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Abstract 

In this paper, we introduce the design of a digital frequency modulation receiver using FPGA. The main 

component in the design is digital phase locked loop (DPLL) which compensate any changes between the 

frequency and phase of the input modulated signal and the frequency and phase of numerically controlled 

oscillator.    The input to the receiver is 8-bit represents the sampled discrete time signal from the analog 

modulated received frequency modulation signal. The receiver is designed using Xilinx system generator and 

implemented on the FPGA board (Xilinx Vitrex-7 XC7VX550t board), works with 350 MHz and consumes 120 

mW.   

Keywords: Frequency modulation; Digital phase locked loop; field programmable gate array. 

 

1. Introduction 

Nowadays all fields of wireless communication, networks, satellite and mobile communications systems move 

from analog to digital communications due to reliability, simplicity, efficiently, and low power consumption. 

The block diagram of digital communication system is indicated in Figure 1. 

 

Figure 1:  A Digital communication system 
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Both digital and analogue parts make up the digital communication system. The digital components include the 

digital source/user, encoder/decoder, encoder/decoder for the channel, and the modulator/demodulator for the 

digital signal. Transmitter, receiver, channel models, and noise models make up the analogue portion [1]. An 

electronic medium, specifically a computer, will be conveying the message. The digital information is received 

by the source encoder, which then makes the necessary preparations for the source messages. The channel 

encoder converts a given symbol sequence into another symbol sequence. The digital modulator acts as an 

interface between the communication channel and the encoder, receiving the binary information at the encoder's 

output. The modulator's primary function is to convert the discrete symbols into a channel-transmittable 

analogue waveform. Reverse signal processing takes place at the receiver. Between the sender and the receiver, 

there exists a physical conduit called a channel. No matter what medium is utilised, the signal is contaminated by 

noise [2]. Receiving it, the connection between the source and the target of a transmission is called a channel. No 

matter what medium is utilised, the signal will be distorted by noise. A digital communication system's primary 

function is to carry digital information between a sender and a recipient. It is possible for the signals to be 

distorted as they travel between the two nodes because of the imperfection of the channel. Whether it's the 

frequency, the phase, or the amplitude of a sinusoidal carrier, digital data is sent from sender to receiver in this 

way. To accomplish this, a modulator is used at the sending end on impose the physical change to the carrier, 

and a demodulator is used at the receiving end to detect the modulation. Modulation of the amplitude, phase, or 

frequency of a signal during transmission is known as digital modulation. The bandwidth of the transmitted 

signal is set by the transmission rate of the symbols, which the modulation technique compressed into relatively 

small bundles. For a given signal bandwidth, a higher data rate can be achieved by increasing the number of bits 

per symbol. However, the needed received signal to noise ratio (SNR) for a particular target Bit Error Rate 

(BER) increases as the number of bits per symbol increases [3-4]. Figure 2 depicts the frequency modulation 

(FM) technique or process, which encodes information onto a signal (analogue or digital) by adjusting the carrier 

wave frequency to match that of the modulating signal [5-7]. To put it simply, a modulating signal is any 

information or message that must be sent by electronic signal. 

 

Figure 2: Frequency modulation technique 

 

Similar to amplitude modulation, in frequency modulation an input signal is used to alter a carrier signal. With 

FM, on the other hand, the amplitude of the modulated signal is maintained or kept constant. There is typically a 

need for a bandwidth of 200 kHz or more and a frequency modulation index of greater than 1. FM radio 

transmits at extremely high frequencies, often between 88 and 108 MHz. In order to receive high-quality signals 

with great sound quality, there exist sophisticated circuits with an endless number of sidebands. 

 

In contrast, broadcast stations in the VHF range (88.5 MHz - 108 MHz) frequently employ substantial quantities 

of deviation (75 kHz). Broadband FM is the term for this type of transmission (WBFM). These signals allow for 
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high-quality broadcasts, but they take up a lot of bandwidth. Each wide-band FM transmission typically has a 

maximum frequency of 200 kHz.Conversely, bandwidth consumption is low for communications. However, 

deviation figures about 3 kHz are commonly used in narrowband FM (NBFM). Further, two-way radio 

communications are the primary use of narrow-band FM [5]. Frequency modulation finds most of its uses in 

radio transmission. Since the signal-to-noise ratio is improved, it is a significant benefit in radio transmission. 

That is to say, there is minimal interference with radio waves as a result. Because of this, FM is widely used by 

radio stations to broadcast music. It is also used in radar, telemetry, and seismic prospecting; EEG; various radio 

systems; music synthesis and video-transmission instruments; and so on. Frequency modulation has a number of 

advantages over other types of modulation for use in radio transmission. Due to its higher signal-to-noise ratio, it 

is more effective at filtering out RF interference than an AM signal of the same strength. Because of this, FM 

radio has become the de facto standard for music broadcasting. In this work, we show how to create a digital FM 

receiver with an FPGA. This study delves into the mathematical model, the hardware model, and the outcomes 

of the implementation. 

2. FM Receiver Design 

The block diagram of architecture is shown in figure 3. It simply consists of digital phase lock loop (DPLL) and 

low pass filter (LPF) [8-13]. 

 

Figure 3:  Frequency modulation receiver 

 

The function of phase detector inside DPLL is to perform multiplication between input signal and the signal of 

NCO to determine the phase difference between both of them. The received input signal is: 

 

  ( )      (      )                                                                                (1) 

Where  

  : the input radian frequency 

  : the input phase 

  ( )      (      )                                                                               (2) 

Where 

    the generated phase of NCO signal 

Output of phase detector is product of these two signals, using familiar trigonometric identity we obtain 

  ( )  
  

 
    (          )     (     )                                           (3) 

Where  
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  : phase detector gain 

The term (
  

 
     (           ) is high frequency component and have to be removed by the loop filter 

inside DPLL. While the term (
  

 
     (      ) represents phase difference. The block diagram of phase 

detector is shown in Figure 4. 

