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Abstract 
 

With the advancement of CMOS process and fabrication, it has been a trend to maximize digital 

design while minimize analog correspondents in mixed-signal system designs. So is the case for 

PLL. PLL has always been a traditional mixed-signal system limited by analog part performance. 

Around 2000, there emerged ADPLL of which all the blocks besides oscillator are implemented 

in digital circuits. There have been successful examples in application of Bluetooth, and it is 

moving to improve results for application of WiMax and ad-hoc frequency hopping 

communication link. Based on the theoretic and measurement results of existing materials, 

ADPLL has shown advantages such as fast time-to-market, low area, low cost and better system 

integration; but it also showed disadvantages in frequency resolution and phase noise, etc. Also 

this new topic still opens questions in many researching points important to PLL such as tracking 

behavior and quantization effect. 

 

In this thesis, a non-linear phase domain model for all digital phase-locked loop (ADPLL) was 

established and validated. Based on that, we analyzed that ADPLL phase noise prediction derived 

from traditional linear quantization model became inaccurate in non-linear cases because its 

probability density of quantization error did not meet the premise assumption of linear model. 

The phenomena of bandwidth expansion and in-band phase noise decreasing peculiar to integer-

N ADPLL were demonstrated and explained by matlab and verilog behavior level simulation test 

bench. The expression of threshold quantization step was defined and derived as the method to 

distinguish whether an integer-N ADPLL was in non-linear cases or not, and the results 

conformed to those of matlab simulation. A simplified approximation model for non-linear 

integer-N ADPLL with noise sources was established to predict in-band phase noise, and the 

trends of the results conformed to those of matlab simulation. Other basic analysis serving for the 

conclusions above covered: ADPLL loop dynamics, traditional linear theory and its quantitative 

limitations and numerical analysis of random number. Finally, a present measurement setup was 

demonstrated and the results were analyzed for future work. 

 

Keywords: All Digital Phase-Locked Loop (ADPLL); Quantization Step; Non-linear 

quantization effect; Non-linear PLL noise model; Phase Noise; Matlab Modeling; Verilog 

Behavior Modeling. 
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Chapter 1 Introduction 

 

1.1 Motivation  

The basic motivation of ADPLL is to take advantage of fast-developing CMOS process and fabrication 

ability for digital CMOS transistors when it enters into deep-submicron area. Minimized sizing of 

transistors increase in speed and stop frequency; decrease in size, cost, power and supply voltage 

according to more-than-Moore Law [1-3]. On the other hand, shorter and shorter channel transistors 

exhibits more and more severe leakage current, smaller and smaller transistor ac gain, and less and less 

noise margin of voltage, etc. All these side effects significantly damage the performance of analog circuit, 

because they are relied and thus sensitive to voltage and current value.  

Conventional PLL is a mixed-signal system mainly used for communication. Nowadays, wireless 

communication has witnessed an unprecedented exploding requirement, and therefore, demands PLL to 

have lower power, smaller size and fast time-to-market characteristics. It, therefore, has been a dilemma 

to design analog circuits satisfying such goals under the CMOS process trend. Moreover, SoC (system on 

chip) has also been a demanding trend to for any customer-oriented system. Therefore, it has been a 

system specification trend to better integrate RF frontend and digital baseband blocks using standard 

ASIC. As a result, trends for PLL designers are to design a new type of PLL with digital circuits replacing 

analog correspondents as much as possible.  

 

1.2 Research Goal: 

One of the most significant problems hindering ADPLL analysis and application popularity is quantization 

noise effect on system performance. Basic ADPLL structure suffers poor phase noise due to large 

quantization resolution, to solve this problem, TDC block is introduced to basic phase detector. Although 

TDC does refine quantization resolution and improve phase noise in many simulation results and some 

measurement results of papers, the circuit implementation of TDC is quite complicated and sensitive to 

post-layout circuit component mismatch, cancelling out the advantage of ADPLL over PLL to much 

degree.  

Therefore, the final research goal of this thesis was to analyze the quantization effect on phase noise of 

ADPLL. To achieve this goal, several foregoing targets were necessary. First is to set up appropriate 

model and select best simulation environment for ADPLL quantization noise and its effect on phase noise 

analysis. Second is to explore non-linear effect on quantization noise and phase noise. Third is to explore 

how to use this phenomena to reduce circuit difficulties while improve phase noise. Finally is to prove 

this idea originally by verilog behavior simulation of ADPLL. 
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1.3 Organization 

Motivation and researching goals have been presented in Chapter 1 introduction. Chapter 2 offers the 

basic introduction of ADPLL: how ADPLL operates, what basic blocks stand out in ADPLL. Chapter 3 shows 

the generally-adopted phase noise theory based on linear model assumption and its limit in PLL 

application. Chapter 4 presents non-linear theory for ADPLL quantization effect and phase noise analysis. 

Followed it is simulation setup and measurement setup together with their results for non-linear theory. 

The last part of Chapter 4 supplements the previous chapter with initial explanation of non-linear effect 

in higher order ADPLL. Chapter 5 is the conclusion and future work of this thesis. And an appendix 

detailing the verilog behavior modeling of DCO and TDC for FPGA implementation is attached in 

appendix part. Finally, the thesis ends with references supporting its contents. 
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Chapter 2 ADPLL System Description 

ADPLL is not a new term, but different from the type of ADPLL appeared in Best’s widely cited PLL book 

[2], ADPLL referred by this thesis has two characteristics: first, it converts phase information of reference 

clock and oscillator output clock to digital information, rather than directly compares the time difference 

or phase difference of them by XOR-principle-based digital phase frequency detector (PFD) as already-

existed ADPLL does; second, it use digital-controlled oscillator (DCO) instead of voltage-controlled 

oscillator (VCO) as previous PLL does. This chapter will introduce the operation principle and building 

blocks of ADPLL as shown in figure 2.1 [1], followed by basic performance estimation due to the new 

structure. 

 

Figure 2.1 Basic ADPLL Structure for type-I PLL 

Because the ADPLL targets at converting phase information to digital information to adapt to digital-

friendly CMOS process, the key building blocks are phase accumulators respectively for reference 

frequency (FREF) and oscillator or variable frequency, synchronous sampler, phase detector, low pass 

filter (represented by a multiplier factor “α” in figure 2.1, and digital-controlled oscillator (DCO). Other 

blocks such as time-to-digital converter (TDC) and DCO period normalization block affiliated to it are 

adopted in order to refine the quantization resolution of phase detector.  

 

2.1 Unsynchronized Phase Detector and Phase accumulator 

The idea of phase detector is to output the difference  e of reference clock phase θR and variable clock 

phase θv. 

 e = θR - θv                 (2.1) 
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In conventional PLLs, these variables are measured in radians, but in ADPLL it is measured in cycles and is 

calculated by numerical numbers. So, equation 2.1 is refined as: 

 e[k] = θR[k] - θv[i] +  0              (2.2) 

The index k means the “k”th cycle of reference clock and index i the “i”th cycle of variable clock.  0 is an 

offset phase difference determined by loop parameters. All four variables in equation 2.2 are unit-less 

and has 1/2π relationship with real “radian-unit” phase. Initially, clock cycles are calculated by 

integrators sampled at the frequencies of reference clock and variable clock respectively as illustrated in 

figure 2.2: 

 

Figure 2.2 Unsynchronized phase accumulator for reference and variable clocks 

θv[i] accumulates 1 every Fv transition; and θR[k] accumulates N every FREF transition, where N is the 

frequency control word (FCW) and satisfies Fv=N*FREF, as expressed in equation 2.3 [1]: 

θv[i+1] = θv[i] + 1 = i; 

θR[k+1]  = θR[k] + N = Nk +  0                            (2.3) 

Logically, when Fv=N*FREF is met, the output of phase detector  e is a fixed value every FREF sample 

and this fixed value makes the loop locked. For type-I PLL, this fixed value is a non-zero because it 

generates the DCO frequency to meet PLL requirement; for type-II and higher types PLL, this value 

should be zero because phase error reflects the change of phase difference and therefore the DCO 

controlling signal is an integral of phase error. 
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During implementation, however, circuit registers cannot be arbitrarily large, but bounded by limited 

number of bits. This restricts the tracking range of ADPLL. Without extra algorithm and hardware, 

accumulation and subtraction are modulo calculation within the range of bit number M, so equation (2.3) 

is modified as equation (2.4) [1]:  

θv[i+1] = mod(θv[i] + 1, 2M); 

θR[k+1] = mod(θR[k] + N +  0, 2
M);                                                            (2.4) 

Naturally, we need to consider such case as one of the accumulation results surpass the bound of 2M as 

shown in figure 2.3 [65/1]. For example [65/1], the bit number M is 4, then for a signed phase error, its 

bound is [-8, 7+, then if θR is accumulated to 1 and θv is accumulated to 14, then the result should be 3, as 

the first three together with the fifth FREF samples output, instead of -13 as the fourth sample. But, by 

using unsigned digital calculation which directly omits the redundant or carry-out value, the fourth 

sample gives: 0001 – 1110 = 0011. So, unsigned digital calculation gives out right value “3” directly.  This 

example proves the feasibility to use digital numerical method for phase error calculation. But, as you 

might have noticed, the modulo nature results in that the phase error cannot tell the difference among X 

and X+ 2M, where X is the modulus value within 2M range. Although this problem can be solved by 

implementing large enough bit number to satisfy possible phase error, it is hard to define this “large 

enough” number and therefore limits ADPLL tracking range within 2M range. 

