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Abstract  

Technology scaling has pushed power as a forefront design metric. Moreover, in 

recent years the design low power circuits have gained lot of attention due to 

increasing demand of portable electronics. Sub threshold operation quenches the 

Ultra-Low Power (ULP) demand of multitude of applications such as pace maker, 

RFID tags, biomedical sensors and wireless sensors but, at the cost of degraded 

performance and exacerbated variability. Low power consumption is an essential 

requirement for such applications since battery charging or replacement is infeasible. 

Clock circuit plays a very crucial role in communication sub systems like modulation, 

demodulation, frequency synthesizer, clock data recovery etc in these applications. 

Therefore design of ULP clock circuit has great potential to have prolonged battery 

life. This work focuses on design of ULP robust clock circuit for moderate speed 

applications.  

The first part of this work investigates the bottlenecks in design of ULP clock 

circuit. The thesis reports that the clock system with un-buffered tree is a better option 

in sub threshold region compared to buffered tree. The results obtained in 

investigating the overall impact of variation in device and interconnect shows that 

device variation is dominant source in bringing about variability in clock system 

parameters. The performance of conventional CMOS based, DTMOS (Dynamic 

Threshold MOS) based and hybrid clock generator circuits are explored in this work. 

This work proposes a scheme to improve the thermal stability of ULP clock generator 

circuit. The proposed clock circuit produces stable clock frequency over a wide range 

of temperatures as compared to the conventional current starved voltage controlled 

oscillator (CSVCO) circuit with minimal increase in the power dissipation. 

 Further, this work investigates the suitability of conventional clock distribution 

network for sub threshold regime and proposes a novel strategy of having an 

optimized uniform H tree with a pair of buffer only at nodes where clocked element is 

connected in CDN. Furthermore, the viability of devices beyond CMOS such as Fin-

FET and CNFET for sub threshold clock circuit is explored. Performance analysis of 

different configurations of CNFET and Fin-FET based clock circuit is accentuated in 

this work. The optimization of CNFET based clock circuit is done in order to have 
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better circuit performance. Finally, the performance comparison of CMOS VCO, DG 

Fin-FET based pignsg VCO and optimized CNFETVCO-3 is reported in this work. 

The result shows that that CNFET based optimized CNFETVCO-3 exhibits better 

performance in terms of energy efficiency as well as robustness. 
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 Chapter 1 

INTRODUCTION 

1.1 Overview  

In today’s era of portable electronics, power consumption has emerged as an 

important design metric. Intended sub threshold circuits have proven their ability to 

satisfy the demand of Ultra Low Power (ULP) consumption of multitude of 

applications such as pace makers, hearing aids, RFID tags, wireless sensors etc. but, at 

the cost of degraded performance and exacerbated variability. Low power 

consumption is an essential requirement for such applications since, battery charging 

or replacement is difficult. These ULP applications have very stringent space and low 

power constraints with moderate speed requirement. Clock circuit plays a very crucial 

role in communication and signal processing subsystems in these applications. 

Moreover, clock circuit significantly affects performance and power consumption of a 

system. Therefore, efforts taken to design the ULP clock circuit will eventually reduce 

the overall power consumption of these applications. Though, sub threshold circuits 

are the best alternative to achieve low power, the major challenge in working in this 

region is to reap the advantage of ULP benefits with minimal degradation of speed & 

robustness. Hence, there is a need to address the speed and robustness issues of ultra 

low power clock circuit. This work explores the different techniques to improve 

performance and robustness of clock circuit under sub threshold conditions for 

moderate speed VLSI chip applications. 

1.2 Motivation 

Clock circuit is an inevitable part of synchronous digital system. Moreover, clock 

circuit plays a vital role in governing the reliability, power consumption and 

performance of synchronous system. Although the numbers vary from design to 

design, VLSI circuit like FPGA typically dissipate 60%–70% of their power in the 

interconnect network, 10%–20% in the clock network, and 5%–20% in logic [1]. 

Therefore there is a pressing need to focus on design of clocking circuits for 

applications having stringent power budget [1]. Moreover, in the ubiquitous era of 

ULP applications such as wireless sensor nodes, pace makers, RFID tags etc power 

consumption is of primary concern. Clock circuit is a vital component in these 
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applications. Low power, low area and simple implementation are the key features 

required by a clock circuit in order to be incorporated in implantable biomedical 

systems or sensor networks. Minimizing the supply voltage (VDD) is the most popular 

method to achieve low power since dynamic power consumption is quadratic function 

of VDD whereas static power is its exponential function [2]. The extreme case of VDD 

reduction is to reduce it below threshold voltage called as sub threshold operation [3]. 

Since sub threshold circuits have huge potential to satisfy the ULP demand, design of 

clock circuit in sub threshold regime will reduce the overall power consumption of the 

power sensitive applications.  

Though the sub threshold operation is a promising approach to satisfy the ULP 

demand but, degraded performance and increased variability are its major limitations 

as reported by the researchers. The literature review in this work reveals that though 

the researchers have proposed different techniques at device and interconnects level to 

improve the performance and mitigate the variability issues in sub-threshold regime, 

very few researchers have worked on developing the clocking strategies for circuits 

working under sub-threshold conditions.  

Therefore, there is a pressing need to focus on design of sub threshold clock 

circuits. Degraded performance and variability are the stumbling blocks that provide 

hindrance to the wide applicability of sub threshold circuits. Therefore, motivated by 

these factors this research work focuses on design of robust clock circuit in sub 

threshold regime. 

1.3 Problem Statement and  Objectives 

 Problem Statement 

The primary goal of this research work is to design an integrated Ultra Low Power 

and PVT (Process, Voltage and Temperature) insensitive clocking circuit for 

moderate speed VLSI chip applications.  

