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 This paper introduces a kind of novel backstepping phase- locked loops (PLL). The paper 
presents a developed theoretical model of (PLL) frequency synthesizer and provides 
analytical equations for calculating the desired specification such as phase margin (PM). 
The proposed model aims to improve the control accuracy, ensure stability and reducing 
the lock time. Adaptive controller algorithm has been used to design a conventional phase 
locked loop to operate at 2.2GHz using 0.18 μm CMOS technology. The lock time was 
reduced by adding nonlinear controller in addition with the low-pass filter (LPF) and the 
tuning variables of the adaptive control to ensure the control accuracy.  The simulation 
results confirm that the stability of the system has been improved and increase Phase 
Margin (PM) from 56o to 60o. Furthermore, the simulation results indicate that the 
performance of adaptive PLL control has greater speed response and smaller overshoot 
than conventional PLL. The lock time for the conventional PLL was 2.1 μs and it is reduced 
to 1 μs by adding adaptive controller, showing a reduction of the lock time by 53% over the 
classical PLL.  
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1. Introduction  

This  paper is an extension of work originally presented in 
conference [1]. The phase-locked loop (PLL) considered as an 
important part in many applications. Phase-Locked loop (PLL)  
has been widely used in different applications such as electronic 
application, communication system etc. [2]. Moreover, it is used 
for data transmission and are manufactured as integrated circuit 
[3]. PLL considered as an electronic circuit with voltage driven 
oscillator that permanently adjust to correspond the frequency of 
an input signal. PLL has been used to generate, stabilize, filter or 
recover signal from noisy communication channel [4]. Most 
application of different system requires the oscillator to be tunable 
[5]. Therefore, their output frequency will be a function of a 
control input and frequency can be adjusted or controlled by 
voltage of the control signal. Stability of the system is a critical 
issue for many designers. Phase margin consider as one of the 
stability metrics for assigning system robustness. This paper 
includes stability analysis of the PLL to remain system unchanged 
over time from external condition. 

2. Modeling PLL  

The systematic model of the phase- locked loop (PLL) 
nonlinear controlled system is shown in Figure 1. Moreover, the 
linearized model of the PLL and nonlinear controller is illustrated 
in Figure 2. The PLL consists of the voltage control oscillator, 
phase frequency detector, charge pump, divider and traditional 
low-pass filter. The first functional block of the PLL is the PFD 
(phase frequency detector) which effects on the performance of the 
PLL where it compares the phase of two input signal one usually 
comes from VCO [5]. Figure 3 and Figure 4 show the structure of 
PFD. Secondly, the charge pump works as a switch current source 
that controlled by the phase difference between oscillator and 
reference [6]. Figure 5 shows the charge pump. Furthermore, the 
loop filter and backstepping controller are considered as a one of 
functional block of PLL. The second order loop filter is shown in 
Figure 6. The voltage gains of the VCO (voltage-controlled 
oscillator) is a major parameter in the PLL that effects lock time 
[7]. An illustration of the three stages current-starved VCO (CS-
VCO) is shown in Figure 7. Frequency divider consists of TSPC 
technique. TSPC employs a true single-phase clock that is the only 
clock signal needed and never inverted, which avoids the usage of 
two non-overlapping two-phase clocks and thus increase the speed 
[8]. The divider based on TSPC is shown in Figure 8. 
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Figure 1: Systematic model of Phase Locked Loop with adaptive Control 

Figure 2: Linearized model of the system 

 
Figure 3: PFD 

Figure 4: Structure of the PFD 

 
Figure 5: Structure of the CP 

Figure 6: Loop Filter 

Figure 7: Structure of the current-Starved VCO 

Figure 8: Structure of the TSP 
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3. Theoretical Analysis 

Backstepping design technique is a motivating topic for many 
researchers, it is widely used and became as one of the featuring 
new methods for stabilizing strict-feedback, nonlinear systems [9]. 
Backstepping control is a nonlinear control that used one of the 
state as a control input to control the other states [10]. The 
technique is based on generating a family of global asymptotically 
stabilizing control laws starting the design procedure by defining 
stable system and determining controller that gradually stabilize 
each outer subsystem. The process terminated when the external 
control is attained [11]. The method basically depends on applying 
Lyapunov functions in which guarantees the stability of the related 
system [12]. 

4. Design Proposed 

In this section, we will explain the steps needed to implement 
the backstepping method. The open loop transfer function of PLL 
can be defined in Equation (1).  

