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Abstract. This article analyzes the current research status of phase-locked loops (PLLs) from 

multiple aspects. The working principle and components of PLL are discussed in detail, 

including the feedback controlling mechanism, clock skew generation and elimination, and 

frequency multiplication. The main components of PLL, including phase detector, low-pass filter, 

and voltage-controlled oscillator, are also explained in the following parts. The article further 

explores the applications of PLL, such as frequency synthesizers and clock and data recovery, 

and the challenges faced in designing PLLs. These challenges include the need for new 

architectures and advanced loop filters and improved phase detectors. Finally, the prospects and 

potential developments in PLL technology will be given. The paper will first present a 

comprehensive review of recent advances in PLL research, focusing on both the theoretical and 
practical aspects of PLL design and application. Then highlight the innovative approaches 

proposed by researchers to address the challenges associated with PLLs, including new 

architectures, advanced loop filters, and improved phase detectors. 

Keywords: phase-locked loop, PLL, feedback control, frequency synthesizer, challenges of 

PLLs. 

1.  Introduction 

Phase-locked loops (PLLs) have become an essential building block in modern communication systems, 
which has been applicated in wireless communication, data storage, clock generation, and frequency 

synthesis [1]. It has become a vital component in the design of high frequency systems because of the 

ability to generate a stable output signal with a well-defined phase relationship to an input signal. Even 
though, nowadays PLLs are widely used in many fields of high frequency systems designing, there are 

still many challenges that need to be addressed in the designing and implementation of PLLs, such as 

PLL stability, jitter, and power consumption. Moreover, the recent trend towards high-speed and low-

power communication systems has also posed new challenges for PLL design, requiring novel 
approaches to improve their performance and efficiency. The paper will also give some information for 

aspects with less attention [2]. For example, the analysis of PLLs has mainly focused on the forward 

direction, where the output frequency is locked to the input frequency. However, in many applications, 
such as clock recovery, the PLL must operate in the reverse direction, where the input frequency is 

locked to the output frequency [3]. 
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The paper will first present a comprehensive review of recent advances in PLL research, focusing on 

both the theoretical and practical aspects of PLL design and application. Then highlight the innovative 

approaches proposed by researchers to address the challenges associated with PLLs, including new 
architectures, advanced loop filters, and improved phase detectors. Additionally, we analyze the impact 

of these approaches on the performance of PLLs, some ignored aspects of PLLs designing and provide 

insights into how they can be further improved in the future.  

2.  Working principle and component of phase-locked loop 

2.1.  Working principle of PLL 

According to its different working principles and methods, phase-locked loop (PLL) refers to a control 

system that can generate output signals with specific rules. By comparing different working principles, 
it can be found that the basic principle of PLL is to match the phase of the input signal again. This 

working method is significantly different from traditional output signals, which is achieved by adjusting 

the frequency of the locally generated signal, which in turn adjusts its phase [1]. This section will provide 
detailed information on how this principle works.  

2.1.1. Feedback controlling in PLL circuit. Feedback controlling in the fundamental part of the whole 

principle. In a phase-locked loop (PLL), it is used to keep the phase and frequency of the output signal 
locked to the phase and frequency of the input signal. This process is achieved through a closed-loop 

control system that uses feedback to continuously adjust the phase and frequency of the local oscillator 

until it matches the input signal, in order to keep the system steady. 

The feedback control in a PLL is based on the concept of phase detection. The phase detector 
compares the phase of the input signal with the local oscillator’s signal, and generates an error signal 

that is proportional to the phase difference between the them. This error signal is then fed back to the 

input of the local oscillator through a low-pass filter, which removes any high-frequency components 
from the signal. 

As the local oscillator frequency is adjusted, the phase difference between the input signal and the 

local oscillator is reduced, and the error signal becomes smaller. Then this process will be repeated until 

the phase and frequency of the output signal match those of the input signal. 

2.1.2. The generation and elimination of clock skew. Clock skew is a timing error that can occur in 

digital systems due to various factors. The following figure 1 is a simple wave which shows clock skew. 

 

Figure 1. Clock skew [1]. 
Before explaining how PLLs address clock skew, here comes some common reasons for the 

happening of it: 

(1) The delay in propagation of clock signals through a transmission line can result in clock skew. 

When clock signals travel through a transmission line, they will experience different delays due to 
factors such as the length of the transmission line, the impedance of the line, and what kind of material 
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is used to make the line [2]. This delay can cause clock signals to arrive at different times and finally 

result in clock skew. 

(2) Temperature and voltage variations can also cause clock skew in digital systems. The propagation 
delay of clock signals can vary with temperature and voltage changes, which can result in clock skew. 

(3) Clock jitter is another factor that can cause clock skew. Clock jitter is the variation in the timing 

of clock signals due to noise or interference. This can also cause a deviation of the arriving of clock 
signals. 

However, PLL can solve the problem of clock skew in digital systems. It can generate a clock signal 

that is synchronized with an input clock signal or a reference clock signal, and then eliminates any 

differences in timing between these signals. 
In order to do this, a PLL compares the phase and frequency of the input clock signal or reference 

clock signal with the phase and frequency [3]. This comparison is done by a phase detector, which 

generates an error signal that is proportional to the phase and frequency difference between the two 
signals, just as the description above in the introduction of feedback control. 