 Objectives 

1 To understand the low power interconnects techniques, clock generation and 

distribution circuits for ultra low power applications.  

2 To review the research literature to understand the various challenges in design of 

clock generation and distribution circuit for low power applications and 

interconnect techniques for sub threshold circuits.  
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3 To design a robust clock circuit for sub threshold applications at suitable biasing 

using bulk CMOS and devices beyond CMOS; FinFET, CNFET.  

4 To optimize the various parameters of clock circuit for portable applications 

having stringent power budget.   

5 To develop the proposed designed clock circuit using suitable tools and verify the 

results.  

6 To validate the results of proposed work.  

1.4 Research Contributions   

Following are the key contributions made by the research work while designing 

robust clock circuit for ULP applications. 

 This work investigates the impact of voltage scaling on performance parameters 

of clock circuit with buffered as well as un-buffered Clock Distribution Network 

(CDN). The findings in this work shows that, the device variations are of primary 

concern whereas the interconnect variations are of secondary importance in 

bringing about variability in well designed parameters of clock system in sub 

threshold regime. Furthermore, the variability analysis explored in this work 

indicates that the clock generator is major source of jitter. 

 This work investigates the performance of buffered and un-buffered CDN and 

proposes clock system with un-buffered tree in sub threshold regime. 

Furthermore, an attempt to improve slew of the sub threshold un-buffered CDN is 

made in this work by redesigning the H tree CDN.  

 The performance of conventional CMOS based, Dynamic Threshold MOS 

(DTMOS) based and hybrid (combination of MOS and DTMOS) clock generator 

circuits are explored in this work. The results indicate that the proposed hybrid 

DTCSVCO-2 clock generator proves to be energy efficient and exhibits better 

performance in terms of switching speed as well as robustness compared to 

conventional CMOS Current Starved Voltage Controlled Oscillator (CSVCO). 

 A scheme to improve the thermal stability of the sub threshold clock generator is 

accentuated in this work. A combination of temperature monitoring circuit and 

control circuit has been designed and incorporated to develop a thermally robust 

clock generator. A novel control strategy is developed, wherein the control 

voltage is adaptively altered to combat the exponential change in the clock period 
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with the variation in temperature, without use of any passive components like 

resistors and capacitors. The proposed ULP clock generator produces stable clock 

frequency over a wide range of temperature.  

 A novel strategy of having an optimized H tree with a pair of buffer, only at the 

point of contact of CDN with clocked element, is proposed in this work. The 

performance of various configuration in which the pair of buffer can be connected 

in CDN is investigated. Finally, the optimized uniform H tree with CMOS buffer 

connected to clocked element followed by dynamic threshold MOS (DTMOS) 

buffer is proposed in this work. The proposed strategy shows improvement in 

slew with added advantage of reduced power consumption and robustness as 

compared to conventional CDN.  

 Furthermore, this work investigates the viability of DG FinFET clock generator in 

the sub threshold regime. Seven different CSVCO configurations viz. SG, IG, 

hybrid, hybrid reverse, pignsg, psgnig and MIGFET CSVCO are designed and 

analyzed in this work. The proposed pignsg CSVCO exhibits better performance 

and robustness compared to the other configurations.   

 Carbon Nano Tube Field Effect Transistor (CNFET) technology is a promising 

alternative to the CMOS technology. This work investigates the viability of 

CNFET CSVCO by comparing the performance of CMOS based and CNFET 

based CSVCO. Furthermore, four CNFET based CSVCO configurations viz. 

CNFETVCO-1, CNFETVCO-2, CNFETVCO-3 and CNFETVCO-4 are designed 

at 32 nm technology node using Stanford CNFET model and analyzed in this 

work. The proposed CNFETVCO-3 exhibits better results compared to other 

CSVCO configurations in terms of performance and robustness. Furthermore, 

CNFETVCO-3 is optimized by selecting the optimal number of tubes, pitch, CNT 

diameter and oxide thickness to achieve better speed to further improve the 

performance and robustness. 

 This work highlights the performance and robustness comparison of CMOS 

based, DG FinFET based pignsg and CNFET based optimized CNFETVCO-3 

CSVCO. Performance of optimized CNFETVCO-3 circuit is greatly improved in 

terms of speed as well energy efficiency compared to pignsg and CMOS based 

CSVCO. The spread in pulse width for optimized CNFETVCO-3 is reduced 

compared to other two VCO thus exhibiting better robustness.         
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1.5 Organization of Thesis 

This research work targets towards designing a robust ULP clock circuit for sub 

threshold applications. The structure of this thesis is as follows:  

 Chapter 1 gives the introduction of design of low power clock circuit. It discusses 

about the motivation and objectives and briefs the contributions of this work. 

 Chapter 2 overviews the different sources of power consumption in nano-scale 

CMOS technology. Further, this chapter reviews the work done at device and 

interconnects level in sub threshold regime. The clock system basics are also 

accentuated in this chapter. This chapter also reviews related research work in 

design of low power clock circuit. 

 Chapter 3 deals with the design of various schematics of clock generator circuits 

with CMOS and devices beyond CMOS. A scheme to improve the thermal 

stability of the sub threshold VCO is presented in this chapter. It also presents the 

design of slew aware ULP CDN. 

  Chapter 4 reports and discusses the simulation results obtained by simulating 

various schematics of clock circuits. 

 Chapter 5 includes the conclusions of the thesis and suggests the direction for 

future work.  
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Chapter 2 

LITERATURE SURVEY  

Semiconductor industry has proliferated and made a rapid growth in many diversified 

applications which encompasses health care, education, security and communications.  