𝐺𝐺(𝑠𝑠) = 𝑠𝑠𝑘𝑘b+𝑘𝑘a

𝑠𝑠2�𝑠𝑠+
�1+𝐶𝐶1𝐶𝐶2

�

𝑅𝑅1𝐶𝐶1
�

                                                                    (1) 

Where       𝑘𝑘a = � 𝑘𝑘𝑣𝑣𝑣𝑣𝑣𝑣𝐼𝐼𝑣𝑣𝑐𝑐
𝑁𝑁𝑅𝑅1𝐶𝐶1𝐶𝐶2

�    ,     𝑘𝑘b = 𝑘𝑘𝑣𝑣𝑣𝑣𝑣𝑣𝐼𝐼𝑣𝑣𝑐𝑐
𝑁𝑁𝐶𝐶2

  , 

 
𝐾𝐾𝑉𝑉𝑉𝑉𝑉𝑉  is the VCO gain   and   Icp is the charge pump current. 
Finding the state space of the system from the transfer function 
Equation (1). 
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Rearrangement the system is the first procedure of the 
backstepping controller.  

𝑉𝑉1 = 𝑘𝑘1
2
𝑥𝑥22                                                                                     (4) 

The derivative of Equation (4) is taking. 

�̇�𝑉1 = 𝑘𝑘1𝑥𝑥2(𝑥𝑥2̇)                                                                           (5) 

Substituting Equation (2) in Equation (5) yields. 

�̇�𝑉1 = (𝑥𝑥2)(𝑘𝑘1𝑥𝑥3)                                                                        (6)  

Choosing the controller in Equation (10) to ensure the stability of 
the system.  

𝑘𝑘1𝑥𝑥3 = −𝑘𝑘2𝑥𝑥2                                                                            (7) 

𝑘𝑘1𝑥𝑥3 + 𝑢𝑢 = −𝑘𝑘2𝑥𝑥2 + u                                                          (8) 

𝑘𝑘1𝑥𝑥3 + 𝑥𝑥3̇ +
�1+𝐶𝐶1 𝐶𝐶2� �

𝑅𝑅1𝐶𝐶1
𝑥𝑥3 = −𝑘𝑘2𝑥𝑥2 + u                                  (9) 

𝑢𝑢 = 𝑥𝑥3̇ + �𝑘𝑘1 +
�1+𝐶𝐶1 𝐶𝐶2� �

𝑅𝑅1𝐶𝐶1
�𝑥𝑥3 + 𝑘𝑘2𝑥𝑥2                                     (10) 

�̇�𝑉1 = −𝑘𝑘2𝑥𝑥22 < 0                                                                        (11) 
 

The schematic of backstepping controller is shown in Figure 9.  

 
Figure 9: Backstepping Control 

 

5. Stability Analysis 

The open loop transfer function of PLL system is shown in 
equation (12). 

𝐺𝐺(𝑠𝑠)  = 𝐾𝐾𝑉𝑉𝐶𝐶𝑉𝑉𝐼𝐼𝐶𝐶𝐶𝐶
𝑁𝑁𝐶𝐶2�1+

𝐶𝐶1
𝐶𝐶2
�
� (𝑠𝑠 𝑅𝑅1𝐶𝐶1+1)(𝑠𝑠2(2𝐶𝐶2𝑅𝑅2𝑅𝑅1𝐶𝐶1)+𝑠𝑠(𝑅𝑅1𝐶𝐶1+2𝑅𝑅2𝐶𝐶1)+1)

𝑠𝑠2(𝑠𝑠2(𝐶𝐶2𝑅𝑅2𝑅𝑅1𝐶𝐶1)+𝑠𝑠(𝑅𝑅1𝐶𝐶1+𝑅𝑅2𝐶𝐶2+𝑅𝑅2𝐶𝐶1)+1)�𝑅𝑅1𝐶𝐶1𝑠𝑠
1+𝐶𝐶1𝐶𝐶2

+1�
�   

                                                                                            (12) 

The magnitude of the G(s) has been plotted with respect to 
frequency ω as shown in Figure 10.  
 

 
Figure 10: Bode Plot of the G(s) 
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The crossover frequency (𝜔𝜔𝑃𝑃𝑃𝑃) has been determined [13]. 

