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ABSTRACT 
 

Stochastic computing (SC) provides a fault-tolerant and low-cost alternative to conventional 

binary computing (BC). The capacity of SC to implement complex mathematical functions with 

simple logic gates creates a path toward the design of efficient hardware architectures. This 

paper presents a new methodology for the hardware implementation of servomotor controller 

using SC. We design SC circuits using both quadrature decoder and efficient decoder for 
implementing servo controller and compare them with traditional BC-based servo controller. 

The quadrature decoder requires more hardware resources than efficient decoder but can 

provide position information in PWM form. The FPGA implementation result shows that, 

compared to BC-based design, quadrature decoder-based design achieves 56.7% savings in 

area and 33.33% savings in power consumption, and efficient decoder-based design achieves 

73.7% savings in area and 33.33% savings in power consumption. 
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1. INTRODUCTION 
 

Servomotor is a rotary or linear actuator that is used for precise control of angular or linear 

position, velocity, and acceleration. They are used in many systems, including elevators [1], 
cameras [2], telescopes [3], robotics [4] and various industrial applications [5]. The major 

advantages of using servomotors are high torque to inertia ratio, accurate positioning accuracy, 

lightweight and compact design [6]. But they suffer from the disadvantages of requiring more 
complex drive circuits (controller) and positional encoder, which increase the cost and need of 

maintenance. 

 

After the development of microprocessors, microprocessor-based servomotor controllers have 
become more popular than analog controllers [7]. Microprocessor-based controllers can provide a 

flexible skill but suffers from a long period of development and exhausts many hardware 

resources. In recent years, FPGA-based hardware implementation technology has proven to be 
more efficient for many applications including servo controller design [8]. FPGA is only a 

collection of standard cells which has field programmable characteristics and can reuse IP cores. 

Therefore, FPGAs can carry out parallel processing and the system can run at a very high speed 

[8]. In this paper, we discuss efficient design and implementation of servomotor controller on a 
single FPGA device using stochastic computing (SC). 

http://airccse.org/cscp.html
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SC is a probabilistic approach for performing computation with simple arithmetic units. The 
implementation of SC is compatible with modern VLSI design and enhances the ability of FPGA 

devices. Another advantage of stochastic computing is that its probabilistic feature makes it more 

tolerant to soft transient errors (such as bit-flips) than binary computing (BC). Because of its 

advantages, SC circuits have been used for different applications, such as VLSI 
implementation of deep neural networks [9,10], image processing [11], efficient signal processing 

architectures [12], and polynomial computation [13]. Although hardware implementation of 

servomotor controller using BC has been studied in prior works [8], in this paper, we employ SC 
for the implementation of an efficient servomotor controller. To show the efficiency of the 

proposed SC circuits, we compare them with traditional BC circuit for servomotor controller. 

 
This paper is organized as follows. In Section 2, we provide some backgrounds on servo 

controller and SC. Then, in Section 3, we present our proposed work on the SC implementation 

of servo controller. Results and analysis from simulations are given in Section 4. In Section 5, we 

conclude the paper. 
 

2. BACKGROUND 
 

Before discussing our work on servo controller, it is necessary to give a brief background on the 
basics of servo controller and SC. 

 

2.1. Servo Controller 
 

A basic servo system consists of a suitable sensor coupled to a motor shaft to give feedback. A 

decoder is used to convert the feedback into direction, and position signal. These feedback 
signals are compared with the command signals and sends out the error signal to the PID controller 

section. Finally, the PID controller section provides an output voltage to produce required PWM 

signal, which is supplied to the servomotor. A brief description of each component is given 

below. 
 

The sensor’s output is proportional to the position of the servomotor shaft. The most common 

type of sensor for servomotor is an incremental encoder. This encoder is made up of a light-
emitting diode (LED), a rotating encoder disk, and a light detector. When the disk rotates, the 

opaque segments of the disk block the light, while the clear segments allow the light to pass 

through. Thus square-wave like pulses are generated. But an encoder with only one set of pulses 

cannot indicate the direction of rotation. Therefore, two pulse trains are created which are 90 
degree out of phase with each other. Fig. 1 shows an incremental encoder that creates two pulse 

trains 𝐴 and 𝐵. For example, when the disk rotates in one direction, 𝐴 leads 𝐵, and for the 

opposite direction, 𝐵 leads 𝐴. As, the pulse trains 𝐴 and 𝐵 are 90 degree out of phase, they are 
known as quadrature signals. 