Technology scaling has been the primary driving force for technological 

advancements. In order to increase the performance & component density, devices 

have been miniaturized with tremendous speed. Though, the technology scaling has 

increased the performance, it has also increased the power density substantially. 

Moreover, technology scaling has pushed power at forefront and hence, power has 

emerged as an important design parameter. Also, in recent years portable applications 

have attracted the semiconductor industry and compelled for ULP circuit design. This 

chapter reviews the sources of power dissipation. It also focuses on power efficient 

sub threshold operating region followed by discussion on clock system basics and 

review of low power clock circuits. 

 2.1 Power Dissipation in VLSI Circuits 

The enhancement in device performance and maximum number of devices on a chip 

by evolutionary device scaling and/or increased chip size has increased the power 

dissipation. Therefore, to minimize the adverse effects of increased self heating 

problems and to extend the battery life, power has emerged as an important design 

parameter and has received considerable attention in recent years. The total power 

dissipation in CMOS circuits consists of two main components; dynamic and static 

power dissipation. 

 Dynamic power dissipation: 

Dynamic power dissipation has two components; switching power and short circuit 

power [4]. Charging and discharging of load capacitance constitutes switching power 

and non-zero rise and fall times leads to short circuit power. The switching power of a 

single gate is given by equation 2.1[4].  

…….2.1 

where, f is the clock frequency, CL is load capacitance, VDD is the supply voltage and 

2
Ldyn DDVC  P f
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α is the activity factor. 

During switching of input, both pull up and pull down networks are partially on for a 

short duration. This provides a direct path between supply and ground leading to short 

circuit power dissipation.  The short circuit power is given by equation 2.2 [5]. 

                                                                                                                        ……….2.2    

where, β is the transistor coefficient, τ is rise/fall time, Vth is the threshold voltage and 

T is the time delay.   

 Static power dissipation: 

The static power dissipation is due to leakage current as indicated by equation 2.3.  

                                                                                                                      ………..2.3 

The static power component is due to static conductive paths between supply rails, 

even when there is no switching. It is well established that even though continuous 

technology scaling is able to reduce the active power, static leakage power increases 

significantly and may exceed the active power for future technologies [6]. The 

nanometre processes with low threshold voltage, thin gate oxide and halo doping 

accounts to increase in static power dissipation. 

2.2 Sub threshold Operation 

Extensive research has been reported by the researchers in order to reduce the 

dynamic as well as static power to have low power VLSI chips. VDD scaling, 

switching activity reduction, device sizing, and interconnect optimization techniques 

are various methods proposed by the researchers to reduce the power consumption 

[2]. VDD scaling reduces dynamic power quadratically as indicated by equation 2.1 

Moreover, VDD scaling also reduces static power as shown by equation 2.3. Therefore, 

VDD scaling is most successful method for power reduction.  

Nevertheless, for energy constrained VLSI applications such as pace makers, 

hearing aids, RFID tags, biomedical and wireless sensors, ULP consumption is the 

major parameter for the design considerations. Therefore, ULP energy efficient design 

technique has been grown considerably in recent years [7, 8]. Operating the transistors 

in digital logic at the sub-threshold region has been proposed by the researchers to 

achieve ULP [3]. Operating the device in sub-threshold region, where VDD<Vth,  can 
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achieve the lower power consumption as compared to conventional super-threshold 

operation due to lower VDD and smaller gate capacitance [9]. Moreover, Short 

Channel Effects (SCEs) like Drain Induced Barrier Lowering (DIBL), quantum 

mechanical gate tunnelling, and punch through are eliminated in sub-threshold region 

of operation. Due to exponential V-I characteristics in the sub-threshold region, the 

devices have a high trans-conductance gain.  

2.2.1 Sub threshold Circuit Performance Metrics  

The performance metrics for sub threshold circuit design are sub threshold current, 

ON–OFF current ratio, sub threshold slope (S), gate capacitance (Cg), gate delay (Td), 

Power Delay Product (PDP)  and  Energy Delay Product (EDP). 

  Sub threshold Current  

The sub threshold current is the current which flows between the source and drain of a 

MOSFET when the transistor is in sub threshold region. The sub threshold leakage 

current, given by equation 2.4, acts as the driving current in sub threshold operation in 

bulk CMOS [10], 

                                                                                                            ……….2.4                                            

 Where,  VGS  is the gate to source voltage, Vth is the threshold voltage, I0 is the current 

that flows when VGS=Vth, VT is the thermal voltage, The slope factor ‘n’ in 

exponential term represents the effect of the capacitive divider formed by the oxide 

capacitance COX and the depletion capacitance Cd.  

 

Figure 2.1:  32nm NMOS drain current (ID) versus gate to source voltage (VGS)  
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In sub threshold region, also referred as the weak inversion region, drain current is 

exponentially dependent on Vth and VGS as shown in Figure 2.1. 

 ON–OFF Current Ratio (ION/IOFF) 

It is a ratio of sub-threshold current, ION at VGS=VDS =VDD   and sub threshold 

current, IOFF at VGS=0 and VDS=VDD for VDD<Vth. Higher ON-OFF current ratio 

gives better performance as well as robustness.  

 Sub threshold Slope (S) 

Sub threshold slope is a parameter that determines the relationship between sub 

threshold current and the gate voltage. It is defined as inverse slope of the log (ID) 

versus VGS characteristics in sub threshold region. Sub threshold slope is the amount 

of gate to source voltage required to change the sub threshold current by an order of 

magnitude. It can be expressed by equation 2.5 [11]. 

                                                                                                           ……….2.5                                            

                                                                                                                   

                                                                                                                     

                                                                                                           ..…..….2.6    

 

where,                    is the depletion width with an effective channel doping Neff,   VT  is 

thermal voltage, n is the sub threshold slope factor, Leff is the effective channel length, 

and TOX is the oxide thickness. 

