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ABSTRACT 
 
 

Propagation of laser light is distorted in the presence of atmospheric turbulence. 

This poses an issue for sensing, free-space optical communications, and transmission of 

power. With an ever-increasing demand for high-speed data communications, particularly 

between satellites, unmanned vehicles, and other systems that benefit from a point-to-

point link, this issue is critical for the field. A variety of methods have been proposed to 

circumvent this issue. Some major categories include the manipulation of the light’s 

structure, an adaptive scheme at the optical receiver, scanning mirror systems, or a 

transmission of simultaneous signals with a goal to improve robustness.  

There is an inherent advantage to a turbulence mitigation scheme that can be 

performed on the transmission side of an optical link. By rapidly probing a turbulent 

volume by varying a beam’s spatial and phase characteristics, the best transmission mode 

for an optical beam can be determined and controlled in real time. With the fast mode-

switching capabilities of the HOBBIT (Higher-Order Bessel-Beams Integrated in Time) 

system, the dynamics of turbulence can be probed incredibly quickly. This work presents 

an optical control system that takes advantage of such a probing method, and greatly 

improves power efficiency and successful recovery of data through environments with 

strong turbulence. 
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CHAPTER ONE 
 

INTRODUCTION 
 
The Need for Turbulence Mitigation 

In the atmosphere, turbulence is a common phenomenon where temperature 

within the air is inhomogeneous throughout space. These temperature fluctuations create 

a variation in the refractive indices of the medium, which distort and deflect any waves 

propagating through [1]. A turbulent volume of air can be represented by a superposition 

of random phase screens [2-4], which can each deflect the incoming wave to a slightly 

different angle. For an optical wave, particularly a laser beam, this net result produces a 

well characterized effect of beam wander [5-7] that can deflect a beam from its desired 

target. This is particularly undesirable for laser applications such as communications, 

especially between ground stations and satellites [8], remote sensing such as LIDAR [9], 

and directed energy [10], which are all rapidly developing and increasingly important 

fields. Due to the temporal variance of turbulence, there are instants where light may 

travel through the turbulence seemingly undisturbed, depending on the input mode of 

light [11]. Depending on the spatial distribution of the light intensity and the phase tilt of 

the beam as it enters the turbulent air, the random phase screens that compose the transfer 

function of the atmospheric turbulence can have a waveguiding effect to a desired 

location [2,3,11]. With advances in optics, electronics and computing, many methods 

have been proposed and demonstrated to successfully mitigate the fluctuations in a 

received beam due to turbulence [12-22]. The presented solution offers a new way to 
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exploit the random waveguiding effect, and greatly improve the average power delivery 

to a target and support the stability of a communication link. 

Review of Existing Methods 

A variety of methods have successfully reduced the effect of turbulence on optical 

applications. [12] describes a method to improve astronomical imaging using an 

algorithmic approach, which could greatly reduce the blurring resulting from the image 

wander, similar to the beam wander which is further described in Chapter 2. [13] showed 

a highly effective method to improve resiliency of a communication link by expanding 

the modes collected by an aperture and bolstering the signal fidelity using pilot tones.  

[14] and [15] each demonstrate methods to expand the capabilities of an optical receiver, 

using a maximum-likelihood sequence estimator and expansion of receiving fibers, 

respectively. These methods all become limited by the size of the aperture, as the beam 

wander effects of turbulence and spatial incoherence increase with turbulence strength 

and propagation distance.  

Several other methods use a deformable or fast steering mirror system with a 

wavefront sensor of sorts as feedback [16-19]. [17] showed a 1.5kHz refresh rate 

deformable mirror with 45 separate actuators, using a Shack-Hartmann sensor as 

feedback, while [19] saw an adaptive-optic system with up to then tens of kHz. 

Ultimately, these methods are limited by the mechanical switching speeds of the mirrors, 

and the mechanical complexity of deformable mirrors along with the associated 

electronic controls. [20] investigated the use of orbital angular momentum (OAM) modes 

for improving resiliency, which is a relevant detail to the proposed system method, which 
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exploits this light structure. [21] describes a variety of light structure modes, and how 

different modes tend to deflect and distort different through a given potion of 

atmospheric turbulence. There have been many studies published pertaining to structure 

light through turbulence, which are reviewed thoroughly in [21]. [22] is a good review 

article covering several ways that turbulence is mitigated for optics applications. Unlike 

many of the mitigation schemes described, the presented system is not limited by aperture 

size in increasing turbulence and has switching rates that can far exceed conventional 

mirror systems thanks to its fully electronic actuation, described further in Chapter 2. 
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CHAPTER TWO 
 

MOTIVATION TO PROBE WITH HOBBIT 
 
 
 The HOBBIT system, originally demonstrated in [23], allows for rapid switching 

of a vortex beam’s orbital angular momentum (OAM) via its topological charge number. 

This charge number represents the number of 2π rotations of a beam’s phase in a 

propagation length equal to the wavelength [24]. The switching speed of the HOBBIT 

system in [23] was shown to be up to 400kHz, with the note that this could be pushed 

even further into the MHz range depending on the beam diameter and type of acousto-

optic deflector (AOD) used. By altering the configuration of optical elements in the 

HOBBIT system, described in detail in Chapter 3 and Appendix D, this architecture can 

be used to manipulate the location and phase gradient of a single Gaussian beam about a 

ring footprint, incurred by the log-polar coordinate transform of the HOBBIT system. 

Rather than spreading a Gaussian beam into an elliptic shape before wrapping via the log-

polar optics [23], a single Gaussian spot could be deflected, effectively moving it around 

in space. With the phase gradient incurred by another AOD, this beam can be directed 

with a tilt, similar to a conventional motorized mirror. 

