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Abstract 

 

 

This dissertation presents high-performance coupled-oscillator systems based on the LC 

oscillator, and covers both the theoretical analysis and the implementation. To that end, it starts 

with the introduction of both the LC oscillator and coupled-oscillator systems, and includes 

general considerations, basic principles, performance metrics, design factors, and design 

methodologies.  

In addition, this dissertation reviews the following proposed and implemented novel circuits, 

techniques, and application: 1- two types of high-performance oscillators; 2- two types of multi-

phase clock generation techniques; and 3- an application for the multi-phase clock. The 

wideband transformer-based voltage-controlled oscillator (VCO) utilizes a highly-compact 

transformer, which is designed with two (2) pairs of overlapped and interleaved inductors to 

achieve a strong mutual coupling factor and occupy a small on-chip area. With a strong mutual 

coupling factor, the equivalent inductance can be tuned using paired capacitor banks; thus, 

increasing the frequency tuning range.  

The 8.8 GHz voltage-controlled oscillator employs a dual-tank structure and the impulse 

sensitivity function (ISF) manipulation technique. By utilizing these techniques, the behavior of 

both the tail and the cross-coupled transistors is optimized compared to the conventional VCO; 

therefore, the noise from the transistors and the low quality factor of the tank is reduced; 

resulting in a better phase noise performance. 
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The capacitive-coupling multi-phase clock generation technique which employs an 

oscillator core equipped with both dual tanks and the adaptive biasing feedback configuration 

achieves both low phase noise and low power consumption. To prove the concept, a four-core 

coupled oscillator is implemented, and an analytical model of its phase noise performance and 

phase error are presented by using the generalized Alder’s Equation for the first time. 

The transformer-based multi-phase clock generation technique achieves low phase noise 

while maintaining strong coupling among oscillator cores. The proposed transformer-based dual-

tank topology forms a loop of coupling path for enhanced multi-phase coupling. The phase noise 

optimization is accomplished by leveraging the dual-tank and the adaptive-biasing feedback 

techniques, while the transformers facilitate strong magnetic coupling among oscillator cores. 

Full electro-magnetic (EM) modeling of all transformers and the passive interconnecting routes 

has been performed using the EMX software in order to ensure that simulated performance 

reflects measurement environment. 

The single-ended two-port switched-RC 8-path filter followed by a low-noise amplifier 

(LNA) is of “filter-first” type, where the 8-path filter precedes the LNA; similar to the current 

state-of-the-art RF frontend circuits in mobile wireless devices, where the SAW/BAW filter 

precedes the LNA. The 8-path filter is driven by one of the proposed on-chip tunable 8-phase LC 

oscillators. 
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1.1 The Motivation of Multi-Phase Clock 

For the past decades, the market for the mobile-phone and satellite networks is growing at 

astonishing rate. To meet the market needs, the requirement for the radio frequency integrated 

circuit becomes increasingly stringent, especially for the wireless system, the high performance 

on-chip transceiver and its sub-block circuits which are largely of demand. As one of the 

essential blocks, Phase lock loop (PLL) or digital phase lock loop (DPLL) plays a crucial role on 

up-down conversion and signal modulation. To synthesize the clean and accurate carrier signal 

from PLL or DPLL, the voltage control oscillator or digital control oscillator (DCO) must be low 

noise. For certain applications, the oscillators may even be required to cover several frequency 

bands or work with low power consumption. 

Evolved from single-phase clock, multi-phase clock synthesizer is a newly emerging tool 

that is able to improve the performance of the entire transceiver, since it can be reused by more 

than one block. The most popular category of multi-phase family is IQ oscillator which is also 

named quadrature oscillator. The local oscillator (LO) signals which have 90-degree difference 

can be used for signal modulation or image rejection. As expanded from IQ oscillator, the multi-

phase signals which have more than four phases can be used for the following applications: 

A. The sub-harmonic mixer (Fig 1.1 (a)) can use multi-phase clock as LO signals to down-

convert the RF signal, thus eliminate the DC offset problem in direct down-conversion 

structure.  

Chapter 1 Introduction 
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B. The N-path filter (Fig 1.1 (b)) needs multi-phase signals to drive its switch arrays to 

form the filter profile, and the more the number of phases is the strong the out-of-band 

rejection is. 

C. Interleaved analog to digital converter (ADC) (Fig 1.1 (c)) or time to digital converter 

(TDC) requires more number of phases to increase the sampling rate. 

D. Clock data recovery (CDR) (Fig 1.1 (d)) needs multi-phase clock for phase detector to 

retime the clock of input signal. 

E. Phase-array requires enough number of phases of LO to finely control the direction of 

beam forming. 

Furthermore, as the number of phases of the clock generator increases, certain benefits are 

obtained for those applications; e.g., less harmonic distortion for the N-path filter and higher 

sample rate for the ADC. Therefore, an efficient and expandable solution to generate a multi-

phase clock is of high demand. 

In summary, the multi-phase clock plays important and different roles in various RF blocks. 

However, the generation technique of multi-phase signals is still lacking attention.  It’s urging to 

have an extendable and high performance solution for it.  

RFIN+

RFIN-

RFOUT+
RFOUT-

LOI+

LOI+

LOI- LOQ-

LOQ+
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Output
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RF Input
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                                     (a)                                                            (b)                                       
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Fig. 1.1 The applications of multi-phase clock: a) sub-harmonic mixer, (b) N-path filter, 

(c) interleaved analog to digital converter, d) clock data recovery. 
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1.2 Introduction of Multi-Phase Clock Generation Techniques 

According to recent publications, several techniques can be utilized for the generation of 

multi-phase signals. However, most conventional multi-phase clock generation mechanisms are 

not suitable candidates: 

A. The ring oscillator has a poor phase noise, and is not qualified for GHz frequency 

applications; 

B. The divider-based generator requires a VCO with N times higher operating frequency, 

which increases the design complexity as the number of phases increases;  

C. The ploy-phase-filter-followed structure is narrow-band, and cannot meet the 

requirements of today’s Soft Defined Radio (SDR).  

To achieve both high performance and functionalities, the coupled LC oscillators 

architecture seem to be the best candidate, since it can achieve a high performance, and is easy to 

expand to a higher number of phases by adding oscillator cells to the coupling path.  

As shown in Fig.1.2 (a), the system model of coupled oscillators has three essential parts: 

input-to-output transfer function H(s), the feed-back path and the coupling path. The transfer 

function H(s) and the negative feedback path form the individual oscillator system. The coupling 

path couples the signals from the previous oscillator to the next. It is worth noting that the gain 

of the coupling path at the last stage has the same value as other stages but a negative sign. Thus, 

the closed-loop multi-phase system can be formed.  

In addition, the equivalent model of differentially coupled oscillators is shown in Fig 1.2 (b); 

differential coupling signals is feeding forward to the next adjacent oscillator and the negative 

coupling sign can be easily implemented by crossly wiring the differential signals between the 

last and the first oscillators.  
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Fig. 1.2 Models of coupled oscillators: (a) system model of coupled oscillators, (b) equivalent 

model of differentially coupled oscillators. 

 

Moreover, the noise performance of coupled oscillators is naturally superior to other 

systems. According to [1], as number of oscillator cores (N) increases in the coupling system, the 

overall oscillator phase noise will be improved by 10 log10 𝑁, if the coupling path is ideal. This 

indicates that additional phases and less phase noise can be achieved at the same time by using 

coupled oscillators.  
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1.3 Prior Art of High Performance Oscillator 

The performance of an oscillator-coupled multi-phase clock is highly related to the 

performance of its individual oscillator core. Thus, the high quality multi-phase system design 

has to start with the design of high performance oscillators.  

Regarding the performance of oscillator, low phase noise and low power consumption are 

the two major goals to achieve. In conventional LC oscillator design, shown in Fig. 1.3 (a), 

several factors directly contribute to the performances of noise and power consumption, and 

those are the quality factor of the LC tank Q, the noise from the cross-coupled transistor, and 

impulse sensitivity function which determined by the structure of the oscillator. Also, as revealed 

in the Leeson’s equation [2], which is 

ℒ𝑣𝑐𝑜(∆𝑓) = 10𝑙𝑜𝑔 {
𝐹𝑘𝑇

2𝑃𝑠
[1 + (

𝑓0

2∆𝑓𝑄
)

2

] [1 +
𝑓𝑐

|∆𝑓|
]},                                          (1.1) 

where the quality factor Q, K is Boltzman constant and T is absolute temperature and the noise 

factor F related to the transistors are two essential factors of the phase noise.  

In general thought, the quality factor Q of the LC tank can be optimized by making the 

inductor to a certain geometry that has the least parasitic components. However, in the oscillator 

design, the LC tank is also loaded with passive and active devices which will also degrade the Q. 

For example, if the cross-coupled transistors are operating in the triode region, their small output 

impedances will load the tank, thus degrade the Q of the tank. To minimize this kind of 

degradation, the dual-tank structure [3] and class-F structure [4] were proposed and is shown in 

Fig. 1.3 (a). The basic concept of both structures is changing the amplitude or the shape of output 

waveforms to reduce the operating time in the triode region.  
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                                              (c)                                                     (d) 

Fig. 1.3 The prior high-performance oscillator core: (a) dual-tank structure, (b) tailed capacitor 

(class C) structure, (c) adaptive biasing feedback structure, (d) class-F structure. 

For the noises coming or converted from the transistors, it can be reduced by modifying the 

conventional topology to optimize the ISF of the structure or eliminate the harmonic that can be 

converted to output. As shown in Fig. 1.3 (b), the minimum change that can be made is to add 

the tail capacitor [5] to bypass the second order harmonic signal and shift its phase, thus reduce 

the noise conversion from the tail transistor. Other than that, as shown in Fig. 1.3(c), a more 
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advanced topology, which has been presented in recent year, utilize separate biasing transistors 

and ISF manipulation technique [6] to achieve ultra-low phase noise.  

Some of those techniques which are used to achieve high-performance will be discussed in 

the later chapter and even adopted in the proposed designs. Also, the more insightful relation 

between those techniques and multi-phase clock generation will be discussed. 
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1.4 Prior Art of Wide Band Oscillator 
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                         (a)                                      (b)                                        (c) 

Fig. 1.4 The schematics of the prior wide-band oscillators: (a) the active switching network 

based structure (b) the switchable transformer based structure (c) the Oct-shaped transformer 

structure. 

 

To meet the soft defined radio (SDR) needs, the oscillators with wide frequency tuning 

range sometimes are of demand. However, the wide frequency tuning range and low phase noise 

is always a trade-off in the conventional oscillator design, because that the capacitor arrays, 

varactor, transformer and i.e. which are used for frequency tuning have parasitic components that 

will degrade the quality factor of the tank. In order to cover a wide frequency band while 

maintaining a good phase noise, many novel structures have been presented in recent years. For 

example, as shown in Fig. 1.4(a), by making the active circuit a switchable network, it allows to 

change the direction of the current flowing through the wings of transformer-based tank, thus to 

control the sign of the coupling factor and further switch between even-mode (low frequency 

band) and odd-mode (high frequency band) [7]; as shown in Fig. 1.4(b), by adding switches to 

the secondary coil of the transformer, the different segment of the transformer can be shunt to the 

ground thus to vary the different current return path [8], therefore the coil ratio between the 
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transformer pair is changed; as shown in Fig. 1.4(c), by creating the transformer based on Oct-

shaped inductors, it can reduces the interference between each inductor coil, since the nature of 

Oct-shape inductor is to strongly immune any magnetic field that is not generated by itself [9]. 

In the following chapter of this thesis, a novel transformer-based quad-core oscillator will 

be present to illustrate how wide-band frequency can be achieved by using multiple transformers 

and cores. 
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1.5 Prior Art of Coupled Oscillators 

As discussed, among all those multi-phase clock generation techniques in Fig. 1.2, coupled 

oscillators technique is the best candidate.  However, the coupling strategy has to be carefully 

chosen, since improper coupling will degrade the performance of the system. The most common 

coupling methods including active and passive ones are shown in Fig. 1.6. The first two 

topologies in Fig. 1.6 are using active coupling, and two extra transistors transfer the voltage 

signals from the adjacent core into the current which is bumped into the tank to form coupling 

path. However, the structure with the parallel coupling transistor suffers from higher power 

consumption and the excess noise from additional active devices. Although the structure with a 

series coupling transistor [10] has s better phase noise performance, it requires extra headroom, 

which translates to higher power consumption. The last two structures are using passive cell to 

form the coupling paths, while one is using capacitive path [11] and another is using transformer 

path [12]. Comparing to the active coupling method, the passive ones have less noise source, 

thus are recommended and can achieve better noise performance. In addition, between the 

capacitor and transformer coupling, the former one is easier to implement and has better control 

of coupling strength; the latter one is more difficult to modeling, but the coupling path is 

embedded in the transformer, thus the layout of it can be cleaner and has less unexpected 

coupling.  

In coupled oscillator, the coupling strength factor m is one key factor that represents the 

ratio of the injection signal over the signal sustaining the oscillation. The value factor m has to be 

chosen properly, since it is highly related to the performance of phase accuracy and phase noise.  

Different structure defines m in a different way, and even is determine by different components. 
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For example, the coupling strength for both active coupling in Fig. 1.5(a) (b) equals to the ratio 

of the transistors’ size: 

𝑚 =
𝑊𝑀4

𝑊𝑀1

𝐿𝑀1

𝐿𝑀4
,                                                        (1.2) 

where W and L represent the width and length of the transistor, respectively.  

Furthermore, in Fig. 1.5(c), the coupling strength is determined by the capacitor ratio which 

is equal to  

𝑚 =
𝐶𝑃𝐶

𝐶2
.                                                        (1.3) 

For the magnetic coupling structure in figure Fig. 1.5(d), if assuming that the coupling 

factor K is equal to 1, the coupling strength is  

𝑚 =
2𝑁

𝑁2−1
.                                                        (1.3) 

where N is the ratio of turns of inductor L1 over that of inductor L2. 
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                                       (c)                                                           (d) 

Fig. 1.5 The schematics of prior coupled-oscillator: (a) transistor-in-parallel coupling, (b) 

transistor-in-series coupling, (c) capacitive coupling, (d) inductive coupling. 
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1.6 Organization of Dissertation 

The rest of the thesis will focus on high-performance structures of oscillator cores and 

multi-phase generation techniques based on coupled oscillators and passive coupling. To provide 

insightful views on the oscillator design, it starts with chapter 2 which covers most essential 

metrics and factors that need to be considered in single oscillator design, and provides detailed 

introduction and discussion by taking selected novel techniques as examples. 

In chapter 3, silicon verifications of two oscillators will be introduced, including a wide 

frequency band transformer-based voltage controlled oscillator and a novel technique of 

frequency band enhancement based on highly compact transformer. The dedicated transformer is 

designed with four inductors of two pairs in overlapped structure to achieve strong mutual 

factors and small the inductors’ area. In addition, it will present a novel 8.8 GHz voltage 

controlled oscillator which is employed both dual-tank structure and impulse sensitivity function 

manipulation technique. The behavior of both tailed and cross-coupled transistors are optimized 

comparing to conventional VCO, therefore the noise from transistors and tank quality 

degradation are reduced, resulting in better performance on phase noise.  

The comprehensive discussion on coupled oscillators starts in chapter 4, where all design 

factors in single oscillator design will be re-defined. In addition, challenges and concerns in 

coupled-oscillator design are raised and addressed by proposed structures with analytical models. 

Moreover, to maximize the compatibility between the coupling mechanism and the proposed 

individual oscillator architecture, examples of coupling path designs are demonstrated with 

equivalent passive models.  
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Chapter 5 is focusing on silicon verifications of two coupled-oscillator structures, including 

an advanced multi-phase clock generation technique, which employs coupled oscillators with 

capacitive-coupling mechanism to achieve both low-power and low-noise characteristics. The 

oscillator core equipped with both dual tanks and adaptive feedback technique is used. In 

addition, by using similar oscillator core, another coupled-oscillator system with inductive-

coupling mechanism is proposed to achieve stronger coupling and more symmetric flour plan. In 

both cases, a four-core system is fabricated to prove the concept. 