 

Figure 2.3 Modulus arithmetic for phase offset of value 3 
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2.2 Synchronized Phase Detector and Phase Accumulator 

The real phase detector and phase accumulators are not as simple as a subtractor and two integrators 

expressed in Eq. 2.2 – 2.3, because reference and variable phases are refreshed or sampled at difference 

timestamps, or time domains. This phenomenon should better be avoided because of two main reasons. 

First, different time domains in digital operation are recommended to be synchronized, since 

asynchronous operation is very much likely to cause meta-stability and therefore generates unexpected 

wrong values from race and hazard. Secondly, to reach the locking state of PLL, not only should the 

frequencies of reference clock and variable clock be the same, but also the phases of them. 

Consequently, the sampled edges of two clocks should be aligned with each other. As far as I understand, 

the requirement for phase difference is also served for the purpose of digital circuit: in complex digital 

circuit, there might be a few numbers of different clock domain frequencies, but these clock domains are 

recommended to be synchronous, that is, align in sensitive edges, to also meet timing requirement of flip 

flops.  

 

Figure 2.4.1. Concept of clock domain synchronization 

 

Figure 2.4.2. Circuit Implementation of clock domain synchronization 
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Therefore, in order to operate reference frequency accumulator and oscillator frequency accumulator in 

the same clock domain, we use the higher frequency clock – oscillator clock to sample the lower 

frequency clock – reference. The concept and circuit implementation of synchronization is illustrated in 

figure 2.4.  

Of course, the real synchronization circuit might be much more complicated according to system 

performance specification, but the core idea lies in this retiming block. Now, the reference frequency 

accumulator will use CKR instead of FREF as sampling clock, and making the output in the same clock 

domain with that of variable accumulator, as illustrated in figure 2.5 [65/1]. Only till now can the phase 

detector be simply realized with a combinational subtractor. 

 

Figure 2.5.1 Synchronized reference frequency accumulator 

 

Figure 2.5.2 Synchronized oscillator/variable frequency accumulator 

Since all the other digital blocks functions according to the refreshing frequency of phase detector 

output, i.e. phase error, CKR will in fact be used as a global clock for the whole ADPLL system. As a result, 

equation (2.4) is further modified as equation (2.5) [1]: 

θv[k] = mod(θv[i]|iTv=[kTR], 2
M) = mod([kN], 2M); 

θR[k] = mod(θR[k] + N, 2M) = mod(kN +  0 + ε*k+, 2M);                                        (2.5) 

where ε[k] represents the quantization error. Here is the first time we introduce quantization error; this 

is a very important factor in ADPLL and has a significant influence on ADPLL transfer function and phase 

noise analysis in the following parts. This quantization error comes from the phase difference, or time 

difference, ignored by synchronization of FREF and CKV. According to figure 2.4.1, in ideal locking case, 

rising edge of CKV and FREF should align with each other, but the rising edge of CKR will not change if 

that of FREF drifts from one rising edge to the next one of CKV. This limit is due to that sampling is a 
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discrete signal behavior instead of a continuous behavior, and the non-zero interval of discrete signal 

introduced so-called quantization approximation. In this case, the interval of CKV rising edge, that is, the 

CKV period determines the source of quantization error in ADPLL. 

 

2.3 Time – To – Digital Converter (TDC) 

2.3.1 Necessary of TDC 

Due to the DCO edge counting nature, the phase quantization resolution as described above is limited to 

the DCO clock cycle, Tv. For wireless applications, a finer phase resolution might be required. This is 

achieved without forsaking the digitally-intensive approach. The whole-clock domain quantization error 

is corrected by means of a fractional error correction circuit which is based on a time-to-digital converter 

(TDC)[19]. The TDC measures the fractional delay difference between the reference clock and the next 

rising edge of the DCO clock, as shown in figure 2.6.  

  

Figure 2.6 TDC operation target 

 

Its resolution is a single inverter delay, ∆tinv which in this deep-submicron CMOS process is considered 

the most stable logic-level regenerative delay and is better khan 40ps. TDC operates by passing the DCO 

clock through a chain of inverters, as shown in figure 2.7[19]. The delayed clock replica vector is then 

sampled by the FREF clock using an array of registers whose outputs form a pseudo-thermometer 

code[19]. The decoded binary TDC output is normalized by the VCO clock period Tv before feeding it to 

the loop[19]. The combination of the arithmetic phase detector and the TDC is considered to be a 

replacement of a conventional phase frequency detector [19]. The number of TDC taps was determined by 

the No. of inverters needed to cover full DCO period under strong process corner plus some margin[19]. 
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Figure 2.7 Basic TDC architecture 

The normalizing factor 1/Tv is obtained through longer term averaging. The averaging time constant 

could be as slow as the expected drift of the inverter delay, possibly due to temperature and supply 

voltage variations. The instantaneous value of the clock period[1]: 

 

The period is an integer but averaging it would add significant fractional bits with longer operations[1]. 

 

2.3.2 TDC effect on Phase Noise  

The TDC quantization of timing estimation affects the phase noise at the ADPLL output. Under the large 

signal assumption (spanning multiple quantization levels) the variance of the timing uncertainty is[1]: 

 

The phase noise is obtained by normalizing the standard deviation of the timing error to the unit interval 

and multiplying by 2π radians[1]: 

 

The total phase noise power is uniformly spread over the span from dc to the Nyquist frequency. The 

single-sided spectral density is, therefore, expressed as[1]: 
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Consequently, the phase noise spectrum at the ADPLL RF output due to the TDC timing quantization is: 

            (2.1) 

 

In conclusion, this chapter introduced the basic operation principle of ADPLL. Although real ADPLL 

system would be far more complicated than illustrated due to circuit implementation and reliability, the 

basic idea of ADPLL would be somewhat similar to this chapter’s content. And in order to lay foundation 

for the emphasis and researching goal of this thesis – quantization effect on ADPLL phase noise, this 

chapter also emphasized on basic quantization error source specific to ADPLL. That was why it detailed 

the numerical operation and mathematics of phase calculation, and presented quantization errors during 

these operations.  
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Chapter 3. Linear phase domain model approximation for mixed-signal PLL and ADPLL 

This Chapter shows the generally-adopted phase noise theory based on linear model assumption and its 

limit in PLL application. It begins with explaining why all types of PLL, whether be currently-adopted ones 

or newly-emerged ADPLL, are all non-linear system in nature. And then it explains why linear theory can 

be widely used in conventional PLL. Followed it are linear theory’s limitation for application in ADPLL 

based on non-linear sources demonstration in ADPLL. 

 

3.1 Non-linearity in mixed-signal PLL 

Traditional analog PLL is a non-linear system because the phase detector’s transfer function is not linear, 

whatever type it is. Phase detectors of traditional analog PLL are categorized in three major types: 

multiply phase detector, digital phase detector (such as EXOR, and JK-flip flop phase detector) and 

phase-frequency detector (such as three-state charge-pump phase detector).  

 

3.1.1 Multiply phase detector 

Multiply phase detector or analog phase detector, is used for sine or cosine wave inputs: V1 = sinα, V2 = 

cosβ, so: V1*V2 = sinα*cosβ = (sin(α-β)+sin(α+β))/2. When α and β differs not much, sin(α-β)   α-β. 

Other higher frequency components will be filtered out by low pass filter, and therefore its transfer 

function shows as follows: 

 

Figure 3.1 Transfer function of multiplier phase detector 

 

In real circuit implementation, multiplier is realized by active mixer. And thus, one of the signal input is 

square wave to control on/off of the tail transistor in mixer. In this case, square wave is represented in 

Fourier series such as: V2=V20*rect β=V20*[
 

 
     

 

  
       ]. Again, by multiplying with V1, the 

other frequency components are all higher than α-β, and could be filtered out and results in the same 

transfer function as mentioned before.  
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As has been shown, the transfer function of phase detector of analog multiplier type is non-linear overall; 

it can only be approximated as linear circuit and modeled by a multiply factor when phase difference << 

1 is satisfied. 

