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SUMMARY 

With rapid development in the area of RF and wireless communication, the 

interest in frequency synthesizers has grown rapidly in the last few years. 

Frequency synthesizer is used for local oscillator (LO) generation. In this thesis, 

our aim is to explore high-frequency low-power LO generation in CMOS 

technology. We focus on three most power-hungry blocks in a frequency 

synthesizer, which dominate the total power consumption due to their high-

frequency operation, namely voltage-controlled oscillator (VCO), frequency 

divider and frequency multiplier, as these circuits are the bottleneck to achieve 

the above mentioned aim. Through reducing their power consumption, the total 

power consumption of the frequency synthesizer can be reduced significantly. 

Moreover, the phase noise of the frequency synthesizer is significantly 

dependent on the VCO and the frequency multiplier. Thus, novel ideas for these 

circuits are proposed in Chapter 3, Chapter 4 and Chapter 5. Finally, these ideas 

are implemented in a frequency synthesizer as a design example in Chapter 6. 

The frequency synthesizer can operate at the 24-GHz Instrument, Scientific and 

Medical (ISM) band, which can be used for automotive short range radar. With 

these ideas in these proposed circuits, the proposed frequency synthesizer can 

have better performances than those previous designs [1] [2] [3]. 

Firstly, a divide-by-2/3 injection-locked frequency divider (ILFD) is 

proposed based on a conventional ILFD with a fixed division ratio, which can 

be used to design a programmable frequency divider in an integer-N phase-

locked loop (PLL). As the most critical characteristic in the low-power and 

high-frequency ILFD, the operation range is analyzed and then its design 



Summary 

15 

 

equations are derived mathematically. Thus, the mutual operation range in both 

the divide-by-2 and divide-by-3 modes can be optimized. With a power 

consumption of 3.15 mW, the operation range of the proposed circuit in the 

divide-by-2 mode is 3.44~5.02 GHz while the operation range in the divide-by-

3 mode is 4.28~4.81 GHz. Moreover, the figure of merit (FoM) for the ILFD is 

1.527 GHz/mW. 

Secondly, a dual-band VCO is designed with a VCO stacking on top of an 

ILFD for a dual-band frequency synthesizer. With a power consumption of 3.2 

mW, the tuning ranges of the dual-band VCO's frequency bands are 4.48~5.86 

GHz and 2.24~2.93 GHz, respectively. Moreover, the FoM for the upper and 

lower frequency bands are -187.1 and -190.1 dB, respectively. 

Thirdly, a ×2 injection-locked frequency multiplier (ILFM) is proposed with 

high operation frequency and high conversion gain, while has low power 

consumption. Moreover, the topology of the proposed circuit is analyzed and its 

design equations for operation range and conversion gain are derived. A ×(3/2) 

fractional frequency multiplier (FFM) is also proposed based on the novel 

topology and optimized for its operation range. The proposed FFM also has 

high conversion gain and low power consumption at high-frequency operation. 

Finally, a 24-GHz frequency synthesizer is proposed for low-power 

operation. Contribution and generation of the phase noise in the frequency 

synthesizer are analyzed in detail. Through the measured results, it is shown 

that the frequency synthesizer has very low power consumption of 11.86 mW 

and low phase noise of -104 and -113 dBc/Hz at 1-MHz and 10-MHz offset 

frequencies, respectively. 
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CHAPTER 1  

Introduction 

1.1 Motivation 

A frequency synthesizer is used to generate a signal at a precise frequency, 

which is found in test and measurement equipments, as well as in 

communication equipments. In general, RF frequency synthesizers are designed 

based on the concept of phase-locked loop (PLL). 

In a transceiver design, there is a clear trend towards full integration of the 

RF front-end on a single die for low cost and low power consumption. The 

design of RF building blocks in a CMOS technology is now an important 

research topic in order to replace the more expensive bipolar technology. 

Although CMOS technology suffers from inferior device physics, continued 

investment on a large scale has increased its suitability for being used at high 

frequencies [4]. Another noteworthy advantage is the large number of 

interconnect layers now commonly available in CMOS RF/analog/logic 

processes, which leads to more compact designs. Therefore, a deep sub-

micrometer CMOS technology can be used to incorporate the RF circuits with 

the baseband circuits on the same chip. Fully integrated CMOS RF building 

blocks are crucial and have been widely explored [5] [6]. 

However, there are still some limitations in the current CMOS technology, 

such as low transconductance of CMOS transistor at high-frequency operation. 

As a result, the implementation of high-frequency fully integrated frequency 

synthesizer still remains a challenge. Firstly, the transit frequency ft of CMOS 
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transistor limits the operating frequencies of the CMOS in high-frequency 

circuits. The voltage-controlled oscillator (VCO) and the first-stage frequency 

divider, known as a prescaler, operate at the highest frequency in a frequency 

synthesizer, so they are the crucial blocks in the design of a frequency 

synthesizer. Secondly, high-frequency circuits often have high power 

consumption in RF circuits. In the frequency synthesizer, the total power 

consumption normally increases with its operation frequency. Generally, the 

VCO and the first-stage frequency divider dominate the total power 

consumption of the frequency synthesizer. 

Currently, there are still many challenges in the design of high-frequency 

and low-power frequency synthesizer using the low-cost technology. This can 

be illustrated in the following examples. In [7], an integer-N charge-pump PLL 

in 0.13 µm CMOS technology achieved the high operating frequency of 21 

GHz. In this design, a differential LC VCO and a group of current mode logic 

(CML) frequency dividers are used. However, the power consumption of this 

circuit is high. In [8], a Ku-band frequency synthesizer in 0.18 µm CMOS 

technology demonstrates the highest frequency 16.9 GHz only. In [9], a 24-

GHz PLL is designed in a 0.18 µm CMOS technology under 1-V supply power, 

but it needs a very high reference frequency of 12 GHz. 

 

1.2 Objectives 

In this thesis, our aim is to explore high-frequency low-power LO generation 

in CMOS technology. We focus on three most power-hungry blocks in a 

frequency synthesizer, which dominate the total power consumption due to 
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their high-frequency operation, namely voltage-controlled oscillator (VCO), 

frequency divider and frequency multiplier. Through reducing their power 

consumption, the total power consumption of the frequency synthesizer can be 

reduced significantly. 

For high-frequency and low-power LO generation, three approaches are 

investigated in this thesis. Firstly, it is found from literature that an injection-

locked oscillator (ILO) has considerable advantages for low-power and high-

frequency operation [10] [11]. With this concept, a frequency divider and a 

frequency multiplier can be designed based on the ILO, namely injection-

locked frequency divider (ILFD) and injection-locked frequency multiplier 

(ILFM), respectively. Thus, both the ILFD and the ILFM can operate at high 

frequency and consume low power. Secondly, a stacking topology is 

implemented in order to reuse the current. If two blocks, such as the VCO and 

the first-stage frequency divider, are designed in the stacking topology, it is 

possible to reduce the total power consumption. Finally, the power consumption 

of a frequency synthesizer can be reduced by incorporating an ILFM. In 

addition, the phase noise of the output signal from the frequency synthesizer 

can be improved through the ILFM. 

 

1.3 Major Contributions of the Thesis 

There are four important contributions in this research. Firstly, a divide-by-

2/3 ILFD is proposed based on an ILFD, which has a pair of switched 

capacitors in order to switch the division modes [MYN, J1]. The ILFD's 

operation range is analyzed based on gain and phase conditions and then its 
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design equations are derived mathematically. Thus, the mutual operation range 

in the two division modes can be optimized based on these equations. The 

proposed circuit has lower power consumption and better figure of merit (FoM) 

than other dual-modulus frequency dividers. 

Secondly, a dual-band VCO is designed with a VCO stacking on top of an 

ILFD [MYN, J2]. The biased current in the VCO is reused by the ILFD, so the 

total power consumption can be reduced significantly. With low power 

consumption, the proposed circuit provides both the upper and lower band 

frequency. Moreover, the dual-band VCO performs excellently on the typical 

VCO's FoM. 

Thirdly, a ×2 ILFM is proposed based on a novel topology for low-power 

and high-frequency operation, while the proposed circuit is analyzed 

mathematically [MYN, J3]. The design equations of the conversion gain and 

operation range are derived against the magnitude of the injection current. 

Similarly, a ×(n+1)/n fractional frequency multiplier (FFM) is proposed for 

high-frequency operation, where n is 2 in this design [MYN, J4]. The operation 

range of the ×(3/2) FFM is optimized with low power consumption. 

Finally, a 24-GHz frequency synthesizer is designed for low-power 

operation. Phase noise generation and contribution in the frequency synthesizer 

are analyzed in detail. It is shown through theoretical analysis and measurement 

that the frequency synthesizer has very low power consumption and low phase 

noise. 
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1.4 Organization of the Thesis 

This thesis is organized into seven chapters. In Chapter 1, the motivation, 

objective and contributions of the thesis are introduced, followed by an outline 

of the thesis. In Chapter 2, the topology of a basic PLL is reviewed. Based on 

the topology, the linear model of the PLL is described mathematically. Then, 

the performance of a PLL is discussed, including reference spur, phase noise 

and lock time. Moreover, some VCOs and frequency dividers are investigated 

in detail as the most important building blocks in a PLL. At the end, the model 

of an ILO is analyzed. 

In Chapter 3, conventional divide-by-2/3 frequency dividers are studied. The 

proposed divide-by-2/3 ILFD is presented and its operation range is analyzed. 

In Chapter 4, the proposed dual-band VCO is described, and then the design 

techniques are explained in detail. In Chapter 5, the ×2 ILFM is presented with 

the detail analysis on its performance, including the injection current, 

conversion gain and operation range. Furthermore, the ×(3/2) FFM is presented 

with the analysis on the optimized operation range. In Chapter 6, the proposed 

frequency synthesizer is described, then the analysis on its phase noise is 

discussed and verified through measurement. 

Finally, the thesis conclusions are given in Chapter 7. Moreover, some 

interesting research areas are discussed for future work. 
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CHAPTER 2  

Overview of Phase-Locked Loop 

Frequency synthesizer is commonly used to generate LO signal in a wireless 

transceiver. The LO signal is required to down-convert the RF to a lower 

Intermediate Frequency (IF), or to up-convert the IF to the RF [12]. The design 

of a frequency synthesizer still remains one of the challenging tasks in RF 

systems because it must meet very stringent requirement, such as phase noise, 

power consumption and tuning range. Typically, the frequency synthesizer is 

designed based on a PLL that is also used in clock data recovery circuits [13] 

[14]. The quality of the LO signal is fully dependent on the design of the PLL. 

 

2.1 Topology of a PLL 

A PLL is a negative feedback system, which achieves a precise definition of 

the output frequency. A general topology of a basic PLL is shown in Figure 2.1. 

It consists of a phase detector, a loop filter, and a VCO. If the PLL is designed 

as a frequency synthesizer, a frequency divider is used in the feedback path. 

Thus, the output signal operates at the frequency fout that is the N times of the 

frequency fref of the reference signal, where N is the division ratio of the 

frequency divider. 
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Figure 2.1: Topology of a basic PLL 

In the PLL, the output of the phase detector is proportional to the phase 

difference between its two input signals. One of the input signals is fixed at a 

very stable frequency, which is generally generated by a quartz crystal in 

practical applications or by a signal generator for measurement in laboratory. 

Meanwhile, the other input signal is less stable and comes from the frequency 

divider or directly from the VCO. The phase detector can be implemented in 

four main methods [15]. The first method is a multiplying phase detector, which 

is based on the multiplication of two sinusoidal signals from the same 

frequency. The second and third methods are an OR-exclusive-based and a flip-

flop-based phase detectors, respectively, which operate with the zero crossings 

of the input signals. The last method is a phase frequency detector (PFD). Its 

output is dependent on both the phases and frequencies of its two inputs. 

Comparing with the first three methods, the PFD is aimed to lock both 

frequency and phase. A charge pump with the PFD instead of a phase detector 

is used to improve the performance of the PLL [12]. 

The loop filter is usually a low-pass filter in which the phase detector's 

output is filtered to produce the VCO’s tuning voltage. The filter is required to 

suppress the voltage ripple and to reduce spurious tones and distortions of the 

oscillator. The dynamic of the PLL is closely dependent on the design of the 
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filter, including natural frequency, damping factor and loop bandwidth. In 

addition, a passive filter is usually preferred than an active filter because the 

latter results higher complexity, cost and noise. 

The VCO has a tunable output frequency as the PLL's output. The VCO's 

output angular frequency ωPLL is the function of a tuning voltage Vtune that is the 

voltage after the loop filter. 

                           (2.1) 

where ω0 is the angular frequency of the VCO at Vtune=0 and KVCO is the gain or 

sensitivity of the VCO. 

Integrating (2.1) with respect to time, the excess output phase θPLL(t) can be 

given by 

                              (2.2) 

With the input signal from the VCO, the frequency divider is used to 

generate its output signal at the corresponding output frequency. With the 

divide-by-N frequency divider, the output frequency of the VCO is divided by 

N. Thus, the output angular frequency of the frequency divider can be expressed 

as 

       
       

 
        (2.3) 

Integrating (2.3) with respect to time, the phase of the frequency divider's 

output θFD(t) can be given by 

       
       

 
        (2.4) 

When the two inputs of the phase detector are equal, the phase difference at 

the phase detector's output is constant with time. After the loop filter, Vtune is 

constant so that the VCO oscillates at a fixed frequency. Thus, all signals in the 
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PLL reach a steady state and the PLL is in the locked state. 

                      (2.5) 

where θref(s) is the reference's phase signal. Substituting (2.5) into (2.4), 

        
       

 
        (2.6) 

Differentiating (2.6) with respect of time, 

                   (2.7) 

where the division ratio N can be changed to synthesize the different 

frequencies. If N is an integer, this is an integer-N frequency synthesizer. If the 

output frequency step has to be smaller than the reference frequency, N should 

be a fractional number. Thus, this is a fractional-N frequency synthesizer for 

high resolution and small channel spacing transceivers. 

 

2.2 Linear Model of a PLL 

Due to non-linearity of phase detector, VCO, and frequency divider, the 

analysis on the PLL is complicated. For simplicity, the PLL in the locked state 

can be analyzed based on a linear model. The model for all PLL's building 

blocks are summarized in Figure 2.2. For some applications without the 

frequency divider, N in the below analysis can be equal to one. 

Frequency 

Divider

Phase Detector 

θref

Loop Filter VCO

1/N

θPLL

θFD

KVCO/sF(s)KPDƩ
+

‒
θe VtuneVe

 

Figure 2.2: A linear model for the PLL 
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The phase error signal Ve is produced by the phase detector. Based on the 

function of the phase detector, it can be expressed as 

                                       (2.8) 

where KPD is the gain of the phase detector and θe(s) is the phase difference 

between two input signal. 

After the loop filter, Vtune is given by 

                                              (2.9) 

where F(s) is the transfer function of the loop filter. 

From (2.2), θPLL(t) can be expressed in s-domain 

        
            

 
       (2.10) 

Thus, the transfer function of the forward path, including the phase detector, 

the loop filter and the VCO, can be expressed as 

         
       

     
 

           

 
      (2.11) 

From (2.4), the transfer function of the feedback path can be expressed as 

         
      

       
 

 

 
       (2.12) 

Combining (2.11) and (2.12), the transfer function of the PLL can be 

expressed as 

          
        

                   
 

           

  
           

 

    (2.13) 

Meanwhile, the phase error transfer function can be expressed as 

          
     

       
 

 

  
           

 

     (2.14) 

Conclusively, the transfer function of the PLL has a low-pass characteristic 

while the phase error transfer function has a high-pass characteristic. 
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2.2.1 Passive lag-RC filter 

R

C

 

Figure 2.3: A passive lag-RC filter 

The dynamic of the PLL is dependent on the transfer function of the loop 

filter F(s). A passive lag-RC filter is shown in Figure 2.3. The transfer function 

of the loop filter can be expressed as 

     
 

     
        (2.15) 

Thus, the PLL's transfer function is given by 

          
        

                
      (2.16) 

The denominator can be rewritten as a familiar form of            
  in 

control theory, where ωn and ξ are defined as natural frequency and damping 

factor, respectively. Thus, (2.16) can be expressed as 

          
   

 

           
        (2.17) 

where     
       

   
 and   

 

 
 

 

         
. 

This PLL with the passive lag-RC filter has a constraint that the natural 

frequency and the damping factor cannot be designed by selecting the values of 

R and C independently. Therefore, there is a trade-off in determining these two 

parameters in the design of the PLL. 
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2.2.2 Passive lag-lead filter 

To avoid the trade-off between the natural frequency and the damping factor, 

a passive lag-lead filter is shown in Figure 2.4, where one more resistor is 

added in series with the capacitor. The transfer function of the filter can be 

expressed as 

     
     

     
        (2.18) 

where             and       . 

R1

C

R2

 

Figure 2.4: A passive lag-lead filter 

 

Thus, the PLL's transfer function is changed to 

          
      

    
       

      
 

           
       (2.19) 

where     
       

   
 and   

 

 
 

       

   
    

 

       
 . 

Based on this improved filter, the natural frequency and damping factor can 

be designed independently. 

 

2.2.3 Charge-pump PLL 

A charge-pump PLL has two remarkable advantages over the traditional 

design with the phase detector. Firstly, the capture range is only limited by the 
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output frequency range of the VCO, where the capture range is defined as the 

range of frequencies over which the PLL will grab and lock the input signal. 

Secondly, the static phase error is zero if mismatches and offsets are negligible. 

Reference 

Signal

÷ N

FD

PFD

Output 

Signal

VCO

Vdd

R1

C1

UP

DN

Charge 

Pump

Vtune

 

Figure 2.5: Topology of the charge-pump PLL 

 

The topology of the charge-pump PLL with a simple loop filter is shown in 

Figure 2.5. The charge pump is driven by the UP and DN signals those are the 

PFD's output signals. The VCO's tuning voltage Vtune is controlled by charging 

or discharging of the charge pump. The transfer function of the charge pump is 

given by 

   
     

     
 

   

  
        (2.20) 

where Id(s) is the charging or discharging current and ICP is the average current 

over a cycle. 

The impedance of the loop filter in the charge-pump PLL can be expressed 

as 

        
 

   
        (2.21) 
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where R1 and C1 are the resistor and capacitor in series. 

