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Abstract: The improvement of noise immunity of a
communication system is an effective way to increase the
capacity of communication systems, which would provide
more qualitative service for a larger number of users. This
task can be solved by lowering the noise threshold of a
phase-locked loop (PLL) in these systems if the dynamic
properties of the device are preserved. The literature review
indicates that such a device with improved noise immunity
has already been implemented, but the effects of noise and
modulation on its dynamic behavior were analyzed sepa-
rately. This article is devoted to the analysis of the behavior
of a digital firmware PLL under the simultaneous influence
of noise and modulation of the input signal. The article
depicts the structure of the classical digital PLL and its
modifications and explains key differences between them.

The simulation of the classical PLL with either
absence or presence of noise at the device input was
carried out. The simulation results show that the PLL is
not able to detect all phase changes when the noise is
present. Besides, the modified PLL has a wider working
frequency range than the classical one under noisy
conditions. The investigations of the PLL dynamic
behavior with the simultaneous influence of random
noise and Binary Phase Shift Keying (BPSK) modulated
input signal was performed. The results of the research
show that the duration of the transient processes during
the processing of the BPSK modulated signal in the
modified device is at least twice as low as that for the
classical one. In addition, the number of errors during
the signal detection increases faster for the classical PLL
than for the modified one when the noise level rises. The
use of the modified PLL in modern communication
systems gives an opportunity to increase their capacity.

Key words: firmware phase-locked loop (PLL), mo-
dified phase detector, binary phase-shift keying (BPSK)
modulation, additive white Gaussian noise (AWGN)

1. Introduction

Nowadays, phase-locked loops (PLL) are versatile
devices used in radio-electronic systems of different
purposes for solving a wide range of tasks from
frequency synthesis and pulse generating to detecting
signals with binary phase-shift modulation [1-3].

The use of new quadrature modulation methods gives a
possibility of using frequency band in communication

systems more efficiently, increasing the number of its users
and making the operation of the system cheaper.

The further development of communication systems
is restrained by the threshold value of the signal-to-noise
ratio (SNR), exeeding which makes the system
ineffective. The threshold value of the SNR affects the
capacity of the communication system which is
determined by the modified Vitterbi formula [4].

Numerous theoretical studies of phase-locked loops
show that there is a contradiction between the choice of
device parameters to ensure its high noise immunity and
the ability to monitor modulated signals [5, 6]. The
increase in the device bandwidth gives an opportunity to
receive signals with a large modulation index, but makes
it vulnerable to external noise and vice versa.

This contradiction was solved in papers [7-9]. These
works present criteria of choosing optimal PLL
parameters to reach the maximum threshold noise
intensity and the maximum hold-in range. These works
also offer the method of the improvement of PLL noise
immunity, which consists in using a modified phase
detector with additional narrow-band filtering of a useful
signal from noise.

The simulation studies carried out in this paper have
shown that the noise threshold of the modified PLL is
significantly reduced for signals with high modulation
index, while nonlinear signal distortions at the output of the
device are reduced. The indicated results proved their
practical value in works [10, 11] which show the efficiency
of using a PLL with a modified phase detector in systems
with quadrature modulation and GPS systems.

In the above mentioned works, the object of the
study was the analog PLL, and the research methods
were limited to the simulation. The described above
studies were improved in work [12], which presents a
firmware implemented PLL with high noise immunity
and experimental investigations of its boundary noise
immunity. The results of the study show that the digital
PLL (created according to the analog prototype) with a
modified phase detector has a lower noise threshold of
up to 2.5 dB and has better dynamic properties
comparing to the classical PLL. However, during the
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research, the influence of external noise and phase
manipulation on the synchronization of the device was
analyzed separately.

Therefore, the purpose of this article is to analyze the
noise immunity of the firmware implemented PLL under
the conditions of simultaneous influence of external noise
and modulated signal at the input of the device.

2. Structure of the classical and modified digital
PLL

This work investigates two types of a digital PLL.
The classical PLL is the first of them and its block
diagram is shown in Fig. 1. It consists of a phase detector
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(PD), a digital filter (DF) and a voltage-controlled
oscillator (VCO), all of them being software implemented.

This PLL contains a first order digital recursive filter
which is the prototype of an analog passive lead-lag
filter. The coefficients of the filter are determined by the
cutoff frequency f. and the coefficient of proportionality
m, calculated by the formulas given in [13].

Other parameters of the PLL are Kpp and K being
the coefficients of transmission of PD and VCO
respectively. These parameters determine the hold-in
range of the device [14, 15] and affect the form of the
PLL frequency response [13].
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Fig. 1. Block diagram of the classical digital PLL [12].
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Fig. 2. The block diagram of the digital PLL with the modified phase detector [12].