 

3.1.2 Digital phase detector 

Commonly used digital phase detector is elusive XOR phase detector or JK detector. They both digitally 

process two input signals and integrate the processing output. By xoring the two input signals, XOR 

phase detector outputs high when they have different levels and low when same. Intentionally, when 

the variable phase signal is in lock state, they have a 90 degree phase difference offset, and thus 

outputting a standard square wave with twice the frequency of input signals. After integration, phase 

detector outputs an analog value of half of high-level voltage, and this value is translated as a “zero” 

digital output. So any phase difference will introduce non-zero digital output, and therefore produces 

transfer function as shown in figure 3.2. Despite of its simple circuit theory, XOR phase detector 

demands high symmetric input signals. 

 

Figure 3.2 Transfer function of XOR phase detector 

 

Figure 3.3 Transfer function of JK phase detector 
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JK-flip flop for phase detector is combined of edge-triggered flip-flops. Rising edge of K input brings the 

output to high and rising edge of J brings the output to low [2]. So its range is twice that of XOR 

correspondent, from -180 to 180 degree (figure 3.3). Another advantage of JK flip-flop is that it 

overcomes the symmetry requirement for XOR correspondent because it is sensitive to edge only instead 

of level. For digital phase detectors, their transfer function is linear when phase error is relatively small, 

and PLL is in lock state. 

 

3.1.3 Phase-frequency Detector 

Phase-frequency detector differs from previous phase detectors in that it could synchronize not only 

phase but also frequency of two input signals. Principally, it has three-state: high, low, and high-

impedance. This one extra state enables PLL to lock under any condition without specific demands on 

loop filter’s structure [2]. The exact structure can refer to [2]. When one input surpasses the other in phase, 

it outputs positive pulses; and when vice versa, it outputs negative pulses. This differential output 

broadens its “small” locking range to -360 to 360 degree, twice of the range of JK-flip flop phase 

detectors. Furthermore, when phase difference of these two signals exceeds this “small” range, it will 

output either only low and high-impedance states or only high and high-impedance states. Therefore, 

the average output signal varies monotonically with the frequency difference of two input signals when 

PLL is out of lock[2]. More specifically, output duty cycle monotonically increases from approaching limit -

1 to -0.5 as the frequency difference increases from negative value to 0, and increase from 0.5 to 

approaching 1 as the frequency difference increases from 0 to positive value. When frequencies are the 

same, or in locking range, the value shows mutation from -0.5 to 0.5[23/2]. In conclusion, output of phase-

frequency detector is a combinational outcome of phase difference in lock state and frequency error in 

out of lock state[2]. Thus, phase-frequency detector has become the most commonly adopted phase 

detector in today’s commercial wireless products; widely-known charge-pump phase detector is just one 

improved implementation of phase-frequency detector. Similarly to digital phase detectors, their 

transfer function is linear when phase error is relatively small, and PLL is in lock state, but non-linear in 

overall cases.  

 

In summary, the non-linearity of all the phase detectors requires: PLL need to be in lock state so that 

mixed-signal PLL could be modeled as a linear system, in other words, non-linear effect can be ignored 

when phase error or phase noise is relatively small. In order to ensure PLL in lock state, former profound 

researches in mixed signal PLL has concluded an experimental condition[4]: If reference frequency is at 

least 10 times bigger than the bandwidth of PLL, the system can be modeled as a linear one. This 

condition will be scrutinized in the following part of PLL linear model. 
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3.2 Non-linearity Sources in ADPLL 

Compared to mixed-signal PLL, ADPLL suffers one more important factor that causes its non-linearity – 

quantization. There are two main quantization sources in ADPLL. One is from phase detection: according 

to chapter 2, ADPLL translates analog information into digital information– the continuous increasing 

phase information of reference clock and variable clock are quantized in time domain —analogous to 

analog-to-digital converter (ADC). The time domain quantization resolution is one DCO clock period 

when TDC is absent; otherwise, the resolution is smallest time delay of TDC. The other quantization 

source is from DCO: traditional VCO use linear range of varactor – when MOS transistor operates 

between depletion mode and inversion mode, its capacitance decreases linearly as gate voltage 

increases. DCO, on the contrary, use the two non-linear state of varactor – on-state from depletion mode 

and off-state from inversion mode. This is because that as cmos proceeds into deep-submicron process, 

the linear range is narrower in voltage range, causing linear varactor much more susceptible to noise and 

operating point shifts[1]. On the other hand, the progressing deep-submicron process makes it more and 

more general to create well-controlled varactors as small as the order of tens of attofarads. Apparently 

to see, non-linear DCO operation generates the other quantization source limited by smallest value of 

varactor. There have been different frequency-capacitance relationship expressions in references [1-3]. 

In linear models to be introduced next, these two quantization effects are all modeled as additive noise 

sources by basic theories paramount in ADC researching areas. 

 

3.3 Linear Approximation Model for ADPLL and Mixed-Signal PLL 

Non-linearity effect from quantization can be modeled as white noise of uniform probability density. 

Linear approximation model is structured as this white noise added to a linear model without 

quantization. This is similar to what has been permanently done in ADC research. But, also similar to ADC 

research, this linear approximation model must satisfy the following requirement -- when input signal of 

quantizer is so big that quantization error shows irrelevance to input signal, quantization effect is 

equivalent to a white noise with uniform probability distribution added directly to original system; by 

this means, the staircase response of quantization can be modeled as “linear response” in the system[2]. 

Figure 3.4 demonstrates the linear phase domain model[6-7]. When β=0，it’s type-I PLL；when β≠0，it’s 

type-II PLL. 
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Figure 3.4 Linear equivalent s-domain model of ADPLL 
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This only difference from digital PLL to mixed signal PLL in this linear model is adding an extra “TDC Noise” 

at the input of Loop Filter. And as mentioned before, in linear model, TDC Noise is modeled as a white 

noise with uniform probability distribution.  

 

3.4 Quantization as Additive Noise  

Effects of quantization are often modeled as white noise of uniform probability density added to an 

otherwise linear system. Most treatments of this approach warn emphatically that the model is valid 

only on the essential condition that the signal or external additive noise is large enough to make the 

quantization error be uncorrelated with the signal. That condition is not usually met in a PLL, because 

additive noise is often small or absent in PLLs of interest and phase error is small and the control signal 

to the NCO is largely quiescent when the loop is locked. Simulations (Gardner, unpublished 13.2. 

QUANTIZATION 295 results) have demonstrated that the additive-noise model of quantization error is 

very poor in a PLL with otherwise-small noise at its input. 

 

Current researches all referred to quantization effect with its linear model, and therefore modeled 

ADPLL as a linear phase domain system exemplified in Fig. 3.4, whether time-invariant or time-variant 

[6,8]. The linear model of quantization effect is: when input signal of quantizer is so big that quantization 

error shows irrelevance to input signal, quantization effect is equivalent to a white noise with uniform 

probability distribution added directly to original system; by this means, the staircase response of 

quantization can be modeled as “linear response” in the system *9+. Unfortunately, the necessary 

condition of the linear model is not definitely satisfied in PLL system. Especially for PLLs optimized with 

sigma-delta DCO, the feedback phase noise can be too small to show irrelevance with quantization noise 

after the loop is locked. Thus, the following sections of thesis presented a non-linear model for ADPLL, 

demonstrated and explained when and why ADPLL linear model fails. Following it was prediction and 

explanation of system performances peculiar to non-linear cases. After that, a new model for 

quantization effect in non-linear cases was provided. Finally, a phase noise optimization design 

process/method was concluded and exemplified for integer-N type-I PLL. 

 

In conclusion, this chapter explains that due to circuit limitation in linear operation range, all types of 

conventional PLL are non-linear system. And due to the limit number of bits and phase calculation 

scheme, ADPLL are even a more non-linear system. This chapter also explains how linear theory transfers 

non-linear function into additive value if these two are equivalent in frequency domain. Apparently, any 

approximation has premise and this chapter ends with explanation of its application limit, laying 

foundation for the next chapter, which proposes the more comprehensive non-linear model and theory. 
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Chapter 4.  ADPLL Non-Linear Model and Quantization Effect Model under Non-Linear Cases 

In this chapter, we first proposed a non-linear phase domain model for type-I integer ADPLL. Secondly, 

we analyzed the quantization effect on phase noise as quantization step increased. Among this analysis, 

we discovered that the generally-adopted theory of quantization effect on phase noise has the limitation 

when quantization step surpassed certain value, which was a normal value for PLL design, and the whole 

system entered non-linear case. Furthermore, we derived a theory to describe quantization effect 

specific to non-linear case. Moreover, we derived a theory to define the threshold quantization step 

value when the system began to enter non-linear case. And this chapter ended with a model of 

quantization effect in non-linear case for ADPLL phase noise analysis. 

