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Abstract: Atmospheric effects significantly limit the performance of laser communications 

systems. We present simulations and experimental results of measuring one of the most important, 

and also easily correctable aberration – defocus – with the holographic wavefront sensor.  
OCIS codes: (010.7350) Wave-front sensing; (010.1080) Active or adaptive optics 

 

1. Introduction 

For correction of atmospheric effects on the propagation of (laser) light by adaptive optics, the wavefront 

deformations must be first measured with adequate sensors. The most popular wavefront sensor (WFS), i.e., the 

Shack-Hartmann sensor, provides good measurement accuracy for applications such as astronomy or ophthalmology 

[1], but for other applications such as tracking of high-speed objects or laser communications Shack-Hartmann’s 

bandwidth is limited by the procedure of wavefront reconstruction. Besides the bandwidth limitation, scintillation 

becomes a problem for the Shack-Hartmann sensor when laser propagation over long horizontal paths is considered. 

The obscuration or saturation of large parts of the sensor’s pupil due to scintillation can lead to a significant failure 

rate of the wavefront reconstruction process [2]. 

A promising solution is the Holographic Wavefront Sensor (HWFS) [3-5]. Core of the sensor is a holographic 

grating which acts as a diffractive optical element. By illuminating this element with the beam of interest it 

generates two light spots at defined locations. This recording can be done sequentially for each wavefront aberration 

(for example Zernike modes). The amplitude of the respective aberration can be determined from the normalized 

intensity difference of both spots. Hence the modal decomposition of the wavefront into its components is 

implemented in hardware and is in principle carried out at the speed of light. There is no need for time-consuming 

matrix-vector multiplications, inherent to Shack-Hartmann-based wavefront reconstruction.  

Besides the high measurement speed, the sensor is in principle insensitive to scintillation. Any region of the 

hologram contains a part of the interference pattern. Consequently, fractional shadowing of the sensor would reduce 

the absolute intensities of the reconstructed spots but should have no influence on the normalized intensity 

difference of the two foci corresponding to one wavefront mode.  

We are studying the effectiveness of the HWFS for measuring the first few, low-order aberrations. A value of 

10% Strehl ratio has been assumed as a threshold of usefulness of adaptive-optics correction for laser 

communications [6]. Through measurements, simulations and field experiments we want to check whether such a 

value can be achieved through the use of HWFS for compensation of laser beams over long horizontal paths. 

2. Field measurements of defocus variability 

It is well known that correction of the first few Zernike modes leads to significant improvement in phase variance 

[7]. For example, taking the parameters of the adaptive optics system at Fraunhofer IOSB, that is 18 cm telescope 

and an observation wavelength, coinciding with the laser communications wavelength [6], of 650nm, a first-order 

analysis suggests that 10% Strehl ratio is achievable after compensating for only tip, tilt and defocus. Here, Fried’s 

parameter, r0, was set equal to its average value in our measurements, that is 3cm at 650nm. 

Preliminary experiments were carried out over a 2.5 km experimental path. The path covers urban area of 

downtown Ettlingen, a few fields and a small portion of the forest. Shack-Hartmann WFS is used to reconstruct the 

first 15 Zernike modes, based on observations of incoherent sources (holes of diameters ranging from 1 to 5 cm 

were cut in opaque masks and these masks were placed in front of a high-power lamp). The WFS is located inside 

the Adaptive Optics laboratory at a height of approximately 20m from the ground. 

Our turbulence is rarely Kolmogorov and therefore we note the departure of the measured standard deviation of 

defocus from the theoretical prediction based on Noll’s equations [7] and the value of r0 yielded by the 

scintillometer: 1.25 rad vs. 0.67 rad. This suggests that the importance of defocus correction is even higher than the 

theory predicts. 

 



3.  Holographic wavefront sensor 

HWFS consists, in principle, of two basic modules: The analysis module to decompose the wavefront of interest into 

modes is realized as a multiplexed hologram. The second module is a detector array (fast and sensitive avalanche 

photo diodes are often used), and a compact signal post-processing unit (e.g. FPGA) to control the deformable 

mirror in closed loop operation. In the following we concentrate on the analysis module. The holographic principle 

allows storing and reconstructing full three-dimensional information pertaining to an object [8]. Instead of taking 

just an image of the object, thus only saving the amplitude of the object beam, the phase of the object is recorded as 

well, encoded in an interference pattern. For that purpose a so-called reference beam is superimposed in the plane of 

the hologram plate. After the chemical post-processing of the hologram plate, the fringes are stored as phase grating. 