The value of sub threshold slope which is theoretically limited to values larger than 

60mV/decade at T = 300 K, should be as small as possible to ensure the steepest sub-

threshold characteristic. As indicated by equation 2.6, as Leff of MOSFET decreases 

due to short channel effects in deep nanometer regime, sub threshold slope increases 

correspondingly. 

 Gate Capacitance (Cg) in Sub threshold 

Figure 2.2 shows the schematic of a MOSFET with its capacitance components 

(intrinsic and parasitic). Unlike super threshold region where input capacitance is 

dominated by the oxide capacitance, the input capacitance in sub threshold region is 

given by equation 2.7 [11].                                                                                                  

                                                                                                                        ……….2.7                                       
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Figure 2.2: Schematic of a MOSFET with its capacitance components  

Thus, input gate capacitance Cg in sub threshold regime is combination of intrinsic 

[oxide capacitance (COX) and depletion capacitance (Cdep)] and parasitic [overlap 

capacitance (Co), fringing capacitance (Cif, Cof) capacitances of a transistor as given 

by 2.7 [11]. Due to lower VDD in the sub threshold region, the inversion charge is 

negligible. Therefore, the intrinsic capacitance is negligible. Thus, due to smaller 

capacitance and lower VDD, sub threshold circuits consume less power compared to 

the conventional super threshold circuits. 

 Gate delay (Td) 

The delay of a CMOS gate is given by equation 2.8 [8]. 

                                                                                                                        ……….2.8                                                                                                    

where, CL is the load capacitance. 

Gate delay can also be expressed in terms of sub threshold slope as given by equation 

2.9 [12]. 

                                                                                                                        ……….2.9                                          

 Power Delay Product (PDP) and Energy Delay Product (EDP) 

Power Delay Product (PDP) is a product of power and delay and is a measure to 

determine the energy efficiency of circuit. Power-Delay tradeoff is an important 

concern for circuit designers. The higher speed comes at the expense of higher power 

consumption. Decrease in power at the expense of large increase in delay is not an 

attractive option.  

 
I

VC
  T

ON

DDL
d 

 
I

SC
  T

OFF

L
d 

Gate 

Drain Source 

Cof 
Cof 

COX Co Co 

CJ CJ 

Cdep 

Cif Cif 



Design of Robust Clocking Circuit for Moderate Speed VLSI Chip Applications 
 

 11 

Energy Delay Product (EDP) is a metric that is more biased to performance. It 

balances energy as well as delay. Lower PDP and EDP imply better metrics for a 

system [13]. Minimum energy point occurs in sub threshold region.  

2.3 Effect of Process, Voltage and Temperature (PVT) Variation in Sub 

threshold Regime 

Variability is an important concern at deep nanometer technology nodes. The 

exponential dependency of sub threshold drive current on threshold voltage and 

temperature in sub threshold operating region further magnifies the impact of PVT 

variations.  

Random dopant fluctuation (RDF) is a dominant source of variation in sub 

threshold region [14]. RDF causes variation in threshold voltage. Moreover, the 

consideration of threshold voltage (Vth) variability is utmost important since the 

process parameter like oxide thickness, channel length and channel doping have direct 

impact on Vth.  

In strong inversion region, mobility dominates whereas in sub threshold region 

threshold voltage dominates. Therefore, increase in temperature leads to slower 

circuits in super threshold region whereas increases the speed of sub threshold circuits 

exponentially.                                                       

2.4 Review of Circuits Operated under Sub threshold Conditions 

Though sub threshold operation of device can achieve orders of magnitude lower 

power consumption as compared to conventional super-threshold operation, the two 

important challenges in sub-threshold region of operation are its degradation in 

performance and increased sensitivity to PVT variations which is more pronounced 

due to exponential I–V characteristics [15]. Variability has direct impact on circuit 

delay, energy consumption and reliability.  

Researchers have analyzed variability and degraded performance issues in sub-

threshold regime and have suggested techniques to mitigate these issues. Upsizing of 

channel length considerably improves the sub-threshold swing, DIBL, and variability, 

leading to an important energy gain as suggested by the researchers in [16]. Tajalli 

and Leblebici proclaimed that the advantages of technology scaling in regard with 

energy consumption starts to decline for 45/32 nm technology nodes and below [17]. 

Further, these researchers experimentally and analytically showed that scaling VDD in 
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deep sub-threshold region increases energy consumption and also investigated that 

optimum VDD for minimum energy consumption lies in moderate sub-threshold 

region [17]. The effect of temperature variability on energy consumption for different 

VDD and device sizes was explored by the researchers [18]. Also, the thermal impact 

on sub-threshold interconnects for different buffer-sizes and wire-lengths were 

studied. Researchers recommended the use of body bias technique to increase the 

robustness in sub-threshold circuits [19, 20]. When energy efficiency is a key 

performance criterion, use of dynamic frequency scaling was suggested by the 

researchers [21]. Researchers have demonstrated that performance of the digital 

circuits can be enhanced to a great extent by working in near threshold region [22]. 

The variability issue was addressed through device sizing and increased value of VDD 

by the researchers in [14]. Adaptive power supply and body bias technique was used 

by the researchers in [23] to design a system which automatically took care of 

variations. Researchers claimed that the novel devices like FinFET promises to reduce 

threshold voltage variations and therefore can prove to be useful in mitigating 

variability [24]. Researchers have reported that the Si MOSFET device is optimized 

for super threshold region and have suggested that redesigning and optimizing the Si 

device for sub-threshold regime will surely enhance its performance and its 

applicability in low power application spectrum of VLSI [25]. The frequency of sub-

threshold circuit can be enhanced by selecting optimum PMOS to NMOS width ratio 

[26]. 

