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ABSTRACT
In this paper, we demonstrate a fast binary intensity modulation based on the measurement of the binary TM. For each
correction, the binary TM was calculated based on measurements of the intensity change at the target with a series of
input masks. After preloading the measurement masks, the DMD can run at full speed during measurement. The system
allows dynamic focusing at 12.5 Hz with 1024 input modes, and more than 60 times intensity enhancement. We
demonstrate focusing light through a highly dynamic scattering sample, a live drosophila embryo.
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1. INTRODUCTION
As light propagates through biological tissues, it can be refracted, scattered and absorbed, limiting the imaging resolution
and depth. To correct the refractive aberration, adaptive optics (AO) has been extensively investigated for applications in
optical microscopy [1]. As the imaging depth increases, AO becomes less effective for focusing light in the sample.
Multiple scattering becomes a dominant factor limiting the image depth. However the amplitude of elastic scattering loss
is noted to be an order of magnitude or more than that of absorption. Overcoming the elastic scattering can dramatically
extend the light penetration depth. Thanks to the deterministic process of scattering, there exists a linear relationship
between the input modes and the output modes of the wavefront, which can be described by a transmission matrix (TM)
[2, 3]. To generate the desired optical field through scattering media, TM can be measured by using a LC-SLM and a
full-field interferometric measurement. Then the light transmission can be completely controlled and the scattering
media can act as a lens to transfer the image [4, 5]. To focus the beam through scattering tissue at a single or multiple
output channels, iterative optimization methods have been demonstrated [6-8]. To obtain optimized focusing, thousands
of degrees of freedom of the incident wavefront need to be modulated and measured. Recently another high speed light
modulator, the digital micromirror device (DMD), has been used to compensate scattering in biological tissue [9-13]. It
contains millions of fast switchable micromirrors to modulate the intensity of the light based on its two states. A
commercially available DMD has frame rates up to 22 kHz and could have more than one million of pixels. The first
demonstration of binary intensity modulation using a DMD was made by Mosk’s group, where a sequential iterative
algorithm was used to focus light through turbid media [9]. The lower efficiency of intensity modulation compared with
phase modulation can be compensated by the large number of available channels on the DMD. Phase modulation on a
DMD using a hologram was also proposed at the expense of phase resolution loss [10-11]. The resolution can be further
improved by a superpixel-based spatial amplitude and phase modulation [12]. A genetic algorithm has also been used in
binary intensity modulation to improve the performance of the optimization process [13].
In this paper, we demonstrate a fast binary intensity modulation based on the measurement of the binary TM. For each
correction, the binary TM was calculated based on measurements of the intensity change at the target with a series of
input masks. After preloading the measurement masks, the DMD can run at full speed during measurement. Compared
with the optimization method, no feedback information is needed during the measurement. The proposed method only
requires one measurement for each input mode. The total time for a single correction is only 75ms for 1024 input modes.
The direct intensity modulation used in this paper has much higher light efficiency (60%) [10,11]. This is more suitable
for applications that are sensitive to optical power loss. We demonstrate focusing light through a highly dynamic
scattering sample, a live drosophila embryo.

2. MATERIALS AND METHODS
2.1 Measurement of the binary TM
Light transport through scattering medium can be characterized by a TM, which connects electric fields from the
incoming and outgoing channels [2]. To focus the light through scattering medium at one output channel, the electric
field at the output channel, Eout, can be considered as the sum of the contributions from all the input channels, which is
given by,
Eout = KE =

∑ke

n
n n in

(1)

E is the input electric field vector, where einn is the electric field at the nth input channel. K is the TM for a single output
channel, where kn connects the nth input channel and the output channel. When using a binary amplitude modulator, the
goal is to open the input channels which can generate constructive interference at the target and block the other channels.
The only information required is the binary state of each element in the transmission matrix, i.e. whether their relative
phases are in the range of π.

Figure 1. Principle of binary intensity modulation. The combination of the reference and Hadamard basis is displayed on the DMD.
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The amplitude at the output, E RHn , can be used to calculate the binary TM . Higher reference intensity gives a more accurate
measurement. By scanning the speckles around the target, the maximum reference intensity is achieved at the target before
measurement of the binary TM.

