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All Digital FM Demodulator

Kartik Nair

ABSTRACT

The proposed demodulator is an all-digital implementation of a FM demodulator. The proposed
design intends to implement a FM demodulator for high-speed applications, which makes the
requirements for analog components minimal. The proposed circuit is an all-digital quadrature
demodulator, where the individual components have been implemented without using any
multipliers. The topology uses a Pulse width modulation (PWM) block to avoid the need for a DAC.

The Xilinx virtex-7 FPGA has been used as the reference device for the work. The circuit is
validated through behavioral simulations and the results conclude the proposed circuit demodulates
the targeted FM channel and provides the spectrum information for the targeted FM channel.



All Digital FM Demodulator

Kartik Nair

GENERAL AUDIENCE ABSTRACT

With the rise in popularity of reconfigurable hardware, such as FPGAs, digital signal processing has
become one of the most widespread usage of such devices. The major advantage of using FPGAs for
implementing signal processing algorithms is that they provide very less time to market and can be
re-modeled or modified in easily. Moreover, the netlists designed for FPGAs can be easily translated
to ASICs.

As wireless communication has become omnipresent, modulation and demodulation schemes
have become an area of great interest. With the increase in data rates for the modern-day
communication systems, the digital implementation of these algorithms is becoming more and more
common. This is further aided by the advancements in high-speed ADCs and the Electronic Design
Automation (EDA) tools, which have made the usage of FPGAs lot more feasible and a lot more
efficient.

This work discusses the demodulation scheme for one of the most widespread modulation
algorithms, Frequency Modulation (FM). An all-digital FM demodulator design is proposed for high-
speed implementation on FPGAs. The proposed design is an all-digital quadrature 1-Q based

demodulator.
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Chapter 1

Introduction

1.1 Motivation

In recent years, a lot of progress has been made in the field of high-speed ADCs. The sampling
rates of ADC have touched the range of Giga samples per second (GSPS). The advent of such high-
speed ADCs has seen the rise of direct RF sampling radio architectures. These architectures enable us
to shift the design to the digital domain from the conventional RF/analog domain.

This shift to the digital domain, enabled by high-speed ADCs, eliminates the need for analog
filters. Also, the digital implementation makes the design more robust towards noise. Implementing
the design on a reconfigurable platform, such as a FPGA, provides additional benefits of cost
effectiveness, less time to market and easy remodeling. The netlists generated for the FPGAs can also
be easily translated to ASIC designs.

This work aims at providing a FM demodulator design that can be implemented onto the

FPGAs and can provide the demodulated FM spectrum information.

1.2 Scope of the Proposed Research

FM is one of the most common and most widespread RF standards. In a FM modulated signal,
the information of the baseband signal alters the frequency characteristics of a high-frequency carrier.
At the receiver’s end, the frequency information from the modulated signal is extracted and the original
message signal is reconstructed to get a discernable output.

Most commonly, the FM demodulators were implemented in the analog domain. Several
schemes are available for the same, such as a quadrature detector, Phase-Locked Loop (PLL) detector,
Foster-Seeley discriminator and ratio detector.

However, in digital domain, two of the most common schemes to implement a FM demodulator

are: PLL based demodulator and a quadrature demodulator. A PLL based architecture is a coherent



demodulator that tracks the input signal and generates an error signal, that is used as the demodulated
output. It provides superior performance; however, it presents more complexity. [1,2,3] discuss the
architectures for an all-digital PLL (ADPLL). An ADPLL architecture can be used for FM
demodulation implementation on FPGAs. On the other hand, a quadrature demodulator is a non-
coherent demodulator. It extracts the phase information from a FM signal and uses the phase
information to extract the message signal. [3,4] discuss the FPGA implementation of 1-Q
based/quadrature architecture for demodulation applications.

This work focuses on a quadrature/lI-Q based FM demodulator design where the use of
multipliers is avoided for individual functional blocks, as adders or subtractors are faster and easier to

implement.

1.3 Proposed Approach and Technical Contributions

An all-digital FM demodulator is designed for high-speed applications. The major contribution
of the work is to implement the demodulation scheme without using any multipliers for filtering,
sinusoidal generation and phase detection. The work uses the pulse width modulation (PWM) to
generate the output, hence, avoiding the use of a DAC.