By illuminating this grating with a beam conjugated in phase with the reference beam (“reconstruction beam”) the 

light is diffracted into the real image of the object. This reconstruction is highly dependent on the wavefront of the 

reconstruction beam. If the reconstruction wave does not match the phase-conjugated reference beam, the real image 

is generated with aberrations. The functioning principle of the holographic wavefront sensor is based on this effect.  

Figure 1 shows the implementation of the HWFS for one wavefront aberration: with one hologram plate two 

holograms are recorded one after another. The object beams are symmetrically-arranged, converging beams – they 

form the foci behind the hologram plate at the positions A
+
 and A

-
. The reference beams are collimated beams which 

have anti-conjugated wavefronts corresponding to specific anti-conjugated Zernike modes. For the first hologram 

the amplitude of the aberration is +a, where a is the maximum amplitude of the chosen mode the HWFS will be able 

to analyze. For the second hologram the amplitude is –a. 

Fig. 1. Recording of a hologram with the positive amplitude +ai of the chosen Zernike mode Zi (left) and a hologram with the negative 
amplitude –ai of the same mode (right). The multiplex of both is the core of a HWFS for the analysis and detection of Zi. 

4.  Simulations and experiments 

We implemented holographic wavefront sensor for the measurement of defocus. The hologram recording was 

replaced with calculation of the interference pattern. A multiplex hologram is displayed on a spatial light modulator 

(SLM), so the size and resolution of the holograms are matched to the specifications of the SLM being used (Pluto 

NIR II by holoeye). 

We do not yet use fast photodiodes as detection modules. Instead we detect the generated spots with a CCD 

device so we have enough spatial resolution (5.6 µm) to analyze the spots’ characteristics. The low bandwidth is 

currently not relevant. A photo of the optical setup is shown in Figure 2. 

 

 

 

 

 

 

 

 

 

Fig. 2. Experimental setup for the HWFS based on an SLM. 

In addition to the experimental validation of the HWFS based on an SLM as diffractive element, the HWFS was 

been simulated as well. Here, the recording setup for the interference pattern differs slightly: instead of a spherical 

object wave a plane wave is used and behind the hologram plate a focusing lens is placed to generate the two spots 

for each encoded Zernike mode. The wavelength was set to 500 nm. 

Figure 3 shows the simulated intensity distribution of the reconstructed holographic real images A
+
 and A

-
 in the 

focal plane for a varying amplitude of the playback wave. The simulated hologram is encoded for defocus only. The 

maximum amplitude a
+
 for the recording of the first hologram is set to +λ, the minimum amplitude of defocus for 
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the second hologram a
-
 is set to –λ. The picture shows the diffraction pattern of the multiplexed hologram 

illuminated by a reconstruction wave. The zero order is removed numerically. The reconstruction wave has also only 

defocus with the amplitude bi which changes from +1.2λ to –1.2λ. The symmetrical behavior of the spots’ intensities 

can be seen. If the reconstruction wave is a plane one (amplitude of defocus equals zero), the two spots are identical. 

  

 

 

 

Fig. 3. The simulated intensity distributions of the spots corresponding to defocus for playback waves with different amplitudes bi of defocus.  

 

The weighted intensity difference of the two spots is calculated for each playback wave and plotted against the 

actual amplitude bi of the wave. The left panel of Figure 4 presents the simulated data. The sensor output for strong 

scintillation (half of the sensor covered) is also shown. No noticeable dependency on scintillation strength can be 

seen. In the right panel corresponding experimental results for the central, approximately linear, range are presented. 

The optical setup shown in Figure 2 was used for data acquisition. The linear trend seen before in the simulations 

can be clearly recognized.  

 

 

 

 

 

 

 

Fig. 4. Simulated (left) and experimental (right) sensor response for varying defocus amplitude of the playback wave. 

5.  Conclusions 

The usage of HWFS in adaptive optics has important benefits: the bandwidth of the sensor can reach, in principle, 

the MHz range. Therefore, this type of sensor is suitable for laser communications through deep turbulence. 

Furthermore, theoretical considerations lead to the conjecture that the performance of the HWFS should be nearly 

independent of scintillation. Combined with the high bandwidth this would be a unique characteristic. In this paper 

the implementation of the HWFS for the measurement of defocus is reported. A computer-generated hologram 

displayed on a high-resolution SLM was used. The experimental results with this optical setup were compared to our 

simulations of the sensor, with good agreement. In principle, it is possible to determine the defocus amplitude of the 

probe beam. We are currently investigating the influence of the region of interest, over which the intensity of each 

spot is integrated, on the robustness of the HWFS to scintillation. 
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