 

 
 

Fig. 1. Optical 

encoder with two 

pulse trains A and B 

[14] 

 

A decoder is 
employed to 
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decipher the output signals (pulse train 𝐴 and 𝐵) of the encoder and provide rotor shaft position 
and direction information. In the next section of this paper, we discuss our decoder implantation 

along with servomotor controller. 

 

The PID controller is the most widely used algorithm for servomotor control. PID control circuit 
operation is based on position error. The PID is basically a composition of three individual parts, 

proportional (P), integral (I), and derivative (D) position loop. All these P, I, and D terms are 

summed up to provide the desired voltage command. Table I describes the behaviour of different 
component’s output of PID controller in different part of operation. Fig. 2 shows a simple block 

diagram of PID controller. 

 
We are considering a servomotor, which is pulse width modulation (PWM) controlled. 

Therefore, the input to the motor should be a PWM signal. To generate PWM signal from the 

output voltage, provided by PID controller, we need a PWM generator. PWM generator 

compares the PID output voltage with a sawtooth or triangular like waveform and outputs a 
PWM signal. Fig. 3 shows the overall block diagram of a servo controller. 

 

2.2. Stochastic Computing (SC) 
 

SC performs arithmetic operations in probabilistic nature. In SC, numbers are represented by 

random bitstreams of 1’s and 0’s. Over the last few years, research has been performed to 
interpret stochastic bitstreams in several ways, these are unipolar, bipolar, inverted-bipolar and 

ratio of 1’s to 0’s [15]. In unipolar format, the range of number is 𝑥 ∈ [0, 1]. For example, in 

unipolar format, the value 𝑥 = 0.4 can be represented as 0110100100, where 40% of the bits are 
one and the remainder are zero. In unipolar format, we cannot represent a negative value. 

Unipolar format can be mapped to extend the range of stochastic numbers [16]. We can map from 𝑥 

∈ [0, 1] to the range 𝑦 ∈ [−1, 1] using the function 𝑌 = 2𝑋 − 1. This is the called bipolar 

stochastic representation, and it can represent negative numbers in a natural way. For example, 

the same bitstream 0110100100 represents the value 𝑦 = −0.2 in bipolar SC. Again, if we want to 

represent a very large value (> 1), we can use ratio of 1’s to 0’s, which has a number range 𝑧 ∈ 

[0, +∞]. 

 
In this paper, we are working with PWM signals and we do not need to consider negative 

numbers. Therefore, we are only interested in unipolar SC format. In unipolar SC, we can 

perform multiplication operation with logic AND gate. Fig. 4(a) shows the operation of an 

AND gate on two stochastic bitstreams, where 𝑧 = 𝑥 × 𝑦 . Fig. 4(b) shows the scaled addition 

operation of a multiplexer performed on two stochastic bitstreams. In this figure, 𝑥 and 𝑦 are 

inputs, 𝑠𝑠 is the scale factor, and 𝑧𝑧 is output. They are all represented in unipolar SC, thus 𝑥𝑥, 𝑦, 

𝑠, 𝑧 ∈ [0,1]. The multiplexer circuit computes: 𝑧 = 𝑠 × 𝑦 + (1 − 𝑠) × 𝑥. 
 

Table 1. Behaviour of different components 

 

 Rise time Overshoots Settling 

time 

Steady 

state error 

Proportional decrease increase Small 

change 

decrease 

Integral decrease increase increase eliminate 

Derivative increase decrease decrease No change 
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Fig. 2. Simple PID block diagram 

 

 
 

Fig. 3. Block diagram of a basic servo controller 

 

3. PROPOSED WORK 
 

In this section, we describe our implementations of servomotor controller based on both 

quadrature decoder and alternative efficient decoder. We start with quadrature decoder-based 

implementation and then move on to the efficient decoder-based implementation. 

