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Abstract. Beam wandering and the wavefront distortion
are the significant sources for the power loss in Wireless
Optical Communication (WOC). In this paper Full Facto-
rial Design (FFD) and Back Propagation Neural Network
(BPNN) controller based autonomous beam monitoring,
positioning and recovery system for fine steering of the
laser beam at the focal point of the FSOC receiver is pro-
posed. The proposed controllers process the intensity in-
formation of the received optical beam as inputs and pro-
duce the control signals as outputs. These control signals
bring the beam at the focal point of the receiver and avoid
the power loss of the optical link. The work describes per-
formance analysis of Field Programmable Gate Array
(FPGA) based novel digital architecture of FFD and
BPNN controller. Real time experimental verification of the
stability and suitability of the developed adaptive control-
lers are tested for percentage of prediction error, Bit Error
Rate (BER) and beam wander reduction ability and the
same is demonstrated with suitable results. The experi-
mental result shows that the BPNN controller gives high
accurate approximation towards the control for the control
signals Cy and C, with the minimum and maximum values
of 99.29% and 99.86% respectively. With the chosen pa-
rameters, the neuro-controller exhibits fast response for the
error changes. The proposed BPNN controller provides
prediction error very close to —0.5 to +1.0%, the values lie
in the range of —0.06781% and 0.9862% which shows that
the BPNN controller is efficient for the real time tracking
and control for FSOC, LIDAR imaging, micro/nano posi-
tioning, atomic force microscopes, scanning tunneling
microscopes, etc.
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1. Introduction

FSOC attracts considerable interest for a large number
of applications in telecommunications field due to its high
data rate, low cost, free spectrum licensing, frequency
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coordination, interference free and fast installation. FSOC
uses a visible Light Emitting Diode (LED), laser or invisi-
ble infrared for data communication which is similar to
fiber optic communications. In FSOC beam of light, oper-
ating at very high frequency in the order of Terahertz re-
gion of the electromagnetic spectrum is collimated and
transmitted over the atmosphere. Further, these are focused
on a high sensitivity optical receiver through receiving
telescope [1-3]. The random fluctuations in the atmosphere
rigorously degrade the quality of the wavefront, thus re-
sulting in intensity fluctuation and sometimes unavailabil-
ity of the signal at the receiver end. In particular, beam
wandering effect limits the use of the communication sys-
tem. Incorporation of the beam steering system at the re-
ceiver end is the only possible solution to effectively miti-
gate and resolve the beam wandering and the received
beam wavefront distortion effects respectively [4-8]. Miti-
gation of beam wandering (pointing error) to establish
a perfect coupling of Power In Bucket (PIB): receiver aper-
ture, to the communication optical detector plane becomes
the most important as well as the very first essential need to
effectively reduce the intensity fluctuation, beam outage
and consequently recover the link quality and improve the
overall performance of the FSOC system [9]. When using
the FSOC link for fiber coupling, mobile and/or moving
vehicle connectivity, it is necessary to align the optical axes
of the both transmitting and receiving beam with sufficient
accuracy and dynamic beam stabilization to improve the
coupling efficiency and stability [10], [11].

Designing a suitable control scheme to minimize the
beam displacement thereby significantly improving the
beam stability and receiving power at the receiver detector
plane becomes very necessary. To carry out this objective
the experimental setups with the required optoelectronic
components have been built for the transmission distance
of 70 m. In this paper adaptive controller design for beam
steering is proposed using (i) Full Factorial Design (FFD)
and (i) Back Propagation Neural Network (BPNN) con-
troller. Prediction error and focal point wander are consid-
ered as the performance metric.

The remainder of the paper is organized as follows:
Section 2 presents the necessary backgrounds of the beam

OPTICAL COMMUNICATIONS



RADIOENGINEERING, VOL. 30, NO. 1, APRIL 2021

17

positioning system using different approaches, Section 3
briefs about FSOC opto-electronic test bed construction
and error calculation unit, Section 4 describes the design of
direct controller - FFD, Section 5 presents the efficient
digital architecture of BPNN for beam monitoring, posi-
tioning and recovery, Section 6 discusses the analysis of
results and validation of proposed schemes, Section 7 de-
scribes conclusion.

