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ABSTRACT 

In this research work, three methods to improve the phase noise of a CMOS 

oscillator are investigated and proposed in order to answer the demand for low 

noise, low power CMOS oscillator with high integration and compact size. The main 

issue in designing a low noise CMOS oscillator is the low quality factor, (Q) of the 

CMOS spiral inductor, which is due to thin metallization and the lossy substrate. 

Therefore, the first method is consists of improving the Q by reducing the substrate 

resistivity. For that, a new method is proposed, where a full depletion layer is created 

in the substrate below the inductor structure, which increase the substrate’s 

resistance, and thus increase the Q. The depletion layer is created by placing grids of 

N-well in the P-substrate, which forming P-N junctions. The proposed technique is 

verified experimentally, where the measured Q of the inductor improves of about 

7.6%. A complementary cross-coupled LC oscillator using this improved inductor is 

designed and measured. The comparison with the same oscillator but uses 

conventional inductor shows that there is an improvement of about 1dB at 1MHz 

offset from the carrier. The measured phase noise of the oscillator at that offset 

frequency is 116.4 dBc/Hz. 

The second method is to replace the LC tank in the oscillator by a defected 

ground structure (DGS) resonator. Compared to a spiral inductor, this structure 

offers higher Q (75% improvement ratio). The advantage of DGS resonator is it can 

be designed in CMOS, which makes it better candidate than the FBAR resonator. A 

complementary cross-coupled oscillator using DGS resonator is designed, where the 

phase noise is improved of 5dB at 1MHz offset from the carrier. The post layout 

simulation shows that the phase noise of the oscillator is -120.6 dBc/Hz at 1MHz 
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offset from the carrier. 

Finally, in order to benefits the high Q of FBAR resonator and the efficient 

current generation of class-C, a design of class-C film bulk acoustic resonator (FBAR) 

is proposed. It is the first design of FBAR oscillator in class-C that have been 

presented. Post layout simulation shows that there is improvement of around 3dB 

at 1MHz offset from the carrier compared to the same oscillator that operates in 

class-B. The post layout simulation shows that the phase noise of the oscillator is -

156 dBc/Hz at 1MHz offset from the carrier. 
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CHAPTER 1. INTRODUCTION 

An oscillator, in general, is used as frequency or time reference, due to its 

capability to generate periodic signals independently. In the radio-frequencies (RF) 

wireless front-end transceiver, the oscillator, namely as a local oscillator (LO) in RF 

transceiver, plays a role in frequency translation along with a mixer. Figure 1.1 

illustrates a typical wireless front-end RF transceiver. In heterodyne topology, before 

a modulated signal is being transmitted, it is first being up-converted to RF 

frequency. Then, the power of the signal is being amplified, thanks to the power 

amplifier (PA), before being transmitted through the antenna. At the receiver, this RF 

signal will be captured by the antenna, then it will be amplified by the low-noise 

amplifier (LNA), before being down-converted back to the intermediate frequency 

(IF) signal. Usually, the IF frequency is fixed, therefore, the RF frequency or the 

channel for transmission can be chosen by varying the frequency of the LO.  
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Figure 1.1 : Simplified block diagram of RF transceiver 
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Figure 1.2 shows how the RF signal is down-converted to IF signal in a receiver. At 

the output of the mixer, 2 signals with frequency f1+f2 and |f1-f2| are obtained. The 

signal with unwanted frequency will be filtered out by a band pass filter (BPF). 

The implementation of the oscillator in RF transceiver is done in the phase-

locked-loop (PLL). PLL is a control system where the phase of the voltage-controlled 

oscillator (VCO) is locked to the phase of the input signal of the PLL, which is usually 

provided by a crystal oscillator. The simplified block diagram of the PLL is given in 

Figure 1.3, where a PLL is consists of a frequency divider, a phase detector, a loop 

filter and a VCO. 

 

 

 

RF (f1) 

LO (f2) 

IF  f1 + f2 

|f1 – f2| 

Figure 1.2 : Down-conversion of RF to IF in a receiver 
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Figure 1.3 : Simplified block diagram of PLL 
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One of the challenges in designing an oscillator is to have a high purity signal 

at the output. It is because, all oscillators face the undesirable phase noise 

phenomenon, which reduces the purity of the signal. Consequently, it will affect the 

performance of the transceiver. It is because, by mixing a clean low noise RF signal 

with a poor high noise oscillator will result in a noisy IF signal, and it will 

significantly impact the Bit Error Rate (BER) performance during demodulation in 

the digital transmission system and thus causing distortion or complete loss of 

information. For this reason, a low phase noise (high spectral purity) oscillator is 

required in the wireless transceiver. In order to evaluate the performance of the 

oscillator, these specifications are used (not limited): the oscillation frequency, the 

phase noise, the power consumption, and the tuning range, with phase noise, is the 

most critical that have to be met by the designers.  

For the past years, there is a clear effort for a full integration of RF front-end 

on a single die in order to achieve lower cost, lower power consumption and smaller 

size [1-4].  The components in the RF transceiver such as the power amplifier (PA), 

LNA, mixer, and switches are usually being designed in III-V compound 

semiconductor technologies or bipolar technology, due to their high performance. 

However, the cost is expensive. Moreover, the RF back-end (digital blocks) are using 

Complementary Metal-Oxide-Semiconductor (CMOS) technology, therefore, 

research on RF front-end components in CMOS technology has become a hot topic 

in order to accomplish the full integration of RF transceiver. Nevertheless, despite its 

low-cost solution, the performance of CMOS RF components is still behind their 

counterpart that used III-V or bipolar technologies, especially at high frequencies.  

The 2.4GHz band has long being used for IEEE 802.11 Wireless Local Area 
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Network (LAN). Besides, other wireless technologies such as Bluetooth and ZigBee 

also operate in this same free band. Due to that, the 2.4GHz has become over 

crowded which causes degradation in signal quality and unreliability of service.  

Moreover, there is unceasing demands for high speed and high data rates from users. 

Consequently, the 5GHz band has been opened, with 2 unlicensed and 1 licensed 

frequency bands, for wireless technologies. For that reason, the IEEE 802.11a 

standard is introduced, specifying the operation in the 300MHz unlicensed 

spectrum in 5GHz band [5].  

1.1 MOTIVATION 

Being one of the most important building blocks of RF transceiver, a low phase 

noise, low power, and compact VCO is required in order to realize a high-

performance CMOS RF transceiver. Despite its offers for low cost and high level of 

integration, CMOS technology suffers high substrate loss and thin metallization 

process. These drawbacks severely affect the performance of CMOS passive 

components, especially the spiral inductor. Usually, the quality factor (Q) is used to 

measure the performance of spiral inductor. High Q inductors are essential as they 

are used in almost every block in RF transceiver. However, the CMOS inductor has 

lower Q compared to the inductors of others technologies. Unfortunately, lossy 

inductors used in the LNA for matching will evidently increase the noise figure [6], 

while the phase noise of VCO depends on the Q of the inductor [7]. The IEEE 802.11a 

standard specifies that the phase noise of LO in the 5GHz receiver has to be at a 

maximum -102 dBc/Hz at 1MHz offset from the carrier.   

For VCO blocks, two types of CMOS oscillators are usually adopted: the ring 
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oscillator and the inductor-capacitor (LC) oscillator. The ring oscillator is a sequence 

of inverters connected back-to-back, however, its phase noise is poorer than the one 

of LC oscillator [8]. Accordingly, the LC oscillators are preferable. However, the low 

Q inductor limits its phase noise performance and usually inductor is the largest 

component in the RF circuits, which sees it occupies almost half of the area of the 

chip. The typical measured value of Q of inductors in silicon is less than 10 [9]. 

Research on how to improve the Q of the CMOS spiral inductors have been done 

which covers several techniques such as layout optimization methods [10], structure 

optimization methods [11, 12], and chemical process [13]. However, most of these 

methods come with a higher cost or additional complicated step in the fabrication 

process. 

Besides of improving the Q of the inductor, the phase noise of the oscillator 

can also be improved by improving the circuit topology. The most common topology 

that is used in LC oscillator is the cross-couple topology, due to its simple 

implementation and a differential output. However, it operates in class-B, resulting 

in a less power efficiency (≈30%) [14]. Therefore, studies on another operating class 

such as class-C [15], class-D [16] and class-F [17] have been done in order to improve 

the circuit. Nonetheless, the class-D faces high supply pushing issue [16] while in 

class-F, the number of inductor/transformer used in the circuit is doubled.  

On top of that, there is a fundamental trade-off between power consumption 

and the phase noise that has to be considered. Recently, an 8GHz LC oscillator with 

a phase noise of -134.3 dBc/Hz at 1MHz from carrier has been reported in [18], but 

according to the author, the power consumption is not a limitation factor in his work, 

and thus sees the circuit consumes a 6.6mW power. 
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On the other hand, another type of resonators has been proposed such as 

microelectromechanical system (MEMS) resonators which could be a better 

candidate than the LC tank resonator. These MEMS resonators have higher Q (more 

than 1000) [19,20] and thus could provide lower phase noise. In fact, thin film bulk 

acoustic resonator (FBAR) based oscillators have been proposed, where the phase 

noise easily goes above -140dBc/Hz at 1MHz offset from the carrier [21,22].   

Clearly, in order to fulfill the demand for low noise, low power, highly 

integrated, compact CMOS oscillator, new solutions on a method to improve the Q of 

CMOS inductor is required, in the case where LC tank is used as a resonator. 

Otherwise, a new type of resonator, which is silicon-friendly and has better Q than 

the LC tank is required. 

1.2 RESEARCH OBJECTIVES 

 This research work has for ultimate goal to investigate methods in order to 

improve the phase noise of CMOS oscillator. Therefore, the first objective is to 

investigate a method to reduce the loss in the silicon substrate in order to improve 

the Q of the inductor. For that, a new method is proposed, where a full depletion layer 

is created in the substrate below the inductor structure, which increases the 

substrate’s resistance and thus increases the Q. The second objective is to propose 

an on-chip defected ground structure (DGS) resonator which has better Q than the 

on-chip spiral inductor. And finally, to design a low phase noise FBAR based 

oscillator in class-C in order to exploit the class-C and the high Q of the FBAR. The 

performance of these oscillators is compared. For each method, an oscillator is 

designed by using complementary cross-coupled topology. The circuit’s 
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implementation is done in 0.18μm CMOS technology. The power consumption of 

each oscillator is set at about 1mW. 