Thus, the transfer function of the forward path in the charge-pump PLL, 

including the PFD, the charge pump, the loop filter and the VCO, can be 

expressed as 

         
          

 
 

   
  

        
 

   
 

 
     (2.22) 

Hence, the transfer function of the PLL is given by 

            

       
     

         

   
   
   

        
   

     
    

     (2.23) 

The natural frequency and damping factor can be obtained as 

    
       

     
         (2.24) 

  
  

 
 

         

   
        (2.25) 

The charge-pump PLL is currently prevailing in the RF system design, so 

any PLL in this research is defaulted as a charge-pump PLL. 

 

2.3 Performance of a PLL 

A frequency synthesizer is designed based on a PLL in many applications in 

which a frequency is required to be synthesized. The design of the frequency 

synthesizer depends on some specifications of the PLL's performance, such as 

reference spur, phase noise and lock time [16]. 

 

2.3.1 Reference spur 

When the PLL is in the locked status, there is a periodic jitter in its VCO's 

tuning path, which has the same frequency as the reference frequency. Thus, the 
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spurious output is called reference spur, which is generally caused by leakage 

or mismatch of the charge pump. Normally, either the Banerjee's model [17] or 

the Maxim's model [18] is used to determine the reference spur level. To 

understand the causes of the reference spur, the Banerjee's model is introduced 

in detail. 

 

Spur gain 

Spur gain is the product of the VCO gain, the charge pump gain and the loop 

filter impedance evaluated at the spur frequency. Thus, it can be expressed as 

                
            

 
 
          

     (2.26) 

where Z(s) is the filter loop impedance and fspur is the offset frequency that is a 

multiple of fref. 

Period=1/fspur

Tri-state

(High Impedance)

Sourcing 

Current

Sinking 

Current

Sourcing 

Current

 

Figure 2.6: The charge pump output of the locked PLL 

 

Leakage spurs 

When the PLL is in the locked status, the charge pump periodically 

generates narrow pulses of currents. In Figure 2.6, it is shown that there is a 

long period of time between any two pulses, where the charge pump is in the 
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tri-state status with high impedance. However, there are still some parasitic 

leakages through the charge pump, the VCO and the capacitor in the loop filter. 

These parasitic currents cause a modulation in the tuning path of the VCO, and 

the reference spurs are produced. In [17], 

                                  
       

  
          (2.27) 

where Leakage refers to the charge pump current loss and BaseLeakageSpur is 

a universal constant at an approximate value of 16 dBc applicable to whatever 

type of integer PLL. 

 

Pulse spurs 

With the decrease of the leakage current in a currently available PLL, the 

spur level is also affected by pulse spurs. The charge pump in the locked PLL is 

activated for only short periods, generating positive and negative current pulses 

those do not change Vtune but cause some jitters in its tuning path. The pulse 

spurs are generated by these small pulses. 

There are several factors those influence the width of these pulses, such as 

charge pump mismatch, unequal turn-on time of PMOS and NMOS transistors, 

and dead-zone elimination circuitry. In [17], the reference spurs produced by 

these factors can be expressed as 

                              
     

    
            (2.28) 

where the value of BasePulseSpur differs with different frequency synthesizers. 

 

Combination of leakage spurs and pulse spurs 

Generally, the total spur level in the PLL is equal to the sum of both leakage 
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and pulse spurs, which can be expressed as 

                                              (2.29) 

To conclude the Banerjee's model, it can be pointed out that the prediction 

based on the model is simple and practical. However, the disadvantage of this 

model is that the prediction is based on some empirical constants. In addition, 

the Maxim's model [18] is used to overcome the problem. 

 

2.3.2 Phase noise 

Phase noise is an important parameter for the characterization of the 

frequency synthesizer, which has a great impact over the noise performance of 

the RF receiver [19]. Analog circuits in any frequency synthesizer introduce 

various types of non-idealities, so it is impossible that the PLL's output is an 

ideal sine wave at an oscillating frequency. Several prediction models of phase 

noise have been presented in [20] [21]. 

In [22], phase noise       is defined as the ratio of the noise power in a 

bandwidth of 1 Hz at an offset frequency Δω to the carrier power Pcarrier. The 

result is a single-sided spectral noise density in the unit of dBc/Hz, where dBc 

indicates a measurement in dB relative to the carrier power. 

            
      

        
       (2.30) 

The total phase noise at the PLL output is obtained through multiplying each 

source by its corresponding transfer function and adding all these resulting 

products [23] [24]. The phase noise of the PLL is further discussed in Chapter 

6. 
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2.3.3 Lock time 

t

fout

f2

f1

ɛtol

tlock

 

Figure 2.7: Transient response for a frequency change from f1 to f2 

 

In a frequency synthesizer, the PLL's output frequency can be changed from 

one locked frequency f1 to another frequency f2 through the division ratio, as 

shown in Figure 2.7. This will cause successive changes in the phase error, the 

tuning voltage and the VCO’s output frequency. Through this feedback 

mechanism, the PLL is locked again. The time required for this complete 

procedure is defined as lock time, which is an important requirement in the 

frequency synthesizer design. 

Theoretically, the lock time is infinite and has an exponential behaviour. 

Therefore, the specific output frequency error tolerance εtol is introduced. The 

lock time of the PLL can be defined as 

                                       (2.31) 

where fout(t) and fout(∞) are the output frequency at the time t and at the PLL's 

steady state, respectively. 

The analysis of the transient response can be obtained from a linear model. 

For the charge-pump PLL in Section 2.2.3, the lock time for the new division 
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ratio can be approximated by [17]. 

      
    

    
               

       

    
     (2.32) 

 

2.4 Voltage-Controlled Oscillator 

VCO is one of the most critical blocks in a PLL, which operates at the 

highest frequency and generally dominates the out-band phase noise. As an 

oscillator, its resonant frequency is controlled by a DC voltage Vtune from the 

charge pump through the loop filter. In addition, other performance parameters 

of the VCO, such as the tuning range, power consumption and output 

amplitude, are also important for the design of frequency synthesizers. 

 

2.4.1 Concept of oscillation 

To design a VCO with good performances, such as low phase noise and low 

power consumption, the fundamental concept of oscillation must be understood. 

Most oscillators can be viewed as feedback circuits [12], where noise in the 

circuit is amplified to a finite output at a selected angular frequency 0, as 

shown in Figure 2.8. 

β(ω)

Vin

A(ω)

Vout

Amplifier

Feedback

Network
 

Figure 2.8: Feedback diagram of an oscillator 
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A(ω) and β(ω) are the gains of the amplifier and the feedback network, 

respectively. Thus, the transfer function of the oscillator can be expressed as 

    

   
 

        

          
        (2.33) 

According to Barkhausen’s Criteria, the system will oscillate at ω0 with the 

infinite closed-loop gain under the following conditions: (1) the open-loop gain 

is equal to unity, i.e.             ; (2) the total phase shift of the loop is 

equal to 2πn, where n is an integer or                 . In order to ensure 

the proper startup of the oscillation, the loop gain is typically chosen to be 2~3 

times of the required value to counter the temperature and process variations 

[25]. 

 

2.4.2 Noise performance of an oscillator 

In the design of an oscillator, the noise sources can affect both the amplitude 

and phase of the output signal. The output signal according to time can be 

modeled by 

                               (2.34) 

where A(t) and θ(t) are the amplitude and phase from the output signal, 

respectively. The amplitude noise can be reduced by the amplitude-limiting 

mechanism in the oscillator, so the amplitude noise is usually negligible [26]. 

On the other hand, phase noise can be regarded as the fluctuation of the zero 

crossing locations of a signal. The detailed explanation of this fluctuation can 

be found in [22]. 
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The Leeson's phase noise model 

The analysis in the frequency domain is based on the Leeson's phase noise 

model, which assumes that the oscillator is a linear time invariant (LTI) model. 

The phase noise at the oscillator's output is theoretically estimated based on 

some certain simplifications and empirical modifications those introduce to fit 

the final spectrum to the real case. Thus, the phase noise can be expressed as 

            
    

    
    

  

    
 

 

    
    

 

    
    (2.35) 

where F is an empirical parameter, k is the Boltzman’s constant, T is the 

absolute temperature, Psig is the average power dissipated in the resistive part of 

the tank, Δω is the offset frequency from the carrier, and ω1/f is the angular 

frequency of the corner between the 1/f
3
 and 1/f

2
. The phase noise of the 

oscillator is shown in Figure 2.9. 
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Figure 2.9: Spectrum of the oscillator's phase noise 

 

The Hajimiri's phase noise model 

This Hajimiri's phase noise model is more complex than the Leeson's phase 

noise model, but its theoretical prediction adapts well to the characteristic of a 

real oscillator. In this model, the oscillator is assumed as a linear time variant 
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(LTV) model and the influence of total phase noises from both active and 

passive elements is studied based on the impulse sensitivity function (ISF), 

which is a dimensionless, frequency-independent and amplitude-independent 

periodic function with a period of 2π [27]. If an impulse charge is introduced 

into the capacitance seen from the output node of an oscillator in its steady 

state, amplitude and phase errors will be generated. When the charge is injected 

into the model, the phase error is the function of the time τ. Hence, the unit 

impulse response for the excess phase can be expressed as 

        
      

    
            (2.36) 

where qmax is the maximum charge displacement across the capacitor on the 

node and u(t-τ) is the unit step. Γ(ω0τ) is the ISF, which is a function of the 

waveform or the shape of the limit cycle governed by the nonlinearity and the 

topology of the oscillator. As a result, the sideband power of the phase noise 

caused by the charge injection can be expressed as 

       
    

 

    
  

  
       

          (2.37) 

where     
  is the rms value of the ISF and         is the input noise source 

power spectral density. 

 

2.4.3 Ring oscillator 

Ring oscillators are commonly used in a PLL-based frequency synthesizer or 

a clock recovery circuit [28] [29] [30] [31]. The implementation of the ring 

oscillator in the CMOS technology is easier than an LC-tank oscillator, because 

it consists of only transistors and hence requires smaller silicon area [32] [33] 

[34]. It is usually designed by cascading an odd number of inverters in a loop 



Chapter 2 

38 

 

configuration [35] [36] [37]. A three-stage ring oscillator is shown in Figure 

2.10 as an example. 

Output

Vdd

CL CL CL

Vdd Vdd

RL RL RL

 

Figure 2.10: A three-stage ring oscillator 

 

Linear model 

For the circuit in Figure 2.10, neglecting the effect of the gate-drain overlap 

capacitance, the transfer function of each stage can be expressed as [12] 

       
   

  
  

  

       (2.38) 

where A0 and ω0 are the gain and the -3-dB bandwidth of each stage. Thus, the 

loop gain of the ring oscillator, including three identical stages, can be given by 

              
 

  
  

 

   
  

  
 
      (2.39) 

For the oscillation of the three-stage ring oscillator, the phase shift is equal to 

180° and hence each stage contributes 60°. Thus, the oscillating angular 

frequency can be obtained by 

                       (2.40) 

At ωosc, the magnitude of the loop gain can be expressed as 

  
 

     
    
  

 
 
 

          (2.41) 
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Substituting (2.40) into (2.41), it can be obtained that A0 is equal to 2. 

 

Frequency tuning 

From large signal analysis, the oscillating frequency of the ring oscillator can 

be decided by the time delay of each stage [38]. The oscillating frequency can 

be expressed as 

   
 

        
 

  

      
      (2.42) 

where tdelay is the time delay for each delay cell, Ip is the current passing through 

each delay cell, CL is the load capacitance of each stage and Vp is the peak 

output voltage. Therefore, the oscillating frequency can be tuned by using 

variable capacitors, or variable supply voltage, or the current-starved method 

[22]. Generally, the ring oscillator has larger tuning range than an LC-tank 

oscillator [39]. 

 

Phase noise 

In the absence of a frequency selective network, the ring oscillator is easy to 

implement with the current integration technology, but suffers from high phase 

noise level [35]. Compared to VCOs using LC tank with the operating 

frequency mainly determined by the passive inductance and capacitance, VCOs 

in the form of ring oscillators with active delay cells are more susceptible to 

supply noise as the operating frequency depends heavily on the supply voltage 

[40]. The switching activities in a ring oscillator introduce a lot of disturbances 

in the oscillator. In addition, the multiple-stage design also increases the noise 

level, making the ring oscillator unpopular in RF systems. A general resulting 

phase noise of the ring oscillator is given by 
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      (2.43) 

where Ak is the factor depending on the noise generation mechanism studied, Rn 

is the equivalent noisy resistor, VA is the voltage amplitude of the signal, ω0 is 

the oscillation frequency, and Δω is the angular offset frequency. The way to 

improve the phase noise is to decrease Rn, but this inherently implies larger 

power consumption. 

 

2.4.4 LC-tank oscillator 

The general topology for an LC-tank oscillator is shown in Figure 2.11. It 

consists of an active circuit and an LC tank that is the key block in the VCO, so 

it is instructive to analyze the LC tank in the oscillator. 

Output

Vdd

LC-tank

-1

 

Figure 2.11: General topology of an LC-tank oscillator 

 

LC tank 

In an ideal LC tank as shown in Figure 2.12 (a), an inductor L1 and a 

capacitor C1 are connected in parallel. Thus, the angular resonant frequency is 

given by 
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        (2.44) 

where the angular resonant frequency can be tuned in different ways [41] [42] 

[43]. 

At this frequency, the impedances of the inductor and capacitor are jL1ω0 

and 1/(jC1ω0), respectively. As a result, both the impedances are equal and 

opposite, thereby yielding an infinite impedance. 

C1
RPLPC1

L1

RS
C1 L1

(a) (b) (c)
 

Figure 2.12: Models of three simplified LC tanks 

 

In practical, inductors suffer from resistive loss in the model, which is shown 

in Figure 2.12 (b). The quality factor of the LC-tank Q is defined as ωL1/Rs, 

which is an important factor to decide the phase noise of the LC-tank oscillator 

[44]. The model can be converted to the equivalent model in Figure 2.12 (c). 

Thus, the parallel inductor and resistor can be expressed as 

        
  

 

  
          (2.45) 

   
  
       

    
  

  
       (2.46) 

The overall impedance does not go to infinity at any frequency but reaches a 

peak in the vicinity of ω0. Note that the actual resonant frequency has some 

dependency on RS. 
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Types of LC-tank oscillators 

An LC-tank oscillator can be designed as either single-ended or differential 

type. The differential type has higher rejection of common mode interferers, 

stronger attenuation of even-order harmonics and lower phase noise [45] than 

the single-ended type. Therefore, the differential type is commonly required in 

most applications although it needs more components and power consumption. 

Furthermore, the differential oscillators can be integrated on-chip according 

to different topologies, each having its own advantages and shortcomings in 

connection to the power dissipation, the frequency tuning range, the phase noise 

and the voltage swing [46]. They can be classified into NMOS type [25], 

PMOS type and CMOS type [47]. In Figure 2.13 (a), it is shown that the active 

circuit of the oscillator is formed by a pair of cross-coupled NMOS, which has 

the main advantage of simplicity and hence has low noise and requires low 

supply voltage. The PMOS type uses two PMOS transistors instead of two 

NMOS transistors. The main problem lies in the usual worse performance of 

PMOS transistor than that of NMOS transistor [16]. Generally, PMOS 

transistor requires three times bigger areas than NMOS transistor in order to 

achieve the same negative resistance with the same power consumption. As a 

result, the PMOS type is not frequently used. In Figure 2.13 (b), it is shown that 

the CMOS-type oscillator uses both NMOS and PMOS transistors to regenerate 

the signal. It requires lower current consumption than the other two types for 

the same output signal. 
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Figure 2.13: (a) NMOS and (b) CMOS types of LC-tank oscillators 

 

Phase noise 

Generally, an LC-tank oscillator has smaller phase noise than a ring 

oscillator, and it is less sensitive to variations of MOSFETs’ characteristics and 

fluctuations of supply voltage and temperature because of the stability of the 

passive on-chip components [48]. In [27], based on these assumptions (1) the 

LC-tank oscillator is an LTI model, (2) all noise sources are stationary, (3) only 

the noise in the vicinity of the resonant frequency is important and (4) the 

noise-free waveform is a perfect sinusoid, the phase noise of an LC-tank 

oscillator is given by 

            
 

 
 

  

    
  

 

           
  

  
 

 

    (2.47) 

where Δω is the angular offset frequency, Rp is the parallel resistor, C is the 

tank capacitor, and Vmax is the maximum voltage swing across the tank. 

Furthermore, the FoM is commonly used to determine the phase noise 

performance of a VCO, with respect to the power and oscillation frequency at a 
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certain offset frequency [49]. 

          
 
  
  

 
 

         
       (2.48) 

where Pvco is the VCO's total power consumption in mW. 

 

2.4.5 Comparison between ring oscillator and LC-tank 

oscillator 

The characteristics of both ring and LC-tank oscillators are summarized and 

shown in Table 2.1. Ring oscillator is suitable to be used in some applications 

for low-frequency operation and low requirement on the phase noise. It is 

because that ring oscillator has low power, small size and wide tuning range. 

LC-tank oscillator is used in some applications for high-frequency operation 

and high requirement on the phase noise. However, it has high power 

consumption and large chip size due to its on-chip inductor. In this thesis, the 

VCOs are designed based on the LC-tank oscillator. Thus, the designs with LC-

tank VCO focus on reducing the power consumption. 

Table 2.1: Comparison between ring oscillator and LC-tank oscillator 

 
Ring 

oscillator 

LC-tank 

oscillator 

Operation 

frequency 
Low High 

Tuning range Wide Narrow 

Phase noise High Low 

Power 

consumption 
Low High 

Chip size Small Large 
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2.5 Frequency Divider 

Frequency divider is another challenging block in a PLL, especially for high-

frequency and low-power operation. In the feedback path, the frequency divider 

can be designed with a fixed division ratio or with a programmable division 

ratio for channel selection in a frequency synthesizer. Moreover, the division 

ratio is correct only when the input frequency stays within a certain range that is 

denoted as the operation range of the frequency divider. 

 

2.5.1 Programmable frequency divider 

For channel selection, it is necessary to implement a programmable 

frequency divider, which has wide bandwidth and variable division ratio. 