Using the modified HOBBIT system, described further in Chapter 3, an arbitrary 

phase profile can be applied to the input beam, resulting in the tilt correction necessary 

for turbulence mitigation. Depending on an applied electronic frequency, an arbitrary 

OAM charge number can be applied to the circular probing footprint, which results in a 

phase gradient across the Gaussian beam that is tangent to the circle. Figure 2.1 illustrates 

the concept: 



 5 

 

Fig. 2.1. Left to Right: OAM Charge 5, 10, and 15. Black circle represents Gaussian spot 

With an OAM charge of 5, there is a relatively small phase gradient across the 

black circled region, representing the phase across the Gaussian beam. While this spot is 

not to scale, it illustrates how the beam is tilted, and that this phase gradient will always 

be tangential to the ring. The fact that this phase tilt is tangential to the circle is a key 

motivation for using the HOBBIT system for turbulence mitigation. Depending on where 

the Gaussian beam is shifted around this circle, the direction of its skew angle will be 

different. Skew angle in the context of OAM refers to the deflection of the Ponyting 

vector with respect to the propagation of a beam with a helical phase [25]. For this 

singular Gaussian spot in the helical phase map, the OAM charge number will dictate 

how far the beam is deflected, depending on the radius of the ring. Additionally, since the 

phase creating the deflection is tangential to the ring, the rotation angle will determine 

which direction the beam will be deflected.  

 In atmospheric turbulence, it is well known that thermal inhomogeneity within a 

volume of air or another medium create a unique refractive index, which can deflect a 

beam off-axis from its detector [1-4]. To quantify how much the beam can be diffracted, 

several metrics to quantify the strength of turbulence exist. Two that will be considered in 

this document are the Fried parameter r0 and the refractive index structure constant Cn
2 
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[2,3]. Several values of these parameters are created experimentally, which will be used 

as an independent variable in several of the experiments of Chapter 4. There, they are 

referred to by r0, but Table 1 will compare the two metrics, for a propagation distance of 

60m used in all experiments: 

Table 2.1. Turbulence Strengths 

𝑟𝑟0 (mm) 700 49.9 16.4 8.6 6.7 5.4 4.5 3.8 

𝐶𝐶𝑛𝑛2 (m-2/3) 1.0e-15 4.2e-14 2.7e-13 7.9e-13 1.2e-12 1.7e-12 2.3e-12 3.1e-12 

 

Using a Gaussian beam with diameter close to the size of r0, there is a succinct 

expression for the variance of the beam due to turbulence [2-4]: 

〈𝛽𝛽2〉 ≈ 0.54 𝑍𝑍2 � 𝜆𝜆
2𝑤𝑤0

�
2
�2𝑤𝑤0
𝑟𝑟0
�
5
3 (1) 

Equation 1 can be used to describe the radial deflection range of one standard deviation 

for a Gaussian beam given the parameters. Using the maximal turbulence strength of the 

experiment r0 = 3.8mm, a propagation length Z = 60m, optical wavelength λ = 532nm, 

and Gaussian beam radius w0 = 4.2mm, the variance is calculated to be about 29.2µm of 

deflection off-axis. To account for up to 99% of possible deflection distances, three 

standard deviations are used to generate a maximal deflection range of up to ~90 µm. For 

the modified HOBBIT system to be able to correct for this maximal deflection, the range 

of OAM values should be determined according to the maximal skew angle that the 

system can apply: 

𝜃𝜃 = 𝑙𝑙
𝑘𝑘𝑟𝑟

  (2) 

 Equation 2 from [25] is used to find this angle θ, which can be equated to 90µrad 

using the small-angle approximation. Using the wave number k for the 532nm light and a 
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ring radius r = 17.5mm (see Chapter 3), the required OAM charge number l to correct for 

this deflection is found to be about 18. The direction of this correction is related to the 

direction of the phase gradient, which is controlled by the position of the beam around the 

ring footprint. With the log-polar transform, the HOBBIT system architecture provides a 

convenient, one-dimensional basis for correcting any direction of beam wander. 

 Due to hardware limitations, further discussed in Chapter 3, the maximum OAM 

range implemented on the system was +15. Using Equation 2, this means the maximal 

correction is about 73µm. This falls within 2 standard deviations of the beam wander 

variance, so it is expected that at r0 = 3.8mm, about 90% of realizations can be fully 

corrected to the initial axis of transmission. Figure 2.2 shows the issue that can occur if 

insufficiently high OAM range is used: 

 

Fig. 2.2. Maximal Beam Wander Correction 

The top graphic in Figure 2.2 shows an instance in time where the turbulence has 

deflected the beam significantly off-axis, to the limit of where it may travel at that 

strength. The lower graphic shows what happens if the highest possible OAM is applied 
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to the input beam, but the phase gradient is not steep enough to completely restore the 

initial position. It is expected that more power would be recoverable than if no 

compensation were applied, but it may not be enough to meet a recoverability threshold. 

Figure 2.3 illustrates the concept of finding guided modes through turbulence: 

 

Fig. 2.3. Guided Modes in Turbulence 

 The modified HOBBIT system has extremely fast switching speeds for different 

beam modes and has been shown to have enough compensation ability to effectively 

compensate for atmospheric turbulence a majority of the time. With this motivation, the 

system was built, and a control algorithm was developed to test the hypothesis.  
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CHAPTER THREE 

CONTROL METHODOLOGY 

Probing and Experimental Setup 

 To rapidly manipulate the spatial location and phase gradient of the Gaussian 

beam, a modified HOBBIT system [23,26-28] was used. This HOBBIT system was 

configured differently than discussed in [23], because both the spatial and phase 

dimensions needed electronic control. The standard HOBBIT system controls the OAM 

charge number of an asymmetric perfect vortex beam, but this configuration used two 

acousto-optic deflectors (AODs). The first AOD controlled the azimuthal location or 

rotation angle of the Gaussian beam about a vortex footprint, created by the log-polar 

optics at the end of the HOBBIT optical path (see Appendix D for a detailed description 

of this modified HOBBIT’s overall optical transform). The second AOD controls the 

phase tilt of the Gaussian beam, which can be quantified by an OAM charge number. 