When a plane wave e0 reflects from a binary amplitude modulator, such as the DMD, the electric field after the
modulator EB, can be written as
E B = Ae0

(2)

where A = [a1 K a N ]T is the binary modulation vector. The electric field at the output can be written as
Eout = KE B = KAe0

(3)

We first define a reference electric field at the output channel, when all channels are turned on,
E Ref = KARef e0 , where ARef = [1 K 1]T

(4)

Then to achieve constructive interference at the output, we need to block the channels which have destructive
interference with ERef. That is to open the channels with output phase in the range of (φRef–π/2, φRef +π/2) and block the

other channels as shown in Fig. 1(b), where φRef is the phase of the reference. The resulting electric field at the output
then becomes
Eout = KAk e0

(5)

Since the input electric field e0 is a plane wave, the binary modulation vector AK is also a binary TM which contains
binary information of the TM based on its relative phase to the reference electric field. For simplicity, we align the
reference phasor ERef along the real axis. Therefore the elements of AK, can be calculated as
⎧1 Re(k n e0 ) ≥ 0
an = ⎨
⎩0 Re(k n e0 ) < 0

(6)

where Re() is the real part of a complex vector. To obtain Re(kne0), we chose the Hadamard basis as the input basis
because of its orthogonal property. The output electric field for different Hadamard modes is given by

[E H 1

L E HN ] = K [H 1 L H N ]e0

(7)

where EHn is the output electric field for the nth Hadamard mode. Hn is the nth Hadamard mode defined as a Nx1 vector,
where N is the number of channels. Therefore Re(Ke0) can be calculated by
Re( Ke0 ) =

1
T
⎡ Re ( EH 1 ) L Re ( EHN ) ⎦⎤ ⎡⎣H1 L H N ⎤⎦
N⎣

(8)

where []T is the transpose of the matrix. Although it is hard to directly measure Re(EHn), it can be estimated by the
intensity of the sum of EHn and ERef at the output channel. Because values of the elements in the Hadamard matrix Hn are
either -1 or 1, the addition of Aref and a Hadamard mode can be obtained after the DMD,

EBI =

(

(

)

1
ARef + H n e0
2

(9)

)

1
ARef + H n are either 0 or 1, which can be perfectly modulated on the DMD. The output
2
electric field is the summation of the reference electric field ERef and the electric field for a Hadamard mode EHn at the
output channel as shown in Fig.1.
where the elements of

ERHn = EHn + ERef

(10)

Then the relationship between Re(EHn) and ERHn can be calculated accordingly as

Re ( EHn ) ≅ β ⎛⎜ ERHn
⎝
If E Ref
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(11)
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is sufficiently larger than E Hn . From Eq. (8) and Eq. (11), a vector J based on the intensity measurement is

obtained, which can be used to determine the final binary TM, Ak.
2
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is a constant and N is the number of the channels. Since half of the channels are turned on, the

threshold T can be selected so that the sum of matrix elements Ak is equal to N/2. The final result can be calculated as

⎧1
an = ⎨
⎩0

jn ≥ T
jn < T .

(13)

This calculation is based on the assumption that the intensity of ERef is sufficiently large. However the relatively low
intensity of the reference field in the real situation introduces errors to Eqs. (11). To overcome this issue, a reference
optimization process is performed by using a scanner in the system to steer the beam along one axis on the sample when
all the micromirrors on the DMD are on as shown in Fig. 1. To evaluate the effect of the reference intensity on the
performance of the binary intensity modulation, a Monte Carlo simulation was carried out by assuming a circular
complex Gaussian distribution for the output electric field of each Hadamard mode.
With 10 samples on the scanning line, the error of the final pattern would be around 12.6%. Increasing the samples
during scanning can further decrease the error. With 50 samples, the error can decrease to 10%. By applying this
method, we can dramatically improve focusing through a scattering sample. Here the pattern shift could be caused by the
memory effect. If the speckle patterns are totally uncorrelated after mirror scanning, the intensity of the speckles still
obeys the negative exponential statistics. The above analysis is still valid. In applications for laser scanning imaging
systems, the existing galvanometric mirrors in the system can be utilized for reference optimization, which can reduce
the cost and complexity of the system.
2.2 System setup