2. Backgrounds and Related Works

The problems associated with designing a closed loop
control system for steering application and the works
closely associated with the proposed work are described in
this section. The importance of beam positioning system
for FSOC is experimentally investigated for an indoor
laboratory setup with turbulence simulation box and
achieved BER of 107 [12]. Lu et al. proposed FPGA based
optimized controller to mitigate the displacement error
using high bandwidth stable precision steering controller.
The structural response of the system is demonstrated with
the integrated control simulation mechanism. Closed loop
controller design and the hysteresis effect of the system are
also described in [13]. Xie et al. described an adaptive
controller using neural network approach. The controller
consists of piezoelectric actuators with unknown hysteresis.
Dynamic preinversion compensator is used to nullify the
effect of the hysteresis [14]. A feedback controller for in-
door steering system is demonstrated in [15]. Optical
shaker is used to introduce the fluctuation in the optical
beam and Fast Steering Mirror (FSM) is used to compen-
sate the same. The system works on the PC based extended
Kalman filter. In the studies of beam alignment/steering for
FSOC systems, the main importances have been generally
limited to the environment (indoor/outdoor) and mobility
of the system.

Beam tilting mirrors and piezoelectric actuators based
beam steering techniques are proposed for FSOC, visible
light communication (VLC) and micro/nano manipulation
control systems. Figure 1 illustrates basic beam steering
system using mirrors in which the optical beam received at
the receiver plane is steered by control signal.
Piezoelectric/MEMS actuators are used to steer the beam in
which perfect reflecting mirror is placed. This approach
cannot be used in mobile devices due to a bulky receiver
design and less accuracy. Figures 2(a) and (b) describe the
different approaches of beam aligning systems using
piezoelectric actuators. In this approach piezoelectric
actuators are controlled by control signals generated
through microcontrollers/FPGA. [16], [17].

The tilting approach in piezoelectric actuators has two
different structures. In the first structure transmitter and re-
ceiver together are placed on piezoelectric actuators and in
the later structure, only the lenses of the transmitter and
receiver are placed on the actuators. In the implementation
of a steering strategy for FSOC, one of the important
problems is the presence of nonlinearity in the electronic/
piezoelectric actuators. This nonlinearity decreases the steer-
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Fig. 1. Beam steering using mirrors.
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Fig. 2. (a) Transmitter and receiver placed on the actuators.
(b) Only lenses placed on the actuators.

ing accuracy at the receiver unit. Few numbers of studies
have been proposed to limit the drawback of nonlinear
behavior in actuators using several types of controllers.
Also most of the control system encountered in real time
does not confirm to simple control configuration of Single
Input-Single Output (SISO) variables. In the beam steering
process, for example, beam stabilization cannot be done
with a single control loop. These systems are intrinsically
nonlinear which makes the controller design further diffi-
cult. The Artificial Neural Network (ANN) is the popular
solution for nonlinearity due to its high performance, adap-
tivity and efficient input-output mapping to train from
test/sample data and to provide solution to the trained or
new data. Low-cost, low-power hardware implementation
of steering controller becomes significant to handle the
beam steering system at a very faster rate [18], [19]. Most
of the real time experimental works describing the beam
wandering mitigation process have been demonstrated with
the laboratory setups built in the indoor atmosphere and the
adaptive controllers are developed in the software envi-
ronment and/or serial execution processors [20]. In this
paper FFD & BPNN controller is configured as a MIMO
system for steering with two inputs and two output varia-
bles and this nonlinearity is greatly limited with the imple-
mentation of neural networks.