 

Reloadable digital counter 

A reloadable digital counter has a frequency division ratio continuously 

ranging from 3 to 2
N
, where N is the number of divide-by-2 stages [50]. In the 

reloadable digital counter, the number of the input pulses is accumulated until it 

is equal to a value of PRESET when the counter is reloaded. By changing the 

value of PRESET, a programmable division ratio is achieved. However, the 

counter has poor performance in the high-frequency and low-power operation 

because the additional logic gates besides the divide-by-2 units introduce 

additional power consumption and propagation delays. Therefore, the 

reloadable digital counter is usually limited to low-frequency operation. 
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Pulse-swallow frequency divider 

As shown in Figure 2.14, a pulse-swallow integer frequency divider is the 

most common method to achieve a programmable frequency division for high-

frequency and low-power operation [51] [52]. It consists of a dual-modulus 

prescaler, a swallow counter and a programmable counter. Based on the 

topology, the size of counters can be significantly reduced and the 

programmable division ratio is N×P+S, where N, P, and S are decided by the 

prescaler, the programmable counter and the swallow counter, respectively. In 

addition, the dual-modulus prescaler can perform the two division ratios of N 

and N+1, which is switched on or off by the signal of a Modulus Control from 

the swallow counter. The dual-modulus prescaler, such as a divide-by-4/5 or 

divide-by-2/3 frequency divider, can be implemented based on a phase 

switching technique or a synchronous divider. 

Modulus 

Control

Reset

fin fout
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÷N/

÷(N+1)

Dual-
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Prescaler

Program 

Counter

Swallow 
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Figure 2.14: Topology of a pulse-swallow frequency divider 

 

2.5.2 Regenerative frequency divider 

Regenerative frequency divider is also called Miller divider, as shown in 

Figure 2.15 [53]. In the frequency divider with a division ratio of n, the input 

frequency fin is mixed with the feedback frequency ffb to generate two 
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frequencies fin+ffb and fin-ffb. After passing through a low pass filter (LPF), only 

the wanted frequency of fin-ffb is selected as the output frequency fout while the 

other one is suppressed by the LPF. In the feedback path, there is a frequency 

multiplier with a multiplier of ×(n-1). Thus, ffb is equal to (n-1)fout. However, 

the frequency divider requires many functional blocks such as frequency 

multiplier and mixer to guarantee the frequency division. As a result, it is not 

the best solution for low-power system [54]. 

× (n-1)

LPF
fin fin±ffb

fout

fin-ffb

ffb
 

Figure 2.15: Topology of a regenerative frequency divider 

 

2.5.3 D-flip-flop frequency divider 

In Figure 2.16, it is shown that a simple divide-by-2 D-flip-flop (DFF) 

frequency divider consists of two D-latches in cascade and in a negative 

feedback configuration. Its digital operation provides the advantage on 

suppressing the sensitivity to waveform distortions. Dependent on the different 

types of DFFs, the DFF frequency dividers are further categorized into two 

groups: dynamic and static DFF frequency dividers. 



Chapter 2 

48 

 

fin

fout

D-latch D-latch

-1

 

Figure 2.16: Topology of a DFF frequency divider 

 

Dynamic DFF frequency divider 

If the frequency divider dissipates most power during charging and 

discharging, it is called dynamic frequency divider. The dynamic frequency 

divider consumes less DC power than static frequency divider. However, its 

maximum operation frequency is lower than that of static frequency divider. 

Vdd

fin

fout

(a) (b)

Vdd Vdd Vdd

fin

fout

Vdd Vdd

 

Figure 2.17: (a) TSPC frequency divider and (b) E-TSPC frequency 

divider 

 

Shown in Figure 2.17 (a), the true-single-phase-clock (TSPC) structure is 

used to design a dynamic DFF frequency divider. In the DFF, the dynamic latch 

is driven by a single clock phase, thus avoiding the clock skew problem. 

Another advantage of the circuit is the reduced capacitive loads. With lower 
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capacitance, the W/L of the transistors can be decreased and the power 

consumption is decreased. 

Furthermore, the extended-TSPC (E-TSPC) structure is shown in Figure 

2.17 (b) [55]. In the circuit, the stacked MOS structure is avoided. Thus, the 

switching frequency is increased and all the transistors are free from body effect. 

As a result, E-TSPC structure allows a higher operating frequency, although it 

has larger static power dissipation than TSPC structure. 

 

Static DFF frequency divider 

In contrast to the dynamic frequency divider, a static frequency divider 

constantly dissipates DC current. However, its maximum operation frequency is 

higher than that of a dynamic frequency divider [56]. Shown in Figure 2.18, the 

CML structure is used to design a static DFF frequency divider. The maximum 

operation frequency is generally limited by the parasitic capacitances. 

Vdd

fin+

fout+ fout-

ZL

Mn1

Ibias

Vdd Vdd Vdd

ZL ZL ZL

fin+Mn2 Mn3 Mn4fin- fin-

Ibias

 

Figure 2.18: CML frequency divider 
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However, with scaling-down of the supply voltage, the voltage headroom is 

a critical issue due to its cascaded structure. Therefore, the pseudo-differential 

topology can be used to improve the structure [57]. In order to reduce voltage 

headroom, the tail current source is removed. Thus, the four NMOS transistors 

Mn1, Mn2, Mn3 and Mn4 are used to decide the static bias current as well as to 

sense the input signal by their gates connecting to the input signal. 

Initially, the four static loads ZL are implemented by fixed resistors those 

suffer seriously from the process variations. In [58], the resistors are replaced 

by four transistors, called active loads or dynamic loads. In the ‘sense’ mode, 

the loaded transistors are on and their resistances are small. Thus, the RC 

constant is small and the switching speed is fast. In the ‘hold’ mode, the loaded 

transistors are off and their resistances are large. Consequently, the RC constant 

becomes large and the switching speed is slow. Furthermore, the transistors can 

be replaced by four inductors for inductive peaking to reduce the rise and fall 

times, and thereby enhance the operation frequency [59]. 

 

2.5.4 Injection-locked frequency divider 

The phenomenon that an oscillator is locked by injection of a periodic signal 

has been studied for many decades [10] [60] [61]. In many prevalent 

transceivers and frequency synthesizers, the phenomenon has attracted more 

interest from many outstanding RF researchers [54] [11] [62]. Based on an ILO, 

many practical circuits can be designed for different applications. 

Dependent on the ratio of the input frequency to the resonant frequency, 

three types of injection locking can be defined: sub-harmonic [63] fundamental 

harmonic [64], super-harmonic [54]. An ILFD is the type of super-harmonic 
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injection locking. Its input frequency is in the vicinity of the n-th harmonic of 

the resonant frequency, where n is an integer. Without any input, the ILFD 

performs as a free-running oscillator, which resonates at an angular frequency 

ω0. With a finite input signal operating at ωin, the ILFD's output angular 

frequency ωout is shifted from ω0 to (1/n)ωin. 

The ILFD performs its frequency division correctly only when the input 

frequency stays within a range, denoted as the ILFD's operation range, which is 

dependent on the locking range of the ILO. Comparing with other types of 

frequency dividers, the ILFD has higher operation frequency and lower power 

consumption, but exhibits a narrower operation range. Therefore, in the ILFD 

design, the operation range is one of the most important parameters, which has 

been analyzed in [11] [54]. 

In addition, the ILFD can be designed based on a ring oscillator [65] or an 

LC-tank oscillator [62]. 

 

Ring-oscillator-based ILFD 

Typically, the ring-oscillator-based ILFD has a wider operation range than 

the LC-tank-oscillator-based ILFD [66]. The schematic of the ring-oscillator-

based divide-by-2 ILFD in [67] is shown in Figure 2.19 (a). The ring oscillator 

consists of three stages of NMOS inverters with PMOS active loads in a ring. 

The input signal is injected into one stage of inverter by connecting an NMOS 

transistor to the NMOS inverters in series. However, this architecture requires 

higher supply voltage. 
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Figure 2.19: Ring-oscillator-based ILFDs with (a) single injection (b) quasi-

differential output 

 

A quasi-differential ILFD in [67] is used to solve this problem, which is 

shown in Figure 2.19 (b). A switch transistor is inserted between two inverter 

outputs to modulate the oscillation frequency, where the voltages vout+ and vout- 

at two output points can be used as quasi-differential outputs. When the switch 

is turned on, the output nodes of the second and third stages are shorted. 

Consequently, vout+ and vout- are forced to be equal. If vout+ and vout- are defined 

as the differential output voltages, the positive peaks of the input signal will be 

locked to the zero-crossing points of the differential output voltage in locked 

state. When the ILFD is injection-locked, the output frequency is equal to half 

of the input frequency. 

More stages of inverters can be used to enhance the division ratio. As an 

example in [68], the ring-oscillator-based ILFD has the division ratio of 8, 

which consists of five stages of inverters. In addition, multi-phase injection 

with a specific phase difference can maximize the locking range of the ring-

oscillator-based ILFD [69] [70] [71]. 
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LC-tank-oscillator-based ILFD 

The LC-tank-oscillator-based ILFD is frequently used at higher operation 

frequency, which is also called LC-tank ILFD. The conventional LC-tank ILFD 

with tail injection is shown in Figure 2.20 (a), which has the division ratio of 2. 

The main disadvantages are its large input capacitance and its narrow operation 

range [62]. For improvement on the performance of the ILFD, another type of 

ILFD is designed based on the topology of direct injection, as shown in Figure 

2.20 (b). 

Vdd
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Vdd
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Figure 2.20: LC-tank ILFDs (a) with tail injection (b) with direct injection 

 

Despite the topology of direct injection, the LC-tank ILFD's operation range 

is narrower than other types of frequency dividers, especially for higher 

division ratio [72] [73] [74]. Hence, it is important to optimize the ILFD's 

operation range, which is analyzed in detail in Chapter 3. For excellent 

performance in different RF system designs, the LC-tank ILO can be also used 

as an ILFM [75] [76]. The design of ILFM is discussed in Chapter 5 and 

Chapter 6. 
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2.5.5 Comparison among different frequency dividers 

Different frequency dividers are summarized and compared based on four 

main characteristics in Table 2.2. It is observed that only ILFD and static DFF 

frequency divider (FD) can be used for high-frequency operation. ILFD is 

preferred because it has lower power consumption than static DFF FD. 

However, it is a critical limitation that the division ratio of a conventional ILFD 

is fixed. Therefore, it is beneficial to design an ILFD with variable division 

ratio. 

Table 2.2: Comparison among different frequency dividers 

 
Programm

able FD 

Regenerat

ive FD 

Dynamic 

DFF FD 

Static DFF 

FD 
ILFD 

Variable 

division 
Yes Yes Yes Yes No 

Operation 

frequency 
Low Low  Low High High 

Operation 

range 
Wide Wide Wide Medium Narrow 

Power 

consumption 
Low High Low High Medium 

 

2.6 Injection-Locked Oscillator 

As discussed above, the ILFD or ILFM is designed based on an ILO. For 

low phase noise and high frequency operation, the ILO is usually implemented 

based on the structure of an LC-tank oscillator rather than that of a ring 

oscillator. 

 

2.6.1 Conceptual model of ILO 

To design an ILO with good performance, the fundamental concept of ILO 

should be understood first. The models of both a free-running oscillator and an 
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ILO are shown in Figure 2.21 (a) and (b), respectively. 
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LC-tank
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H(ω)

(b)

(a)

 

Figure 2.21: Models of (a) a free-running oscillator and (b) an ILO 

 

If no signal is injected into the oscillator, the oscillator in Figure 2.21 (a) will 

be at the free-running status, where its output angular frequency ωout is equal to 

the free-running angular frequency ω0. If a signal at an angular frequency ωinj is 

injected into the oscillator, the oscillator in Figure 2.21 (b) will be injection-

locked, where ωout is equal to ωinj. 

The conceptual model of an ILO [11] is shown in Figure 2.22, which 

consists of an LC tank, an NMOS transistor M, an inverter and a current source. 

Without injection, ωout is equal to         , where L and C are cancelled. 

Thus, the LC tank does not contribute to any phase shift. The current Itank 

through the LC tank is equal to Iosc that passes through the NMOS transistor M. 
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Figure 2.22: Conceptual model of an ILO 

 

Iinj is a current input from the current source, which is injected into the 

oscillator. According to Kirchhoff’s Law, Itank is equal to the vector-sum of Iinj 

and Iosc. In Figure 2.23 (a), it is shown that the phase  between Itank and Iosc, as 

well as the phase β between Iinj and Iosc, is produced by Iinj. 

In Figure 2.23 (b), it is shown that ωout is shifted away from ω0 due to the 

phase shift of . If ωout is not equal to ωinj, both  and β are changed 

continuously. Finally, the ILO becomes stable when a specific phase shift of  

is produced, which makes ωout equal to ωinj. 
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H(ω)

α

ω0 ωinj ω
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Figure 2.23: (a) Phasor diagram and (b) open-loop characteristic of the 

conceptual model 
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2.6.2 Important benefits brought by the ILO 

An important benefit brought by the ILO is to amplify a small input with 

large voltage gain. With small AC input signal and low DC power consumption 

for oscillation, the ILO can provide large output signal. Comparing with a 

conventional amplifier, the ILO has an obvious advantage on the voltage gain, 

especially when the input signal is small. 

Vin+

Mn1

Iamp

Vdd

Vin-

Mn1

Vout+ Vout-

Vin+

Mn2

IILO

Vdd

Vin-

Mn2

Vout+ Vout-

Mn3 Mn3

(a) (b)

Load Load

 

Figure 2.24: Schematics of (a) a conventional amplifier and (b) an ILO 

 

Both a conventional amplifier and an ILO are shown in Figure 2.24 (a) and 

(b). Both the two schematics are only basic models to be used for comparisons. 

With the same supply voltages and bias currents (Iamp=IILO), the simulation 

results for the both circuits are shown in Figure 2.25. 

The ILO has higher voltage gain than the conventional amplifier. With a 

small input, the conventional amplifier's output is small but the ILO has 

consistently larger output signal. Therefore, it is used extensively for the 

proposed circuits in this thesis. 

However, the ILO has narrower operation range than the amplifier. In this 
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research, it is important to widen the operation range when the ILO is used in 

the proposed circuits. In addition, the ILO can be designed to improve the phase 

noise. When a frequency synthesizer is designed with the ILO in a frequency 

multiplier, the output phase noise of the frequency synthesizer can be 

considerably suppressed by the ILFM as discussed in Chapter 6. 

 

Figure 2.25: Simulated output amplitude versus input amplitude for the 

amplifier and the ILO models 

 

2.7 Summary 

In this chapter, the topology of a basic PLL is introduced, then its operation 

and transfer function are analyzed based on a linear model. Moreover, the 

performances of the PLL, such as reference spur, phase noise and lock time, are 

discussed. Finally, the most challenging blocks, such as VCO and frequency 

divider, are reviewed. 

In Section 2.4, the concept of oscillation and VCO's noise performance are 

studied. Both ring oscillator and LC-tank oscillator are introduced separately. 

With comparisons between these two types, the VCO's performance, such as 
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frequency tuning and phase noise, are discussed. Finally, it is decided that the 

LC-tank oscillator is used in the research. 

In Section 2.5, four types of frequency dividers, such as programmable 

frequency divider, regenerative frequency divider, DFF frequency divider and 

ILFD, are introduced. Among these frequency dividers, the LC-tank ILFD is 

the most suitable to be used in a PLL for high-frequency and low-power 

operation. 

In Section 2.6, the ILO is analyzed based on its conceptual mode and its 

important benefits are discussed for using in high-frequency and low-power 

circuits. 
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CHAPTER 3  

Novel Dual-Modulus Injection-Locked 

Frequency Divider 

A dual-modulus frequency divider is widely used as a prescaler in a 

programmable frequency divider for channel selection in a frequency 

synthesizer [51] [77]. Generally, its two division ratios are n and n+1, where n 

is an integer. For example, n=4 in the divide-by-4/5 frequency divider [78], n=8 

in the divide-by-8/9 frequency divider [51], and n=128 in the divide-by-

128/129 frequency divider [79]. The division ratio is selected by a binary input, 

which is named as Modulus Control, MC. A divide-by-2/3 circuit is the basic 

unit, which can be used to build a dual-modulus frequency divider with higher 

division ratio. 

 

3.1 Divide-by-2/3 Frequency Divider 

In Section 2.5, different types of divide-by-2 frequency divider have been 

introduced, such as dynamic DFF, static DFF and ILFD. Correspondingly, a 

divide-by-2/3 frequency divider can be designed based on a modified divide-

by-2 frequency divider with the binary input of the modulus control. 

 

3.1.1 Dynamic divide-by-2/3 frequency divider 

A dynamic divide-by-2/3 frequency divider consists of dynamic latches, 

which is faster and more compact than a static one [77]. Compared with the 

classical TSPC circuit, the E-TSPC circuit avoids the stacked MOS structure, so 
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all the transistors in this circuit are free from the body effect. For these reasons, 

E-TSPC logic can be used for higher operating frequencies. In [77], the divide-

by-2/3 frequency divider is designed based on the E-TSPC logic. Its topology 

and schematic are shown in Figure 3.1 (a) and (b), respectively. The AND gate 

and OR gate in Figure 3.1 (a) are realized by adding only one transistor each in 

Figure 3.1 (b). 
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fin
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Figure 3.1: (a) Topology and (b) schematic of the dynamic divide-by-2/3 

frequency divider 

 

3.1.2 Static divide-by-2/3 frequency divider 

A divide-by-2/3 frequency divider can be implemented based on a static 

circuit, which consists of static latches. As a static CMOS logic, the CML 

circuit has small internal voltage swing for high-frequency operation [56]. In 

[51], the divide-by-2/3 frequency divider is designed based on the static logic. 

Its topology and schematic are shown in Figure 3.2 (a) and (b), respectively. In 
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order to increase the maximum operation speed, the topology in Figure 3.2 (a) 

is used instead of the topology in Figure 3.1 (a). The schematic of the 

NOR/DFF combination is shown in Figure 3.2 (b), where Vb is the bias voltage. 
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Figure 3.2: (a) A static divide-by-2/3 frequency divider and (b) schematic 

in each dotted box 

 

3.2 Divide-by-2/3 Injection-locked Frequency Divider 

Including the two types of divide-by-2/3 frequency dividers presented in 

Section 3.1, most of these prevailing divide-by-2/3 frequency dividers are 

limited by their low operation frequency or high power consumption. In Section 

2.5, it is introduced that an ILFD has high operation frequency and low power 

consumption. Therefore, it is possible to design a divide-by-2/3 ILFD based on 

the concept of the ILO for high-frequency and low-power application. 
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Moreover, the ILFD performs properly only when the injection frequency is in 

the ILO's locking range. 

