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Abstract:  We study the control of coherent light propagation through
multiple-scattering media in the presence of measurement noise. In our
experiments, we use a two-step optimization procedure to find the optimal
incident wavefront that generates a bright focal spot behind the medium. We
conclude that the control of coherent light propagation through a multiple-
scattering medium is only determined by the number of photoelectrons
detected per optimized segment. The prediction of our model agrees well
with the experimental results. Our results offer opportunities for imaging
applications through scattering media such as biological tissue in the shot
noise limit.
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1. Introduction

Spatial inhomogeneities in the refractive index of a material such as paper, white paint or bio-
logical tissue cause multiple scattering of light. Light propagates diffusively through such ma-
terials, which makesthe control of light propagation through these kind of materialsimpossible
with conventional optics. A multiple-scattering medium has for along time been considered as
a barrier to optical propagation. It has been theoretically predicted that a multiple-scattering
medium can act as a high-precision optical device such as a thin lens, mirror, polarizer or
Fourier analyser [1]. The first optical lens made of multiple-scattering medium was demon-
strated by manipulating the incident light field, which starts a new research topic in optics
called wavefront shaping [2].

Many applications of wavefront shaping have recently been demonstrated in advanced op-
tics, biophotonics, nanotechnology, and biomedical imaging [3]. Optical pulse compressors
have been realized using wavefront shaping [4-6]. It has been shown that a multiple-scattering
medium can be used as a high numerical aperture lens [7] that enables sub-100 nm optical res-
olution [8]. Recently, wave plates and spectral filters made of multiple-scattering media have
been realized [9-12]. Fluorescence imaging inside biological tissue has been demonstrated by
scanning the optical focus guided by acoustic focus [13, 14]. In addition, a non-invasive imag-
ing technique was reported, in which afluorescent biological object hidden behind a scattering
medium was imaged [15].
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Transforming a multiple-scattering medium into a high-precision optical device requires a
high degree of control of light propagation through the medium. Control over the propagation
of light through a multiple-scattering medium is quantified by afigure of merit that is given by
the intensity enhancement. The enhancement isequal to 1 = lopt /(1) Where lqp istheintensity
in the target after optimization and (Ia) is the ensemble averaged intensity in the target before
the optimization [16].

Many wavefront shaping methods have been reported to focus light through multiple-
scattering media [16-25]. All of these wavefront shaping methods are essentially based on the
measurement of a part of the transmission matrix, which is the complex field response of the
medium in the transmission to a set of input field bases. Using the information in the transmis-
sion matrix, one can synthesize the optimum field to focuslight through the medium. It has been
shown that the enhancement depends linearly on the number of degrees of freedom that are con-
trolled until it reaches asaturation where practical limitations become prominent [2]. Therefore,
we compare the maximal enhancements reported from vari ous wavefront shaping and transmis-
sion matrix experiments. In early wavefront shaping experiments it was shown that one row of
the transmission matrix gives the information to focus light through to a particular position be-
hind the multiple-scattering medium resulting in an enhancement up to 1 = 1000 [2] using 3228
segments. An enhancement 1 = 54 has been reported by Popoff et al. using 256 segments[17].
In their experiment, the transmission matrix of a multiple-scattering medium was measured
and the information of the transmission matrix was used to create a focus through the medium
on any selected position [17]. Using the transmission matrix approach, the transmission of an
image is demonstrated through a multiple-scattering medium [26]. Cui reported an enhance-
ment 1 = 270 using a parallel optimization method with 441 segments [22]. An enhancement
n = 454 has been reported by Conkey et al. using 1024 segments [24]. Park et al. reported
an enhancement 11 = 400 using 1681 segments [9]. The optimal enhancements reported here
range from 50 to 1000. It remains an open question what the cause of the wide variation of
the enhancement in different experimentsis. In addition, genetic algorithms have been used for
wavefront shaping, and they appear to produce enhancement values in the same range [10, 23]
suggesting they may be subject to similar limitations. However, non-linear algorithms such as
genetic algorithms [27,28] are not within the scope of this paper and investigation of the funda-
mental limitation of the enhancement factor using genetic algorithms is an interesting subject
for further research.

It has been suggested that measurement noise causes phase errors in the optimization (such
as noise causes phase errors in phase contrast imaging techniques [29]) which limit the en-
hancement [16]. To our knowledge the effect of measurement noise on the enhancement factor
has not been investigated. Therefore we present in this paper an experimental and theoretical
study of the influence of the noise on the enhancement factor using linear algorithms. We show
atwo-step sequential optimization algorithm that leads to the optimal enhancement using alin-
ear algorithm in the presence of noise. The optimal enhancement in this case is found to be
given by basic physical principles, namely quantum noise in the photodetection process.