Typically for a digital implementation of a demodulator, certain portions are implemented as
part of the analog frontend, such as filtering, down-conversion or even decimation. According to
Nyquist theorem, the data must be sampled at a frequency at least twice the bandwidth (Nyquist rate),
for possible reconstruction of the signal. If a signal is sampled close to its Nyquist rate, the need for
analog filters become stringent. However, the modern-day high-speed ADCs have sampling rates in
the GSPS range. These high sampling rate ADCs sample the input data at a much higher frequency
than twice the bandwidth of the signal.

The main contribution of this project is to carry out filtering and down-conversion in the digital
domain. This results in a minimal or no analog frontend.

The proposed design was written using the Verilog hardware description language (HDL) and
simulated using ModelSim and icarus verilog. The simulated results were plotted using MATLAB.
The netlist for the modules were generated using Xilinx Vivado 2019.2, for a Xilinx Virtex-7 FPGA.
The input data used to verify the modules was captured using a AD9689 ADC.



1.4 Organization of this Thesis

The organization of this thesis is as follows. Chapter 2 discusses the preliminary concepts
required to understand the work. The chapter goes through the various topologies used in previous
works to implement digital FM demodulators. It also talks about certain concepts that are crucial to the
work. Chapter 3 gets into the proposed design, starting with the specifications for the design. The
working and implementation of individual blocks is discussed in this section. Implemented block
diagrams for the individual blocks are shown for the blocks. Chapter 4 provides the behavioral
simulation results for the blocks and verification results for each block. The netlist generated for the
blocks is also presented. Chapter 5 concludes the thesis by going through the lessons learned from this

work and discussing some future goals for the work.



Chapter 2

Preliminaries

This chapter provides the basic knowledge about the broadcast FM and previous digital FM
demodulator design. The following information is intended to make the proposed work and
contributions of the work more comprehensive. Section 2.1 details the basics of broadcast FM and
conventional 1-Q demodulator. Section 2.2 explains the implementations that have been used in
previous works. Section 2.3 explains an important concept of fixed-point arithmetic and Section 2.4

summarizes the chapter.

2.1 Pre-requisite
2.1.1 Broadcast FM

FM broadcasting is a radio broadcasting technology based on frequency modulation. It was an
upgrade over AM broadcasting, since it provided a higher quality broadcast. The standard FM spectrum
is a subset of VHF frequency spectrum and ranges from 88MHz to 108MHz. As per the definition of
frequency modulation, the frequency deviation of a carrier varies depending on the amplitude of the
modulating baseband signal. In case of FM broadcasting, the maximum frequency deviation is £

75KHz. Typical spectrum for a baseband signal transmitted through FM is shown in Figure 2-1.
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Figure 2-1: Typical baseband spectrum FM.

This work focuses on extracting the mono audio (left + right) information spectrum for a

desired channel.

2.1.2 Conventional Analog FM Demodulators

For a FM signal, the amplitude of the baseband message signal causes the frequency deviation
for a high frequency carrier. Hence, to demodulate a FM signal, the demodulator should be able to
extract the amplitude information from the frequency variations of the received signal.

Two of the most popular FM demodulation techniques are a PLL based demodulator and a
quadrature demodulator. A PLL demodulator is a coherent detector, whereas a quadrature detector is
non-coherent detector. A quadrature demodulator is easier to implement, and it is easier to ensure its
performance. Both [5,6] have discussed the quadrature demodulator in detail. The reference design of

a conventional quadrature demodulator can be seen in Figure 2-2.
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Figure 2-2: Conventional analog quadrature detector.

2.2 Previous Designs

Various topologies have been adopted to enable FPGA implementation of a digital
demodulator. In this section, we are going to look into two such topologies. [7] discusses a mixed
demodulator topology for FM demodulation. In this work, the design is divided into three parts: a
quadrature mixer, FM demodulator and an output filter.

The purpose of the quadrature mixer is to generate the | and Q components from an input FM
signal. A look-up table (LUT) method has been used to generate the sine and cosine components.
The second stage is a FM demodulator. The FM demodulator is implemented using a mixed
demodulator. A mixed demodulator composes of a delay demodulator and a phase adapter
demodulator [9]. The final stage, low pass filtering, is implemented as an IIR filter.

[8] has proposed a design that uses 1-Q demodulator along with an analog front end for
extracting demodulated FM spectrum and getting RBDS information. An analog filter is used to
obtain the IF and then the IF is passed to the ADC. The digitized data is fed to a I-Q demodulator.