 
Figure 4: Phase detector 

 

The NCO's output is displayed at input2, while the modulated input signal is shown at input1. Both of these are 

in the 2's complement format. Following synchronisation via the unit delay, we multiply the values of the inputs, 

with input1 serving as the multiplicand and input2 acting as the multiplier, yielding a 16-bit result; we then scale 

this value by discarding the eight most significant bits. Since the usage of a simple signed arithmetic multiplier 

operation would result in excessive space utilisation, we employ Booth's Multiplication algorithm instead which 

shows in details in figure 5 [14-16].  

 
 

Figure 5: Explanation of Booth multiplication algorithm  

 

Figure 6 shows the block diagram of a first order loop filter used in the receiver system.  

The transfer function of the loop filter is 

 ( )  
   

                                                                       (4)  

 

The pole of the system lies inside the unit circle which means stability of the system. 
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Figure 6: Low pass filter structure  

 

Numerical Controlled Oscillator (NCO) task is to keep the input frequency and phase synchronized with the 

generated frequency and phase of NCO by changing the generated frequency of NCO to match any changes in 

the input frequency and phase. NCO block diagram shown in figure 7 [17-20]. 

 
Figure 7:  Block diagram of NCO  

 

Assuming a system clock frequency of 16 MHz and a free running frequency of 1 MHz for the NCO in question, 

we get 16 samples per cycle. NCO is required to provide output equal to free running frequency when input is 

zero. The offset must be 1/16. Higher frequency results from higher input, and vice versa. The system is a 

straightforward integrator that adds up the input value and converts it to a set of cosine ROM values. We only 

need to define the first quarter with 257 numbers because a cycle can be broken down into four quarters. The 

second and third quarters are carbon copies of the first, with the opposite sign applied. The final component of 

the architecture is finite impulse filter with 16 tap as shown in figure 8. The main function of the filter is to 

smooth the output signal.  

 

 

Figure 8:  Block diagram of FIR filter  
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Figure 9 is a schematic depicting the whole circuitry of a Digital FM receiver. Having been subjected to no 

external signals whatsoever. 

 

Figure 9: Digital FM Receiver system  

 

Afterwards, the NCO's control terminal receives the filtered and amplified. In  PLL, the NCO will lock to the 

input signal if the input frequency. When the NCO is locked in, the frequency is the same as the input signal 

within a defined phase difference [21]. This results in a net phase difference is 

                                               (5) 

generates the correction error voltage that locks the NCO frequency to the input signal frequency, allowing the 

PLL to continue operating. Once locked, the PLL can follow the frequency variations of the input signal and 

serve as an FM demodulator in a receiver system thanks to the system's inherent self-correcting abilities. The 

output of PD  produces the sum and difference frequencies (     ). The NCO will replicate the input 

frequency while the loop is locked, resulting in a difference frequency component of (ω_i-ω_0). 0, hence there is 

no AC component at all in the phase comparator's output. In order to get rid of the accumulated frequency 

(ω_i+ω_0), the loop filter is applied. but the DC part is transmitted and amplified before being sent back to the 

NCO. The transient and steady-state behaviour of the all-digital PLL system can be analysed with the help of a 

mathematical model. Figure 10 indicates block diagram of the architecture in the s-domain  
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Figure 10: Block diagram of PLL system in analyzing transient response  

 

Because of the need to store energy, transient responses are present when an input is made to a physical control 

system before the system settles into a steady state [22-23]. 

The system's transfer function is  

 ( )  
     

                    
                              (6) 

To a stability test using a signal that represented a single frequency step at a fixed phase, mimicking the actual 

input signal, which was FM modulated. The unit step response curve for the system can be plotted in MATLAB, 

as illustrated in figure 11. Overshoots at the transitory state show that the system is stable.  

 

Figure 11: Unit step response for PLL  

3. Simulation Results 

      In figures 12 and 13, we see the simulated waveforms for a fully digital FM receiver circuit when it is 

exposed to square wave modulated data and a triangular wave. According to the transmitted data, the FM 

modulated waveform is displayed in the first row. The NCO output can be seen in the second row, while the 

phase detector (multiplier) output can be seen in the third row. The demodulated output may be found in the fifth 

row, while the accumulator output can be found in the fourth. Since the phase synchronisation is in the 

convergence phase and then the system is stable at the beginning of the simulation phase, the demodulated 

output overshoots [24-27]. 

 

Figure 12: Simulation waveform of the circuit, subjected to square wave modulated input signal  
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Figure 13: Simulation waveform of the circuit, subjected to square wave modulated input signal  

 

 

4. Hardware Results 

       The receiver architecture is implemented using FPGA of type Xilinx Vitrex-7 XC7VX550t board. [28-

33].The device utilization report, which indicates how much resources of the FPGA board are used to implement 

the FM receiver is shown Table 1. 

 

Table 1: FPGA consumed resources 

 

Component Proposed Available 

slice flip flops 98 33280 

4 input LUTs 189 33280 

bonded IOBs 17 519 

Operating frequency 350 Mhz  

Power  120 mW 

 

 

5. Conclusion  

 

A design and implementation of FM demodulator, and receiver is presented. Simulations examines the 

performance of the design and it shows perfect operation. The proposed system is implemented using Xilinx 

Vitrex-7 XC7VX550t board consumes 120mW and operates with 350 MHz  
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