth-
ods can be highly inaccurate without indicating this fact to the user. In our
approach, for any user-specified accuracy ¢ > 0, we approximate the kernel
by a short sum of Gaussians with complex-valued exponents and then effi-
ciently apply the result to the input data using the unequally spaced fast
Fourier transform. The resulting algorithm has computational complexity
@ (N2 log N log? e~ ! + M? log? e’l), where we evaluate the solution on an
N XN grid of output points given an M x M grid of input samples. Our algo-
rithm maintains its accuracy throughout the entire computational domain.

1. INTRODUCTION

A measurement system can be no more accurate than the least accurate of its
constituent parts. A critical part of many computational optical systems is a nu-
merical algorithm to propagate a time-harmonic electromagnetic field between two
parallel planes separated by a linear, isotropic, and homogeneous medium. Within
the experimental community, it is well understood that algorithms used for this
purpose give approximate solutions. However, virtually none of the current algo-
rithms provide a mechanism to control their error and, for this reason, may generate
inaccurate results without indicating this fact to the user. This state of affairs is
somewhat surprising since one might expect that in the computer age, of all the
sources of error in an optical system, numerical error ought to be the easiest to
eliminate.

At the end of 19th century, Lord Rayleigh [21] (see also [9, 8]) described wave
propagation via the integral
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where R = /22 + | x — y||°>. Given the field u(y,0) = f (y) in the plane z = 0,
(1.1) describes the field u (x,z), z > 0, that satisfies the Sommerfeld radiation
condition. Expressing all distances in wavelengths, we note that if the propagation
distance is small, then the kernel of this integral operator is highly oscillatory, but
the computation can then proceed in an accurate manner in the Fourier domain.
On the other hand, if the distance is very large, then application of this kernel
asymptotically reduces to a scaled Fourier transform. The computational difficulties
arise in the intermediate region where, in order to obtain an accurate solution, it is
necessary to apply this oscillatory kernel as is. Currently in this intermediate region,
the standard practice is to replace the kernel by its Fresnel approximation. We show
that this approximation yields only limited accuracy even near the optical axis, and
that the accuracy deteriorates significantly away from the optical axis. Perhaps
what is most troubling is that the accuracy of approximation is not controlled.

In this paper we present a fast algorithm to evaluate the Rayleigh-Sommerfeld
integral (1.1) with any user-specified accuracy. We approximate the kernel by a
short sum of Gaussians with complex-valued exponents. The number of terms in our
approximation is nearly minimal for a given accuracy e. The resulting approximate
kernel is then efficiently applied to input data using the unequally spaced fast
Fourier transform (USFFT) [11, 3, 19], yielding an algorithm of computational
complexity O (N2 log N log2 e+ M2 10g4 e’l), where we evaluate the solution on
an N x N grid of output points given a grid of M x M input samples, the same order
of complexity as algorithms based on the Fresnel approximation. Our approach also
significantly increases the size of the output region where the evaluation of (1.1) is
accurate.

The Fresnel approximation is an important, often-used, and frequently-referenced,
approximation to the propagated field. While our method can be viewed as a gen-
eralization of the Fresnel approximation, the two approximations are not directly
related. The Fresnel approximation replaces the Rayleigh-Sommerfeld kernel by a
single Gaussian with a purely imaginary exponent. In our method, for any user-
specified target accuracy, we use a nonlinear algorithm to approximate the kernel
as a short linear combination of Gaussians with complex-valued exponents. In both
the Fresnel approximation and our method, the use of Gaussians leads to a fast algo-
rithm to apply the approximate kernel. However, accuracy control in our approach
relies on analysis-based approximations rather than directly on analytic formulae.
Equally as important as the approximation of the kernel with respect to accuracy
control is a careful discretization of the resulting integrals using quadratures for
band-limited functions (see §2.2).

Given the known limitations of the Fresnel approximation (see, e.g., [22, 30, 12]),
many researchers have sought methods to improve its accuracy, e.g., by constructing
series expansions of the propagated field where the Fresnel approximation appears
as the first term in the series [13, 1]. Unfortunately (to the best of our knowledge)
such an approach does not lead to a fast algorithm with controlled accuracy. The
expansions derived in these papers can be used in a limited number of cases if the
boundary data are known analytically. However, if the boundary data are provided
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numerically (e.g., measured, or produced by a computational procedure such as
phase recovery), such analytic expansions can yield only a limited accuracy. We
further comment on this topic in §C.4 of the online supplement.

The need for an accurate propagation algorithm arises in areas such as compu-
tational holography [14], optical component design [20], and antenna design [2]. A
particularly interesting application area is X-ray diffraction microscopy [23], and
related techniques, where one attempts to form an image of a microscopic sam-
ple from measurements of the magnitude of its diffraction pattern. These inverse
problems are usually solved by iterative methods that include a light propagation
algorithm. Therefore, the accuracy of the propagation algorithm ultimately limits
the accuracy of the reconstructed image. The speed of a propagation algorithm is
obviously also of critical importance for applications employing iterative methods.

The numerical algorithms that we use are designed to yield any user-specified
accuracy. This includes controlled accuracy in the rapid computation of integrals.
The methods that we employ for this purpose (specifically the USFFT and gener-
alized Gaussian quadratures for band-limited functions) can significantly improve
the performance and accuracy of even the standard methods for light propagation
(see §8A and B of the online supplement).

The paper is organized as follows. The necessary mathematical preliminaries
are reviewed in §2. We describe our new algorithm in §3, then discuss its region of
validity in §4. In §5 we provide several numerical examples, then summarize our
results in §6. By introducing this new algorithm, we hope to stimulate accuracy
improvements in computational optical systems by essentially eliminating numerical
erTors.