3. FSOC Test Bed Construction and
Error Computation Mechanism

Figure 3 shows the complete schematic of the FSOC
experimental setup using necessary opto-electronic assem-
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bly. Required digital architecture is developed for control-
ling the optical beam wandering of the optical beam.
Pseudo Random Binary Sequence (PRBS) sequence gener-
ator in Non Return to Zero (NRZ) is used to generate the
data in Mbps range at the transmitter. Semiconductor opti-
cal source (850 nm/50 mW) is used as an optical source at
the transmitter for establishing the FSOC link. Digital ASK
(ON-OFF Keying) modulation is used as the optical mod-
ulator. The laser beam is modulated with +5 V/DC for
binary ‘1’ and 0 V/DC for binary ‘0’. Initially misalign-
ment in the Line of Sight (LoS) is estimated and necessary
corrections are made using of Line of Sight (Tx-Rx LoS)
alignment controller. When the optical link is completely
unavailable due to atmospheric turbulences or other factors,
alignment controller at the receiver end immediately sends
information to the alignment controller at the transmitter
through RF transmitter/receiver for making the proper
decision/alignment for establishing the optical communi-
cation. At the receiver end Newtonian type of telescope is
used in the receiver side to collect the energy from the
diverged laser beam. 91.66% of optical energy is being
collected using the Newtonian telescope and the collected
beam is collimated and passed to the Fast Steering Tip Tilt
Mirror (FSTTM). The FSTTM is installed in the receiver
experimental setup in order to steer the laser beam towards
the desired co-ordinate based on the control signals from
the FFD and BPNN based adaptive controller. Narrow
Band Interference Optical Filter (NBIOF) allows 850 nm
optical beam and rejects other unwanted radiations.

A circular type variable beam splitter (BS) is mounted
on an optical bread board at 90° angle to split the arrived
beam into two directions. One part of the signal is made
fall on the Avalanche Photo Diode (APD) for recovering
the original information and to estimate the Bit Error Rate

(BER). The received data and estimated BER are displayed
on the personal computer (PC). The second part of the
signal also called as reflected beam from the variable BS
falls on the 2 Dimensional-4 Quadrant (2D-4QD) detector
that converts the incoming light into equivalent currents
IQI’ IQ2, IQ3 and IQ4.

The output currents of the 2D-4QD are directly pro-
portional to the intensity illuminating the detector surface.
The angular displacements are measured with the relative
changes in the output of 2D-4QD. The Mono-Pulse Arith-
metic Circuit (MPAC) is used to measure the received
optical signal intensity fluctuation and angular displace-
ment. The output currents are applied into the MPAC that
consists of I-V Converter Array, Error Acquisition Circuit
(EAC) and Linear Level Shifter (LLS). The currents are
linearly converted into relative voltage levels Va, Vg, Ve
and Vp by the I-V converter circuit array. The voltage out-
puts are connected to Error Acquisition Circuit (ECC)
which consists of array of analog linear adder and subtractor.

The outputs of the ECC are Vg, Viy, and Vger. The
wandering of the arrived beam over the horizontal and
vertical directions is calculated from Vg, Vgy, respectively.
The angular deflection of the arrived beam can be meas-
ured jointly by Vg, Ve, The intensity fluctuations due to
atmospheric changes are measured by the output Vi.r. The
characteristics behavior of the error calculation circuit in
(x), (v) and (x, y) directions are

Ve ={(Va +V2) = (Vs + )} (1)
Ve, ={(Va +Vs) = (Ve + V) Q)
Vet =(Va + Vo + Ve +Vy). 3)
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Fig. 3. Schematic of the FSOC experimental test bed (Transmitter and Receiver).
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Fig. 4. Signal flow diagram
computation using MPAC.

and displacement error

The output of the error calculation circuit Ve, Vg dif-
fers from +12V to —12V and Vg differs from 0V to
12 V. Obtained voltage levels are shifted to +2 V to -2 V
for interfacing the high speed A-D converter. These analog
output signals Vg and Vg, vary from =12V to +12 'V re-
spectively as marked in Fig. 4.