By using feedback control to adjust the frequency and phase of the locally generated clock signal, 

the PLL will be able to eliminate any differences in timing between the input clock signal or reference 
clock signal. This ensures that the clock signals in the digital system are properly synchronized [4]. 

2.1.3. Frequency multiplying. A frequency multiplier in PLL can take an input signal and produces an 

output signal whose frequency is a multiple of the input frequency. It can be implemented using various 

circuit techniques, such as frequency doublers, triplers, or higher order multipliers. 
In the context of a PLL, the frequency multiplier is typically implemented using a nonlinear device, 

such as a diode, transistor, or a mixer, that performs a multiplication operation on the input signal. 

The multiplication factor (M) of the frequency multiplier determines the how much times the 
frequency of locally generated clock signal is increased. For example, if the input clock signal has a 

frequency of 10 MHz, and the multiplication factor of the frequency multiplier is 4, then the output 

clock signal would have a frequency of 40 MHz. 

2.2.  Components of PLL 
The following figure 2 shows the basic circuit of PLL, from which you can clearly see its specific 

working principle and structural composition. Through investigation and research, it was found that this 

structure has good resistance to external interference and fluctuations, and can maintain the stability of 
the entire system.  

 

Figure 2. Basic circuit of PLL [1]. 

The following three parts will explain these three components specifically. 

2.2.1. Phase detector. The importance of a phase detector is self-evident. As a core processing 
component in control, its main function is to assist and identify signal errors, to help the entire system 

maintain a high degree of accuracy and precision at all times, and to avoid affecting the working output 

due to excessive errors.  
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For example, the square signal PD (Phase Detector) is widely used in the designing of PLLs. The 

characteristics of the square signal PDs has the linear type over the phase detection, while triangular 

PDs and sawtooth PDs have different types of phase detection [5]. The following figure shows the 
characteristics of phase detector mentioned above. Figure 3 is the characteristics of the phase detector. 

 

Figure 3. Characteristics of the phase detector [1]. 

2.2.2. Low-pass filter. Among all the structural components of PLL, there is also a very important one, 

which plays a role in eliminating noise and ensuring the stability of the entire system's output current 
signal. Low pass filter is a very important component, so it is necessary to choose the relevant parameters 

and working environment reasonably when selecting and designing. 

The output of the phase detector, which is proportional to the phase error, contains high-frequency 
components that need to be filtered out before it is used to adjust the voltage-controlled oscillator (VCO). 

If these high-frequency components are not filtered out, they will cause the VCO to produce an unstable 

output signal, then result in jitter or frequency instability [6]. 

2.2.3. Voltage-controlled oscillator. A voltage-controlled oscillator (VCO) plays the role generating an 
output signal with a frequency that is synchronized to a reference input signal. By applying a control 

voltage to the resonant circuit, the frequency of the output signal can be adjusted. The VCO operates by 

generating a sinusoidal waveform, with a frequency that is a function of the input voltage applied to it. 
The frequency range of the output signal is typically determined by the components in the resonant 

circuit, such as the inductors and capacitors [7]. 

3.  Applications and challenges of phase-locked loop 

3.1.  Applications of PLL  
PLL has a wide range of applications in electronic systems where frequency synchronization is required. 

Some common applications include clock generation in digital systems, frequency synthesis in radio 

and communication systems. and synchronization of power supply frequencies. The next two part 
include the application in frequency synthesizer as well as the recovery of clock and data in digital 

systems [8]. 

3.1.1. Frequency synthesizer. A frequency synthesizer is an electronic circuit that generates a stable and 
accurate output signal with a frequency that can be varied over a wide range of values [8]. A Phase 

Locked Loop (PLL) is often used in frequency synthesizers to generate the desired output frequency. 
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The PLL acts as a closed-loop control system that compares the frequency of a reference input signal 

with the output frequency of a voltage-controlled oscillator (VCO). Any phase difference between the 

two signals would be processed by PLL's feedback loop, resulting in a DC voltage that is proportional 
to the phase error. 

This DC voltage is then used to adjust the input voltage of the VCO, which in turn adjusts the 

frequency of the output signal until it fits the reference input signal. By controlling the input voltage of 
the VCO, the PLL can generate a stable and accurate output signal with a frequency that is a multiple of 

the reference input frequency. 

Frequency synthesizers that use PLLs are widely used in communication systems, where the ability 

to generate precise and stable frequencies is critical [9]. They are nowadays used in cell phones, Wi-Fi 
routers, satellite communication systems, and many other applications where frequency control and 

stability are essential. 

3.1.2. Clock and data recovery. A Clock and Data Recovery (CDR) circuit is an electronic circuit used 
to extract a clock signal and data from a serial data stream. A Phase Locked Loop (PLL) is often used 

in CDR circuits to generate a stable and accurate clock signal. By controlling the input voltage of the 

VCO, the PLL can generate a stable and accurate clock signal that is synchronized to the data signal. 
CDR circuits that use PLLs are widely used in communication systems, where the ability to 

accurately recover clock and data signals is essential. They are used in high-speed serial communication 

interfaces such as Ethernet, USB, and SATA, where the data rate is in the Gbps range. 