2. PRELIMINARIES

2.1. The Rayleigh-Sommerfeld Formula. The behavior of a time-harmonic
electromagnetic field in a linear, isotropic, and homogeneous medium is described
by the scalar Helmholtz equation,

(2.1) (A+E)u=0,

where the wavenumber k = 27/, A is the wavelength, and u (z,y, ) is the complex
amplitude of one component of the vector-valued electric field at a point (x,y, z) €
R3. We may consider each component of the field separately since their governing
equations decouple in an isotropic homogeneous medium, allowing us to work with
the scalar form of the Helmholtz equation instead of its vector form.

It is convenient to associate one coordinate of the three-dimensional Cartesian
system with the optical axis—we choose the z-coordinate for this purpose, and will
often represent a point (z,y,20) € R as (x,29), where x € R? lies in the plane
z = zp transverse to the optical axis. We find it natural to measure distances in
the units of wavelengths and therefore, for the remainder of this paper, set the
wavenumber k = 27.

The Rayleigh-Sommerfeld integral (1.1) yields the solution u (x, z) of the Dirich-
let problem for (2.1) in the half-space z > 0 that satisfies the Sommerfeld radiation
condition [28, 29],

lim s (? - i2ﬂ'u) =0, wheres=]|(x,z2)| and z > 0.

5—00 S
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Given the boundary data u (x,0) (x), we rewrite (1.1) as

22) (x.) / £ ) K- (I = 1) dy.

where the Rayleigh-Sommerfeld kernel K, (r) is given by

PRLERY 14(r/2)? 1 i
(23) Kz (T) = ZZ 5 —+ , r> O
L+ (r/2) 27z (1 + (r/z)2)

Denoting the Fourier transform of the boundary data as

— [ fo9emmrix,
R2

we write (2.2) in the Fourier domain as

(MY

(2.4) (x,2) / 7o) E. (Ipl) > dp,

where the Fourier transform of the Rayleigh-Sommerfeld kernel (cf. [24] and refer-
ences therein) is given by

~

(2.5) K. (p) = e®mVIm0 p>0.

Our goal is to evaluate (2.2) accurately in such a way that the computational cost
does not increase with the distance z. It is clear that the spatial kernel K, (1) is a
highly oscillatory function of » when z is small, and that the Fourier domain kernel
IA(Z (p) is a highly oscillatory function of p when z is large. For many physically
interesting choices of the distance z in the intermediate region, K, (r) and K. (p)
are both highly oscillatory, making the direct numerical computation of u using
either (2.2) or (2.4) impractical. In §3 we will show how to approximate (2.3)
with controlled error and then describe a fast and accurate algorithm to apply the
resulting approximate Green’s function to boundary data. Our algorithm mainly
addresses the propagation problem for intermediate and large values of z. For small
values of z, it is well known that the problem may be solved using Fourier methods
and for very large values of z, the problem may be solved using asymptotic methods
(see §8A and B of the online supplement).

Remark 1. Given the normal derivative of the boundary data

—u(x,z)

0z

z=0
Lord Rayleigh’s formula for the Neumann problem reads

1 ei27'rR ) 9 %
— [g) ——dy, R=(2+Ix-y")", 2>0.
27 R

R2

(2.6) u(x,2) = —

With minor modifications, our approach is also applicable to evaluating (2.6).
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2.2. Slepian Functions. All physically realistic fields must eventually decay in
space and, at the same time, are essentially band-limited in the Fourier domain. An
appropriate mathematical description of such fields was initiated by Slepian and his
collaboratorsin [27, 17, 18, 25, 26] by considering a space-limiting and band-limiting
integral operator and using its eigenfunctions to identify a class of functions that
have controlled concentration in both the space and the Fourier domains. Slepian
et al. showed that this integral operator commutes with the differential operator
of classical mathematical physics describing the prolate spheroidal wave functions,
i.e., both operators share the same eigenfunctions.

For our purposes, we use eigenfunctions with controlled concentration in a square
in the spatial domain and band-limited to a disk in the Fourier domain. The
construction of such eigenfunctions is described in [4]; it differs from the traditional

construction since there is no differential operator available in this case.

Denoting a square in the spatial domain by A = [—%, %}2 and selecting a disk
of radius ¢ in the Fourier domain, following [4] let us define the space-limiting and

band-limiting operator Q : L? (4) — L? (A),

o[/ <x>:/f<y>
A

¢y (2me|x —yl)
Ix =yl

dy

3

where Jp is the first order Bessel function of the first kind. It is shown in [4] that,
similar to the classical case, the eigenvalues of this operator,

QY = pvy, j=0,1,...,
quantify the fraction of energy (L?-norm) of ¢; outside of 4,

9 fR2\A WJJ (X)|2 dx
T s O ax
The eigenvalues satisfy 0 < p; < 1 and we order them in decreasing order, po >
p1 > p > --- > 0. Since they have a sharp transition from being nearly one to
being nearly zero (see [4]), for a user-specified accuracy €, we select a linear subspace
of the eigenfunctions, span {¢; };‘]:07 with corresponding eigenvalues p; > 1 — €.
Given boundary data f, we project f onto this subspace, where the choice of
parameters, i.e., the domain A and the bandlimit ¢, is described in §2.3 below.