2.3 Fixed-Point Arithmetic

One of the concepts that has been used throughout the design is fixed-point arithmetic. To
make the design more accurate, it important to be able to work with fractional numbers. However, a
binary word only represents integers. Fixed-point arithmetic allows us to be able to represent fractional

numbers in form of binary words.



A fixed-point binary number is represented as “<W,L>". Where,
W = Word width

L = Fractional bits

A binary fixed-point number can be interpreted to have the binary point after ‘L’ bits from the
LSB, as seen through the example shown in Figure 2-5. The remaining W-L bits denote the integer

part.

Figure 2-3: Fixed-point representation

2.4 Chapter Summary

In this chapter, the preliminary concepts related to this work were introduced. The FM
broadcasting was discussed, and the FM spectrum was shown. Furthermore, we looked at conventional
analog FM demodulator. Moving on, two previous design for digital FM demodulators were looked at
and their implementation was studied. To conclude the chapter, an important concept of fixed-point

arithmetic was discussed.



Chapter 3

Proposed Work

This chapter discusses in detail the proposed all-digital FM demodulator. The all-digital design
is an 1-Q demodulator, with minimal or no analog frontend (a LNA may or may not be required
depending on the receiving antenna). A high-speed ADC is used to digitize the received FM signal.
The signal is then fed to the proposed FM demodulator on the FPGA. The high-speed serial data from
the ADC is decimated and then | and Q components are generated for the data. An ARCTAN method
is used to extract the phase information from the | and Q components. The phase information is then

used to obtain the frequency information of the signal.

3.1 Design Specifications

The specifications of the proposed design are as listed in Table 1.

Table 1: Design Specifications

Specification Requirement
ADC Sampling Rate 2.56 GHz
Frequency Range 88 MHz — 108 MHz
Data Format <16,14>

The ADC is a high-speed ADC that samples the FM signal at a rate of 2.56 GHz. The sampled
data is input to the FPGA in the <16,14> format, through a high-speed serial interface. The target
frequency range for the design is 88MHz-108MHz. For this work, the design is made specific to the
98.7 MHz channel. The design demodulates and presents the frequency spectrum for this channel. The

data is in 2’s compliment, <16,14> fixed-point format.



3.2 Design Implementation

The proposed design is implemented on the FPGA. This implemented design would be part of
the FM receiver setup. The entire radio receiver will look similar to what is shown in Figure 3-1. As
the ADC has a very high sampling rate of 2.56GHz, it is able to capture a wide bandwidth of data.
Also, since the FM band is highly oversampled, the analog front end can be implemented without using

an analog filter. Oversampling relaxes the need for an analog filter with stringent design requirements.

Serial
Interface

e

FM Demodulator Audio
—
(FPGA) Output

N~
A4
A 4

LNA 14-bit ADC

\ 4

Figure 3-1: Digital FM Radio Setup

The sampled data from the ADC is passed through a high-speed serial interface that follows
the JESD204B serial protocol. Hence, the data available to the proposed FM demodulator is in
<16,14> format.

Figure 3-2 presents the block diagram of the proposed all digital FM demodulator. The input
data is decimated using a cascaded integrator-comb (CIC) decimator before the I and Q components

are generated for the input FM signal.

Stage I

Cic /
Decimator
Sine
Stage | g : Phase- Pulse H ——
Input_/_’ cic | Sine/cosine Arctan(Q/l) |-/ Frequency |/ Width }—»! Audio T Audio output
i Decimator eenRIsiar Conversion Modulation| : ™ :
A
Cosine
Stage I
cic /
Decimator

Figure 3-2: Proposed All Digital FM Demodulator



The decimated input signal represents a wide band of spectrum. To obtain the information for
the 98.7 MHz channel, the data is down converted. The down conversion is carried out by
multiplying the signal through a sinusoidal of 98.7 MHz. After down conversion, the 98.7 MHz
signal can be seen as a baseband signal. A low pass filter is used on the down converted signal to
extract the information from the 98.7 MHz channel and reject the undesired spectrum information.

Once the baseband channel is isolated, the | and Q components of the signal are used to find
out the phase of the signal. The difference relationship between the phase and frequency is then used
to obtain the frequency of the signal. The following sub-sections go through individual blocks of the

design.