The second type of a device considered in this article is
the modification of the first one (Fig. 2). It contains an
additional narrowband filter unit (NBF), whose purpose is
to maximize the filtering of noise at the device input. An
additional high-pass filter (HPF) is included between the
phase detector and the loop filter to compensate for the
suppression of changing the dynamics of a useful signal.

To restore the spectrum of a useful signal correctly
without distortion, the amplitude frequency response
characteristics of the NBF and HPF should be matched
with each other (Fig. 3). This is possible if the
coefficients of proportionality of the two filters are the
same and their cutoff frequencies are determined by the
ratio fypr = fypr/ mo. The mathematical model of such a
device is described in detail in [12].
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Fig. 3. Frequency response of the narrow-band filter and the
high-pass filter [12].
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3. Simulation of the digital PLL

One of the aspects of this work is the simulation of a
radio communication system using the PLL with a
modified phase detector. The investigation of this system
by its simulation is a necessary task before its firmware
implementation. A Matlab Simulink software package
was chosen as a modelling system.

The investigated simulation model contains the
following elements (Fig. 4):

e source of modulated signal;
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e communication channel with additive noise;

e signal detector implemented on the basis of a
PLL with the detuning of variable frequency vy.

The simulation was carried out using signals with
BPSK modulation. BPSK is the simplest type of digital
phase modulation. When this type of modulation is used,
the signal amplitude changes from "0" to "1" with the
signal phase changing. The random digital signal
generated and modulated according to this rule was used
in further simulation.

BPSK signal Communication | Phase i Output
input channel o detector i signal
[y
A4
AWGN Phase-Locked
influence Loop

Fig. 4. Block diagram of the simulation model.
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Fig. 5. BPSK signal detected for various values of frequency detuning under the conditions of absence (a)
and presence (b) of additive noise in a communication channel.
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The research was carried out in the cases of absence
and presence of noise in a communication channel. The
aim of the research is to determine the behavior of the
detected signal depending on the change in frequency
detuning y. The range of the values of frequency
detuning vy is from 0.1 to 0.5. The results of the
simulation are presented in Fig. 5. The first plot (Fig. 5a)
shows the results of the detection of the BPSK signal in
the case of the absence of noise in the communication
channel. The second plot (Fig. 5b) depicts the results of
BPSK signal detecting under the condition of the
additive white Gaussian noise (AWGN) in the
communication channel. The signal-to-noise ratio equals
7 dB. At the threshold level of the detection 1.8 we can
recognize all phase changes, even with different values
of frequency detuning. But after the influence of the
additive noise in the communication channel, two phase
changes are unrecognizable (at 0.01 s and at 0.014 s).

The results of simulation also indicate that the
amplitude of the detected signal increases with the
increase in frequency detuning y and noise power in the
communication channel. The similarity of the signal
behavior during the change of frequency detuning in the
experimental device with the simulation results confirms
the adequacy of this implementation.

In addition to the described simulation of synchro-
nization process with equal fixed levels of normalized
frequency detuning v, a simulation of the gradual change
of this detuning from 0 to 0.7 from the hold-in range
value was also carried out [16] (Fig. 6). In radar systems,
such a change corresponds to the uniformly accelerated
target motion, and in the communication system it
corresponds to the movement of the user.
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Fig. 6. The simulation of the hold-in range in classical (a)
and modified (b) PLL.

The results of simulation taking into account the
combined effect of regular frequency detuning and
additive noise showed that in the classical PLL the loss
of synchronization occurred at the level 0.4 of the hold-
in range value (Fig. 6a), and the modified device,
regardless of somewhat worse phase error variance,
keeps synchronization in the entire given frequency
range (Fig. 6b).
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Fig. 7. Block diagram of firmware implementation of the PLL [12].
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4. Firmware implementation of the digital PLL

Both classical and modified devices were imple-
mented on a Cmod A7-35T development board with the
Field-Programmable Gate Array (FPGA) Xilinx Artix-7
[17]. FPGAs exceed most standard microcontrollers in
operation speed, and their parallel structure enables them
to perform multiple operations simultaneously (which
microcontrollers can only perform sequentially). All
those features facilitate their research.

The board itself does not include built-in analog-to-
digital (ADC) and digital-to-analog converters (DAC).
Therefore, the implemented devices include 12-bit
ADCs (AD7274) and DACs (AD5449), as well as
smoothing filters and an adder, which is built on the
basis of the operational amplifier AD8615 (Fig. 8).