2. Theexperimental setup

Our experimental setup is shown in Fig. 1. The light source is a He-Ne laser with wavelength
A = 632.8 nm, output power 5 mW, noise level of 0.2% and a long term power drift of 6%.
We intentionally use alaser with a high noise and drift. A half wave plate sets the polarization
and the beam is expanded to a diameter of 20 mm by a beam expander. Thelight is transmitted
through a polarizing beam splitter and illuminates a spatial light modulator (Holoeye LC-R
2500). The spatial light modulator (SLM) consists of atwisted nematic liquid crystal cell which
couples phase and polarization modulation. We used amultipixel modulation method described
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in reference [30] to obtain independent phase and amplitude modulation with a single SLM.
The two lenses and the pinhole after the polarizing beam splitter are a spatial filter used for
the amplitude and phase modulation method. The modulated light is reflected by the polarizing
beam splitter and focused on the scattering layer of the sample by a lens with a focal length
of 125 mm. The sample is made by spray coating of ZnO nanoparticles on a glass cover dide
with a thickness of 170 um. The scattering ZnO layer has a mean free path of 0.65 um and
a thickness of 10 um. The Fourier plane of the backside of the sample is imaged on a CCD
camera (Allied Vision Technologies Dolphin F-145B) by alenswith afocal length of 125 mm.
A polarizer before the CCD camera selects asingle polarization. The CCD signal isread out in
counts, where we determined that 1 count correspondsto 1.7 photoelectrons. The CCD camera
has a read-out noise with a variance of 10 (count?).

CCD

= Sample Camera
f=150 mm Polarizer;

m ()

f=250 mm

f=125mm

He-Ne Laser

SLM

Fig. 1. The experimental setup for wavefront shaping. Laser light reflected by the SLM is
focused on a white ZnO sample. The light transmitted through the sample is detected by
a CCD camera. Abbreviations used, SLM: Spatial light modulator, PBS: polarizing beam
splitter, 1 /2: half-wave plate, CCD:charge coupled device, 20x: 20x beam expander.

3. Theenhancement factor in the presence of noise

In the wavefront shaping experiment, the SLM surface is divided into a large number of seg-
ments N. We choose N = 850 in all experiments described here. Each segment contains several
pixels. The first selected segment is phase modulated in quadrant steps between A6 = 0 and
A6 = 2r. We monitor the target signal 1o by integrating the intensity in a disk shaped target
areaon the CCD with the same size of a single speckle spot while modulating the phase, which
results in a sinusoidal signal on top of a background. A sketch of the measured signal during
one phase cycleis shown in Fig. 2. We find the optimal phase for the maximal target signal for
the corresponding segment, however we do not immediately display the optimal phase on the
SLM. The same procedure is applied to al N segments one by one, which yields one row of the
transmission matrix. In the end of the measurement of all N optimal phases, we display al N
optimal phases on the SLM. We see in Fig. 2 that the target signal on the CCD camera during
the phase modulation of a single segment in the presence of noiseis

lo=Ila+Ilg+2VIalgcos(AO + ¢)+ o
=B+ Scos(Af +¢) + o, ()
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Fig. 2. Cartoon showing the effect of the noise on phase estimation. The target intensity g
is shown versus the phase A6. The modulation signal Sand the background B at the target
position are shown during the phase modulation A6 of asingle segment. The standard devi-
ation of the noiseisrepresented by o, and the standard deviation of the phaseis represented
by 66. Yellow dots represent the measurements used to construct the quadratures.

where | is the intensity coming from the total unmodulated SLM segments, Ig the intensity
coming from the modulated single SLM segment. Here we define B as the background, Sthe
modulation signal, A6 the phase, ¢ the phase offset, and o the standard deviation of noise. The
average amplitude of the modulation signal is

S= 2|A\/E. @

We use a constant area on the SLM, therefore the segment size decreases with segment number
N. In EqQ. (2) we seethat alarger N leadsto asmaller signal S

Since we update al phase values in the end of the optimization, the signal S and the noise
do not change during the optimization. For a phase determination based on quadrature phase
detection (measurements 90°out of phase) we find a phase error §6 [31] in the measurement
equa to

o
<59>RMS* S. (3)

Here the standard deviation of noise o and the signa Sis considered for a given photon bud-
get per optimized segment. The root mean square phase error (60)rus is averaged over all
segments and is assumed to be (06)rus << 1. Assuming uncorrelated phase errors, the en-
hancement factor 1 becomes

n= %N(cosz59>, 4)

which isvalid for alarge number of segments N >> 1. For small phase errors (66 << 1) the
expression simplifiesto
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n=ZN(L-(562)). ®)

Inserting Eq. (3) into Eqg. (5) we obtain the enhancement

2
n:ZN(l—;) ©6)

Eqg. (6) shows that the enhancement depends both on the number of segments N and on the
noise o. Note that Eq. (6) isvalid under the condition that the modulation signal Sislarger than
noise o.

