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Measuring the height of steplike features in samples has become important in many scientific and indus-
trial applications. It is routinely done using both tactile and optical methods, the latter being preferable due
to their noncontact nature and improved speed capabilities. Nevertheless, techniques less sensitive to insta-
bilities or without calibration or reference sample requirements would be advantageous. Here, we propose
a method to measure nanometric step heights based on a modal analysis of the reflected or transmitted
field. Our approach requires a minimum of four single-point measurements by detectors with no spatial
resolution (photodiodes) and yet can reconstruct spatial structure with nanometric resolution. It has the
benefits of not requiring a reference measurement or calibration and it is completely digital, thus offering
high reliability and real-time measurement. As proof of principle, we perform measurements on reflective
samples, finding excellent agreement between the set and measured values, with uncertainties comparable
to those of scanning-force microscopes.
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I. INTRODUCTION

Surface metrology has become vital in many industrial
and scientific applications [1]. In particular, measuring the
height of steplike features is crucial in areas such as evalu-
ation of nanomanufacturing [2] and calibration of vertical
standards [3,4]. Optical methods are in general preferable
to tactile techniques [5–9] due to their noncontact nature
and improved speed [10–13]; therefore there has been sub-
stantial interest in their development. Approaches include
two-wavelength phase-shifting interferometry [14], chro-
matic confocal microscopy [15], phase-measuring deflec-
tometry [16,17], and digital holographic microscopy [18,
19]. Despite their proved advantages, the performance of
optical methods is in general affected by instabilities in the
system [20] caused, e.g., by vibrations and, in the case of
reflective samples, they usually require a reference optical
flat, thus hindering their potential. The use of structured
light [21], in which one or more of the degrees of freedom
of light are exploited, offers the possibility of overcom-
ing these drawbacks. Such is the case of mode projection
[22], which offers improved robustness against vibrations
although at the cost of requiring a reference measurement,
and coherent Fourier scatterometry with singular beams
[23], which has recently been proposed. The use of light
with orbital angular momentum for so-called spiral imag-
ing has been proposed [24] and experimentally exploited
for measuring phase jumps [25] and has proven highly
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versatile, for example, in edge enhancement of objects
[26].

Here, we present a technique capable of measuring the
height of a step in samples in the nanometric regime. We
show that the spatial-mode content of the reflected or trans-
mitted light from a sample holds all the required informa-
tion to infer the sample structure. This is in contrast to other
optical techniques that often rely on interference fringes
as the sole information carried by the field of the sample.
Our method, which requires a spatial-mode decomposition
of the resulting light into some basis, is completely dig-
ital, utilizes a single laser beam, and does not require a
reference measurement or calibration. It therefore offers
improved reliability and robustness against vibrations. In
our experimental implementation, we demonstrate its per-
formance on an artificial sample programmed on a spatial
light modulator, since it provides a versatile platform for
our proof-of-principle measurements and it allows prede-
termined step heights to be programmed. We find excel-
lent agreement between the set and measured heights,
validating the approach.

II. CONCEPT

Modal decomposition is a well-known technique [27],
in which a light beam is expressed as a superposition of
modes of a chosen basis. The latter is comprised of a
series of orthogonal light modes and must be complete,
thus ensuring that a field can be expanded as a linear
combination of them. The coefficients in this expansion
are in general complex, with their magnitude correlat-
ing the beam to each of the specific modes in the basis
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and the phase accounting for possible intermodal phases.
The crucial advantage is that, given a specific basis, the
knowledge of the coefficients is enough to completely
describe the properties of the field. The process of modal
decomposition therefore reduces to a measurement of these
coefficients.

Figure 1(a) illustrates the principle of modal decom-
position using the Hermite-Gaussian (HG) [28] modes as
the basis, where, for the sake of simplicity, we only make
use of one of their indexes. The left-hand side represents
the field of interest U(r) (amplitude at the top, phase at
the bottom), and the right-hand side each element in the
basis (amplitude and phase) weighted by its corresponding
coefficient Cj ,0. Mathematically, this is equivalent to

U(r) =
∞∑

j ,i=0

Cj ,i�j ,i(r), (1)

where �j ,i(r) represents the element (j , i) in the basis and
the coefficients, by virtue of the orthogonality of the basis
elements, can be determined from