 

4.1 ADPLL Non-Linear Phase Domain Model of Type-I Integer ADPLL 

1

s

DCO

Noise

N

ΦR

Sample & Hold

1/2π

Φe

α
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Φv
k

Quantizer
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Fig.4.1.1 Non-linear equivalent s-domain model of type-I ADPLL 

Non-linear ADPLL model in phase domain is shown in Fig. 4.1.1. This study selected to shift it to matlab 

environment and thus reached the equivalent model shown in Fig. 4.1.2. In real ADPLL, quantization 

error of phase error comes from quantization of time difference between contiguous reference clock 

edge and DCO clock edge; in phase domain model, it was represented by quantization of ideal phase 

error value, and reached the transfer function as: 

v

t
quantin

T


  _

v

quant TDC
quantstep

T
          (4.1.1-4.1.2) 

quantin and quantstep were quantization input and quantization resolution of quantizer in phase domain 

model;   and   were those of phase detector in real ADPLL, of which the resolution was determined by 

TDC if existed;   was DCO period. Also, in real ADPLL, additive noises close to DCO oscillating frequency 

and its harmonics are transferred as phase noise with -20dB/dec slope; in phase domain model, this DCO 

free-running phase noise was modeled by inputting a white noise source to 1/s accumulator, the transfer 

function goes like [1]: 

2 ( ( ) 20lg( )) / 2010 PN f f                 (4.1.3) 

σ is the power of white noise, and PN(∆f) is DCO phase noise at offset frequency of ∆f. 
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Fig.4.1.2 Non-linear equivalent s-domain model of type-I ADPLL in matlab 

 

4.1.1 DCO and DCO Noise Model 

From phase domain concern, we modeled this effect with the “DCO with noise” block dotted lighted in 

figure 4.1.2. It consisted of four main blocks: gain factor k, random number generating block and, 

integral block, and adding block with one element as oscillator center frequency. Gain factor k 

represented DCO gain – how much frequency is changed as phase error changes. Random number 

generating block generates numbers showing Gaussian probability density distribution with a mean 

value of zero, and with a variance correspond to given DCO performance; and a white noise power 

spectral density in phase domain. Theoretically, DCO noise shows -20dB/dec slope as offset frequency 

increases from operating frequency. So the integral block “1/s” modeled this phenomenon by shaping 

the uniform power spectral density of output signal of random number generator with a -20dB/dec slope 

along the logarithm frequency axis. Therefore, if a given DCO phase noise at certain offset frequency was 

known, the power spectral density of white noise would be this value increase with 20dB/dec to DC 

frequency. So, for example, if the given DCO has phase noise performance of -120dbc/Hz at offset 

frequency of 1MHz, the power spectral density of signal output from random number generator 

(represented by PN) would be: 

PN=-120+20*10lg1M = -120+20*6=0 

Moreover, the variance represents the power of this signal (represented by σ), and thus has: 

PN*Fs = 10lgσ 

Fs is sampling frequency and is the frequency range white noise spreads. Therefore, the variance was 

written as: 

σ = 10PN/10 * Fs 
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The adding block with one element as DCO center frequency modeled phase error controlled oscillator 

that added an extra offset frequency to oscillator center frequency. Figure 4.2 demonstrated the phase 

noise of open-loop DCO with given phase noise of -120dbc/Hz at 1MHz offset frequency and validated 

the reliability of this DCO with noise matlab model. 

 

Figure 4.2 Phase noise of open-loop DCO with -120dbc/Hz@1MHz offset 

 

4.1.2 ADPLL Quantization Noise Representation in Non-linear Model 

In real ADPLL, the global sampling clock is reference clock sampled by oscillator operating clock as 

mentioned in chapter 2. Although the period of this clock wouldn’t be the same due to DCO jitter and 

deviation, the averaging frequency of it is still the same of sampled reference clock. So in this non-linear 

model, we directly used a sampling clock of reference clock frequency to sample the output of 

combination circuit phase detector, which is thus only a subtractor here. 

Also, in real ADPLL, the phase error is the difference of DCO clock cycles and equivalent reference clock 

cycles (reference clock cycles multiply with frequency control word); or in better quantization resolution 

cases when TDC exists, the difference of transition time point of DCO clock and reference clock. In this 

non-linear phase domain model, phase error was translated to phase signal and directly modeled in 

phase domain, that is, the non-quantization limited phase difference of frequency accumulation from 

reference signal and DCO signal by their respective 1/s integrators. The result before “quantizer” block in 

figure 4.1.2 was only limited by matlab sampling frequency and was non-existent in real case to 

represent fully continuous signal. And in real case, the quantization resolution is one DCO period or one 

inverter delay when TDC exists. In this model, the quantization resolution is one step of quantizer in 

phase domain, and therefore, was equipped with the relationship with real quantization resolution as: 

quantstep = ∆t/T0, among which T0 is one DCO period or one inverter delay when TDC exists. 
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Figure 4.4 Noise representation in non-linear model 

Furthermore, for noise power spectral density observation of open-loop and closed-loop quantization 

noise and DCO noise and PLL noise, it was not that straightforward in this non-linear model. As could be 

seen in figure 4.3, we simulated one power spectral density at phase detector (subtractor) output – this 

is equivalent to whole PLL phase noise output, because phase noise definition is power spectral density 

of phase error (difference of real oscillator clock from ideal clock without jitter or deviation in frequency 

domain and quantified with power spectral density). We simulate another power spectral density of the 

difference of signal after quantizer (quantout) and before quantizer (subout) – this is equivalent to open-

loop quantization noise power spectral density, and thus its value represented the in-band quantization 

noise, i.e. quantization noise effect on PLL phase noise. Therefore, to see if the result of this non-linear 

model conforms to existing linear theory, we can plot theoretic power spectral density of quantization 

noise and compared with simulated quantization error power spectral density to see whether the 

quantization noise was right; and plot theoretic DCO noise power spectral density, and combined the 

result with theoretic value of quantization noise, and compared with simulated phase noise to see 

whether phase noise result was correct. 

 

4.1.3 S-domain Analysis for Discrete ADPLL System 

It might become a question for readers of this thesis that since the author claims to generate models and 

analysis for non-linear system operation and introduced real sampling block, would it be reasonable to 

use simplified s-domain transfer function analysis?  

Here goes the explanation. It is true that power spectral density from s-domain is a simplified 

approximation of real power spectral density described by z-domain analysis[21-22]. But in our case, 

ignoring the matlab sampling frequency which was not existed in real case, the only sampling discrete 

factor came from reference clock sampling of phase error. This clock is a standard square wave, and it 

can be viewed that the continuous signal was multiplied by a square wave in time domain. According to 
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Fourier theory, in frequency domain/ phase domain, the signal would be a convolution of Fourier 

Transfer of continuous signal and square wave. Also Fourier transfer of square wave is Sinc wave with 

zero crossing points at multiplies of square wave frequency. Therefore, if we only considered power 

spectral density smaller than reference clock frequency, Fourier transfer expression of the continuous 

signal and that of the multiply of continuous signal with square wave were almost the same. Meanwhile, 

for PLL design, phase noise decreases when offset frequency is higher than PLL closed-loop bandwidth, 

so it is reasonable to focus phase noise analysis on in-band power spectral density. And PLL closed-loop 

bandwidth would hardly be bigger than reference clock frequency from “locking ability” view – this 

would be more expiated in later chapter 4.1.4 where feedback system phase margin was analyzed for 

ADPLL. Fig. 4.4 demonstrated that suppressing points appeared at even multiplies of reference clock 

(20MHz in this case) as a result of discrete sampling effect, and for signal smaller than reference clock 

frequency, the result conformed to s-domain analysis results. Consequently, it was reasonable to use 

simplified s-domain model as shown in figure 4.1.2 to analyze a discrete non-linear ADPLL system.  

 

Figure 4.4 Type-II ADPLL phase noise in linear case 

 

4.1.4  Bandwidth And Loop Gain Selection Of Non-Linear Model 

For any feedback system, loop gain factors should be carefully selected to ensure enough phase margin 

from 180 degree so that the system would not become a self-oscillating system. Therefore, we modeled 

the PLL system with ac-friendly architecture as shown in figure 4.5 and figure 4.6 for AC simulation[16]. 

The first “amplifier” is a verilog-a behavior model to model frequency control word. The voltage 

controlled voltage source was model of phase detector. The last voltage controlled current sources in 

serial with a capacitor were ac models of VCO. The two opamps combined as a non-inverting amplifier 

and modeled the gain factor in PLL loop. For closed-loop model, the voltage controlled current source 
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output feedback to the ground connecting point in open loop circuit of voltage source controlled voltage 

source. 