3.2.1 CIC Decimator

In modern day DSP architectures, CIC filters have become quite prominent. CIC
decimators or interpolators can be implemented using adders and subtractors only. The lack of
multipliers makes them preferable for high speed applications. This architecture is studied in great
detail in [10-14].

The specifications of the CIC decimators used for this design are as shown in table 2.

Table 2: CIC Decimator Specifications

Parameters Stage | Stage Il
Decimation Factor (R) 8 16
Differential Delay (M) 1 10
Number of stages (N) 1 1

10



Figure 3-3 shows the basic structure of a CIC decimator. The integrator part always works at
the higher frequency, while the comb section always operates at the lower frequency. The output
frequency of a CIC decimator is the lower frequency, reduced by the factor ‘R’. Hence, the CIC
decimator carries out low pass filtering, as well as down sampling.

Figure 3-3: Architecture for CIC Decimator.

The magnitude response of the two CIC decimators can be seen in Figure 3-4(a) and 3-4(b).

Magnitude Response (dB)
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Figure 3-4(a): Stage | CIC Decimator Magnitude Response.
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Figure 3-4(b): Stage Il CIC Decimator Magnitude Response.

3.2.2 Sine/Cosine Generator

The sine/cosine generator block is a digital equivalent of a local oscillator. Digital
implementation of a waveform generator is known as a Digital Direct Synthesis (DDS). The purpose

of this block is to generate the 98.7MHz sinusoidal. The input signal is down converted using these
sinusoidal.

With the rise of DSP, DDS has become an area of great research. Waveform generation is a
critical part of many DSP applications. The ability to generate a sinusoidal is very important for
implementation of modulation and demodulation schemes on a FPGA.

Two of the most popular methods of generating sinusoids in digital systems are a LUT based
method or a COordinate Rotation Dlgital Computer (CORDIC) based method. For this work, a LUT
based method is used. The LUT based method allows for a faster implementation with less circuit
complexity. Figure 3-5 shows the LUT implementation for this work.

As can be seen in Figure 3-6, only a quarter of the sine wave is stored in the LUT, using 1024
elements. Entire sine wave can be generated using any quarter of a sine wave, this property of the

sine waveform is called quarter wave symmetry. Exploiting the quarter wave symmetry of the sine
wave allows for a better resolution and smaller size LUT implementation.

12
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Figure 3-6: Quarter-wave symmetry of sine wave.

For this work, the LUT implementation is used to generate 98.7MHz sinusoidal. The output
frequency of this generator is determined by a component called Phase Accumulator, as can be seen
in Figure 3-5.

The phase accumulator decides the rate at which we cycle through the LUT. The greater the
value of the increment (M) in the phase accumulator, the faster we cycle through the LUT elements.

Figure 3-7 helps understand the same better.

13
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Figure 3-7: Increment (M) decides the rate at which we cycle through the LUT.

The phase accumulator provides a 10-bit address to fetch the corresponding value from the
LUT. The output frequency generated by the LUT is determined by M. For this work, M can be

calculated as following,
N
_ Fout *2

Felk

The desired Fout here is 98.7MHZ, that is generated using a Fcx of 325MHz. Since, the
quarter of sine wave is generated using a 10-bit address, N here will have a value of 12. Therefore,

on substituting the above-mentioned value, we get,
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M =1263.36 =~ 1263

With M = 1263, the LUT will generate a 98.7MHZ sinusoidal with an input clock of
325MHz.

3.2.3 ARCTAN

Once the I and Q components are generated by multiplying the decimated input with the
sine/cosine of desired frequency, they are passed through a channel select filter. For this work, stage
Il CIC decimators carry out the functioning of channel selection. The phase information can be
extracted from the baseband | and Q components obtained after the channel select filters.

To extract the phase information, an arctan (tan™) function must be implemented in hardware.
[8] implements a ROM based arctan. The MSB of | and Q components decide the input address for a
arctan ROM. The input address then returns the arctan for corresponding | and Q values. However,
the problem with this method is that the size of the ROM increases as we want to achieve a better
performance. For this work, a CORDIC algorithm based implementation has been used.

The implementation and analysis of CORDIC algorithm has been a widespread topic for
research. The ability to implement various trigonometric functions makes it a very viable tool.
CORDIC can be implemented on the hardware using various topologies [21-23], however, a state-
machine based approach is implemented in this work.