The signals Vg, Ve, are also referred to as Process
Variables (PVs). In both FFD and BPNN technique the
outputs of 2D-4QD are applied to A-D converter and then
the normalized error data are fed to the adaptive controller
implemented in FPGA. The signal conditioning circuit is
deployed in between FPGA and FSTTM. The Signal Con-
ditioner Circuit (SCC) is constructed with 12-bit Digital to
Analog Converter (DAC) and High Power Piezo Amplifier
(HPPA) to process the servo control data generated by the
adaptive controller. The main application of the SCC is
converting digital to the piezo control output high voltage
varies between —20 V and +120 V. The DAC7728 is pre-
ferred due to the capability of parallel data input and high
voltage output. The input data resolution is 12 bit and the
output can either be a bipolar £16.5 V or unipolar 0 V to
+30 V with the reference voltage of 5.5 V. The DAC 7728
is interfaced with FPGA through dedicated 14 GPIO pins.
In the open loop mode, the x and y axis are controlled by
~7Vto+7V.

4. Design of FFD Controller and
Performance Evaluation

The experiments carried out for the established FSOC
test bed using FFD based Response Surface Model (RSM)
is described in this section. This model requires minimum
knowledge about the process and target is achieved within
fewer trails. This feature makes the system cost effective
and less time consuming experimentation. Design and
development of RSM model involves systematic planning
and Design Of Experiments (DOE) approach of the ex-
periments to be carried out. Initially DOE is used to iden-
tify the suitable experimental sampling points and, then
these points are used as the ideal points for obtaining the
response of the system. RSM based mathematical model
for steering the actuators of the FSTTM is obtained by con-
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Fig. 5. Pipelined architecture of FFD controller implementa-
tion inside FPGA.

]

Trial Process Predicted Control Variables
Expt Variables [V] Predicted Control | Predicted Control
No Value [V] Error [%]
Vix Ve Cy C, Cy C,
1 2.834 0.391 1.2412 3.690 8.9322 | 9.1281
2 3.713 1.391 -2.161 | —5.159 | 8.9757 | 8.9757
3 -3.012 | -2.931 6.004 —4.060 | 2.5308 | 2.5308
4 -1.916 0.121 —1.090 | -0.104 | 4.6857 | 4.6857
5 -3.674 2.631 2.564 0.531 7.3727 | 7.2646
6 3.005 0.681 -3.014 | -3.824 | -8.793 5.7562
7 -2.052 | -1.635 1.932 3.0051 7.3545 8.7421
8 3.522 0.318 1.281 2.9563 | 5.8621 9.6533

Tab. 1. Trial experiment design plan using FFD.

ducting trail experiments using FFD equation and de-
scribed as follows,

C, =0.0934+0.578V,, +0.0672F,, +0.127V, * +
0.438V;, Vy, —0.05321;, °,

(4)

C, =-0.048+0.578V,, +0.062V;, +0.072V, * —
7.367V,, Vy, —0.527V, .

)

The pipelined architecture developed for the FFD
controller using FPGA is shown in Fig. 5.

Initially the trail experiments are carried out for the
established FSOC test bed. For each process variables (Vg
and Vgy) the control variables factors Cyx and Cy are noted,
and the prediction error is calculated. The above two equa-
tions are formulated by considering the individual and
combined effects of input variables. Subsequent output is
analyzed and mathematical equations are formulated.

The equations (4) and (5) are considered as a full
model equation with three expressions (linear, quadratic
and interaction) in terms of the process variables. The con-
stants associated with the terms are called as regression
coefficients. These coefficients are determined by,

b=(X"X) X'Y (6)
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where b represents the parameter estimate matrix, X and Y
denotes calculation matrix and matrix of computed values
of process variables respectively and T represents transpose
operator.

Table 1 shows the trail experimental design plan
using FFD. The response surface of FFD controller clearly
shows that the control signal for error input demonstrates
nonlinear behavior and in addition, it is observed that
percentage of predicted control errors for FFD controller
varies with the value of —8.793% and 9.6533%.