Thus, researchers have investigated and suggested various techniques like body 

biasing, device sizing, redesigning and optimizing the Si device, near sub-threshold 

operation, alternative novel devices, upsizing the device to overcome the challenges 

in sub-threshold regime. Along with device, interconnect also plays a dominant role in 

enhancing the system’s performance. With technology scaling, the global 

interconnects are becoming more resistive leading to larger delays. Therefore, there is 

a need to review the techniques suggested by the researchers to enhance the 

performance of interconnects from various perspectives.  

Carbon Nano Tube (CNT) has been proposed as an attractive alternative to Cu wire 

interconnect in the deep submicron region for super threshold applications [27]. The 

applicability of conventional techniques to sub-threshold domain is investigated by 

the researchers. Conventionally, one of the popular design strategies is to reduce the 
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delay by buffer insertion technique which gives better performance by providing 

sharper slew and minimizing skew [28]. S. Pable and Mohd Hasan suggested that, 

since the driver delay dominates the interconnect delay under sub-threshold condition, 

repeater insertion in long line interconnect will further increase the delay as well as 

switching energy contrary to the super threshold region and hence, optimization of 

driver is essential in sub-threshold regime [29]. Also researchers in [30] reported that 

adding buffers cannot reduce delay. Thus, the benefits achieved in conventional super 

threshold regime may no longer withstand in sub-threshold.  

The propagation delay for RC Cu interconnects driven by CMOS driver is given by 

equation 2.10 [31]. 

                                                                                                                         …….2.10        

where, Rdriv and Cdriv are the driver resistance and capacitance respectively, Rw and 

Cw are interconnects resistance and capacitance, ‘l’ is the length of the wire and Cload 

is the load capacitance.                                                                                                                      

PVT variation exponentially changes the delay of buffers and hence makes buffer 

insertion inadequate for sub-threshold regime. Hence, repeater insertion is not 

beneficial under sub-threshold condition [30]. 

Researchers have explored the performance of interconnects in sub-threshold 

domain and accordingly suggested the methodologies to enhance their performance. J. 

Kil et al. in [32] explored gate voltage boosting technique to improve the sub-

threshold interconnect performance and robustness. The researchers have concluded 

that in contrast to super threshold, repeater insertion in global interconnect will further 

increase the delay as well as switching energy [33]. Researchers have suggested to 

explore new aspect ratios of interconnect to reduce the interconnect capacitance for 

improving the performance in terms of delay and energy [29]. O. Jamal and A. 

Naeemi proposed CNT as interconnect instead of Cu, under sub-threshold conditions 

with VDD of 100 mV at deep nanometer technology node (22/16/14 nm) [34]. The 

repeater insertion technique can only enhance the slew and it has adverse effect on 

interconnect delay as explored by researchers in [35].  

Thus, significant research work has been carried out in sub-threshold. Though 

researchers have proposed different techniques at device and interconnect level to 

improve the performance and mitigate the variability issues in sub-threshold regime, 
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very few researchers have worked on developing the clocking strategies in sub 

threshold regime. Clock circuit plays a very crucial role in communication subsystems 

like modulation, demodulation, frequency synthesizer, clock data recovery and is an 

inevitable block in many systems. The next section describes the basics of clock 

system and reviews the previous work in designing the clock circuit.  

2.5 Clock System 

A clock system generates and distributes the clock signal. This signal does an 

important job of ordering multitude of events in a system by providing the temporal 

reference for the movement of data. It governs the pace of data transfer and hence 

performance of system. In order to ensure the reliable operation of a synchronous 

system, certain timing constraints are imposed on the clock system design metrics. 

Non compliance of these restrictions often leads to functional failure, thus questioning 

the reliability of system. Also, since clock signal has highest switching activity, Clock 

Distribution Network (CDN) in clock system consumes about 40% of total dynamic 

power [36].  

2.5.1 Timing Basics of Synchronous System 

 

Figure 2.3: Clock system 

Figure 2.3 shows a clock system. Clock generator and Clock Distribution Network 

(CDN) together constitute a clock system. Clock generator shoulders the 

responsibility of generating clock signals, whereas these clock signals are 

disseminated throughout the chip to the clocked elements via CDN. 

 

 

Figure 2.4:  Typical clocked data path  
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As shown in Figure 2.4, a typical synchronous data path is a network of clocked 

elements and combinational logic [4]. Ideally clock signal reaches to all the clocked 

elements simultaneously. Under ideal conditions, the maximum clock period of a 

system is given by equation 2.11 [4].  

                                                                                                                      ……….2.11   

where, tclk is the clock period, tc-q refers to propagation delay of register, tlogic  refers to 

propagation delay of combinational logic, tsu is the set up time for the registers. 

Along with above constraint, to avoid the races, the hold time of register must also 

satisfy the condition given in equation 2.12, 

                                                                                                                       ………2.12   

 

  where, thold is the hold time for the registers, tc-q,cd and tlogic,cd are minimum 

propagation delay of register and logic respectively.                                        

  But, unfortunately the ideal condition never exists and there are certain clock 

uncertainties with clock signal having both temporal and spatial variations referred to 

as clock jitter and skew respectively. These uncertainties in clock signal further 

imposes the timing constraint on minimum clock period given by 

                                                                                                                      ……….2.13                                        

                                                                                                                                  

                                                                                                                                                                                 ……….2.14                                    

                                                                                             

                                                                                                                      ……….2.15                                                                     

 

                                                                                                                                                                                 ……….2.16                          

  

 The combined impact of skew and jitter results in following constraint, 

                                                                                           

                                                                                                                      ……….2.17                              

 

The equations from 2.13 to 2.17 illustrates that both skew and jitter affect the 

performance of system. The jitter has direct impact on maximum operating frequency 

of system because in worst case it decreases the usable cycle time and may result in 

critical path failure [37]. If the skew is increased beyond certain limit, it can violate 

the hold constraint, thus bringing about the races and thereby the malfunctioning of 

circuit [4].  Few researchers have proposed the H tree structure as a CDN. The H tree 

CDN assures minimum skew with balanced load, but with PVT variation, H tree also 
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exhibits a skew. Also, along with skew and jitter, clock slew have significant impact 

on timing parameters of flip flop such as set up time and hold time. The 

uncontrollable clock slew may cause up to 90% deterministic fluctuation in timing 

parameters such as setup time and hold time [38] thereby collapsing the functionality 

of system. Generally to assure the proper functioning of the system, in presence of the 

uncertainties, clock cycle is often stretched. But this in turn adversely affects the 

performance. 