Chapter 6 introduces a reconfigurable receiver frontend RFIC whose structure is based on a 

tunable single-ended two-port switched-RC 8-path filter f followed by a low-noise amplifier 

(LNA)  

Chapter 7 summaries this dissertation and suggests future research topics. 
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2.1  Introduction 

As introduced in the first chapter, most publications of oscillator designs are focusing on 

achieving low phase noise and wide frequency tuning range, since those are two key metrics for 

the performance of oscillators. This chapter will continue the discussion on phase noise and 

frequency tuning especially to the perspective of practical design. Frist, we are going to review 

some design factors, such as sources of phase noise and limitations on frequency tuning, based 

on conventional oscillator structures.  

To address those issues in design, few mechanisms from the first chapters and previous 

publications will be presented with analytical model. In addition, essential design factors of 

oscillator, like response of LC tank, start-up condition and ISF, will be introduced. Their 

behaviors and definitions in different structures will be explained by using theoretical models 

and equations. 

  

Chapter 2 Design Methodology of LC Oscillator  
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2.2 Phase Noise 

2.2.1 Sources of Noise  

Besides the quality factor Q of the LC tank, phase noise could be affect by the noise from 

all the active components in the circuit. To make it simple, we take the conventional cross-

coupled structure as an example. 

M2
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word

L1 VIn
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Vbias1

V1 V1Vtune

C1 C1

 

Fig. 2.1 Schematic of the conventional cross-coupled VCO. 

As shown in Fig. 2.1, the sources of noise can be summarized as: 

A. Noise from cross-coupled transistors (M1, M2) 

B. Noise from biasing transistors (M3) 

C. Low Q components seen from the tank (V1, M1 and M2) 
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The noise from cross-coupled transistors is varying from its states. Generally, three types of 

typical conditions [13] are recognized from their behavior. As shown in Fig. 2.2, during one 

cycle of oscillation, transistor M1 will go through fully-off, fully-on, and the equilibrium (during 

transition between on and off) conditions. When the transistor is fully off, neither noise nor 

negative trans-conductance is generated. When the transistor is fully on, the degeneration resistor 

RS, which is also the output impedance of the tail transistor in this case, can suppress the noise of 

the cross-coupled transistors. The gain that the noise experiences is equal to  

G = 𝑔𝑚𝑅𝑝 (1 + 𝑔𝑚𝑅𝑆)⁄  (2.1) 

where RP is the tank impedance at the Oscillation frequency. Therefore, the noise could be high 

if it is not suppressed properly. 
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Fig. 2.2 The behavior of cross-coupled transistor over VCO output cycles. 

During the equilibrium condition, when both M1 and M2 are on, transistors conduct the most 

amount of noise to the output, because that, at this time, the output voltage swing is at the zero 

crossing point, which is the most sensitive to the noise.  
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The noise from the biasing transistor will not directly affect phase noise, since, instead of 

going to the load, it can also going the ground. However, the modulated noise from it can be 

converted to the output. As shown in Fig. 2.1, the second order harmonic is formed at the drain 

of the biasing transistor, thus it can generate in-band noise by mixing with the cross-coupled 

transistors. 
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Fig. 2.3 Equivalent schematic of convention VCO when one transistor is on. 

The Q degradation can be easily caused by the loss from the varactor V1, especially when 

the maximum capacitance 𝐶𝑚𝑎𝑥  of V1 over its minimum capacitance 𝐶𝑚𝑖𝑛  is too large. In 

addition,  during triode region, the transistor not only contribute large portion of noise, but also 

degrades tank quality factor, because the transistors are acting like switches, thus much lower 

resistance is going to load the tank, as shown in Fig .2.3, where only one transistor is operating 

and in the triode region. Therefore, the impedance seen from the tank is equal the sum of RM2 
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and ro3, instead of 𝑔𝑚𝑟𝑜1𝑟𝑜3, when that transistor is in saturation region.  In the conventional 

single-tank and cross-coupled structure, the swing of the output (drain) voltage follows the swing 

of the gate voltage, but they are 180 degrees out of phase.  Thus, according to the saturation 

boundary condition which is 𝑉𝐺𝑆 − 𝑉𝐷𝑆 < 𝑉𝑇𝐻 , the cross-coupled transistors will operate at 

triode region for a long period of time in the conventional case. 

2.2.2 Phase Noise Reduction 

To address above mentioned degradations on phase noise, the mechanisms of few 

techniques will be presented in this section.  

T

Vgate

Vdrain

Vdrain,dualtank

Threshold
voltage

 

Fig. 2.4 The voltage swing of cross-coupled transistors in dual-tank structure. 

Regarding the Q degradation from active cells, it can be improved by using different 

structures and changing the waveforms of voltages at different nodes. As mentioned in the first 

chapter, one way to do that is to use dual-tank structure, which is shown in Fig. 1.3(a). Because 

two inductors are used, the swing at the gate of the cross-coupled transistor is enhanced and can 

be larger than the swing at the drain. This way, the voltage swing of the drain can be reduced 

while keeping the voltage swing of the gate. In other words, the operation time in the triode 

region is reduced, as shown in Fig. 2.4. 
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Fig. 2.5 The voltage swing of cross-coupled transistors in class-F structure. 

Alternative way to do that is using Class-F structure, which is shown in Fig. 1.3(d). By 

combining the 3rd harmonics from the transformer, the output waveform (Drain voltage) 

becomes pseudo-square wave instead of sine wave. In this way, the peak value of the threshold 

voltage is limited to a relative value, which ensures that the cross-coupled transistors will not run 

into triode region, as shown in Fig. 2.5. 

Since the noise converted from biasing transistor is concern, both Class-C structure and 

separate biasing transistor can be utilized to improve the phase noise caused by that. As shown in 

Fig. 1. 3(b), by adding extra capacitor to bypass the second order harmonic signal and shift its 

phase thus reduces the noise conversion from the tail transistor. However, it is worth noting here 

that Class-C only works when cross-coupled transistors are always working in the saturation 

region.  

Similar to the structure in Fig. 1.3 (c), in the two-transistor biasing scheme, the second 

harmonic node is eliminated; therefore, the noise which is converted from the tail transistor and 

is present at output is only at low frequencies, and the second harmonic which is far from the 

oscillation frequency contribute negligible fluctuation to the output phase. 
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In addition, in Fig. 1.3(C), another technique is used, and that is adaptive basing feedback. 

Since the feedback will enhance the current during this condition, it might appear that it will 

increase both the thermal and the flicker noise; however, this is not necessarily true. That is 

because the cross-coupled average trans-conductance, Gavg, will be equal to 1/RP, and the extra 

gm generated by the feedback will force M1/2 to switch faster, and spend less time in the 

equilibrium condition. Therefore, due to the constant Gavg, the increase in peak gm due to 

adaptive biasing feedback will not necessarily hurt the noise performance. In contrast, adaptive 

biasing feedback increases the bias current when it is needed in order to speed up the transition 

for suppression of the noise, as shown in Fig. 2.6. 

 

Fig. 2.6 The comparison of behaviors of cross-coupled transistors under conventional and 

adaptive feedback cases. 
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2.2.3 Boosting Signal Power 

Other than reducing the noise, we can also boost the signal power to improve the phase 

noise, as revealed in the Lesson’s equation. However, ways like increase the supply voltage and 

current might damage the transistor and cause reliability issue. The alternative way to do that is 

by using coupled-oscillators. As shown in Fig. 2.7, the simplified model of two-core coupled 

case, where m and m' stand for current ratio between injection current and sustaining current, 

namely,  

𝑚 = 𝐼𝑐1 𝐼1⁄  (2.2) 

𝑚′ = 𝐼𝑐2 𝐼2⁄  (2.3) 

By using alder’s equation [14], which will be introduced in the later chapter, the phasor 

relationships between two cores can be obtained: 

                   
𝑑𝜃1

𝑑𝑡
 =  𝜔0 −

𝜔0

2𝑄

𝐼𝑐,1 𝑠𝑖𝑛(𝜃2−𝜃1)+
𝜋

4
𝑖𝑛 𝑠𝑖𝑛(𝜃𝑛−𝜃1)

𝐼1−𝐼𝑐,1 𝑐𝑜𝑠(𝜃2−𝜃1)+
𝜋

4
𝑖𝑛 𝑐𝑜𝑠(𝜃2−𝜃1)

         
(2.4) 

                          
𝑑𝜃2

𝑑𝑡
 =  𝜔0 +

𝜔0

2𝑄

𝐼𝑐,2 sin(𝜃1−𝜃2)

𝐼2+𝐼𝑐,2 cos(𝜃1−𝜃2)
                    (2.5) 

where 𝜃1 = 𝜔𝑜𝑠𝑐𝑡 + Ӫ1, 𝜃2 = 𝜔𝑜𝑠𝑐𝑡 + Ӫ2  and 𝜃𝑛 = +𝜔𝑚𝑡 , 𝜃𝑛  is the white noise,  Ӫ1  and Ӫ2  are 

phase fluctuation due to white noise. Therefore, it can lead to 

                   ℒ(ωm) =
1

2V0
2

KT

C

ω0

Q

1

ωm

1

(1+m)2
(1 + 1

(1+m)2)                (2.6) 

If m is close to 1, around 5dB phase noise improvement can be achieved by burning extra 

power consumption.  
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Fig. 2.7  The simplified model of two-core coupled case. 

2.2.4 Noise Suppression  

Although, , the noise is relatively smaller when one side of cross-coupled transistors is fully 

on comparing to when it is in the equilibrium region, it could be large if  the noise coming from 

it is not properly suppressed. For example, in some case, the Q of the tank might be too small, 

and larger current is used to drive the tank; therefore, the output impedance of the biasing 

transistor becomes smaller and the noise at ‘fully-on’ state is less suppressed. 

By using differential biasing scheme as shown in Fig 2.8, only one of the tail transistors is 

on; as such, the equivalent degeneration resistor exhibited by the output resistance of the tail 

transistor will be doubled and sufficient to attenuate the equivalent noise presented at the gate of 

the cross-coupled transistors, if assumes total current is the same as the single tailed structure.  
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Fig. 2.8 Illustration of the current flows of both single-tail and differential-tail biasing. 
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Fig. 2.9 The schematic and equivalent small signal model of differential PMOS Scheme 

In some scheme, biasing transistors are replaced by PMOS, as shown in Fig. 2.9. The 

degenerated impedance seen from M1 is the source of M3. Therefore, the noise gain is equal to  

                                 𝐺𝑛𝑜𝑖𝑠𝑒 =
𝑅𝑝

(𝑅𝑝 +
(𝑔𝑚𝑛+𝑔𝑚𝑝)

𝑔𝑚𝑛𝑔𝑚𝑝
⁄ )

⁄
            (2.7) 

where gmn and gmp are trans-conductance of M1 and M3 and by making 𝑔𝑚𝑛 and 𝑔𝑚𝑝 relatively 

small M1 noise during on condition can be suppressed.  
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2.3 Frequency Tuning 

Wide-band VCO design is challenge due to its trade-off between the wide frequency tuning 

range and the low phase noise requirements. The most common way to increase frequency 

tuning range is done by employing large varactor, whose parasitic components degrades Q factor 

of oscillator tank. Instead of using large varactor, switched capacitor arrays can be used to 

provide further tuning on the tank capacitance. However, increasing number of capacitor arrays 

will make parasitic capacitance and resistance in MOS switches non-ignorable, as a result those 

parasitic components will degrade the Q factor as well.  

 

Fig. 2.10 Illustration of changes of tank by changing only passive components. 

In addition, regardless of degradation on Q, the tank deign will be another challenge. As 

show in Fig. 2.10, as increase the scale of capacitor arrays, the load inductance L has to be scaled 

down accordingly to keep the same center frequency. Therefore, as the load inductor reduces and 

the length of the trace connecting to capacitors increases, the load inductor becomes more and 

more sensitive to the parasitic inductance on those traces. As a result, it’s hard to estimate 

oscillation frequency without magnetic modeling. 
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In order to further increase frequency tuning range, it is desirable to explore other frequency 

tuning mechanisms. 

2.3.1 Multi-Band VCO 

The most conventional structure to overcome above mentioned issues is multi-band VCO. 

The concept is straight forward: use multiple oscillators and run each of them at different center 

frequencies to cover wide frequency band. The example of a dual-band VCO is shown in Fig. 

2.11, 
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Fig. 2.11 Schematic of dual-band VCO. 

where the center frequency of the first core is ω0 = 1/√L1C2 and that of second core is ω0
′ =

1/√L1
′C2

′. By changing the operating core, the center frequency can be easily changed. This 

way might sound brutal, but it is the most effective way and the only concern for this structure is 

the chip area. 
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2.3.2 Transformer Based Frequency Tuning 

If die area is the concern, there has another option. As mentioned, it’s almost impossible to 

using capacitive tuning to further frequency range without degrading the phase noise, therefore 

transformer based mechanisms seems to be a good candidate to widen the frequency tuning 

range, as recent publications have already shown some of its potential, as listed in Fig. 1.4. In 

this section, the novel transformer-based frequency tuning mechanism is proposed. 

Z11

C1 L1

M

L2
C2

    

Z11

C1 Lm,s

 

(a)                                                                              (b) 

 

Fig. 2.12. Simplified transformer model, (a) Z11 of a transformer, (b) its equivalent circuit. 

 

Fig. 2.13 Plots of equivalent inductance values under different C2 values. 

The proposed technique enhances the frequency tuning by switching the capacitor banks 
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and varactor in the coupled tank of same transformer pair, thus reuses the existing capacitors to 

achieve wider frequency tuning range without further degrading noise performance. This kind of 

mechanism can be explained by analyzing transformer tank impedance. To facilitate the analysis, 

it is assumed that tanks in a pair has strong mutual coupling effect and Q is infinite large. The 

tank impedance of Z11 seen from tank 1 is show in Fig. 2.12(a), where C1, C2 are total capacitor 

including varactor and capacitor bank. 

Fig. 2.12 (b) shows an equivalent circuit of tank impedance, and, due to the strong coupling 

factor, the equivalent inductance of the tank be tuned by changing the value of C2: 

                                       Lm,s ≈ k2L1
ω1

2L2C2

(1−ω1
2L2C2)

 +L1,                (2.8) 

where ω1 = 1 √C1L1⁄ . As shown in Fig. 2.13, by increasing the value of C2, Lm,s will increase 

under certain frequency. 
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2.4 Voltage and Impedance Response of the Tank 

Voltage and impedance response of the tank is a good tool for analyzing the behavior of the 

tank including oscillation frequencies and voltage swing at different voltage nodes. Hand-

calculation may be sufficient enough for the conventional first –order tank, since one oscillation 

frequency exits, and it is also where the peak voltage is over frequencies. However, as tank 

structure get more complex, multiple oscillation frequencies and voltage swings might exist and 

it becomes hard to have intuitive feeling about the final converging state.  

Take dual tank structure as an example, the equivalent circuit is shown Fig. 2.14 by 

injecting AC current to the tank, the plot of the voltage swing response from both gate and drain 

is shown in Fig. 2.15. 
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Vdrain
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Fig. 2.14 The equivalent circuit of dual-tank structure. 
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Fig. 2.15 The equivalent circuit of dual-tank structure. 

As shown in Fig. 2.15, it indicates that there exist two possible oscillation frequencies. The 

first oscillation frequency is locating at lower frequency, where Vgate is smaller than Vdrain. The 

second oscillation frequency happens at higher frequency, and the Vgate is large than Vdrain. Since 

the second one is willing, only the higher frequency is the wanted one.  

 By plotting the real part impedance of the tank versus frequency, the peak impedance 

happens at the oscillation frequency. Therefore, it provides a much easier and faster way to 

characterize the tank. It’s worth noting that the negative impedance paralleled with the tank will 

also affects its behavior, especially for the oscillation frequency.  

The application of this technique will be discussed in the later chapter, when analyzes more 

complex tank structure. 
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2.5  Start-up Condition 

The start-up condition of LC tank based oscillator is straight forward. By providing enough 

negative impedance to compensate the loss of the tank, the oscillator is able to sustain its output 

swing. In other words, the way to characterize the start-up condition for an oscillator is to 

characterize its impedance in parallel with the tank.  

gmnVgs1 Vgs1

Vx

gmnVgs2Vgs2

Ix

Rs

 

Fig. 2.16 The small signal model of the cross-coupled structure. 

As shown in Fig. 2.16, in the conventional cross-coupled structure, the impedance seen 

from the tank is simply equal to  

𝑉𝑥 𝐼𝑥⁄ =  − 2 𝑔𝑚1⁄  (2.9) 

where 𝑔𝑚1  is the trans-conductance of the cross-coupled transistor and Rs is the output 

impedance of the biasing transistor. 