The modulation signal S depends on the number of segments N as Se NV2, whereas the
noise o does not depend on N. Thereforeiit is useful to define anormalized signal to noiseratio
R that does not depend on the number of segments N as

S\IJJZ
R= . 7
- (7)
We arrive at an expression for the enhancement 1 in which the dependence on N is explicit,
14 N
n4N<1R2>. 8

It isremarkable in EQ. (8) that the enhancement is not proportional to the number of segments
N. The enhancement follows a parabolic function which has a maximum equal to

TR2
Nmax = 16 )

The maximum is obtained by selecting the optimal number of segments to be equal to Nyt =
R?/2. The only way to further increase the enhancement above this maximum is of course to
improve the normalized signal to noiseratio R.

4. Pre-optimization

In order to improve the normalized signal to noiseratio R without changing the incident photon
budget, we perform a two-step optimization procedure [2]. In Fig. 3, we show a schematic of
this two-step optimization method. We first perform an optimization with a small number of
segments Nyre, l€ading to a moderate enhancement nyre (Fig. 3(b)). The phase map resulting
from the pre-optimization is displayed during the whole duration of the second optimization
step. Asaresult of pre-optimization, we obtain ahigher modulation signal Son thetarget spotin
the second step see Fig. 3(d). In addition, the pre-optimization step provides alocally constant
beam profile on the target position, thereby making the measurement robust against mechanical
vibrations in the second step. In the second optimization step, we use a much larger number of
segments (N = 850) to obtain the final enhancement. We performed the same procedure with
different values of Npe several times to obtain different values of Mpye.
The target intensity detected on CCD after pre-optimization is equal to

lo = B+2IA\/?005(A9+¢) (10)

where the modulation signal Sbecomes

S— 2|A,/%. (11)
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(a) (b)

(c) sample (d)

200 um
—

Fig. 3. Cartoon shows the phase map on the SLM &fter the pre-optimization (&), and after
the second optimization (c). The focal spot at the target position after a pre-optimization
(b), and after the second optimization (d).

Asseenin Eq. (11), apre-optimization increases S, therefore we expect to improve the normal-
ized signal to noiseratio R.

The desired effect of the pre-optimization is to increase the modulation signal S, but it also
has an effect on the noise ¢. Different contributions to the noise depend on the pre-enhancement
Npre in a different way. In our two-step optimization, there are three different significant noise
contributionswhich are (1) the cameraread-out noise, (2) the shot noise, and (3) the laser excess
noise. In Fig. 4 we show the three types of normalized noise to signal ratio versus npre for our
experimental situation. The camera read-out noise is suppressed with a higher npre. The pre-
optimization step improves R when the experiment is limited by the camera read-out noise. The
effect of shot noise on R is independent of the pre-optimization step. A higher nyre leads to a
higher intensity in the target and therefore the laser excess noise, which is proportional to target
intensity becomes stronger. As a result, an optimal pre-optimization step must be carefully
chosen to achieve a shot noise limited signal. The best signal is found for a pre-enhancement
that liesin between the low intensity regime where camera read-out noise is significant and the
high intensity regime where laser excess noise reduces the enhancement.

Another approach to optimize the incident wavefront is updating each segment immediately
after the measurement of optimal phase. Using this algorithm, both Sand ¢ change during the
optimization procedure. Essentially this means nyye is being updated in the whole optimization
procedure. This procedure has the advantage of rapidly climbing out of the low intensity region
where camera read-out noise isimportant. However, as ngre continues to increase the algorithm
will leave the low noise region and enters the region where laser excess noise is significant.
A two-step optimization gives us the opportunity to perform the complete second step in the
optimal region of npe thereby gathering maximal information per segment measurement.