5. Design and Functionality of the
BPNN Controller for Monitoring,
Positioning and Recovery

In recent years, the design of ANN controllers are de-
veloped by software environment and then realized in re-
configurable device like FPGA. In this paper FPGA is used
for BPNN implementation due to its advantages of recon-
figurability, low power consumption, parallelism and high
speed computations [21], [22]. The design of neural-con-
troller consists of more number of complex arithmetic
computations, therefore, the weights and bias values of
ANN controller are obtained from the software environ-
ment as a preliminary step for the execution of hardware.
The computed weights, bias values along with VHDL code
is compiled, synthesized and realized on Spartan-6 Xilinx
FPGA with Xilinx ISE tool. The number of hidden layers
and neurons used for designing neural-controller are de-
cided through a series of trial and error method.

The design structure of BPNN controller using FPGA
is shown in Fig. 6. FPGA implementation of neuro-con-
troller uses the 100 MHz internal clock frequency. Re-
quired frequencies for the operation of various units are

synthesized by means of digital clock decimator design.
The process variables Vg and Vg, are normalized and
available at the data register unit. Hidden layerl (HL1) and
hidden layer2 (HL2) computations are performed with
necessary synaptic weight and bias values and are stored in
the memory.

The neural-controller consists of 2-15-9-2 neurons in
input, HL1, HL2 and output layer respectively. The log
sigmoid function is used to model the bipolar sigmoidal
neurons that are used in HL1 and HL2. Multiply and
Accumulator Unit (MAC) multiplies the neurons with the
corresponding synaptic weights and accumulated in
memory. The synaptic weights of every neuron are stored
in ROM memory. When one cycle of inputs are arrived, the
output is added with suitable bias function. Figure 7 shows
the one of the trained pattern with its necessary weights and
bias.

A six stage back propagation neural network learning
algorithm for the developed structure is summarized below:

Stage 1: Initialization of the neural network parameters:
Initially the random weights and bias are assigned to all the
neurons. The weights and bias are assigned with smaller
random values; learning rate and goal of the network are
also defined. In this work the neural network is trained for
1532 iterations with learning rate of 0.01. The stopping
criteria used for the network is 10°°.

Stage 2: Forward computation: The process variables Vg
and Vg, are normalized and available at the input layer. The
primitive functions and their derivatives are computed at
each node and are stored. The computation performed by
each neuron is as follows:

Su1+l
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Fig. 6. Design structure of BPNN controller design using FPGA.
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Fig. 7. Structure of BPNN — the trained pattern with its necessary weights and bias.

where o; ™ is neuron output, H; ™ is weighted sum, w; T

synaptic weight, b bias, g(H\™) is activation function,
i=123,..p—1,pandm=123......... q-1,q.

(m)

Stage 3: Error term computation: The network is initially
trained with well-known trail data and its output is com-
puted. Actual output of the neural network model is com-
puted during the real time experiment and an error function
defined. The term &™ is named as error term and calcu-
lated as follows,

é:i(m) — (t[ _0;'”)) (8)

where #; is the desired value from the i neuron, and o; is
the original output value of the i neuron.

Stage 4: Backward computation: In this step the obtained
error function is minimized till the desired goal is achieved
by adjusting the weights of the neuron through back propa-
gation. During this step the local gradients are calculated as
follows

& = £ (H™). ©)

Stage 5: Updating weights: Weights of the neural network
are adjusted to the best values according to the computation
of the back propagation algorithm. The changes in weight
and bias are calculated as follows

w (k+1)=w" (k)-as'a"", (10)

L]
b (k+1)=0"(k)-as" (11)
where a is learning rate.

Stage 6: Iterations for a desired convergence: Learning
rate, stopping criteria and the optimization method used are

the important parameters of deciding number iterations of
neural network. During every iteration, the local gradient
descents are updated with necessary weights and minimum
global loss function. Finally the best one for the optimum
control signal is estimated and the values are stored in the
memory.