3.2.  Challenges of PLL 
Although PLLs are widely used in many electronic applications, they face several challenges. For 

example, PLLs are sensitive to noise and unwanted signal components that can affect their output 

frequency stability and accuracy. Noise can be introduced from various sources such as power supply, 
substrate, and external interference [10]. So, a novel architecture is needed in order to improve the 

performance of PLLs, and more accurate phase detectors are also required. 

3.2.1. New architectures used in PLL designing. Over the years, various new architectures have been 

proposed for the design of Phase Locked Loops (PLLs) to overcome the challenges faced by traditional 
PLLs and to improve their performance. Here are some examples of new PLL architectures: 

(1) Fractional-N PLL: The Fractional-N PLL is a modified version of the traditional integer-N PLL 

that allows the PLL to generate frequencies that are non-integer multiples of the reference frequency.  
(2) All-digital PLL: The All-digital PLL (ADPLL) uses only digital circuits, eliminating the need for 

analog components such as VCOs and filters [11]. ADPLLs offer several advantages over traditional 

PLLs, including better scalability, lower power consumption, and higher immunity to noise. 
(3) Bang-Bang PLL: The Bang-Bang PLL uses a digital phase detector and a switched capacitor filter 

to achieve high frequency resolution and low phase noise. This architecture is suitable for low-power 

applications and has been used in frequency synthesizers for wireless communication systems. 

These new PLL architectures have contributed to the advancement of PLL technology and have 
enabled the design of PLLs with improved performance, scalability, and power efficiency [12]. 

3.2.2. Advanced loop filters and improved phase detectors in PLL designing. Loop filters and phase 

detectors are critical components of a Phase Locked Loop (PLL), as they determine the stability, noise 
performance, and locking time of the PLL. Over the years, several advanced loop filters and improved 

phase detectors have been developed to address the challenges faced by traditional PLLs and improve 

their performance [13]. Here comes some examples: 
(1) Proportional-Integral (PI) loop filters: PI loop filters are commonly used in PLLs due to their 

simplicity and good stability characteristics. However, they can suffer from poor transient response and 

phase noise. To address this, advanced PI loop filters have been developed that use non-linear elements 

such as RC filters, resonators, or active elements to improve the PLL's performance. 
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(2) Charge-pump phase detectors: Charge-pump phase detectors are widely used in PLLs due to their 

simplicity and good performance. However, they can suffer from offset errors, which can cause phase 

noise and limit the PLL's locking range. To address this problem, improved charge-pump phase 
detectors have been developed that use current-mirror techniques, self-calibration circuits, or multi-level 

quantization to reduce offset errors [14]. 

(3) Digital phase detectors: Digital phase detectors offer several advantages over analog phase 
detectors, including better accuracy, programmability, and noise performance. But they will be 

influenced by delay errors and quantization noise [15]. In order to solve this problem, improved digital 

phase detectors have been developed that use delay-locked loops, dynamic latches, or multi-phase 

clocking to improve their performance. 
These advanced loop filters and improved phase detectors have contributed to the development of 

PLLs and significantly improve their performance, stability, and noise characteristics, making them 

more suitable for a wide range of applications in communication systems, radar, instrumentation, and 
other fields. 

4.  Prospects and discussion 

Phase-Locked Loop (PLL) technology has come a long way since its inception and has found extensive 
applications in various domains such as telecommunications, data storage, and wireless communication. 

However, there is still a great potential for further developments and improvements in PLL technology. 

A potential development of PLL technology is the introduction of new architectures and designs [16]. 

New designs such as fully digital PLL (ADPLL) and fractional N PLL have been developed. These new 
designs have improved performance, reduced power consumption, and made them more suitable for 

modern applications. 

Another potential development is the use of advanced loop filters and phase detectors. The loop filter 
is an essential component of a PLL, and its performance plays a significant role in the overall system. 

Similarly, improved phase detectors, such as the Bang-Bang phase detector, have been developed to 

offer better performance and reduced power consumption. 

Furthermore, PLL technology has the potential to be used in emerging technologies such as 5G 
wireless communication, Internet of Things (IoT), and artificial intelligence. The increasing demand for 

high-speed communication and low-latency systems also requires the development of new PLL designs 

that can offer better performance and stability in these systems. PLL technology can be used in AI 
applications as well, such as machine learning, where accurate timing signals are required. 

5.  Conclusion 

In conclusion, the Phase-Locked Loop (PLL) is an essential component in electronics, providing stable 
output frequency and eliminating clock skew. The feedback controlling with PLLs adjusts and maintains 

frequency stability. Meanwhile, there are still many challenges in its design including developing new 

architectures and optimizing modules like loop filters and phase detectors. With the increasing demand 

for higher performance and accuracy, we can expect further research and development in the field of 
PLLs to continue pushing the boundaries of what is possible. 
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