Figure 3.1 shows the layout of the new HOBBIT system: 

(a)

(b)

 

Fig. 3.1. (a) Rendering of modified HOBBIT with beam profiles. (b) Picture of HOBBIT system used in experiment 



 10 

In Fig. 3.1 (a), the overlayed beam profiles show a discretization of the probing sequence. 

A singular Gaussian beam is coupled into the first AOD, which deflects the beam to a 

different spatial location on a line. The second AOD applies the phase shift, and the spot 

is wrapped onto the circular footprint by the log-polar optics. Finalizing the derivations in 

Appendix D, the equation expressing the electric field immediately exiting the HOBBIT 

system is given by: 

( ) ( )( )
22

00
1 22 2 2

0

( )
( , ) exp 2 c A A

r
E r j m f f f t

w w
θ θρ

θ θ π
ρ

 −−
 = − − − + + +
 
 

  (3) 

Where ρ0 = 1.75mm is the radius of the probing footprint, w = σ / A = 0.24, θ0 = Δf1λF / 

(AV) is the rotation angle about the footprint, which depends on the applied electronic 

frequency to the first AOD, and m = 2πAΔf2 / V is the topological charge number of the 

field which depends on the applied electronic frequency to the second AOD. The 

approximation ln(r / ρ0) ≈ r / ρ0 – 1 for 0 < r / ρ0 < 2 was used to derive Eq. (3). This 

equation approximately describes a Gaussian beam of width ρ0w shifted by the probing 

radius, with tunable rotation angle θ0 and tunable OAM charge number m. Before 

propagation through atmospheric turbulence, the beam is expanded by a 10x telescope 

resulting in a Gaussian beam with a diameter of 8.4mm, shifted by the new probing 

radius of 17.5mm. The near-field of this output beam is propagated through the 

turbulence, resulting in a Gaussian profile all the way to the receiver. 

 To simulate atmospheric turbulence, a similar setup of the variable turbulence 

generator (VTG) tunnel in [29] was used. This tunnel most closely follows the 

Kolmogorov spectrum of turbulence [30]. The beam is deflected using 4 mirrors to pass 
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through the tunnel 3 times, resulting in a total propagation length of 60m. Figure 3.2 

shows the setup: 

(a) (b)

 

Fig. 3.2. (a) Diagram of optical path through VTG. (b) Picture down length of VTG. 

By controlling the electrical power to the heating elements of the VTG, different 

strengths of atmospheric turbulence can be generated, following Table 1 in Chapter 2. 

 A receiver setup was designed which provided feedback to the controller and 

measured optical power and transmitted data signals. After the 60m propagation length, 

the beam is passed through a 500mm lens to perform a Fourier transform. 80% of the 

collected beam is diverted toward a multi-mode fiber with diameter of 50μm using a 

beam splitter. This fiber is connected to a photoreceiver (RXM10BF) with a bandwidth of 

10GHz to receive data signals. To measure the optical power, the fiber was connected 

instead to a DET10A detector with responsivity of 250mA/W at the optical wavelength 

of 532nm. That detector was amplified by 15dB using the amplifier circuit described in 

Appendix B. Both detectors were sampled by an oscilloscope (MSO71254C). A small 

portion of the beam is directed towards an avalanche photodiode detector (APD120A2) 

with a bandwidth of 50MHz, which was used for probing feedback to the controller. This 

detector is wired under the VTG to the controller. Lastly, a small portion of this branch is 

diverted using another beam splitter to a high-speed camera (Phantom T-1340), used to 
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capture the control process. The camera operates at 1000 frames per second with an 

integration time of 45µs. A rendering and visualization of the receiver setup is shown in 

Figure 3.3: 

 

Fig.3.3. (a) Receiver setup rendering. (b) Receiver setup picture 

A diagram of the entire experimental setup is shown in Figure 3.4: 

 

Fig. 3.4. Experimental Setup 

Controller and Algorithm 

 To control the HOBBIT system, the electronic waveforms applied to the AODs 

need to be changed rapidly. To make the most effective system, the control process needs 

to be as fast as possible, and properly synchronized with the probing sequence. The ideal 

controller for this system would require an analog-to-digital converter capable of 

sampling at a rate of at least 12.5MHz to properly measure the feedback of the probing 

sequence. The controller would also need a processor capable of determining which 

combination of OAM and rotation angle during the sequence corresponds to the maximal 
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feedback voltage, to determine which combination should be used to lock the beam to 

transmit data and/or power. Lastly, the controller would need a fast digital-to-analog 

converter to generate the correct waveforms for the two AODs to lock the beam at the 

best OAM and rotation angle combination. 

 To implement this controller, a hybrid between two products was developed. Due 

to availability of equipment in the lab, constraints on available products, and desired 

timeline for the project, the waveform generation was performed entirely on an arbitrary 

waveform generator (Tektronix AWG5208). This device offers the capability to create 

waveform sequences, which can be used to play specific frequencies indefinitely, but 

switch to a different frequency when a specific control signal is applied to a connector on 

the device. 

 To sample the feedback from the probing sequence, determine the best beam 

location, and apply the proper control signal to the AWG, a proprietary instrumentation 

board, the ScopeFun, was used. This board had several attractive features: It was 

relatively inexpensive and had a 250MHz analog-to-digital converter, a fast FPGA, and 

enough digital I/O pins to control the AWG. The critical feature of the ScopeFun was its 

Python API. While custom firmware could be developed for ScopeFun to implement the 

control algorithm, the Python API allowed for rapid development and prototyping in 

Python on a PC, which communicated with ScopeFun via USB to control its hardware. 

The full Python script used to implement this project is shown in Appendix A. 