Fig. 8. Setup for experimental research of firmware
implemented digital PLL.

Fig. 8 shows the photograph of the board of
implemented device. Inputs of the device are located on
the right side of the board and its outputs are on the
bottom of the board. The FPGA is connected to a PC via
a USB cable (on the top). Pinouts on the left of the board

45

are designed to connect them to logic analyzer for
adjusting the device.

The software part of the device was developed in the
Xilinx Vivado environment, and the interface between
the PC and the FPGA is modelled in MATLAB envi-
ronment. In MATLAB environment makes it possible to
change the parameters of each component of the device
and the type of the phase detector (classical or modified),
as well as to determine the set of output signals to be
observed on the oscilloscope.

5. Experimental study of the PLL dynamic
behavior under the influence of modulation and noise
The influence of the modified PD on the PLL
dynamic behavior has already been investigated in [12].
However, the above-mentioned study was conducted
under the noise-free conditions. In this experiment, input
signal is the mixture of the BPSK modulated signal and
additive Gaussian noise. As well as in the previous work,
the goal of the experiment is to compare the duration of
the transient processes at the output of the digital loop
filter occurring during a phase step of the input signal for
classical and modified PLLs. Another task was to
estimate the magnitude of this signal in steady state for
both cases to compare the efficiency of noise
suppression in the device.
Experimental studies were carried out for the fol-
lowing values of device parameters:
e Loop gain K = KoKpp=5000s";
e DF cutoff frequency f. = 50 Hz;
o DF coefficient of proportionality m= 0.005;
e NBEF coefficient of proportionality my= 0.1;
e NBF cutoff frequency fyz— 20 Hz;
e HPF cutoff frequency fyp— 200 Hz;
e Sampling rate F; = 100 kHz.
Parameters of the input useful signal are:
e carrier frequency /=5 kHz;
e modulation frequency of the BPSK modulated
signal is 10 Hz;
e normalized amplitude of the signal is 1.25 V.
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Fig. 9. PLL input signal with SNR: a—5 dB; b— 1 dB.
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Fig. 10. Output signal of the digital loop filter and a threshold level of detection for classical (a,b)
and modified (c,d) PLL with input SNR: 5 dB (a,c); -1 dB (b,d).

The signal fed to the device input is shown in Fig. 9.
The left image (Fig 9a) corresponds to SNR equalling
5 dB and the right one (Fig 9b) to SNR equalling -1 dB.
The noise-free signal is shown at the top of the figure,
and mixture of useful signal and additive Gaussian noise
is shown below.

SNR adjustment is achieved by changing the ampli-
tude of the input signal. Since the amplitude of the signal
affects PLL hold range, the input mixture of the useful
signal and the noise is normalized by software, so that the
amplitude of the useful signal might be equal to 1.25 V.

The results of observations are represented in
Fig. 10. Fig. 10a and 10b illustrate the shapes of output
signal from LPF for classical PLL and Fig. 10c and 10d
for the modified PLL. PLL makes a decision about the
reception of digitalised information based on a threshold
principle. In the case of higher SNR values (Fig. 10a and
10c), the number of errors of signal detection with the use
of the classical and modified device is approximately the
same, but the duration of the transient process caused by
the phase steps of the input signal in the modified device
is at least two times smaller than in the classical device. In
the case of lower SNR values (Fig. 10b and 10d) it is
difficult to compare the duration of the transient processes
unambiguously due to the distortion of the output signal
by the noise for both devices. However, for a classical
device, the number of the crossings of threshold detection

level increases significantly with the increase in noise
level, while the number of crossings of this level for the
modified device increases more slowly.

6. Conclusion

This work analyzes the simultaneous influence of
the modulation of the input signal and noise on the
behavior of the digital firmware implemented PLL. The
research was conducted by means of simulation, as well
as on the experimental device. The results of studies
show that under the same noisy conditions the modified
device can keep its synchronization in a wider frequency
range than the classical one. During processing the
BPSK modulated signals transient processes in the PLL
with a modified phase detector are at least twice faster
than in the classical PLL. In the case of low signal-to-
noise ratio, the modified device makes fewer mistakes
during signal detection, because the number of crossings
of the threshold level is smaller than for the classical
device. Thus, the modified device having a higher
potential noise immunity [12] also provides better signal
detection and dynamic properties in the case of the
simultaneous influence of the modulated signal and
noise fed to its input.