We obtain the noise parameters from independent measurements. The noise that arises from
the camera read out does not depend on the number of counts on the detector and is simply
equal to the variance of the dark counts of the CCD. The standard deviation of shot noise is
equal to the square root of the ensemble averaged intensity on the target position measured in
photoelectrons. The laser excess noise is found by measuring the laser intensity on the target
position in time.

In Fig. 5 we show the measured final enhancement as well as the result of Eq. (8) versus the
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Fig. 4. Three contributions to the normalized noise to signa ratio versus the pre-
enhancement factor at a fixed photon budget. The black curve shows the total noise to
signal ratio. The dashed green curve represents the noise to signal ratio when thereis only
shot noise, the dashed blue curve the noise to signal ratio when there is only camera read-
out noise, and the dashed red curve the noise to signal ratio when there is only laser excess
noise.

pre-enhancement. Both the experiments and the model are based on two-step sequential algo-
rithm. Each data point represents asingle measurement. Different values of npye are obtained by
varying Npre between 1 and 850 in each measurement. We choose N = 850 in all measurements.
We used afixed integration time as 83 ms and fixed laser power for a fixed photon budget per
optimized segment. At low npre, We observe that the final enhancement rises slightly with npre,
until it reaches a plateau at Mpre ~ 10. This rise is due to suppression of the camera read-out
noise as more signal impinges on the camera. In the plateau the final enhancement is limited
only by the shot noise. A further rise in npre decreases the final enhancement due to increase
of the laser excess noise. When the pre-enhancement is very high (npe > 100) the final en-
hancement is below the pre-enhancement (npre > 17). In this case, the enhancement is limited
by laser excess noise. The measured enhancements vary with an RMS variation of 60 which
is caused by the long term laser power drift. The average laser power during the optimization
varies by 6%. This leads to a change of the shot noise which results in a variation of the en-
hancement factor. It is seen in Fig. 5 that the measured enhancement agrees very well with the
model predictions with no adjustable parameters.
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Fig. 5. The final enhancement versus the pre-enhancement. The black dots show the exper-
imental data. The red curve shows the enhancement according to Eq. (8) without adjustable
parameters. The area between dashed red lines expresses the uncertainty region of the en-
hancement factor due to intensity drift at the target position during optimization.

5. Themaximal enhancement in the shot noise limit

The pre-optimization step with npre ~ 10 suppresses the camera read-out noise which brings
the experiment into the shot noise limited regime. In the shot noise limited regime o =
(npre(1a)) /2, therefore using Eq. (7) the normalized signal to noise ratio is R = 2((Ia))%2.
Ensemble averaged target intensity (la) can be obtained by averaging the target intensity on the
CCD over severa random incident wavefronts. In Eq. (9) we obtain maximal enhancement in

shot noise limit shown as

MNmax = E<L|1A> . (12)

This equation shows 1nmax is only proportional to the number of ensemble averaged photoel ec-
trons detected per optimized segment in a given photon budget.

In case an optimization is performed with limited laser power and within alimited time, asis
relevant in dynamic environments, there is afixed photon budget for the whole optimization and
increasing N will lead to a smaller number of photons per measurement. In the case of a fixed
photon budget for the whole optimization we can use the same derivation and find aslightly dif-
ferent result, namely Nmax = (7/6)(17/3)/2, where It isthe total number of detected photons.
Remarkably for a fixed photon budget per optimization the maximal enhancement is propor-
tional to the square root of the photon budget.

6. Conclusion

Wavefront shaping experiments using phase only modulation and linear algorithms reported in
literature show a range of enhancements between 50 and 1000. In most of those experiments
the limiting factor is likely to be noise. Therefore we have investigated wavefont shaping by
feedback in the presence of experimental noise. We distinguish the effect of three types of noise
namely the camera read-out noise, the shot noise, and the laser excess noise. The camera read-
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out noise can be reduced using a two-step optimization procedure. Two-step optimization is
remarkably robust; even with a low-end camera and a very noisy laser, we show this proce-
dure obtains shot noise limited performance. We obtain a maximal enhancement that is only
proportional to the number of photoel ectrons detected per optimized segment.

A wavefront shaping experiment requires the measurement of one row of the transmission
matrix of the multiple-scattering medium. A focusing experiment with high enhancement factor
is a signature of a precise transmission matrix measurement. Our measurements show that a
wavefront shaping experiment using phase only modulation and linear algorithms is limited
by basic physical principles, namely quantized detection of light. Therefore we conclude that
our two-step optimization method can be used to realize shot noise limited transmission matrix
measurements. In addition, our method can be used to achieve shot noise limited signal for
applications such as imaging through opague biological tissue.
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