1.3 THESIS ORGANIZATION 

 This thesis is organized as follows. In Chapter 2, a theoretical background 

about oscillators and the complementary cross-coupled oscillator are introduced. A 

literature review about the phase noise and its theories and the Q of CMOS spiral 

inductor are presented as well. 

In Chapter 3, a method to reduce the loss in the silicon substrate is 

investigated in order to improve the Q of the inductor. For that, a new method is 

proposed, where a full depletion layer is created in the substrate below the inductor 

structure, which increases the substrate’s resistance, and thus increases the Q. A 

complementary cross-coupled LC oscillator using this improved inductor is 

designed. The comparison with the same oscillator but uses conventional inductor 

shows that there is an improvement of about 1dB at 1MHz offset from the carrier.  

In Chapter 4, a DGS resonator on CMOS is investigated. A detailed study of 

H-shaped and square shape DGS structure is introduced. Based on this investigation, 

the DGS resonator gives higher Q than the previous method. The advantage of DGS 

resonator is it can be designed in CMOS, which makes it a better candidate than the 

FBAR resonator. A complementary cross-coupled oscillator using DGS resonator is 

designed, where it sees an improvement of about 5dB at 1MHz offset from the carrier. 

In Chapter 5, in order to benefit the high Q of FBAR resonator and the 

efficient current generation of class-C, a design of class-C FBAR oscillator is 

proposed. It is the first design of FBAR oscillator in class-C that have been presented. 
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In this chapter, the theoretical study on the FBAR resonator and class-C oscillator 

are discussed in details. Post-layout simulation shows that there is an improvement 

of around 17dBc/Hz at 100 kHz offset from the carrier compared to the same 

oscillator that operates in class-B.  

Finally, the Chapter 6 summarizes and compares the performances of these 

methods. In addition, the contribution of this research work and the expected future 

work are also highlighted. 
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CHAPTER 2. THEORY OF OSCILLATOR 

 An oscillator is an autonomous circuit where no external excitation is 

needed. The initial signal comes from the noise and it is amplified by the amplifier 

before it is sent to the feedback loop to create a periodic output. Therefore oscillator 

is usually considered as a feedback system. Figure 2.1 below shows a simple block 

diagram of linear feedback system which is commonly used for the oscillator. 

 

  

 

 

 

 

 

 

In order to have a sustain oscillation at the output, the system must satisfy 

the Barkhausen criterion, which provides the condition for the loop gain, which is 

the product 𝐴(𝑗𝜔0) ∙ 𝐵(𝑗𝜔0) and the total phase shift of the system, which is given 

by Eq. (2.1) and Eq. (2.2). 

𝐴(𝑗𝜔0) ∙ 𝐵(𝑗𝜔0) = 1 (2.1) 

∠𝐴(𝑗𝜔0) + ∠𝐵(𝑗𝜔0) = 2𝑘𝜋     𝑘 = 1,2,3 … (2.2) 

However, usually, the magnitude of the initial loop gain is designed to be larger than 

one in order to ensure the oscillation start-up. Once the oscillation amplitude grows, 

 

 

 

 

 

 

Amplifier 

A(jω) 

Feedback 

Network 

B(jω) 

 

X(jω) 

Y(jω) 

Figure 2.1 : Block diagram of an oscillator 
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the non-linearity in the amplifier will reduce the loop gain to one, and thus sustain 

the oscillation. 

 Vittoz et al. in [23] gave another insight of the oscillator, where the oscillator 

is considered as a two ports network, one is the active core circuit and the other is 

the resonator. The idea is to compensate the loss from the resonator, which is 

represented by the parallel resistance of the resonator, Rp. Therefore, the active core 

circuit needs to provide a “negative resistance”, -R, where Rp= |-R |. Consequently, the 

circuit becomes lossless and the oscillation can occur.  

2.1  COMPLEMENTARY CROSS-COUPLED TOPOLOGY 

The most common topology used for an LC oscillator is differential cross-

coupled due to its easy implementation. Moreover, its differential outputs make it 

more compatible with the RF transceiver which usually operates in differential 

signals. Furthermore, the common-mode noise from the substrate and from the 

supply can be minimized in this topology.   

Cross-coupled topology exists in several versions: NMOS cross-coupled, 

PMOS cross-coupled or both NMOS-PMOS cross-coupled, as illustrated in Figure 2.2. 

The latter is also known as complementary or CMOS cross-coupled topology.  

As mentioned previously, the active core circuit needs to provide a negative 

resistance, -R in order to compensate the parallel resistance of the resonator, as 

shown in Figure 2.3. For an NMOS cross-coupled topology, the negative resistance is 

given by -R=-2/gm, with gm the transconductance of NMOS differential pair.  
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(a) (b) (c) 

Figure 2.2 : Cross-coupled differential topology (a) NMOS pair (b) PMOS pair (c) 

complementary NMOS PMOS pair 

On the order hand, for a CMOS cross-coupled circuit, the value of the -R is given by: 

−𝑅 = −
2

𝑔𝑚𝑁𝑀𝑂𝑆 + 𝑔𝑚𝑃𝑀𝑂𝑆
 (2.7) 

Therefore, for a given value of R, the CMOS cross-coupled circuit consumes half 

current than NMOS or PMOS cross-coupled circuit. For that reason, the premier is 

preferable. Nevertheless, during the design, extra precaution should be taken, where 

the device sizes of NMOS and PMOS pairs should be chosen for 𝑔𝑚𝑁𝑀𝑂𝑆 = 𝑔𝑚𝑃𝑀𝑂𝑆, 

 

Figure 2.3 : Negative resistance of NMOS cross-couple pair 

 

 
-R 
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in order to ensure waveform symmetry. It is because asymmetrical waveform could 

increase the phase noise in 1/f3 region [24,25].  

2.2  PHASE NOISE 

 As mentioned in Chapter 1, phase noise is the most critical requirements for 

an oscillator. Phase noise is described as the spectrum’s sideband of the oscillator’s 

output signal. In fact, for an ideal oscillator, the output signal can be written as 

𝑉(𝑡) = 𝐴0cos (𝜔0𝑡 + 𝜑0) where A0 is the amplitude, 𝜔0 is the frequency and 𝜑0 is 

the phase of the signal. In frequency domain, the spectrum of this signal is a delta 

function at frequency 𝜔0.  However, for a real oscillator, the expression is given by 

[24]: 

𝑉(𝑡) = 𝐴0(𝑡). 𝑓[𝜔0𝑡 + 𝜑0(𝑡)] (2.3) 

where the amplitude and phase are a function of time and f  is a periodic function 

with a period of 2π. Due to that, the spectrum has sidebands around 𝜔0, which is 

known as phase noise. The unit of phase noise is dBc/Hz. 

The phase noise model has been proposed by D.B. Leeson in [7], which is 

known as Leeson’s model: 

𝐿(∆𝜔) = 10𝑙𝑜𝑔 [(
2𝐹𝑘𝑇

𝑃𝑠
(1 +

𝜔0

2𝑄∆𝜔
))

2

∙ (1 +
𝜔1/𝑓3

∆𝜔
)] 

(2.4) 
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where F is the noise factor, k is the Boltzmann constant, T is the absolute 

temperature, Ps is the output power, Q is the loaded quality factor, 𝜔0 is the output 

frequency, ∆𝜔 is the offset from the carrier, and 𝜔1/𝑓3 is the corner frequency. Eq.  

(2.4) shows the relation between the phase noise and the Q. It also shows the 

relation between the phase noise and the signal power, where the higher the Q and 

Ps, the better the phase noise performance. Figure 2.4 illustrates a typical phase 

noise plot that follows this model.  

 

The general expression of phase noise in harmonic oscillators can also be expressed 

as [24]; 

𝐿(∆𝜔) = 10log (
∑ 𝑁𝐿,𝑖

2∆𝜔2𝐶2𝐴2
) (2.5) 

 

1/f3 (-30dB/decade) 

1/f2 (-20dB/decade) 

ω1/f3 ω1/f2 log(Δω) 

L
(Δ
ω
)(

d
B

c/
H

z)
 

Figure 2.4 : Phase noise plot 
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where C is the capacitance of the resonator,  A is the oscillation amplitude across 

the resonator, and NL,i is the white noise of the resonator and MOS transistors, which 

general expression is given by: 

𝑁𝐿,𝑖 =
1

𝑇0
∫ Γ𝑖 

2
𝑇0

0

(𝑡) ∙ 𝑖𝑛,𝑖
2 (𝑡)̅̅ ̅̅ ̅̅ ̅̅ . 𝑑𝑡 (2.6) 

where T0 is the oscillation period, 𝑖𝑛,𝑖
2 (𝑡)̅̅ ̅̅ ̅̅ ̅̅  and Γ𝑖 are the white current noise power 

spectral density and the Impulse Sensitivity Function (ISF) of the ith device, 

respectively. As A is proportional to the current consumed by the circuit, it can easily 

be noted that the phase noise can be improved with higher power consumption. So 

there is a trade-off between low power and low phase noise in the design of 

oscillator circuit.  

In order to compare the performance of different oscillators, a Figure-Of-

Merit (FOM) is used, which expression is given by: 

𝐹𝑂𝑀 = 𝐿(∆𝜔) − 20 log (
𝜔0

∆𝜔
) + 10𝑙𝑜𝑔 (

𝑃𝑑𝑖𝑠𝑠

1𝑚𝑊
) (2.7) 

where 𝐿(∆𝜔) is the phase noise, 𝜔0  is the oscillation frequency, ∆𝜔 the offset 

frequency from the carrier, 𝑃𝑑𝑖𝑠𝑠  is the power consumption of the circuit. 

 The phase noise phenomena causes a serious problem in both transmitter 

and receiver. Physically, the higher the phase noise, then the wider the spectrum. 

Therefore, in the transmitter, where usually high power is transmitted, the phase 

noise leaks the power to the adjacent channel, disturbing any signal in that adjacent 

channel.  

On the other hand, in the receiver, when a strong interfering signal, which is 

situated close to the RF signal, is mixed with a noisy LO, both RF and the interfering 

signal will be down-converted to IF frequency, and both spectrum will be on top of 
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each other. Therefore, the desired signal can be damaged or loss.  