Cj ,i =
∫∫

U(r)�∗
j ,i(r)dr, (2)

where (·)∗ represents the complex conjugate. The interpre-
tation of Eq. (2) is that each coefficient is the projection
of the field onto the corresponding mode in the basis.
Experimentally, we can measure these coefficients by tak-
ing advantage of the Fourier-transforming properties of
lenses. Specifically, imaging a given field of interest U(r)
onto a correlation filter �∗

j ,i(r) and subsequently Fourier
transforming the result [Fig. 1(b)] yields [29]

W(r̃) ∝
∫∫

U(r) �∗
j ,i(r) exp

(
−i

2π
λf

r̃ · r
)

dr, (3)

(a)

(b)

FIG. 1. (a) A modal-decomposition conceptual sketch using
the HG modes as a basis. (b) A schematic of the measure-
ment of the modal powers |Cj ,i|2 using the Fourier-transforming
properties of a lens.

where f is the focal distance of the lens used. Evaluation
of this expression at r̃ = 0 results in

W(0) ∝
∫∫

U(r) �∗
j ,i(r)dr, (4)

which is proportional to the coefficient Cj ,i [Eq. (2)]. The
intensity at the center of the beam is thus

|W(0)|2 ∝ |Cj ,i|2, (5)

which represents the modal power of the corresponding
coefficient and which we can easily measure using a cam-
era or photodetector. Since the resolution of the optical
system determines the physical size of r̃ = 0, |Cj ,i|2 is
measured by integrating over a finite area [being the size
of the sensor or a small circle in an image, as illustrated
as a white point in the bottom-right inset of Fig. 1(b)].
Importantly, the filter can be implemented using a holo-
gram displayed on a spatial light modulator, which has
the added advantage of allowing us to change the filter as
needed to determine all contributing coefficients.

It is often convenient to choose a basis that shares the
same symmetry with the beam. For instance, for Cartesian
coordinates, it is advantageous to use HG modes,

ψk(u) =
√

2−(k−1/2)
√
πw0k!

Hk

(√
2u

w0

)
exp

(
− u2

w2
0

)
, (6)

where Hk(u) is the Hermite function of order k and w0
is the Gaussian beam width. Note that {ψk(u)}k=0,1,2,... are
orthonormal, i.e.,

∫ ∞

−∞
ψj (u)ψi(u)du = δj ,i, (7)

and satisfy the parity relation ψk(−u) = (−1)kψk(u).
Now, let us assume that a Gaussian beam U0(x, y)

impinges on a reflective sample with a sharp straight dis-
continuity (a step) in its height [Fig. 2(a)]. As a result of
this interaction, there will be a phase difference between
the two halves of the beam that depends on the height of
the step, h, as

ϕstep = 4π
λ

h, (8)

where λ is the wavelength and where we take into account
that the side of the beam hitting the lower level travels
twice the distance h in comparison to the one hitting the
upper level. Thus the beam properties will be modified,
the change being more prominent for higher steps, allow-
ing us to quantify the height of the step by investigating the
change in the beam features. Specifically, by taking advan-
tage of the modal description of light beams, we propose
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(a) (b)

(c) (d)

(e)

FIG. 2. (a) A schematic of the interaction of the light with the
sample. An incoming beam U0(x, y) hits the step and is reflected
back carrying information of the height h into the transformed
field U(x, y; h). (b) The intensity and phase (inset) of the ana-
lytical beam (U(x, y; h)) just after leaving the sample for a step
with height 50 nm. (c) The amplitude (bar height) and phase
(bar color) of the calculated decomposition coefficients and (d)
the corresponding reconstructed field (intensity and phase) of the
beam shown in (b). Note how all even coefficients vanish. (e)
The modal power of the first nonzero coefficients as a function
of the phase difference between the two halves of the beam. Note
that all coefficients with odd j ≥ 1 behave in the same manner,
opposite to that with j = 0.

to infer the step height from the modal coefficients of the
propagated beam.

Given the problem symmetry, we work in Cartesian
coordinates, such that the y axis is located along the step,
and decompose the resulting field U into HG modes. In
this case, the electric field just after the sample can be
expressed as the product of two functions, one for each
coordinate, as U(r; h) = Ux(x)Uy(y), with

Ux(x) = ψ0(x)

{√
R1 exp(iϕ), x < 0,√
R2, 0 ≤ x,

Uy(y) = ψ0(y), (9)

where we assume that the center of the Gaussian beam hits
the step precisely and we allow each side of the step to
have a different reflectivity: R1 and R2 for x < 0 and 0 ≤ x,

respectively. The phase term

ϕ = ϕSLM + 4π
λ

h (10)

is a scalar value that contains the information of the height
of the step as well as an additional phase ϕSLM that we can
control.