6. Validation of FFD and BPNN Model

Initial position of the beam must be set to (0, 0) for
the proposed controllers to get the desired response. Large
numbers of trail experiments are carried out to confirm the
performance of the FFD and BPNN controllers. Coefficient
of determination (R®) values obtained from the FFD and
BPNN control signals are listed in Tab.2. R* value is
a statistical measure used to analyze how differences in one
variable with respect to difference in another variable also
it shows how close the measured data are to the fitted re-
gression line. R* value for the full model equation of the
FFD controller gives Cx and Cy, 91.54% and 92.91%,
respectively. Whereas, the BPNN controller provides nec-
essary approximation towards the control of beam wan-
dering with the minimum and maximum values of 99.29%
and 99.86%. The computed variable for Cy and Cy clearly
shows that the linear (Vg Vgy), quadratic (VEXZ, VEyz) and
interaction (Vgx X Vgy) terms are the major contributing
parameter for controlling horizontal and vertical displace-
ment of the optical beam. For the desired horizontal dis-
placement control the contribution of Vi, is 58.54% and Vg,
is 3.815% and for the desired vertical displacement control
the contribution of Vg, is 53.14% and Vg, is 2.472%. The
effect of Vi, and VEy2 are extremely small towards the
desired control. Confirmatory tests are used for the consid-
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eration of full model and BPNN controller. Also the per-
formance of the FFD controller with full model was tested
with higher polynomials such as the 3rd order and 4th or-
der; however the performance of the model reached the
saturation at higher order polynomials. Therefore the pro-
posed equation (4) and (5) in the reported model is final-
ized and used for the control operation.

The real time experiments demonstrate that the BPNN
controller can effectively compensate the displacement
error by up to 99.86% and the tracking performance of
reference control signal is significantly great. The entire
reference output can be covered by mapping the input-out-
put characteristics from the 741 training patterns. The de-
sired output variables are generated progressively without
overshoot when input signals (Vg and Vi) are injected
with random value. The input is limited between —12 V to
+12 V, whereas the output is =7 V to +7 V and sampling
period is 0.1 sec. With the chosen parameters, the neuro-
controller exhibits fast response for the error changes. The
goal of this method is to explore the capability of the
neuro-controller to follow the reference profile as closely
as possible at the fast rate. The proposed BPNN controller
generates the response very close to the target values. The
percentage of error predicted under FFD and BPNN con-
troller are estimated and given in Tab. 3.

The plot of percentage of prediction error using FFD
and BPNN controller experiment is shown in Fig. 8. The
percentage of prediction errors estimated for FFD control-
ler and the values lie in the range of 4.393% and 8.2531%.
BPNN controller provides prediction error very close to
—0.5 to +1.0%, the values lie in the range of 0.06781% and
0.9862%.

The stability of beam (X and Y axis) under FFD and
BPNN controllers at the receive plane and a portion of data
is shown in Fig. 9(a) and (b). Optimum control and track-
ing of the signal is achieved under BPNN controller in both
X and Y axis. The average min-max and standard values of
—4.922 to +4.123 mm and 0.927 mm respectively in the
FFD control and —1.884 to +2.072 and 0.025 mm respec-
tively in BPNN control.

The beam displacement position under FFD and
BPNN controllers at the receive plane and a portion of data
are shown in Figs. 10(a), (b). The following observations

10

T T T T
| | | ——— Open loop
8 — —1— — 4 - -k - === = +--H BPNN

+  Optimal

6L — —

X - Position (mm)

Time (Sec)
(a)

are made under FFD controller design: (i) Beam wanders
entire area of the detector surface. (ii) Movements of the
beam are random and not predictable. (iii) Power fluctua-
tion at the receiver plane is more. (iv) Sometimes, the beam
goes out-off detector. During the time optical link is com-
pletely disconnected. Under the control of BPNN control-
ler: (i) Movement of the beam is entirely controlled. (ii)
Maximum intensity and power level is achieved. (iii) Opti-
cal link disconnectivity due to wandering of the beam is
completely reduced.