2.3 QUALITY FACTOR OF CMOS SPIRAL INDUCTOR 

The monolithic inductor is a primary component in the radio-frequency 

integrated circuits (RFICs), especially in the oscillator, where it is used in the 

resonant circuit. The performance of the oscillator, especially the phase noise, highly 

depends on the inductor’s quality factor. Considering an LC tank in Figure 2.5, the 

quality factor (QT) is given by; 

1

𝑄𝑇
=

1

𝑄𝐿
+

1

𝑄𝐶
 (2.8) 

Based on Leeson’s equation of phase noise in Eq. (2.4), the phase noise is 

inversely proportional to the Q. In the design of an oscillator, it is then important to 

have a high QT because it leads to an oscillator with low phase noise and low power 

consumption operation. The quality factor of the inductor (QL) is relatively small 

compared to that of the capacitor. Therefore, QL is the limiting parameter. 

 

Figure 2.5 : LC tank 

 Figure 2.6 : Simplified representation of an inductor 
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Consequently, many studies have been done to improve the quality factor of the 

CMOS inductors. A simplified representation of an inductor is given in Figure 2.6 

where it can be represented by its inductance L in series with a resistance, R. R 

represents the total losses in the inductor. The QL of the spiral inductor can be 

calculated by using the following equation: 

𝑄𝐿 =
𝜔𝐿

𝑅
 (2.9) 

 

Losses in the inductor can be categorized into two; on the one hand, metallic 

losses, which degrades QL. Current crowding is the phenomenon where the inner 

turn of the inductor contributes in more metallic losses to the inductor than the 

outer turn [10,26]. Therefore, the use of a non-uniform metal width, where the inner 

turn has a narrower width than the outer turn, has been presented in the references 

[10] and [26] as a way to increase the QL of the CMOS inductor. Also, adopting non-

uniform coil spacing increases the QL[27]. 

Moreover, the CMOS inductor suffers from losses due to the CMOS substrate 

proximity, leading to additional degradation in QL. Since the Si substrate has low 

resistivity, the use of higher resistivity material such as GaAs and SOI [11,28] has 

been suggested. However, the issue of compatibility with CMOS need to be addressed.   

Another method to reduce the substrate loss is by completely removing the 

substrate underneath the inductor structure. This removal can be done by doing 

selective etching/silicon micromachining techniques [12,29]. However, this method 

requires additional complicated processing steps during the fabrication. The proton 

and helium-3 bombardment also have been proposed to reduce the substrate loss in 

the references [30,31] by locally creating a semi-insulating substrate area, resulting 
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high-Q inductors. Nevertheless, this method comes with high process cost.  

In the references [32-34], active inductors were designed by using MOS 

transistors to improve QL. An active inductor occupies only a small area than a spiral 

inductor. However, active inductors suffer from high noise, which results in poorer 

noise performance and higher power consumption. 

Therefore, new methods are necessary to improve the QL in order to be able 

to use on-chip CMOS inductor in oscillator circuits without limiting the phase noise. 
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CHAPTER 3. LC CMOS OSCILLATOR USING 

IMPROVED Q SPIRAL INDUCTOR 

CMOS technology suffers high substrate loss and thin metallization process, 

which severely affect the Q of CMOS spiral inductor. Several methods have been 

proposed in order to improve the Q, however, it comes with a higher cost and 

complicated additional step in the fabrication process. In this chapter, a method to 

reduce the substrate losses and to improve the quality factor of standard CMOS 

inductor by designing a depletion layer in the Si substrate is presented. No additional 

steps are required in the fabrication process, and the inductor already available in 

the foundry’s library can be used. The improved inductor is then used in 5 GHz cross-

coupled CMOS LC oscillator to enhance the phase noise.  

3.1  LOSSES IN CMOS SPIRAL INDUCTOR 

There are many ways to layout a planar spiral inductor such as circular, 

square, hexagonal or orthogonal shape. Circular spiral is the optimum structure. 

However, it is not supported by many mask generation systems. The hexagonal 

structure is the closest to the circular shape, and it can be easily layout, even though 

its quality factor is slightly lower. In this work, the hexagonal spiral inductor was 

used, which is already available in the foundry’s library. The expression of a 

hexagonal spiral inductor, L, is given by [35]; 

𝐿 = 1.71
𝜇0𝑛2𝑑𝑎𝑣𝑔

𝜋
[𝑙𝑛 (

2.23

𝜌
) + 0.17𝜌2] (3.1) 

where 𝜇0 is the permeability of the free space, n is the number of turns, 𝑑𝑎𝑣𝑔 is 
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the average diameter of the spiral, and 𝜌 is the percentage of the inductor area that 

is filled by metal traces. Nevertheless, from this expression, neither the information 

on the quality factor nor on the inductor’s losses can be retrieved. 

The losses in the inductor can be categorized into two groups: metal losses, 

and substrate losses. First, the metal losses can be modeled as a series resistance, 

which is defined by the product of the sheet resistance (Ω/□) and the number of 

squares in the spiral. The series resistance’s value depends on the type of metal used 

and the thickness of the metal. At higher frequencies, the inductor suffers from 

“current crowding”. It is due to the eddy currents that are induced by the magnetic 

field and penetrates into the metal coil. On top of that, the skin effect becomes 

significant at frequencies above 2 GHz, which further increases the metal losses of 

the inductor. 

Secondly, the CMOS inductor faces severe energy loss due to the low 

resistivity of the substrate, which sees large current flows to the substrate and 

degrades the quality factor of the inductor. The primary source of the substrate is 

the capacitive coupling, where the conduction current from the coil flows into the 

substrate. Another source is the inductive coupling due to the penetration of 

 

Figure 3.1 : Lump circuit model of a CMOS spiral inductor 
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magnetic field into the substrates. Figure 3.1 illustrates the lumped circuit model of 

the inductor, where L represents the inductance, r is the series resistance, Rsub and 

Csub represent the resistive and capacitive losses in the CMOS substrate, respectively. 

Optimum design of a CMOS inductor requires that the spiral trace is as wide 

as possible until the skin effect becomes significant.  For a good design at high 

frequency, the spiral trace is between 9 μm and 15 μm. In fact, by using wider spiral 

traces, the series resistance, r, can be reduced. However, Rsub will also decrease, 

which resulting more losses to the substrate, and thus mask the benefit of having a 

small r. Figure 3.2 shows the quality factor of the CMOS inductor for trace widths of 

15 μm and 30 μm. At lower frequencies, the inductor with a trace width of 30 μm has 

better quality factor due to the small series resistance. However, beyond 3 GHz, the 

skin effect becomes more apparent, as well the couplings to the substrate becomes 

stronger, which results in a lower quality factor. 

Therefore, to use a wider spiral trace for the inductor at high frequency, we 

propose a method to increase the resistivity of the substrate. It can be achieved by 

creating a full depletion layer in the substrate, underneath the inductor structure. 

Since the depleted area almost has no carriers, the resistance of this area approaches 

infinity. The advantage of using this method is that it does not require additional 

steps in the fabrication process. Moreover, standard CMOS inductor from the 

foundry's library can be employed. In 2005, Jian et. al.[36] proposed the use of PNP 

substrate isolation structures (JSIS) to reduce substrate loss. In [36], the N-well is 

biased to control the size of the depletion layer. On the contrary, the method 

proposed in this research work exploits the properties of full depletion of PN-
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junction, which does not require any external biasing voltage. 

3.2 FULL DEPLETION LAYER IN SILICON SUBSTRATE 

In order to use wider spiral trace and to increase the resistivity of the 

substrate, an implementation of a depletion layer underneath the inductor's 

structure is proposed [37],[38]. For that, the theory of PN-junction is employed. 

Consider a PN-junction as shown in Figure 3.3(a).  At the junction's interface, the 

electrons from the N-well and holes from the P-substrate start to cross to the other 

side until it reaches the equilibrium state. In return, a depletion area which is almost 

free from any carriers is formed at the junction. Due to the limited number of carriers, 

the resistivity of this depletion area is much higher than any remainder of the device. 

This area is defined by xn and xp, with xn is the depletion region in N-well and xp is the 

depletion region in P-substrate. The expression of xn and xp are as follows [39]; 

 
(3.2) 

 

Figure 3.2 : The simulated quality factor of a CMOS inductor for trace width of 15μm 

and 30μm. 
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(3.3) 

where Na and Nd are the doping concentration in the P-type and the N-type 

semiconductors respectively, q is the electron’s charge, εs is the permittivity of silicon, 

Va is the applied bias voltage, ϕi is the built-in voltage, and xd is the total width of the 

depletion area. 

In order to obtain a full depletion layer, a distributed grid structure of N-well is 

designed in the P-substrate to create the PN junctions. From Figure 3.3(b), we can 

see that the width of each N-well has to be 2xn in width with separation 2xp to have 

a full depletion on the desired area. To calculate the value of xp and xn, the value of 

the variables used in the calculations are as follows: 

 Acceptor concentration, Na = 1.35 x 1015 cm-3 

 Donor concentration, Nd = 5.0 x 1015 cm-3 

 Electron’s charge, q = 1.6 x 10-19 C 

 

(a) 

 

(b) 

Figure 3.3 : A PN junction with depletion area (a) Construction of a large area of 

depletion layer (b) 
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 Permittivity of silicon, εs = 1.034 x 10-10 Fm-1 

 Boltzmann constant, k = 1.38 x 10-23 JK-1 

 Intrinsic carrier concentration, ni = 1.45 x 1010 cm-3 

 

Applying Eq. (3.2) and Eq. (3.3), the value of 2xn and 2xp are obtained, where 

2xn=0.3816μm and 2xp=1.4136μm. The thickness of the depletion layer is 20μm. The 

length of the N-well stripes depends on the value of the inductor because the higher 

the value, then the larger the inductor. Therefore, larger depletion area is required. 

In our case, we used an inductor of 1 nH, which size is 363 μm x 363 μm including 

the guard ring. The size of created depletion area is 361μm x 361μm. Figure 3.4 

illustrates the top view of the distributed grid N-well on CMOS substrate with its 

equivalent depletion area. Figure 3.5 shows the cross-section of the whole structure.  

 

Figure 3.4 : Top-view of the distributed grid N-well on CMOS substrate and its 

equivalent depletion area 
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By implementing the depletion layer underneath the inductor, the conductivity of 

the substrate in that area is almost zero and the resistivity becomes very high. Hence, 

Rsub can be neglected, and the lump circuit model reduces to the circuit in Figure 3.6. 

The value of Cox is 4.316 μF/m2 and the value of Csub is 0.505 μF/m2. Based on the 

simulation, for a 1 nH inductor, the series resistance is about 1.25 Ω. 