The experimental setup is shown in Fig. 2. A DMD (DLi4130, 0.7” XGA, Digital Light Innovations) with 1024x768
mirrors and 22.727 kHz frames per second was used as a binary intensity modulator. A HeNe laser at 633nm (25-LHP991, CVI Melles Griot) was employed as a light source in the experiment. In order to make the intensity more uniform
across the aperture of the DMD, a telescope composed of lenses L1 (20x/0.40, Newport) and L2 (f=150mm, AC254150-A, Thorlabs) expands the beam by 16.7 times. The output beam from the telescope with a 1/e2 diameter of 10.8 mm
covers the exit pupil of the DMD. An iris diaphragm I1 was mounted after the telescope for avoiding artifacts from the
edge of the window aperture coating on the DMD. The incident angle of the beam on the DMD was adjusted carefully to
achieve the blaze condition when the reflected beam from the micro mirror lines up with the sixth order of the diffraction
grating from the DMD. The majority of the energy is directed into the blazed order. The other orders were blocked by
the iris diaphragm I2. The efficiency of the DMD, defined as the ratio of the reflected light to the incident light on the
DMD, is around 60% when all mirrors are in the full on-state. The DMD is conjugated with the galvanometer by lenses
L3 ( f=150mm, AC254-150-A, Thorlabs) and L4 ( f=50mm, AC254-50-A, Thorlabs), which have a clear aperture of
4mm. Lenses L5 ( f=50mm, AC254-50-A, Thorlabs) and L6 ( f=150mm, AC254-150-A, Thorlabs) further conjugate the
aperture of the galvanometer to the 10.8mm diameter rear pupil of a 10x, NA 0.3 objective O1 ( PL FLUOTAR 10/0.3,
Leitz). The sample, mounted on a three axis nanopositioning stage (NanoMax301, MELLES GRIOT), was placed in
front of the objective. The light that is scattered when going through the sample was collected by another 10x, NA 0.25
objective O2 (PL 10/0.25, Leitz), focused by an imaging lens L7 (f=200, AC254-200-A, Thorlabs) and then split into
two orthogonal paths with a 10/90 beam splitter SB (BNP26K05510/90, RMI). 90 percent of light was fed into a PMT
(H7422-20, Hamamatsu) for fast intensity measurement. A 20μm diameter pinhole (PH) was placed in front of the PMT
to collect light from a 1.63 μm diameter area on the object plane. Another 10 percent of the light was captured by a CCD
camera (M1400, Dalsa) for monitoring the change of the speckle pattern with a 5ms exposure time. To adjust the power
of the laser, a polarizer was mounted on the output port of the laser, which is not shown in the figure.
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Figure 2. Experimental setup for interferometric focusing by binary measurement of the transmission matrix. The laser output from a HeNe laser
(wavefront length λ=633) is expanded by the lenses L1 and L2 and limited by an iris (I1). The beam covers the whole aperture of the DMD and is
relayed by lenses L3 and L4 to a scanner. The unwanted high order beam is blocked by another iris (I2). The beam is further relayed by lenses L5 and
L6 and focused on the sample by an objective lens (O1). The diffuse light after the sample is collected by another objective lens (O2) and focused on
the PMT and a CCD camera by lens L7. The beam is divided by a 10/90 beam splitter (SB). A pinhole (PH) is installed in front of the PMT to collect
the light only from the target.