2.5.2 Performance Metrics of Clock Generator  

Voltage Controlled Oscillator (VCO) is generally opted as a clock generator circuit 

[39]. The governing equation of VCO is given by 2.18. 

                                                                                                                     ……….2.18                                      

where, fo is the free running frequency (centre frequency) of VCO, KVCO is the gain of 

VCO and Vctrl is the input to the VCO. 

The two most commonly used topologies of VCO are the LC oscillator and the ring 

oscillator. The output frequency of LC oscillator is given by equation 2.19. 

 

                                                                                                                  ……….2.19                                                     

                           

where, L is the inductance and C is the capacitance of tank circuit. Thus, for moderate 

speed applications which require frequency in few tens of MHz, the corresponding 

values of L and C are larger and hence have larger size which results in integration 

difficulties. Moreover, LC oscillators have a narrow frequency tuning range 

specifically in low-voltage applications [39]. Kamalinejad et al suggested that ring 

oscillator based VCO is an attractive alternative because of its simple architecture, 

low area, wide tuning range and ease of integration [40]. In ring oscillators, an odd 

number of inverters are connected in loop to generate a periodic signal whose 

frequency is determined by the delay of each inverting stage. With differential delay 

stages, the ring oscillator can have even number of stages with feedback swapped. 

Even though the differential type ring oscillator is more immune to common mode 

noise such as supply voltage variation, it consumes more power and is more complex 

[4]. CSVCO configured using CMOS based ring oscillator is a good choice as it 

offers certain advantages like low power consumption, improved tuning range and 
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better phase noise performance [41]. The performance metrics of VCO includes 

tuning range, maximum frequency, power consumption, jitter, and robustness to PVT 

variations. 

2.5.3 Performance Metrics of CDN  

CDN is a network of wires which distributes clock signal to the clocked elements 

throughout the chip. Grid, H-tree, Spines are some of the CDN topologies. Grid 

exhibits lower skew between nearby clocked elements but, at the cost of increased 

metal resources and thereby increased power consumption. For balanced load, H-tree 

provides lower skew, lower routing resources, lower area and lower power 

consumption compared to the grid (Non tree) topologies [13]. However, H tree 

topology of CDN exhibits the sensitivity to process and environmental variations. 

Spines may exhibit large skew between the nearby elements which are connected to 

different serpentines. 

CDN must be designed vigilantly to take care of the design parameters such as 

slew, skew, latency, susceptibility to PVT variation and power consumption. A CDN 

fed with clock generator via the large driver with no repeater (buffer) within 

distribution network is equivalent to a RLC line driven by CMOS driver. The 

propagation delay of a CMOS gate driving an RLC interconnect is a function of driver 

resistance, load capacitance, interconnect resistance, capacitance and inductance [42]. 

By virtue of technology scaling, the device dimensions are shrinking, die size and 

circuit speed are increasing, but the delay posed by the wire is becoming a dominating 

factor and therefore needs a considerable attention. In fact, in deep nanometer regime, 

the parasitic components of wire exhibit the scaling behaviour differently than that of 

device. It results in slower wires and faster device. Moreover, in strong inversion 

region, with technology scaling, the resistance of copper wires increases resulting in 

longer delays and electro-migration.  Thus, in conventional strong inversion region 

the driver resistance is smaller as compared to the interconnect resistance. But, as 

voltage is scaled down to weak inversion region, a contradictory picture is observed. 

As VDD is scaled below threshold voltage, the resistance of driver becomes very high 

compared to interconnect. Therefore, the driver resistance and interconnect 

capacitance are dominant in weak inversion region. Thus, in weak inversion region, 

the driver can be modelled as a resistor and interconnect as distributed capacitance as 
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shown in Figure 2.5. Since, the capacitance is a dominant parasitic component of 

interconnect in sub threshold region, to provide simplicity in analysis, the distributed 

capacitance of interconnect can be considered as lumped capacitance as shown in 

Figure 2.5 [4].   

 

Figure 2.5:  Model of Interconnect driven by driver in weak inversion region. 

 

The equation of RC network in Figure 2.5 is given by 2.20.  

 

                                                                                                                    ……….2.20                                      

 

where, Clumped is the lumped capacitance of interconnect and  Rdriver is the driver 

resistance. 

The transient response of the RC circuit for step input V rising from 0 to V volts is 

given by, 

                                          where,                                           

The time to reach 10% of maximum input voltage for RC network is,  

 

The time to reach 90% of maximum input voltage for RC network is,  

 

The clock slew is,  

                                                                                                                     ……….2.21                                         

Thus, slew degradation of clock signal from initial point to final point in sub 

threshold regime is a function of time constant τ, which is a product of driver 

resistance and interconnect capacitance. Conventionally, in order to satisfy the slew 

constraint, many small repeaters (buffers) are placed within the distribution network. 