 Due to the limitations of the AWG, the probing sequence was limited to 256 

waveforms. The control signal, which allows the AWG to switch between a probing 
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waveform and the discrete waveforms for each position within that sequence, was only 8 

bits. Within this constraint, the probing resolution was limited to 7 values of OAM, and 

35 rotation angles around the ring. The probing sequence begins by stepping the Gaussian 

beam around the circular path, from an angle of -π to π. After one complete revolution, 

the OAM charge number, realized by the second AOD, was incremented, changing the 

phase profile of the probing path (see Figure 1 in Chapter 2). Then, the incrementation 

through rotation angles begins again, repeating in this fashion until all OAM values have 

been probed. With the maximal resolution constraint, the OAM charge values chosen 

were from -15 to 15, with a step of 5. Each of the total of 245 beam states was held for 

615ns during the probing sequence, giving a total time to probe with this resolution of 

~151µs. This shows that the configuration of the HOBBIT speed can switch modes at a 

rate of over 1.6MHz. This probing speed is fundamentally limited by the acoustic 

velocity of the AODs: for a new beam state to occur, the new acoustic frequency 

generated in the AOD crystal must fully propagate across the width of the beam before 

the new beam state output is realized. 

  The ScopeFun samples an entire probing sequence worth of voltage from the 

feedback detector to use in its decision-making process. The algorithm computes the 

mean feedback voltage of each beam state across all samples and determines the 

maximum value and its index within the array of voltages. Since the sequence through 

each of the beam states in the probing space occurs in a known order, the algorithm can 

use this order to decide which combination of OAM and rotation angle coupled the 

highest amount of power to the detector. The ScopeFun then commands the AWG to lock 
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the beam in that state using the digital I/O ports and uses a pin to trigger the transmission 

of the communication channel if desired. Then, the algorithm delays execution for a 

specified duration to maintain the beam’s coupling through the instantaneous turbulence 

state, and then resets the AWG to the probing sequence to repeat the process again. A 

block diagram of the control algorithm is shown in Figure 3.5: 

 

Fig. 3.5. Control System Diagram 

A visualization of the probing and decision-making process is shown in Figure 3.6: 

 

Fig. 3.6. (a) Ambient turbulence conditions, camera image of scan (left), camera of decision (middle), spectrogram of probing results 

(right). (b) Strong turbulence (r0 = 3.8mm), same pattern. Red circle illustrates strong beam state. 
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 Figure 3.6 shows some high-speed camera images of the scanning and decision-

making process captured during the experiments described further in Chapter 4. The left 

column shows complete probing rings, which appear continuous due to the camera’s 

integration time. These rings are not continuous but represent where the beam is moved 

in the rotation angle dimension of the probing space. The phase tilt induced by OAM is 

not seen, but the spectrograms in the right column show the relative optical power 

transmitted through the turbulence, with OAM on the y-axis and rotation angle on the x-

axis. The central column shows a fixed beam, held constant once the best beam state is 

determined. 

Hardware Connectivity and Python Advantages and Disadvantages 

Hardware Connectivity 

When the probing sequence begins, the AWG sends a pulse to the ScopeFun 

microcontroller to begin sampling the feedback detector. This pulse is calibrated for a 

specific delay, which corresponds to the electrical length between the feedback detector 

and the other side of the tunnel, where the controlled HOBBIT system is. As soon as the 

pulse arrives to the microcontroller, the first voltage output from the detector can be 

sampled by the ScopeFun’s ADC channel 1. The board has now captured a digital 

waveform, which is stored into a USB data packet and sent to the PC attached to the 

ScopeFun. After the algorithm determines the best beam state and the proper 8-bit signal 

command, the digital I/O pins are used to switch the signals on the AWG’s pattern-jump 

connector using IRFZ44N MOSFETs. The circuit showing these connections is shown in 

Appendix B. The MOSFETs were necessary to drive the pattern-jump pins low because 
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they were normally set to 5V above the AWGs reference ground, and the ScopeFun could 

only drive the voltage down a maximum of 3.3V to its logical ground with the I/O pins 

alone. It was experimentally determined that driving the pattern jump pins to 1.7V was 

insufficient to switch the logical state of the AWG pattern jump, so instead the 

MOSFETs switched the pattern jump pins to a short with the AWG reference ground, 

driving them down to 0V and switching the logic. For this reason, all the digital I/O logic 

in the algorithm is inverted to account for this circuit connection. 

Python Advantages and Disadvantages 

The main advantage to using the Python API to control the ScopeFun is its ease of 

development. The included functions handle all the hardware access, and it is intuitive to 

use, with a very shallow learning curve. Additionally, using Python allows integration 

and usage of other Python libraries, which can improve visualization and code flexibility. 

In the script, shown in Appendix A, several additional libraries are used, with the most 

prominent and important being NumPy. The NumPy library is a widely supported 

package for Python that allows for fast computation of matrix algebra, similar to 

MATLAB. NumPy is written in C, and as such has a very fast runtime. Runtime on a PC 

is incredibly fast—the computation for the best beam state is in the range of 100µs. 

Python also allows for easy customization of the control code for different experiments 

and gives room to grow for more complex control schemes on future systems. 