 

3.1. Quadrature Decoder based Implementation 

 
3.1.1. Decoder Implementation 

 
We want to implement a decoder which uses a counter that increments or decrements according to 

the quadrature signals (pulse tarin 𝐴 & 𝐵) from incremental encoder. Fig. 5 shows our circuit 

implementation of quadrature decoder. This circuit counts all the transitions of the quadrature 

inputs i.e., both leading and trailing edge of pulse train 𝐴 and 𝐵. We use two delay flip-flops (D-

FFs) to generate delayed version of pulse train 𝐴 and 𝐵. All the four signals (𝐴, 𝐵, delayed 𝐴, delayed 

𝐵) are fed into a four input XOR gate to generate count enable signal. 𝐴 and delayed 𝐵 are fed into a 

two input XOR gate to generate counter Up/Down signal. Depending on the direction of rotation of 

the encoder, either pulse train 𝐴 leads pulse train 𝐵 or vice versa. If for clockwise (CW) rotation (𝐴 

leads 𝐵), the counter counts up, then for counterclockwise (CCW) rotation (𝐵 leads 𝐴), 

counter counts down. To provide the direction signal, we use another D-FF. We check for the 𝐵 

signal in every positive edge of 𝐴. When 𝐴 is leading, the direction is ‘0’, and when 𝐵 is leading, 
direction is ‘1’. Thus, we can determine the encoder rotation direction. 

 

Now we need to convert this position information from counter to time-encoded (PWM) 
waveform. Fig. 6 shows a small flowchart diagram for PWM generator. 
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Fig. 4. Basic SC operation of (a) unipolar multiplication, (b) scaled addition 

 

 
 

Fig. 5. Digital quadrature decoder 

 

 
 

Fig. 6. PWM generator 

 
We introduced a counter named PWM counter and initialized as 0. With every positive edge of 

clock, this counter goes up till a specific value, thus creating a ramp like signal. The period of 

PWM waveform depends on the maximum value of this counter and period of clock signal. 
Initially, the value of PWM counter is less than position counter. But with each clock cycle, the 

value of PWM counter goes up and eventually crosses position counter sooner or later. Thus, we 

get a PWM signal that is in high state at the beginning and in low state at the end. 
 

We can use a similar method for desired position command signal and get another PWM signal 

and direction signal. Then we can calculate the absolute difference of PWM signals between the 

desired position command signal and feedback signal using a simple XOR gate as shown in Fig. 
7. We use another XOR gate to find out if the direction of feedback signal and command signal 

is same or not. If their direction is same, the XOR output will be low and vice versa. 
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3.1.2. Controller Implementation 

 

Now, we want to implement a controller which is similar to PID controller, but with stochastic 

method. It is not necessary to have separate circuit blocks for every block (PRO, INT, DIF) in fig. 

2 and they can be combined when we design the system in SC. For proportional part, we need to 
multiply the error signal with a proportional constant. We will have to use a constant number 

source and convert it to stochastic bitstream using stochastic number generator (SNG). But we 

want to avoid this because this will add up too much hardware resources. We are going to assume 

proportional constant 𝐾𝑝 is 1. We can design the circuit such that, 𝐾𝑝 = 1, provides us with 

necessary output. Similarly, we are going to assume integral constant and derivative constant, 𝐾𝑖 
= 𝐾𝑑 = 1. Therefore, we do not need any linear feedback shift register (LFSR) and SNG to convert 

constant numbers to stochastic bit streams. Implementation of stochastic derivative circuit can be 

very complex and resource consuming. Therefore, we will combine the integral and derivative 

part together and avoid implementing separate stochastic derivative circuit. 
 

The digital integrator can be expressed as 𝑦(𝑛) = 𝑥(𝑛) + 𝑦(𝑛 − 1). Fig. 8 shows implementation of a 

traditional digital integrator. A delay register is used to hold the previous output of the integrator 

and this delayed output is sent back to the adder to perform the integration function. Fig. 9(a) 
shows our first approach of implementing stochastic integrator by replicating the accumulator 

design shown in fig. 8. In fig. 9(a), 𝑋 represents the stochastic bitstream, which we want to 

integrate. We used an m-bit register for delay unit, where m is the length of stochastic bitstream. 
We also used a MUX for the adder operation. After our implementation in Verilog, we see that 