 )1.1ln()10ln( Slew

)10ln(%90 t

 )1.1ln(t %10

)Ve-(1=(t)Vout

t

lumpeddriverCR

0=
R

VV

dt

dV
C

driver

inoutout
lumped




 2.2 Slew



Design of Robust Clocking Circuit for Moderate Speed VLSI Chip Applications 
 

 19 

Such a CDN is referred to as buffered CDN. For buffered tree, output slew of buffer is 

given by equation 2.22 [43]. 

                                                                                                                     ……….2.22                                   

where, slew

capK is the coefficient of output capacitance for slew computation and Kslew is 

the intrinsic output slew. Thus, equation 2.22 shows that the output slew is a strong 

function of output capacitance. It depends on drive current and output capacitance.  

Delay of the clock buffer in buffered tree in terms of slew is given by equation 2.23 

[43]. 

                                                                                                                     ……….2.23                       

 

 where, delay

slewK is the coefficient of input slew, delay

capK  is coefficient of output 

capacitance, delayK   is the intrinsic delay of the buffer.  

 The spatial variation in arrival time of clock transition at different clocked 

elements is referred to as clock skew. The delay taken by clock signal to move 

through CDN to the clocked elements is called as latency. Variation in latency can be 

termed as skew.  

For H-tree buffered network, latency is given by equation 2.24. 

                                                                                                                      ……….2.24                                      

TH-tree is given by equation 2.25 and delay of buffer (TDriver) in sub threshold regime 

with output capacitance CL is given by equation 2.8. Thus the sources of variation in 

buffered H tree are the variation in interconnect parameters viz. length, width and 

spacing of the wire as well as variations in driver (buffer).  

For H-tree un-buffered network, latency is given by 2.25 [44]. 

                                                                                                                      ……….2.25       

Where, r  is relative dielectric constant, co is speed of light in free space, Hint is the 

interconnect thickness, TILD is inter level dielectric thickness, n is H tree level, ρ        

is line resistivity and D is die size.                   

For un-buffered network, the source of delay between clock generator and clocked 

element is only wire. Thus, for un-buffered H tree the only source of variation, as 
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indicated by equation 2.25, is the variation in interconnect parameters viz. length, 

width and spacing of the wires.  

2.5.4 Review of Low Power Clock Circuit 

Various oscillator topologies with different tuning techniques for clock generators 

have been proposed in the past by the researchers [41, 45]. Off-chip components such 

as crystal oscillators can provide a very stable clock, but are not suitable for energy 

constrained systems mainly because of their large size and higher power consumption. 

LC oscillators are also popular because of their superior phase noise properties. 

However because of difficulty of integration of passive components, LC oscillators 

found limited use in applications where area is an important constraint. By using a RC 

relaxation oscillator described in [45], the power consumption can be reduced. 

However, a large area is required by the on-chip resistors and capacitors. These 

passive components consume large area and are not accurate, resulting in the increase 

of chip cost and inaccuracy of frequency thereby decreasing reliability. Current 

starved ring oscillator configured using CMOS based ring oscillator is a good 

alternative as it offers certain advantages like low power consumption, improved 

tuning range and better phase noise performance [41]. 

The challenge in designing on chip CMOS clock generator is to achieve low power, 

minimal area and frequency stability in presence of PVT variations. Various 

methodologies have been proposed by the researchers to address these issues in super 

threshold regime [46-53]. Although substantial work to mitigate the design issues of 

clock generator have been proposed in conventional super threshold regime, a very 

few researchers have explored this area in sub-threshold regime. W. Rim, W. Choi, J. 

Park proposed an adaptive clock generator circuit [54]. Researchers have reported a 

promising approach of solving the timing problems using the clockless asynchronous 

design [55]. However, due to lack of Computer-Aided Design (CAD) tools for the 

synthesis and optimization of asynchronous circuits, the implementation of the 

asynchronous systems faces many design difficulties [56]. Researchers have proposed 

a two stage ring oscillator designed at 90nm CMOS technology [57]. The proposed 

oscillator had its delay cell biased in weak inversion region and generated oscillation 

signals at 5.12 MHz with 0.3 V power supply. Researchers have proposed a sub 

threshold ring oscillator based temperature sensor [58]. This temperature sensor 
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exploited the temperature dependence of threshold voltage and mobility of MOS 

transistor. ULP oscillator with temperature and process compensation was reported by 

the researchers [59]. The proposed circuitry produced frequency of 1.28 MHz and 

variation of ±3% in its output frequency over a temperature range of -40˚C to 85˚C 

and consumed 1.18μW power. 

 Overall, very few reported ULP oscillators have addressed the sensitivity issue of 

clock circuit with respect to the environmental variations. Although, significant work 

has been carried out by the research community to combat the impact of temperature 

variation in the super threshold region [60-61, 46-47], very few researchers have 

explored this area in the sub-threshold regime. Moreover, very few researchers have 

focussed on low power temperature insensitive circuits [62-65]. To have temperature 

insensitive circuits, researchers have proposed the use of the bootstrapping technique 

[62]. The use of external components to implement temperature insensitive circuits 

has been proposed by the researchers in [63-64]. The comparators and S-R flip flops 

are used to have temperature insensitive circuits by the researchers in [65]. However, 

the power consumption is still several microwatts and the frequency is in KHz. 

Researchers have proposed a low power temperature monitoring circuit with some 

transistors in sub threshold and some in super threshold region [23]. Therefore to 

implement the circuit, two power supplies were required, which made the circuitry 

complicated and increased the power consumption.  