Identifying this subspace allows us to accurately evaluate integrals involving the

boundary data. Following [4, 5] (see also [33]), we have

Theorem 2. Let W = [—%, %]2 be a square output window and A = [—%, %}2
be the spatial domain. Then for all functions f € span {1, }j:O and for any target
accuracy €, we can use the algorithms in [4, 5] to obtain a (nearly optimal) tensor
product grid of quadrature nodes Ymm' = (Ym,Ym’) € A, mym’ =1,.... M, and

corresponding weights T, T > 0, so that

M
/f(Y) *Ydy — Y T f ) €V | S elf]ly, x €W,
A

m,m’=1

The number of quadrature nodes required to obtain accuracy € depends on the space-
bandwidth product (a +w)c as M = O ((a+w)cloge™t). These quadratures are
known as generalized Gaussian quadratures for band-limited functions.
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2.2.1. The Unequally Spaced Fast Fourier Transform. We need to evaluate trigono-
metric sums of the form

M
Z Tme’f (ymm’) e Ymm/

m,m’=1

at output points X, = (@, /), where n,n’ = 1,...,N. Such sums can be
evaluated rapidly, for any user-specified accuracy e, using the USFFT (see [11, 3,
19]) with computational complexity O (N2 log N 4+ M? log2 6’1).

2.3. Band-Limiting the Boundary Data. For a given accuracy ¢, there exists
some square region A = A(e) = [—%, %]2 such that the values of the boundary

data f in (2.2) outside of A may be neglected,

) [ 16l dx <12,
x¢A

In this paper, we refer to the region A where the field is concentrated as an aperture.

Let us determine the highest spatial frequency ¢ that must be propagated in
order to evaluate (2.2) accurately. It follows from (2.5) that evanescent waves cor-
responding to spatial frequencies above p = ||p|| > 1 are attenuated exponentially
fast as a function of the propagation distance z. This implies that, for a given
distance z and accuracy ¢, there exists some bandlimit ¢, > 1 such that frequencies
greater than c. may be neglected,

u(x,z) - / F(p) K- (Ipll) ™ P dp| < €| fll,-

lIpll<ce

A good estimate of this bandlimit is obtained by setting e 27*V~1 = ¢ so that

loge 1\
(28) Ce = 1 + .

2mz

It may happen that the boundary data f has a bandlimit much larger than c..
In such cases, we set ¢y = 2c. and replace f by its band-limited version,

Feo = / F ) h(Ipl) 2™ dp,
Ipll<2ce

where the window function & (p) satisfies |h (p) — 1] < € for 0 < p < ¢ and drops
smoothly to zero in the interval p € (¢, 2¢.]. The function fwill be band-limited
to the disk of radius cs and concentrated in a square aperture A that is somewhat
larger than the original aperture A. This spreading can be controlled by an ap-
propriate choice of the function h—one convenient choice is a linear combination
of shifted Gaussians. We use this new, larger, aperture in place of the original
aperture and therefore set A = A Tt may also happen that the bandlimit c; of
boundary data is known a priori and is less than c., so it is not necessary to prop-
agate spatial frequencies with magnitudes p = ||p|| € [¢f,ce]. In either case, we
set the highest spatial frequency that must be propagated to ¢ = ¢y, where c; is
defined as just described.
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2.4. Approximation of Functions by Linear Combinations of Exponentials
and Gaussians. We use an algorithm in [6] (see also [7]) to approximate, for a
target accuracy €, a smooth function f (x) by a nearly optimal linear combination of
Gaussians. Since the algorithm in [6] finds a nearly minimal number of exponential
terms, we apply it to the function g (f) = f (V). Changing variables back, t — %,
yields an approximation by Gaussians with a (nearly) minimal number of complex-
valued weights w, and exponents 7., such that

(2.9) <e x€l0,1].

L
fx)— Z wee M
=1

For completeness, we recall this algorithm for approximation by exponentials in
§C.1 of the online supplement.

For the functions f (z) considered in this paper, the number of terms L in ap-
proximation (2.9) satisfies L = O (log 6_1). This behavior is typical and occurs for
a wide variety of functions encountered in applications.

2.5. Decompositions of Low-Rank Matrices. In order to compute the singular
value decomposition (SVD) of a low-rank matrix S € CV*M | where S has numer-
ical rank k for a given accuracy e, we use algorithms described in [10, 16]. The
computational complexity of these algorithms is O (M Nlogk + (M + N) k?) (cf.
O (M NEK) for the direct approach utilizing a rank-revealing QR factorization).

2.6. The Approximations of Fresnel and Fraunhofer. Our method of ap-
proximating the kernel (2.3) resembles the approach that leads to the Fresnel ap-
proximation, which we now recall. If the propagation distance is significantly larger
than both the spatial extent of the input field and the desired output region, so

that » = ||x —y|| < z, it is common to use this assumption to make the (rather
dramatic) approximations in (2.3)

1 )
(2.10) + k S~

2 2
1+(T/Z) 27TZ (1+(T/Z)2)2

and
(211) ei2ﬂ—zm ~ ei27rzei§r2'

The Fresnel approximation uses this approximate kernel in place of the Rayleigh-
Sommerfeld kernel in (2.2), yielding

27z o 5
= [ ety
R2

el

u(x,2) =~ ;

. . 2
ez27rzez§|\x|\

(2.12) - %/f(y) I iy gy

iz
R2

(see, e.g., [15, §4.2]). Since the latter integral can be computed using the fast
Fourier transform (FFT), this approximation is widely used despite its potentially
low accuracy (it turns out that the poor approximation of the kernel’s phase in
(2.11) is especially deleterious—see §5.3). In §§4 and 5 we demonstrate that the
accuracy of the Fresnel approximation rapidly deteriorates away from the optical
axis.
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When 2z is much larger than the spatial extent of f (y), it is common to make

the further approximation eIV 1, which, when used in (2.12), leads to the
Fraunhofer (sometimes called far-field) approximation
(2.13) u(x,2) ~

ei2mz iz IIx(I? A(X)
1z z

(see, e.g., [15, §4.3]). The Fraunhofer approximation, which relates the output field
to the scaled Fourier transform of the input field, is especially common in antenna
design and X-ray diffraction microscopy. A more accurate approximation in the far
field is given by

izeiQTr\/z2+||x||2 . x

2
4 Il 22+ x|

(2.14) u(x,2) ~— ,  Z— 00,

which may be evaluated via the USFFT. We further discuss the Fraunhofer approx-
imation and derive (2.14) in §B of the online supplement.