this kind of implementation does not really work as integrator. Because MUX only does scaled 

addition in SC and, in this case, the result is just the average of two consecutive error signals 
which does not serve our purpose. We want our integrator to add up the error to a specific extent 

determined by integrator constant. There is another way to implement the integral part for our 

controller [17]. Fig. 8(b) shows the proper implementation of stochastic integrator. An N-bit 

up/down counter is employed to integrate the input (error signal). Our error signal is in PWM 
format, and the counter takes input only in positive edge of clock signal. Therefore, if we 

have 𝑛𝑛 number of clock cycles between each PWM signal period, we can say the input to the N-

bit counter is a 𝑛 bit stochastic number. For large input value to the counter, the number of ‘1’s 
should be higher than the number of ‘0’s appeared in the bit-stream. If the input data has large 

value which means the probability of ‘1’ appears in the bit- stream is high, the output of the 

up/down counter will go up in proportion to the value of the input data, and vice versa. 

 
Therefore, for a large error, the integral part will give very large value. This will help to figure 

out if the motor rotation direction should be changed or not. Also, how fast the motor should 

rotate will be determined from this value. When the error becomes small, the integral part starts 
to reduce quickly. 

 

 
 

Fig. 7. XOR gate as subtractor of command signal and feedback signal 
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Fig. 8. Accumulator design of a digital integrator 

 

 
 

Fig. 9. (a) Wrong approach to stochastic integrator, (b) Right way to implement stochastic integrator [17] 

 
But in this implementation, we need pseudo random engine which will increase circuit 

complexity. Also, to control the level of integration, 𝐾𝑖  should be multiplied with the error signal, 

which will again increase hardware requirements. To solve this problem, we made a little change 

to this circuit. Fig. 10 shows our modified integrator. 

 
In fig. 10, the N-bit up/down counter value is compared against a constant offset value, which we 

can choose for our system. By selecting a suitable constant offset value, we can have control over 

our integration level and avoid using SNGs to generate required constant values. Fig. 11 shows 
the flowchart of our stochastic integrator operation. 

 

Now we have two PWM signals (error signal and integral signal), and they have some overlapping 

and non-overlapping ‘on’ state portion. When the direction is opposite between desired position 
command signal and feedback signal, we want a PWM signal with large duty cycle (more than a 

threshold value to indicate motor should turn the other direction). So, we use an OR gate 

between error signal and integral signal. Therefore, the resultant PWM will have larger duty cycle 
than both error signal and integral signal as shown in fig. 12(a). If the directions are same, we 

want a short duty PWM signal. Therefore, we do an AND operation between error signal and 

integral signal, so that PWM signal will have a positive pulse for only their overlapping portion 
as shown in fig. 12(b). Fig. 13 shows the process with a small flowchart diagram. Depending on 

the servo motor type, we can choose the appropriate PWM signal pulse width. 
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Fig. 10. Modified stochastic integrator 

 

 
 

Fig. 11. Flowchart of our stochastic integrator operation 

 

 
 

Fig. 12. PWM generation for servomotor using ‘AND’ and ‘OR’ gate 

 

3.2. Efficient Decoder based Implementation 
 
Unfortunately, quadrature decoder requires too many FFs, XOR gates and counters for both 

feedback and command signals. So, we want an alternative hardware efficient decoder for our 

servo controller. 
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3.2.1. Decoder Implementation 
 

According to our new alternative and more efficient decoder, when pulse train 𝐴 leads pulse train 

𝐵, at the rising edge of 𝐴, 𝐵 is always ‘0’. When 𝐵 leads 𝐴, at the rising edge of 𝐴, 𝐵 is ‘1’. We use 𝐴 as a 

clock for an FF and 𝐵 as its input. Then we can detect the direction of the rotation according to the 

value of 𝐵. For clockwise (CW) rotation, direction value is ‘0’ and for counterclockwise (CCW) 

rotation, direction value is ‘1’. For position information, we only need to generate a signal that 

has larger duty cycle when we have more pulses of 𝐴 and 𝐵, and vice versa. So, a simple approach is 

to OR signals 𝐴 and 𝐵 together. In this way, we only need 1 FF and 1 OR gate for decoder 
implementation. 