Figure 3.6 : Simplified lump circuit model of inductor with depletion layer  

 

Figure 3.5 : Cross-section of the whole structure 
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3.3  SIMULATION RESULTS 

In this work, a symmetrical inductor, which layout is illustrated in Figure 3.7 

is used. It is on metal M6 with a bridge on metal M5, and M6 and M5 are connected 

by vias. The size of this inductor is 363 μm x 363 μm including the guard ring. Since 

it is going to be used in the 5 GHz cross-coupled CMOS LC oscillator, the value of the 

inductance is about 1nH. Details description about the selection of the inductor 

value is given in the following paragraphs. The High-Frequency Structure Simulator 

(HFSS) based on finite element method is used to perform the S-Parameters  

Figure 3.7 : Layout of a symmetrical inductor (width trace=30 μm) 

simulations. The depletion layer is modeled as a silicon with εr = 12, σ = 0.1 S/m and 

a depletion thickness = 20 μm. The depletion layer is in a square shape, laying below 

the inductor structure and the guard ring. From the S-Parameters simulations, we 

can obtain the value of the inductance and the total equivalent resistance of the 

inductor. As the inductor will be used in oscillator which is in differential 

configuration, two-ports simulation with differential excitation were done. The 
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differential impedance, inductance and quality factor are given by [39] 

         𝑍𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑙 = 𝑍11 + 𝑍22 − 𝑍12 − 𝑍21 (3.4) 

𝐿𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑙 =
𝐼𝑚(𝑍𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑙)

2𝜋𝑓
 

  

(3.5) 

𝑄𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑙 =
𝐼𝑚(𝑍𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑙)

𝑅𝑒(𝑍𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑙)
 (3.6) 

 

Figure 3.8 compares the quality factor of the inductor of a 30μm trace width 

for the initial inductor and the inductor with depletion layer. At lower frequencies, 

the performance of Q for all cases are almost the same. However, above 2.5 GHz, due 

to larger Rsub (therefore smaller current leaks to the substrate), the inductor with 

depletion layer gives higher quality factor compared to the initial inductor (foundry 

inductor). This enhancement can also be explained by means of total equivalent 

resistance, Requiv which represents the total losses of the inductor.  

Figure 3.8 : Quality factor of inductors 

Figure 3.9 shows the inductor with depletion layer has lower Requiv, and thus 
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lower losses, which explains its better quality factor at that range of frequencies. At 

our frequency of interest, which is 5 GHz, a 0.5 (7%) improvement in QL is observed, 

resulting in a new QL=8.7. Better improvement is seen at a higher frequency, with 

13% improvement ratio at 8 GHz. 

 

3.4 THE DESIGN OF LC OSCILLATOR USING THE IMPROVED 

INDUCTOR 

This inductor with full depletion layer in P-substrate is used in LC oscillator 

in order to see its impact to phase noise of the oscillator. Therefore, a 5 GHz LC cross-

coupled oscillator was designed in CMOS 0.18 μm, which schematic is illustrated in 

Figure 3.10. The transistors M1, M2, M3, and M4, are the NMOS and PMOS cross-

coupled pairs. The transistor M5 acts as a current source. This oscillator uses MOS 

 

 
Figure 3.9 : Total equivalent resistance of inductors 
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varactor for tuning. The inductor with depletion layer in the substrate was used. 

The power supply is 1.5 V, and this circuit consumes 0.79 mA. In Figure 3.11, the 

simulation results show that there are improvements in the phase noise both in 1/f3 

and 1/f2 regions, which are about 2.4 dB and 1 dB improvement, respectively. At 1 

MHz offset from the carrier, the phase noise of this oscillator is -116.1 dBc/Hz. 

 

 

 
Figure 3.11 : Phase noise performance of the oscillator. At the top right corner is a 

zoom in of phase noise in 1/f3 region. 

Figure 3.10 : Complementary cross-coupled LC oscillator 
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3.5  PHYSICAL LAYOUT AND MEASUREMENT RESULTS 

3.5.1 The inductors 

 A layout of this oscillator has been created by using Virtuoso CADENCE. 

Figure 3.12 shows the layout of improved inductor. The red thin rectangles 

underneath the spiral inductor are the grid of N-well, while the black background in 

the picture is the P-substrate. The inductors with and without the proposed N-well 

grids are fabricated, where the layouts are illustrated in Figure 3.13. In order to 

measure the performance of the inductors only, de-embedding need to be done, 

where the parasitic elements from the cables, probes and pad are removed. 

Therefore, the dummies (open dummy, short dummy and through dummy) in Figure 

3.14 are also fabricated. 

 

Figure 3.12 : Physical layout of the improved inductor 
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The three steps de-embedding (open-short-through) method is used. The equivalent 

circuit of the dummies and the embedded device-under-test (DUT), which is the 

inductor, are given in Figure 3.15, with: 

 Z1: Contact impedance between RF-probe and pads 

  

(a) (b) 

Figure 3.13 : Layout of the inductors (a) without (b) with the N-well grid 

 

 

OPEN SHORT THROUGH 

Figure 3.14 : Open, Short and Through dummy 
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 Y1: Capacitive coupling between signal and ground lines of the pads 

 Y2: Capacitive coupling between the two pads 

 Z2: Transmission impedance of the pads 

 Z3: Coupling impedance between DUT and pads  

 

 

DUT( the inductor) with embedded parasitic elements 

  
 

Open Short Through 

Figure 3.15 : Equivalent circuits of Open, Short and Through dummy and the 

embedded DUT 

 

Figure 3.16 : First step of de-embedding (remove Z1) 
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The first step is to remove the Z1 by using the short dummy (Figure 3.16). The 

second step is to remove the Y1 and Y2 by using the open dummy (Figure 3.17). The 

last step is to remove the Z2 and Z3 by using the through dummy (Figure 3.18).  

 

Figure 3.17 : Second step of de-embedding (remove Y1 and Y2) 

 

Figure 3.18 : Final step of de-embedding (remove Z2 and Z3) 
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The S-parameters of the inductors and the open, short and through dummy are 

measured by using differential 150μm pitch SGS probe and a network analyzer. The 

 
Figure 3.19 : Die photograph on the inductors (left) without depletion layer (right) 

with depletion layer 

 

Figure 3.20 : Measured (solid lines) and simulated (dot lines) of the inductors (blue) 

without and (red) with depletion layer. 

 

 

Figure 3.21 : Measured inductance 
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die-photograph of the inductors is given in Figure 3.19. The Q-factor and the 

inductance of the inductors are extracted from de-embedded S-parameters by using 

Eq. (3.4) and Eq. (3.5). The Q-factor of both inductors after de-embedding is given in 

Figure 3.20. The results are compared with the simulated Q-factor (dash plots) 

which sees that both measure and simulated plots has good agreement. Table 3.1 

summarizes the measured performance of both inductors. 

 

Table 3.1 : Performance of the measured inductors 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Q-factor 

Improvement 

ratio 
L (nH) 

Inductor without depletion 

layer 
8.0 - 1.7 

Inductor with depletion layer 7.6 7.6% 1.7 
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3.5.2 The oscillator 

The complete layout of the oscillator is illustrated in Figure 3.22.  At the outputs of 

the oscillator, the output buffer is used, in order to provide isolation between the 

oscillator circuit and the outside environment. The output buffer circuit is consists 

of two inverters connected back-to-back. Figure 3.23 shows the die photograph of 

the oscillator. Measured phase noise of this oscillator is given in Figure 3.24. The 

output power is -2.91dBm and the oscillation frequency is 4.36GHz.  The drop of 

frequency is maybe due to parasitic capacitance due to the routing. The phase noise 

of this oscillator at 1MHz offset from the carrier is -116.4 dBc/Hz, which is almost 

similar with the one obtained in simulation. 
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Inductor with Grid of N-well in P-substrate 

Figure 3.22 : Complete layout of the oscillator 



49 

 

 

 Table 3.2 summarizes the performance of the designed oscillator that used the 

inductor with depletion layer in the substrate and the performance is compared with 

other published results. Here the FOM and the FOMt , which takes into account the 

tuning range are used, where the expressions are given as follows, respectively: 

 

Figure 3.23 : Die photograph of the circuit 

 

Figure 3.24 : Measured phase noise of the oscillator 
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𝐹𝑂𝑀 = 𝐿(∆𝜔) − 20 log (
𝜔0

∆𝜔
) + 10𝑙𝑜𝑔 (

𝑃𝑑𝑖𝑠𝑠

1𝑚𝑊
) 

(3.7) 

𝐹𝑂𝑀𝑡 = 𝐹𝑂𝑀 − 20𝑙𝑜𝑔 [
𝐹𝑇𝑅

0.1
] 

(3.8) 

 

where FTR is the frequency of tuning range defined by: 

𝐹𝑇𝑅 =
𝑓𝑚𝑎𝑥 − 𝑓𝑚𝑖𝑛

𝑓𝑐𝑒𝑛𝑡𝑒𝑟
 (3.9) 

 

Table 3.2 : Performance summary and comparison with other published results 

 

This work 

(initial 

inductor)* 

This work 

(improved 

inductor)** 

Ref [41]** Ref [42]** 

Process 
CMOS 0.18 

µm 

CMOS 0.18 

µm 

CMOS 0.18 

µm 

CMOS 0.18 

µm 

Vdd (V) 1.5 1.5 2.0 1.0 

f0 (GHz) 5.18 4.36 4.25 5.32 

Power (mW) 1.18 1.18 8 2.30 

L@1MHz 

(dBc/Hz) 
-115.0 -116.4 -114.0 -113.4 

Tuning Range 18.0% - 30.0% 14.1% 

FOM 187 189 176 185 

FOMt 192 - 185 188 

*post-layout simulation result             **experimental result 

3.6  CONCLUSION 

 In this chapter, a method to reduce the loss due to the substrate in a 

monolithic CMOS spiral inductor has been proposed. By using the properties of the 
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full depletion layer of PN-junction, a large depletion area is created in the P-

substrate, which results in a higher resistivity of the substrate. The QL of 1 nH 

inductor is improved by 7% from its initial value at 5 GHz, and larger improvement 

could be expected at higher frequencies with the larger inductors. The EM 

simulation shows that 13% improvement of QL at 8 GHz. This improved inductor is 

used in 5 GHz cross-coupled LC oscillator, and better phase noise is achieved. 