20𝑙𝑙𝑙𝑙𝑙𝑙 �𝐾𝐾𝑉𝑉𝐶𝐶𝑉𝑉𝐼𝐼𝐶𝐶𝐶𝐶 
𝑁𝑁(𝐶𝐶2+𝐶𝐶1)� = 𝑥𝑥1 + 𝑥𝑥2 + 𝑥𝑥3 + 𝑥𝑥4                               (13) 

 
𝑥𝑥1

𝑙𝑙𝑙𝑙𝑙𝑙(𝜔𝜔𝑧𝑧1) = 40                                                                         (14) 

 
𝑥𝑥2

𝑙𝑙𝑙𝑙𝑙𝑙�𝜔𝜔𝑐𝑐1�−𝑙𝑙𝑙𝑙𝑙𝑙(𝜔𝜔𝑧𝑧1) = 20                                                         (15) 

 
𝑥𝑥3

𝑙𝑙𝑙𝑙𝑙𝑙� 1
𝑅𝑅1𝐶𝐶1

�−𝑙𝑙𝑙𝑙𝑙𝑙�𝜔𝜔𝑐𝑐1�
= 40                                                       (16) 

 
𝑥𝑥4

𝑙𝑙𝑙𝑙𝑙𝑙(𝜔𝜔𝐶𝐶𝑃𝑃)−𝑙𝑙𝑙𝑙𝑙𝑙� 1
𝑅𝑅1𝐶𝐶1

�
= 20                                                      (17) 

 
 

 

𝜔𝜔𝑃𝑃𝑃𝑃(𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑏𝑏𝑏𝑏𝑏𝑏𝑘𝑘𝑠𝑠𝑤𝑤𝑏𝑏𝑏𝑏𝑏𝑏𝑤𝑤𝑏𝑏𝑙𝑙) ≈  
𝐾𝐾𝑉𝑉𝐶𝐶𝑉𝑉𝐼𝐼𝐶𝐶𝑃𝑃 
𝑁𝑁(𝑉𝑉2 + 𝑉𝑉1) 

𝜔𝜔𝑏𝑏1

𝜔𝜔𝑧𝑧3𝜔𝜔𝑧𝑧1

=
𝜔𝜔𝑏𝑏1

𝜔𝜔𝑧𝑧1
𝜔𝜔𝑃𝑃𝑃𝑃(𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑙𝑙𝑜𝑜𝑤𝑤 𝑏𝑏𝑏𝑏𝑏𝑏𝑘𝑘𝑠𝑠𝑤𝑤𝑏𝑏𝑏𝑏𝑏𝑏𝑤𝑤𝑏𝑏𝑙𝑙) 

                                                                                                   (18) 
 

Where 
 

𝜔𝜔𝑏𝑏1 = −� 𝑅𝑅2+𝑅𝑅1
2𝐶𝐶2𝑅𝑅2𝑅𝑅1

�+ �� 𝑅𝑅2+𝑅𝑅1
2𝐶𝐶2𝑅𝑅2𝑅𝑅1

�
2
− � 1

𝐶𝐶2𝑅𝑅2𝑅𝑅1𝐶𝐶1
�,         (19) 

 

 

𝜔𝜔𝑏𝑏2 = −� 𝑅𝑅2+𝑅𝑅1
2𝐶𝐶2𝑅𝑅2𝑅𝑅1

� − �� 𝑅𝑅2+𝑅𝑅1
2𝐶𝐶2𝑅𝑅2𝑅𝑅1

�
2
− � 1

𝐶𝐶2𝑅𝑅2𝑅𝑅1𝐶𝐶1
�,         (20) 

 
 

𝜔𝜔𝑧𝑧1 = −�2𝑅𝑅2+𝑅𝑅1
2𝑅𝑅1𝐶𝐶2𝑅𝑅2

�+ ��2𝑅𝑅2+𝑅𝑅1
2𝑅𝑅1𝐶𝐶2𝑅𝑅2

�
2
− � 2

𝐶𝐶2𝑅𝑅2𝑅𝑅1𝐶𝐶1
�,           (21) 

 

𝜔𝜔𝑧𝑧2 = −�2𝑅𝑅2+𝑅𝑅1
2𝑅𝑅1𝐶𝐶2𝑅𝑅2

� − ��2𝑅𝑅2+𝑅𝑅1
2𝑅𝑅1𝐶𝐶2𝑅𝑅2

�
2
− � 2

𝐶𝐶2𝑅𝑅2𝑅𝑅1𝐶𝐶1
� ,          (22) 

 

𝜔𝜔𝑧𝑧3 = −� 1
𝐶𝐶1𝑅𝑅1

�,                                                         (23) 

 

The phase margin can be calculated as shown below: 
 