We want to decompose our field U [Eq. (9)] into HG
modes, i.e.,

U(x, y) =
∞∑

j =0

∞∑

i=0

Cj ,iψj (x)ψi(y), (11)

the coefficients of which are determined from

Cj ,i =
∫∫ ∞

−∞
U(x, y)ψj (x)ψi(y)dxdy, (12)

which, given that U(x, y) is separable, can be solved for
each coordinate separately. On the one hand, since the HG
modes are orthonormal [Eq. (7)], it is easy to see that the
integral over y,

∫ ∞

−∞
ψ0(y)ψi(y)dy = δ0,i, (13)

vanishes for all i > 0 and is equal to 1 for i = 0; thus we
can rewrite Eq. (11) as

U(x, y) =
∞∑

j =0

Cjψj (x)ψ0(y). (14)

On the other hand, the result of the integral over x of
Eq. (12) is

Cj =

⎧
⎪⎪⎨

⎪⎪⎩

1
2

(√
R2 + √

R1eiϕ
)

, j = 0,

0, even j > 0,
(−1)j −1/2(j −2)!!√

2π j !

(√
R2 − √

R1eiϕ
)

, odd j > 0,
(15)

where we use [30]
∫ u

0
e−v2

Hj (v)dv = Hj −1(0)− e−u2
Hj −1(u) (16)

and

Hj (0) = 0 odd j , (17)

Hj (0) = (−1)j /22j /2(j − 1)!! even j , (18)

in which (·)!! is the double factorial. Note how only the
zeroth and odd coefficients contribute to the summation,
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as expected because of the symmetry of the problem.
Figure 2(b) presents the analytical electric field U(x, y) cal-
culated using Eq. (9) for a step with height 50 nm just after
the impinging Gaussian beam has interacted with the sam-
ple. The effect is observed in the phase of the field, where
there is a discontinuity along the step. The corresponding
computed modal coefficients [Eq. (15)] and reconstructed
field [Eq. (14)] are shown in Figs. 2(c) and 2(d), respec-
tively, where it can be seen that the latter resembles the
analytical field very closely, except along the step, since
the amplitude of the field must vanish where there is a
phase discontinuity.

We now focus our attention on the modal powers |Cj |2,
since in the laboratory we measure quantities proportional
to them [27]. Figure 2(e) presents the power for the first
five nonzero coefficients in the expansion. Note that all
coefficients with odd n have the same dependence on the
phase ϕ and only differ in their decreasing amplitude. Cru-
cially, this behavior is opposite to that for j = 0, such
that the power of the former increases with ϕ, whereas it
decreases for the latter. Thus, since the two dominant coef-
ficients are the zeroth and first ones, we use them to extract
the information in which we are interested. From the
expressions for these two coefficients, after some algebra,
we find the relation

2|C0|2 − π |C1|2
2|C0|2 + π |C1|2 = 2

√
R1R2

R1 + R2
cos

(
ϕSLM + 4π

λ
h
)

, (19)

which relates what we measure (|C0|2 and |C1|2) to the
information that we want (R1, R2, and the step height h).
Defining

y = 2|C0|2 − π |C1|2
2|C0|2 + π |C1|2 ,

A = 2
√

R1R2

R1 + R2
,

B = 4π
λ

h, (20)

Eq. 19 becomes

y = A cos(ϕSLM + B), (21)

which we use as a fitting model with ϕSLM as the inde-
pendent variable. We thus compute the step height from
h = (λ/4π)B. Since B is limited to the interval [0, 2π ], the
height cannot be directly determined beyond λ/4, which,
interestingly, is the same limit found when following an
interference approach [19].