3. A NEwW ALGORITHM FOR FAST AND ACCURATE LIGHT PROPAGATION

In this section we describe a fast algorithm to compute, for a fixed propagation
distance z and any user-specified accuracy € > 0, the field u (x, z) in a square output
window W = [—%, %} ?. We assume that the boundary data f has already been re-
placed with its space-limited and band-limited version, as described in §2.3. Hence,
f is band-limited with some bandlimit ¢ and concentrated in a square aperture
A= [—%, %}2 so that, according to (2.2), we need to compute

(3.1) u(x,2) :/f<y> K. (x—yl) dy, xeW,
A

where K, is the Rayleigh-Sommerfeld kernel (2.3). Our algorithm comprises three
steps. First, in §3.1, we accurately approximate the Rayleigh-Sommerfeld kernel
by a linear combination of Gaussians using the algorithm briefly described in §2.4.
Second, in §3.2, we use the resulting approximation in (3.1) and accurately discretize
the ensuing integrals via the generalized Gaussian quadratures for band-limited
functions from Theorem 2. Finally, in §3.3, we use the algorithms referred to in
§2.5 for computing the SVDs of low-rank matrices to rearrange the resulting sums
for rapid and accurate evaluation via the USFFT (see §2.2.1).

3.1. Approximation of the Kernel with Controlled Error. The key obser-
vation behind the Fresnel approximation is that the phase of the kernel (2.3) is
approximately quadratic, cf. (2.11), at least for small values of r/z. We also use
this observation but, in addition, exploit the fact that the rest of the phase can
be accommodated via an approximation with controlled error, valid throughout a
large computational domain.

Due to the finite sizes of the output window W and input aperture A, it is only
necessary to approximate the kernel K, (r) on the interval 0 < r < (a +w) /v/2.
We demonstrate how to obtain, for any user-specified accuracy ex > 0, an approx-
imation K, (r) such that

(3.2) K. -K.0| <%, re {o,”“’].

V2
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We emphasize that in (3.2) the desired accuracy ek is scaled by the propagation
distance z since the magnitude of the kernel decays like 2! along the optical axis.
Inspired by the Fresnel approximation, we rewrite the kernel as

127z 1% r?

K, (r) = LAZ (r),

(74

(33) Az (T) — : 1 . 4 1 . ei27rz(\/1+(T/z)2_1_%(r/z)2)
+(r/2) . (1 T (r/z)Q)

Having removed the factor eig’”zcapturing most of the oscillatory behavior of the
kernel, the function A, is non-oscillatory over a large region of space. We use
the algorithm in §2.4 to compute, for a desired accuracy ex > 0, complex-valued
weights wy and exponents 7, such that

(3.4)

L 2
A, (r)— Z wee” T
=1

SEKu T€|:O7a+w:|7

V2

leading to the approximation

2

)

(3.5) K, (r)=— ngef(’”*ig)r
=1

satisfying (3.2). We define % (x, z) to be the result of using the approximate kernel

K, (r) in (3.1),

27z

et L . R
(3:6) i z) == Zwe/f(y) e (mmiZ) =yl gy,
=1 A

The following proposition bounds the absolute error of the approximation and is
an immediate consequence of the preceding discussion.

Proposition 3. Let u be the function defined in (3.6), with weights wy and expo-
nents ng, £ =1,...,L, as in (3.4). Then
ex || fIly

z
where the field u (x, 2) is given by (3.1).

(3.7) |u(x,2) —u(x,2)] < X € {—%,%r,

3.2. Discretization of Integrals. Letting ay = Ren, and 8¢ = Zmn, — =, where
ne, £=1,...,L, are as in (3.4), we rearrange (3.6) as

ei27rz

(3.8) u(x,z)=

12
L

x 3 wpe(ar+iBe Il / £ (y) e~ (@eHiBOIYIE 2oy giBicy gy
=1 4

A straightforward estimate of the bandlimit of the integrands (see §C.3.2 of the
online supplement) may be bounded (for each term, independently of ¢) by

, a? Taw

¢ =c+ + —,
24/22 V22
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where ¢ is the bandlimit of the input function f. Using the bandlimit ¢/, we dis-
cretize the integrals in (3.8), for a desired accuracy €q, using the quadratures from
Theorem 2.

Let Yimm' = (Ymy Ym) € A, mym’ =1,..., M, be the M x M tensor product grid
of quadrature nodes with the corresponding quadrature weights 7,,,7,,,». We select
an NxN grid of output locations X, = (Tn,zn) € W, n,n’ = 1,...,N. We
then apply the quadrature from Theorem 2 to the integrals in (3.8) and obtain an
approximation to the output field at the desired locations as

L M
¢ 1 .
Z We Z TmelT’El’rz,’mm’f (Ymm?) e 2PeXnn! Ymm!