PM =  𝑡𝑡𝑡𝑡𝑡𝑡−1 �𝜔𝜔𝐶𝐶𝑃𝑃
𝜔𝜔𝑧𝑧1

� + 𝑡𝑡𝑡𝑡𝑡𝑡−1 �𝜔𝜔𝐶𝐶𝑃𝑃
𝜔𝜔𝑧𝑧2

� + 𝑡𝑡𝑡𝑡𝑡𝑡−1 �𝜔𝜔𝐶𝐶𝑃𝑃
𝜔𝜔𝑧𝑧3

� −

𝑡𝑡𝑡𝑡𝑡𝑡−1 �𝜔𝜔𝐶𝐶𝑃𝑃
𝜔𝜔𝑐𝑐3

� − 𝑡𝑡𝑡𝑡𝑡𝑡−1 �𝜔𝜔𝐶𝐶𝑃𝑃
𝜔𝜔𝑐𝑐2

� − 𝑡𝑡𝑡𝑡𝑡𝑡−1 �𝜔𝜔𝐶𝐶𝑃𝑃
𝜔𝜔𝑐𝑐1

�,   
                                                                                                 (24) 
 

 

6. System Simulation 

     A 0.18µm CMOS technology was used to simulate the 
proposed design, test and verify the dynamic response of 
backstepping phase lock loop (PLL). The transistors size of the 

VCO, Divider, Gates and Charge Pump is shown in Table 1. 
Maximum overshoot and settling time have been considered    as a 
performance metrics to compare the performance of conventional 
PLL and backstepping controller with PLL. The comparison 
between the actual PLL and the implementation of backstepping 
controller with PLL has been shown in Figure 11 and Figure 12 
respectively. The results based on proposed design is showing a 
smaller overshoot and fast response time with lock time of 1µs 
where the lock time of the classical PLL was 2.1µs. The new 
scheme increases the speed and make the system more faster in 
order to settle the desired voltage where each voltage applying to 
the VCO represents as a frequency as shown in Figure 12. 
Figure13 shows Division ratio. The division ratio is 16 when the 
input and output frequencies are 2.3 GHz and 142 MHz. Figure 
14 shows the increased of the measured tuning range of the VCO. 
The measured tuning range increases from 0.3 to 4 GHz, as the 
control voltage is increased from 0.6 to 1.8 V. Figure 15 
represents that the phase noise is -79.24 dBc/Hz at 1MHz offset.  
The performance summary of this paper is shown in Table 2. 
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To insure stability, the phase margin should be at least 45 degree. 
Typically, the value of C2/C1 is set in the range of 1/10 to 1/6 for 
conventional PLL that limit phase margin and settling time. By 
adding backstepping the phase margin is function of R2 and it is 
improved as shown Figure 16 and Figure 17. The phase margin 
without backstepping is 56.4˚ and with backstepping is 60.6˚.The 
improvement is 7.44%. 

 

Table 1: Sizing of the Transistors 

Device Transistor Ratio 

VCO 

PM1 27.778 

PM2 28.333 

NM1 11.667 

NM2 11.111 

Divider PM 16.667 

NM 11.111 

Not 

Gate 

PM 27.78 

NM 11.67 

Nand 

Gate 

PM 27.78 

NM 17.78 

Nor  

Gate  

PM 66.67 

NM 15.56 

Charge  

Pump 

PM1 17.78 

PM2 8.88 

NM2 2.22 

NM1 11.11 
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Figure 17: Phase margin as a function of R2 
 

Table 2: Performance Summery 
                   

Technology CMOS 0.18µm 

Voltage supply 1.8 V 

Power Dissipation  11.079 mW 

Phase noise -79.24dBc/Hz @1MHz 

Tuning Range 300MHz – 4GHz 

Lock Time 1µs 

 

In this paper, we present adaptive controller to PLL. The 
modeling, tuning and simulation of proposed design are presented 
in this work. In addition, stability analysis is produced by 
determining phase margin of open loop transfer function of PLL 
from Bode plot. A 0.18µm CMOS technology was used for circuit 
designed. In general, it is evident that the established model shows 
through simulations the superiority and effectiveness 
performance of the backstepping controlled PLL over the 
conventional PLL. The proposed controller proved to achieve 
greater speed response and smaller overshoot when it compared 
to conventional PLL. The results based on proposed design is 
showing a fast response time with lock time of 1µs where the lock 
time of the classical PLL was 2.1µs reducing the lock time by a 
53%. Simulation results also confirm that the proposed controller 
works very well, in which it improved control accuracy and it 
stability. Furthermore, the phase margin that is considered as one 
of the stability metrics of system showing an increase from 56○ to 
60○. 
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