£ Process Accuracy (%)

3 variables [V] FFD controller

=]
E Vv A% Linear Inter Quadratic BERN
= Ex Ey action

1 2.83 0.39 91.54 91.54 91.63 99.63
2 3.71 1.39 90.34 90.34 91.58 99.58
3 -3.01 -2.93 91.09 90.23 90.29 99.29
4 —1.91 0.12 92.04 92.51 92.71 99.71
5 -3.67 2.63 91.54 92.91 91.63 99.86

Tab. 2. Accuracy approximation of FFD and BPNN controller.

FFED controller BPNN controller

Predicted value Prediction Predicted Prediction
[VI] error [%] value [V] error [%]
Cy Cy Cy C, Cy C, Cy C,

Y Y Y
1.35 3.21 839 | 9.19 | 1.24 3.69 0.01 0.00

2.56 -533 | 2.70 | 239 | 2.16 | —5.16 | 0.00 | 0.02

6.11 —4.32 | 414 | -8.00 | 6.01 | —4.05 0.01 0.00

5.43 -3.32 | 4.32 —7.43 | 5.94 3.54 0.01 0.03

Tab. 3. Validation test results of FFD and BPNN controller for
Cy and C.

Prediction Error FFD and BPNN

Prediction error-FFD
Prediction error-BPNN

Prediction error(%)

Experiment number

Fig. 8. Prediction of error under FFD and BPNN controller.
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Fig. 9. (a) Beam stability (X-axis) under FFD and BPNN controller. (b) Beam stability (Y-axis) under FFD and BPNN controller.
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Fig. 10. (a) Displacement of the beam spot under FFD controller. (b) Displacement of the beam spot under BPNN controller.

Process variables Control variables BER

V] Trial experiment BP Neural-Network Control signal for enhancing power

v VI FFD BPNN at transmitter
Vix Viy R, R, X-tilt (C,) | Y-tilt (C))

2.8342 0.3912 1.2412 3.690 1.3288 3.0234 2.3502 x 107 | 4.6709 x 107 Perfect link, No changes
3.7137 1.3915 -2.1612 -5.159 —1.132 —5.760 1.0934 x 102 | 3.7892 x 107 Perfect link, No changes
-3.012 -2.931 6.0045 —4.060 4.0169 —4.059 2.2905 x 10~ 8.034 x 107 Poor link, Power level to be increased
-1.914 0.1217 —1.0903 -0.104 —1.032 —0.104 3.5078 x 10* | 7.892 x 107 Poor link, Power level to be increased

Tab. 4. Link quality measurement and comments on respective control signal.

The BPNN controller gives exact corrective action
over the FFD controller to reduce the wandering of the
beam. Link quality measurement and respective control
signal is passed to transmitter for enhancing the power
level is given in Tab. 4 for several trial experiments. The
performance improvement of beam stability and link avail-
ability are tested under FFD and BPNN controller. Very
controlled BER in the range of 3.78 x 10~ to 7.89 x 10 is
achieved in all the fluctuations with effective mitigation of
the beam wandering under BPNN controller.

The developed model is optimized to the sufficient
latency control action. Since the atmosphere disturbance is
of very low frequency which is in the order of Hz. Control
action of the developed controller is operated at several
kHz speed which is more than sufficient to bring the tilted
beam into the centroid of the optical position detector. In
our experiment, the measured maximum latency is 0.18 ms
and the average latency is 0.193 ms.

7. Conclusion

A novel digital pipelined-parallel architecture devel-
oped for the hardware implementation of FFD and BPNN
controller in the FPGA is discussed in this paper. The ca-
pability of the proposed controllers for the position infor-
mation observability and the generation of corresponding
control signal are tested. These results are recorded and
compared against the control signal obtained in the trial
experiment. The average min-max and standard values of
—1.52 to +1.32 mm and 0.327 mm respectively in the FFD
control and —0.084 to +0.072 and 0.025 mm respectively in
BPNN control are achieved for both the channels. Maxi-
mum efficiency of control response is attained using the

BPNN controller configuration. The results presented in
this paper are intended for setting up the FSO communica-
tion transceiver. Therefore, it is suggested that this ap-
proach has lot of advantages and can be used for fine
steering applications including monitoring, positioning and
recovery.
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