Since the start-up condition may vary from structures, some structures allow the oscillator 

to have more relaxed condition.  For example, the small signal model of the active part of the 

biasing feedback architecture in Fig. 1.3(c) is shown in Fig. 2.17. 
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Fig. 2.17 Equivalent circuit for negative trans-conductance of the basing feedback architecture. 

As a result of the feedback path, the start-up condition could be relaxed in this oscillator 

structure. Assume that the gate width of the bias transistors is larger than that of the cross-

coupled transistors, only their output resistance, 𝑟𝑜 , is included in the small-signal model for 

simplicity. For a single-core oscillator, the negative impedance seen from the tank is equal to 

𝑅𝑠𝑡𝑎𝑟𝑡𝑢𝑝 =
2

𝑔𝑚1

1 + 𝑔𝑚1𝑟𝑜

1 + 𝑔𝑚2𝑟𝑜
 (2.10) 

which as well must be smaller or equal to the tank loss, 𝑅𝑝 . Compare to the conventional 

oscillator, where the negative impedance is fixed and equal to − 2 𝑔𝑚1⁄ , in the proposed 

oscillator architecture, it is easier to achieve any negative resistance due to the factor 

(1 + 𝑔𝑚1𝑟𝑜) (1 + 𝑔𝑚2𝑟𝑜)⁄ . In summary, if 𝑔𝑚2  is larger than 𝑔𝑚1 , which is the case in the 

proposed design, the startup condition will be relaxed.  
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Fig. 2.18 Schematic of adaptive biasing feedback technique. 
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Fig. 2.19 The simplified equivalent circuit of –gm stage of proposed structure. 

In some cases, the biasing transistor could affect start-up condition as much as cross-

coupled transistor does. In [6], the biasing transistor is replaced by PMOS, as shown in Fig. 2.18, 

and its equivalent small signal model is shown in Fig. 2.19 

In this case, since the PMOS is the current tail, we no longer see high impedance as 

conventional biasing does. In addition, the added feedback enable the role of the PMOS playing 

on start-up condition, therefore the negative impedance is equal to 
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𝑉𝑥

𝐼𝑥
⁄ =  − (1

𝑔𝑚𝑛
⁄ + 1

𝑔𝑚𝑝
⁄ ).                       (2.11) 

If comparing to Eq. 2.7 and 2.11, it is found that the start-up trans-conductance and the 

suppression of the noise is another trade-off, which should be taken into considered in design. 
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2.6 Impulse Sensitivity Function 

Impulse sensitivity function introduced by Hajimiri and Lee [15] reveals the immunity of 

oscillator system to noise and interruption at a specific point over one period of oscillation. 

Compare to Lesson’s equation, it gives more intuitive guidance on how to improve phase noise 

in practical design. By utilizing ISF, we can easily found out those weak points which should be 

avoid from interruption, especially for coupled oscillators, whose coupling signal is not in phase 

with output signal. In addition, it’s a useful tool to verify that if we properly implement 

techniques to improve phase noise. In this section, we are going to give a brief introduction on 

ISF, and start with reviewing two common impulse responses in a system level. 

i(t)

tτ 

hΦ(t,τ )

Φ(t)

τ 

i(t)

tτ 

hA(t,τ )

A(t)

τ 

 

Fig. 2.20 Illustration of phase and amplitude impulse responses of oscillator system. 

As shown in Fig. 2.20, signal pulse is injecting into an oscillator system and its response 

can be separated into two different responses, which are phase response hϕ(t, τ) and amplitude 

impulse response hA(t, τ). Fortunately, the oscillator will eventually recover its amplitude over 

time, thus the response on amplitude will be damped. However, the interruption on phase is 

going to cause a permanent shift, which the oscillator cannot recover by itself. That’s why the 

interruption on amplitude is more welcome.  
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The easiest way to check those responses of an oscillator system is to look at its output 

waveforms. As shown in Fig. 2.21, by injecting interruption pulses at different time points, the 

oscillator will respond differently. Let’s assume that the output signal is  

𝑉 =  𝐴0(𝑡) 𝑐𝑜𝑠(𝜔𝑡 + 𝜙0(𝑡)). (2.12) 

In a conventional oscillator structure, injecting the pulse at the peak of the output signal, 

only the amplitude response will be obtained, and the output is going to be 

𝑉1 =  (𝐴0(𝑡) + 𝐴(𝑡)) 𝑐𝑜𝑠(𝜔𝑡 + 𝜙0(𝑡)). (2.13) 

On the contrary, injecting the pulse at the zero-crossing of the output signal, only the phase 

response will be obtained, and the output is going to be 

𝑉1 =  𝐴0(𝑡) 𝑐𝑜𝑠(𝜔𝑡 + 𝜙0(𝑡) + 𝜙(𝑡)), (2.14) 

where 𝜙(𝑡) is the permanent phase shift caused by the pulse. 

Voltage

V V1

T

Injection point

Voltage

V V2

Injection point

T

 

Fig. 2.21 Illustration of waveforms of phase and amplitude impulse responses. 

Based on above introduction, the ISF can be roughly defined as normalized phase delay 

caused by a pulse at its injected phase, namely  

ℎ𝜙(𝜏) =  ∆𝜙(𝜏)𝛿(𝑡 − 𝜏) 𝑖𝑛(𝑡)⁄   (2.15) 
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where ∆𝜙(𝜏) is the phase shift and 𝑖𝑛(𝑡) is the amplitude of the pulse. Normally, the ISF has its 

max value at zero crossing point, which also means the most sensitive point to noise, and it 

minimum value at peak swing. 
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In this chapter, implementations of two novel structures which adopt previously-mentioned 

techniques are presented with design details, simulation and measurement results. The first 

proposed structure is a quad-core dual band oscillator which utilizes both transformer based 

frequency tuning and signal boosting techniques to achieve wide frequency band as well as low 

phase noise with compact die size. Another implemented oscillator is designed to achieve low-

phase noise at high operating frequency by utilizing both dual-tank and adaptive biasing 

feedback techniques. 

3.1 A Quad-Core Dual Band Oscillator  

3.1.1 Introduction 

The proposed dual-band quad-core VCO utilizes strong coupling factor between coils in a 

pair to achieve increased tuning range by sharing their capacitor banks. The coils in a pair of the 

transformer are implemented using multi metal layers that exactly overlap with each other. One 

pair of transformer is placed inside another coil pair. As a result, no additional die area is needed 

to realize the dual-band transformer coupled VCO. The four transformer coils are connected to 

four individually controlled VCO cross-coupled cores and capacitor banks that can be turned on 

Chapter 3 Implementations of LC Oscillators 
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or off for frequency switching. By the turning both cores in a pair on, signal strength can be 

enhanced for noise reduction purpose. 

3.1.1 The Architecture of the Transformer-Based Oscillator  

The conceptual drawing of the proposed VCO is shown in Fig. 3.1. It consists of four VCO 

cores connected with four inductor wings Ls, Lp Ls' and Lp', where Lp and Lp' forms the 1st 

transformer pair while Ls and Ls' forms the 2nd transformer pair. The structural view of the 

transform pairs is illustrated in Fig. 3.2. All VCO cores include capacitor arrays and varactor for 

frequency tuning and cross-couple stage for oscillation. 

I2

I1

I2'

I1'

VCO
CORE1

VCO
CORE2

VCO
CORE1'

VCO
CORE2'

Ls Ls’

Lp Lp’

 

Fig. 3.1 The diagram of proposed oscillator.  

The proposed structure allows frequency getting output from any of the four VCO cores. 

Since core1 and core1' have identical inductor geometry, they contribute to the same frequency 

band. Similarly, core2 and core2' contribute to another frequency band. Hence, two distinguished 

frequency bands can be achieved by switching either core1 and core1' pair or core2 and core2' 

pair on.  
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Fig. 3.2 The 3D drawing of the proposed transformer.  
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Fig. 3.3 The schematic of proposed VCO core.. 

Furthermore, since mutual inductance between the transformer wings can be varied by 

switching the capacitance in coupling cores within the same pair, tuning range can thus be 

further enhanced. By overlapping the transformer wings, magnetic coupling is maximized, which 

leads to the enhanced mutual coupling effect. There is weaker coupling between the core1/core1' 
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and core2/core2' pairs. The space between inner and outer coils is intentionally increased to 

weaken the coupling factor out of pair. To avoid overlapping of frequency tuning, it’s 

recommended that the two pairs should not be turned on simultaneously and further to avoid 

phase noise degradation due to eddy effect. 

 

Fig. 3.4  The entire view of transformer-based oscillator 

The schematic of transformer-based VCO core is shown in Fig. 3.3. It consists of cross-

coupled BJT pair for –gm generation. Frequency tuning of the core is achieved by tuning the 

varactor as well as switching two control bits of the capacitor arrays. All cores share the similar 

structure, and the cores in an overlapped transformer pairs have the identical circuits.  

This design uses SiGe HBT for -gm stage due to its lower noise and higher gm efficiency. 

Capacitors Cc are used on the cross-couple path to allow separate biasing for the bases of the 

HBTs and to reduce its voltage swings through the capacitor dividers. Capacitor C5 is used to 

weaken the dc noise up-conversion by 2nd order harmonics caused by the current tail. The value 

of C5 is carefully chosen to provide phase shift [5] on the noise signal generated by the current 

tail such that it’s off the zero-crossing of the oscillation signal. This approach minimizes the 
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phase noise due to the current sources. The switch for capacitor array consists of one switching 

and two pulling down NMOS transistors, as well as the resistors across the capacitors to prevent 

the voltage from floating at source and drain of the switching transistor when it is turned off.  

What is more, the entire view of transformer-based oscillator is shown in Fig. 3.4, where the 

band I servers for a higher frequency band and the band II servers for a lower frequency band. 

3.1.2 Signal Strength Enhancement for Phase Noise Reduction 

A Transformer coupling not only enhances the tuning range, but also benefits the phase 

noise reduction. The proposed VCO has two operational modes corresponding to turning either 

one core or two cores on. In the 1st stand-alone mode, only the main oscillation core is turned 

on. In the 2nd coupling mode, both the main core and the coupling core (inner pair or outer pair) 

are turned on. In the 1st mode, the power consumption is relatively low, but suffers from higher 

phase noise. In 2nd mode, the coupling working mechanism improves the phase noise and form 

the loop of signal boosting as introduced in chapter 2 Fig. 2.3, where m and m' can be re-write as  

𝑚 = 𝐼𝑐1 𝐼1⁄ ≈ 𝑀 𝐿1⁄  (3.1) 

𝑚′ = 𝐼𝑐2 𝐼2⁄ ≈ 𝑀 𝐿2⁄  (3.2) 

where M is mutual inductance and equal to M = k√L1L1,, while k is the coupling factor. If k is 

close to 1, around 5dB phase noise improvement can be achieved by burning extra power 

consumption.  

3.1.3 The Mechanism of Frequency Tuning Range Augment  

This technique is introduced in chapter 2. By substituting design parameters of band I into 

Eq. (2.8), the tank impedance is estimated in Fig. 3.5. It is shown that about 200MHz frequency 

tuning can be achieved by switching the capacitor array control bits of the coupled tank. 
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Fig. 3.5 Simulated additional frequency tuning caused by capacitor array control bits of the 

coupled core. 

  

In addition, the summary of the main band and its sub-band frequency are listed in table 3.1.  

As shown in table 3.1, only cores in a pair have effect on each other's frequency tuning, and the 

frequency range can be expanded by switching the bits of paired tank. Although bias current also 

has effect on frequency tuning, it is not recommended to use it since it affects the phase noise. 

 

Table 3.1: Frequency Bands 

Band Output Core1 

bits 

Core1' 

bits 

Core2 

bits 

Core2' 

bits 

Freq. 

 

Band I 

 

Core1 

 

0 0 
0 0 / / / / 

High 

 

 

 

 

To 

 

 

 

Low 

0 1 

1 0 
1 1 / / / / 

1 1 

Core1' 

 
0 0 

0 0 
/ / / / 

0 1 

1 1 
1 0 

/ / / / 
1 1 

Band II Core2 

 
/ / / / 

0 0 
0 0 

0 1 

/ / / / 
1 0 

1 1 
1 1 

Core2' 

 
/ / / / 0 0 

0 0 

0 1 

/ / / / 1 1 
1 0 

1 1 
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3.1.4 Transformer Design 

The transformer is based on four differential inductors. Ls and Ls' are outer inductors coils 

with one turn for high frequency bands, while Lp and Lp' are inner inductors made of 3 turn coils 

for lower frequency bands. Each pair is designed with the same vertical dimensions using 

different metal layers for coupling purpose. Ls and Lp are fabricated with top metal layer (metal 

6) which has thickness of 2.92 μm, and metal 5 was used for crossing and under interconnection 

of upper inductors. Ls' and Lp' are fabricated with lower metal layer (metal 3), which has 

thickness of 0.5μm, and metal 2 and metal 4 were used for its interconnection. Due to different 

metal thickness, Ls' and Lp' have inductance which is smaller than Ls and Lp. This topology 

avoids frequency overlapping in the wide frequency range. In addition, oscillation frequencies of 

the two bands are separated from each other in order to minimize their mutual coupling effect. 

1
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0
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u
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Fig. 3.6 Die photo of the proposed transformer-coupled VCO. 

3.1.5 Measured Results 

The prototype of this transformer coupled dual band frequency generator RFIC is 

implemented in a 0.18μm SiGe BiCMOS process. The VCO core consumes 23/42mW for band I 

stand-alone and coupling operation modes, and 7/13mW for band II stand-alone and coupling 
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operation modes. The die photograph of the RFIC is shown in Fig. 3.6 with total area including 

bond pads of 1.0x2.4 mm2. The VCO core area is 0.5x1.2mm2, and the rest of area is occupied 

by tuning logic, buffers, etc. Table 3.2 summarizes the performance of this work and compares 

with previous wide tuning range VCO designs using other techniques. The equations used to 

evaluate figure-of-merit FoM and FoMT are expressed as 

                                𝐹𝑜𝑀 = 10𝑙𝑜𝑔 [(
𝑓0

∆𝑓
)

2 1𝑚𝑊

𝑃
] −  ℒ(∆𝑓)𝑚,𝑠            (3.5) 

                                𝐹𝑜𝑀𝑇 = 𝐹𝑜𝑀 + 10𝑙𝑜𝑔 [
𝑇𝑅(%)

𝑉𝑡𝑢𝑛𝑒
]. (3.6) 

Phase noise measurements were performed using an Agilent E4446A spectrum analyzer 

with phase noise measurement option. The phase noise is measured as 114.8/120.45 dBc/Hz for 

band I and -115.8/121 dBc/Hz for band II at 1 MHz offset. As shown in Fig. 3.7, the coupling 

mode has 5.6 dB phase noise improvement comparing to the phase noise measured in its stand-

alone mode. 
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Fig. 3.7 Measured frequency tuning range vs. capacitor control bits of all cores. 



47 

 

The measured frequency tuning range containing all the bands is shown in Fig. 3.8, in 

which frequencies between each tuning bit are smoothly covered by varactor tuning (shown in 

Fig. 3.9). The band I achieves 32.7% tuning range, covering frequency range from 3.09 GHz to 

4.3 GHz. The band II has 30.1% tuning range that covers frequency range from 1.58GHz to 

2.14GHz. The frequency jump from band I and band II are about 200 MHz and 100 MHz 

respectively. Those sub-bands are labeled as band 1 and band 2. As shown, frequency tuning 

range is enhanced by switching capacitor arrays of both main core and coupling core. 

 

Fig. 3.8 Measured frequency tuning range vs. capacitor control bits of all cores. 