III. EXPERIMENTAL DETAILS

We now describe the experimental implementation of
our method [Fig. 3(a)]. Light coming out of a He-Ne laser
(λ = 632.8 nm) is expanded and collimated by a tele-
scope (lenses L1 and L2 with focal lengths f1 = 50 mm and
f2 = 500 mm, respectively) and directed toward a liquid-
crystal spatial light modulator (SLM1, Holoeye Pluto 2,
pixel pitch 8 μm). We create suitable holograms to mimic
the effect of a sample with a step in height (the inset shows
a representative example), allowing us to use the SLM as a
highly versatile artificial sample. We then image the sam-
ple plane (SLM plane) onto a second SLM (SLM2) by
means of lenses L3 (f3 = 750 mm) and L4 (f4 = 400 mm)
in a 4f configuration. We generate and display phase-
only decomposition holograms (the particular case for C3
is shown in the inset) as described in Ref. [27], to which
we add an extra phase ϕSLM so that we obtain data of the
form of Eq. (21). The beam is then relayed using an uni-
tary magnification telescope (lenses L5 and L6 with focal

(b)LP L1HWP SLM

SF

He-Ne

L4 L3

L2

M

M
L5 L6 CAMIP CAMFPL7SF

(a) 1

SLM2

|

ψ

ψ

FIG. 3. (a) A schematic of the experimental setup. After being expanded and collimated, a He-Ne laser beam impinges onto a SLM,
where a hologram representing an artificial sample is displayed. This plane is then relayed onto a second SLM, which performs a modal
decomposition of the field. Proper alignment between the sample and the decomposing holograms is ensured by placing a camera on the
image plane (CAMIP) and measurements are done at the Fourier plane (CAMFP). Spatial filters are used to reject unwanted diffraction
orders and the power controlled by rotating a half-wave plate placed just before a linear polarizer. HWP, half-wave plate; LP, linear
polarizer; Li, lens; SLMi, liquid-crystal spatial light modulator; M, mirror; SF, spatial filter; CAM, digital camera. (b) The measured
crosstalk matrix of the optical system, showing its excellent performance since all off-diagonal elements are close to zero.
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lengths f5 = f6 = 150 mm) and subsequently Fourier trans-
formed by lens L7 (f7 = 300 mm). The beam power is
controlled using a combination of a half-wave plate (HWP)
and a linear polarizer (LP) oriented to transmit horizon-
tally polarized light. Irises are placed at each of the Fourier
planes of the SLMs to filter out diffraction orders differ-
ent from the first one. Initially, a camera is placed at the
image plane of the second SLM (CAMIP) to ensure that the
beam coming from the sample is properly centered with the
decomposition hologram.

We generate holograms of the sample following a com-
plex amplitude modulation approach [31], in which it
is possible to simultaneously imprint phase and ampli-
tude information into a beam using a phase-only holo-
gram. Here, a desired scalar paraxial field E(r⊥, z0) =
A(r⊥, z0) exp(i�(r⊥, z0)) is encoded in the hologram
via the phase profile H(m, n) = M (m, n) Mod{F(m, n)+
G(m, n), 2π}, with M = 1 + 1/πsinc−1(A), F = �−
πM , and G and M {·, 2π} representing a grating phase pro-
file and the 2π -modulo operation, respectively. Notably,
since the sinc−1 function (the inverse function of the sinc)
is not analytical, the method requires the use of a lookup
table. We use a blazed grating G(m, n) = 2π(νnn + νmm),
where νn,m is the groove density in each direction, to sepa-
rate the modulated light (in the first diffraction order) from
unwanted light.

In our method, it is important to compensate for any
wave-front distortions (aberrations) produced by the SLM
or other optical elements in the setup. We follow the proce-
dure proposed by Jesacher et al. [32], which is based on the
Gerchberg-Saxton algorithm and requires only an image of
a distorted vortex (OAM) beam at the Fourier plane. The
resulting phase map serves as a correction matrix, which is
stored and subtracted from any subsequent holograms.

Measurements of the modal powers are carried out from
images acquired by a camera located at the Fourier plane
(CAMFP). In each case, the modal power is calculated
by integrating the intensity within a circular area with a
size according to the resolution of the optical setup, which
depends on the beam size and the numerical aperture. In
the experiment, for each decomposing mode, we use the
complete phase-modulation range of the SLM, which is
equivalent to amplitude-normalized decomposing modes.
However, modes as defined in Eq. (6) are normalized to
unitary power; thus it is necessary to calibrate the data
using the known maximum amplitudes of the analytical
modes.

The performance of the system is first verified by
implementing a crosstalk-matrix measurement. Here, we
sequentially display holograms corresponding to HG
modes in the first SLM and decomposition holograms
using the same basis in the second SLM. In each case, the
modal power is measured, giving as a result a matrix that
will reveal any mode crosstalk in the optical system (for a
perfect system, this matrix should be an identity matrix).

Figure 3(b) presents the measured crosstalk matrix for our
system. Since it very closely resembles an identity matrix,
we can conclude that the system is performing well and
thus we can use it with our samples of interest.