CORDIC has two modes of operation: Rotational mode and Vectoring mode. For arctan
implementation, vectoring mode of operation is used. In this arctan implementation, input | and Q
components represent a vector. A pre-rotation is carried out initially to rotate and bring the vector

between g to _7" After the pre-rotation, a state-machine is used to iteratively rotate the vector

towards x-axis, as can be seen in the example shown in Figure 3-8.
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Figure 3-8: Vectoring Mode of Operation for CORDIC.
The vectoring mode of operation can be summarized by following equations,

Xisn=Xi =Y;.Dj. 21
Yiszs = Y; + Xi.Dj. 27
Zis1 = Zi—Dj. Tan}(27)

In the above mentioned equations, X and Y represent | and Q information, while Z represents
the phase. D represents the direction of rotation for the vector, such that,

<+1,Yi <0

D=

-1,Yi>0

For each iteration, the vector is rotated by an angle tan™(2"). The value of these roation

angles is stored in ROM, in a <20,8> signed fixed point format. Table 3 shows the angle values
stored in the ROM.
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Table 3: Atan angles used for vector rotations.

i 2 Angle (deg)
{Tan*(2")}

1 1/2 45

2 1/4 26.56

3 1/8 14.04

4 1/16 7

5 1/32 3.57

6 1/64 1.78

7 1/128 0.89

8 1/256 0.44

For each | and Q value, 8 iterations are required to obtain the arctan(Q/I). This allows us to
obtain a fairly accurate result, since a CORDIC algorithm generate an accurate result within 8 cycles.

17



3.2.4 Phase — Frequency Converter

Once the phase information is obtained through the arctan block, it is converted into the
frequency information. To obtain the frequency, the difference relationship between phase and

frequency is exploited, as seen in the equation below,

o= L
Todt At

IfAt=1,
0 = Oj+1 — Dj

3.2.5 Pulse Width Modulation (PWM)

A PWM block is used at the end of the phase-frequency converter. This PWM block drives a
GPIO pin of the FPGA that can be used to drive additional circuit to produce an audio output. [24]
talks about how the PWM block can be used to alter the mean DC value and hence emulate an analog
signal. Moreover, [25] discusses the application of PWM for audio generation.

For this work, the PWM is implemented using a reference counter and a comparator, as

shown in Figure 3-9.

Input Frequency 4 (NJSB) X
Word {20 MHz) % 1 4-bit

Comparator r————— PWM Output

Reference

Increment 4 )
Counter F{MSB)

I

Clock
(320 MHz)

Figure 3-9: PWM Implementation.
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The PWM block accepts a 4 MSB bits of the frequency word and generates a varying duty
cycle based on the input word, as seen in table 4.

Table 4: Duty Cycle for PWM Output

Frequency Word Duty Cycle
15 100
7 75
3 50
1 25

The PWM output is high as long as the reference counter value is less than the input
frequency word. As the reference counter exceeds the value of the input frequency word, the PWM

output becomes low.

3.3 Design Overview

The overall block diagram of the proposed design can be seen in Figure 3-10.
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Figure 3-10: Block Diagram of the Proposed Design.

The input data is obtained from a high-speed serial interface. The data is then decimated
using stage | CIC decimator. The decimated data is then down converted using a DDS producing the
frequency equal to the carrier frequency of the target FM channel, 98.7 MHz. The down converted
data is passed through another CIC decimator to isolate the desired channel. The channel bandwidth
is around 100Khz and hence the stage 11 CIC decimator can bring down the signal to a few MHz

The arctan block is then used to extract the phase information from the decimated data, this
phase information is converted to frequency information using a phase-frequency converter. A PWM

block is used to generate the signal to drive the output GP1O pin.

20



3.4 Chapter Summary

This chapter intends to introduce the proposed design for an all-digital FM demodulator. The

major achievements of the design are:
o No multipliers used for individual blocks
o Filtering, decimation and down conversion are all carried out in digital

domain
o The design allows for a minimal analog frontend.
o PWM output intends to avoid usage of additional DAC.

The proposed design is a quadrature FM demodulator. It uses an arctan based phase

detection, which is useful in obtaining the frequency information.
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Chapter 4

Simulation and Verification

This chapter discusses the simulation results for the design blocks and the entire design. Certain
assumptions have been made with regards to the input data for this design, and that have been
mentioned in this section.

Various tools used for the implementation of this work are specified in this section. Also, the
design flow associated with this work, shown in this section, helps us understand the implementation

procedure better.