 

Fig. 3.9 Measured frequency tuning range vs. capacitor control bits of all cores. 
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3.1.6 Conclusions 

A wide-band transformer coupled VCO with phase noise reduction is presented. By using 

compact transformer structure, the area of inductors is greatly reduced by almost 3 times which 

occupying only 0.6 mm2. However, since the metal layers below top metal are too resistive in 

the implemented fabrication process, the transformer is suffering from large Q degradation, 

which leads to higher power consumption and poorer phase noise as shown in measurement, 

therefore only function and concept were proved in this letter. Fortunately, there are some 

foundries supporting 3 top metal layers, which can be good candidate to implement proposed 

structure in the future 

Table 3.2: Performance Summary and Comparison of QVCOs with Different Coupling 

Techniques 

Parameter [9] [16] [8] This work 

Structure 
8-shape coil 
Transformer 

Switching Cap/core Switching Inductor TBDBVCO 

Technology 65 nm CMOS 130 nm CMOS 65 nm CMOS 180 nm SiGe 

Power Supply(V) 0.4 1.2 / 2.2 

Frequency (GHz) 
2.4~3.6 

3.4~5.3 
3.14~5.2 57-65.5 1.58~2.14/ 3.09~4.3 

Relatively Tuning 

Range 
75% 49.4% 14.2% 30% / 32.7% 

Power (mW) 4.4~6 2.5~9.2 6 
1st mode 7/22 

2nd mode 13/43 

Phase noise 
(dBc/Hz)  

-139~-149 
@10 MHz offset 

-119 ~-114.9 @ 1 MHz offset -110.8 @ 1 MHz offset 

-115.8/-114.7  
@ 1 MHz offset 

-121/-120.5  
@ 1 MHz offset 

FoM (dBc/Hz) 187~189 179.3~184 -176.2 175.8/175.5 

FoMT (dBc/Hz) / 195.5 -179.3 
184.1 

184.2 

 

.  



49 

 

3.2  A Low Phase Noise 8.8 GHz VCO Based on ISF Manipulation 

and Dual-tank Technique 

3.2.1 Introduction 

Since high frequency clock is increasingly in demand on radar, optical, high-speed 

communication and these emerging applications, the oscillator with high purity is urgently 

required in those frequencies. As known, as frequency goes higher, the oscillator design is 

getting harder, because that fabrication process is limited and the circuit is more sensitive to both 

noise and parasitic components. In the conventional LC tank VCO design, the phase noise is 

mainly determined by 1) the quality factor Q of LC tank, 2) cyclostationary noise from cross-

coupled transistors, 3) flicker noise from tailed transistors, 4) ISF function which is always 

determined by the structure. Unfortunately, most of above factors are more challenging on high 

frequency VCO design. For example, low quality factor of tank is always an issue as frequency 

goes higher, not only because the trade-off between inductor’s geometry and its parasitic 

components, but also Q degradation is more serious from active devices. Since Q is lower, 

decreased paralleled resistance requires larger –gm value to compensate. Therefore, cross-

coupled and tailed transistors that together determined –gm are pushing VCO into noisier 

working condition, and this means more cyclostationary noise and flicker noise are induced to 

the output node. In addition, ISF function manipulation is not always a good choice in high 

frequency, since, in most case, feedback and more components are needed, therefore it always 

increases the design complexity and adds extra noise sources.  

To overcome above limitations, this paper presents a novel VCO combined both dual-tank 

structure and ISF manipulation technique, and can optimize high frequency VCO in following 
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major aspects: 1) dual-tank structure reduces Q degradation from cross-coupled transistor by 

separate voltage swing control of drain and gate, which decrease operation time in triode region. 

In addition, it creates an equivalent tank that can operate at twice frequency comparing to single 

tank. 2) ISF manipulation reshapes the tailed current and half the tail transistors’ noise by 

feedback. Thus, it changes the transfer function of cross-coupled transistors and makes them 

operate with least noise. Therefore, low phase noise is achievable by the proposed structure. 

3.2.2 The Architecture of the Oscillator 
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Fig. 3.10 Schematic of 8.8GHz VCO. 

Fig.3.10 shows the schematic of the proposed VCO. L1 and L2, which are differential 

inductors, together with C1 and C2 form the dual-tank structure. This allows that the swing of 

gate and drain voltages can be separated for phase noise optimization. Different from 

conventional one NMOS transistors current tail, two PMOS (M3 and M4) provides tail current. 
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They not only have less flicker noise, but also provide a small resistance path to the ground, thus 

shut part of the output noise. What’s more, CF and Rb provides feedback path from outputs to the 

gate of M3/M4 and allows dynamic biasing for M4 and M3 and optimization on ISF with least 

added components and noise sources, and Vbias1 provides DC bias for M3 and M4.  Including 

giving DC value for M1 and M2, Vbias can also be used to optimize noise from M1 and M2. Ct is 

capacitors bank for frequency coarse-tuning, while V1 is the varactor for fine-tuning. In addition, 

the signal strength at different nodes is also illustrated, and this will be discussed later. 

 

Fig. 3.11 Simulated results of CF value versus both current and Phase noise. 

3.2.3 Noise Reduction Technique 

As mentioned, the phase noise is optimized by two techniques: ISF manipulation and dual-

tank. The former one is implemented by two steps. First, the conventional single tail NMOS 

transistor is replaced with two PMOS transistors. This way, the noise current of cross-coupled 

transistors will see the low impedance through PMOS to the ground, thus the noise going to the 

output is reduced during equilibrium condition. In the conventional single-transistor tail, the 
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second harmonic is present at the common node of the cross-coupled transistors; therefore, its 

noise will be converted to the close-in noise of the output signal.  

Furthermore, because of the feedback, the behavior of tail transistors M3/4 follows the 

behavior of their respective branch transistors M1/2, and that one of the tail transistors will turn 

off during the half oscillation cycle. Therefore, the noise from tail transistors is largely 

suppressed. In other words, the noise modulation function (NMF) is almost reduced in half, 

which leads to smaller ISFeff.  

For the dual-tank technique, it optimizes phase noise by reducing triode region operation 

time for M1 and M2. Here needs to be clarified that this optimization is different from feedback 

mechanism, because that the feedback technique is to reduce equilibrium time when noise is 

highest and transistors are not necessary be in triode region during equilibrium, and dual-tank is 

to reduce triode region time during equilibrium. 

In addition, it needs to be cautioned that the CF, which determines the feedback strength, 

can neither be too small or too large. If it is too small, the phase noise will suffer. If it is too 

large, it only occupies the area of the die without improving performance. Therefore, to have the 

best trade-off value of CF, we plot the phase noise and current versus CF (Fig. 3.11). As shown in 

Fig. 3.11, after CF larger than 1.2 pF, though current is increasing as CF increase, the FoM is 

almost keeping constant. It is also worth noting that since the drain swing is reduced, the 

feedback from CF is weakened; therefore, a larger CF may be required. Moreover, additional 

optimization can be implemented by setting the DC level of Vbias away from Vdd; thus, the triode 

region time can be further reduced, and the excess noise factor can also be minimized at the same 

time due to the reduced overdrive voltage.  
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Fig. 3.12 Die photos of the implemented 8.8 GHz VCO. 
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Fig. 3.13 Measured phase noise at 8.79 GHz. 

3.2.4 Measurement Results 

The prototype of the dual-tank and ISF-manipulation-based high-frequency clock generator 

MMIC is implemented in a 0.13μm BiCMOS process. The proposed circuit consumes 80-

100mW of power from a 2.5V power supply. The die photograph is shown in Fig. 3.12 with a 

total area (including bond pads) of 1.0 x 1.0 mm2. The VCO area is 0.83 x 0.35 mm2, and the rest 
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of the area is occupied by the bias circuit, buffers, etc. Table 3.3 summarizes the performance of 

this work and compares it with the previous high-frequency VCOs that utilize other techniques.  

 

Fig. 3.14 VCO output spectrum measurement result. 

 

Fig. 3.15 Measured tuning frequency versus voltage. 

Phase noise and output frequency measurements were performed on the E4440 Agilent 

spectrum analyzer by using the phase noise measurement option. The phase noise is measured as 

-115.25 dBc/Hz at 1 MHz offset (Fig. 3.13), and the measured frequency is 8.79 GHz with an 

output power of -13.40 dBm (Fig. 3.14). The measured frequency tuning range using only the 

capacitor bank and the varactor with constant DC bias point is shown in Fig. 3.15. Also, the 

phase noise versus frequency @ 1MHz offset in one tuning band is plotted in Fig. 3.16. 
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3.2.5 Conclusion 

A novel high-frequency VCO structure is designed and fabricated. The operating center 

frequency is 8.8 GHz with 4 percent tuning range. By implementing both the dual-tank structure 

and the ISF manipulation technique, the phase noise is greatly optimized by reducing noise and 

minimizing Q degradation from both the tail and the cross-coupled transistors; achieving phase 

noise  of -115.23 dBc/Hz and FoM of 175 dBc/Hz at 1MHz offset. 

 

Fig. 3.16 Measured tuning frequency versus phase noise in one frequency band. 

Table 3.3: Performance Summary of the Implemented VCO and QVCOs 

 [17] [18] [19] This work 

Technology 250nm 

CMOS  

130nm 

CMOS 

Si 130nm BiCMOS 

Power Supply (V) 2.5 1 3 2.5 

Frequency (GHz) 3.7 43 9.2 8.8 

Frequency Range 

 

23% 4.2% 22% 4% 

Power(mW) 7.5 7 24 80 

Phase noise 

(dBc/Hz) 

@1MHz 

-117 -90 -116.2 -115.25 

FoM(dBc/Hz) 179.6 174 181.6 175 
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4.1  Introduction 

As mentioned in the first chapter, the emerging technologies such as N-path filters, phased 

array antennas, interleaved data converters, and sub-harmonic mixers escalate the need for multi-

phase clock generation circuits.  Additionally, as the number of phases of the clock generator 

increases, certain side benefits are achieved; e.g., less harmonic distortion for the N-path filter. 

Therefore, an efficient and expandable solution to generate a multi-phase clock is of utmost 

importance. However, most conventional multi-phase clock generation mechanisms are not 

suitable candidates. For example, the delay-cell-based ring oscillator has poor phase noise, and is 

not qualified for gigahertz and mm-wave applications.  

Furthermore, the ploy-phase-filter-followed structure is narrow-band, and cannot meet the 

requirements of today’s Software-Defined Radio (SDR). Additionally, the frequency-divider-

based clock generator requires an oscillator with N times higher operating frequency, and while 

it could still be a valid candidate for lower gigahertz applications, it will increase the design 

complexity and power consumption as the number of phases and operating frequency increase.  

With the above in mind, the coupled oscillator architecture is a potential candidate for multi-

phase clock generation. 

Chapter 4  Design Methodology of Coupled-

Oscillator System 
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This chapter presents general concepts and concerns in coupled-oscillator design, such as 

phase noise, phase shift and start-up condition, and their comparisons to single oscillator design. 

Along with those thoughts, different coupling mechanisms will be introduced as well as some 

proposed structures. In addition, it’s going to present grafting proposed coupling mechanisms on 

those high-performed techniques in single oscillator designs and give discussions on them with 

the help of behavior and analytical model. 

Finally, the Adler’s equations will be introduced. Based on that, the analytical equations of 

phase noise, phase error and phase shift on four-core system are derived.  
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4.2 Phase Noise for Multi-Phase VCOs 

4.2.1 General Concepts 

As mentioned earlier, regardless of the degradation caused by coupling, if number of 

oscillator cores (N) increases in the coupling system, the overall oscillator phase noise will be 

improved by 10 log10 𝑁. However, in some cases, the degradation on phase noise caused by 

coupling can easily exceed the improvement of the phase noise from 10 log10 𝑁. Especially for 

the two cores cases, only 3dB headroom is left for the phase noise degradation from coupling.  

The phase noise degradation from coupling can be caused by coupling components and 

coupling mechanisms. In fact, the degradation caused by coupling components is relatively 

smaller than the latter and can be easily avoided. Since the root cause of such degradation is 

extra noise sources, none-active coupling strategies and high Q coupling components can be 

utilized to mitigate it.  

The phase noise caused by coupling mechanisms is ISF related. In other words, the phase 

and amplitude of the coupling signal are important, and they are determined by coupling paths. 

4.2.2 Trade-off between Phase Noise and Coupling Strength 

In most coupled-oscillator system, the phase of the coupling signal which is injected from 

another core is determined by the number of cores (N), and equals to 𝜋 𝑁⁄  in ideal case. Because 

of that, the amplitude of the coupling signal determines both phase noise and coupling strength, 

and creates trade-off between them. Take the conventional a capacitive coupling QVCO (CC-

QVCO), which is shown in Fig. 4.1, as example, the peak of the coupling is aligning with the 

zero-crossing point of the output. 𝑉𝑔,𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 is from the coupling signal and presenting at the 

gate of the being coupled core, and equal to 𝑚𝑉𝐼𝑛 (1 + 𝑚)⁄ ,  where 𝑚 =
𝐶𝑃𝐶

𝐶2
. Therefore, the 
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stronger the coupling strength is the larger 𝑉𝑔,𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 is, however, the more the coupling signal 

is interrupting the phase of the output, resulting in worse phase noise. 

Vg,coupling
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V bias 
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word 

L 1 V O n V O p 
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V bias 1 
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pc
 

T

 

Fig. 4.1 A generic CC-QVCO and waveforms of its output and coupling signals. 

This phenomenon can also explained by the modified Lesson’s equation: 

                        L(∆ω) =
KTrp

V0
2(1+m)2

(1 + (
m

1+m
)

2
) (

ω0

Q∆ω
)

2

 
(4.1) 

Fortunately, the trade-off between coupling strength can be more relieved as number of 

coupling cores is increasing. As shown in Fig. 4.2, the coupling signal moves towards the peak 

of the output signal as number of cores increases, therefore it degrades less on phase noise. 

Vop

T

Vg,coupling

V

 
Fig. 4.2 Illustration of the motion of the coupling signal Vg,coupling as number of cores increases. 

 

By re-writing Eq. (4.1), the general equation can be obtained as 

L(∆ω) =
KTrp

V0
2(1 + m cos (

360
2N ))

2 (1 + (
m sin (

360
2N )

1 + m cos (
360
2N )

)

2

) (
ω0

Q∆ω
)

2

 
(4.2) 
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4.3 Phase Shift  

4.3.1 Conventional Structure 

As discussed in the previous chapter, QVCO greatly suffers from the degradation on phase 

noise due to coupling signal. To address this issue, the extra phase shift can be added to the 

coupling signal by using phase shift components. The most conventional structure is by adding 

extra capacitor. 
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Fig. 4.3 The conventional capacitive coupling structure with phase shift component CS and the 

illustration of its shifted coupling current. 

As shown in Fig. 4.3, instead of directly shifting the voltage, the coupling current is shifted 

to a less sensitive point. Therefore, the Lesson’s equation can be re-write as 

                                  𝐿(∆𝜔)𝑄𝑉𝐶𝑂 = 10log [
𝑘𝑇𝑅

2𝐴𝑜𝑠𝑐
2 𝐹𝑚𝑖𝑛,𝑄𝑉𝐶𝑂 (

ω0

𝑄∆𝜔
)

2

]                (4.3) 

𝐹𝑚𝑖𝑛,𝑄𝑉𝐶𝑂 = 1 + (
𝑠𝑖𝑛𝜑𝑔𝑚 + 𝑚𝑐𝑜𝑠𝜑𝑔𝑚

𝑐𝑜𝑠𝜑𝑔𝑚 + 𝑚𝑠𝑖𝑛𝜑𝑔𝑚
)

2

+ 𝛾 (
𝑐𝑜𝑠𝜑𝑔𝑚

𝑐𝑜𝑠𝜑𝑔𝑚 + 𝑚𝑠𝑖𝑛𝜑𝑔𝑚
)

2

 
(4.4) 

  

where 𝜑𝑔𝑚 is phase shift due to CS. 
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4.3.2 Capacitive Coupled QVCO with Tunable Cs 

In the above presented CC-QVCO, phase noise performance is sensitive to the phase delay 

that is further affected by oscillation frequency.  Since the degeneration capacitance CS can affect 

the phase of trans-conductance, we revise the design with a tunable CS to achieve the best phase 

noise performance across the entire tuning range.  
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Fig. 4.4 Schematic and equivalent circuits of CC-QVCO with Tunable Cs. 

Fig. 4.4 illustrates the schematic and equivalent circuit of the revised QVCO with 

degeneration capacitor. Assuming the signal of in-phase core is VI = Vo cos ωt and that of the 

quadrature core is VQ = Vo sin ωt, the gate voltage of the oscillation transistor in core-I can be 

expressed as VI,gate = [1 (1 + m)⁄ ]VI + j[m (1 + m)⁄ ]VQ, where the first part is contributed by 

the core-I itself and the 2nd part is coupled from the core-Q. Thus, the coupling effect from 

another core contributes a phase shift  φ1 expressed as φ1 = tan−1(m). Without degeneration 

capacitor CS, output current Is follows the phase of gate voltage Vgate. As a result, Is has a phase 

difference of φ1  comparing to its output voltage Vo. This injection, which is off the ideal 

alignment condition by a phase shift of φ1, makes the oscillator more sensitive to noise. Adding 
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CS, the phase delay of the transconductance of oscillation transistors 𝜑𝑔𝑚 = tan−1(2ωCS/gm)  is 

introduced. It is now possible to shift Is back to its ideal alignment angle with a proper CS value. 