Additionally, using a PC as the user interface for the system makes it much easier to 

debug, tune, and use for a wide range of experiments. 
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The main advantage to the Python API is also its biggest disadvantage: the 

connection to a PC. Since the ScopeFun must transfer all the sampling data over USB to 

the PC running the Python script, and the PC must send the commands back over USB to 

reconfigure the hardware on the ScopeFun, there is delay introduced. It was 

experimentally measured that every command to reconfigure the hardware on the 

microcontroller took ~100µs, and several of these commands were required to 

successfully implement the control algorithm. This brought the total execution time of 

each cycle of the algorithm to anywhere between ~750µs to 1ms, which while fast, could 

be reduced if the algorithm could run entirely on the ScopeFun’s FPGA. While this delay 

is the main drawback of the control implementation, it is possible that future iterations of 

this turbulence mitigation scheme could use a fully embedded algorithm, and 

immediately remove these extra delay steps. It is also worth to note that the ScopeFun 

board has two AWG channels of its own, but these were not used since they suffered 

from a much greater delay (up to 8ms) to reconfigure using the API. Perhaps an 

embedded version of the algorithm could leverage the built-in AWG channels and 

remove the need for the dedicated AWG box.   
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CHAPTER FOUR 

PERFORMANCE ASSESSMENT 

Introduction 

 This chapter is divided into three sections to reflect the three main criteria used to 

assess the efficacy of the HOBBIT turbulence mitigation system. The first is power 

efficiency—measuring how much optical power is preserved at the receiving aperture in 

strong turbulence compared to ambient conditions is of utmost importance. If the 

received power at the detector is less, this directly reduces the signal to noise ratio of data 

modulated on the beam, worsening its recoverability. Due to limitations of the 

oscilloscope, it was necessary to measure received optical power and data separately. The 

detector used for measuring the power was different than the one used for data, so 

separate experiments were conducted for both power and data, keeping as many variables 

constant as possible.  

 After examining the power loss in turbulence with the controlled system on vs. 

off, the recoverability of the 5 Gbit/s PAM2 signal (see Appendix C) will be presented. 

This will quantitatively evaluate the performance gain of the system through turbulence 

vs. a non-mitigated laser beam with the same modulated data. Lastly, some qualitative 

assessments will be made about the probing information, and a summary of a qualitative 

test performed with a higher data rate signal: a 25 Gbit/s 32QAM (see Appendix C). 

Power Efficiency 

 To determine the optical power loss through turbulence, the first step was to find 

out the received optical power in ambient conditions. Using an average power level of 
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10.5mW into the HOBBIT system, about 2mW on average entered the VTG tunnel. After 

the receiving optics, an average power of 675μW was received into the multimode fiber 

that connects to the oscilloscope. This 675μW was used as the reference level to compare 

the loss due to turbulence for transmissions with the control system versus without. To 

measure the power, 1244 realizations were captured on the oscilloscope. Each realization 

was 3ms long, to mimic the paradigm necessary for the data experiment. Figure 4.1 

shows the received power over the 1244 realizations in the maximal turbulence strength, 

a Fried parameter r0 = 3.8mm: 
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Fig. 4.1. Received optical power in strong turbulence with (a) control system off and (b) control system on 

In Fig. 4.1 (a), the recovered optical power for a fixed Gaussian beam is shown. The 

fluctuations due to turbulence can clearly be seen. There are several spikes where the 

received power reaches the level at ambient conditions, but the average power is only 

118μW. By contrast, Fig. 4.1 (b) shows the received power with the control system on. 

The average received power for this test was 425μW. The red line on each graph 

indicates the fade threshold for the signal. This was chosen to be 6dB below the reference 

power, at a level of 160μW. This threshold corresponds closely to the forward error 

correction (FEC) limit for the PAM2 signal used in the data recovery section (see Fig. 1 
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in Appendix C). The standard deviation in power for the controlled experiment was 

146μW, significantly higher than that in the ambient experiment which was 38μW. This 

deviation is likely due to the variance in strength of transmission channels in turbulence. 

Sometimes, even the best transmission path within the probing volume is less than ideal, 

and only a portion of the total input power is delivered to the receiver. 

 One useful insight to glean from these results is the average persistence of a good 

transmission channel over a given setpoint for the turbulence conditions of the 

experiment. Assessing the peaks above the threshold limit for Fig. 4.1 (a), the average 

duration is about 40ms. This means that generally, a good transmission channel will exist 

in a given spatial location for roughly this window before moving past the beam, and the 

beam should be moved to a new location in the probing space. Figure 4.2 illustrates the 

differences between the control system and the non-controlled system at different levels 

of turbulence: 

(a) (b)

 

Fig. 4.2 Disparity in realizations above power threshold at different turbulence strengths. 

The percentage of 1244 realizations at each of 8 different turbulence conditions above the 

6dB fade threshold are compared. It is easily seen in Fig. 4.2 (a) that as turbulence 

increases, there is a greater gap between the control system and baseline. Fig. 4.2 (b) 
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shows the percent difference between the two datasets, showing a clear improvement in 

recoverable power with the control system. One distinct difference between the 

controlled system and the uncontrolled system is the nature of the realizations below the 

threshold. During the controlled experiment, every realization below the 6dB fade 

threshold was still above the noise floor of the oscilloscope. By contrast, many of the 

realizations of the uncontrolled system are completely lost and well below the noise floor.  

 In the strongest turbulence strength, r0 = 3.8mm, about 90% of realizations were 

above the cutoff threshold. As discussed in Chapter 2, the controlled HOBBIT system 

can correct for a specific range of beam wander due to a given turbulence level. 

Depending on the applied OAM, the skew angle will tilt the Gaussian beam to give a 

shift of a given length, according to equation 2 in Chapter 2. For the experiment, a range 

of -15 to +15 OAM was used to probe and correct the beam, which results in a maximal 

correction of 73μm. Recall the derivation in Chapter 2 of the maximal beam wander over 

60m of propagation in the turbulence conditions described, of up to 90μm. Since the 

system could not correct up this maximal range, it is expected that some realizations 

would be below the correction threshold. If the gaussian beam was deflected by 90μm 

from the receiving aperture and corrected by 73μm, then only a small fraction of the total 

power will be coupled into the receiver. Figure 2.2 expressed this concept. It is clear that 

a future version of this turbulence mitigation scheme would benefit from an increased 

range in OAM. 
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Data Recovery 

 The next important evaluation of the system is the performance of a 

communication link. Using the PAM2 modulation scheme, a 5Gbit/s data signal was 

modulated onto the beam. See Appendix C for a thorough description of the data signal 

used in this experiment. To measure the performance of the communication link, the 

primary metric used is the bit error rate (BER). This quantity represents the percentage of 

bits in a transmission that are incorrect. When the signal-to-noise ratio (SNR) of the data 

signal is too low, the noise level can sufficiently sway one of the two voltage levels used 

to demodulate the PAM2 scheme, causing a bit error. When the beam is perturbed by 

turbulence and deflected off-axis, this SNR will decrease creating more bit errors. The 

noise floor limiting the SNR was that of the oscilloscope, with 3mV peak-to-peak on 

average. 