=1 m,m’=1

ei27rz

3.9 it = —
(3.9) u -~

In (3.9) the NxNxM x M fourth-order tensors TW, ¢ =1,...,L, are given by

(3.10) Tgi)l/mm/ _ e*(aeJriﬁe)Hxnn/||26*(ae+i51)||ymm/ ||285fglsgfl)m/7
where n,n’ =1,...,N and m,m' = 1,..., M, and the N x M second-order tensors

(matrices) S, £ =1,..., L, are given by
(3.11) S — 2aenym.

wheren=1,...,N and m =1,..., M. From Theorem 2 we obtain the bound
(312) (o 2) = ] < 2L

z
where @ (Xpn/, 2) is given by (3.6) and ., by (3.9).

3.3. Rapid Evaluation of the Field. In the Fresnel approximation of the kernel,
the exponent in the quadratic phase factor is purely imaginary, making it easy to
compute (2.12) via either the FFT or the USFFT. In our approach, the exponents
in approximation (3.5) are complex-valued, although the magnitude of their real
parts is small relative to the aperture and output window sizes (we describe below
how to ensure that this is the case). This observation allows us to develop a fast
algorithm to evaluate (3.9).

In order to evaluate the inner summations in (3.9) rapidly, we look for an ap-
proximation of Sﬁf,ilsﬁfi{n, in a form where the output indices n,n’ are split from
the input indices m, m’. As the first step, we use the SVD to write the matrices in
(3.11) as a sum of outer products,

min(M,N)
0 _ D170~ (¢
(3.13) SO, = Y SOuOvVe)
g=1
where the singular values ag) > aéé) > ... > 0 are arranged in decreasing order

and the columns of matrices U®) and V) are orthonormal. By properly select-
ing parameters as described below in §3.4, we ensure that the N x M matrices S()
have a low numerical rank (typically less than 25). We then use the algorithms de-
scribed in §2.5 to compute these SVDs rapidly and apply the result to approximate
s%ﬁisff,{n, by a low-separation-rank tensor with indices n,n’ split from the indices
m,m’. The error estimate is provided by (see §C.2 of the online supplement for a

proof)
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Lemma 4. Let a((zé), Ugfq), and V%ZI, where £ = 1,...,L, ¢ = 1,...,min (M, N),
n=1,...,N, andm =1,..., M, be as in (3.13). For a desired accuracy er > 0,
let IO, ¢ =1,...,L, be the smallest integer such that

min(M,N)

Z olge) < €R.

q:[(e)J,»l

Then for £ =1,...,.L,n=1,....,N, and m = 1,..., M, we have the approxima-
tions

o
5089, — 3 0WeOUOUY VOV | < epae o,
q,s=1

Using Lemma 4, we approximate T) in (3.10) as 25:1) PfQ,TQ;Qn,T, with £ =
1,...,L,n,n =1,....N, and m,m’ = 1,..., M, where we have re-indexed the
resulting double summation using a single index and, also, have collected terms
that depend on the output coordinate X, as the NxNxR® tensors P®) and
terms that depend on the input coordinate y,,m as the MxM x R® tensors Q).

Lemma 4 implies that
A love|

Bty [T, Y P, QU | < enze ¥ 0t o),
r=1

nn/r emm'r| —

We define @, to be the result of using approximation (3.14) in (3.9),

gizez L B M

. Z Z 3 e ’

(3.15) Uppr = i sz prn)w Z Tme/an)m,Tf (Ymm’) e128eXnn Ymms
=1 =1

m,m’=1

It follows from (3.14) and the estimate

M
Z TmTm/ |f(ymm/)| ~ ”f”l

m,m’=1

that
€ Hf” L legl( 2 2
(3.16) [tUnps — U] < QQZ | 7 (a7 aw)
z
=1

where wy, is given by (3.9). We also have

z o)

2 Z |wg| eT[(a2+w2+aw) S b,
=1

where b is a small constant (this can be shown using the techniques from §C.3 of
the online supplement). Incorporating b into eg, the bound (3.16) becomes

6RHle

3.17 nn’ — Nnn’ S
(317) s — ] < L

Combining the error bounds (3.7), (3.12), and (3.17), we obtain
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Theorem 5. The error of computing the field u from (3.1) using (3.15) is bounded
by

(ex + @ +er) £l

(3.18) (X 2) — Tyt | < )

The expression for @, in (3.15) allows us to evaluate the field rapidly. We first

apply Qgﬁ)m,r as a pre-factor to the input samples f (ymm/), then compute the inner

sums using the USFFT, and finally apply Pfi)l,r to the result as a post-factor.

In the three steps of deriving the final approximation of the field (3.15), we
used three different accuracies, €k, €, and €g, in order to emphasize these as
separate steps. In practice, we choose these accuracies to be the same, and set
ex = € = €r = €/3 to achieve the final accuracy e.

Remark 6. It is not necessary for the aperture and output window to be square.
Indeed, the USFFT allows us to place the output coordinates at arbitrary locations.
We have used a tensor product grid here for simplicity—with minor modifications,
our algorithm may be used to compute the field anywhere in the output window
with the same computational cost. The input aperture may also have any shape,
provided that accurate quadrature rules are used to discretize the integrals in (3.8).
We note that near optimal quadratures for circular apertures are described in [4].