In another word, in order to minimize phase noise, φ1 and 𝜑𝑔𝑚 should be equal, which leads to 

the optimized CS value expressed as Cs =  
𝑔𝑚

2mω
, which clearly shows that the optimized CS is 

dependent upon frequency and it provides a design guide to choose the optimize CS for best 

phase noise performance across the tuning range.  

 

Fig. 4.5 Phase shift vs. Cs under different gm (ro=1kΩ, frequency=3GHz). 

 

Fig. 4.6 Phase noise versus CS value. 

In Fig. 4.5, we plot the trans-conductance phase shift 𝜑𝑔𝑚  versus capacitance value CS 

under different gm conditions. It shows that both CS and gm can alter the phase relationship. 
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Current source output resistance ro contributes a pole and together with gm determines the 

maximum phase angle that can be shifted. Since gm has to be tuned to overcome the tank loss, it 

is normally kept as a constant to ensure stable oscillation. On the other hand, ro is chosen to 

balance the low flicker noise and the large phase shift. As a result, CS is most suitable to serve as 

a tunable parameter for phase shift adjustment.  

As shown, phase noise can be minimized by shifting the peak value of noise source current 

away from the zero-crossing point of the desired output signal. Firstly, all parameters are 

selected to achieve the desired performance at center of the tuning curve. Secondly, CS is 

adjusted to further achieve the optimized phase noise at different oscillation frequency. An 

example of phase noise reduction by tuning CS is illustrated in Fig. 4.6.  

In Fig. 4.7, phase noise at the center band frequency has been optimized. If CS is kept 

constant when frequency is tuned, phase noise optimization effect gradually disappears. By 

adjusting CS across the tuning range using a 3-bit tuning control, phase noise optimization 

remains valid even at the edges of the tuning curve. 

 

Fig. 4.7 Phase noise over frequency tuning with and without CS optimization. 
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4.3.3 Capacitive Coupled N-Phase VCO 
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Fig. 4.8 A capacitive-coupled N-phase oscillator and its oscillator cores. 

The proposed phase shift technique can be extended to N-phase VCO designs, as shown in 

Fig. 4.8. The overall phase noise performance of an N-phase CC-VCO can usually benefit from 

the coupling since its phase noise scales down with the number of coupling stages, but at the cost 

of N times of the power consumption. The phase noise of an N-phase VCO can be written as 

𝐿𝑁(∆𝑓) = 𝐿1(∆𝑓) − 10𝑙𝑜𝑔𝑁 where 𝐿1(∆𝑓) is the phase noise of a single-phase VCO. However, 

the noise improvement is based on the assumption that the coupling between oscillators doesn’t 

introduce extra noise. Therefore, a noiseless coupling technique such as the proposed capacitive 

coupling is desirable to achieve the maximum noise benefit from coupling N oscillator stages.  

To form an N-phase ring VCO, each core is coupled with its neighbors with 360/2N phase 

difference between the stages. For an N-phase VCO, the above derived equations can be revised 

as 

                                         φ1 = tan−1 (
m sin

360
2N

1+m cos
360
2N

)                (4.5) 

Cs= 
𝑔𝑚

2ω
 
1+m cos

360
2N

m sin 360
2N

 
(4.6) 

L(∆ω) =
KTrp

V0
2(1 + m cos (

360
2N

−𝜑))
2 (1 + (

m sin (
360
2N

−𝜑)

1 + m cos (
360
2N

−𝜑)
)

2

) (
ω0
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2
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4.4 Embedding of Coupling Mechanisms 

By utilizing those advanced techniques in single oscillator designs, it is possible to achieve 

better performance of the entire system. However, it’s going to be extremely tricky, when 

combining those techniques with coupling mechanisms. That’s because that the coupling signal 

and output signal are not in phase, thus some unexpected interruptions will happen and collapse 

the performance of the system. 

In this section, both embedding of capacitive and inductive coupling mechanisms are going 

to be briefly introduced, and analytical passive models will be given. 
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Fig. 4.9 The schematic of the proposed structure with dual-tank and adaptive feedback 

techniques. 

4.4.1 Capacitive Coupling Based Structure 

As shown in Fig. 4.9, the structure, which is similar to what we’ve mentioned in the earlier 

chapter and uses both dual-tank and adaptive biasing feedback techniques, is taken as an 

example. To maximize the circuit performance and properly combine the proposed single 
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oscillator with the capacitive coupling mechanism, two key points should be kept in mind: first, 

the capacitive coupling shall have the least interaction with the dual-tank structure, and shall not 

affect the voltage swings on the gate and the drain of the cross-coupled transistors; second, the 

signal on the feedback path shall always be in phase with the output and not be interrupted by the 

coupling path in order to keep ISF minimum. 

As shown in Fig. 4.10, there exist two candidate coupling points; i.e., Vf and Vg, where j 

refers to the oscillator core number. In addition, it can be seen that the coupling at Vf is through 

bottom transistors while it is through cross-coupled transistors for that of Vg. 
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                             (a)                                                                                  (b) 

Fig. 4.10 Schematic diagrams of two candidate implementations of capacitive coupling. 

(a) coupling at node Vf±,j. (b) coupling at node Vg±,j.  

Fig. 4.10(a) illustrates the coupling at node Vf. In order to create a coupled signal that is 

comparable in strength to the signal from the feedback path, the coupled signal is obtained from 

the gate of the cross-coupled transistors of the adjacent core. However, this kind of coupling will 

directly interrupt the feedback, and result in phase noise degradation. 
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Fig. 4.10(b) shows the coupling at node Vg, where the coupled signal is obtained from the 

output of the adjacent core. However, coupling at node Vg will also interrupt the phase at Vg; 

therefore, Vg is no longer in phase with the output voltage; resulting in the degradation of the 

phase noise. Moreover, the coupling strength is a function of the ratio C𝑃𝐶 C2⁄ , which will affect 

the Gg/d of the dual tank. Therefore, it will create a new trade-off between the coupling strength 

and the ratio of the gate voltage over the drain voltage. 
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Fig. 4.11 The proposed oscillator architecture with coupling path. 

In order to implement capacitive coupling without interrupting the feedback path and the 

dual-tank, the proposed coupling circuit is further modified. As shown in Fig. 4.11, two 

capacitors CCC and CPC form the coupling path, and RS passes the DC voltage from Vbias to 

M1/M2.  

Furthermore, CCC enables M1/M2 to form cross-coupled transistors, which present –Gm 

impedance to the tank, and maintain the oscillation. Additionally, CPC is the path for coupling the 
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voltage signal from an adjacent oscillator. The coupled signal is then converted to current by the 

cross-coupled transistors and injected in the tank. The coupling strength factor, M, is defined 

as M = C𝑃𝐶 C𝐶𝐶⁄  , which also represents the ratio of the injection signal to the self-resonance 

signal. 

The proposed structure fulfills our goals in two aspects: first, CCC prevents direct coupling 

to the two sides of inductor 𝐿2; thus, Vc remains in phase with the output. Second, the voltage 

swing of various nodes in the dual tank is affected by the total capacitance Ctot = CCC//CPC; 

therefore, the coupling strength and Gg/d are not interacting with each other if Ctot is a constant. 

4.4.2 Passive Models of Capacitive Coupling Structure 

The capacitive coupling paths among the four tanks are shown in Fig. 4.12, where only one 

branch of the differential structure is illustrated in order to facilitate the analysis. Figure 4.12(a) 

represents the coupling paths in Fig. 4.10(a), while Fig. 4.12(b) exhibits that of Fig. 4.10(b). 

Both Figs. 4.12(a) and 4.12(b) are shown side-by-side in order to demonstrate the coupling 

implementation discussed in section A, and provide further details. As shown in Fig. 4.12(a), the 

gate voltage Vgate,j of the cross-coupled transistors has two sources: the first source 𝑉𝑜𝑢𝑡+,𝑗 comes 

from its own tank through C2, and the second source 𝑉𝑜𝑢𝑡+,𝑗+1  is from the adjacent core through 

CPC. Therefore, the gate voltage is equal to  

𝑉𝑔𝑎𝑡𝑒,𝑗 = (1 (1 + 𝑀)⁄ )𝐺𝑔/𝑑′ 𝑉𝑜𝑢𝑡+,𝑗+1 + (𝑀 (1 + 𝑀)⁄ )𝐺𝑔/𝑑′𝑉𝑜𝑢𝑡+,𝑗  
(4.8) 

where 𝑀 = CPC C2⁄  is the coupling strength factor, and 𝐺𝑔/𝑑′ is the re-defined ratio of the gate 

voltage over the drain voltage, and is equal to  

𝐺𝑔/𝑑′ =
(

𝐿2
2

) (1−𝜔0
2𝐿2CPC)⁄

(
𝐿2
2

) (1−𝜔0
2𝐿2CPC)⁄ −2 (C2𝜔0

2)⁄
  

 

(4.9) 
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                                                 (a)                                                         (b) 

Fig. 4.12 Equivalent circuit of the coupling path. 

Since the feedback signal is also directly obtained from Vgate,j, the voltage on the feedback 

path is obviously not in phase with Vout,j. Therefore, the phase of the injected current to the 

bottom transistor will move to a point which is more sensitive to noise. In addition, based on (2) 

and (3), C2  and CPC  which are a function of the dual-tank system, determine the coupling 

strength M; thus, increasing the design complexity. This leads us to use the proposed structure in 

Fig. 5.9 (b).  As shown in Fig. 5.9(b), the gate voltage is separated from the feedback, and is still 

equal to (2); however, the coupling strength factor M is modified to CPC CCC⁄ .  The feedback 

signal is now obtained from VC,j, which is in phase with the output voltage Vout,j. Now, 𝐺𝑔/𝑑′ in 

(3) is re-defined as follows: 

𝐺𝑔/𝑑′ =
(
𝐿2
2 ) (1 − 𝜔0

2𝐿2Ctot)⁄

(
𝐿2
2 ) (1 − 𝜔0

2𝐿2Ctot)⁄ − 2 (C2𝜔0
2)⁄

 

(4.10) 

where Ctot is equal to CPC//CCC. Therefore, C2 and Ctot are only a function of the dual tank in 

the proposed circuit. In other words, if Ctot is a constant, M and 𝐺𝑔/𝑑′ are not related. Therefore, 
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C2 and Ctot are only a function of the dual tanks. In other words, if Ctot is a constant, M and 

𝐺𝑔/𝑑′ are not related, as show in Fig. 4.13, where, as M increases, the voltage ratio 𝐺𝑔/𝑑′ of the 

proposed capacitive coupling structure is kept mostly constant, while that of the conventional 

capacitively-coupled structure is decreasing 

In order to visualize the relationship among 𝐺𝑔/𝑑′ , oscillation frequency, and Ctot , the 

simulated results are plotted in Fig. 4.14. As shown in this figure, it is clear that both 𝐺𝑔/𝑑′ and 

the oscillation frequency of the tank will decrease as Ctot increases. 

 

Fig. 4.13 Voltage ratio 𝐺𝑔/𝑑′ versus M with both the proposed and the conventional capacitive 

coupling structures. 

 

Fig. 4.14 Simulated oscillation frequency and 𝐺𝑔/𝑑′ versus Ctot. 
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4.4.3 Inductive Coupling Based Structure  

The embedding of inductive coupling has different concerns as compare to capacitive 

coupling.  The similar structure based same oscillator, which is shown in Fig. 4.9, will be taken 

as example.  
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Fig. 4.15 Schematic diagrams of two candidate implementations of inductive coupling. (a) 

coupling at node Vf±,j. (b) coupling at node Vg±,j. 

Similar to the capacitive coupling, there’re few candidates to choose and two of them are 

shown in Fig. 4.15. In the first structure, the coupling signal is drawn from the output of the 

oscillator and the coils of the transformer including L1 of the current core and  L2 of the adjacent 

core. In the second structure, the coupling signal is drawn from the gate of the cross-coupled 

transistor and the coils of the transformer including  L1 of the current core and  L1 of the adjacent 

core. 

In fact, for QVCO, both structures can function properly though in different manners. 

However, unlike capacitive coupling, in certain inductive coupling structures, the complexity of 
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the transformer design is going to increase dramatically as number of coupling cores increases. 

For instance, the structure in figure Fig. 4.15(b) is not a good candidate for higher number of 

cores. The reason for that is that the number of coils in the transformer has to scale with the 

number of cores, and it’s going to be too unrealistic to design such a transformer. 

Fortunately, the structure in Fig. 4.15(a) is extremely easy to expand. For example, the 

schematic diagram of the proposed 4-core-coupled oscillator is shown in Fig. 6.2, where the 

dashed lines represent the coupling paths among the transformers. Signal is drawn from the drain 

of the cross-coupled transistors and coupled to the gate of the same transistors in the next core; 

forming the coupling path. 

 

Fig. 4.16 The schematic diagram of the proposed 8-phase oscillator. 

4.4.4 Passive Models of Inductive Coupling Structure 

Take the structure in Fig. 4.15(a) as example to show inductive coupling mechanism works. 

In this particular case, the large coupling strength is the goal and the voltage at the gate of the 

cross-coupled transistor is the superposition of two voltages: 1) the one coming from the output 

of the same core; and, 2) that from the output of the adjacent core.  
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Fig. 4.17 The simplified equivalent model of coupling paths. 
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Fig. 4.18 Simulated plots of the transient waveforms of VIP1, VIP2, and Vg+. 

 

Fig. 4.17 illustrates the signal flows in the simplified circuit, where V𝑔+ is the gate voltage 

and only one side of the cross-coupled network is shown. V𝑔+,1  is the part of the gate voltage 

that comes from the output of the same core, and its major role is to provide the oscillation 

signal. V𝑔+,2 is the other part of the gate voltage that comes from the output of the adjacent core, 

and contributes to both coupling and oscillation. Assuming that the output sources V𝐼𝑃,1 and 

V𝐼𝑃,2are independent, the two parts of the gate voltage can be separated and expressed as follows: 
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V𝑔+,1 = V𝐼𝑃,2 ∗ 𝑠2𝐿2 (2 + 𝑠2𝐿2𝐶2)⁄  (4.11) 

V𝑔+,2 = V𝐼𝑃,1 ∗ 𝑘√𝐿2 𝐿1⁄  (4.12) 

where k is the coupling factor of the transformer. The proposed structure is unlike the 

conventional dual-tank configuration, where the ratio of 𝐿2 𝐿1⁄  is small and the ratio of the gate 

voltage of the cross-coupled transistor over its drain voltage is large. In order to ensure strong 

coupling, the ratio of 𝐿2 𝐿1⁄  must be sufficiently large in the proposed architecture. As a result, 

the impedance of 𝐿2/2 dominates that of 𝐶2. Therefore, V𝑔+,1 ≈ V𝐼𝑃,2, and V𝑔+ is dominated by 

V𝑔+,2. In addition, the transient waveforms are plotted in Fig. 4.18, and the coupling strength, m, 

is equal to 

𝑚 = 𝑠2𝑘(2 + 𝑠2𝐿2𝐶2) √𝐿2𝐿1⁄ ≈ 𝑘√𝐿2 𝐿1⁄   (4.13) 
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4.5 Start-up Condition 

Vcoupling
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Fig. 4.19 Equivalent circuit for negative trans-conductance of the proposed oscillator architecture. 

For the general case of multi-core coupling, the signal from both the local core and the 

coupling core contributes to the startup. To illustrate this idea, the equivalent circuit in Fig. 2.17 

is redrawn and its gate voltage also includes the portion from coupling signal, as shown in Fig. 