 

3.2.1 Schematic of the proposed divide-by-2/3 ILFD 
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Figure 3.3: Schematic of the proposed divide-by-2/3 ILFD 

 

The schematic of the proposed divide-by-2/3 ILFD is shown in Figure 3.3. 

The proposed circuit consists of an LC-tank ILFD and a pair of switched 

capacitors. The ILFD is designed based on an NMOS-type cross-coupled LC-

tank VCO with an injection transistor Minj. The VCO is kept in oscillation with 

a bias current Iosc and a bias voltage Vbias. Comparing to the ILFD in [80], the 

proposed circuit has the biasing current source implemented on top of the VCO 

by a PMOS transistor to reduce phase-noise contribution due to flicker noise 

[81]. 

The ILFD's input vin is connected to the gate of Minj while the drain and 

source of Minj are connected to the ILFD's differential outputs, vout+ and vout-. 
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The injected current Iinj passing through Minj is produced by the input voltage 

signal. In the injection-locked status, the output frequency is equal to a half and 

a third of the input frequency in the divide-by-2 and divide-by-3 modes, 

respectively. 

The pair of switched capacitors are connected to the differential output as 

capacitive loads. Each switched capacitor consists of a fixed capacitor CSW and 

an NMOS transistor MSW, which is switched on or off by a DC voltage VSW. 

When VSW is 0 V, the switched capacitor is cut-off and then the ILFD is in the 

divide-by-2 mode. When VSW is 1.8 V, the switched capacitor is connected to 

the LC tank and then the ILFD is in the divide-by-3 mode. 

 

3.2.2 Design of the switched capacitor 

The switched capacitor can be used to select the division ratio because the 

capacitance in the LC tank can be changed by VSW and, consequently, the ILO's 

resonant frequency. When the switched capacitor is switched off, the 

capacitance of the LC tank is C1/2 in the divide-by-2 mode. Thus, the resonant 

frequency is      
 

      
, which is close to a half of the input frequency. 

Alternatively, the capacitance of the LC tank is C1/3 in the divide-by-3 mode 

when the switched capacitor is switched on. Thus, the resonant frequency is 

     
 

      
, which is close to a third of the input frequency. 

The relationship between the resonant frequencies in the two division modes 

is expressed as 

                   (3.1) 

Substituting      
 

      
 and      

 

      
 into (3.1), the relationship 
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between the capacitances in the divide-by-2 or divide-by-3 modes should be 

designed as 

     
 

 
            (3.2) 

L C0Rp
CSW

Rds

L C0
CSW

Cd

(b)(a)

Rp

 

Figure 3.4: LC-tank models (a) in the divide-by-3 mode and (b) in the 

divide-by-2 mode 

At VSW=1.8 V, the LC tank with the switched-on capacitor in the divide-by-3 

mode is modeled in Figure 3.4 (a), where Rds is the resistance of MSW from the 

drain to the ground. Based on the assumption that Rds is very small, C1/3 can be 

expressed as 

                   (3.3) 

where C0 is the fixed capacitance of the LC tank. 

At VSW=0 V, the LC-tank with the switched-off capacitor in the divide-by-2 

mode is modeled in Figure 3.4 (b), where Cd is the capacitance of MSW between 

the drain and the ground. Based on the assumption that Cd is very small, C1/2 

can be expressed as 

                  
     

      
       (3.4) 

Substituting (3.3) and (3.4) into (3.2), 

    
 

 
           (3.5) 

Therefore, the switched capacitor is designed based on (3.5). In practical, it 

is necessary to do some modification based on the post-layout simulation. 
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3.3 Analysis of ILFD's Operation Range 

With the division ratio of n, the ILFD's operation range Δfin is equal to n 

times of the ILO's locking range. Thus, it is very important to analyze the 

conditions of the injection locking in the ILFD. In order to achieve the proper 

frequency division, both the gain and phase conditions in the ILFD must be 

satisfied simultaneously [54]. 

 

3.3.1 Injection locking of the ILFD 

For the analysis on the injection locking of the ILFD, the proposed circuit 

can be simplified to a half of the circuit with an inverter. The simplified circuit 

is shown in Figure 3.5, where Rp represents the parallel resistor in the LC tank 

while the switched capacitors and all other parasitic capacitances are lumped 

into a capacitor Cp. Note that Cp is equal to C1/2 in the divide-by-2 mode and 

C1/3 in the divide-by-3 mode, respectively. Without injection, ωout is equal to 

         , where L and Cp are cancelled. Thus, the LC tank does not 

contribute to any phase shift. The current Itank through the LC tank is equal to 

Iosc passing through the cross-coupled transistor Mc. 
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Figure 3.5: Simplified model of the proposed ILFD 

 

When vin is connected to the gate of Minj, Iinj is generated and injected into 

the oscillator. According to Kirchhoff’s Law, Itank is equal to the vector-sum of 

Iinj and Iosc. In Figure 3.6, it is shown that the phase  between Itank and Iosc, as 

well as the phase β between Iinj and Iosc, is produced by Iinj. Similar to the ILO 

in Section 2.6.1, the ILFD becomes stable when a specific phase shift of  is 

produced, which makes ωout equal to ωinj. 
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Figure 3.6: Phasor diagram of Iosc, Itank and Iinj in the ILFD 
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3.3.2 Phase condition of the ILFD 

α

Iosc

Itank

Iinj

β

 

Figure 3.7: Phasor diagram of Iosc, Itank and Iinj with the maximum  

 

Based on the injection locking of the ILO, the phase condition can be 

analyzed for the ILFD. From the general phasor diagram in Figure 3.6, sine of 

 can be expressed as 

     
    

     
     

        

     
      

               
    (3.6) 

It will reach a maximum value of 

        
    

    
        (3.7) 

if 

      
    

    
        (3.8) 

The phasor diagram for the maximum  is shown in Figure 3.7. From the 

diagram, 

        
    

     
        (3.9) 

where 

           
      

        (3.10) 

Base on the definition of the LC-tank's quality factor   
  

 
 
  

  
  in [12] and 
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the assumption of        , it is derived as 

     
  

  
                (3.11) 

Substituting (3.9) and (3.10) into (3.11), the maximum deviation of the 

injection angular frequency from the resonant angular frequency can be 

expressed as 

        
  

  
 

    

     
      

 
       (3.12) 

Referred to the input frequency and double side deviation, the operation 

range limited by the phase condition can be expressed as 

           
    

 
 

    

     
      

 
       (3.13) 

where n is the division ratio of the ILFD. Noted that Iinj is always smaller than 

Iosc in the ILFD. 

 

3.3.3 Gain condition of the ILFD 

For a steady oscillation of the ILO, it is maintained that 

                   (3.14) 

where Z(jω) is the effective impedance of the LC tank and gm is the 

transconductance of Mc. 

      
 

 

   
     

 

  

 
     

             
 

  

      
    

  
 
   (3.15) 

           
 

 
   

           
 

 
   

        (3.16) 

where µn is the electron mobility, Cox is the capacity per unit gate area, W and L 

are the size of Mc, ID is the drain current of Mc and Iosc is equal to ID based on 

the assumption that Mc is completely switched on or off in the whole period. 
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Substituting (3.15) and (3.16) into (3.14), the maximum deviation from ω0 is 

given by 

     
  

  
         

 

 
   

      
        (3.17) 

Referred to the input frequency and double side deviation, the operation 

range limited by the gain condition is expressed as 

          
    

 
         

 

 
   

      
       (3.18) 

 

3.3.4 Optimized operation range of the ILFD 

Both the phase and gain conditions must be satisfied simultaneously, so the 

ILFD's operation range is limited by the smaller one between ∆fin,phase and 

∆fin,gain. However, ∆fin,phase is reduced in (3.13) through increasing Iosc while 

∆fin,gain is reduced in (3.18) through decreasing Iosc. In short, ∆fin is optimized at 

the specific value of Iosc, where ∆fin,phase of the ILFD is equal to ∆fin,gain. 

For equalization of the ∆fin,phase and ∆fin,gain, it can be expressed as 

    

 
 

    

     
      

 
 

    

 
         

 

 
   

      
       (3.19) 

Thus, for the maximum operation range, the optimized value of Iosc is given by 

             
 

 
   

  
              

 

 
   

  
         

   (3.20) 

Substituting (3.20) into (3.18), the maximum operation range is given by 

     
    

 
           

 

 
   

  
        

 

 
 

 

 
    (3.21) 
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3.3.5 Injection current of the ILFD 

The maximum operation range in (3.21) is dependent on the magnitude of Iinj, 

which is different in the divide-by-2 and divide-by-3 modes. Based on the 

expression of the drain current of Minj in [82], the simplified expression can be 

given by 

                              
       (3.22) 

where a0, a1, and a2 are cross-modulation coefficients. 

In the divide-by-2 mode, a1vinvout is a significant item because the ILFD is 

injection-locked only by the item with the frequency in the vicinity of the 

resonant frequency. Thus, the magnitude of Iinj is expressed as 0.5a1VINVOUT, 

where VIN and VOUT are the amplitudes of input and output voltage signals, 

respectively. Similarly, the magnitude of Iinj in the divide-by-3 mode is 

expressed as 0.25a2VINVOUT
2
. Through simulation for Minj, it is known that a2 is 

smaller than a1 in the proposed circuit. With the different magnitudes of Iinj in 

the divide-by-2 and divide-by-3 modes, the maximum operation range in the 

divide-by-2 mode is generally larger than the one in the divide-by-3 mode. 

Therefore, in the design of the proposed circuit, it is more important to extend 

the operation range in the divide-by-3 mode, which limits the mutual operation 

range of the two division modes. 

 

3.4 Simulated and Experimental Results of the 

Proposed Divide-by-2/3 ILFD 

The proposed divide-by-2/3 ILFD has been designed and fabricated in the 

0.18 µm CMOS technology. The die microphotograph is shown in Figure 3.8. 
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The size of the proposed circuit is 1.03 mm × 0.47 mm. In this thesis, all 

measurements have been conducted on wafer, using a probe station with DC 

connection and RF probes. The probe station is placed inside a metal cage 

providing a common ground potential for all measurement equipment and wafer 

chuck to remove any potential electrostatic discharge (ESD) problem. 

 

Figure 3.8: Die microphotograph of the proposed circuit 

 

The measurement setup for the proposed circuit is shown in Figure 3.9, 

which is labeled as the device under test (DUT). Similar measurement setup is 

used to test other proposed circuits in this thesis. Through the DC connections, 

the DC voltage supply and DC signals are provided by the HP 4142 modular 

DC source/monitor unit. From our experiment, there is no significant difference 

between using the modular DC source/monitor unit and using batteries as the 

DC voltage supply for phase noise measurement because the modular DC 

source/monitor unit has very clean output. Single and differential signals are 

provided with the RF probes of Ground-Signal-Ground and Ground-Signal-

Signal-Ground, respectively. The input AC signal is generated from the Rohde 

& Schwarz SMF 100A signal generator. The waveform of the output signal can 
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be observed with RF probe connecting to (1) LeCroy Oscilloscope. The 

maximum frequency of the oscilloscope is 6 GHz. In addition, (2) Agilent 

Spectrum Analyzer 8563E can be used instead of the oscilloscope to measure 

the phase noise and frequency spectrum. The frequency range of the spectrum 

analyzer is from 9 kHz to 26.5 GHz. 
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Figure 3.9: Measurement setup for the proposed circuit 

 

With the supply voltage of 1.8 V, the measured current and power 

consumption for the core circuit are 1.75 mA and 3.15 mW, respectively. The 

operation range of the proposed divide-by-2/3 ILFD is 4.28~4.81 GHz. In the 

divide-by-2/3 ILFD, the division ratio is 2 or 3, according to the binary 

selection between VSW=0 V and VSW=1.8 V. In Figure 3.10, the transient 

responses of the input and output signals are shown from simulation. With the 

same input signal of 4.8 GHz, the output signals in the '/2' and '/3' modes are at 

the frequency of 2.4 GHz and 1.6 GHz, respectively. 
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Figure 3.10: Transient responses of the input and output signals in the '/2' 

and '/3' modes 

 

Without input signal, the output frequency of the free-running ILFD is equal 

to its resonant frequency. The measured tuning characteristics in the divide-by-

2 and divide-by-3 modes are shown in Figure 3.11. When Vtune is increased 

from 0 to 1.8 V, the resonant frequency is tuned from 2.26 to 1.96 GHz in the 

divide-by-2 mode and from 1.58 to 1.45 GHz in the divide-by-3 mode. 

 

Figure 3.11: Measured tuning characteristics in the '/2' and '/3' modes 
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Figure 3.12: Measured operation ranges versus the input power in the '/2' 

and '/3' modes 

 

With an input signal, the ILFD is in the status of injection locking if the 

input frequency is in the operation range. The measured operation ranges versus 

the input power of the ILFD in the divide-by-2 and divide-by-3 modes are 

shown in Figure 3.12. For example, with an input power of -0.5 dBm, the 

operation range is about 0.98 GHz and 0.14 GHz in the divide-by-2 and divide-

by-3 modes, respectively. Generally, the operation ranges are increased with the 

input power. 

 

Figure 3.13: Measured operation ranges in the '/2' and '/3' modes 
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With the input power of -0.5 dBm, the measured operation ranges in the 

divide-by-2 and divide-by-3 modes are also shown in Figure 3.13. With 

increasing Vtune from 0 to 1.8 V, the operation ranges in the divide-by-2 and 

divide-by-3 modes are shifted to left. Consequently, the overall operation 

ranges are 3.44~5.02 GHz in the divide-by-2 mode and 4.28~4.81 GHz in the 

divide-by-3 mode, respectively. Through both the measurement results in 

Figure 3.12 and Figure 3.13, it is shown as expected that the ILFD's operation 

range is obviously narrower in the divide-by-3 mode than in the divide-by-2 

mode with the same input power. 

 

Figure 3.14: Theoretical and measured operation ranges limited by the 

phase and gain conditions in the '/2' and '/3' modes 

 

In Figure 3.14, both ∆fin,phase and ∆fin,gain versus Iosc in the divide-by-2 and 

divide-by-3 modes with the input power of -0.5 dBm are shown, respectively. 
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The two thick dotted lines show the theoretical gain and phase conditions in the 

divide-by-2 mode, which crosses at Point A. Therefore, it is shown that the 

optimized value of Iosc for the divide-by-2 mode is 1.75 mA. 

Similarly, the two thin dotted lines represent the theoretical gain and phase 

conditions in the divide-by-3 mode, which crosses at Point B. Thus, it is shown 

that the optimized value of Iosc for the divide-by-3 mode is 1.27 mA. The 

operation range in the divide-by-2 mode is larger than that in the divide-by-3 

mode, so the maximum operation range for the divide-by-2/3 ILFD is achieved 

by setting Iosc of 1.27 mA. However, Iosc is biased at 1.75 mA in this design to 

provide sufficient output swing and design margin for process variation. 

In order to compare with the theoretical calculation, the measured operation 

ranges versus Iosc in the divide-by-2 and divide-by-3 modes with the input 

power of -0.5 dBm are shown in Figure 3.14. The measured operation range in 

the divide-by-2 mode initially increases with Iosc, then decreases after the 

optimized value of Iosc at 1.8 mA, which verifies the theoretical calculation. 

Similarly, it is also shown in Figure 3.14 that the operation range in the divide-

by-3 mode is increased with reducing Iosc. However, Iosc cannot be too low in 

measurement as in order to maintain the ILFD's oscillation. Due to this reason, 

the operation range for Iosc smaller than 1.2 mA cannot be measured. This 

observation verifies the theoretical analysis, shown in Figure 3.14, where the 

operation range in the divide-by-3 mode approaches to zero when Iosc is equal 

to 1.2 mA. 
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Figure 3.15: Output frequency spectrums of the dual-modulus FD (a) in 

the '/2' mode and (b) in the '/3' mode 

 

The frequency spectrums of the dual-modulus FD in the '/2' and '/3' modes 

are shown in Figure 3.15 (a) and (b), respectively. Their output frequencies are 

2.4 GHz and 1.6 GHz in the divide-by-2 and divide-by-3 modes, respectively. 

The measured phase noises of the input and outputs in the divide-by-2 and 

divide-by-3 modes are shown in Figure 3.16. Due to injection-locked by the 

input signal, the phase noises of the output signals are dependent on the input, 

especially at low offset frequency. Theoretically, the phase noises of the divide-

by-2 and divide-by-3 outputs are 6 (≈20log2) dB and 9.5 (≈20log3) dB lower 

than that of the input, respectively. In the measured results, as expected, the 

input phase noise is -98 dBc/Hz at 10 kHz offset frequency while the output 

phase noises in the divide-by-2 and divide-by-3 modes are -104 dBc/Hz and -

107 dBc/Hz, respectively. In addition, the output phase noises in the divide-by-

2 and divide-by-3 modes are -125 dBc/Hz and -125.5 dBc/Hz at 1-MHz offset 

frequency, respectively, which are worse than their theoretical values due to the 

thermal noise from the dual-modulus FD. 
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Figure 3.16: Measured phase noises of the input and outputs in the '/2' and 

'/3' modes 

 

3.5 Summary 

In this chapter, the proposed divide-by-2/3 ILFD is presented after reviewing 

conventional dual-modulus frequency dividers. The circuit has been designed 

and fabricated in the 0.18 µm CMOS technology. With the power consumption 

of 3.15 mW and the input power of -0.5 dBm, the operation range of the divide-

by-2/3 ILFD is from 4.28 GHz to 4.81 GHz. The optimized bias current for the 

ILFD's maximum operation range is analyzed based on the gain and phase 

conditions. Finally, the analysis is verified through the measured results. 

Table 3.1 summarizes the performances of some dual-modulus frequency 

dividers. A popular frequency divider's FoM can be used for comparisons [86] 

[87]. Based on the calculated FoM in Table 3.1, the proposed circuit has the 

best FoM and the lowest power consumption. This makes the proposed divide-

by-2/3 ILFD a suitable design for low-power frequency synthesizer. 
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Table 3.1: The performance comparison of the dual-modulus FDs 

 [83] [84] [85] [80] This work 

Technology 
GaInP/GaAs 

HBT 

0.12 µm 

CMOS 

0.35 µm 

CMOS 

0.18 µm 

CMOS 

0.18 µm 

CMOS 

Division ratio 2/3 4/5 2/3 2/3 2/3 

Vdd (V) 4.2 1.5 1.5 1.8 1.8 

Max. fin (GHz) 9 15 8.4 2.5 4.81 

PDC (mW) 256.2 54 10 7.6 3.15 

FoM
*
 

(GHz/mW) 
0.035 0.278 0.84 0.329 1.527 

*
 FoM=Max. fin/PDC 
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CHAPTER 4  

Novel Dual-Band Voltage-Controlled 

Oscillator 

The application of wireless local area network (WLAN) at the 2.4 GHz 

Instrumentation, Scientific and Medical (ISM) band has been experiencing 

significantly growth in the recent years. The newer WLAN at 5 GHz in the 

Unlicensed National Information Infrastructure (UNII) band has more 

bandwidth for more channels and higher data rates. With the increase in the 

demand for higher data rates, WLAN chips must be able to cover both the ISM 

and UNII bands to ensure smooth migration. 