Simulation results show that there is a 1dB improvement of phase noise with 

simulated phase noise is -116.1dBc/Hz at 1MHz offset from the carrier. The 

measurement result of the chip is almost similar to simulation, where the measured 

phase noise is -116.4dBc/Hz. The FOM of this oscillator is 189. 
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CHAPTER 4. DEFECTED GROUND STRUCTURE 

(DGS) RESONATOR-BASED CMOS OSCILLATOR 

The requirement in microwave communication systems has become more and 

more stringent where we see the demand for compact size, low-power, and low-cost 

microwave components. These requirements come along with higher or better 

performance of the component itself. In order to enhance the performance of the 

system, many studies have been done in the past years, which sees the introduction 

of several structures, among them is the defected ground structure (DGS) [43]. In 

the DGS structure, a narrow and wide areas are etched in the metal of ground plane, 

which disturbs the current following through a transmission line, resulting in an 

increase of effective capacitance and inductance of the transmission line [43],[44]. 

These characteristics result in a band stop behavior whose center frequency 

depends on the DGS size and configuration. The ease of implementation and size 

compactness, compared to other lumped elements such as inductor and capacitor, 

the DGS structures have been proposed to implement filters [44]-[47] and 

resonators [48]-[50] on printed circuit board (PCB). The other application of DGS 

resonators such as wireless power transfer application (WPT) was proposed by the 

group of the present authors [51],[52]. However, its potential on CMOS substrate has 

not been investigated so far. In this paper, the study on H-shape and square shape 

DGS resonator on CMOS substrate are carried out by using three-dimensional EM 

simulator, which is HFSS, based on finite element method. The aim of this study is to 

investigate its potential in next-generation radio frequency integrated circuits 
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(RFIC), especially in oscillator circuit due to its compact size and high Q factor 

compared to the spiral inductors.  

4.1 ANALYSES OF H-SHAPE DGS RESONATOR 

In this work, the H-shape DGS structure is first studied as it has been proved 

in [50] that this shape has the best performance. Figure 4.1 illustrates the 

configuration of an H-shape DGS resonator etched on a ground plane. As the main 

objective of this design is to use the resonator in 5GHz CMOS oscillator circuit, the 

structure is built on silicon, based on CMOS TSMC 0.18μm technology. 

 

(a) 

 

(b) Figure 4.1 : H-shape DGS resonator and its current distribution. (a) Bottom layer  

(b) Top layer 
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This H-shape DGS has a width of l and a length of 2*l. Figure 4.2(a) and 

Figure 4.2(b) shows the 3-D view and the cross-section of the structure. The white 

area in Figure 4.1(a) is where the etching occurs with a narrow slot of dimension g 

x 2d. This narrow slot is called the excitation gap since it is located beneath the 

microstrip line. At the bottom of the structure is the Si substrate, followed by a layer 

of SiO2. Next is the DGS with an H-shape slot. Instead of using only one metal layer, 

the DGS is built by connecting metal 1, metal 2, metal 3, metal 4 and metal 5 by vias, 

.  

(a) 

 

(b) 

Figure 4.2 : H-shape DGS resonator (a) Cross-section view. (b) 3D view 
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which gives a DGS with thickness, t = 6.05μm. By doing so, we can reduce the total 

effective resistance, Reff and higher Q can be realized.  

Above the DGS, another layer of SiO2 exist. The top layer, which is the metal 

6 is a 50Ω microstrip line with a width, Wm =2μm and a height of 2.34μm. The 

optimized design parameters of this H-shape DGS resonator are given in Table 4.1. 

Table 4.1 : Design parameters of H-shaped DGS resonator 

Dimension l 2l d 2d g 

Value (μm) 410 820 20 40 5 

 

A full-wave EM simulation is performed by using HFSS. In this simulation, the 

materials’ parameters for each layer is defined as shown in Table 4.2, with εr, μr and 

σ are the permittivity, the permeability, and the conductivity of the material 

respectively, and h is the material’s thickness.      

Table 4.2 : Parameters of the materials 

Materials εr μr h (μm) σ (S/m) 

Cooper 1 0.999 depends on metal layer 58 x 106 

Silicon Dioxide 4 1 1.1 0 

Silicon 12 1 800 10 
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The simulation results show that the DGS structure has a stopband characteristic. 

Figure 4.3 illustrates the S-parameters |S11| and |S21| of the H-shape DGS structure. 

The presence of H-shape aperture, etched in the ground plane disturbs the surface 

current distribution, and thus the stopband characteristics is exhibited. The center 

frequency depends on the DGS size and the capacitor, C, connected in the excitation 

gap as illustrated in the following paragraphs. The equivalent circuit model of H-

shaped DGS is given in Figure 4.5 which is the parallel inductor-resistor-capacitor 

(LRC) network. The values of LDGS, CDGS, and RDGS are calculated using the equations 

below [43],[51]; 

𝐿𝐷𝐺𝑆 =
1

𝜔0
2(𝐶𝐷𝐺𝑆 + 𝐶)

              (4.1) 

 𝐶𝐷𝐺𝑆 =
𝜔𝑐

2𝑍0(𝜔0
2 − 𝜔𝑐

2)
 (4.2) 

𝑅𝐷𝐺𝑆 =
2𝑍0

√ 1
|𝑆11(𝜔)|2 − (2𝑍0 (𝜔𝐶𝐷𝐺𝑆 −

1
𝜔𝐿𝐷𝐺𝑆

))

2

− 1

 
(4.3) 

 

Figure 4.3 : EM simulation of |S11| and |S21| for l=410μm 
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Figure 4.4 shows the calculated and simulated plots of RDGS which both of them are 

in good agreement, thus proves the validity of Eq. (4.3). The dimension analysis of 

RDGS in Eq. (4.3) shows that the unit is indeed Ohm, and it can be proven as following: 

[𝑅𝐷𝐺𝑆] =
[Ω]

√[Ω] ([𝑠].
[𝑠]
[Ω]

−
1

[Ω][𝑠]
. [𝑠])

=
[Ω]

√[Ω] (
1

[Ω]
)

= [Ω] 
(4.4) 

From the plots in Figure 4.4, the value of the RDGS is dependent on frequency. 

It is because, at a higher frequency, the skin effect starts to appear, where the current 

distribution is high close to the surface and it reduces rapidly with greater depth. 

Consequently, the effective resistance in the structure increases. At 5GHz, from 

calculation, LDGS=1.0nH, RDGS=525Ω and CDGS=15.8fF. 

 

Figure 4.5 : Electrical circuit model of H-shape DGS resonator 

 

 

LDGS 

RDGS 

CDGS 

 

Figure 4.4 : RDGS vs. frequency 
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The lumped capacitor, C, appears in parallel adding to the DGS self-

capacitance ( 𝐶𝐷𝐺𝑆 ). Also, ω0 is the resonance frequency, ωc is the 3dB cutoff 

frequency of S21 curve, and Z0 = 50Ω. The targeted operation frequency is 5GHz. 

Besides, we design the DGS with a total length of much less than quarter of the 

guided wavelength. In this case, the DGS self-capacitance is negligible and using Eq. 

(4.2), we can determine the lumped capacitor, C. For the H-shape structure with 

l=410μm, the value of C=1.8pF in order to have resonant at 5GHz.  

As mentioned previously, the center frequency depends on the size of DGS 

and value of C. Simulation results shows that, while C remains constant, when 

 

Figure 4.6 : EM simulation of |S11| and |S21| for l=410μm and l=820μm 

 

Figure 4.7 : Current path on H-Shape DGS structure 
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l=810μm, the resonance frequency is shifted to 3.1GHz. It is because the value of self-

inductance depends on the length of the DGS structure. For l=810μm, calculated 

value of LDGS= 1.47nH. Figure 4.6 illustrates the relation between the value of self-

inductance and the length of DGS structure. It shows that in order to have DGS 

structure that operates in low frequency, with a given value of capacitance, a large 

structure is required. If we take a look at the current path of this H-shape DGS, which 

is illustrated in Figure 4.7, there are two parallel current paths. Due to that, the self-

inductance of the resonator is low, resulting in lower quality factor, Q.  To solve this 

problem, a square shape DGS is proposed 

4.2 SQUARE SHAPE DGS RESONATOR 

The square shape DGS is also known as a semi H-shape, as it is the half of H-

shape DGS structure (Figure 4.8). Therefore, each side of the structure has a length 

of l. The 50Ω microstrip line is on the right arm of the square shape, and its 

dimension remains the same. Identically as H-shape, the square shape DGS 

resonator also exhibits a stopband response. Figure 4.9 shows the S-parameters |S11| 

and |S21| of square shape DGS resonator obtained from full-wave EM simulation for 

l=410μm and C=1pF.   
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Figure 4.10 shows a glance of the EM simulations for the square shape DGS resonator 

by showing the electrical field distribution before resonance, at resonance and after  

resonance. It shows that the power is transmitted before and after resonance. 

However, it is blocked at the resonance. 

 
 

(a) (b) 

Figure 4.8 : (a) Square shape DGS resonator and its current distribution. (b) cross-section 

view 

 

Figure 4.9 : EM simulation of |S11| and |S21| of square shape DGS resonator. 
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(a)before resonance (b) after resonance 

 

(c) at resonance 

Figure 4.10 : Electric field distribution of square shape DGS resonator 
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The advantage of square shape DGS structure is we can use smaller length for a given 

value of self-inductance, as shown in Figure 4.11. For example, to obtain a self-

inductance of 1nH, square shape structure requires l=0.41mm while longer l 

(l=0.6mm) is needed in H-shaped. Therefore the later occupies a larger area. 

Moreover, as mentioned previously, the square shape DGS structure exhibits higher 

Q compared to the H-shape DGS structure, as shown Figure 4.12. Furthermore, the 

performance of Q is largely higher than that of the conventional spiral inductor for a 

given value of inductance. The simulated values of Q of these resonators and spiral 

 

Figure 4.11 : Computed self-inductance of H-shaped and square shape DGSs for 

different length 

 

Figure 4.12 : Comparison of Q-factor for square shape and H-shape DGS and the 

conventional spiral inductor 
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inductor were obtained in the same condition which is by doing one port full wave 

EM simulation with 50Ω impedance.  

To obtain the result in Figure 4.12, the value of inductance is selected as 1nH 

and the parameters of the spiral inductor, shown in Figure 4.13 are as follows: spiral 

trace, w = 30μm, radius, R=d/2=75μm and number of turns, T=2.  