The wuse of such a device in the modern
communication systems gives an opportunity to increase
the capacity of these systems and to provide a qualitative
connection for a larger number of users.
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IMITAIIIMHE MOJIEJTIOBAHHSI
TA EKCHEPUMEHTAJIBHE
JOCJII)KEHHS ITIPOT'PAMHO
PEAJII3OBAHOI'O ITIPUCTPOIO
®A30BOI'O ABTONMIJICTPOIOBAHHS
YACTOTH 3 NIIBUILIEHOIO
3ABAJTOCTIMKICTIO

Awnnpiii Bounapes, IBan Makcumis, Cepriii AITyHIH

[TixBUIIEHHS TPaHITYHOI 3aBaIOCTIHKOCTI CHCTEMH 3B’ SI3KY
€ OJIHUM i3 CIIOCOOIB IiABUIIUTH MiCTKICTh CUCTEMH 3B’SI3KY,
IO J1a€ MOXJIMBICTb 3a0€3MEUYUTH SIKICHUH 3B’SI30K U1t OlIb-
01 KUIBKOCTI KopHcTyBadiB. Lo 3a1auy MOXIIMBO BUPIIIMTH
[JISIXOM TOHMDKEHHSI IIIYMOBOT'O MOPOT'y MPUCTPOIO (a3oBoOro
aBromigcrpotoBanHsl 4gactotn (PAITY), sxuit BHKOpHCTO-
BYETBCSl Y IIUX CHCTEMax, 32 YMOBHU 30€peKEHHS AUHAMITHHX
BJIACTHBOCTEH NpPHUCTpOro. B niTepaTypHOMY Orsimi BKasaHo,
IO TAKWi HPHUCTPiH 3 MiABHUIICHON 3aBajoCTiiKicTIO OyIio
peaiti3oBaHO, IPOTE BILUIMB BUIIAKOBHX 3aBajl Ta MOIYJLIi Ha
Horo pobory posrisimaBcs okpeMmo. Lls crarTs mpucBsdeHa
aHaJi3y MOBEMIHKH IM(POBOro MPOrpaMHO-alapaTHOTO IpH-
crporo OAIIY 3a yMOBH OHOYACHOI Mii BUIIAJKOBHUX 3aBajl Ta
MOZYJSILIT BXigHOrO curHaimy. B crarti 300paskeHO OymOBY
KkiacmyHoro Iugposoro mpucrporo GAIIY Tta ioro moxu-
¢ikamii i MOsSICHEHO KJIIOYOBI BiZMIHHOCTI Mix HuUMH. [IpoBe-
JIEHO iMITalliifHe MOJIeIOBaHHs KilacuaHoro npucrpoto GAITY
JUISL BUIIAJIKIB BIZICYTHOCTI Ta IIPUCYTHOCTI BUIIAJIKOBOI 3aBaiu
Ha BXOIl NIPHCTPOIO. Pe3ymbraTé MOIENIOBaHHS ITOKA3yIOTh,
o npuctpiit ®AIY He 3naTHU BiacTexuTy yci 3MiHM (asu
BXIJJHOTO CHI'HAJIy 32 YMOBHM IIpUCYTHOCTI mymy. Kpim Ttoro,
Mozu(iKOBaHMH NPUCTPIN Mae MUPIIMKH POOOUMH YacTOTHUHA
Jniara3oH y 3aBaJIoBil oOcTaHOBII, HIX KiacnaHui. [IpoBexeHO
EKCIIEpUMEHTAIbHE  JIOCHI/DKEHHS JIMHAMIYHOI  ITOBEHIHKH
npucrpoto DAITY 3a omHodacHOi 1ii BHIAJKOBHX 3aBal Ta
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nBitikoBOi (pazoBoi MaHimymsuii BXizHOro curhamy. Pesyins-
TaTu JAOCIHIUKCHHS II0Ka3alu, IO TPHUBAIICTh IEPEeXiIHUX
npoueciB npu o6pobui BPSK curnamy B MomudikoBaHoro
HPHUCTPOIO K MIHIMYM BJIBiUi MEHIUA, HIX JUI KIACHYHOIO
npuctporo. KpiM Toro, KinbkicTs HOMHIIOK IPH JIETEKTYBAaHHI
BXIJJHOTO CHTHAJly 3pOCTa€ IIBHILIE IS KJIACHYHOTO IpH-
CTPOIO, HIX JUIsl MOIM(PiKOBAHOTO, KOJIH 301IBIIYETHCS TOTYXK-
HicTh mymMy. BukopucranHs Mozau(}ikOBaHOrO HPHCTPOIO
ODAIIY y cyqacHHX cHcTeMax 3B’SI3Ky JacTh 3MOTY ITiJBUILUATH
TXHIO MICTKICTb.
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