 

Figure 4.5 AC simulation architecture of open loop PLL 

 

Figure 4.6 AC simulation architecture of close loop PLL 

 

Figure 4.7 PLL open loop phase simulation 

Figure 4.7 showed the phase shift in open-loop circuit. X axis is value of frequency deviation from 

required oscillating frequency. When phase shift surpassed -120 degree, PLL transformed into a self-
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resonating system and lost its phase error tracking ability from feedback system of PLL. Thus, frequency 

deviation corresponded to -120 degree is proportional to PLL bandwidth, and for type-I is its bandwidth. 

Different curves demonstrated different bandwidth with different loop gain factor.  

Figure 4.8 showed the loop gain of closed-loop circuit. X axis is also the value of frequency deviation 

from required oscillating frequency. Curves of different color correspond to those with different open 

loop gain in figure 4.7. Curves with spikes corresponded to inadequate phase margin (phase shift 

surpassed -120 degree) in open loop circuit at this frequency deviation. Therefore, open loop gain factor 

should be selected to ensure enough phase margins under the requirement of bandwidth for type-I PLL, 

as the light blue curve in figure 4.8. 

 

 

Figure 4.8 PLL closed loop phase simulation 

 

As a summary, simulation results similar to figure 4.3-4.4 showed that this non-linear model conforms to 

existing linear theory of all noise power spectral densities. 

 

4.2 Quantization Effect on Phase Noise in All Cases 

4.2.1 Linear Case – Quantization Error Exhibits Uniform Probability Density Distribution; Follows Linear 

Theory of Phase Noise 

In linear cases when input noise was much bigger than quantization step (Fig. 4.1), the necessary 

condition of linear quantization effect model was satisfied, and ADPLL was in its linear cases. This was 

validated by that simulation result of quantization error probability distribution from the non-linear 

model conformed to theoretic uniform distribution in linear cases as shown in Fig. 4.2, and also by that 

simulation result of power spectrum density (PSD) conformed to theoretic white noise and its PSD value 

in linear cases as shown in Fig. 4.3.  
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Fig.4.2 Transient results of quantizer input in solid lines and quantizer output in dot lines 
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Fig.4.3 Normalized probability distribution of quantization error 
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Fig.4.4. Simulation result of phase noise, simulation and linear theoretic results of quantization noise 
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The theoretic PSD value was derived from the foregoing condition that quantization error showed 

uniform probability distribution: because 
1

2

2 2 ( )
x

x
x p x dx   , so under uniform distribution, 

2
2 22

2

2

12
x dx







 

 , moreover, 
2

( )
R

S f
f


  , therefore, 

2

( )
12 R

S f
f


  . Among which, ∆=2π*quantstep 

is the reference clock frequency. Fig. 6 also illustrated that total phase noise, PSD of quantization noise 

and DCO noise, as well as their contribution to phase noise all conformed to theoretic value in linear 

cases. 

 

4.2.2 Non-linear Case – Quantization Error Exhibits “Canyon-shape” Probability Density Distribution; 

Phase Noise in-band Is Lower than That of Linear Theory 

Nevertheless, for integer-N PLL, it went into non-linear cases when quantization step increased and 

surpassed a threshold value. After that threshold value, input signal, i.e. phase error was gradually not 

big enough to cover multiple quantization levels to meet the necessary condition, as shown in Fig. 4.3. 

Probability distribution of quantization error gradually deviated from uniform distribution to “canyon-

like distribution” as shown in Fig. 4.4. In this non-linear case, theory for power and PSD based on uniform 

probability distribution was no longer applicable. Rather, power and PSD of quantization noise would be 

higher than 
2

( )
12 R

S f
f


  , which is derived from linear theory, (Fig. 4.6). Because the probability 

distribution is no longer uniform, which is the premise of linear theory, and thus the phase noise model 

of linear theory is no longer adaptable. Rather, the probability density distribution of phase error 

approached Ŧquantstep/2 and thus increased the variation of quantization error. 
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Fig.4.5. Transient Results of quantizer input in solid lines and quantizer output in dot lines 

Meanwhile, Fig. 4.6 revealed that total phase noise of both type-I integer-N PLL were lower than 

quantization noise PSD according to theoretic value from quantization effect linear model when 

quantization error showed probability distribution such as in Fig. 4.5. This demonstrated that 
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quantization effect had already affected the loop transfer function and could not be modeled as a single 

white noise independently added to ADPLL according to linear theory. 
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Fig.4.6 Normalized probability distribution of quantization error 
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Fig.4.7 Simulation result of phase noise, simulation and linear theoretic results of quantization noise 

 

A new phenomenon in non-linear cases was bandwidth expansion, that is, phase noise bandwidth 

became bigger than theoretic value in linear system model. This was more clearly shown in type-I PLL. 

Fig. 4.7 demonstrated the relationship of bandwidth expansion ratio with quantization step throughout 

linear and non-linear cases: in linear cases bandwidth remained the same while in non-linear cases 

bandwidth expansion quota was in proportional to quantization step. As a result, in-band phase noise 

became lower then linear theory, and experienced an inverse proportion to quantization step in non-

linear cases as shown in Fig. 4.8. Therefore, integer-N PLL operating in non-linear cases showed 

attractive potentiality for phase noise reduction with even relaxed effort in quantization resolution 

design. 
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Fig.4.8. Bandwidth expansion ratios for three linear bandwidth settings of type-I ADPLL versus quantization step from linear to 

non-linear cases.          
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Fig.4.9. In-band phase noise for three linear bandwidth settings of type-I ADPLL versus quantization step from linear to non-

linear cases. 

 

 This threshold value distinguishing ADPLL from linear cases could be theoretically quantified by the 

following method. As is known now, probability distribution of quantization error could serve to indicate 

whether the system went into non-linear cases, so it could be derived that when quantization step was 

the same order of magnitude with the standard deviation of quantizer input, i.e. phase error in linear 

cases, the probability distribution of quantization error began to deviate from uniform distribution. 

Further, the standard deviation of phase error could be reflected by the power of phase error, which 
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could be deduced from integrating the closed-loop phase noise      . And       could be obtained from 

DCO phase noise specifications of L     in dB/dec unit and its existing transfer functions in ADPLL linear 

model. Therefore, threshold quantization step has the order of magnitude as:  

21 1
~ std( ) ( )

2π 2π
quantstep quantin S f d f       (4.2) 

 

For type-I PLL with linear bandwidth 0f , the following expressions could be achieved by loop transfer 

function of DCO noise to phase noise output: 
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L f
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   ;                                                          (4.4) 

 

Fig. 4.7 also demonstrated the comparison of simulation results and theoretic results using expression 

(4.4); theoretic results for three linear bandwidth settings were shown in vertical solid lines. Take one of 

the three cases as an example: operating frequency (fc) is 2.82GHz, reference frequency is 282MHz, 

bandwidth is 670KHz, DCO phase noise -110dBc/Hz at 1MHz offset frequency; substituting these real 

parameters into the variables in expression 4.4, we could reach the evaluation value of threshold 

quantstep around 0.8e-2 order of magnitude. This almost conforms to simulation result in figure 4.7. For 

higher order PLLs, power of quantizer input phase error    could be calculated with the same method as 

demonstrated above. 

 

4.2.3 Spurious Case – Quantization Error Exhibits “two-polar” Probability Density Distribution; Phase 

Noise Approaches Open-loop Noise Output 

Moreover, if quantization step further increased (Fig. 4.9) so that the probability distribution of 

quantization error deviated even farther from uniform distribution and showed “polar-like distribution” 

as illustrated in Fig. 4.10, bandwidth would gradually stopped to expand and began to shrink back and 

finally approached “free-running” or open-loop phase noise profile as shown in Fig. 4.11. We named this 

case as “spurious case”[26] because transient result of phase error began to approach that of a square 

waveform owing to the very sensitive feedback of PLL system, and the repetitive pattern introduced 

huge spurious at multiples of half the reference frequency. ADPLL coming in this case had gradually 

lacked the meaning for phase noise improvement. The threshold quantization step for “spurious case” 

could be empirically estimated as hundreds times of the threshold quantization step for non-linear case. 
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Fig.4.10 Transient Results of quantizer input in solid lines and quantizer output in circle lines. 
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Fig.4.11 Normalized probability distribution of quantization error. 
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Fig.4.12 Simulation result of phase noise simulation and linear theoretic results of quantization noise. 