4.1 Implementation Requirements

4.1.1 Target FPGA

The implementation of this design has been studied for a Xilinx Virtex-7 FPGA.
Virtex-7 FPGA series belongs to a series of high-speed FPGAs. The features of the virtex-7, that make

it a good option, are mentioned as follows:

e Up to 2 million logic cells
e 28nm process technology
e 88 high-speed serial transceivers

e Transceiver speed = 28.05 Gb/s
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4.1.2 Implementation Environment

As discussed earlier, the input data for this work is considered to be in <16,14> format.
It is assumed that the input sampled data is obtained from a high-speed ADC, AD9689. Some relevant
features of AD9689 are as follows:
e 2.56 Giga samples/ second
. Full-scale voltage = 1.1 Vp
e JESD204B coded serial output

JESD204B is a high-speed serial interface that has gained popularity with high-speed ADCs.
It is implemented as an IP core for FPGAS; hence, its implementation was out of the scope of this
proposed work.

4.1.3 Design Flow

The design flow for the work starts with setting up the target specifications for the design, as
seen in Figure 4-1. Once the target specifications are set, the RTL coding for the blocks are carried out.
Verilog HDL is used for RTL coding and a text editor is the only requirement for this stage. Alongside
the RTL coding, Verilog testbenches are also written for each block. These testbenches are necessary
for behavioral simulation of the blocks. The Verilog testbenches are simulated using Icarus Verilog
and ModelSim. The results are exported to manually to MATLAB for plotting. The simulation
waveforms are viewed with the help of GTKwave waveform viewer.

Once the simulations are performed, the blocks are used to create individual projects for Xilinx

Vivado 2019.1. Vivado is used to generate the synthesizable netlist for each block.
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Figure 4-1: FPGA Development Design Flow.

4.2 Block Simulations

In this sub-section, the simulation results for each block has been provided. As mentioned
earlier, the blocks have been simulated through Verilog testbenches.

4.2.1 CIC Decimator

The design makes use of two different sets of CIC decimators, that vary in
specifications. The stage | CIC decimator has R =8, M=1 and N=1. Whereas, the stage 11 CIC
decimator has R=16, M=10 and N =1. Figure 4-2 shows the correct functionality of the designed CIC
decimator approach through an example.
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As can be seen from Figure 4-2(a) and (b), the step response of the implemented CIC
decimator is same as the expected step response. The expected step response is generated by
implementing a CIC decimator in MATLAB with the same specifications as the HDL implemented

design.

4.2.2 Sine/Cosine Generator

The Sine/Cosine generator has been simulated to obtain a 98.7MHz output, assuming that the
input clock to the block is 325MHz signal.

Generated Sine Output

D: I T T 1 1 @ | Clock
5 6 l l 9 10 | CYCIGS

05+

Amplitude
e

Generated Cosine Output

I i I l ‘ ? Clock
1 l 2 . P |Cycles

05

Amplitude
I

Figure 4-3: 98.7MHz Sinusoidal Output.

The amplitude of the sinusoidal is represented in a signed <16,14> fixed-point format. This
allows for a generation of sine/cosine with amplitude between +1 and -1. The 16-bit output word has
been scaled and plotted in MATLAB to represent the sinusoidal, as seen in Figure 4-3.

As discussed earlier, phase accumulator is an important component of the sine/cosine
generator. The phase accumulator decides the frequency generated at the output of the generator
block, hence, it is important to verify the functionality of the phase accumulator and see its effect on

the output frequency, Figure 4-4.
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Figure 4-4: Effect of Phase Accumulator on Output Frequency.

4.2.3 ARCTAN

The arctan function returns value in the range % to_?" and here, it is verified that the HDL
implemented arctan follows the same response. Table 5 presents the results obtained for the arctan
block for various Q/I values.

Figure 4-5 plots the results shown in table 5. It can be seen from Table 5 that the arctan block

produces results with considerable accuracy. Figure 4-5 verifies that the response of the implemented

arctan is as expected.
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Table 5: ARCTAN output

o]l Arctan (Q/I) Expected Tan™(Q/1)
1 45 45
2 63.43 63.29
4 75.96 76.01
8 82.87 82.63
16 86.42 86.14
-1 -45 -45
-2 -63.43 -63.29
-4 -75.96 -76.01
-8 -82.87 -82.63
-16 -86.42 -86.14

Simulation Result for Arctan[Q/l]
Arctan[Q/I] (Degrees) 80

T

60 -
40 -

20 Qi
L L L | L 1 1 L L L L L L L 1 1 1 L | ] L 1 L L L 1 ] ] ] 1 L | ]
-16-15-14-13-12-11-10 9 -8 -7 6 -5 4 -3 -2 - 12 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Figure 4-5: Behavior of ARCTAN module.
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4.2.4 Phase-Frequency Conversion

The phase-frequency conversion block is implemented using a simple difference equation

relating phase and frequency, as discussed in earlier section.