One of the major problems in a dual-band transceiver is the implementation 

of a dual-band VCO. A VCO with wide tuning range is a simple method to 

cover the two bands. However, the VCO needs a varactor with large variable 

percentage in capacitance, which is usually unavailable in a standard CMOS 

technology. Another method is that switchable devices are used in the LC tank 

of the VCO to change either capacitance [88] or inductance [89]. The resistance 

of the switchable capacitors or inductors, however, is likely to cause the 

degradation of the tank quality factor (Q) and, consequently, the phase noise of 

the VCO. Moreover, two independent VCOs in a stacking topology can be used 

to provide two frequencies [90], but their phase noises are deteriorated due to 

the limited voltage headroom for both VCOs. In addition, the total power 

consumption is unavoidably high if two PLLs are implemented in a dual-band 

transceiver. 
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4.1 Tank Voltage Amplitude 

Tank voltage amplitude of an oscillator has an important effect on the phase 

noise, as emphasized by the presence of qmax in the denominator of the 

expression for the single-sideband phase noise [27]. 

            
  
       

    
  

    
 

           (4.1) 

where         is the power spectral density of the parallel current noise, Γrms is 

the rms value of the ISF associated with that noise source, qmax is the maximum 

signal charge swing, and Δω is the offset angular frequency from the carrier. 
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Figure 4.1: Current flow (a) in an LC-tank oscillator and (b) in a simplified 

model 

 

In Figure 4.1 (a), it is shown that an LC-tank oscillator is biased by a current 

Ibias, which is based on the complementary cross-coupled structure. The current 

is flowing in the differential oscillator, which is completely switched to either 

side in turn. As the tank voltage changes, the direction of the current flow 

through the tank reverses. In Figure 4.1 (b), it is shown that the cross-coupled 

transistors can be modeled as a current source switching between Ibias and -Ibias 
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in parallel with a simplified LC tank, where Req is the equivalent parallel 

resistance of the tank. At the resonant frequency, the admittances of the L and C 

are cancelled, leaving Req only. At high frequencies, the flowing current can be 

approximated to be a sinusoidal waveform due to finite switching time and 

limited gain. Thus, the tank voltage amplitude can be approximated as 

                      (4.2) 

Thus, the operation of the VCO is defined as current-limited operation in which 

the tank voltage amplitude is solely determined by Ibias and Req. 

However, the tank voltage amplitude cannot be estimated based on (4.2) 

when it approaches the supply voltage. It will be clipped at Vdd by the PMOS 

transistors and at ground by the NMOS transistors. Therefore, the tank voltage 

amplitude does not significantly exceed Vdd. In this case, this operation of the 

VCO is known as voltage-limited operation. 

In the VCO design, it is desirable to increase the tank voltage amplitude for 

low phase noise based on (4.1). According to this simple model, the tank 

voltage amplitude cannot be increased beyond due to voltage limiting. In order 

to optimize the power consumption, the VCO should be designed to operate at 

the edge of the voltage-limited operation. 

 

4.2 Design of the Proposed Dual-Band VCO 

4.2.1 Topology of the proposed dual-band VCO 

In a 2.4/5.15 GHz application, the 5.15-GHz frequency band is far away 

from the 2.4-GHz frequency band, but is near to the frequency of 4.8 GHz that 

is the second harmonic of 2.4 GHz. Thus, it is not necessary to design a VCO 
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with wide tuning range from 2.4 GHz to 5.15 GHz. Instead, a VCO with the 

tuning range from 4.8 GHz to 5.15 GHz is designed. After the VCO, a divide-

by-2 frequency divider is designed with the output for the 2.4-GHz frequency 

band. In this circuit, an ILFD can be used for high frequency operation and low 

power consumption. 

VCOVCO

ILFD ILFD

Vdd

Vtune

flow

fupp

(a) (b)

Vtune

flow

fupp

Vdd

Vdd

IVCO

IILFD

IC

IC

 

Figure 4.2: A VCO and an ILFD (a) on cascade structure (b) on stacking 

structure 

 

Based on a conventional topology, the VCO and the ILFD are implemented 

in cascade, shown in Figure 4.2 (a). For the dual-band VCO, the power is not 

consumed only by the VCO, but also by the ILFD. Thus, they consume much 

power, especially at high-frequency operation. The total power consumption 

Ptotal is Vdd·IVCO+Vdd·IILFD, where IVCO and IILFD are the bias currents in the VCO 

and the ILFD, respectively. 

Based on a stacking topology, the VCO can be stacked on top of the ILFD to 

reduce the power consumption, shown in Figure 4.2 (b). Thus, the bias current 

IC in the VCO is reused by the ILFD. Conclusively, Ptotal is only Vdd·IC, which is 
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smaller in the stacking topology than in the conventional topology if IC is 

smaller than the sum of IVCO and IILFD. 

 

4.2.2 Schematic of the proposed dual-band VCO 

The schematic of the proposed dual-band VCO is shown in Figure 4.3, 

which consists of a VCO (in the left box) and an ILFD (in the right box). The 

VCO is based on a complementary LC-tank oscillator, which consists of an 

inductor L1, two NMOS and two PMOS transistors to regenerate the signal. At 

the differential outputs of the VCO, vupp+ and vupp-, the VCO’s output frequency 

fupp is used for the upper band operation. A varactor Cvar1 is connected between 

vupp+ and vupp-, which is tuned by a DC voltage Vtune to vary fupp. 

Vdd

vupp+ vupp- vlow-vlow+

Vtune
Cvar1 Cvar2

Cm

L1

L2

Mn

Mp

Vm

VCO ILFD

In

Ip

Differential Injection

 

Figure 4.3: Schematic of the proposed dual-band VCO 

 

The ILFD is based on an NMOS-only LC-tank oscillator, which consists of 

another inductor L2 and a pair of cross-coupled NMOS transistors to regenerate 

the signal. At the differential outputs of the ILFD, vlow+ and vlow-, the ILFD’s 
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output frequency flow is used for the lower band operation. One PMOS injection 

transistor Mp and one NMOS injection transistor Mn are connected in parallel 

between vlow+ and vlow-. Their gates are connected to vupp+ and vupp-, which 

generate the injection currents Ip and In, respectively. Another varactor Cvar2 

between vlow+ and vlow- is also tuned by Vtune. Moreover, a fixed capacitor Cm is 

placed between Vm and gnd, which is used to decouple the AC signal and to 

attenuate the voltage variation on Vm. In addition, another varactor is connected 

in parallel to Cvar2, which is not shown in Figure 4.3 for simplicity. It will be 

independently tuned once and then fixed to offset the effect of process variation 

on the ILFD's resonant frequency f0. 

 

4.2.3 Design techniques of the proposed dual-band VCO 

In a wireless transceiver, phase noise is an important characteristic to 

measure the quality of an oscillator. In the proposed circuit, the VCO is 

designed based on the complementary structure, which occupies larger voltage 

headroom but has better phase noise than the one based on an NMOS-only 

structure [47]. The phase noise of the ILFD with wide operation range is 

significantly dependent on the VCO’s output [91]. Theoretically, the phase 

noise of the ILFD at flow is 6 dB better than that of the VCO because flow is equal 

to (1/2)fupp. 

For the operation of the dual-band VCO, it is required that fupp is in the 

ILFD's operation range. In the proposed circuit, the varactors Cvar1 and Cvar2 are 

implemented in the VCO and the ILFD, respectively, and they are tuned 

together by Vtune. Thus, the capacitance of the LC tanks in the VCO and ILFD 

can be increased or decreased simultaneously. Consequently, fupp is shifted 
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together with f0. 

In a conventional ILFD [92], the injection signal is usually single-ended but 

most VCOs' outputs are differential. Thus, the power consumption and the 

complexity of the circuit can be increased if a differential-to-single converter is 

added between the VCO and the ILFD. Otherwise, only one of the VCO's 

outputs is used while the other is connected to a dummy circuit. As shown in 

Figure 4.3, differential injection is implemented in the proposed circuit. The 

differential outputs of the VCO are both connected to the gates of Mp and Mn 

instead of single injection. The injection currents Ip and In are generated in the 

same direction by vupp+ and vupp-, respectively. Based on Adler’s lock range 

equation in [10], the ILFD's operation range is extended by the increased 

injection current that is the sum of Ip and In. 

 

4.3 Simulated and Experimental Results of the 

Proposed Dual-Band VCO 

  

Figure 4.4: Simulated output frequency of the VCO and operation range of 

the ILFD 

A B C 
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These design techniques can be verified through simulation. Firstly, it is 

shown in Figure 4.4 that the VCO's output frequencies are 4.5 GHz, 5.2 GHz 

and 5.85 GHz at Vtune of 1.8 V, 0.9 V and 0 V, respectively. fupp is shown by 

three arrows of A, B and C. Simultaneously, the operation ranges of the ILFD 

with differential injection (D) are shown at Vtune of 1.8 V, 0.9 V and 0 V. At the 

same Vtune, fupp is always kept in the ILFD's operation range when the ILFD's 

input power is larger than -5 dBm. In the proposed circuit, the ILFD is always 

injection-locked because the VCO's output power can be kept larger than -5 

dBm. 

Secondly, the operation ranges of the ILFD with differential injection and 

with single injection (S) are compared in Figure 4.4. It is an example at Vtune of 

0.9 V that the operation range of the ILFD with single injection is narrower 

than the one with differential injection. If the ILFD's input power is -5 dBm, the 

operation ranges of the ILFD with single injection and differential injection are 

0.2 GHz and 0.3 GHz, respectively. 

 

Figure 4.5: Die microphotograph of the proposed circuit 
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The proposed dual-band VCO has been designed and fabricated in the 0.18 

µm CMOS technology. The die microphotograph of the proposed circuit is 

shown in Figure 4.5. The size of the proposed circuit is 0.66 mm × 0.68 mm. At 

the supply voltage of 1.8 V, the measured current and power consumption for 

the core circuit are 1.78 mA and 3.2 mW, respectively. Through de-embedding, 

the output powers for fupp and flow are measured to be 0.9 dBm and -2 dBm, 

respectively. 

The simulated and measured tuning characteristics of fupp, flow and f0 are 

shown in Figure 4.6 and Figure 4.7, respectively. It can be observed that both 

figures are similar, but the measured frequency is a little lower than the 

simulated frequency due to parasitic capacitance added to the LC tank. In 

Figure 4.7, through varying Vtune from 0 V to 1.8 V, fupp is tuned from 4.48 GHz 

to 5.86 GHz while flow is generated from 2.24 to 2.93 GHz. It can be concluded 

that the ILFD is always injection-locked by the VCO in the whole tuning range 

because flow is equal to (1/2)fupp. In addition, f0 can be tuned from 2.36 to 2.82 

GHz through varying Vtune. 

 

Figure 4.6: Simulated tuning characteristics of the output frequencies 
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Figure 4.7: Measured tuning characteristics of the output frequencies 

 

The simulated and measured phase noises of the VCO and the ILFD are 

shown in Figure 4.8. The solid lines represent the measured results while the 

dotted lines represent the simulated results. At the free-running ILFD, the 

measured phase noise of f0 is only -106 dBc/Hz at 1-MHz offset frequency. 

However, the ILFD's phase noise can be suppressed by injection locking. With 

proper injection, the measured phase noises of fupp and flow are -115 dBc/Hz and 

-121 dBc/Hz at 1-MHz offset frequency, respectively. As expected, the ILFD’s 

phase noise is almost 6 dB better than the VCO’s phase noise. In comparison 

with the simulated results, the measured phase noise is worse. At low offset 

frequency, the measured phase noise is deteriorated due to the parasitic 

components, which degrade the quality factor of the LC tank. At high offset 

frequency, the interconnect resistance leads to higher noise floor. 
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Figure 4.8: Simulated and measured phase noises of the output frequencies 

 

4.4 Summary 

In this chapter, the proposed 2.4/5.15 GHz dual-band VCO is presented after 

reviewing tank voltage amplitude in current-limited and voltage-limited 

operations. The circuit has been fabricated in the 0.18 µm CMOS technology. 

Table 4.1 summarizes the measured performances of the proposed dual-band 

VCO. A popular VCO's FoM is used for comparisons [93]. 

                
   

  
        

   

   
     (4.3) 

where       represents the phase noise at the offset frequency Δf, fop is the 

operation frequency, and PDC is the DC power consumption. 

Based on the calculated FoM in Table 4.1, the proposed dual-band VCO has 

the best FoM, the lowest power consumption and the widest tuning range. This 

makes the proposed dual-band VCO a suitable design for a low-power dual-

band transceiver, which supports both the ISM and UNII bands for WLAN 
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applications. In a low-power PLL, this proposed circuit can be used as the VCO 

and the first-stage frequency divider. 

Table 4.1: The performance comparison of the dual-band VCOs 

 
Technolo

gy 

Vdd 

(V) 

Ptotal 

(mW) 

fop (GHz)/ 

Δf (Hz) 

Tuning 

Range 

(GHz) 

Phase 

Noise 

(dBc/Hz) 

FoM 

(dB) 

[94] 
0.18 µm 

CMOS 
1.8 8 

5.7/1M 1.3 -98 -164.1 

2.85/1M 0.65 -110 -170 

[90] 
0.18 µm 

CMOS 
1.8 6.11 

5.23/1M 0.25 -120 -186.6 

2.44/1M 0.11 -126 -186.1 

[95] 
0.18 µm 

CMOS 
1.8 16.5 

5.74/1M 1.01 -118 -184.4 

2.98/1M 0.64 -124 -184.1 

[89] 
0.18 µm 

CMOS 
1.8 7.56 

4.56/1M 1.2 -121 -185 

2.3/1M 0.25 -120 -179 

[96] 
0.18 µm 

CMOS 
1 5.17 

4.23/1M 0.24 -110 -175.4 

2.115/1M 0.12 -116 -175.4 

This 

work 

0.18 µm 

CMOS 
1.8 3.2 

5.86/1M 1.38 -115 -187.1 

2.93/1M 0.69 -121 -190.1 
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CHAPTER 5  

Novel Injection-Locked Frequency Multiplier 

High frequency wireless applications are flourishing due to the increasing 

demand for high-speed mobile connectivity. A major obstacle to a transceiver 

in high-frequency application is the degradation of active components with 

increasing frequency. This is particularly severe in frequency synthesizer, 

which is important for LO signal generation. Generally, a frequency synthesize 

needs more power consumption for higher frequency operation. 

 

5.1 Frequency Multiplier 

fPLL

FD

CP with 

Filter
PFD

fout
FM

fref

fFB

PLL

VCO

 

Figure 5.1: Frequency multiplier driven by a PLL in a frequency 

synthesizer 

 

A frequency multiplier (FM) can be used in a frequency synthesizer for high-

frequency and low-power operation. In Figure 5.1, it is shown that the 

frequency multiplier is driven by a low-frequency PLL. In [97], the design 

exploits the nonlinearity of active devices to generate the harmonics of the input 

signal. The circuit has a single-ended input/output, but requires many inductors 

and high power consumption. In [98], an up-conversion mixer is used to 

generate the second harmonic as the output of the frequency multiplier. The 
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circuit has very low conversion gain but also consumes high power. Generally, 

it is difficult to design such a frequency multiplier in the frequency synthesizer 

to reduce power consumption. 

In Chapter 3 and 4, the ILFDs are designed based on the ILO for low-power 

and high-frequency operation. Also, an ILFM can be proposed based on the 

ILO with a novel topology. Thus, the proposed ILFM has lower power 

consumption, higher operation frequency and higher conversion gain than these 

conventional frequency multipliers. Similar to the ILFDs, the ILFM has limited 

operation range due to the locking range of the ILO. In fact, the operation range 

of the ILFM is the locking range of the ILO, i.e. the output-frequency range of 

the frequency multiplier. 

 

5.2 Injection-Locked Frequency Multiplier 

5.2.1 Topology of the proposed ILFM 

A conventional frequency multiplier in Figure 5.2 (a) consists of a frequency 

pre-generator and an amplifier. The frequency pre-generator is designed based 

on an up-conversion mixer with both inputs connected to the differential signal, 

vin+ and vin-, at a frequency fin. The mixer's outputs, vm+ and vm-, are operating at 

2fin, which are connected to an LC tank H1 and to a pair of transconductance Gm. 

With another LC tank H2 as a bandpass filter, the frequency multiplier's outputs, 

vout+ and vout-, are at a frequency fout, which is also equal to 2fin. It is noted that 

vm is amplified to vout based on a voltage-gain characteristic of the amplifier, 

which is also shown in Figure 5.2 (a). With increasing vm, the gain is generally 

reduced due to the saturation of the amplifying transistor. 
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The proposed topology of the frequency multiplier is shown in Figure 5.2 (b), 

which has the same frequency pre-generator as in Figure 5.2 (a). An ILO is in 

the following stage instead of the amplifier as in Figure 5.2 (a). In the ILO, a 

pair of Gm form a positive loop with an LC tank H, which serves as a load. 