IV. RESULTS

Even though the measurement of the step height only
requires measuring the zeroth and first decomposition
coefficients, we start by carrying out a complete modal
decomposition of the sample with the idea of experimen-
tally demonstrating our theoretical analysis. Figures 4(a)
and 4(b) compare the experimental (left) and theoretical
(right) results for h = 0 nm and h = 60 nm, respectively.
Here, the modal power is encoded as color and the horizon-
tal and vertical axes represent the added extra phase ϕSLM
and the decomposing coefficient, respectively. It can be
seen that the agreement between them is remarkable, con-
firming both the correctness and viability of our approach.
Note how all even coefficients vanish and how the pattern
in Fig. 4(b) is shifted to the right due to the finite height
of the step. Figure 4(c) presents in detail an example of
the data that we use to compute the height of one step.
The measured modal powers of coefficients C0 and C1 are
shown as solid squares, while the corresponding calculated
y value as defined in Eq. (20) as hollow circles. The solid
line represents the fitted curve [following the model in
Eq. (21)], from which we determine h = 58.8 nm, which
differs from the set value (hset = 60 nm) only by 1.2 nm or
about 2%.

Next, we vary the height of the step in the artifi-
cial sample from hset = 0 nm to hset = 150 nm in 15-nm
intervals. In this case, we only measure 19 ϕSLM values
per coefficient [instead of the 37 shown in Fig. 4(c)],
which decreases the measurement time considerably. The
calculated heights are presented in Fig. 4(d), with error
bars given by the standard deviation for three repetitions.
Remarkably, the differences between the set and calculated
values are lower than 2 nm in all cases, as can be appreci-
ated from the fact that all points fall in the close vicinity of
the gray solid line, which depicts the ideal behavior, where
the measured value is identical to the set one. We inves-
tigate the uncertainty in our measurement by repeating it
121 times for hset = 0 nm. Figure 4(e) presents a histogram
of the measured heights (bars) as well as its corresponding
Gaussian fit (solid curve). From the latter, we determine
a measured height of h = 1.36 nm with standard devia-
tion σ = 0.53 nm, which is very close to the set value
and comparable to typical uncertainties in measurements
by scanning-force microscopes [9]. We point out, however,
that this offset varies from measurement run to measure-
ment run, but always in the ±(1–2)-nm range. This is in the
order of λ/300, whereas typical optical elements are in the
order of λ/10. In other words, this offset is a tiny noise term
that could easily arise from temperature fluctuations, small
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(a)

(b)

(c)

(d) (e)

FIG. 4. A complete experimental (left) and analytical (right)
modal decomposition for steps with height (a) h = 0 nm (a
flat sample) and (b) h = 60 nm. As predicted by the theory,
all even coefficients vanish and the zeroth and odd ones are
shifted depending on the step height. (c) The first two measured
coefficients (squares) and the corresponding computed y value
[Eq. (20)] for h = 60 nm. The solid line shows the fitted curve
from which we compute the measured height. (d) A comparison
between the step-height set and measured values, with error bars
representing the standard deviation from three measurements. An
ideal case, where the two are identical, is shown as a continuous
gray line along the diagonal. All calculated values are separated
by less than 2 nm from the set values, demonstrating the good
performance of the technique. (e) The histogram of 121 mea-
sured heights for h = 0 nm and the corresponding Gaussian fit,
showing the small uncertainty in our method.

wave-front errors by marginal movement of the beam on
optical elements, and so on.

Our digital version of the experiment allows us to eas-
ily test imperfections in real-world systems, e.g., surface

(a)

(b)

FIG. 5. (a) An illustration of the experimental simulation of
surface roughness by a steplike function of high spatial fre-
quency, defined by a roughness period, d. The dashed line
represents a perfectly smooth step. (b) The deviation D of the
measured value with roughness (h) from the value without (h0),
plotted as a function of the roughness period (d), for steps of
height hset = 60 nm. The triangles, squares, circles, and crosses
represent data for roughness strengths�h = 1.61, 3.23, 4.84, and
6.46 nm, respectively. For visualization purposes, (a) is not
shown to scale.