4.19.Suppose Vgate is the gate voltage in a single-core case. As a result, in the multi-core case, 

the part of the gate voltage originating from the local core will be Vgate,local =

Vgate(M (1 + M)⁄ ) , and that coming from the coupling core will be Vgate,inj =

Vgate(1 (1 + M)⁄ ). Therefore, only the part of  Vgate,inj that is V−gm and in phase with Vgate,local 

contributes to the negative impedance, and the rest contributes to the coupling. Thus, assuming 

all oscillator cores are operating at a stable condition, and Vx  is equal to Vgate (
M

1+M
+

1

1+M
cos(π N)⁄ ) and Eq. (2.10) can be re-written as follows: 

𝑅𝑠𝑡𝑎𝑟𝑡𝑢𝑝 =
2

𝑔𝑚1

1 + 𝑔𝑚1𝑟𝑜

1 + 𝑔𝑚2𝑟𝑜
(

𝑀

1 + 𝑀
+

1

1 + 𝑀
𝑐𝑜𝑠(𝜋 𝑁)⁄ ) (4.14) 
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Fig. 4.20 Negative impedance versus the number of coupled core. 

As shown in Fig. 4.20, as the number of cores increases, the coupling system starts up more 

easily, because the coupled signal increases the portion of voltage that is in phase with the 

injected output.  

  



77 

 

4.6 Alder’s Equation 

Alder's equation [1], [20-21] explains the behaviors of the signal injection between two 

oscillators and especially between free running oscillator whose frequency can be changed 

externally and impressed oscillator whose frequency is fixed.  

V1

ω1 ω0

V0

Free running Injecting source

 

Fig. 4.21 Illustration of concept of Alder’s equation. 

 

Its original concept is illustrated in Fig. 4.21, where shows that an impressed oscillator, 

whose operating frequency is at ω1, injects its signal to another free-running oscillator, whose 

operating frequency is at ω1. Assuming that the free running oscillator is locked by the impress 

oscillator, the frequency of the free running oscillator will be the same as the frequency of 

impressed one. However, due to the different of their initial frequencies, the phase difference 

between two cores is going to be 

𝜃1 − 𝜃0 = sin−1 (2Q
V0

V1

∆ω0

ω0
) 

(4.15) 

where 𝜃 0 is the phase from the injection source, 𝜃 1 is the phase of free running oscillator after 

locking, ∆ω0 is equal to ω1 − ω0 , Q represents the quality factor of the resonator and V1 and V0 

are the voltage swings from impressed oscillator and free running one, respectively. 
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Fig. 4.22 Diagram of conventional coupled-oscillator system. 

 

4.6.1 Coupled Oscillators in the Closed-Loop System 

The coupled-oscillator system used for multi-phase clock generation is usually a closed-

loop system. Some of its behavior can also be explained by generalized Alder’s equation. In Fig. 

4.22, the diagram of conventional coupled-oscillator system is shown, where Ψ1,4 is the phase 

difference between adjacent cores and equal to 𝜃4−𝜃1; Φc is the phase delay from the output of 

the previous core to the input of its next core and equals to 𝜃4,1−𝜃4 . Therefore, Alder’s equation 

can be rewrite as follows: 

ω1 − ω0 =
ω0

2Q

V1

V0
sin(Φc − Ψ1,4), (4.16) 

where Φc − Ψ1,4 = 𝜃4−𝜃4,1 is the phase difference between the output of the local core and 

coupling signal from adjacent core. In sum, the equation reveals that by changing Φc − Ψ1,4, the 
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operating frequency can be tuned. Vice versa, if we intentionally offset the oscillation 

frequencies among those cores, the phase between adjacent cores can be tuned. 

In the following sections, the behavior of the coupled-oscillator will be further analyzed by 

utilizing Adler’s equation, and a four-core system will be taken as an example. 

4.6.2 The Derivation on Phase Relationship 

Gm

R CL

V1ejθ1
iTOT1

R CL

V2ejθ2

M M

iTOT2

RC L

V3ejθ3
iTOT3

RC L

V4ejθ4

MM

iTOT4

Gm

-1

Gm

Gm

 
Fig. 4.23 Equivalent circuit of the coupling path. 

As mentioned in [21], the Generalized Alder’s equation is a strong tool for analyzing the 

coupling effects among LC oscillators. To begin the analysis, the equivalent model of the multi-

phase oscillator is illustrated in Fig. 4.23, where 𝑖𝑇𝑂𝑇,𝑗 is the sum of self-resonance current 𝐼𝑗 and 

the coupling current 𝐼𝑐,𝑗, and their ratio  𝐼𝑐,𝑗/𝐼𝑗 is equal to the coupling strength factor M. 𝜃𝑗 is 

the phase of a given tank, and is expressed as 𝜃𝑗 = ωosct + 𝛹𝑗. In addition, in this case, the 

phase delay Φc  is assumed to be zero, which is common in most coupled-oscillator system. 

Therefore, the differential equations for phases and amplitudes based on the Generalized Adler’s 

Equation are as follows: 



80 

 

𝑑𝜃1

𝑑𝑡
 =   𝜔0 −

𝜔0

2𝑄

𝐼𝑐,4 𝑠𝑖𝑛(𝜃4−𝜃1)

𝐼1 − 𝐼𝑐,4 𝑐𝑜𝑠(𝜃4−𝜃1)
 

(4.17) 

𝑑𝜃2

𝑑𝑡
 =  𝜔0 +

𝜔0

2𝑄

𝐼𝑐,1 sin(𝜃1−𝜃2)

𝐼2+𝐼𝑐,1 cos(𝜃1−𝜃2)
 

(4.18) 

𝑑𝜃3

𝑑𝑡
 =  𝜔0 +

𝜔0

2𝑄

𝐼𝑐,2 sin(𝜃2−𝜃3)

𝐼3+𝐼𝑐,2 cos(𝜃2−𝜃3)
 

(4.19) 

𝑑𝜃4

𝑑𝑡
 =  𝜔0 +

𝜔0

2𝑄

𝐼𝑐,3 sin(𝜃3−𝜃4)

𝐼4+𝐼𝑐,3 cos(𝜃3−𝜃4)
 

(4.20) 

𝑅𝐶
𝑑𝐴1

𝑑𝑡
+ 𝐴1 =

4𝑅

𝜋
(𝐼1 − 𝐼𝑐,4 𝑐𝑜𝑠(𝜃4−𝜃1)) 

(4.21) 

𝑅𝐶
𝑑𝐴2

𝑑𝑡
+ 𝐴2 =

4𝑅

𝜋
(𝐼2 + 𝐼𝑐,1 𝑐𝑜𝑠(𝜃1−𝜃2)) (4.22) 

𝑅𝐶
𝑑𝐴3

𝑑𝑡
+ 𝐴3 =

4𝑅

𝜋
(𝐼3 + 𝐼𝑐,2 𝑐𝑜𝑠(𝜃2−𝜃3))  (4.23) 

𝑅𝐶
𝑑𝐴4

𝑑𝑡
+ 𝐴4 =

4𝑅

𝜋
(𝐼4 + 𝐼𝑐,3 𝑐𝑜𝑠(𝜃3−𝜃4))  (4.24) 

where  𝐴𝑗 is the amplitude of the voltage of a given tank.  In the ideal case, since there is no 

mismatch among oscillators, the tank currents are equal to one other, and so are the injection 

currents. 

Assuming Ψ1is a reference phase, which is zero degrees, two sets of solutions with a stable 

condition can be obtained: 1) Ψ1= 0, Ψ2= π/4, Ψ3= π/2, and Ψ4= 3π/4; 2) Ψ1=0, Ψ2= -π/4, Ψ= -

π/2, and Ψ4= -3π/4. By inserting phases in equations (4.17) to (4.24), the oscillator frequencies 

and amplitudes for both modes are equal to 

𝜔𝑚1 = 𝜔0 +
𝜔0

2𝑄

𝑀 √2 2⁄

1 + 𝑀 √2 2⁄
 

(4.25) 

𝜔𝑚2 = 𝜔0 −
𝜔0

2𝑄

𝑀 √2 2⁄

1 + 𝑀 √2 2⁄
 

(4.26) 
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𝐴𝑚1 = 𝐴𝑚2 =
4𝑅

𝜋
𝐼(1 − 𝑀 √2 2⁄ ) 

(4.27) 

where 𝜔𝑚1 and 𝜔𝑚2 are the oscillation frequencies when  𝛹2= -π/4 and 𝛹2= π/4, respectively. It 

can be seen that both modes have the same amplitude; however, the oscillation frequency of one 

mode is higher than the resonance frequency of the LC tank, while that of the other mode is 

lower. Simulation shows that the proposed oscillator architecture tends to oscillate at a higher 

frequency.  

Compared to the quadrature-coupled oscillator, it can be seen that as the number of cores 

increases to four in the proposed oscillator architecture, the oscillation frequencies of the cores 

approach ω0 , and the amplitude of the voltage swing increases. That is because the phase 

difference between the injected current and the self-resonance current is small, and requires a 

smaller angle for the tank to rotate in order to convert current to voltage. 

 
Fig. 4.24 The plot of phase deviation versus coupling strength factor. 

Phase error can be analyzed by introducing mismatch to the tank. Let us assume that the 

tank mismatch occurs in the first tank, and the phase difference among cores is – 𝜋 4⁄ . By 

substituting 𝜔0 with  𝜔0 − ∆𝜔 in Eq. (4.16), and setting 𝜃1 = 𝜔𝑜𝑠𝑐𝑡 , 𝜃2 = 𝜔𝑜𝑠𝑐𝑡 – 𝜋 4⁄ + ∆𝜑2, 
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 𝜃3 = 𝜔𝑜𝑠𝑐𝑡 – 𝜋 2⁄ + ∆𝜑3, and  𝜃4 = 𝜔𝑜𝑠𝑐𝑡 − 3 𝜋 4⁄ + ∆𝜑4 in equations (4.17) to (4.24)it can be 

concluded that ∆𝜑2 = ∆𝜑 = ∆𝜑2/2 = ∆𝜑3/3. Therefore, the phase deviation due to the tank 

mismatch can be written as follows: 

∆𝜑 =
𝑄

2

(1 + 𝑀 𝑐𝑜𝑠(𝜋 4⁄ ))2 +
𝑀
2𝑄

(2 𝑠𝑖𝑛(𝜋 4⁄ ) + 𝑀)

𝑀(𝑀 + 𝑐𝑜𝑠(𝜋 4⁄ ))

∆𝜔

𝜔0
 

(4.28) 

where ∆𝜑 is also the phase deviation between adjacent cores. ∆𝜑 versus M with one percent 

mismatch in the tank capacitor is plotted in Fig. 4.24. 

 

4.6.3 The Derivation on Phase Noise 

 
Fig. 4.25 The plot of phase noise versus coupling strength factor. 

The phase noise of a coupled-oscillator system can be analyzed by further applying the 

Generalized Adler’s Equation. Again, the equivalent circuit shown in Fig. will be taken as 

example. In order to obtain a complete expression for the phase noise, the contribution from both 

the white noise and the transistor noise is taken into account. First, let us introduce the white 

noise to the tank by injecting noise current in, whose spectral density is 4KT/R and whose phase 

is 𝜃𝑛 = ωosct + ωmt. Consequently, the phases of the oscillators become θ1 = ωosct + θ̂1    , 
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θ2 = ωosct – π 4⁄ + θ̂2 , θ3 =  ωosct – π 2⁄ + θ̂3 , and θ4 = ωosct − 3 π 4⁄ + θ̂4 , where θ̂1 , θ̂2 , 

θ̂3, and θ̂4 are the phase fluctuation due to the injected noise. To analyze this noise, Eq. (4.17) is 

modified to the following: 

𝑑𝜃1

𝑑𝑡
 =  𝜔0 −

𝜔0

2𝑄

𝐼𝑐,4 sin(𝜃4−𝜃1)+
𝜋

4
in sin(𝜃𝑛−𝜃1)

𝐼1−𝐼𝑐,4 cos(𝜃4−𝜃1)+
𝜋

4
in cos(𝜃𝑛−𝜃1)

 
(4.29) 

By inserting the phases in (4.17)-(4.20), and further simplifying, we obtain: 

 
𝑑�̂�1

𝑑𝑡
=

𝜔0

2𝑄

𝑀(cos(𝜋 4⁄ )+𝑀)

(1+𝑀 cos(𝜋 4⁄ ))2
(𝜃2 − 𝜃1)  

−
𝜔0

2𝑄

𝜋

4

𝑖𝑛 𝐼⁄

1 + 𝑀 cos(𝜋 4⁄ )
sin 𝜔𝑚𝑡 − 

𝜔0

2𝑄

𝜋

4

𝑖𝑛 𝐼⁄ (𝑀 sin(𝜋 4⁄ ))

(1+𝑀 cos(𝜋 4⁄ ))2 cos 𝜔𝑚𝑡                        

(4.3.) 

 

𝑑𝜃2

𝑑𝑡
=

𝜔0

2𝑄

𝑀(cos(𝜋 4⁄ ) + 𝑀)

(1 + 𝑀 cos(𝜋 4⁄ ))2
(𝜃3 − 𝜃2) 

(4.31) 

𝑑𝜃3

𝑑𝑡
=

𝜔0

2𝑄

𝑀(cos(𝜋 4⁄ ) + 𝑀)

(1 + 𝑀 cos(𝜋 4⁄ ))2
(𝜃4 − 𝜃3)  

(4.32) 

𝑑𝜃4

𝑑𝑡
=

𝜔0

2𝑄

𝑀(cos(𝜋 4⁄ ) + 𝑀)

(1 + 𝑀 cos(𝜋 4⁄ ))2
(𝜃1 − 𝜃4) 

(4.33) 

If only the close-in phase noise is considered when 𝜔𝑚 ≪

𝑀(cos(𝜋 4⁄ ) + 𝑀) (1 + 𝑀 cos(𝜋 4⁄ ))2⁄ , the phase variation is equal to: 

𝜃1 ≈ 𝜃2 ≈ 𝜃3 ≈ 𝜃4 ≈ −
𝜔0

8𝑄

𝜋

4

𝑖𝑛 𝐼⁄

1+𝑀 cos(𝜋 4⁄ )

1

𝜔𝑚
  

× (cos 𝜔𝑚𝑡 −
𝑀 sin(𝜋 4⁄ )

1+𝑀 cos(𝜋 4⁄ )
sin 𝜔𝑚𝑡)  

≈ −
𝜔0

8𝑄

𝜋

4

𝑅𝑖𝑛

𝑉

1

𝜔𝑚
(cos 𝜔𝑚𝑡 −

𝑀 sin(𝜋 4⁄ )

1 + 𝑀 cos(𝜋 4⁄ )
sin 𝜔𝑚𝑡) 

(4.34) 

 

By repeating the above analysis for both the regenerative and the coupled noise from the 

cross-coupled transistors, the ratio of the spectral densities is as follows: 

ℒ𝑆𝑊,𝐶

ℒ𝑆𝑊,𝐶
= 𝑀 (

𝑐𝑜𝑠(𝜋 4⁄ ) + 𝑀

1 + 𝑀 𝑐𝑜𝑠(𝜋 4⁄ )
)

2

 
(4.35) 
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By combining (22) and (23), the overall phase noise is 

ℒ(𝜔𝑚) =
𝑘𝑇𝑅

2𝑉2
𝐹 (

𝜔0

𝑄𝜔𝑚
)

2

 (4.36) 

where the noise factor is  

𝐹𝑚𝑖𝑛 = 1 + (
𝑀 𝑠𝑖𝑛(𝜋 4⁄ )

1+𝑀 𝑐𝑜𝑠(𝜋 4⁄ )
)

2

+ 𝛾 [
1

1+𝑀 𝑐𝑜𝑠(𝜋 4⁄ )
(1 + 𝑀 (

𝑐𝑜𝑠(𝜋 4⁄ )+𝑀

1+𝑀 𝑐𝑜𝑠(𝜋 4⁄ )
)

2
)] 

(4.37) 

The graph of the phase noise versus M (Fig. 4.25) also illustrates the same trend as the 

simulation results. 

 

4.6.4 Artificial Phase Shift 

 

Fig. 4.26 Plot of phase deviation versus frequency for both the four-core and two-core cases. 