To sum up, for integer-N PLL, when quantization step surpassed a threshold value determined by 

specified DCO but smaller than hundreds times of this value, it went into non-linear cases; probability 

distribution of quantization error was no longer uniform as predicted in linear cases; linear model of 

quantization effect as an additive white noise to original system faded away and was replaced by non-

linear effect of PLL bandwidth expansion and in-band phase noise decrease in proportional to 

quantization step. 
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4.3 Quantization Effect Model in Non-Linear Case 

When integer-N PLL went into non-linear cases, it was much more complicated to model the 

quantization effect than in linear cases. But we presented a simple and practical model to approximate 

quantization effect on phase noise of type-I PLL. In non-linear cases when quantization step surpassed 

the standard deviation of quantizer input, the quantizer output toggled between  
         

 
 and had a 

bigger standard deviation compared to the input as illustrated in figure 4.4. This reinforced feedback 

cause the closed-loop system more active and more sensitive to noise than it was in linear cases. So for 

integer-N PLL, this quantization effect could be approximated as a “gain” block whose value was in 

proportional to the average ratio of quantizer output amplitude over input amplitude. Thus, the phase 

domain model with noise source added to a type-I PLL in non-linear cases could be approximated as 

shown in figure 4.12: 
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Fig.4.13 Approximation of Integer-N ADPLL  non-linear s-domain model 

There was only one additive noise source in this model       from DCO noise, so phase noise were 

expressed as       transferred to output by closed-loop transfer function of this model: 

( ) ( )o v

s
s s

s k
 

 



；                                                                    (4.5) 

   was the same as open-loop gain in linear model,  was the extra gain equivalent to quantization 

effect. Formula (4.5) demonstrated that phase noise of integer-N PLL in non-linear case could be 

estimated as DCO noise transferred by a high pass filter with bandwidth of     . This explained why 

integer-N type-I PLL showed bandwidth expansion phenomenon in non-linear cases, and in turn, lower 

phase noise in band. Figure 16 demonstrated the simulation result that in-band phase noise decreased 

as quantization step increased in non-linear cases. 

 

The extra gain   could be estimated with a simple and analytical expression dividing the square root of 

the power of output and input signal. Because quantizer input, i.e. phase error, was a random noise with 

Gaussian distribution, standard deviation or root mean square could be used to described the signal, i.e: 

std( )

std( )

quantout

quantin
  ;                                                                (4.6) 
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         and         are quantizer output and input signal.               could be directly obtained 

from definition of standard deviation as: 

std( ) / 2quantout quantstep ;                                               (4.7) 

 

             could be deduced from formula (4-6) as，     

exp( ) /10

exp

/ 2

1
2 10

2π

L BW

quantstep

BW

 

 

             (4.8) 

 

      was the actual expanded bandwidth of PLL, know from formula (4.5):           , substituted 

it for       in formula (4.8), and thus derived the approximated relationship between           and 

      as： 

0( ) 2

010
exp

(π )
10

2

L BW
BW quantstep

BW


 

         (4.9) 

 

Figure 4.13 demonstrated the estimated bandwidth expansion quota and subsequently the in-band 

phase noise according to formula (4.9) compared with simulation results as quantization step changed. 

To be mentioned, formula (4.9) was not a precise model but a simple and analytical one, and it also used 

formula (4.2) which was limited with order of magnitude accuracy, so there was certain margin of error 

in the estimated value. The meaning or the role of this estimation, however, was a simple and instructive 

estimation for practical PLL phase noise design. 

 

4.4 Complementary Analysis of Non-Linear Effect on Type-II ADPLL 

4.4.1 Linear Case: 

Similar to that in type-I integer ADPLL as shown in chapter 4, when quantization is small (quantstep = 2e-

3), the result conforms to linear case as shown in figure 4.20. The yellow curve is power spectral density 

of quantization error (quantout subtracts subout); the green curve is power spectral density of quantizer 

input signal, and also is phase noise output; the red curve is power spectral density of quantizer output 

signal. Here we can see that these three signals are close to each other on logarithm axis because they 

are at same order of magnitude when quantization step is small enough to ensure linear case. The black 

line is theoretic DCO closed-loop or transferred noise. Type-II results show better validation of this non-

linear model with theoretic value because we can directly see quantization noise effect in frequency 

lower than first pole. 



31 
 

 

Figure 4.20Type-II ADPLL phase noise in linear case 

4.4.2 Non-linear Case: 

When quantization step (quantstep = 8e-3) is similar to standard deviation of VCO noise PSD in linear 

case, the result in figure 4.21 deviated from linear theory: in linear theory, phase noise would be the 

same with the light blue line, but real simulation result shows phase noise in blue line was lower than 

that value.  

 

Figure 4.21 Type-II ADPLL phase noise in non-linear case 

10
3

10
4

10
5

10
6

10
7

10
8

-220

-200

-180

-160

-140

-120

-100

TF-dco(black); TF
q
errout(light blue); QE PSD(yellow); quantout(red); phasenoise(blue); subout(green)

10
3

10
4

10
5

10
6

10
7

10
8

-200

-190

-180

-170

-160

-150

-140

-130

-120

-110

-100

TF-dco(black); TF
q
errout(light blue); QE PSD(yellow); quantout(red); phasenoise(blue); subout(green)



32 
 

4.4.3 Spurious Case: 

When quantization step (quantstep = 2e-1) is 100 times bigger than standard deviation of VCO noise PSD 

in linear case, the result in figure 4.22 deviated from linear theory. And spurious components[24] became 

more distinguished in ADPLL phase noise as shown in figure 4.22. 

 

Figure 5.3 Type-II ADPLL phase noise in spurious case 

 

To summarize, this chapter revealed that for type-I ADPLL, when quantization step surpass a threshold 

value, it would change the quantization error probability from uniform distribution and thus the 

quantization effect from an additive white noise independent to the system. The expression for this 

threshold quantization step was derived. Bandwidth expansion and phase noise decreasing in 

proportional to quantization step in non-linear cases were presented. An approximating model for non-

linear quantization effect was established to explain the phenomena, and a simple analytical expression 

for expanded bandwidth versus quantization step was derived. 

Moreover, non-linear quantization step also brought down type-II integer ADPLL noise and shaped it in a 

new way. However, the explanation of the new phenomena in type-II integer ADPLL required further 

research and was still open in this thesis. 
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Chapter 5 Behavior Model of ADPLL for Simulation Platform Setup and Result 

This chapter presented the simulation results in behavior model by verilog to verify the non-linear 

phenomena in ADPLL observed in matlab model. 

 

5.1 Overall Simulation Platform 

The final simulation platform for verifying ADPLL non-linear quantization effect was realized on the basis 

of the verilog 2001 behavior model of modelsim SE-64 6.5 version. Major parameters of this ADPLL 

system heir the parameters in matlab model mentioned in the previous parts of chapter 4: type-I PLL 

with operating frequency (fc) is 2.82GHz for integer-N case (FCW = 10), and 2.961GHz for fractional-N 

case (FCW = 10.5), reference frequency is 282MHz, bandwidth is 670KHz, DCO phase noise -110dBc/Hz at 

1MHz offset frequency. Therefore, all the blocks besides DCO of the system could be synthesized on 

Quartus II 7.0, and implemented with Altera Stratix II FPGA (EP2S series); On the other hand, DCO was 

represented by behavior model based on reference [10]. The simulation platform recorded the transition 

time point of every DCO period, and exported the data into matlab; and then calculated the ADPLL noise 

based on the “jitter” of transition time points. 

 

5.2 Behavior Modeling of DCO with Jitter and Wander 

Phase noise is caused by DCO jitter and wander in time domain. Both of them is time deviation of real 
DCO clock from ideal clock. But they are different in that: jitter is time deviation that do not impact one 
and another[1] as demonstrated in figure 5.1 and following expression. 
 

PER[n] = PER[n-1] + jitter[n] – jitter[n-1]; 

 

Figure 5.1 non-accumulating time deviation of an oscillator 

Because jitter is group of independent random numbers, they could be modeled as additive white 

Gaussian noise and thus generated by Gaussian random number package in verilog. It can also be 

understood that jitter would exhibits white noise in frequency domain. In fact, it contributes to noise 

floor of DCO phase noise. And therefore, the variance value of random number in verilog could be set as 

followed [1]: 
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Wander, on the other hand, is time deviation that each transition timestamp depends on all previous 

period deviations [1] as demonstrated in figure 5.2 and following expression. 

PER[n] = PER[n-1] + wander[n]; 

 

Figure 5.2 Accumulating time deviation of an oscillator 

This time deviation contributes to the -20dB/dec slope in DCO phase noise, and the variance value of 

wander in verilog was set as followed according to reference [1]: 

 

5.3 Simulation Result Discussion 

Again we deduced on basis of expression (4.2-4.4) that when quantization step is in range of (0.01,1), 

ADPLL moved into non-linear case. And then bringing these parameters to the simulation platform 

mentioned above to verify the non-linear theory we deduced.  