Remark 7. Simplifications for separable boundary data. As with the Fresnel approx-
imation, our approach simplifies in the case of boundary data that are separable in
Cartesian or polar coordinates. For example, suppose the function f is separable
in Cartesian coordinates, viz.,

S

(3.19) F&) = flarm) =Y AV (1) £ (x2)

s=1

for some functions fl(s) and f;), s = 1,...,5. In such cases the application of
the approximate kernel (3.5) simplifies to the evaluation of several one-dimensional
USFFTs. Substitute (3.19) into (3.8) and rearrange to obtain an approximation
for the field u in a separated form,

i2nz L
~ _ € (£,s) (£,8)
u(xy,xe,2) -~ ;_1 wp 5521 uy () ug " (w2)
where the functions ugl’s) and ugz’s), ¢=1,...,L, s=1,...,5, can be evaluated

by one-dimensional integrals. We obtain similar formulae if the boundary data are
concentrated in a disk and separable in polar coordinates.

3.4. Computational Cost. The number of terms in (3.4) may be estimated as
L=0 (74 log e_l), where

_atw
7 \/iz%
(see §C.3.1 of the online supplement). In order to control the number of terms L,
we restrict the parameter v by the empirically-determined constant

(3.21) v < 2.62.

(3.20)
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This, in turn, limits the domain where our approximation is valid, although this
domain is significantly larger than that of the Fresnel approximation. We discuss
this further in §4. This bound also implies that the ratio |ay| / (aw) is small, leading
to a low numerical rank of the matrices S in (3.11).

The cost of evaluating (3.15) depends on the number of USFFTs, R = R 4. .4
R™) | which is estimated as R = O (log2 e’l). Hence, the overall computational
cost of our algorithm is O (N2 log N log® e~ + M?log" €7!). For actual computing
times see §5.4.

4. S1ZE OF THE OUTPUT REGION

In §3.4 we ensured that our algorithm is efficient by requiring v from (3.20) to
satisfy (3.21). The practical impact of this requirement is to establish a relationship
between the input aperture side-length a, propagation distance z, and output win-
dow side-length w. In particular, for a fixed aperture size and propagation distance,
the largest output window that our algorithm can accommodate is

(4.1) Wmax = 3.71 X 23 —q,

provided that this number is positive. If it is negative, then the propagation distance
is small with respect to the aperture size—in such cases, the propagation problem
under consideration should be treated in the Fourier domain or using near-field
methods (see §A of the online supplement).

Using the same reasoning, we also define the quantity 2z, as

(4.2) Zmin = 0.174 X a5,

which, for a fixed aperture size a, gives the minimum propagation distance before
our algorithm can be used.

For comparison, let us find analogues of (4.1) and (4.2) for the Fresnel approx-
imation (2.12). Recall that the only mechanism to control the error when using
the Fresnel approximation is to restrict the size of the output region. We first
determine the analogue of (4.1), that is, for a given accuracy e, let us find w/,,,,
the largest possible output window where the Fresnel approximation is guaranteed
to achieve accuracy e. Since the Fresnel approximation replaces the phase of the
Rayleigh-Sommerfeld kernel (2.3) with €27%¢Z™” we find the maximum value of
7! such that

max

i2m2/14(r/2)% _ ji(2ma+I0?) <e€, e,

» P max

/
max

1
Using r ~ V2 (%) R z%, we obtain an analogue of (4.1) for the Fresnel approxi-

mation,
1
w! z2(£)42%—a,
T
giving the largest possible square output window for a square aperture with side-
length a. The analogue of (4.2) for the Fresnel approximation is

1
, T \3 4
2oin ~ (750) %

which gives the minimum propagation distance.
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To illustrate the difference between wmax and zyiy for our method and w/,, . and
2! . for the Fresnel approximation, let us choose € = 1073, If a = 5000 wavelengths,

then after propagating z = 5 x 10® wavelengths, we find that

Smax 0 16.7,

max

so the largest side-length of our output window is approximately 17 times larger
than that of the Fresnel approximation. If the propagation distance is only z =
250, 000 wavelengths, then wyax ~ 36,480 wavelengths while w/ .. is negative, im-
plying that 3-digit accuracy of the Fresnel approximation cannot be guaranteed
in any output window. In fact, for this accuracy, the minimum propagation dis-
tance for the Fresnel approximation is z/ .. ~ 497,000 wavelengths, compared with
Zmin =~ 14, 880 for our method.

If we choose the accuracy threshold to be € = 1075, then the minimum propaga-
tion distance for the Fresnel approximation increases to 2/, = 5 x 10¢ wavelengths,
whereas the minimum distance for our method does not depend on the desired ac-
curacy, and therefore remains unchanged at zmi, ~ 14, 880.

5. NUMERICAL EXAMPLES

5.1. A Gaussian Beam. To demonstrate the accuracy of our algorithm, we choose
boundary data that allows the field to be accurately computed by an alternative
approach. We select the boundary data with a Gaussian profile given by

llx12

(5.1) f(x)=e "7,

where o determines the width of the beam measured in the units of wavelengths.
It can be shown that the propagating (i.e., non-evanescent) portion of the field is
given by (cf. (2.4))

w2 = [ Fe)R ()™ dp
Ipll<t

62 =43 éi’ffkjk (2ot G /207) P (14 Ol /2) ).

where jj is the k-th order spherical Bessel function of the first kind, P} (s) =
V(2k +1) /2Py, (s) is the normalized k-th degree Legendre polynomial, and the
coefficients fj are defined as

(5.3) fr = /202 /1 se_”2”2(1_52)ﬁk (s) ds.
0

These coefficients decay rapidly once k is sufficiently large, so that we may trun-
cate the sum in (5.2) to obtain a simple formula to compute the non-evanescent
portion of the field to any desired accuracy. The error committed by neglecting the
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.08 . : .
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7.08 1 1 1
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xT T

FIGURE 5.1. Propagation of boundary data with a Gaussian pro-
file. The field magnitude, |u (x,0)|, (solid line) and its real part,
Rewu (x,0) (dashed line) evaluated along the positive z-axis (a) and
the attained accuracy log,q |u (x,0) — @ (z,0)| (b).

evanescent waves may be bounded by

|Ue X, Z / f —2ﬂ'Z ||p|| —1 z27‘rxpdp
IplI>1
° 2
1 V4

Provided that (5.4) is less than the accuracy sought, we may disregard the evanes-
cent portion of the field entirely and regard (5.2) as a formula to compute the field
generated by the boundary data (5.1) for the desired accuracy.