When the ILO is injection-locked, fout is equal to 2fin. In Figure 5.2 (b), it is also 

shown that vm is amplified multiple times in the positive feedback loop until the 

gain reduces to one due to gain compression as input increases. Thus, with the 

same vm and characteristic of the voltage gain, vout is larger in Figure 5.2 (b) 

than in Figure 5.2 (a), especially with small vm. Note that the input of the ILO is 

in current rather than voltage, vm is used here for simple illustration. The overall 

conversion gain of the frequency multiplier is higher in the proposed topology 

than in the conventional topology with the same power consumption. 

fin

2fin

Frequency 

Pre-generator

vin+

Gm

Gm

H1 H2

vin-

vout+

vout-

fout

Amplifier

fin

2fin

Frequency 

Pre-generator

vin+

GmGm H
vin-

vout+

vout-

ILO

fout

(a)

(b)

Input Voltage

vout

vm

vout

vm

vm+

vm+

fout

fout

vm-

vm- Input Voltage

O
u

tp
u

t 
V

o
lt
a

g
e

O
u

tp
u

t 
V

o
lt
a

g
e

 

Figure 5.2: (a) Conventional topology and the amplifier's voltage gain (b) 

proposed topology and the ILO's voltage gain 

 



Chapter 5 

96 

 

5.2.2 Schematic of the proposed ILFM 
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Figure 5.3: Schematic of the proposed ×2 ILFM 

 

Based on the proposed topology, the schematic of the proposed ×2 ILFM is 

designed and shown in Figure 5.3. In the circuit, the mixer is designed based on 

a double-balanced Gilbert cell, which consists of six NMOS transistors. Mn1 

and Mn2 form a transconductance stage and are biased by a DC voltage VB1 (not 

shown). Mn3, Mn4, Mn5 and Mn6 form a switching stage and are biased by 

another DC voltage VB2 (not shown). The inputs vin+ and vin- of the proposed 

circuit are a pair of differential signal from a signal generator or a low-

frequency PLL. Mn1, Mn3, and Mn6 are connected to vin+ while Mn2, Mn4, and Mn5 

are connected to vin-. The differential injection currents, iinj+ and iinj-, are 

generated from the mixer and connected to the following ILO. 

Based on a complementary structure with an LC tank, the ILO consumes a 

DC current IILO to keep its self-oscillation at a resonant frequency f0. The LC 

tank is also used as the load of the mixer, which serves as a bandpass filter. 
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Only the frequency close to f0 is selected at the output of the mixer. If 2fin is 

close to f0, the ILO is injection-locked to the injection current's frequency finj, 

which is equal to 2fin. Thus, fout is equal to 2fin. The outputs vout+ and vout- are 

connected to a buffer for measurement. An additional DC voltage Vtune is 

connected to a varactor in the ILO, which is used to tune f0 through changing 

the capacitance of the ILO's LC tank and to further extend the ILFM's operation 

range. 

 

Figure 5.4: Simulated output amplitude versus input amplitude for both 

the proposed ILFM and the conventional frequency multiplier 

 

In Figure 5.4, the simulated output amplitude versus input amplitude has 

been shown for both the proposed ILFM and the conventional frequency 

multiplier. Both these two frequency multipliers consume the same power. As 

expected, the ILFM has higher conversion gain than the conventional frequency 

multiplier. With a small input, the conventional frequency multiplier's output is 

also small. However, the proposed ILFM with the same input signal 

consistently has large output signal. Thus, the input signal from its previous 

stage can be reduced. 
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5.3 Analysis on the ILFM's Performance 
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Figure 5.5: Simplified model of the proposed ×2 ILFM 

 

The proposed ×2 ILFM can be analyzed based on the simplified model, 

which is shown in Figure 5.5. With the input VIN, an injection current IINJ is 

generated from the mixer, and it can be derived based on the inputs and sizes of 

the mixer's transistors. Subsequently, the LC-tank current IT is the vector sum of 

IINJ and the oscillation current IOSC through the cross-coupled transistors. Note 

that for simplicity, IOSC is equal to IILO based on the assumption that the cross-

coupled transistors are always fully switched on or off. Finally, the ILFM's 

output VOUT is generated after the effective impedance H(f) of the LC tank, 

which can be expressed as 

     
  

      
       

  
 
       (5.1) 

where Rp is the effective resistance of the LC tank with the quality factor of Q. 

Thus, the equations of the operation range and conversion gain can be derived 

mathematically. 
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5.3.1 Injection current in the proposed ILFM 

In the transconductance stage of the mixer, the AC and DC voltages at the 

gates of Mn1 and Mn2 can be expressed as 

                          (5.2a) 

                          (5.2b) 

where          . Due to the same transistors sizes, the DC currents passing 

through Mn1 and Mn2 are half of the mixer's current consumption IMIX. With the 

same transconductance    
    

       
 in this stage, the currents through Mn1 

and Mn2 are 

   
 

 
     

                

       
      (5.3a) 

   
 

 
     

                

       
      (5.3b) 

In the switching stage, the AC and DC voltages at the gates of Mn3, Mn4, Mn5, 

and Mn6 can be expressed as 

                            (5.4a) 

                            (5.4b) 

With an appropriate value of VB2, these four switching transistors can be 

swiftly and completely switched on or off by the differential input signals. 

Ideally, the currents through these four transistors can be expressed as 

    
 

 
     

                

       
   

 

 
 

 

 
                 (5.5a) 

    
 

 
     

                

       
   

 

 
 

 

 
                 (5.5b) 

    
 

 
     

                

       
   

 

 
 

 

 
                 (5.5c) 

    
 

 
     

                

       
   

 

 
 

 

 
                 (5.5d) 
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Applying Fourier transform to the term                and ignoring the 

high order harmonics, 

               
 

 
          

 

  
               (5.6) 

The differential currents from the mixer are obtained as 

             
 

 
     

        

          
   

 

 
           

 

 
           

          (5.7a) 

            
 

 
     

        

          
   

 

 
           

 

 
           

          (5.7b) 

If f0 is close to 2fin, the ILO is injection-locked by the term with 2ωin. The 

effective injection current into the ILO is expressed as 

                 
        

           
              (5.8) 

Therefore, the magnitude of the injection current is 

     
        

           
        (5.9) 

 

5.3.2 Operation range of the proposed ILFM 

In the frequency pre-generator, the double-balanced Gilbert-cell mixer has 

wide dynamic range, which is much wider than the ILO's locking range. With 

proper design of f0, the ILFM's operation range ∆f is only limited by the latter, 

which is the output-frequency range in this circuit. Based on (3.12) in Chapter 3, 

the ILO's locking range can be derived with the injection current. Therefore, the 

equation for the maximum deviation of finj from f0 is given by 

        
  

  
 

    

     
      

 
       (5.10) 
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With understanding that the ILFM's operation range includes           and 

          and by substituting (5.9) into it, 

   
  

 
 

    

     
      

 
 

  

 
 

        

                  
 
            

   (5.11) 

 

5.3.3 Conversion gain of the proposed ILFM 
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Figure 5.6: (a) Open-loop characteristic and (b) phasor diagram of the LC 

tank in the ILO 

 

Based on the model in Figure 5.5, the open-loop characteristic of the LC 

tank and the phasor diagram in the ILO is shown in Figure 5.6. In the vicinity of 

resonance, a phase shift α in Figure 5.6 (a) is caused by the injection current. In 

[11], 

     
  

  
                 (5.12) 

Thus, sine and cosine of α can be expressed as 

     
  

   
              

 
       (5.13) 

     
           

   
              

 
       (5.14) 
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When the ILO is injection-locked, the phase difference of IILO and IINJ is 

smaller than (π/2). In Figure 5.6 (b), their sum IT is shown and derived 

geometrically. 

                  
                  (5.15) 

By substituting (5.13) and (5.14) into (5.15), the magnitude of the LC-tank 

current is expressed as 

   
             

     
              

 
      

              
 

   
              

 
   (5.16) 

By differentiating (5.15) with respect of IILO, 

    

     
      

          

     
              

      (5.17) 

By differentiating (5.17) again, it can been seen that 
     

     
  is always negative. 

Thus, IT is maximized when 
    

     
  . At the maximum value, it can be derived 

as 

                    
  

            
     (5.18) 

Therefore, 
    

     
   when           

  

            
. Conversely, 

    

     
   

when           
  

            
. 

Based on the ILFM's model in Figure 5.5, it can be expressed as 

                      (5.19) 

By substituting (5.1) and (5.16) into (5.19), 

     
       

             
     

              
 
      

              
 

  
              

   (5.20) 

Consequently, the conversion gain of the proposed ILFM can be obtained as 
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  (5.21) 

By differentiating (5.21) with respect of IILO, 

  

     
 

    

   
  

    

       
              

 
 

    

     
    (5.22) 

By substituting (5.17) into (5.22), 

  

     
 

    

   
  

    

       
              

 
       

          

     
              

  (5.23) 

Based on the conclusion drawn from (5.17), it can be expected that 

  

     
 

    

   
    when           

  

            
, otherwise 

  

     
 

    

   
   . 

Therefore, the conversion gain is increased with IILO until           

  

            
, then is decreased. Note that the lower limit of IILO is IINJ from (5.11) 

while its upper limit is      
   

              
 

           
 from (5.16). 

For the lowest power consumption in the proposed ILFM, IILO can be 

reduced to as small as IINJ. Thus, the conversion gain is given by 

    

   
 

        
   

       
              

 
 
 

      

           
 

  
   

  
              

   (5.24) 

For high conversion gain in the proposed ILFM, IILO should be equal to 

     
  

            
. Thus, the conversion gain can be maximized to 

    

   
 

         

               
 

     

           
 

    

            
    (5.25) 
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5.4 Simulated and Experimental Results of the 

Proposed ILFM 

 

Figure 5.7: Die micrograph of the proposed ILFM 

 

The proposed ILFM has been designed and fabricated in the 0.18 µm CMOS 

technology. The die microphotograph is shown in Figure 5.7. The size of the 

proposed circuit is 0.55 mm × 0.38 mm. With the supply voltage of 1.8 V, the 

measured current and power consumption for the core circuit are 3.7 mA and 

6.66 mW, respectively. 

 

Figure 5.8: Measured input sensitivity of the ×2 ILFM with various Vtune 
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In Figure 5.8, the measured input sensitivity of the ILFM is shown. With 

Vtune of 0 V and the 0 dBm input, the input-frequency range of the ILFM is 7 

GHz to 8.2 GHz. Through varying Vtune from 0 V to 1.8 V, the input-frequency 

range is shifted to the left because of f0 changed from 15 GHz to 13.2 GHz. 

Thus, with the 0 dBm input and varying Vtune, the overall input-frequency range 

is 6 GHz to 8.2 GHz. As shown in Figure 5.8, even with the input of -10 dBm, 

the overall input-frequency range is still 6.6 GHz to 7.5 GHz. 

 

Figure 5.9: Measured output power versus the output frequency of the 

ILFM with various Vtune 

 

In Figure 5.9, the measured output power versus the output frequency of the 

ILFM is shown with various Vtune. With the 0 dBm input, the ILFM's operation 

range is 12 GHz to 16.4 GHz. The output power is reduced when the output 

frequency is deviated from f0. In this circuit, f0 can be shifted through varying 

Vtune, so the output power can be kept higher than 0 dBm in the operation range 

from 12.4 GHz to 16.4 GHz. 

Fundamental rejection (FR) is defined as the difference in the output power 



Chapter 5 

106 

 

of the desired frequency to that of the fundamental frequency. As shown in 

Figure 5.10, the FR of 38 dB is obtained with the 0 dBm input and the 3.7 mA 

current consumption in the proposed ILFM. It can be seen that this proposed 

ILFM is suitable for even-order frequency multiplier as only even-order 

harmonics of the input frequency can be generated by the doubled-balanced 

mixer. 

 

Figure 5.10: Measured output power spectrum of the fundamental and 

desired frequencies 

 

 

Figure 5.11: Conversion gain and operation range versus the input power 
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In Figure 5.11, the conversion gain and operation range versus the input 

power of the ILFM is shown, where the consumed current is 3.7 mA and the 

output frequency is selected to be 0.3 GHz from f0. The higher conversion gain 

will be obtained if the output frequency is selected to be f0, as shown in Figure 

5.9 due to the higher output power. When the input power is changed from -5 

dBm to 2 dBm, the theoretical, simulated and measured operation ranges are 

increased. Conversely, the theoretical, simulated and measured conversion 

gains are reduced with the input power. 

The simulated and measured conversion gains of the ILFM match with its 

theoretical conversion gain. However, with large input power, there is a 

discrepancy between its simulated/measured and theoretical operation ranges. 

Theoretically, the injection current IINJ generated from the double-balanced 

mixer increases with the input signal VIN. Based on (5.10), the operation range 

increases with IINJ. However, (5.10) is derived from (3.11) based on the 

assumption that the deviation of ωinj from ω0 is much smaller than ω0. When 

the operation range is very large due to a large input power, (5.10) is no longer 

accurate and thus the theoretical results based on (5.10) deviate from the 

simulated/measured results. In addition, the equation of the conversion gain of 

the ILFM is still valid with high input power because the conversion gains with 

different input powers are measured at a fixed input frequency. 
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Figure 5.12: Conversion gain and operation range versus the ILO's 

consumed current 

 

In Figure 5.12, the conversion gain and operation range versus IILO is shown. 

Similarly, the input power is 0 dBm and the output frequency is selected to be 

0.3 GHz from f0. It can be seen that the theoretical, simulated and measured 

conversion gains are increased with increasing IILO. Conversely, the theoretical, 

simulated and measured operation ranges are reduced with increasing IILO. 

The simulated and measured operation ranges of the ILFM match with the 

theoretical results. However, there is a discrepancy between its 

simulated/measured and theoretical conversion gains when the ILO's consumed 

current is larger than 4 mA. The discrepancy is because that the ILO will go 

into voltage limited region [47] when the ILO's consumed current is very large, 

as its output voltage is clipped by the supply voltage. As a result, the 

discrepancy between the theoretical and simulated/measured conversion gains 

of the ILFM increases gradually when the ILO's consumed current increases to 

be larger than 4 mA. 
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5.5 Fractional Frequency Multiplier 

Including the proposed ILFM, the current designs in [97] [98] have the same 

severe limitation that their multipliers are all integers but not fractional numbers. 

However, it is important to design an FFM for many applications. In a 

frequency synthesizer, the FFM can generate a fixed output frequency as an LO 

signal, which is driven by a low-frequency PLL. 

 

5.5.1 Topology of the proposed ×(n+1)/n ILFM 
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Figure 5.13: Topology of the proposed ×(n+1)/n FFM with a PLL for fPLL 

and (n+1)/n fPLL 

 

Generally, a frequency synthesizer is designed based on a PLL, which 

consists of a PFD, a charge pump (CP) with loop filter, a VCO and many stages 

of FDs in the feedback path. In Figure 5.13, it is shown that the proposed 

×(n+1)/n FFM is designed with and driven by the PLL. The proposed FFM 

consists of an ILO, a mixer and a divide-by-n FD, where n is an integer. Note 

that this FD can be reused in the PLL to serve as a the first-stage FD. 

The PLL's output frequency fPLL is generated from the VCO and is connected 
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to the divide-by-n FD. Subsequently, a frequency fFD is generated from the FD, 

which is equal to (1/n) fPLL. The FD's output signal is connected to both the 

following divide-by-m FD in the PLL and the up-conversion mixer in the FFM. 

Thus, the mixer's output frequency fMIX is equal to (n+1)/n fPLL, which is 

connected to the ILO. In the proposed FFM, the ILO is used to amplify the 

mixer's output to drive the next stage. When the ILO is injection-locked by fMIX, 

the ILO's output frequency fILO is equal to (n+1)/n fPLL. Therefore, the 

frequency synthesizer with the ×(n+1)/n FFM can provide the signals of fPLL 

from the PLL and (n+1)/n fPLL from the FFM. This design is useful to support 

some dual-band applications, which provides two different frequencies based 

on one PLL operating at the lower frequency. 

 

5.5.2 Schematic of the proposed FFM 

Based on the topology of ×(n+1)/n FFM, the schematic of the ×(3/2) FFM is 

proposed in Figure 5.14, where n=2 for this example. In this design, the divide-

by-2 FD is an ILFD based on a complementary cross-coupled oscillator, which 

consists of an inductor L1, NMOS and PMOS transistors and an injection 

transistor Minj. The FD consumes a DC current IFD to resonate at a frequency 

f0,FD with an LC tank, which has an effective impedance HFD and a quality 

factor QFD. An input signal vin is connected to the gate of Minj at a frequency fin. 

At the FD's outputs, vfd+ and vfd-, fFD is generated to be (1/2) fin. 
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Figure 5.14: Schematic of the proposed ×(3/2) FFM 

 

The mixer is designed based on a single-balanced Gilbert cell, which 

consists of three NMOS transistors. vin is connected to Mn1 while vfd+ and vfd- 

are connected to Mn2 and Mn3, respectively. Consequently, the injection currents, 

iinj+ and iinj-, are generated by the mixer at fMIX and connected to the ILO. 

The ILO consists of an inductor L2 and complementary cross-coupled 

transistors. The ILO consumes a DC current IILO to resonate at a frequency f0,ILO, 

which has an LC tank with a quality factor QILO. The LC tank is also used as the 

load of the mixer, which serves as a bandpass filter. Thus, only the frequency 

close to f0,ILO is selected at the mixer's output. In the ILO's operation range, the 

ILO is injection-locked by the mixer's output operating at fMIX. Thus, the FFM's 

output frequency fILO is equal to (3/2) fin, where the ILO's outputs, vilo+ and vilo-, 

are connected to an output buffer for measurement. 

Furthermore, two varactors Var1 and Var2 are implemented in the FD and 
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the ILO, respectively, which are both tuned by a DC voltage Vtune. In order to 

shift both f0,FD and f0,ILO in the same direction, the capacitances in the LC tanks 

of the FD and ILO are changed simultaneously. Thus, the FFM's operation 

range can be extended, which is defined as the FFM's output-frequency range. 

In addition, another varactor is connected in parallel to Var1, not shown in 

Figure 5.14 for simplicity. It will be independently tuned once and then fixed to 

offset the effect of process variation on f0,FD. 

 

5.6 Analysis on Performance of the Proposed FFM 

In the proposed FFM, the Gilbert-cell mixer has wide dynamic range, which 

is much wider than the FD's output-frequency range ∆fFD and a third of the 

ILO's output-frequency range ∆fILO. Thus, it is more important to optimize both 

∆fFD and ∆fILO than the mixer's input-frequency range. Note that in a proper 

design, the FFM's operation range will be limited by the smaller of 3∆fFD and 

∆fILO. 

 

5.6.1 Output-frequency range of the FD 

In Chapter 3, it is asserted that the ILFD's locking range is dependent on its 

injection current and its oscillation current. Similar to (5.11), the FD's output-

frequency range includes             and             can be expressed as 

     
     

   
 

  

    
    

 
       (5.26) 

where the FD's injection current ID is the magnitude of the AC current in the 

drain of Minj and the FD's oscillation current is equal to IFD based on the 
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assumption that the cross-coupled transistors are fully switched on and off. 