As mentioned earlier, by adding a certain phase shift to the coupling path, the interruption 

from the coupling signal will be mitigated, therefore both the phase noise and the phase accuracy 

can be further optimized, especially for two-core (quadrature) oscillator [22]-[23], where the 

peak of coupling signal is right at the output signal. However, as number of coupled cores 

increases, the improvement by adding phase shift will be smaller. Thus, it is worth comparing 

both the two-core and four-core structure, when phase shift is added to coupling path. Since 

equations for four-core system is not given in any publication, they will be introduced here.  By 
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inserting the phase shift Φc = 𝜑 , and repeating the above phase noise and phase accuracy 

analyses, (4.28) and (4.37) are re-written as follows: 

𝜑 =
𝑄

2

(1+𝑀 𝑐𝑜𝑠(𝜋 4⁄ −𝜑))2+
𝑀

2𝑄
(2 𝑠𝑖𝑛(𝜋 4⁄ −𝜑)+𝑚)

𝑀(𝑀+𝑐𝑜𝑠(𝜋 4−𝜑⁄ ))

∆𝜔

𝜔0
  

𝐹𝑚𝑖𝑛 = 1 + (
𝑀 𝑠𝑖𝑛(𝜋 4−𝜑⁄ )

1+𝑀 𝑐𝑜𝑠(𝜋 4⁄ )
)

2

+  

𝛾 [
1

1+𝑀 𝑐𝑜𝑠(𝜋 4⁄ )
(1 + 𝑀 (

𝑐𝑜𝑠(𝜋 4⁄ −𝜑)+𝑀

1+𝑀 𝑐𝑜𝑠(𝜋 4⁄ )
)

2

)]         

(4.38) 

 
 

Fig. 4.27 Plot of phase noise versus frequency for both the four-core and the two-core cases. 

From Figs. 4.26 and 4.27, the following two major differences are observed between the 

proposed oscillator and the quadrature case: 1) the optimization of the phase noise and the phase 

accuracy are not as effective as those of the quadrature oscillator. 2) The best optimization point 

is shifted from 90 degrees to approximately 45 degrees.  As a matter of fact, these results are 

expected, because as the number of cores increases, the phase of the coupled signal becomes 

closer to the phase of the output signal. Therefore, it intrinsically moves the peak value of the 

coupled signal to the point which is less sensitive to noise. On the other hand, if the phase shift 

moves from 45 degrees to 90 degrees in a quadrature oscillator, there will be little improvement 
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in performance. Since the phase shift would increase noise, and might cancel its own 

improvement, we are not introducing any phase shift to the coupling path in any of our proposed 

structure, nor do we recommend doing so.  
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In this chapter, implementations of two proposed coupled oscillators will be introduced. 

Including the simulation and measured results, the design methodologies of the proposed 

techniques are given. To cover most interests, both capacitive coupling and inductive coupling 

techniques are implemented. The capacitive coupling based structure focuses on achieving ultra-

low phase noise with low power consumption. However it is challenging to route coupling paths 

with symmetric floor plan by using capacitive coupling technique. To address this issue, we 

implement the inductive coupling structure, where the symmetric coupling paths can be naturally 

achieved, since coupling signal can be prorogate through transformer. In addition, the proposed 

inductive coupling can achieve ultra-high coupling strength by utilizing resonate transformer 

technique. 

5.1 A Novel Multi-Phase Generation Architecture Based on 

Capacitive Coupling 

5.1.1  Introduction 

The proposed multi-phase clock generator consists of four oscillators and four coupling 

paths. Since the oscillators are of differential type, an eight-phase clock can be generated. The 

coupling among the first three oscillators (i.e., Oscillators1, 2, and 3) is in phase, while that 

Chapter 5  Implementations of Coupled-Oscillator 

Systems 
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between oscillators 1 and 4 is 180 degrees out of phase in order to create a negative gain stage to 

meet the multi-phase system’s phase requirement. 
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Fig. 5.1 The concept of coupled oscillator with capacitive coupling mechanism. 

In addition, this chapter utilized a low-phase-noise and low-power oscillator core, which is 

similar to the structure in chapter 3, in order to achieve the best phase noise performance for the 

entire system. The proposed single oscillator core employs both dual tanks and an adaptive 

biasing feedback technique, which together with the customized coupling mechanism, feature the 

following to improve the phase noise:  

A. Using the capacitive coupling mechanism to shift the injection current to a less sensitive 

point; 

B. Using the intrinsic advantage of the N-core coupled system to reduce the phase noise by 

a factor of 10 log10 𝑁 (theoretically); 

C. The dual-tank structure minimizes Q degradation due to the cross-coupled transistors by 

separating the voltage swing control of the drain and the gate and reducing the operation 

time in the triode region; 
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D. Using separate transistors for biasing to eliminate the second-order harmonic voltage 

that is generated with a single-transistor bias, and minimize the noise conversion from 

the bias transistor to the output; 

E. The adaptive biasing feedback path reshapes the tail current and halves the tail 

transistor’s noise; 

F. The adaptive biasing feedback path changes the behavior of the cross-coupled 

transistors, and makes them switch faster in the equilibrium region. 

This chapter will progressively describe how the proposed single oscillator core utilizes the 

capacitive coupling to generate multiple phases while exhibiting excellent phase noise 

performance.  

 

Fig. 5.2 The schematic diagram of the entire multi-phase oscillator. 

5.1.2 The Architecture of the Individual Core 

The single oscillator schematic without the coupling path is shown in Fig. 4.8, which is 

similar to the one introduced in chapter 3. The advantages from the separate biasing, adaptive 
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biasing and dual-tank are still kept. However, the bottom PMOS transistors are replace with 

NMOS ones for a better biasing scheme, since the PMOS transistor will require negative voltage 

at the gate when the supply voltage is low, and resulting in working into triode region.  

By combining the proposed VCO structure and the coupling mechanism, we arrive at the 

entire circuit as shown in Fig. 5.2. 

  

Fig. 5.3 Simulated phase error and phase noise versus coupling strength factor 

As mentioned in chapter 4, the coupling strength creates a trade-off between the phase noise 

and the phase accuracy. In the proposed structure, this kind of trade-off exists, as well. By 

increasing the coupling strength factor, M, the phase accuracy will improve; however, the peak 

of Vgate is shifted towards the zero-crossing point of the output signal, where it has the highest 

noise sensitivity; thus, the phase noise will be degraded. In order to identify the best trade-off 

between the phase noise and the phase accuracy, these parameters were plotted versus the 

coupling strength as shown in Fig. 5.3. In order to generate phase error in the simulation, one 

percent capacitance mismatch was added to the LC tank. As M increases from 0 to 2, the 
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variation of phase error becomes quite stable for M greater than 1, and the phase noise continues 

to increase almost linearly. 

5.1.3 Design Methodology 

 Since the proposed structure is modified by adding extra components and even changing the 

behavior of the dual-tank in order to make it compatible with each technique employed, it is 

worth discussing the justification behind the choice of some key components from the design 

perspective. 

As mentioned earlier, RS is added to the critical signal path to provide the DC voltage to the 

gate of the cross-coupled transistors; therefore, its value will directly affect the noise 

performance.  As shown in Fig. 5.4, if RS is so small and comparable to the impedance of 

capacitor C1 (1pF) @ 2.4GHz (i.e., 66 Ohms), it will degrade the phase noise. Once Rs increases 

to 2.8 kΩ, the phase noise becomes flat and starts degrading slightly due to the increased thermal 

noise from Rs. 

 

Fig. 5.4 Simulated phase noise versus RS. 
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Fig. 5.5 Oscillation frequency and Gg/d versus L2 for different C2 values. 

As discuss in earlier chapter, the voltage swings of the dual tank are a function of the values 

of the passive components, and reveals that two oscillation frequencies exist in the dual-tank 

structure. In order to make the oscillator work at the desired frequency and condition, the ratio of 

the voltage swing of the gate over that of the drain should be large enough and equal to 

𝐺𝑔/𝑑 =
𝑉𝑔𝑎𝑡𝑒

𝑉𝑑𝑟𝑎𝑖𝑛
⁄ = 1

[1 − (𝜔2
𝜔0

⁄ )
2

]
⁄  (5.1) 

where 𝜔2 = √2 √𝐿2𝐶2⁄ , and 𝜔0is the desired oscillation frequency. By tuning the values of  𝐿2 

and 𝐶2, the desired oscillation frequency and voltage ratio can be obtained. As shown in Fig. 5.5, 

if  𝐿2  increases, the oscillation frequency and 𝐺𝑔/𝑑  will increase. On the other hand, if 𝐶2 

decreases, the oscillation frequency will decrease and 𝐺𝑔/𝑑 will increase. 

To provide the design details of the dual-tank oscillator, we have analyzed three cases with 

different L1 and L2 combinations. As shown in Fig. 5.6, the voltage and impedance responses are 

plotted by injecting current to tank, where Zreal is the real part of the impedance seen from the 

output node. In the first case, where L1 is smaller than L2, the voltage ratio Gg/d is smaller than 

the other two cases; therefore, the FoM can still be improved. In the third case, where L1 is larger 

than L2, although the simulation shows a better FoM than the second case, the voltage ratio Gg/d 
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is exaggerated and there are a few potential issues. For example, the tank capacitor C1 needs to 

be much larger in order to keep the same operating frequency, which will potentially affect the 

frequency tuning range. Additionally, since the output impedance is higher, the current must be 

reduced in order to maintain the voltage swings of both the gate and the drain. This will force the 

bottom device to be smaller; thus, potentially affecting the start-up condition. This will be 

discussed in the following section. It is also worth noting that other oscillation modes will be 

suppressed as L1 increases and L2 decreases. 
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Fig. 5.6 Voltage and Impedance response of the proposed dual-tank structure. 

The overall function and performance of the proposed oscillator can be verified by looking 

at the ISF function. As shown in Fig. 5.7, compared to the conventional structure (Fig. 5.1), the 

ISF of the proposed structure is largely reduced, and the effective ISF, which is the product of 

ISF and noise-modulating function (NMF), is close to zero more than three quarters of the time 

in an operation cycle. 
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Fig. 5.7 Simulated ISF and ISFeff of both conventional and proposed structure. 

5.1.4 Measurement Results 

The proposed four-core coupling oscillator is implemented in a 130nm RF SOI process, and 

the die photo is shown in Fig. 5.8. The four-core coupled oscillator occupies 2 x 1 mm2 of chip 

area. Also, the solder bump is used for flip-chip type PCB. 

 

Fig. 5.8 Die photo of the proposed four-core oscillator. 
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Fig. 5.9 Measured phase noise at 2.33 GHz (6mA each core). 

The phase noise is measured using an Agilent E4440 spectrum analyzer with phase noise 

option without averaging. Figs. 5.9 to 5.11 illustrate the measured results of the phase noise at 

2.33 GHz under different DC operating conditions. When the currents for each core are 6mA 

(0.7V), 10mA (1V), and 17mA (1.5V), the values of phase noise are -128.32 dBc/Hz, -132.94 

dBc/Hz, and 135.52 dBc/Hz @ 1MHz offset, respectively. Since two frequency-tuning bits are 

implemented in the design, the operating frequency can be set to 2.22 GHz, 2.6 GHz, 2.9 GHz, 

and 2.33 GHz. In addition, Fig. 5.13 illustrates the noise figure versus operating frequencies for 

three different DC operating points. 
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Fig. 5.10 Measured phase noise at 2.33 GHz (6mA each core). 
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Fig. 5.11 Measured phase noise at 2.33 GHz (17mA each core). 

The output waveforms of the proposed four-core oscillator are measured by a Rohde & 

Schwarz RTO Digital Oscilloscope, which supports simultaneous measurement of four channels. 

Fig. 5.13 exhibits four measured phases, out of eight phases, of the four-core oscillator, where 

the other four phases are the differential counterparts and not plotted. The phase differences 

between adjacent outputs, from left to right, are 46.04˚, 40.18˚, and 47.7˚, respectively. 

 

Fig. 5.12 Measured phase noise versus frequency for two DC operating points. 
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Fig. 5.13 Measured output waveforms of the proposed four-core oscillator. 

Table 5.1 summarizes the performance of the proposed four-core oscillator and compares 

with recent multi-phase clock generation publications. 

Table 5.1: Performance Summary and Comparison of Multi-phase Clock Generation Techniques 

Ref. Process Freq. 

(GHz) 

P.N. 

(dBc/Hz) 

@1 MHz 

Power 

(mW) 

FoM No. of 

Phases 

FoM 

Per 

Phase 

This 

work 

130nm 

CMOS 

2.33 -128.32 16.8 183.3 8 192.3 

-133 40  184.3 8 193.3 

-135.52 102 183 8 192 

[10] 65nm 

CMOS 

14 -110 15  181.2 8 190.2 

[24] 65nm 

CMOS 

4.07 -136 126  188 4 194 

[25] 65nm 

CMOS 

3.8 -123.7 7 185 4 191 

 

5.1.5 Conclusion 

This paper presented a novel oscillator architecture with both dual-tank and feedback 

techniques, and coupled it for the purpose of multi-phase generation. The development of the 

proposed coupling strategy is illustrated, and a brief analysis of the proposed architecture is 
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demonstrated. The promising performance is verified by the measurement, which confirms the 

ultra-low phase noise of -135.52 dBc/Hz @ 1MHz. 
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5.2 A Novel Multi-Phase Generation Architecture Based on 

Transformer Coupling 

5.2.1 Introduction 

In the previous section, we present a capacitive coupled technique, and it shows very 

promising performance on the phase noise. However, there exists some potential issues as the 

number of the coupled oscillator cores goes up. For example, on the layout perspective, it 

becomes harder to achieve the symmetric routes of coupling paths and the size of the layout will 

grow dramatically, therefore dual-tank architecture which is mentioned in the previous chapter 

and size hungry cannot be used. Fortunately, transformer-based coupling mechanism provides us 

a solution that can achieve the symmetric routing and save the area for the multi-tank structures. 

Different from active and capacitive coupling mechanisms, the coupling path is embedded in the 

transformer and coupling signal can pass between adjacent cores through magnetic coupling, 

thus transformer coupling mechanism doesn’t need extra paths for coupling signals, which make 

it easier for the layout floor plan. However, transformer design requires a careful EM modeling 

to ensure strong correlation between simulation and measurement.  

In this section, we present the implementation of the novel magnetic coupling topology, 

which transforms the conventional dual-tank oscillator structure to one based on the transformer. 

With the adaptive biasing feedback, low phase noise and strong coupling strength can be 

achieved simultaneously. Additionally, using the EM modeling tool, all passive routing is 

carefully modified in order to minimize unnecessary coupling. The implementation of the highly 

symmetric floorplan will show at the later section. 
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5.2.2 The Transformer Coupled Oscillator 

The proposed unit oscillator core is also mentioned in the Fig. 4.15, which adopts the dual-

tank and the adaptive biasing feedback techniques, where j is the sequence number of the 

oscillator core. As introduced in the previous chapter, L1 and L2 are differential inductors, and, 

together with C1 and C2, form the dual-tank structure; two separate NMOS transistors (i.e., M3 

and M4) provide the bias current; CF and Rb provide the feedback path for adaptive biasing, 

which passes the AC voltage from the output to the gate of M3/M4. Ct represents the 3-bit 

digitally-controlled capacitor array for frequency tuning. The transformer is composed of coils 

L1 and L2, where coil L1 is from the previous adjacent core and coil L2 is from the current core; 

therefore, the output of the previous core can couple its signal to the gates of the cross-coupled 

transistors of the next oscillator core. 

The complete schematic diagram of the proposed 8-phase oscillator is shown in Fig. 4.16. 

Unlike current transformer-based structures [26], signal is drawn from the drain of the cross-

coupled transistors and coupled to the gate of the same transistors in the next core; forming the 

coupling path.  

5.2.3 Phase Noise Optimization 

In the proposed structure, phase noise is optimized using two techniques: 1) adaptive 

biasing; and, 2) dual tank. The first technique is implemented by feeding back the signal from the 

gate of M1/2 to the gate of M3/4. Since M3/4 adjust their currents to follow the output signal, M1/2 

will be forced to switch faster, and spend less time in the equilibrium, where noise is the highest. 

Therefore, the adaptive biasing feedback increases the bias current when it is needed in order to 

expedite the transition and suppress the noise. In addition, by using two transistors for biasing, 

the second harmonic, which is present in the common node of the structure biased with a single 
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transistor, is eliminated, and the flicker noise is significantly suppressed. The conventional dual-

tank structure optimizes the phase noise by increasing the voltage swing at the gate and thus 

reducing the operation time in the triode region, where the output impedance of the cross-

coupled transistors is the smallest and the Q of the load is degraded. A similar optimization can 

be performed in the proposed transformer-based architecture, but in a much different manner.  
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Fig. 5.14 Simulated phase noise and ac voltage gain versus the coupling factor of the transformer. 