There are two main factors that contribute to the improvement of Q in DGS 

resonator. Firstly, the low resistance in the structure. The Q is defined by: 

𝑄 =
𝜔𝐿

𝑅𝑒𝑓𝑓
 (4.5) 

Where 𝜔  is the frequency, 𝐿  is the self-inductance and Reff is the total 

effective resistance. The Reff of the structure or of a spiral inductor composts of DC 

resistance and AC resistance [53], with DC resistance is given in Eq. (4.5), therefore, 

by reducing the resistance, Q will be improved. For a metal, the DC resistance is given 

by: 

 

w
d

Figure 4.13 : CMOS spiral inductor 
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𝑅𝐷𝐶 =
𝑙

𝜎𝑡𝑤
 (4.6) 

Where 𝜎 the conductivity, l is the length, t is the thickness of the metal and 𝑤 is 

the width of metal. Therefore, the Reff  can be calculated as follows [53]: 

𝑅𝑒𝑓𝑓 =
𝑅𝐷𝐶𝑡

𝛿(1 − 𝑒−𝑡/𝛿))(1 +
𝑡
𝑤)

 
(4.7) 

where 𝛿 is the skin depth. Now, consider two metal layers of the same width but 

different thickness, t1 and t2. By replacing Eq. (4.5) in Eq. (4.6), we can write: 

𝑅𝑒𝑓𝑓_1

𝑅𝑒𝑓𝑓_2
=

(1 − 𝑒−
𝑡2
𝛿 ) (1 +

𝑡2

𝑤)

(1 − 𝑒−
𝑡1
𝛿 ) (1 +

𝑡1

𝑤)
 

(4.8) 

In condition where 𝑡2 > 𝑡1 , the term 𝑒−
𝑡2
𝛿  will decrease faster than 𝑒−

𝑡1
𝛿 . 

Consequently, 𝑅𝑒𝑓𝑓_1 is superior than 𝑅𝑒𝑓𝑓_2. Due to that, by increasing the metal 

thickness, the Q can be increased.  The simulated Q of the DGS structure for 

different value of the metal thickness of square shape DGS structure is given in 

 

Figure 4.14 :  Q vs. metal thickness 
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Figure 4.14. 

Another factor is the parasitic capacitance between the metal traces of 

multiturn spiral inductor. This capacitance reduces the self-resonant frequency of 

the spiral inductor and consequently affects the Q performance. In square shape DGS 

resonator, which is single turn, this parasitic capacitance does not exist. 

Due to the significant improvement of Q in square shape DGS structure 

compared to the spiral inductor, where the difference of Q is 9.5 (about 75% 

enhancement), it is then interesting to replace the LC resonator by the square shape 

DGS resonator in the oscillator circuit. It is well-known that one of the key 

parameters of an oscillator is the phase noise, which the indicator of signal purity of 

the oscillator. By using a resonator with higher Q, better phase noise can be achieved. 

However, a verification needs to be done in order to ensure that the DGS resonator 

can be used as frequency selective feedback network in the oscillator circuit. A brief 

recall from Chapter 2, an oscillator circuit needs to fulfill the Barkhausen criterions 

in order to oscillate, where the loop gain of the system needs to be equal or superior 

to 1 and the total phase shift has to be 2kπ, with k={1,2,3 ..}. Since the differential 

cross-coupled circuit provides a phase shift of 180°, then the DGS resonator also 

needs to provide 180° phase shift. Figure 4.15 shows the amplitude and phase 

responses of S-parameters of the square shape DGS resonator, where at the 

resonance frequency, the magnitude is different to zero and the phase shift is 180°. 

Therefore the DGS resonator can be used as frequency selective feedback network 

in the oscillator circuit. 
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Figure 4.15 : Simulation result of transfer characteristic of square shape DGS resonator 

(a) magnitude (b) phase 

 

 

(a) 

 

(b) 
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4.3 DESIGN OF DGS RESONATOR-BASED OSCILLATOR 

 In the design of DGS resonator-based oscillator, the same complementary 

cross-coupled oscillator circuit that was used in Chapter 3 is used, as the operation 

frequency, which is 5GHz, remains the same. In this design, the square shape DGS 

resonator is used. The schematic of this oscillator circuit is illustrated in Figure 4.16. 

The DGS resonator is represented by inductor L_DGS and C_tot_DGS which is the sum of 

the capacitance of the DGS structure, CDGS and of the added capacitor, C=1pF. 

The layout of this DGS resonator is given in Figure 4.17. Metal 1, metal 2, 

metal 3, metal 4 and metal 5 are used to build the DGS structure. All these metal 

layers are connected by using vias. Metal 6 is used for the transmission line. A metal-

insulator-metal (MIM) capacitor of 1pF is used, and it is connected to the DGS 

structure by using metal 6 and metal 5.  At the output of the oscillator, the same 

output buffer is used. The complete layout of the circuit is given in Figure 4.18. 

 

Figure 4.16 : Schematic of DGS resonator-based oscillator 
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DGS 

resonator 

Output 
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DGS 

structure 

Transmission 

line 

MIM 
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Figure 4.17 : The layout of the DGS resonator 

Figure 4.18 Complete layout of the oscillator 
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The power supply is 1.5 V, and this circuit consumes 0.843 mA. Post-layout 

simulation shows that the oscillation frequency is 5.08GHz and the output power is 

-0.82dBm. The phase noise of this oscillator is -120.6 at 1MHz offset from the carrier. 

The phase noise performance of this oscillator is compared with the performance of 

 

          DGS resonator 

          LC tank 

 

Figure 4.20 : Die photograph of the DGS oscillator 

Figure 4.19 : Comparison of phase noise of oscillator using DGS resonator and LC tank 
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LC oscillator, which is given in Figure 4.19. By maintaining the same power 

consumption, it shows that there are improvements in the phase noise both in 1/f3 

and 1/f2 regions, which is about 1.7 dB and 5.4 dB improvement, respectively. Figure 

4.20 shows the die photograph of the oscillator. 

4.4  CONCLUSION 

An H-shape and a square shape DGS resonator are designed on silicon, by 

using the CMOS TSMC 0.18μm technology. The full wave EM simulation shows that 

both DGS structure exhibits stopband characteristics and resonate at 5GHz 

frequency. Due to the compact size and better quality factor, the square shape DGS 

resonator is preferable. Simulation results also show that the Q of square shape DGS 

resonator is higher compared to the Q of the conventional spiral inductor, with 75% 

enhancement. It is because of lower resistivity of the DGS structure, and also the 

disappearance of parasitic capacitance between metal traces which exists in the 

spiral inductor.  The square shape DGS resonator is used in CMOS complementary 

cross-coupled oscillator, and post-layout simulation shows that the phase noise of 

this oscillator at 1MHz offset from the carrier is -120.6dBc/Hz. Due to higher Q, the 

phase noise of this oscillator has improved of 5.4dB at 1MHz offset from the carrier 

compared to LC oscillator, resulting in a FOM of 195. Another advantage of using DGS 

resonator is it offers smaller area compared to the spiral inductor. 
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CHAPTER 5. CLASS-C FBAR OSCILLATOR 

5.1  INTRODUCTION TO FBAR RESONATOR 

The thin film bulk acoustic resonators (FBARs) is one of a micro-

electromechanical system (MEMS). FBAR consists of a thin piezoelectric film 

sandwiched between two metal electrodes. The material used for the piezoelectric 

film in this work is aluminium nitride (AIN) while material aurum (Au) is used for 

the electrodes. An air gap is created in between the bottom electrode and silicon 

substrate in order to give mechanical isolation between the FBAR and other circuitry 

[19]. Figure 5.1 below shows the structure of the FBAR [54]. 

When a high-frequency signal is applied to the electrodes, a bulk wave will 

propagate inside the piezoelectric thin film. This wave resonates at a particular 

frequency. The resonant frequency is determined by the thickness of the thin film 

 

Piezoelectric (AIN) 

Si-substrate 

Bottom electrode 

Top electrode 

Air gap 

Figure 5.1 : Structure of FBAR 
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[55]. The electrical characteristics of FBARs can be modeled by using the Modified 

Butterworth-Van-Dyke equivalent circuit [56] which is given in Figure 5.2. 

Figure 5.2 : MBVD model of FBAR 

In this model, the dielectric and metal loss in the piezoelectric material and 

in the transmission line are being considered. These losses are presented by the 

resistor R0 and Rs respectively. The static capacitor C0 represents the parallel-plate 

capacitance between the top and the bottom electrode of FBAR. The inductor Lm, the 

capacitor Cm, and the resistor Rm represents the motional arm of the FBAR. The 

parameters of the model are calculated by using the following equations [57]: 

𝐶0 =
휀𝑟휀0𝐴

𝑡
 (5.1) 

𝐶𝑚 =
8𝑘𝑒𝑓𝑓

2

𝜋2
𝐶0 

(5.2) 

𝐿𝑚 =
𝜋3𝜈𝑎

8𝜔3휀𝑟휀0𝐴𝑘𝑒𝑓𝑓
2  (5.3) 

𝑅𝑚 =
𝜋𝜂휀𝑟휀0

8𝜔𝜌𝐴𝜈𝑎𝑘𝑒𝑓𝑓
2  (5.4) 

where A is the area of the effective electrode, 휀𝑟  is relative permittivity of 

piezoelectric material, 휀0 is the permittivity of free space, 𝜌 the density, 𝜂 is the 

acoustic viscosity, 𝜔 is the series resonant frequency, and 𝑘𝑒𝑓𝑓
2  is the piezoelectric 

coupling coefficient. 

FBAR has two resonance frequencies; the series resonance frequency (fs) 

 

 Rs/2 Rs/2 
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and the parallel resonance frequency (fp). The latter is also known as anti-resonance 

frequency. The expression of fs and fp are given by: 

𝑓𝑠 =
1

2𝜋√𝐿𝑚𝐶𝑚

 (5.5) 

𝑓𝑝 =
1

2𝜇√𝐿𝑚 (
𝐶𝑚𝐶0

𝐶𝑚 + 𝐶0
)

 (5.6) 

Then the coupling coefficient 𝑘𝑒𝑓𝑓
2  is defined as [58]:  

𝑘𝑒𝑓𝑓
2 =

4.8 ∗ (𝑓𝑝 − 𝑓𝑠)

(𝑓𝑝 + 𝑓𝑠)
 (5.7) 

Its measures the ability of the piezoelectric material to convert electrical energy to 

acoustic or mechanical energy and vice versa. The quality factor of FBAR at both 

series resonance frequency and anti-resonance frequency can be calculated by: 

𝑄𝑠 =
𝑓𝑠

∆𝑓𝑠
        𝑄𝑝 =

𝑓𝑝

∆𝑓𝑝
 (5.8) 

where ∆𝑓𝑠 and ∆𝑓𝑝 are the -3dB frequency widths of the impedance of FBAR at 𝑓𝑠 

and 𝑓𝑝 respectively. 