 

5.6.2 Output-frequency range of the ILO 

In [47], the FD's output VFD can be expressed as 

                   (5.27) 

Subsequently, VFD can be mixed with the input VIN to generate the injection 

current from the mixer. Thus, the magnitude of the injection current for the ILO 

is expressed as 

                      (5.28) 

where α is the mixer's conversion constant. 

By substituting (5.27) into (5.28), 

                         (5.29) 

Similarly, ∆fILO can be expressed as 

      
      

    
 

    

     
      

 
       (5.30) 

where IILO is the oscillation current in the ILO. 

By substituting (5.29) into (5.30), 

      
      

    
 

             

     
                  

     (5.31) 

 

5.6.3 Optimized operation range of the proposed FFM 

In the operation range of the proposed FFM, fILO is equal to 3fFD. In order for 

the FFM to achieve the maximum operation range, the two conditions should be 

fulfilled simultaneously: (1) ∆fILO should be equal to 3∆fFD; (2) f0,ILO should be 

close to 3f0,FD. 
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In order to satisfy the first condition, both ∆fILO and 3∆fFD can be optimized 

based on (5.26) and (5.31). For the second condition, f0,ILO≈3f0,FD can be 

achieved through careful selection of inductor and capacitor values in the ILO. 

As shown in Figure 5.15, the FFM's operation range is maximized through 

equalization of ∆fILO and 3∆fFD, which is from fA to fB. If the resonant frequency 

of the ILO is f0,ILO', the FFM's operation range in this figure will be reduced due 

to the mismatch between ∆fILO and 3∆fFD, which is from fA to fC. 

3ΔfFD

3fFD,0

fILO,0 fILO,0'

ΔfILO

fILO

3fFD

fB fAfC

ΔfILO
 

Figure 5.15: Relationship between the output-frequency ranges of the FD 

and the ILO 

 

5.7 Simulated and Experimental Results of the 

Proposed ×(3/2) FFM 

 

Figure 5.16: The FD's and the ILO's output-frequency ranges and the 

proposed FFM's operation range versus IFD 
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Based on (5.26), ∆fFD is reduced with increasing IFD. Conversely, based on 

(5.31), ∆fILO is increased with IFD. The theoretical results for this design with an 

input of -0.5 dBm are shown in Figure 5.16. It can be observed that ∆fILO is 

equal to 3∆fFD when IFD is close to 2.5 mA. In this figure, the simulated results 

are also shown for ∆fFD and ∆fILO versus IFD. With the same input, the simulated 

∆fFD is reduced from 1.02 GHz to 0.28 GHz with increasing IFD from 1.5 mA to 

4.5 mA. Conversely, the simulated ∆fILO is increased from 1.2 GHz to 3.2 GHz. 

Thus, it is verified through the simulation that ∆fILO is close to 3∆fFD at IFD=2.5 

mA. Conclusively, the FFM's operation range can be maximized when IFD is 

close to 2.5 mA in this design with the input of -0.5 dBm. 

As discussed in Section 5.6.3, the FFM's operation range is limited by the 

smaller one between the FD's and ILO's output-frequency ranges. Therefore, 

the measured results are matched well with the simulated results in Figure 5.16. 

However, the simulated FD's and ILO's output-frequency ranges are smaller 

than their theoretical values when the FD's consumed current is very small or 

very large. 

Similar to the explanation for Figure 5.11, both (5.26) and (5.31) are derived 

based on the assumption that the deviation of ωinj from ω0 is much smaller than 

ω0. The FD's output-frequency range is very large due to a small FD's 

consumed current. As a result, (5.26) is no longer accurate and thus the 

theoretical results based on (5.26) deviate from the simulated results. Similarly, 

the ILO's output-frequency range is very large due to a large FD's consumed 

current. As a result, (5.31) is not accurate and thus the theoretical results based 

on (5.31) deviate from the simulated results. 
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Figure 5.17: Die micrograph of the proposed ×(3/2) ILFM 

 

The proposed ×(3/2) FFM has been designed and fabricated in the 0.18 µm 

CMOS technology. The die microphotograph is shown in Figure 5.17. The die 

size of the proposed circuit is 0.95 mm × 0.43 mm. With a supply voltage of 1.8 

V, the measured FFM's operation range is shown in Figure 5.16, where the 

widest operation range appears at IFD=2.5 mA. Hence, the 2.5 mA current is 

consumed by the divide-by-2 FD for the optimized FFM's operation range. 

Thus, the total power consumption is 9.54 mW, including the FD, the mixer and 

the ILO. However, the divide-by-2 FD can be designed as the part of the 

driving PLL, then the FD's power consumption of 4.5 mW can be reused by the 

driving PLL. Hence, only the additional power consumption of 5.04 mW is 

consumed to implement the fractional frequency multiplication. 
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Figure 5.18: Measured input sensitivity of the FFM with various Vtune 

 

In Figure 5.18, the measured input sensitivity of the FFM is shown with 

various Vtune. At Vtune=0 V, the FFM's input-frequency range with a 0 dBm input 

is from 11.2 GHz to 12.3 GHz. Through varying Vtune from 0 V to 1.8 V, both 

f0,FD and f0,ILO are changed simultaneously, and then the FFM's input-frequency 

range is shift to the left. Consequently, the FFM's input-frequency range is 10.2 

GHz to 12.3 GHz. Even with a -10-dBm input, the FFM's input frequency range 

is still 10.9 GHz to 11.7 GHz. 

In Figure 5.19, the measured output power versus the output frequency is 

shown with various Vtune. With the 0 dBm input, the FFM's operation range is 

15.3 GHz to 18.45 GHz. The FFM's output power is reduced when its output 

frequency is deviated from f0,ILO. Through varying Vtune, higher output power 

can be obtained in the FFM's operation range. 
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Figure 5.19: Measured output power versus its output frequency with 

various Vtune. 

 

The measured and simulated phase noises of the input and output from 0.1-

kHz to 1-MHz offset frequency are shown in Figure 5.20, where the solid and 

dotted lines represent the measured and simulated results, respectively. 

Theoretically, the phase noise of the FFM's output is 3.5 (=20log(3/2)) dB 

higher than that of its input. As expected, The difference between the upper and 

lower dotted lines is almost 3.5 dB, where both lines represent the simulated 

phase noises of the FFM's output and input, respectively. 

 

Figure 5.20: Measured and simulated phase noises of the input and output 

of the proposed FFM 



Chapter 5 

119 

 

 

Similarly, the upper and lower solid lines represent the measured phase noise 

of the FFM's output and input, respectively. The FFM's input is from a signal 

generator. At 1-kHz offset frequency, the phase noise difference between the 

input and output signals approaches the theoretical value. However, the phase 

noise difference is 7 dB at 1-MHz offset frequency. The FFM's phase noise 

degradation at high offset frequency is mainly contributed by the thermal noise 

from the FFM. 

 

5.8 Summary 

In this chapter, the proposed ×2 ILFM is presented after reviewing some 

conventional frequency multipliers. The circuit has been fabricated in the 0.18 

μm CMOS technology. The equations of operation range and conversion gain 

in the ILFM are derived and verified through the measured results. In Table 5.1, 

comparisons are made among different frequency multipliers. Through 

intensive literature review, there is no well-defined FoM for an ILFM to 

compare with other frequency multipliers. Hence, an FoM of the ILFM is 

proposed as 

          
    

       
        

  

    
        (5.32) 

where Pout is the output power, Pin is the input power, PDC is the DC power 

consumption and (Δf/fout) is the ratio between the output-frequency range and 

the output frequency. 

The first term       
    

       
  gives the power efficiency. Power efficiency 

is important for this circuit because the high-frequency circuit is a significant 
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power-consumed block in a RF system. 

The second term       
  

    
  normalizes the operation range relative to the 

output frequency. A wide operation range is an important advantage for high-

frequency circuits, which can accommodate wider input frequency ranges for 

different applications. It is noted that the frequency ratio is in the first order 

while the power ratio is in the second order. 

+50 dB is added to keep every FoM positive. This will not affect the relative 

FoM, but it is convenient to compare with previous works. 

FR as the fundamental rejection at the output is also an important factor, 

which shows the power passing through the circuit from the input to output. It 

can be used as a supplementary element in another FoM, which can be defined 

as FoM
*
 

           
    

       
           

  

    
       (5.33) 

Based on the calculated FoM and FoM
*
 in Table 5.1, the proposed ×2 ILFM 

has high conversion gain, low power consumption, the best FoM and FoM
*
. 

This makes the proposed ×2 ILFM a suitable design for high-frequency and 

low-power applications. 

The topology of the ×(n+1)/n ILFM is proposed for fractional frequency 

multiplication, where a ×(3/2) FFM is designed as an example. The proposed 

circuit has been fabricated in the 0.18 μm CMOS technology. The design 

equations of the FFM's operation range are derived and verified through 

simulation and measurement. The performances of the FFM are summarized in 

Table 5.1. Based on comparisons among these frequency multipliers, the FFM 

has high conversion gain and low requirement on the input power and DC 
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power consumption. This makes the proposed FFM a suitable design for high-

frequency dual-band applications. 

Table 5.1: The performance comparison of the frequency multipliers 

 [99] [100] [101] [102] 
×2 

ILFM 

×(3/2) 

FFM 

Technology 

(CMOS) 
0.18 µm 0.18 µm 0.18 µm 0.18 µm 0.18 µm 0.18 µm 

Multiplier 2 2 3 2 2 3/2 

Supply 

Voltage (V) 
2.6 1.3 1.5 1.8 1.8 1.8 

DC Power 

(mW) 
20.8 10.5 7.5 12.6 6.66 

5.05 

(FFM) 

9.55 

(with FD) 

Input Power 

(dBm) 
0 2 10 -7 0 0 

fout (GHz) 20~24 18~26 18~24 5.2~5.8 12~16.4 
15.3~18.

45 

Conversion 

Gain (dB) 
>-4.5 >-12 >-17 >0 >-0.4 >0 

FR (dB) 30~50 30~40 10~23 20 38~45 30~38 

FoM (dB) 17.31 20.39 25.12 12.7 30.58 25.19 

FoM
*
 (dB) 47.31 50.39 35.12 32.7 68.58 55.19 
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CHAPTER 6  

Low-Power 24-GHz Frequency Synthesizer 

With the fast-growing market for personal wireless communications, various 

standards and services have been deployed in the unlicensed frequency bands at 

2.4 and 5.2 GHz over the past decade. In order to satisfy the increasing 

demands for high speed communications and to avoid the severe interference 

due to overcrowded radio transmission, the Federal Communications 

Commission (FCC) has allocated the 24-GHz frequency band for unlicensed 

ISM applications, which can be used for automotive short range radar. 

Conventionally, high-frequency ICs were realized by compound 

semiconductor devices such as GaAs-based HEMTs and HBTs due to the 

advantages in the carrier mobility [103] [104] [105]. In order to decrease cost 

and to integrate with digital circuit, some 24-GHz RF systems have been 

realized using a standard CMOS technology [106] [107] [108]. Due to the 

limitation of battery capacity, low power is the trend for mobile wireless 

communication systems. In order to satisfy the system requirement, it is very 

important to reduce the power consumption. 

 

6.1 Overview of the Direct-Conversion Receiver 

For a wireless receiver, the complexity and performance of the overall 

system are strongly influenced by the architecture of the RF front-end. 

Typically, the direct-conversion technique is preferred in a fully-integrated 

design due to its simplicity. Thus, the front-end of a low-power receiver can be 
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realized with low cost. 
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24-GHz 

Frequency 
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Figure 6.1: The front-end of the direct-conversion receiver 

 

In Figure 6.1, it is shown that the direct-conversion receiver consists of a 

low-noise amplifier (LNA), a passive mixer with a band-pass filter (BPF) and a 

24-GHz frequency synthesizer as an LO signal generator. In this design, the 

low-power frequency synthesizer consists of a ×2 ILFM and a 12-GHz PLL. 

The 24-GHz frequency synthesizer is designed for the automotive radar 

system, so the specifications of the 24-GHz frequency synthesizer are shown in 

Table 6.1, which are based on the rules released by FCC [109]. 

Table 6.1: Design specifications of the 24-GHz frequency synthesizer 

Specification of the 24-GHz frequency synthesizer 

Center frequency 24.075~24.675 GHz 

Tuning range 2 GHz 

Phase noise -95 dBc/Hz 

Power consumption 40 mW 
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6.1.1 The proposed ×2 ILFM 

The ×2 ILFM is an active circuit operating at 24 GHz that is the highest 

frequency in the proposed frequency synthesizer. Generally, it is difficult to 

design the active circuit with low power consumption and high-frequency 

operation. The topology of the ×2 ILFM has been proposed and analyzed in 

Chapter 5. 

vLO+ vLO-

vPLL+

vPLL+

vPLL+vPLL-

vPLL-

L0
Vtune

Cvar0

Vdd

IILO

Mn3,4 Mn5,6

Mn1 Mn2

ILOB

LBLB

 

Figure 6.2: Schematic of the ×2 ILFM with an output buffer 

 

Based on the topology, the schematic of the ×2 ILFM with an output buffer 

is designed and shown in Figure 6.2. With the ILFM's inputs from the 12-GHz 

PLL, vPLL+ and vPLL-, a double-balanced Gilbert cell is designed as the ILFM's 

frequency pre-generator, which consists of six NMOS transistors. The gates of 

Mn1, Mn3, and Mn6 are connected to vPLL+ while the gates of Mn2, Mn4, and Mn5 

are connected to vPLL-. The ILFM's ILO consumes a DC current IILO to keep its 

self-oscillation, which is based on complementary cross-coupled structure with 

an inductor L0. A varactor Cvar0 in the ILO is tuned by a DC voltage Vtune to 
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change the capacitance of the ILFM's LC tank and to further extend the ILFM's 

operation range. 

A differential output buffer is used at the output stage of the ILFM, which 

consumes a DC current ILOB. A pair of identical inductors LB are used as its 

inductive loads of the buffer. The ILFM's buffer outputs, vLO+ and vLO-, are 

connected to the passive mixer as the LO signal. 

 

6.1.2 The proposed 12-GHz PLL 

The 12-GHz PLL consists of a VCO, an ILFD, a divide-by-32 FD, a PFD 

and a CP with a loop filter. Both the VCO and the first-stage ILFD operate at 

the highest frequency and dominate the total power consumption in the 12-GHz 

PLL. In this proposed PLL, the VCO is stacked on top of the ILFD in order to 

reduce the power consumption. This topology has been introduced in Chapter 4. 

Thus, the block of VCO-ILFD is designed as the combination of the VCO and 

the ILFD. 

Vdd

vPLL+

vdiv+

Vtune
Cvar1 Cvar2

Cm

L1
L2

Mn

Mp

Vm

VCO ILFD

vPLL-

vdiv-

 

Figure 6.3: Schematic of the VCO-ILFD 
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The schematic of the VCO-ILFD is shown in Figure 6.3. At the VCO's 

differential outputs, vPLL+ and vPLL-, the output frequency fPLL is around 12 GHz. 

A varactor Cvar1 is connected between vPLL+ and vPLL-, which is tuned by Vtune. 

vPLL+ and vPLL- are connected to the gates of two injection transistors Mp and Mn, 

respectively, where both Mp and Mn are connected in parallel between the 

ILFD's differential outputs, vdiv+ and vdiv-. The output frequency fdiv is around 6 

GHz, connected to the following divide-by-32 FDs. Another varactor Cvar2 

between vdiv+ and vdiv- is also tuned by Vtune for wider operation range. 

fout

fin

fdiv ffb

5 TSPC DFF FDs

Vdd

 

Figure 6.4: Schematic of the TSPC DFF FD 

 

In the feedback path of the 12-GHz PLL, the ILFD is followed by a low-

power divide-by-32 FD. In Figure 6.4, it is shown that the divide-by-32 FD 

consists of 5 TSPC DFF FDs in series, where each DFF FD is a divide-by-2 FD. 

The input frequency of the divide-by-32 FD is fdiv from the VCO-ILFD while its 

output frequency ffb is used to compare with the reference frequency fref in the 

PFD. In each DFF FD, the TSPC dynamic circuit is used in designing 

synchronous circuits, which has advantages of low complexity, high operation 
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speed, and low power dissipation [110]. 

UP
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fref

ffb

Vdd

Vdd

 

Figure 6.5: Schematic of the PFD 

 

In the 12-GHz PLL, both the PFD and the CP operate at low frequency and 

consume low power. The schematic of the PFD is shown in Figure 6.5, which is 

implemented based on the TSPC dynamic circuit for low-frequency and low-

power operation [111]. The PFD's two input frequencies fref and ffb are from the 

signal generator and the feedback path, respectively. A NOR gate with delay is 

used in order to reduce the dead-zone problem. At the PFD's outputs, UP (UPB) 

and DN (DNB), inverters are used for complementary outputs generation, where 

UPB and DNB are opposite to UP and DN, respectively. The complementary 

pass-transistor gates are used to compensate the delay due to these inverters. 

Therefore, the PFD's outputs are designed to be matched so that the skew 

between the complementary outputs can be reduced considerably. 
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Figure 6.6: Schematic of the double-balanced CP 

 

The schematic of the double-balanced CP is shown in Figure 6.6. The CP's 

inputs are UP (UPB) and DN (DNB) from the PFD while CP's output is Vtune. 

The UP and UPB signals are connected to a pair of NMOS transistors Mn1 and 

Mn2 while the DN and DNB signals are connected to a pair of PMOS transistors 

Mp1 and Mp2. The currents generated by these four transistors can be steered 

either into a dummy load, Mn3 or Mp3, or into a current-controlled transistor, 

Mn4 or Mp4. The purpose of this configuration is to make the signal path from 

the input to the output as equal as possible. Hence, the CP's charging and 

discharging are balanced to reduce reference spur. 

R2

C2

C1

Vtune

CP VCO

 

Figure 6.7: Schematic of the loop filter 
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In Chapter 2, the loop filter has been reviewed, which has important 

influence on the PLL's performance. In this 12-GHz PLL, a second-order 

passive loop filter is used, including a resistor R2 and two capacitors C1 and C2, 

as shown in Figure 6.7. 

The loop bandwidth is the most critical parameter of the PLL, which 

depends on the loop filter. Generally, a narrower loop bandwidth results in a 

cleaner output signal. However, a wider bandwidth is required to settle and re-

obtain lock faster [112]. In this design, the loop bandwidth is set to be a tenth of 

the reference frequency to achieve short settling time, where the PLL can be 

settled fast from its initial free-running condition to its locked condition. 