 Like the power assessment, 1244 realizations of 5Gbit/s data were captured to 

measure the BER in various turbulence strengths with the control on or off. 4μs of data 

was captured for each realization, and there was approximately 10ms between 

realizations. This longer delay was introduced in the control algorithm so that the high-

speed camera (Phantom T-1340) could record the scanning and decision process, and 

make sure that each scan and decision point had at least one image. Each of the same 

turbulence strengths were tested, and the results are summarized in Figure 4.3: 
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(a) (b)

 

Figure 4.3. (a) mean BER for turbulence strength, control on. (b) percent BER below FEC limit 

Figure 4.3 (a) shows the average BER for the communication link with the control 

system enabled, at various strengths of turbulence. As the turbulence increases, the 

system performance diminishes due to the diminished ability to correct for further beam 

wander. The threshold for determining what BER is acceptable for the given modulation 

scheme is the forward-error-correction limit (FEC limit), which for the PAM2 

modulation is 3.8*10-3. As indicated by the horizontal orange line, the average BER even 

in the strongest turbulence is still just below the recoverable limit. To assess the 

performance improvement of the control system vs. a stationary beam, Figure 4.3 (b) 

plots the percentage of the 1244 realizations that were recoverable below the FEC limit. 

With the control system on, even in the strongest turbulence, 90% of the realizations were 

recoverable. By contrast, the stationary beam’s recoverability rapidly declines in stronger 

turbulence conditions. 

 It is important to consider again that the recoverability at r0 = 3.8mm could be 

improved with an increased OAM range. Figure 4.4 below shows a realization that was 

not recoverable, but two discrete signal levels can still be seen in the eye diagram: 
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(c) (d)

 

Figure 4.4. (a,c) realization above FEC limit. (b,d)  realization below FEC 

 Notice that the chosen OAM for realization (a) was 15, corresponding to the maximal 

beam tilt. Most likely, this realization could have been recoverable if the system could 

compensate the tilt angle even further. By contrast, many of the realizations when the 

control system was off were completely lost and indistinguishable on the oscilloscope 

from noise. Figure 4.5 shows an example: 

(a) (b)

 

(c) (d)

 

Figure 4.5. (a,c) beam deflected off axis. (b,d) beam guided to receiver 

In (a), the results of the probing indicate that there was a good transmission path to the 

receiver within the probing space, but the stationary beam was not guided by this path. 
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Practically all the energy in the beam missed the detector, and the bit error rate would be 

much higher than the FEC limit. For the percentage of realizations without control that 

were recoverable, a probing result like (b) is expected. The stationary beam happens to be 

guided to the detector with a flat phase, and so the data is recoverable. Overall, this 

experiment shows that the control system significantly improves the resilience of a 

communication link in strong turbulence. 

Multiple Channels and Higher Data Rate 

 The system as presented in this thesis can only manipulate a single Gaussian 

beam at a time. However, it is apparent from the probing results that several good 

transmission paths can exist in turbulence simultaneously. That is, different spatial 

locations about the vortex at different OAM states can simultaneously guide to the 

desired receiver. Using the HOBBIT architecture, multiple beams could be generated 

simultaneously using multiple frequencies on the AODs. To do this, a more advanced 

controller would be needed that could generate the waveforms itself, rather than 

controlling the waveform generator discussed in Chapter 3.  Figure 4.6 shows an example 

of multiple channels existing at once: 
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(d) (e) (f)

 

(g) (h) (i)

 

Figure 4.6. (a-f) Consecutive realizations. (g) Transmission channels, circled. (h,i) locked beams 

In (a-c), the probing and decision point are shown for three consecutive realizations in the 

strongest turbulence. Notice the two distinct yellow channels, both of which indicate 

good power coupling to the detector. In (d-f), the corresponding eye diagrams show that 

the data is of good quality and easily recoverable, well below the FEC limit. Lastly, (g-i) 

show captured images from the high-speed camera for each of these realizations and the 

scan that shows the two transmission channels. To express the scalability of this concept, 

Figure 4.7 is shown: 
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Figure 4.7. Multiple channels with higher OAM range 

This figure shows some noteworthy probing results from an increased OAM range. 

Recall that, if the control system is disabled, the probing sequence can be manually 

expanded to a higher OAM range, and the results of the probing can still be recorded 

even though no beam will be locked into any of the channels. With an OAM range from -

30 to 30, more channels can be seen at strong turbulence (r0 = 3.8mm). If the controller 

could dynamically create the necessary waveforms to generate two or more Gaussian 

beams through the identified bright spots, there is potential to multiplex data or increase 

the total power delivered to a single location. 