 

We can use a similar method for command signal and get another position signal and direction 
signal. Therefore, we need two FFs and two OR gates for decoding both command and feedback 

signals. Also, we need one XOR gate to find whether their directions are same or not. Therefore, 

we have 3 input signals for the controller, two position signals for command and feedback, and 
one direction signal as shown in fig. 14. In this figure, f_A, f_B, f_dir, and f_pos are associated 

with feedback signal, and c_A, c_B, c_dir, and c_pos are associated with command signal. 

 

3.2.2. Controller Implementation 

 

Now, we want to implement a controller with stochastic method, which provides PWM signal 

for the servomotor. For the controller part, we use counter for determining the pulse width of 
final PWM. When command position signal is high, counter counts up to increase the pulse 

width of PWM. If the motor shaft rotation is in the opposite direction, counter counts up at a much 

faster rate. If the motor shaft rotates in the same direction, counter counts down to decrease the 
pulse width. Fig. 15 shows the decision tree for the counter operation. 

 

 
 

Fig. 13. Final PWM waveform generation for servo motor 
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Fig. 14. Efficient decoder for command and feedback signals 

 
 

Fig. 15. Counter decision tree 

 
From fig. 15 we see that, when direction of motor shaft and command signal are opposite (dir), 

counter counts up at a very fast rate (count+4) to generate high duty cycle PWM signal for the 

servomotor. When the width of the PWM reaches the threshold value, motor will try to correct 
its direction of rotation. For same direction (~dir), counter counts up (count+1) or down (count-2) 

depending on the state of command signal and feedback signal respectively. We can select the 

counter increase or decrease rate according to the motor type and system, to provide us with 

required PWM signal. We also need to generate a ramp like signal to compare against the counter 
as shown in fig. 6. For example, we can implement a ramp signal generator that has a period of 

20ms. Therefore, we can generate our PWM signal with 20ms period. 

 
For this implementation, we need less hardware resources than quadrature decoder-based 

implementation, especially because we used simpler stochastic decoder. 

 

4. SIMULATION AND ANALYSIS 
 
For the proposed designs, we perform simulations to estimate the hardware complexity of the 

designs by implementing them in Xilinx Artix-7 through Vivado HLS software. In order to 

evaluate the performance and hardware complexity of the proposed SC based controllers, we 
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compare them with a BC based PID controller. For BC based implementation, we employed the 
PID architecture proposed in [18] with quadrature decoder. Fig. 16 shows the PID controller 

design. 

 

We present the simulation results achieved by Vivado HLS 2019.2. We use Verilog to model our 
circuits and select Xilinx Artix-7 chip xc7a35tcpg236-1 as the target FPGA device. We have 

shown a comparison of hardware resources (area), power, and speed in fig. 17, between our 1st 

stochastic approach with quadrature decoder, 2nd stochastic approach with efficient decoder and a 
digital deterministic approach. In fig. 17, we considered only dynamic power consumption. 

Implementation of servomotor controller using SC, compared to BC, can reduce the required area 

for 1st SC approach and 2nd SC approach by 56.7% and 73.7% respectively and it can save 
dynamic power consumption by 33.33% for both SC methods. As the results show, SC achieves 

better performance compared to BC for hardware realization of servomotor controller. 

 

 
 

Fig. 16. Block diagram of a digital PID controller 

 

 
 

Fig. 17. Comparison of area, power, and spread for different implementation 

 

5. CONCLUSION 
 

In this paper, we studied two SC based servo controller architectures. From our simulation 

results, we can claim that SC based architectures provide more efficient circuits compared to BC 
based architecture for servomotor controller. Also, our 2nd SC approach is more hardware 

efficient than 1st SC approach because it requires simpler decoder circuit. But our 1st SC 

approach requires simpler controller part because we don’t have to generate ramp signal and 
comparator, as our error signal is already in PWM waveform. Therefore, speed is much higher 

for our 1st SC approach. In our SC based controller circuits, we did not use a separate derivative 

part because it may complicate the design too much and it is not mandatory for our design. But 
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adding a separate derivative part might provide a more flexible control over our designs. In our 
future work we will try to incorporate an efficient stochastic derivative part in our circuits. 
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