 

Fig. 5.15 Illustration of output and injected waveforms. 

One major functional difference between the transformer-based and the conventional dual-

tank oscillator is that the former affects both the coupling strength and the voltage swing at the 
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gates of the cross-coupled transistors at the same time. Therefore, the trade-off between the 

phase noise and the coupling strength does not follow the same convention as most coupled 

oscillators, where decreasing the coupling strength always leads to better phase noise. In order to 

illustrate this matter clearly, the simulated phase noise versus coupling factor, k, of the 

transformer is shown in Fig. 5.14, where AC gain is the ratio of V𝐼𝑃,1 over V𝑔+,2, while constant 

current is maintained for different k values. As the coupling factor changes from -0.35 to -0.5, 

the coupling strength increases, and the phase noise improves. That is because when k is 

relatively small, phase noise still benefits from reduced operation time in the triode region. By 

further increasing the coupling factor, phase noise starts to degrade due to injection of the 

coupling signal at zero-crossing of the oscillation waveform, which is also the case for most 

prior-art coupled oscillators without phase shifting on the coupling paths. 

 

Fig. 5.16 ISF functions of proposed and conventional VCO structures. 

This can be also visualized in Fig. 5.15, where the signal coming from another core is 

broken down to two components: one for oscillation and one for coupling. As the voltage swing 
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of the output is reduced, the zero crossing point of it is going to be more sensitive to the injected 

signal.  

In addition, the optimization of the phase noise can be verified by looking at the ISF 

function. As shown in Fig. 5.16, compared to the conventional structure, the ISF of the proposed 

structure is largely reduced, and the effective ISF, which is the product of ISF and NMF, is close 

to zero nearly three quarters of the time in an operation cycle. 

5.2.4 Resonate Transformer Coupling 

In conventional transformer structure, the voltage ratio between the coils is approximately 

equal to V2 V1⁄ = k√L2 L1⁄ . Therefore, if coupling factor k and L2 L1⁄  are small, limited voltage 

ratio can be achieved. In Fig. 5.17 case 1, no additional capacitance is added to the coupled coil 

and C2 is the parasitic capacitator of L2. In this case, the voltage ratio is equal to 0.79 which is 

even smaller than one, as shown in Fig. 5.18 (a), where L2
′ is inductance counting in both C2 and 

L2. By adding additional capacitance to the coupled coil, the self-resonance frequency is also 

pushing towards the oscillation frequency of the tank, as shown in Fig. 5.18(b), the voltage ratio 

is largely enhanced and is roughly equal to 1.61. 

L 2
C 2

V2

V1

C 1L 1

*

M
Component Case1 Case2

L1 2 nH 2 nH

L2 3.5 nH 3.5 nH

C1 2 pF 1 pF

C2 10 fF 1 pF

 

Fig. 5.17 Equivalent model of transformer coupling and values of components in two different 

cases. 
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This phenomenon can be explained by the equivalent circuit in Fig. 5.22, where M is the 

mutual inductance and equal to M = k√L1L2.  Therefore, the voltage of V2 is equal to 

V2 = V1

Z1

jωL1 + Z1

1

jωC2Z2
 (5.2) 

where Z1 = jωM|| Z2 and Z2 = jωL2 +
1

jωC2
. 

 

a) 

 

b) 

Fig. 5.18 Simulated results of two different cases. (a) conventional transformer coupling. (b) 

resonate transformer.  

To properly graft this technique to the proposed structure, both C1 and C2 were swept to 

check the performance. As shown in Fig. 5.20, C2 mainly determines the enhanced voltage ratio 

while changing C1 to keep oscillation frequency constant, and values and frequencies are listed 
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in Table 5.2. As C2 increase, the voltage ratio increase but phase noise decrease. That indicates 

the voltage ratio is over-saturated, which is similar to the effect when coupling factor k is too 

large. What’s more, if C2 is too large, the oscillator might jump into undesired mode, where 

voltage ratio is close to 1 and FoM is largely degraded. On the other hand, if C2 is too small, the 

reliability becomes an issue as well as the start-up condition. 

L 2

C2

V2
V1C 1L 1

M

 

Fig. 5.19 Equivalent circuit of resonate inductive coupling. 

 

Fig. 5.20 Voltage ratio and FoM versus C1. 
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Table 5.2: Values of Capacitors and Operating Frequencies in Fig. 6.11. 

C1 (F) C2 (F) 
Frequency 

(GHz) 

802f 902f 4.835* 

1p 834f 2.467 

1.2p 789f 2.44 

1.6p 509f 2.47 

2p 340f 2.439 
 

5.2.5 Transformer and Passive Design 

 

 

a) 

 

  b) 

Fig. 5.21 (a) The 3D view of the transformer and (b) the 3D view of the transformers and the 

passive routings. 
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In order to obtain the strong coupling factor k, a transformer with interleaved turns is used 

as shown in Fig. 5.21(a). The coils of the transformer are made by stacking two top metals in 

order to minimize the DC resistance and achieve the best possible quality factor. Simulated plots 

of the transformer performance are shown in Fig. 5.22, where 𝐿1 and 𝐿2 are 2.5nH and 7.4nH, 

respectively, @ 2.4 GHz.  

In addition, in order to capture the capacitive and magnetic coupling among all critical 

routings in the layout, the EM model is created using EMX 5.2 from Integrand Software, Inc.. As 

shown in Fig. 5.21(b), the 37-port EM model includes the transformers, the routings among all 

oscillator cores, and the routings of control signals, the power supply, and ground traces. The 

reference ground plane is at the substrate of the die, and the mesh and the thickness parameters 

of the EM simulation are set to 1. Therefore, undesired coupling among routings can be avoided 

during layout design. In addition, the oscillation frequency is accurately predicted; e.g., the 

difference between simulated and measured frequency is only 80MHz. 
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Fig. 5.22 Simulated plots of the transformer performance. 
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Fig. 5.23 Phase error versus mismatches in the transformer. 

Since the proposed structure adopted the resonating inductive coupling technique, the 

mismatches are introduced to both inductors to check their sensitivity on phase error. As shown 

in Fig. 5.23, it is expected that, as the percentage of the mismatch increases, the phase error 

increases. Since the oscillation frequency in the proposed mode is mainly dominated by L2, the 

phase error is more sensitive to the mismatches in L2. 
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Fig. 5.24 The die photo of the proposed multi-phase VCO RFIC. 
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5.2.6 Measurement Results 

The prototype 8-phase oscillator is fabricated in a 60nm CMOS RF SOI process. The die 

photo is shown in Fig. 5.24. The core area of the proposed VCO circuit is 1.4x1.4 mm2
.  In order 

to make the connections among oscillator cores more symmetric, a circular floor plan is adopted 

by taking advantage of the transformers. Table 5.3 summarizes the performance of this work and 

provides comparison with state-of-the-art multi-phase oscillator designs.  
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   a)      b)    

Fig. 5.25 Measured phase noise. 

The phase noise is measured using an Agilent E4440 spectrum analyzer with phase noise 

option. Fig. 5.25 illustrates measured phase noise of –124.3 dBc/Hz and -128.2 dBc/Hz @ 1MHz 

offset from 2.41GHz with power consumption of 28mW and 60mW, respectively. Since a three-

bit capacitor array is implemented for frequency tuning, the operating frequency can be digitally 

tuned from 1.815GHz to 2.42GHz. In addition, measured phase noise versus the operating 

frequency is shown in Fig. 5.26 under three different DC operating points for each core: 1) 

V=0.7V and I=5mA; 2) V=1V and I=7mA; 3) V=1.5V and I=10mA. 



110 

 

Frequency (GHz)

P
h

a
se

 N
o

is
e 

(d
B

c/
H

z)

 

Fig. 5.26 Measured phase noise @ 1MHz offset versus the operating frequencies under different 

DC bias currents. 

Table 5.3: Performance Summary and Comparison of Multi-phase Clock Generation Techniques 

 

Ref. 

Performance Metrics 

Process 
Freq. 

(GHz) 

P.N 

(dBc/Hz) 

@ 1MHz 

Power 

(mW) 

FoM No. of 

Phases 

FoM 

Per 

Phase 

This 

work 

60nm 

CMOS 
2.41 

-120.1 14 176.3 8 185.3 

-124.3 28 177.5 8 186.6 

-128.2 60 178 8 187 

[24] 
65nm 

CMOS 

4.07 -136 126  188 4 194 

[25] 
65nm 

CMOS 

3.8 -123.7 7 185 4 191 

[26] 
0.18μm 

CMOS 

1.1 -128 20 180.1 4 186.1 

[27] 
0.13μm 

CMOS 

4.9 -112 3.2 180.8 4 186.8 

 

The output waveforms of the proposed 8-phase oscillator are measured by a Rohde & 

Schwarz RTO scope, which supports simultaneous four-channel measurement. Fig. 5.27 exhibits 

four measured phases, out of eight phases, of the four-core oscillator, where the other four phases 

are the differential counterparts and not shown. 
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Fig. 5.27 Measured multi-phase output. 

5.2.7 Conclusions 

This chapter presented a novel transformer-based architecture for multi-phase clock 

generation. The concept of the prototype circuit is proven by both simulation and measurement. 

EM modeling was utilized to ensure proper coupling among routings, thus improving the 

correlation between simulation and measurement. The highest measured FoM is 187 dBc/Hz at 

1MHz offset from the carrier, and the frequency range can be digitally tuned from 1.815 GHz to 

2.41 GHz with 8 steps. 
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6.1 Introduction 

As mentioned in the early chapter, multi-phase clock performs as an essential block in 

several RF applications. In this chapter, we are going to introduce one of those applications that 

are implemented by us to prove the concept.   

Since that the number of cellular frequency bands is increasing at an amazing rate; however, 

state-of-the-art commercial mobile wireless devices continue to employ a dedicated filter and 

LNA for each frequency band; increasing the cost, complexity, and size of the receiver frontend 

module. These filters are usually of surface acoustic wave (SAW) or bulk acoustic wave (BAW) 

type, and have a fixed frequency response. Additionally, due to the significantly different 

technology used in manufacturing these filters, they cannot be integrated with the receiver 

frontend integrated circuit (IC). As a result, they introduce significant undesired parasitic 

elements at the input of the receiver frontend IC. LC filters, while capable of being integrated, 

are large, have a fixed frequency response, and exhibit poor insertion loss and out-of-band 

rejection. 

Chapter 6 Brief Introduction of A SAW-Less 

Reconfigurable Frontend RFIC Driven by Multi-Phase 

Clock  
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This chapter only gives a brief introduction of the Reconfigurable Fronted RFIC, and 

focusing on the implementation and measurements, thus the design details will not be 

introduced. The 8-path filter substitutes the SAW filter, and is driven by a high-performance 

integrated 8-phase LC coupled oscillator whose frequency can be tuned from 1.8 GHz to 2.4 

GHz; enabling realization of a tunable 8-path filter and subsequently a reconfigurable receiver 

frontend. 

N-Path

Multi-

phase Osc.

RF Input
Output

Die Area

CS_vbias

Vdd

CG_vbias

Matching 
Network

 

Fig. 6.1 Architecture of the proposed reconfigurable receiver frontend. 

6.2 Design Architecture 

Fig. 6.1 illustrates the architecture of the proposed fully-integrated reconfigurable receiver 

frontend. The signals generated by the integrated 8-phase coupled LC oscillator which is 

mentioned in chapter 5 are fed to the two-port switched-RC bandpass 8-path filter; realizing a 

filter with a center frequency that is identical to the oscillation frequency of the 8-phase 

oscillator. As a result, the input RF signal experiences bandpass filtering when passing through 
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the 8-path filter. The signal is then amplified by the LNA, and fed to the transceiver module, as 

is the case in the commercial mobile wireless devices. 

6.3 Measurement Results and Comparison 

Figs. 6.2-5 illustrate the performance of the receiver frontend when the oscillator operates at 

1.8GHz. 
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Fig. 6.2 Measured s-parameters of the reconfigurable receiver frontend. 

It shall be noted that during simulation, the inverter supply voltage was 2V (i.e., pulse 

HIGH = 2V); however, in measurement, it could not be increased beyond 0.8V for reliable 

operation. This increased 𝑅𝑆𝑊 from 1.8 Ω to 3.8 Ω; resulting in significant reduction in measured 

gain (S21) and increase in measured noise figure. The simulated noise figure of the entire 

receiver frontend was sub 2dB.   
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Fig. 6.3 Measured linearity of the reconfigurable receiver frontend. 
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Fig. 6.4 Measured s-parameters of the reconfigurable receiver frontend. 

Finally, given that the 8-path filter feeds a narrowband LNA, which requires matching and 

biasing for a given frequency, measured data are shown for one (1) frequency only; however, 

similar performance is expected for other frequencies within the 1.8 GHz – 2.4 GHz frequency 

range. 
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Fig. 6.5 Measured noise figure of the reconfigurable receiver frontend. 

Table 6.1: Performance Summary and Comparison  

 [This work] [29] [30] [31] 

Circuit Type RF Frontend Filter Filter Receiver 

Technology 
60nm 

SOI CMOS 

65nm 

CMOS 
65nm CMOS 65nm CMOS 

Center Freq. (GHz) 1.8 – 2.4 0.1 - 1 0.4-1.2 0.05-2.5 

Order of filter 8 4 4 8 

3dB Bandwidth (MHz) 53 35 21 0.35-20 

RF Rejection (dB) 33.2 17 55 N/A 

Power gain, S21 (dB) +11.3 -2b -2/-3.2b 38b 

IB/OOB IIP3 (dBm) -7/+10.3 +14 +9/+29 -20/+10 

Noise figure (dB) 5 3-5 10 2.9 

Active area (mm2) 0.59a 0.07 0.127 0.82 

Power consumption (mW) 31.6a (1.8G) 2-16 21.4 20 (2G) 

a. Without on-chip 8-phase oscillator 

b. Voltage gain. In [29], RF-to-baseband gain is reported. 

6.4 Conclusions 

Introduction, implementation, and measurement results of the reconfigurable receiver 

frontend utilizing two-port 8-path filter, on-chip 8-phase LC oscillator, and an LNA are 

presented. The entire system is proven to be functional and the performance is competitive to 

recent publications.  
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7.1  Summary of the Works 

This dissertation mainly presents types of high-performance VCO and multi-phase clock 

generation techniques which can achieve low phase noise and low power consumption. A key 

contribution is combining two types of coupling techniques (capacitive coupling and inductive 

coupling) with various techniques used in the single oscillator to form coupled-oscillators 

systems and improve overall noise performance. By using Adler’s equation, the equation based 

theoretical model of four-core system is proposed for first time, and provides more insightful 

explanation of behaviors of the coupled-oscillators system. In addition, detailed design 

methodologies for both capacitive and inductive coupling based structures are given, so that 

other designers can easily reuse the proposed techniques and repeat simulations.  

All proposed VCOs and multi-phase generation techniques have been implemented and 

proved the concepts: 1) transformer-based wide-band VCO was implemented 0.18µm BiCMOS 

process. 2) 8.8GHz VCO was in 0.18µm BiCMOS process. 3) capacitive coupled multi-phase 

systems in implemented in 0.13µm CMOS SOI process while the inductive one is implemented 

in 65nm CMOS SOI. The necessary EM models are created to ensure the simulation accuracy 

and largely reduced the discrepancy between measurement and simulation. 

Chapter 7 Summary and Future Work  
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Another major contribution is that we proposed and built the novel reconfigurable receiver 

frontend for the first time in this field, and proved the concept with reasonable measured results.  

7.2  Future Work 

The proposed multi-phase clock generation techniques are also a good candidate for RF 

applications over 10GHz, which could be potentially used for 5G products in the future. In 

addition, as number of phases and coupling cores increases, there’s no need for extra phase shift 

to improve the phase noise and phase accuracy, unlike QVCO. However, although coupling 

strength and phase accuracy can be enhanced by utilizing different techniques, the phase error 

could cause by the asymmetric and unclean flour plan of layouts, which require more accurate 

EM model analysis for further compensation. 

The proposed reconfigurable receiver frontend opens a new page of future frontend. As 

operating frequency goes higher, it becomes harder to make the filter near the antenna side meet 

the industrial standard. If the power consumption and chip area of the proposed type frond-end 

could be reduced, it will be a good candidate to replace with current widely-used structure. 
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