In our example, we choose 0 = 5 wavelengths, a square aperture of size a = 50
wavelengths, a propagation distance of z = 1000 wavelengths, a square output
window of size w = 450 wavelengths, and a desired accuracy of € = 1076, We then
use our algorithm to evaluate the (axially-symmetric) field at N = 256 points along
the x-axis using M x M = 512x512 input samples. With this choice of parameters,
the number of terms needed to approximate the kernel is L = 8, and the number
of USFFTs required to evaluate the field is R + --- + R®) = 52,

To determine the accuracy of the result, we first compute (5.4) and find that the
evanescent part of the solution is undetectable, viz., |u. (x,1000)| < 8.7 x 107113 for
all x. We also find that the coefficients (5.3) decay to |fx| < 107° once k > 200,
so we truncate the sum (5.2) after 200 terms and use it to determine the accuracy
of our algorithm. We display the results in Figure 5.1 and note that the obtained
accuracy is better than the accuracy goal 10~% (the bound in Lemma 4 is not tight).

5.2. An Aperture in the Near Field of a Source. We consider an aperture
in the near field of a source and thereby demonstrate that our method maintains
accuracy even when evanescent waves are present in the aperture field. We arrange
Helmholtz point sources in the plane z = —1 so that the resulting field is given by

(ct. (2.6))

ei2my/ 1)+ x5 2

u(x,2) == 0 - -,
T a4 D24 x|
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FIGURE 5.2. Comparison of the error of our method and that of
the Fresnel approximation for an aperture in the near field of a
source after propagating z = 1000 wavelengths. We display the
magnitude of the input data |f| (a), the magnitude of the true
solution |u| (b), the error of the Fresnel approximation |u — |
(¢), and the error of our method |u — @l (d).
where r; and p;, j =1,...,J, give the position and intensity, respectively, of each

point source. The function specifying the boundary data is given by f (x) = u (x,0);
as shown in Figure 5.2(a), to high accuracy, it is confined to a square aperture
of side-length a = 550 wavelengths. We select propagation distance z = 1000
wavelengths, desired accuracy € = 1073, and apply our algorithm to compute the
field u (x,1000) in a square output window of side-length w = 100 wavelengths.
Because the aperture plane is only one wavelength from a collection of point sources,
evanescent waves are present in the boundary data. In this case, we sample the
boundary data on a grid of size M xM = 1486x1486. In Figure 5.2 we compare our
approximate solution @ (x, 1000) to the true solution u (x,1000) and, as requested,
it is correct to slightly over 3 digits. For comparison, we also show the error of the
Fresnel approximation u; (x,1000), which has only about 1.5 digits of accuracy.
Observe that the conditions of this numerical experiment are favorable for the
Fresnel approximation, since the maximum angle that any point in the output
window makes with the optical axis is only approximately 4 degrees.
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FIGURE 5.3. Propagation of a spherical wave restricted to a square
aperture and converging to a point on the optical axis. As ex-
pected, the diffraction pattern is approximately a scaled version
of the function |sinc (z1) sinc (z2)|. We display the magnitude of
the field, |u (x1,22)|, (a), and the real and the imaginary parts,
Rewu (x,0) (solid line) and Zm u (z,0) (dashed line) of the field on
the z1-axis (b).

5.3. Focusing Waves and the Fresnel Approximation. Next we compare the
field computed by our algorithm to that obtained via the Fresnel approximation by
considering the boundary data

—3 2 _ 2 . 2
g = q¢ vl itxe -5, 5]
0, otherwise,

representing a spherical wave restricted to a square aperture and converging to the
point (rg, z0). In Figure 5.3 we show the magnitude of the resulting field, |u (x, zo)],
in the plane z = zy transverse to the optical axis and containing the focal point,
for the choice of parameters ro = (0,0), zo = 100,000 wavelengths, and a = 2500
wavelengths—as expected, the field magnitude is approximately a scaled version of
the function [sinc (x1) sinc (x2)|.

Now let us move the focal point away from the optical axis. We fix the propa-
gation distance to zp = 100,000 wavelengths and set the focal point to

ro = (z0sin6,0),

where 6 is the angle between the optical axis and the ray from the origin to the
focal point (rg, z0). We select accuracy € = 1073 and compare, for several values
of @ in the range 0 to 5 degrees, the field computed by our algorithm, @ (x, zo),
and the field computed by the Fresnel approximation, 4 (x,zp), near the focal
point x = ry. Results displayed in Figure 5.4 demonstrate that the accuracy of the
Fresnel approximation deteriorates rapidly as the focal point moves away from the
optical axis. We also display the diffraction pattern computed by our algorithm
and the pattern computed by the Fresnel approximation for § = 5° in Figure 5.5.
The diffraction pattern obtained by the Fresnel approximation is both shifted and
blurred when compared to the correct one.
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FIGURE 5.4. Comparison of the magnitude of the field evaluated
near the focal point on the x;-axis. We display the magnitude
|u (2,0, 29)|, computed by our algorithm (solid line, correct to 3
digits) and by the Fresnel approximation (dashed line), as the focal
point of a converging spherical wave moves away from the optical
axis. The Fresnel approximation incorrectly computes both the
position and the shape of the focal spot, e.g., compare the nulls
between the main lobe and first side lobes in the bottom-right plot.