The intensity modulation process includes the four following steps. The first step is the reference intensity optimization.
A galvanometer steers the beam with the target point at the center of the travel when all mirrors are in the full on-state.
The second step is the measurement of the binary TM. A sequence of preloaded Hadamard basis images is displayed on
the DMD at the full speed of 22.7 kHz. In the third step, the binary TM is calculated and the data on the final mask is
transferred to the DMD driver board. In the final step, the new mask is updated on the DLP and the exposure of the
camera is triggered. To automate the above process, a customized program running on a personal computer (Dell
Precision T3610) was developed in C++. The OpenCV library, optimized for Intel multi-core processors, was utilized to
minimize the calculation time. When the 1024 Hadamard modes are applied during measurement and the exposure time
of the camera is set as 5ms, the system can operate at 80 ms/frame as shown in Fig. 3(a). Fig. 3(b) shows the time graph
for one correction. The first 22ms is spent on the reference intensity optimization. It is followed by an interval of 45 ms
for the measurement of the binary TM. Then the calculation and data transfer takes another 8 ms. The total time for one
correction before the camera exposure is 75ms. In Section 3, 1024 Hadamard modes are applied.
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Figure. 3. Timing graph of the signal from PMT during system operation (a) and an enlarged time graph for one correction (b).

3. EXPERIMENTAL RESULTS
To focus light through the embryo, two experiments were performed in series. First, dynamic modulation was applied.
The mask is refreshed every 80ms. Then images were recorded with an exposure time of 5ms for about 15 seconds.
Next, we kept the same configuration but the images were captured with the same mask obtained from the first
modulation. The enhancement with both dynamic modulation (blue) and single correction (red) during the first 15
seconds is shown in Fig. 4(a). The enlarged plot during the first 4 seconds is shown in Fig. 4(b). Figures 4(c) and 4(d)
show the images at 0.8s, 1.28s, 3.52s and 5.04s for dynamic modulation and single modulation, respectively. The
intensity mask is also shown at the lower left corner of each image. After turning on the binary intensity modulation, a
sharp focus spot was achieved at the back side of the embryo after the first correction, as shown in the first image from
the left in Fig. 4(c). With a single modulation, the static mask cannot compensate the dynamic change of the inner
structure of the embryo. At the decorrelation time of 3.5s, the enhancement decays to almost one half as shown in Figs.
4(b) and 4(d). However with dynamic modulation, a stable focus is achieved with the enhancement around 50, as shown
in Fig. 4(c). During the operation time of 15 seconds, the system can keep the enhancement at the mean of 50.3 and
standard deviation of 6.36. Although the sample has a decorrelation of 3.5 seconds, the fast modulation ability can still
benefit the intensity enhancement as shown in the images at 1.28s in Figs. 4(c) and 4(d).
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Figure. 4. Focusing light though a live drosophila embryo. (a) The enhancement for single and dynamic modulation during the first 15
seconds is shown as the red and blue curves respectively. The enlarged view during the first 4 seconds is shown in (b). The images
from the CCD camera at 0.8, 1.28, 3.52 and 5.04 seconds is shown in (c) and (d) with dynamic and single modulations, respectively.
The lower left corner of the images shows the corresponding mask on the DMD. Scale bars, 5µm. (Media 6)

4. Conclusion
We report a high-speed interferometric focusing method to compensate dynamic scattering in live biological tissue based
on the fast measurement capability of the binary TM. By using the Hadamard basis, the interference between the optical
fields from the reference and each basis element is achieved by displaying the summation of a matrix with all ones and
the Hadamard basis elements on the DMD. To overcome the estimation error caused by the low intensity of the
reference field at the target, a reference optimization method is demonstrated which can give much more stable focusing
during two dimensional scanning. By using a fast DMD as the binary intensity modulator, the proposed method can
achieve a 75ms measurement time and an 80ms system refresh time. Although the proposed system is slower than the
phase modulation method using an off-axis digital holograph made with a DMD [10, 11], the higher diffraction
efficiency of the proposed method would give a higher SNR during interferometric measurement for multi-photon
florescence imaging. The experiments with a live drosophila embryo show its advantage for manipulation of light in live
biological tissue. The ability to use the intensity from the target for calculation of the binary TM makes it suitable for
fluorescence imaging and targeting. As a fast, simple, power-efficient and low-cost solution to deliver light through
biological tissue, it has potential for a wide range of applications from basic biological research to clinical investigations.
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