 Another domain to expand the system’s capability was the data rate applied to the 

beam. Though the oscilloscope was limited by its acquisition rate and memory to saving 

long realizations of 5Gbit/s data, the modulation system used on the beam could generate 

a 25Gbit/s signal using a 32 Quadrature Amplitude Modulation (QAM) scheme. This 

signal is described further in Appendix C. Using this modulation, the signal could be 

qualitatively measured over time by using the SignalVu software included with the 

oscilloscope. This software allows visualization of the recovered QAM constellations, 

which show the error-vector-magnitude (EVM) which can be translated to BER. Since 
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these realizations could only update several seconds apart, and could not be synchronized 

with probing data, a qualitative assessment was performed by watching the constellations 

and making general observations about the control system on vs. off. With the control 

system on, about 90% of the realizations seemed to be recoverable, while only about 30% 

were recoverable with the control off. Figure 4.8 below shows an example constellation 

received when the control system was on: 

 

Figure 4.8. 32 QAM constellation 

The constellation shown has a measured SNR of 20.7dB, which corresponds to a BER of 

2.35*10-4. The FEC limit for 32 QAM is 18.2dB. Most realizations with the control 

system on had a similar looking constellation, which would occasionally blur whenever 

the SNR dropped significantly. This test shows the capability of the system to support 

higher data rates even in strong turbulence, provided the receiving hardware can support 

this rate.  
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CHAPTER FIVE 

CONCLUSIONS AND FUTURE WORK 

The mitigation technique presented in the work has shown great success at transmitting 

power and a high-speed data link through atmospheric turbulence. Thanks to the rapid 

mode-switching capabilities of the HOBBIT system, a portion of the turbulent medium 

can be assessed and a transfer function for various input beam conditions can be used as 

feedback to a controller. While adaptive mitigation systems that work by expanding an 

effective aperture on the receiving side of an optical link are effective, using a corrective 

transmitter can leverage the focusing effect of waveguiding channels within turbulence. 

Additionally, from an engineering perspective, there are systems where corrective 

hardware would be more practical to implement on the transmission side.  

Unlike conventional tip-and-tilt mirror controls, the HOBBIT system is entire 

electronic, so there is no dependence on mechanical reliability. The HOBBIT architecture 

could support the exploitation of multiple transmission channels simultaneously using 

several Gaussian beams from the same output, in different spatial locations with different 

phases. With an enhanced control system, this could be straightforward to implement. 

The switching speed of the HOBBIT allows for a very fast probing of turbulence, 

currently 151μs.  Combined with the 750μs runtime on average of the control algorithm, 

the overall system refresh rate can keep up with the dynamics of even the most turbulent 

environment that could be generated in the laboratory. 

The presented system is effective at mitigating the effects of turbulence on a 

single Gaussian beam, but there is great potential to improve the system that should be 
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investigated. The first improvement should be the development of a new control board 

that can apply electronic waveforms directly to the AODs of the HOBBIT system. This 

would involve a processor that interfaces with a high-speed digital-to-analog converter, 

and an analog-to-digital converter that could sample the feedback signal sufficiently fast. 

To control multiple beams simultaneously using the modified HOBBIT system, many 

different combinations of frequencies would be needed to feed the AODs. While the 

current waveform generator is limited in this capacity, a custom control board could store 

many combinations in memory or generate waveforms on the fly. 

The next improvement could be made to the HOBBIT system itself, to expand the 

probing space to include the radial dimension as well as azimuthal. This would allow a 

greater region of air to be probed, likely finding more transmission channels in the 

volume. To do this, a third AOD could be added to the system to control this third 

dimension of the beam. 

Another region of interest for the system is a way to integrate the feedback 

mechanism with the transmitter. Presently, the electrical feedback from the detector is 

wired to the transmitter. However, it is often desirable to contain a system to one physical 

location as much as possible. If  optical scattering could be used as feedback, depending 

on the material used [31], the system could be self-contained and have applications in 

remote sensing and LIDAR. If a detector is used on the receiving system for the beam, 

perhaps another wireless protocol could be used to send feedback information to the 

controller. Lastly, the system should be tested in an underwater environment to assess its 

performance through turbulent water. 



 32 

In conclusion, the controlled HOBBIT system is a unique and effective method 

for bypassing the undesirable distortions to an optical beam in atmospheric turbulence. It 

can maintain a beam’s propagation path to a fixed receiving aperture with a flat phase, 

which allows for stability of a high-speed data link. The future of the system, with the 

described enhancements, is encouraging and could have great commercial applicability. 
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Appendix A 

Control Algorithm Code 
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Appendix B 

Circuit Diagrams 

Amplifier Circuit for Power Measurement 
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Circuit Diagram of Control Hardware 
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Appendix C 

Description of Data Signals 

The signal applied to the phase modulator is represented by equation (1).  The signal 

amplitude, 𝑎𝑎𝑘𝑘, determines the voltage level into the phase modulator taking on 

±500 𝑚𝑚𝑚𝑚.  A symbol rate of 5 GHz gives a symbol period, 𝑇𝑇𝑠𝑠, of 0.2 ns.  For the PAM2 

signal, each symbol only consists of a single bit which gives an overall data rate of 5 

Gbit/s for the channel. 

𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃2(𝑡𝑡) =  ∑ 𝑎𝑎𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡(𝑡𝑡 − 𝑛𝑛𝑇𝑇𝑠𝑠)∞
𝑛𝑛= −∞   (1) 

Another signal used to qualitatively test the system was a 32 QAM (quadrature amplitude 

modulated) signal.  This signal is defined by equation (2).  The signal amplitude, 𝑎𝑎𝑘𝑘, and 

the phase term, 𝜑𝜑𝑘𝑘, can take on 6 unique values.  For the 32 QAM signal, 𝑓𝑓𝑐𝑐 is the carrier 

frequency.  The symbol period is unchanged, but each symbol represents a 5-bit 

combination achieving a data rate of 25 Gbit/s per channel. 

𝑠𝑠32𝑄𝑄𝑃𝑃𝑃𝑃(𝑡𝑡) =  ∑ 𝑎𝑎𝑘𝑘 cos(2𝜋𝜋𝑓𝑓𝑐𝑐𝑡𝑡 + 𝜑𝜑𝑘𝑘) 𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡(𝑡𝑡 − 𝑛𝑛𝑇𝑇𝑠𝑠)∞
𝑛𝑛=−∞   (2) 

To determine the quality of the data transmitted through the channels, the BER of the 

signal must be calculated.  The BER calculations for each of the signals can be seen in 

equations (3-6).  The average voltages of the two levels are 𝜇𝜇1 and 𝜇𝜇0.  The standard 

deviation for each level is 𝜎𝜎1 and 𝜎𝜎0.  The threshold voltage which determines the 

separation between levels is 𝑚𝑚𝑡𝑡ℎ.  erfc() is the complementary error function.  In (the 

QAM BER) equation (5), M represents the number of points in the constellation.  The 

error vector magnitude (EVM) is the error between each measured constellation point and 
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the theoretical constellation point. The relationship between EVM and signal-to-noise 

ratio (SNR) is shown in equation (6) [32]. 