roughness of samples. To this end, we introduce sur-
face roughness as a periodic function of various heights
and spatial frequency, as shown in Fig. 5(a). To quan-
tify the effect on our step-height measurement, we deduce
from the measurement the percentage deviation D =
100 (h − h0/h0) of the measured step height with (h) and
without (h0) roughness, plotted as a function of the rough-
ness period (d) in Fig. 5(b). We program a step of height
hset = 60 nm and four values of roughness strength of
depths �h = 1.61, 3.23, 4.84, and 6.46 nm (corresponding
to about 3, 5, 8, and 11% of the step height, respectively).
Here, the markers represent the mean value and the error
bars the standard error of ten repetitions and a zero value of
the period represents a perfectly smooth step (�h = 0 nm).
The values that we use for both the roughness period and
the strength are only limited by the physical pixel size and
the modulation bit depth, respectively. Notably, the devi-
ation shows a flat response as a function of the roughness
period, with similar variation for the roughness depths: all
are distributed in nearly the same range. This reinforces
our conclusion that the offset error is dominated by ran-
dom thermal or mechanical fluctuations and confirms that
the approach correctly deduces the step height in the pres-
ence of roughness. As future work, we speculate that it may
be possible to deduce the roughness itself by analyzing the
higher-order HG modes.

V. DISCUSSION AND CONCLUSIONS

Although we only measure the height of the step, the
approach has enough information to extract reflectivities
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too, from the same fit. In our experience, a minimum of
four points are required to make the fit reliable; thus it is
enough to carry out eight measurements in total (four phase
values for each decomposing coefficient C0 and C1), which
is far less than we use in our proof-of-principle experi-
ments (where we use 38 single measurements). In the event
that no information about reflectivities is needed, this can
be further reduced to four measurements in total, since is
it enough to measure |C1|2. In addition, if it is preferable
to avoid fitting, it is possible to simply scan over ϕSLM and
compute the height from h = (ϕmax − π)λ/4π , where ϕmax
is the phase value for which the measured modal power is
maximum.

Since our method is proposed as a single-point measure-
ment, when using a sample with multiple steps, the height
of each can be determined by moving the sample to locate
each of them at the measurement point. In this case, the
beam size must be small enough to ensure that the beam
impinges solely onto one step at a time and the steps should
be separated by at least twice the size of the minimum
beam size of the optical system (imposed by its numerical
aperture). Crucially, the precision of our method, and thus
its longitudinal resolution, are limited only by the accuracy
of the fitting, which in turns depends on the number of data
points, the bit depth of the detector used, and the stability
of the system. Strikingly somehow, measuring additional
coefficients does not improve the precision. Instead, this
can be accomplished by either increasing the number of
phase values measured or repeating the complete measure-
ment multiple times. One can understand this intuitively:
the low-order HG mode is matched well to a step function,
whereas higher-order terms are not. Rather, the faster spa-
tial frequencies of the higher-order terms are themselves
well matched to noise of similar spatial frequency; e.g.,
surface roughness.

Even though we present theory and experiments for
reflective samples, our method can be easily adapted for
transmissive ones. The working principle and procedure
is the same, except that the phase factor in the model
[Eq. (21)] is slightly different. In this case, the phase shift
caused by the path difference between the two halves of the
Gaussian beam is given by

ϕstep = 2πn
λ

h, (22)

where n is the refractive index of the sample; thus the
height of the step is computed from h = λ/2πnB. Inter-
estingly, for transmissive samples, the measurement range
varies as λ/2n, which for n < 2 is longer than for reflective
samples.

In conclusion, modal decomposition expands a laser
beam into its constituent modes (in some basis) and is
routinely used for laser-beam analysis. Here, we alter this
paradigm and outline theoretically and experimentally how

it can be used to measure physical samples with sharp
height differences. While many methods based on interfer-
ence require the use of an optically flat sample as reference,
our method does not need any type of experimental refer-
ence for calibration. Moreover, we present measurements
within 2 nm from the known set values in all the measure-
ment range, i.e., to within the noise of the experiment, thus
demonstrating the excellent resolution of our approach. In
addition, while in our experiments we use a liquid-crystal
SLM for the modal analysis, this can be easily replaced by
a digital micromirror device (DMD) for approximately 10
times faster and approximately 10 times cheaper deploy-
ment, without affecting the performance of the method
[33]. Further, we point out that the approach requires only
four single-point measurements to extract the power con-
tent of one of the two modes, from which full spatial
resolution can be obtained. Thus, although we use a camera
for these measurements, this can be replaced with sim-
ple photodiodes. This suggests that our accurate technique
can be cost effective and fast, factors that are desirable for
real-world applications.
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