In Figure 5.6 we compare the error of each method at the focal point, i.e.,
lu(ro, z0) — u(ro, 20)| and |u (ro, 20) — Uy (ro, 20)|, as a function of the angle 6 (we
determined the true value u (ro, z9) by direct numerical integration). Our method
maintains its accuracy for all € [0°,5°], while the Fresnel approximation is accu-
rate to approximately 3 digits for # = 0° but has essentially no accurate digits for
6 > 4°. This example demonstrates that a belief that the Fresnel approximation
produces accurate results at angles up to 18 degrees off the optical axis (see, e.g.,
[31, 32]) is not true in general.

Remark 8. From Figure 5.4, it may appear tempting to attempt to “correct” the
Fresnel approximation by introducing a change of variable x — ¢ (x), where the
function g : R? — R? would be selected with the goal of rescaling the field computed
by the Fresnel approximation, uy (g (x),2), to more closely match the true field,
u (X, z). In effect, the strategy would be to rescale the z-axis for the dashed lines



200

100

2
o

—100

—200

FAST AND ACCURATE PROPAGATION OF COHERENT LIGHT

8600 8700 8800 8900 8600 8700 8800 8900

1 1

FIGURE 5.5. Comparison of the magnitude of the field for a focal
point 5° off the optical axis computed by our algorithm correct to 3
digits (left), and by the Fresnel approximation (right). To enhance
contrast, we plot the square root of the magnitude, |u (z1, x2)|1/ 2,
The Fresnel approximation shifts the location of the focal spot,
and blurs the boundaries between the mainlobe and sidelobes. See
also the bottom-right plot in Figure 5.4.

0 (degrees)

FIGURE 5.6. Comparison of the error of our method and that of
the Fresnel approximation. We display the error of our method,
logy |u (ro, 20) — @ (ro, 20)| (solid line), and the error of the Fresnel
approximation, log, |u (ro, z0) — Uy (ro, 20)| (dashed line), at the
focal point (rg, 20) of a converging spherical wave. We note that as
the angle 0 increases, additional terms are added to approximation
(3.5), improving accuracy by about 1.5 digits each time and giving
the solid line a “sawtooth” shape.
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in Figure 5.4 to better align the peaks of the solid and dashed lines. Unfortunately,
our example shows that the Fresnel approximation incorrectly computes the shape
of the focal spot, in addition to its position (compare the nulls between the main
lobe and side lobes in the bottom-right plot in Figure 5.4).

5.4. Representative Examples of Computational Cost. The computational
cost of our algorithm depends on the number of USFFTSs required in (3.15), i.e.,
R=RW 4 ...+ RE) where L is the number of terms needed to approximate the
kernel in (3.5). As it turns out, R decreases with increasing z, which is expected
since the application of the Rayleigh-Sommerfeld kernel asymptotically reduces to
a single scaled Fourier transform as z — oo, cf. (2.14). On the other hand, for
smaller values of z the field changes rapidly, and many USFFTs are required to
compute the field accurately in these computationally-challenging regions.

Let us fix the aperture size a = 2000 wavelengths, the desired accuracy e = 1073,
and set the number of input samples and output samples to MxM = NxN =
512x512. We now examine the dependence of R on the propagation distance z for
two different choices of output window size:

(1) a fixed output window of size w = 10,000 wavelengths; and

(2) a variable output window w = Wyayx, Where wpyayx is defined in (4.1) and is
the largest output window that our method can accommodate for a given
propagation distance z.

In Table 1, we provide the number of terms, L, needed to approximate the kernel
for several propagation distances, as well as the number of USFFTs, R, required to
compute the field for these two choices of output window size.

w = 10,000 W = Wmax
z L R Time [g] w L R Time [8]
50,000 | 9 486 371 | 10,389 10 577 439
100,000 | 5 132 101 18,836 10 440 331
250,000 | 3 40 31.4| 39,426 10 306 224
1,000,000 | 2 16 13.6 | 115,170 10 189 143
10,000,000 | 1 3 3.46 | 696,895 10 112 85.2

TABLE 1. Computational cost as a function of propagation dis-
tance. We show the dependence of the number of terms, L, and of
the number of needed USFFTs, R, on the propagation distance, z,
as well as the actual computing time in seconds. The center section
corresponds to the fixed window size w = 10,000 wavelengths and
the right section to the largest possible window, w = wpyax, where
Wmax 18 defined in (4.1).

In Table 1 we also provide timing results for a MATLAB-based implementation
of the algorithm. These timings were obtained on a laptop computer with a 2.1 GHz
AMD N950 processor and 8 GB of RAM. No effort was made made to optimize
the code, and we expect that a careful implementation of the algorithm will be
significantly faster. We also note that all USFFTs in the evaluation of (3.15)
may be computed in parallel, so that the total computational time can be reduced
substantially on a multiprocessor computer system.
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6. CONCLUSIONS

We have described a fast algorithm for the propagation of coherent light between
parallel planes separated by a linear, isotropic, and homogeneous medium. In con-
trast to current algorithms, our algorithm achieves any user-specified accuracy. As
a consequence, we can rapidly and accurately compute the field in non-paraxial
regions, i.e., regions far from the optical axis, with computational complexity pro-
portional to that of the FFT. The overall result is a fast algorithm that can achieve
any user-specified accuracy over a large computational domain.
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