𝐵𝐵𝐵𝐵𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃2 = 1
4
𝑟𝑟𝑟𝑟𝑓𝑓𝑟𝑟 �𝜇𝜇1−𝑉𝑉𝑡𝑡ℎ

𝜎𝜎1√2
� + 1

4
𝑟𝑟𝑟𝑟𝑓𝑓𝑟𝑟 �𝑉𝑉𝑡𝑡ℎ−𝜇𝜇0

𝜎𝜎0√2
� (3) 

𝑚𝑚𝑡𝑡ℎ = 𝜇𝜇0𝜎𝜎1+ 𝜇𝜇1𝜎𝜎0
𝜎𝜎0+ 𝜎𝜎1

  (4) 

𝐵𝐵𝐵𝐵𝑅𝑅32𝑄𝑄𝑃𝑃𝑃𝑃 = 1−𝑃𝑃−12
1
2 log2𝑃𝑃

𝑟𝑟𝑟𝑟𝑓𝑓𝑟𝑟 �� 3/2
(𝑃𝑃−1)𝐸𝐸𝑉𝑉𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟

2 �  (5) 

𝑆𝑆𝑆𝑆𝑅𝑅 ≈ 1
𝐸𝐸𝑉𝑉𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟

2    (6) 

 

Fig. 1. Bit error rate vs. Signal to noise ratio. Right marker: System SNR with 6mW of input power to HOBBIT system at ambient 

turbulence. Left marker: ~6dB below reference power, just below the FEC limit 
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Appendix D 

Optical Transform of HOBBIT System 

The 532nm laser source into the modified HOBBIT system had a beam diameter of 

1.1mm after the fiber collimator (F110APC-532). This beam was imaged onto the center 

of the first AOD by a 5x reducing telescope (GBE05-A). The first AOD controlled the tilt 

angle of the first diffracted order of the AOD; the Fourier transform of this tilt angle 

resulted in the spatial shift of the Gaussian beam on the first log-polar optic. This tilt 

angle was controlled by applying an RF signal to the AOD. The first-order diffracted 

beam from the first AOD can be described by 

( )( )
2 2

1 12
1

( , ) exp 2x z c A
x yE x y j k x k z f f t

w
π

 +
= − − + + + 

                 (1) 

where w1 = 0.11mm is the diameter of the Gaussian beam intensity (radius of the field), kx 

and kz are the x and z components of the k vector,  ƒc is the center frequency of the laser, 

and ƒA1 = ƒ01 + Δƒ1 is the frequency applied to the AOD, with ƒ01 = 95MHz the center 

frequency of the first AOD. The k vector is related to the frequency applied to the AOD 

by kx = 2π / λsin(λΔƒ1 / V) ≈ 2πΔƒ1 / V  and kz = 2π / λcos(λΔƒ1 / V), where λ = 532nm is 

the wavelength and V = 650m / s is the acoustic velocity of the AOD. The lens focal 

length was 150mm and the lens was placed a focal length away from the first AOD and a 

focal length away from the first log-polar optic. This resulted in the Fourier transform of 

the beam in the first AOD onto the first log-polar optic. The Fourier transform of Eq. (1) 

is given by  
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( ) ( )( )
2 2

0
1 12 2

1ˆ ( , ) exp 2 c A

x x y
E x y j f f t

w
π

π σ

 − +
 = − − +
 
                  (2) 

where  σ = λF / (πw1) = 0.23mm,  F = 150mm is the focal length of the lens, and x0 =  

Δƒ1λF / V is the spatial shift on the first log-polar optic. This spatial shift is mapped to 

rotation by the log-polar optics. Due to the design parameters of the log-polar optics, a 

spatial shift of ±3mm rotated the beam ±π radians. The bandwidth required for a full 

rotation is 49MHz. A half-wave plate was located between the two AODs; the AODs are 

shear mode and rotate the polarization of the first order diffracted beam. The half-wave 

plate was used to rotate the polarization of the first order diffracted beam from the first 

AOD back to the proper input polarization that is required by the second AOD. The 

second AOD was responsible for the OAM on the probe beam; it tilts the laterally 

displaced gaussian beam before the log-polar optics. This tilt was then mapped to OAM. 

The second AOD was placed as close as possible to the first log-polar optic to minimize 

the effect of lateral displacement from propagation. The distance from the center of the 

second AOD to the first log-polar optic was 40mm. The field incident on the first log-

polar optic can be expressed as 

( )
2 2

0 0 2
1 22

( ) ( ) 2exp 2in c A A
x x y y fE j x f f f t

V
π

π
σ

 − + − ∆ = − − + + +  
    (3) 

where y0 = -0.147mm denotes the relative height of the beam to the center of the log-polar 

optics, ƒA2 = ƒ02 + Δƒ2 is the frequency applied to the second AOD, and ƒ02 = 120MHz 

the center frequency of the second AOD. This field in Eq. (3) was then mapped by the 

log-polar optics. The log-polar coordinate transform is given by 
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ln

u A
rv A
B

θ=

 = −  
   (4) 

where (x=u, y=v) are coordinates in the plane of the first log-polar optic and (r, θ) are 

polar coordinates in the plane of the second log-polar optic [1]. The constants A and B are 

design parameters of the transform, where we have A = 0.955mm and B = 1.5mm. The log 

polar transform is then applied and seen in Eqn. (1) in the main text to create the main 

field of the HOBBIT system output. 
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