FBARs are known for their small size, high selectivity and low insertion loss, 

which makes them suitable for duplexers and RF filters. Due to its high Q, FBAR also 

has been used as resonant tank circuits in oscillators, and FBAR oscillators can 

reduce the phase noises more than 30 dB compared to LC oscillator while consuming 

the same power [59][60]. 

5.2 FBAR OSCILLATORS 

In literature, FBAR oscillators with variety topologies have been designed 

and demonstrated. Mostly, Pierce oscillators are used due to simple implementation 

(one transistor) and low bias currents. However, its single-ended topology makes it 
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less favorable for low-noise applications, where differential topology provides more 

advantage in suppressing the noise. Some Colpitts oscillators exhibit better 

performance in term of phase noise; however, these usually require high start-up 

currents and have single-ended topologies. Nevertheless, cross-coupled topology is 

preferred due to its differential nature and easy to be implemented.  

However, the conventional differential cross-coupled topology is not 

suitable for FBAR. It is because FBAR frequency response shows high impedance at 

low frequency, which caused instability in the oscillator. This problem can be 

overcome by decoupling the current source transistors. Therefore, at low frequency, 

the high loop gain of the circuit is reduced and the circuit becomes stable [61]-[63]. 

Therefore, two separated current sources are used and a coupling capacitor, Cs is 

added at the source of the differential pairs as shown in Figure 5.3. The value of this 

Cs has to be optimized, as the low value of Cs will reduce the loop gain undesirably, 

while large Cs will have no effect on the loop gain. 

 

Figure 5.3 : Complementary cross-coupled FBAR oscillator 

The transistors M1-M2, and M3-M4 are the differential NMOS and PMOS pairs 

Cs 

Cs 

Coupling 

capacitor 
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respectively. The transistors M5 and M6 provide common-mode feedback to the 

circuit, while M7 and M8 act as current sources. 

5.3 THEORY OF CLASS-C OSCILLATOR 

 In the typical cross-couple topology, the pair transistors operate like a class-

B amplifier, which is why it is classified as a class-B oscillator. Research on other class 

operations such as class-C, class-D and class-F have been done extensively for LC 

oscillators. Until this thesis is written, FBAR oscillators operating in other class than 

class-B have never been proposed. Since the studies are in the class operation of the 

cross-couple topology, therefore the theories of class-C operation are valid 

independently of the type of the resonator used in the circuit. Moreover, despite 

having separate current sources in FBAR cross-coupled oscillator, at the resonant 

frequency, the differential pair sees only one single current source, thus, it operates 

the same as LC cross-coupled oscillator.  

 The issues in class-B come from the non-idealities of the topology itself, 

which is described in [64]. Consider a class-B NMOS cross-coupled oscillator with 

NMOS tail transistor as a current source. At the common source of M1 and M2, the 

 

Figure 5.4 : Class-B NMOS with parasitic capacitance at the source 
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parasitic capacitance, Cpar (Figure 5.4) that exists at that node keeps the common-

source voltage almost constant, and keeps the Mtail in the saturation region. 

Therefore, when oscillation amplitude is large, M1 and M2 will enter triode region, 

which sees a sudden drop of current amplitude, especially at the peak of the 

oscillation, as shown in Figure 5.5(a). Due to that, the current that flows into the pair 

is not the ideal square wave shape, therefore current efficiency, 𝜶𝑰, is reduced. The 

expression of 𝜶𝑰 is given by: 

𝛼𝐼 =
𝐼𝜔0

𝐼𝑏𝑖𝑎𝑠
 (3.9) 

where 𝐼𝜔0
 is the fundamental harmonic current and 𝐼𝑏𝑖𝑎𝑠 is the DC current in Mtail.  

Moreover, as Mtail is always in saturation region, the maximum amplitude swing, Amax 

is limited to 2VDD-Vdsat compared to the ideal value, Amax_ideal=2VDD. Therefore, the 

voltage efficiency, 𝛼𝑣 is also reduced. The 𝛼𝑣 is defined as the ratio of oscillation 

amplitude, Apeak to the power supply, VDD. Due to that, the achievable FOM of class-B 

oscillator is lower than the ideal case [64]. Not to forget, the noise from the tail 

transistor has a significant impact to the phase noise, and thus reduces further the 

FOM. 

 In order to overcome these non-idealities, firstly, the pair transistors should 

not be allowed to enter the triode region. Therefore the oscillation swing needs to 

be reduced to a certain level which is just enough to keep the transistors pair in 

saturation. To do so, the gate of the transistors has to be low biased [65]. In class-B, 

the gate bias voltage is VDD. Therefore, an RC network, with its cut-off frequency is 

lower than the oscillation frequency, is used to bias the gate.  

      Now that the transistors are always operating in saturation region, the 

presence of Cpar will improve further the 𝛼𝐼 , as the transistors pairs may partially 
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operates in class-C. Therefore, to push further the class-C operation, an extra 

capacitor Ctail is added in parallel with Cpar. Consequently, the current at the drain of 

M1 and M2 is now in tall and narrow pulse-like shape [65], as shown in Figure 5.5(b).  

This large capacitance which is also in parallel with Mtail gives further advantage to 

the circuit, as it can filter out the noise of the Mtail at high frequency [66]. Due to that, 

the size of the Mtail can be increased in order to maximize the oscillation amplitude 

and to improve 𝛼𝑣 . Previously, in class-B operation, the increase of size of Mtail 

results in higher noise and larger Cpar, which is undesirable. 

 

Figure 5.5 :  Simulated current waveform at the source of the M1 when operates in (a) 

class-B and (b) class-C [67] 

On the other hand, there is uncertainty in the start-up condition of the 

oscillator, due to low bias at the gate of pair transistors. It is because, the minimum 

required current for the transistor pairs to produce enough gm (to compensate the 

 

(a) 

 

(b) 
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parallel resistor of the resonator) may not be achieved, and therefore there is a risk 

that the oscillator could not start. For that reason, the gate needs to dynamically be 

biased [64]. 

5.3 THE DESIGN OF CLASS-C COMPLEMENTARY CROSS-

COUPLED FBAR OSCILLATOR. 

 The proposed design of class-C complementary cross-coupled FBAR 

oscillator is given in Figure 5.6.  The RC network is used to bias the gate of the 

NMOS and PMOS differential pairs (M1-M2 and M3-M4 respectively). The capacitor, 

C3, C4, C5, and C6 (they are called as Ctail capacitor) are added to enforce full 

operation in class-C. As expected, in class-B, the simulation shows that there is a 

significant drop in current amplitude, which is where the transistors enter into 

triode region. Differently, the current waveform is impulse- like in class-C. In fact, 

before adding the capacitors, the oscillator partially operates in class-C due to the    

 

Figure 5.6 : Class-C complementary cross-coupled FBAR oscillator [68] 

out+ out- 
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parasitic capacitance existed in parallel with the current source transistors. By 

adding the Ctail capacitors, the oscillator is now fully operating in class-C, where the 

drain current of M1 has taller and narrower waveform, as shown in Figure 5.7. The 

output out- are in antiphase with the output out+. 

The simulated phase noise performances of class-B and class-C are given in 

 

 

 

      With Ctail 

         Without Ctail 

Figure 5.7 : Drain current waveform of M1 with and without the added capacitors [69] 

 

Figure 5.8 : Phase noise of class-B and class-C FBAR oscillator [68] 
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Figure 5.8.  In this simulation, both circuits consumed almost the same power; 

1.039 mW for class-B and 1.04 mW for class-C. At 1 kHz offset from the carrier, class-

C oscillator exhibits a phase noise 23 dB lower than the class-B oscillator. At 1MHz 

offset, the class-B oscillator has a phase noise of −150.9 dBc/Hz while the class-C 

oscillator has −155.4 dBc/Hz. From this comparison, it can be seen that class-C 

topology provides better phase noise while consuming almost the same power 

consumption.  

Nevertheless, the gate of the transistor pairs is dynamically biased in order 

to satisfy two required values of gate bias voltage, Vbias, which are high Vbias at start-

up in order to satisfy the oscillation condition, and low Vbias in steady state so that 

the transistors can operate in class-C. For that reason, an operational amplifier, 

suggested in [62] is used to dynamically bias the transistor pairs. It provides a 

negative feedback to the circuit and adjusts the Vbias by sensing the variation of the 

 

Figure 5.9 : Class-C complementary cross-coupled FBAR oscillator with dynamic 

biasing circuit 
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common-mode voltage at source of the NMOS cross-coupled pair and keeping it 

equal to a reference voltage. Figure 5.9 shows the schematic of class-C 

complementary cross-coupled FBAR oscillator with dynamic biasing circuit [67]. 

5.4 INFLUENCE OF CS, CTAIL AND GATE LENGTH ON THE PHASE 

NOISE 

In cross-coupled topology, the flicker noise can be up-converted in many 

ways; one is by the modulation of 2nd harmonic voltage waveform in the current 

source by the flicker noise from the differential pair. Due to that, the current in the 

current source becomes noisy. The differential pair, which acts as the single-

balanced mixer, commutates the current and downconverted it to the oscillation 

frequency, affecting the phase noise in 1/f3 region. According to [70], the presence of 

coupling capacitor, Cs creates a fundamental frequency component of the source 

voltage. When the magnitude of this fundamental becomes comparable to the 2nd 

harmonic, the 1/f noise will no longer modulate the 2nd harmonic voltage, and thus 

noise is suppressed. The simulation result of different values of the Cs is given in 

Figure 5.10. In our case, the optimum value of Cs is 1pF where the lowest phase noise 

(= 96.23 dBc/Hz @ 1 kHz from the carrier) can be achieved in the close-in offset 

 

Figure 5.10 : Phase noise at close-in offset frequency for different values of Cs 
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frequency. The next best performance of phase noise is given by Cs=2pF and Cs=0.5pF 

with both of them result in phase noise of almost +3 dB higher. Therefore, optimizing 

the value of the coupling capacitors improves the phase noise of several dBs. The 

transient simulation shows that parasitic oscillation occurs when Cs > 3pF, where the 

Cs no longer have an effect on the loop gain. 

 As mentioned previously, another benefit of having a large capacitor at the 

source of the differential pair is it provides a low-impedance path to the ground, 

therefore the noise that comes from the current source is filtered out.  In fact, the 

1/f noise from the current source, which is will be up-converted as AM by the 

differential pair, affects the phase noise in 1/f3 region due to AM-PM conversion 

[71],[72]. Simulation result in Figure 5.11 shows that we can obtain lower phase 

noise with larger Ctail in close-in frequency, while the phase noise improves slightly 

(0.4 dB difference between minimum and maximum value) at 1MHz from the carrier. 