Figure 5.3 – 5.4 demonstrated the simulation results from this platform: 5.3 was the behavior result of 

phase noise in linear case – quantization step TDC = 0.01*DCO_period, 5.4 was the behavior result of 

phase noise in non-linear case – quantization step TDC = 0.4*DCO_period. Comparing these two, phase 

noise corresponding to non-linear quantization step achieved lower phase noise in band.  
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Figure 5.3 Behavior level simulation result of integer-N type-I ADPLL phase noise (FCW=10) TDC=0.01*T_DCO 
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Figure 5.4 Behavior level simulation result of integer-N type-I ADPLL phase noise (FCW=10) 

TDC=0.4*T_DCO 

 

 

Figure 5.5 Behavior level simulation result of fractional-N type-I ADPLL phase noise (FCW=10.5) 

TDC=0.4*T_DCO 

Also compared figure 5.4 with figure 5.5, they share the same expanding bandwidth and lower in-band 

phase noise, but they differs in higher frequency offset power spectral density: the fractional-N ADPLL 

case exhibited obvious spurious tones or harmonics at multiples of half the reference frequency points. 

This is a reasonable result because for fractional-N PLL, because based on the phase error detection 
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enable the system to calculate with TDC time resolution – inverter delay. Although it is possible to 

calculate with fractions of DCO period by translating it into integer multiples of TDC time resolution, it 

would be extremely power consumed to do it because the basic accumulating block would operate at 

much higher sampling frequency (multiples of DCO frequency). Therefore, there haven’t been papers or 

researches designing fractional-N PLL in this way. Instead, fractional-N PLL is achieved by averaging 

several DCO periods. Take our FCW=10.5 as an example, after loop is locked, DCO would operate at 

frequency of 10*reference frequency, and 11*reference frequency alternatively, to reach an averaging 

or equivalent frequency of 10.5*reference frequency. So, the DCO clock bears another periodic wave 

alternating with 10*reference frequency and 11*reference frequency, giving a period of half the 

reference frequency. 

 

In conclusion, this chapter aimed to show simulation results validating the phenomena that when 

quantization step surpassed a threshold value deduced from linear PLL model, the bandwidth would 

expand and in turn, the phase noise in band would decrease for both integer-N and fractional-N type-I 

ADPLL. Besides DCO behavior model, all the other behavior blocks were synthesizable in FPGA, and thus 

had the use of validation. And the behavior approaching model of DCO was introduced in this chapter. 
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Chapter 6 Hardware Setup in FPGA and Measurement Result 

Our measurement setup is a FPGA-based ADPLL system: DCO was replaced by a discrete VCO component 

for condition limitation, and all the other digital blocks were implemented on Quartus II 7.0 FPGA as 

mentioned in chapter 5.1. Because oscillator is analog and requires analog input, a 1st order sigma-delta 

modulator[20-21] was also implemented in FPGA and followed by a basic RC low pass filter on an extra 

board in order to realize ADC with least complexity and therefore least impact of other noise sources on 

ADPLL phase noise. The whole system setup was shown in figure 6.1. 

 

Figure 6.1 FPGA-VCO-based ADPLL system setup with sigma-delta ADC 

Figure 6.2 showed the measurement results of VCO spectrum and figure 6.3 showed PLL phase noise 

(closed-loop VCO noise). But the VCO spectrum was quite noisy and noise floor was much higher than 

theoretic and simulated value. Also, the bandwidth result and in-band phase noise result and out-of-

band noise slope does not fully conform to theoretic and simulated values. Thus, we assumed that it was 

the not-well known sigma-delta modulator that shaped the PLL noise with higher frequency spurious as 

well as introduced some not-well known noise floor.  

 

So in a second version, we replaced the sigma-delta modulator and low pass filter with a discrete 8-bit 

parallel ADC component as shown in figure 6.4. In this case, PLL phase noise results were much more 

similar to theoretic and simulated value – directly in “spurious case”. Because the big quantization error 

introduced by limited-bit ADC overwhelmed all the other quantization error sources such as phase 

detector and it was far too much higher in noise level compared with the noise of discrete VCO 

component. In this case, according to our analysis in chapter 4.3, the whole system would operate 
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similar to an open-loop case and the VCO noise was not apparently high-pass-filtered by closed-loop 

bandwidth as shown in figure 6.5. 

 

Figure 6.2 VCO Spectrum measurement result of FPGA-based ADPLL with sigma-delta ADC 

 

Figure 6.3 Phase noise measurement result of FPGA-based ADPLL with sigma-delta ADC 
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Figure 6.4 VCO Spectrum measurement result of FPGA-based ADPLL with parallel ADC 

 

Figure 6.5 Phase noise measurement result of FPGA-based ADPLL with parallel ADC 

Reference freq: 10MHz, VCO freq: 40MHz, VCO noise: -76dBc@10kHz offset 
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As a result, for FPGA-based ADPLL there are several obstacles to be overcome: first, how to eliminate 

ADC block impact on quantization noise; second how to realize quantization step smaller than one VCO 

period by FPGA. There have been papers[17.25] discussed with the second obstacle, and in the future, we 

would like to work on this FPGA-based ADPLL to verify our non-linear phase noise for type-I ADPLL 

theoretic and behavior simulation results considering the easy and short design flow of FPGA.  

 

  

 

  



41 
 

Chapter 7 Conclusion and Future Work 

7.1 Conclusion: 

A non-linear phase-domain ADPLL model with noise sources was presented, together with analysis of the 

application limit of the non-linear model and existing linear model. When quantization step surpassed 

the phase error standard deviation, it would change the quantization error probability from uniform 

distribution and thus the quantization effect from an additive white noise independent to the system. 

The expression for this threshold quantization step was derived. Bandwidth expansion and phase noise 

decreasing in proportional to quantization step in non-linear cases were presented. An approximating 

model for non-linear quantization effect was established to explain the phenomena, and a simple 

analytical expression for expanded bandwidth versus quantization step was derived. As a result, a new 

design process and method was proposed for phase noise optimization in integer-N type-I ADPLL. If 

these above results can be proved in measurement, it will have impact on current ADPLL design idea and 

bring change to its architecture.  

 

7.2 Future Work 

This thesis provides the theory that ADPLL phase noise could be improved by increasing quantization 

step rather than decreasing quantization step, and this offer possibility to relax ADPLL design and cost. 

Simulation results have validated that type-I integer ADPLL in non-linear case showed better phase noise 

than conventional linear theory. In the future, we need to verify the theoretic and simulated results in 

this thesis in FPGA-based measurements. To do that, two main obstacles mentioned in chapter 4 must 

be overcome. There could be some alternatives up to now, one of which is to realize fifth-order sigma-

delta modulator to greatly reduce the modulator’s noise effect on lower offset frequency, i.e in-band 

phase noise; based on that, replacing TDC in ASIC design with standard cell in FPGA design – this means 

that we replace inverter delay in ASIC design with standard cell delay in FPGA design. But here also lies 

the biggest challenge: is it possible to avoid delay mismatch at hundreds percent of oscillator period? 

Furthermore, if this theory could be proved in measurement, we would like to move on to type-II integer 

ADPLL and ADPLL of other higher types, and give similar theoretic explanation for non-linear effect on 

phase noise and verified in measurement [30]. Also, we would like to give theoretic explanation for 

fractional ADPLL based on existing results and explained why non-linear effect has much less impact on 

them than on integer ADPLL. 
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Appendix: 

A. VCO behavior model in verilog 

`timescale 1 ns / 1 fs 

//************************ 

// DCO: 2.4G - 3.6G 

// Tcenter  = 354.6 ps, fcenter = 2.82G 

// Tmax     = 416.7 ps, fmin    = 2.4G 

// Tmin     = 277.7 ps, fmax    = 3.6G 

// Tdev_max = Tmax-Tcenter=Tcenter-Tmin=69.4ps 

// Inductunce = 1.76 nH          => Ctot =1.735 pF @ fcenter 

// Cunit at mini bank = 1.79 aF  => Tdev = Cunit/(2*Ctot)/f = 0.179 fs @ fcenter, fdev=Cunit/(2*Ctot) * f = 1.486k 

// Cunit at fine bank = 57.1 aF  => Tdev = 5.732 fs @ fcenter, fdev=Cunit/(2*Ctot) * f = 47.541k 

// Cunit at coarse bank = 3.6544 fF => Tdev = 366.927 fs @ fcenter, fdev=Cunit/(2*Ctot) * f = 3042.608k 

 

//2009-11-6 becomes more ideal. Set the KDCO = 2KHz. 