Clock |||||||||

Phase “Juo Jieo Jpas Y93 Jazz Jsaz Jseo Jees Jeos Jeos Joaz Joss Juiss Juess Jezas Jarss Ja
Frequency
Output

Figure 4-6: Phase-Frequency Relation.

As can be seen in the above figure, the frequency tracks the variation in the phase and the
slope of the phase represents the frequency.

4.2.5 Pulse Width Modulation

The functionality of the PWM block can be seen in Figure 4-6. 16 clock cycles of the

reference clock define a period of the PWM signal. The 4-bit input word decides the duty cycle of the
PWM signal.
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Figure 4-7: PWM Output.

4.3 Demodulated FM Spectrum

Figure 4-7 shows the demodulated FM spectrum obtained for the proposed design. The figure
shows the 100KHz baseband spectrum for the 98.7MHz FM channel. As discussed earlier, the
broadcasted FM spectrum carries a lot of additional information aside from the audio, as can be seen

in Figure 4-7.

240 FM Demodulated baseband spectrum

220 L
|
200 W ]

1|
180 - w

160 -

f| 7

it

dB

140 1 1 L 1 1 1 1 1 1
0] 10 20 30 40 50 60 70 80 90 100

KHz
Figure 4-8: 100KHz Demodulated FM Spectrum.

However, the audio information is stored in the spectrum below 15KHz. For a mono audio

output, the spectrum up to 15KHz is relevant, as seen in figure 4-8.
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Figure 4-9: Mono Audio Spectrum for Demodulated Channel.

4.4 Chapter Summary

15

In this chapter, each individual HDL block was designed and simulated using Verilog. The

design functionality has presented through Verilog testbenches. Simulation results verify the correct

functionality of every block. It is concluded that the proposed design demodulates the desired FM

channel and presents the entire 100KHz spectrum for the desired FM channel. The netlists for each

block was generated once the simulations were verified.

31



Chapter 5

Conclusion

The proposed work implements an all-digital FM demodulator for FPGA implementation.
The proposed design is a quadrature demodulator that extracts the phase information through 1 and Q
components and then converts it into frequency information. The design was able to deliver the
desired output spectrum.

To make the circuit compatible for high-speed needs, it was ensured that each block of the
design was implemented without using any multipliers. A CIC filter was used to carry out decimation
and low pass filtering, as compared to a more traditional FIR approach. This allows the filtering
operations to be executed using adders/subtractors. Also, the high-speed ADC enables the design to
have minimal analog frontend.

The design was implemented using Verilog HDL. The simulations were carried out in Icarus
Verilog and ModelSim, through Verilog testbenches. The netlists for the design are generated using
Vivado 2019.1.

5.1 Proposed Research and Contributions

® Proposed research
€ Design an all-digital FM demodulator using an FPGA.
® Key contribution
€ Design and verification of all digital FM demodulator through simulation
® Key features
€ Filtering, sinusoidal generation and phase detection are accomplished without
multipliers.
€ Adopt PWM at the output to avoid a DAC.
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5.2 Future Goals

The following additions and modifications can be made to the proposed to design for a better
implementation or even an increased functionality,

e Hardware Implementation: Once the JESD204B serial IP core becomes feasible, the
design can be directly implemented on to the FPGA and tested with high-speed
ADCs.

e Radio Data System (RDS) Information: The design can be extended to extract the
RDS information from the demodulated FM spectrum.

e NOAA weather radio: The high-speed high-bandwidth ADC capture a wide spectrum

of data. The design can be modified to capture other VHF standards.
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Appendix

A. Block netlists

—TH

Figure A-1: CIC Decimator

34



|

FLELE

5
]
I

K

LT

|

FigureA-2: Sine/cosine generator

Figure A-3: ARCTAN.
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Figure A-4: Phase-frequency convertor.
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