At close-in offset frequency, the phase noise is -82.2 dBc/Hz and -98.2 dBc/Hz for 

Ctail =0.5pF and Ctail=3pF respectively. Therefore, there is more than 10dB 

improvement by choosing the optimum value of Ctail.   

 

Figure 5.11 : Phase noise at 1 kHz and 1 MHz from the carrier for different value of 

Ctail 

 

 

 



83 

 

As now we have a large capacitor that can filter out the noise from the 

current source transistor, longer gate length can be used for the current source 

transistor in order to improve further the phase noise in 1/f3 region. Usually, a length 

well above the minimum length is used in order to reduce the 1/f3 that is caused by 

the 1/f noise of the current source. Figure 5.12 shows that, in close-in frequency, the 

phase noise of our oscillator can be significantly improved of 10dB by adopting 

L=220nm, compared to the case with the minimum length of 180nm. However, by 

increasing further the length beyond 220nm, the phase noise is deteriorated.  

The comparison of best case and worst case scenario is made, which phase 

noise performance of each case is illustrated in Figure 5.13 and the value of the 

parameters are given in Table 5.1. By optimizing the length of the tail transistor, the 

value of Ctail and Cs, the influence of noise from the tail transistor at a close-in 

 

 Figure 5.12 : Phase noise for different value of tail transistor’s length 

Table 5.1 : Value of parameters 

 L(nm) Cs (fF) Ctail (fF) 

Worst 

Case 

180 2000 500 

Best Case 220 1000 4000 
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frequency can be significantly be reduced, with a huge improvement of 29.6dB in 

phase noise between the worst case and best case scenario. Figure 5.14 shows the 

 

Figure 5.13 : Comparison of phase noise for best and worst case scenario 

 

 

Figure 5.14 : Layout of the proposed circuit in 0.18 um CMOS technology 
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pads 

Active 
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integration 
Output 
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layout of the designed complementary cross-coupled class-C FBAR oscillator. 

Post-layout simulation shows that the fundamental frequency of designed oscillator 

is 1.96GHz. The output harmonics are more than 30dB below the fundamental 

oscillation frequency output. While operating at the supply voltage of 1.5V, the 

oscillator consumed 1.35mW DC power, with a simulated output power of -2.3 dBm. 

The simulated phase noise is -98.3 dBc/Hz at 1 kHz offset, -142.4 dBc/Hz at 100kHz 

offset and -156.0 dBc/Hz at 1 MHz offset from 1.9GHz carrier. The oscillation output 

is given in Figure 5.15, which was obtained from post-layout transient simulation. 

Compared to the class-B FBAR oscillator in [73], there is a significant 

improvement in phase noise in 1/f3 region. At 100kHz offset from the carrier, the 

difference of phase noise is 17.4dBc/Hz. By adopting the class-C operation, the phase 

noise can be reduced. Moreover, the value of some parameters can be optimized for 

lower phase noise in class-C operation, which is before, could not be done in class-B.   

Table 5.2 shows the summary performance of our FBAR oscillator and the 

comparison with other published research work. The general expression of FOM, 

 

Figure 5.15 : Output waveform of the oscillator in transient analysis 
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given by Eq. (2.7) in Chapter 2 is used for comparison, which sees a difference of  

Table 5.2 : Comparison with other published oscillator 

 This work** [73]* [74]* [75]* 

Process CMOS18 CMOS18 CMOS18 CMOS13 

Topology 
Cross-

coupled 

Cross-

coupled 
Pierce 

Differential 

Colpitts 

Vdd (V) 1.5 1.1 - 0.5 

f0 (MHz) 1964 1984 1925 2000 

Power (mW) 1.21 1.7 1.6 0.067 

Phase noise @ 

100kHz offset 

(dBc/Hz) 

-142.4 -125 -137 -120 

FOM 227 209 221 220 

** post-layout simulation   *experimental result 

18dB in FOM. Even if we take into account the degradation of FOM between the post-

layout simulation and the measurement, the 18dB difference is quite large that the 

 

Figure 5.16 : Die photograph of class-C FBAR oscillator 
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class-C would still have better FOM than the class-B. Figure 5.16 shows the die 

photograph of the class-C FBAR oscillator. Due to difficulties faced during the 

integration of the FBAR onto the chip, it was decided to wire-bond the FBAR with 

the chip. However, due to different materials used for the pads on the chip and the 

FBAR, which are Aluminium and gold, respectively, the wire-bonding was not 

succeeded.   

5.5 CONCLUSION 

 In this section, the design of class-C complementary cross-coupled FBAR 

oscillator is investigated in order to exploit the high Q of FBAR and the benefits of 

class-C with the objective of reducing the phase noise. The key features of class-C 

operation are; 1) low gate bias for the pair transistors and 2) large capacitance at 

the common source of the pair transistors, Ctail, while in class-B, the presence of this 

capacitance degrades the phase noise performance. The comparison of phase noise 

performance between class-B and class-C shows that the phase noise is significantly 

improved at 1/f3 region with 23dB improvement, and about 4dB improvement in 

1/f2 region. Moreover, another advantage of having large Ctail is to filter the noise 

from the current source transistors. Due to that, longer gate length of current source 

transistors is allowed in class-C. By choosing the optimize value of Ctail, Cs and gate 

length, the oscillator exhibits a phase noise of -156dBc/Hz at 1MHz offset from the 

carrier. Certainly the combination of class-C and high Q of FBAR results in an 

extremely low phase noise oscillator. Since the tuning range of FBAR oscillator is 

extremely poor, the FBAR oscillator is more suitable to be used in other applications 

such as base station. 
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CHAPTER 6. CONCLUSION 

In this research work, three methods to improve the phase noise of an oscillator 

are investigated and proposed in order to answer the demand for low noise, low 

power CMOS oscillator with high integration and compact size. The main issue in 

designing a low noise CMOS oscillator is the low Q of the CMOS spiral inductor, which 

is due to thin metallization and the lossy substrate. Based on Leeson’s equation, the 

phase noise is inversely proportional to the Q. Complementary cross-couple 

topology has been chosen for the design of the oscillator in this research work as it 

is differential in nature and it provides low power solution compared to other 

topologies. 

Therefore the first method is proposed, which is consist of improving the Q of 

the CMOS spiral inductor. In CMOS spiral inductor, there is two type of losses, which 

is due to the metal, and due to the substrate. The latter can be reduced by 

significantly increasing the resistivity of the substrate below the inductor. For that 

reason, an implementation of full depletion layer is proposed as the resistivity in the 

depletion region of a P-N junction is extremely high. This implementation can be 

done by placing a grid of N-well on the P-substrate. Measured results show that this 

new inductor has improvement of 7.6% in Q. An LC oscillator is designed and 

fabricated by using this inductor, and measurement shows that there is an 

improvement of 1dB at 1MHz offset from the carrier. 

The second method is to replace the LC tank in the oscillator by a DGS resonator. 

Compared to a spiral inductor, this structure offers higher Q (75% improvement). 
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This improvement is mainly due to a thick metal layer which is used to build the DGS 

structure by connecting M1 to M5 by vias. Therefore, the resistance of the structure 

is reduced. Another reason is, unlike spiral inductor, the square shape DGS structure 

does not have the parasitic capacitance which exists between metal traces. An 

oscillator is designed using this DGS resonator, and there is an improvement of 5.4dB 

of phase noise at 1MHz offset from the carrier.  

And finally, the third method is proposed, which is the FBAR oscillator operating 

in class-C. The high Q of FBAR, which is more 1000, is a suitable candidate in 

reducing the phase noise of the oscillator. Moreover, by operating in class-C, the 

circuit benefits the efficient current generation, the large capacitor at the tail, the 

ability to use longer gate length for the tail transistor. Due to that, the phase noise 

can be further reduced.  

Table 6.1 below summarizes the performance of the oscillators. While 

consuming almost the same power, class-C FBAR oscillator provides the best phase 

noise and the highest FOM. Moreover, the phase noise of this oscillator at the close-

in frequency is extremely low, for example, at 1kHz offset from the carrier, the phase 

noise is less than -90dBc/Hz, which makes it the best candidate for applications that 

has stringent requirement of phase noise. Even though this oscillator consumes 

slightly higher current and operates at lower frequency than others, its low phase 

noise results in FOM of 227. However, one of the challenges that we face the 

integration of the FBAR on the chip, therefore, this sort of limitation should be taken 

into account too. Moreover, the tuning range of FBAR oscillator is extremely low, 

therefore it is not suitable to be used in wireless applications that require wide 

tuning range. On the other hand, the FOM of the DGS resonator-based oscillator is 
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high with good phase noise, therefore this solution also merits to be highlighted.  

Moreover, this solution is more convenient than the FBAR resonator as the DGS 

resonator is built directly on silicon, therefore it does not have integration issue. Last, 

by not least, the oscillator circuit using the inductor with full depletion layer also 

provides better phase noise than the one with a conventional inductor, due to an 

increase in the Q of the inductor.  

Table 6.1 : Performance of the oscillators designed in this work 

 

6.1 FUTURE WORK 

 Based on this research work, some future work is suggested: 

1) The solution with DGS resonator looks promising due to its high Q and 

silicon-friendly. In this work, the value of the inductance is set at 1nH in 

 

Class-C FBAR 

oscillator 

(**post-layout 

simulation) 

LC oscillator using 

inductor with full 

depletion layer 

(*measured result) 

Square shape DGS 

resonator-based 

oscillator 

(**post-layout 

simulation) 

Process 
CMOS 0.18 

µm 

CMOS 0.18 

µm 
CMOS 0.18 µm 

Vdd (V) 1.5 1.5 1.5 

f0 (GHz) 1.96 4.36 5.08 

Power (mW) 1.21 1.18 1.18 

L@1MHz 

(dBc/Hz) 
-156.0 -116.4 -120.6 

FOM 227 189 195 
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order to make a comparison with the LC oscillator using the inductor 

with depletion layer. Therefore further investigation and optimization 

are required in order to see if other aspects could be enhanced so that 

the Q could be improved further. 

2) The effect of the size of depletion layer below the inductor was not been 

studied. In this work, the size of the depletion layer is the same as the 

size of the inductor (with the guard ring), in order to maintain the total 

effective size of the inductor.  

3) In this work, the DGS resonator-based oscillator was designed by using 

MIM capacitor as one of it a resonant component. In order to tune the 

frequency, varactor should be used. 

4) The class-C mode of operation can be applied on the oscillators using the 

inductor with depletion region and DGS in order to further improve the 

phase noise. 
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