 

module DCO_BEHII ( 

FRAC_WORD, 

CKV 

); 

 

parameter integer SEED1       = 60; //time-based, if < 0 

parameter integer SEED2       = 123; //time-based, if < 0 

parameter real  PI    = 3.1415926; 

parameter real DCO_PEROFF_LIM = 139;// (ps) maximum period deviation. 

parameter real DCO_QUANT_M    = 1.79e-18;// mini bank unit 

 

parameter real Cmax           = 2.499e-12;//capacitance when f=fmin=2.4G 
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parameter real Cmin           = 1.111e-12;//capacitance when f=fmin=3.6G 

parameter real Cc             = (Cmax+Cmin)/2.0;//capacitance at center freq. 

parameter real IND            = 1.76e-9;//1/((2*3.1415926*3e9)**2*Cc);//inductance  3G=1.56e-9; 2.82G=1.76e-9 

parameter real DCO_PER_O      = 2*PI*(IND*Cc)**0.5*1e+12;//(ps) period of center freq. 

parameter real DCO_FRE_O      = 1e+12*1.0/DCO_PER_O;//(Hz) center freq. 

parameter real DCO_INIT_DLY   = 0 ;//initial oscillation delay 

parameter real KDCO           = 2.0e3 ;//Hz/LSB KDCO 

 

//phase noise parameters 

parameter real TID     = DCO_PER_O*1e-12;//DCO_PER_O*1e-12; 

parameter real FID     = 1/TID; 

parameter real PN     = -110;  //free-running pnoise at 1MHz 

parameter real OFFSET    = 1.0e6; 

parameter real PN_FLOOR    = -140;  //high frequency offset noise floor 

parameter real DCO_WRMS       = 1.0e12*OFFSET/FID*(TID)**0.5*(10**(PN/10))**0.5;//13.997e-3;//24e-3;// accumulative 

jitter (wander) 

parameter real DCO_JRMS       = 1.0e12*TID/(2*3.14159)*(FID*10**(PN_FLOOR/10))**0.5;//85.936e-3;//103e-

3;//nonaccumulative jitter 

 

input [63:0] FRAC_WORD; 

real    FRAC_WORD_REAL=0.0; 

 

//output real PER_DEV; 

real PER_DEV=0.0; 

output reg CKV=1; // digitized DCO clock output 

 

real PER=0.0; 

real PER_FREE=DCO_PER_O; 

real PER_HALF=0.0; 

real jitter=0.0; 
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real jitter_prev=0; 

real wander=0.0; 

 

integer S1=SEED1; 

integer S2=SEED2; 

real rand1=0.0; 

real rand2=0.0; 

reg SMP=0; 

 

real CTOT=0.0; 

 

integer objfile; 

 

initial 

 begin 

  S1=norm_rand(0,0); // initialize        

 end 

 

//ideal period free noise 

always @ (FRAC_WORD) 

 begin 

//FRAC_WORD_REAL = $rtoi($bitstoreal(FRAC_WORD)); //with quantization 

FRAC_WORD_REAL = $bitstoreal(FRAC_WORD);                 //without quantization 

CTOT = Cc + DCO_QUANT_M * FRAC_WORD_REAL; 

 if (CTOT > Cmax) 

  CTOT = Cmax; 

 else if(CTOT < Cmin) 

  CTOT = Cmin; 

 //PER_FREE = 2*PI*(IND*CTOT)**0.5*1e+12; // (ps) 
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 PER_FREE = 1.0e+12*1.0/(DCO_FRE_O + KDCO*FRAC_WORD_REAL); // (ps) 

  end 

       

always @ (SMP)  

begin 

// ideal period 

 PER = PER_FREE; 

  

 // noise floor 

 //S1=$fscanf(FILE_TRAN1,"%f",rand1); 

 rand1=norm_rand(SEED1,SEED2); 

 if (DCO_JRMS) jitter = rand1 * DCO_JRMS; 

 if (jitter > PER/2 || jitter < - PER/2) jitter = 0.0; 

 PER = PER + jitter - jitter_prev; 

 jitter_prev = jitter; 

  

 // -20dB/decade phase noise 

 //S1=$fscanf(FILE_TRAN2,"%f",rand2); 

 rand2=norm_rand(SEED1,SEED2); 

 if (DCO_WRMS) wander = rand2 * DCO_WRMS; 

 if (wander > PER/2 || wander < - PER/2) wander = 0.0; 

 PER = PER + wander; 

   

 PER_HALF = PER/2.0; 

 # (PER-PER_HALF); 

 CKV = ~ CKV; 

 # PER_HALF; 

 CKV = ~ CKV; 

 SMP <= ~ SMP;   
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  end 

 

/* $timeformat [ ( n, p, suffix , min_field_width ) ] ; 

units = 1 second ** (-n), n = 0->15, e.g. for n = 9, units = ns 

p = digits after decimal point for %t e.g. p = 5 gives 0.00000 

suffix for %t (despite timescale directive) min_field_width is number of character positions for %t */ 

  

//count how many 0 contains in the control word. 

function integer ZERO_NUM;  

input [63:0] IN; 

integer i; 

begin 

ZERO_NUM = 0; 

for (i=0; i<64; i=i+1) 

begin 

 if (IN[i] ==0) ZERO_NUM = ZERO_NUM + 1; 

 end 

end 

endfunction 

 

//count how many 0 contains in the control word. 

function integer ZERO_NUM32;  

input [31:0] IN; 

integer i; 

begin 

ZERO_NUM32 = 0; 

for (i=0; i<64; i=i+1) 

begin 

 if (IN[i] ==0) ZERO_NUM32 = ZERO_NUM32 + 1; 
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 end 

  end 

endfunction 

 

//calculate the period deviate given the total capacitance and the delta capacitance. in the unit of ps 

function real UNIT_PER_DEV; 

  input IN; 

  real  IN; 

  input Ctot; 

  real  Ctot; 

   

  real Fnow; 

  begin 

  Fnow = 1/(2*3.1415926*(IND*Ctot)**0.5); 

  UNIT_PER_DEV = IN/(2*Ctot)/Fnow*1e12; //in ps unit 

  end 

endfunction 

 

//box muller alogrithm to generate normal distribution 

function real norm_rand; 

  input S1; 

  input S2; 

  integer  S1; 

  integer  S2;   

  real SEL; 

  real RSQ ; 

  real V1 ; 

  real V2 ; 

  real FAC ;   
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  begin 

 RSQ = 2.0; 

 if (S1 == 0 && S2 == 0) SEL = 1.0; 

 if (SEL == 1.0) 

  begin 

  while (RSQ > 1.0 || RSQ == 0) 

 begin 

     V1={$random}/(4294967296.0)*2.0-1.0; 

     V2={$random}/(4294967296.0)*2.0-1.0; 

     RSQ=V1*V1 + V2*V2; 

 end 

  FAC = (-2.0 * $ln(RSQ)/RSQ)**0.5; 

  norm_rand = V1 * FAC; 

  SEL = 0.0; 

  //$display("SEL=1"); 

      end 

 else 

 begin 

 norm_rand = V2 * FAC; 

 SEL = 1.0; 

 //$display("SEL=0"); 

 end 

end 

endfunction 

endmodule 
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B.TDC behavior model in verilog body part: 

always @ (posedge CKV) 

  CKR <= REF; 

always @ (posedge CKV) 

 begin 

 $timeformat(-9, 1, "", 32); //ns 

 CKV_RS_PRE = CKV_RS_CUR; 

 CKV_RS_CUR = $realtime; 

 end  

always @ (posedge REF) 

begin 

 $timeformat(-9, 1, "", 32); //ns 

 REF_RS_CUR = $realtime; 

 CKV_REF_DIFF = REF_RS_CUR - CKV_RS_CUR;    //Time difference between the rising of REF and the nearst previous 

rising of CKV 

 PER_PRE = CKV_RS_CUR - CKV_RS_PRE;         //The period of the previous DCO clock CKV   

 PHF_REAL_NOQUAN = 1.0 - CKV_REF_DIFF / PER_NOMINAL;  //phi_e;       

 PHF_REAL_QUAN=1.0 - $itor($rtoi((CKV_REF_DIFF + QUANT_TDC/2.0)/QUANT_TDC))*QUANT_TDC / PER_PRE; 

QUAN_ERR = PHF_REAL_QUAN - PHF_REAL_NOQUAN; 

end 

always @ (posedge CKV)     

    if (QUAN_TDC) 

  PHF = $realtobits(PHF_REAL_QUAN); 

 else 

  PHF = $realtobits(PHF_REAL_NOQUAN); 

endmodule 
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