The phase margin relates to the stability of a system [113]. The settling time 

decreases with increasing phase margin, reaching a minimum for phase margin 

values of around 50°. Increasing the phase margin further leads to a sharp 

increase in the settling time [114]. Finally, the phase margin of 50° is a good 

compromise between desired stability and settling time in this design. 

In [17], the design equations are derived for the calculation of these loop 

filter components. The time constants of the first and second poles are given by 

   
         

   
        (6.1) 

   
 

   
    

         (6.2) 

where           . 

Thus, C1, C2, and R2 can be obtained in sequence. 

   
  

  
 

       

     
   

    
    

 

    
    

       (6.3) 
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           (6.4) 

   
  

  
         (6.5) 

In this design, C1=3.6 pF, C2=24 pF, and R2=1 k are chosen based on the 

design specifications of the 12-GHz PLL in Table 6.2. 

Table 6.2: Design specifications of the 12-GHz PLL 

Parameter Value (Unit) 

Phase margin (φ) 50 (°) 

Loop bandwidth (fBW) 18.75 (MHz) 

Phase error gain (Kφ) 10 (mA) 

VCO gain (Kvco) 1000 (MHz/V) 

Reference frequency (fref) 187.5 (MHz) 

Division ratio (N) 64 

 

6.2 Phase Noise Analysis of the Frequency 

Synthesizer 

In previous chapters, it has been demonstrated that the injection-locking 

technique is an excellent solution for high-frequency and low-power circuits. In 

the 24-GHz frequency synthesizer, the phase noise of the output signal can also 

be improved by injection-locking. Thus, the frequency synthesizer can have low 

phase noise even if the design achieves short settling time through the wide 

loop bandwidth. 

 

6.2.1 Phase noise from the 12-GHz PLL 

The transfer functions of the forward and feedback paths are expressed as 
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       (6.6) 

         
 

 
        (6.7) 

where the impedance of the second-order passive loop filter in the 12-GHz PLL 

is 

         
 

   
  

 

   
 

       

                 
    (6.8) 

Hence, both the open-loop and closed-loop gains of the PLL are given by 

                         
               

                    
   (6.9) 

       
                 

                   
 

               

                                       
(6.10) 

For the analysis on phase noise, the power spectrum densities (PSDs) of the 

reference source, the combination of PFD and CP, the FD, the VCO and the 

loop filter are represented by         ,       ,        ,          and 

       , respectively, where fm is the offset frequency from the carrier 

frequency. Based on the phase noise model for noise source elements in [21], 

the phase noise PSD of the 12-GHz PLL is expressed as 

                     
      

  
                       

         
 

         
 
 

            (6.11) 

Hence, it is concluded that the phase noise of the 12-GHz PLL is contributed 

by these noise sources and shaped by the loop gain of the PLL. In Figure 6.8, 

the phase noise is shown based on (6.11), where fBW can be obtained from the 

loop gain of the PLL [17]. 
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Figure 6.8: Phase noise of the 12-GHz PLL 

 

6.2.2 Phase noise from the ×2 ILFM 

In Chapter 5, the maximum deviation of the injection frequency from the 

resonant frequency is given by 

        
  

  
 

    

     
      

 
       (6.12) 

Based on the noise behavior of ILO in [91], the corner frequency of the ILFM is 

defined as 

   
     

  
 

    

     
      

 
       (6.13) 

where fILFM is the resonant frequency of the ×2 ILFM in the proposed circuit. 

The LO signal is generated by the ILFM with the injection signal from the 

12-GHz PLL, so its phase noise PSD can be given in [91] 

        
   

 

  
    

          
  

 

  
    

             (6.14) 

where           is the free-running ILFM's phase noise PSD. 

Substituting (6.11) into (6.14), it can be obtained that 
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         (6.15) 

Therefore, it is observed that the phase noise of the 24-GHz frequency 

synthesizer is shaped based on both fBW and fc. When fc is lower than fBW, the 

phase noise of the 24-GHz frequency synthesizer is shown in Figure 6.9 (a). 

After the frequency pre-generator in the ILFM, the carrier frequency is 

multiplied by 2. Thus, the phase noise after the frequency pre-generator is 

pushed up by 20log(2) dB ≈ 6 dB due to the frequency multiplication. At offset 

frequency lower than fc, the phase noise of the 24-GHz frequency synthesizer is 

dominated by the phase noise after the frequency pre-generator. At offset 

frequency higher than fc, the phase noise of the 24-GHz frequency synthesizer 

is dominated by the phase noise of the free-running ILFM. Thus, the phase 

noise of the frequency synthesizer can be improved at high offset frequency if 

the phase noise of the free-running ILFM is lower than the phase noise after the 

frequency pre-generator. In this case, it is more important to design the free-

running ILFM with low phase noise than to reduce the out-band phase noise of 

the 12-GHz PLL. 
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Figure 6.9: Phase noise of the 24-GHz frequency synthesizer (a) fc<fBW and 

(b) fc>fBW 

 

When fc is higher than fBW, the phase noise of the 24-GHz frequency 

synthesizer is shown in Figure 6.9 (b). Similar to Figure 6.9 (a), the phase noise 

of the 24-GHz frequency synthesizer is also dominated at low and high offset 

frequency by the phase noise after the frequency pre-generator and the phase 

noise of the free-running ILFM, respectively. However, due to large fc, the 

phase noise of the free-running ILFM has less effect on the output of the 

frequency synthesizer. Thus, in this case, it is more important to design the 12-

GHz PLL with low noise. 
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6.3 Simulated and Experimental Results of the 

Proposed Circuit 

 

Figure 6.10: Die micrograph of the proposed circuit 

 

The proposed circuit has been designed with the passive mixer at the next 

stage and fabricated in the 0.13 µm CMOS IBM technology. For measurement, 

the RF signal and reference signal are from two signal generators instead of 

from the LNA and a crystal oscillator, respectively. The die microphotograph is 

shown in Figure 6.10. The total size of the die is 1.5 mm × 1 mm, including all 

pads. With the supply voltage of 1.3 V, the power consumption is 11.86 mW 

for the core circuit. 

In the proposed frequency synthesizer, the output of the 12-GHz PLL is 

connected to the ×2 ILFM, so it is important that fPLL is always in the ILFM's 

input-frequency range, i.e. the ILFM can be injection-locked by the signal from 

the PLL. In this circuit, no output pad is added between the VCO and the ILFM 

because it is very sensitive to additional parasitic component. Therefore, the 
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ILFM's operation range and the VCO's tuning range cannot be measured 

separately. 

 

Figure 6.11: Simulated tuning characteristic of the 12-GHz PLL and the ×2 

ILFM 

 

In Figure 6.11, the tuning characteristics of the 12-GHz PLL and the ×2 

ILFM are shown through the post-layout simulation. With Vtune varying from 0 

to 1.3 V, fPLL is tuned from 11.1 GHz to 12.4 GHz while fILFM is also tuned from 

22.4 GHz to 24.6 GHz. Based on the definition of fc, the minimum value of fc is 

the maximum frequency difference Δf between 2fPLL and fILFM for Vtune from 0 V 

to 1.8 V. In this frequency synthesizer, fc is larger than 100 MHz if the ILFM is 

designed to be injection-locked for the whole tuning range. In addition, smaller 

fc can be used to improve the phase noise if Δf is smaller. If Vtune is to be biased 

between 0.3 V and 1 V, fc can be designed to be as small as Δf' (50 MHz) that is 

smaller than Δf in Figure 6.11. 
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Figure 6.12: Theoretical and simulated results of fc versus IILO 

 

In this proposed circuit, fc can be increased with decreasing IILO or increasing 

IINJ. Through the theoretical calculations based on (6.13) and post-layout 

simulations, fc versus IILO and IINJ are shown in both Figure 6.12 and Figure 

6.13, respectively. As an example in Figure 6.12 for IINJ=0.05 mA, fc can be 

increased from 15 MHz to 80 MHz through decreasing IILO from 3.2 mA to 0.8 

mA. Another example is given in Figure 6.13 for IILO=2.3 mA that fc can be 

increased from 0 MHz to 370 MHz through increasing IINJ from 0 mA to 0.6 

mA. When IINJ is increased in the post-layout simulation, the impedance of the 

injection transistors across the ILFM's LC tank will be lower and, consequently, 

the quality factor of the LC tank will be decreased. As a result, with larger IINJ, 

the simulated value of fc becomes larger than the theoretical value based on 

(6.13) in both Figure 6.12 and Figure 6.13. 
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Figure 6.13: Theoretical and simulated results of fc versus IINJ 

 

 

Figure 6.14: Measured phase noises with varying IILO 

 

Based on (6.15), the phase noise of the frequency synthesizer can be changed 

with fc. In order to observe the effect of fc on the phase noise, fc is changed 

through varying IILO and IINJ. The measured phase noise of the frequency 

synthesizer with IINJ=0.05 mA and IILO of 0, 1.8 and 2.8 mA are shown in 

Figure 6.14. At IILO=0 mA, the ILFM performs as an active mixer with an LC-
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tank. Thus, the phase noise of the frequency synthesizer will not be improved 

by the ILFM. When IILO is increased to 1.8 mA, fc is equal to fc1. In this figure, 

it is shown that the phase noise of the frequency synthesizer can be improved at 

high offset frequency. At IILO=2.8 mA, fc is reduced to fc2 that is much smaller 

than fBW. Thus, the phase noise of the frequency synthesizer is dominated by the 

phase noise of the free-running ILFM. 

 

Figure 6.15: Measured phase noises with varying IINJ 

 

The measured phase noises of the frequency synthesizer with IILO=2.3 mA 

and IINJ of 0, 0.05 and 0.4 mA are shown in Figure 6.15. At IINJ=0 mA, the 

ILFM performs as just a VCO without injection. Although there is some 

leakage from the PLL, the current generated by the leakage is very small. In 

Chapter 5, it is demonstrated that the ILFM's operation range is very narrow 

with small injection current. Thus, the ILFM cannot be injection-locked by the 

leakage current. As a result, the phase noise of the frequency synthesizer 

depends completely on the free-running ILFM. When IINJ is increased to 0.05 
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mA, fc is equal to fc3. At low offset frequency, the phase noise of the frequency 

synthesizer depends on the PLL's phase noise. At IINJ=0.4 mA, fc is much higher 

than fBW. Consequently, the phase noise of the frequency synthesizer is 

dominated by the PLL's phase noise. Finally, it can be concluded that the phase 

noise of the frequency synthesizer is improved by the ILFM as the offset 

frequency is above fc. 

 

6.4 Summary 

Table 6.3: The performance comparison of the 24-GHz frequency synthesizers 

 [115] [2] [3] [116] 
This 

work 

Technology 
0.18 µm 

BiCMOS 

0.13 µm 

CMOS 

SiGe 0.13 

µm BiCMOS 

0.13 µm 

CMOS 

0.13 µm 

CMOS 

Vdd (V) 2.5 1.5 2.5 1.5 1.3 

fout (GHz) 24 24 24.12 22.4 24.32 

fBW (MHz) - 0.2 0.2 0.4 20 

Phase noise 

(dBc/Hz) 

@1MHz 

-93 -101 -104.3 -95.7 -104 

Tuning 

range 

(GHz) 

0.4 2.6 4.7 2.2 2.6 

DC power 

(mW) 
21 29.6 70 36 11.86 

 

In this chapter, the proposed 24-GHz frequency synthesizer is presented, 

which has been designed with a passive mixer and fabricated in the 0.13 µm 

CMOS IBM technology. The phase noise of the frequency synthesizer is 

analyzed in detail. Furthermore, the phase noise varying with the corner 
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frequency is discussed. Table 6.3 summarizes the measured performances of the 

proposed frequency synthesizer. 

Based on comparisons among different 24-GHz frequency synthesizers, the 

proposed frequency synthesizer has the lowest power consumption. This makes 

the proposed frequency synthesizer a suitable design for a low-power 24-GHz 

direct-conversion receiver. 
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CHAPTER 7  

Conclusions and Future Works 

7.1 Conclusions 

This thesis describes a wide range of techniques employed in the frequency 

synthesizer for LO signal generation. The investigation covers mainly three 

high-frequency building blocks, which are the VCO, the FD and the FM. 

In Chapter 2, the topology of a basic PLL is reviewed. Based on the topology, 

the linear model of the PLL is described mathematically. Then, the performance 

of a PLL is discussed, including reference spur, phase noise and lock time. 

Moreover, the most important building blocks in the PLL, such as VCO and FD, 

are investigated in detail. Finally, the conceptual model of an ILO is analyzed. 

In Chapter 3, some conventional divide-by-2/3 FDs are studied. A divide-by-

2/3 circuit is proposed based on the concept of ILFD. This circuit has a pair of 

switched capacitors in order to switch the division modes. With gain and phase 

conditions of the ILO, the ILFD's operation range is analyzed and then its 

design equations are derived mathematically. Thus, the mutual operation range 

in the two division modes can be optimized based on the design equations. The 

proposed circuit is fabricated in the 0.18 µm CMOS technology. With the 

supply voltage of 1.8 V, the power consumption is 3.15 mW. Its operation 

range in the divide-by-2 mode is 3.44~5.02 GHz while its operation range in the 

divide-by-3 mode is 4.28~4.81 GHz. Moreover, the FoM for the ILFD is 1.527 

GHz/mW. 

In Chapter 4, a dual-band VCO is designed with the VCO stacking on top of 
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the ILFD. The biased current in the VCO is reused in the ILFD, so the total 

power consumption can be reduced significantly. The proposed circuit is 

fabricated in the 0.18 µm CMOS technology. With the supply voltage of 1.8 V, 

the power consumption is 3.2 mW. The tuning range for upper and lower 

frequency bands are 4.48~5.86 GHz and 2.24~2.93 GHz, respectively. 

Moreover, the FoMs for the two frequency bands are -187.1 and -190.1 dB, 

respectively. 

In Chapter 5, a ×2 ILFM is proposed and analyzed based on the novel 

topology. The equations of the conversion gain and operation range in the 

ILFM are derived mathematically against the magnitude of the injection current. 

The proposed circuit is fabricated in the 0.18 µm CMOS technology. With the 

supply voltage of 1.8 V, the power consumption is 6.66 mW. Furthermore, a 

topology of the ×(n+1)/n ILFM is proposed for fractional frequency 

multiplication, where a ×(3/2) FFM is designed as an example. This FFM's 

operation range is optimized and verified through simulation. The proposed 

circuit is fabricated in the 0.18 µm CMOS technology. With the supply voltage 

of 1.8 V, the power consumption is 9.54 mW. 

In Chapter 6, a 24-GHz frequency synthesizer is suitable for a low-power 

direct-conversion receiver design. Phase noise generation and contribution in 

the frequency synthesizer are analyzed in detail. The proposed circuit is 

fabricated in the 0.13 µm CMOS technology. With the supply voltage of 1.3 V, 

the power consumption is 11.86 mW. It is shown through theoretical analysis 

and measurement that the frequency synthesizer has very low power 

consumption and low phase noise. 

 



Chapter 7 

144 

 

7.2 Future Works 

With the rapid proliferation of bandwidth intensive content such as 

uncompressed high-definition video, instantaneous music and image data 

transmissions, there is a need for supporting multi-gigabits per second data rate. 

The 60-GHz frequency band opens a new era of multi-Gbps short-range 

transmission because of the huge bandwidth it can provide in the 57–66 GHz 

unlicensed spectrum available worldwide [117], listed in Table 7.1 for different 

regions. 

Table 7.1: Regional spectrum allocations 

Region Frequency band (GHz) 

Europe 59-66 

Canada/USA 57-64 

Korea 57-64 

Japan 59-66 

Australia 59.4-62.9 

 

With the very wide frequency band, some standards have been proposed to 

fulfil different requirements. For example, IEEE 802.15.3c was introduced to 

standardize mm-wave wireless personal area network [118]. Another example 

is IEEE 802.11ad, as an instalment of the successful 802.11 family, which 

maintained its affinity with 802.11 in many aspects for next generation of Wi-Fi 

[119]. 

Moreover, it is important to choose a proper IC technology with 

considerations to the implementation aspects and system requirements. For 

bandwidth-demanding mass market, the 60-GHz RF IC can be implemented in 
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advanced silicon technology, such as 65 nm CMOS or silicon on lattice 

engineered substrate (SOLES) that is suitable for the practical fabrication of 

silicon-on-insulator CMOS circuits and III-V compound semiconductor devices 

(e.g. GaN) on a common silicon substrate [120]. 

The 60-GHz ISM frequency band is very wide, so it can be divided into 

many bands and channels. For example, the IEEE 802.15.3c specifies 4 bands 

around 60 GHz and each of them has a bandwidth of 2.16 GHz. An integer-N 

frequency synthesizer can be used to support this application. Some 

considerations for the frequency synthesizer are 

1. The frequency synthesizer should cover multiple bands across a wide 

frequency range. 

2. It should dynamically support different channel bandwidths for variable 

data rates. 

3. It should have low integrated phase noise over multiple bands. 

4. It should enable fast settling between transmit and receive time slots and 

between different transmission frequencies. 

Generally, the 60-GHz frequency synthesizer for LO generation requires fast 

settling, high spectral purity and wide bandwidth. 

In this thesis, some techniques have been proposed for high-frequency 

operation, such as injection locking and frequency multiplication. The ideas in 

these proposed circuits can be used to achieve better performance. 

Usually, a dual-modulus FD has limited operation frequency, so a fixed 

frequency divider is used between the VCO and the dual-modulus FD. 

Consequently, the frequency step of the integer-N PLL cannot be as small as 

the reference frequency. With the high-frequency dual-modulus FD proposed in 
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Chapter 3, the integer-N PLL can be designed with the smallest frequency step 

that is equal to the reference frequency. 

Injection-locked frequency multiplication introduced in Chapter 6 can be 

used in the 60-GHz frequency synthesizer. The output frequency of VCO in the 

PLL can be reduced by using the proposed ILFM. Furthermore, the proposed 

ILFM can improve the phase noise of the frequency synthesizer. With 

suppression of phase noise at the ILFM, the PLL can be designed with wider 

loop bandwidth to achieve faster settling. Thus, the frequency synthesizer can 

have shorter settling time, lower phase noise and lower power consumption. 

However, for wideband applications, it is necessary to do more research to 

extend the limited operation ranges of the ILFD and ILFM, although they have 

low power consumption at high-frequency operation. 
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