Thus, the exponential dependency of clock period on temperature and increasing 

demand to have ULP circuits compels one to devise the simple techniques to design 

the sub threshold ring oscillator with reduced thermal sensitivity. Moreover, the 

exponential sensitivity of transistor operating in sub-threshold domain, makes it 

highly prone to process, and temperature variations and hence poses problems to the 

clock circuit design. PVT variations brings about deviation in delay which is reflected 

in variation of rising and falling pulse edges referred to as jitter thereby threatening 

the frequency stability of clock generators.  

Technology scaling is becoming increasingly challenging in deep nano-meter 

regime. International Technology Roadmap for Semiconductors (ITRS) has predicted 

that in nano-meter regime, the expected high integration will encounter substantial 

difficulties, possibly preventing the continued improvements in figures of merit, such 

as low power and high performance. Novel transistor structures and new material 
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such as strained Silicon and new channel material to provide high mobility are 

extensively explored by the researchers to see both performance and power benefits. 

FinFET and CNFET technology exhibits improved performance and are the 

promising alternative to the CMOS technology. The degraded performance of sub 

threshold circuits obstructs its wide applicability. In order to have energy efficient 

circuits with better performance, it is vital to explore the performance of emerging 

devices like CNFET and FinFET in sub threshold circuits. Researchers have focused 

on design of FinFET VCO in super threshold regime. Parameters of novel VCO built 

using independent gate DG-MOSFET is explored by the researchers [66]. Also 

recently researchers have investigated the viability of FinFET technology using a 

nano-scale current starved voltage controlled oscillator [67]. FinFET based VCOs are 

more robust and efficient compared to CMOS CSVCO in super threshold region [68].  

Furthermore, FinFET VCO gives very high tuning range as compared to MOSFET 

[69]. However, it is not very clear that which configuration of DG FinFET will be 

efficient for CSVCO in sub threshold regime. The combination of different 

configuration of DG-FinFET, to seek the advantage of improved drive current of SG 

mode and reduced capacitance of IG mode, may give fruitful results for the critical 

circuits like VCO in the sub threshold region.  

 CNFET has been investigated by the researchers for analog as well as digital 

circuits [70-71]. Researchers have investigated the performance of CNFET based 

inverter and proclaimed that he CNFET inverter exhibits good I-V characteristics [70]. 

The research work has demonstrated multistage complementary NOR, OR, NAND, 

and AND logic gates and ring oscillators at frequency 220 Hz with arrays of p- and n-

type nanotube field effect transistors (FETs) [71]. Researchers have investigated the 

radio frequency (RF) and linearity performance of transistors using CNT and reported 

that CNFETs with semiconducting nano tubes are potentially promising building 

blocks for highly linear RF electronics and circuit applications [72]. CNFET 

technology has been combined with CMOS technology to provide hybrid structure 

which exhibits better performance [73-75]. Researchers have compared the 

performance of CMOS, CNFET and hybrid configurations and reported that, the 

hybrid PCNFET-NMOS configuration exhibit better performance [73]. The 

researchers have demonstrated a two transistor cascode amplifier using hybrid 

configuration with Silicon NMOS and CNT transistors [74]. A novel ultra low power 
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energy efficient hybrid Power-Gating (PG) method has been proposed by the 

researchers [75]. To improve the speed of CNFETs, various optimization schemes 

have been demonstrated by the researchers [76-77]. The dynamic response of CNFET 

based NOT gate was explored by researchers and their analysis indicated that the 

parasitic capacitances causes the degradation of CNFET based ICs [76]. The 

researchers have also recommended various optimization schemes to minimize the 

effect of parasitic capacitance and thereby improve the speed. The effect of different 

CNFET parameters on various performance characteristics was investigated by the 

researchers and they reported that performance improvement can be achieved by 

optimization of various CNFET parameters [77]. Researchers have proposed back 

gate biasing scheme to further enhance the characteristics of CNFET [75, 78-79]. 

Researchers have demonstrated CNFET based sub threshold SRAM cell and reported 

that back gate biasing improves the performance of sub threshold SRAM cell [78]. 

The researchers have compared the performance of Si MOSFET based and CNFET 

based SRAM cell [79]. The results have indicated that CNFET based SRAM cell 

exhibits better results compared to its MOSFET SRAM counterpart. CNFET and 

FinFET exhibit extraordinary properties like near ideal sub threshold slope, small gate 

capacitance and higher Ion/Ioff ratio. Therefore, it is vital to investigate the viability of 

FinFET and CNFET for sub threshold clock circuit. 

CDN in clock circuit can significantly affect the overall system performance and 

reliability [80]. Thus, while designing the clock distribution system utmost care must 

be taken to equalize the time between the clock generator and the clocked receivers. 

Global clock distribution networks can be classified as grids, H-trees, spines, or 

hybrid. A specific topology can be opted for a specific application as per its 

requirement to reduce the skew [13]. Moreover, CDNs are wire dominated networks 

and therefore characteristics of wire viz. interconnect greatly affects the clock signal 

passing through it. This large distributed network consumes significant amount of 

power. Further, various factors such as the systematic or random process variations 

and IR-drop have a large impact on the performance of a CDN. Technology scaling 

makes the global interconnects more resistive leading to larger delays, increased skew 

and reduced performance. Variability is another major problem posed by technology 

scaling. The unpredictable behaviour of this wire dominated CDN due to PVT 

variations makes CDN design more critical. Consequently, as a result of PVT 
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variations, the clock signal can have both spatial (skew) and temporal (jitter) 

variations leading to performance degradation and circuit malfunction [4]. The CDN 

must maintain the integrity of the signal and minimize parameters like clock skew, 

clock slew, jitter, and latency. It should of course be appended with minimal use of 

system resources such as power and area. Unfortunately, as chips are getting larger, 

wires are getting slower and clock loads are increasing. In this scenario, the 

distribution delay tends to go up even as cycle times are going down. Good CDNs can 

achieve low systematic skews, which were dominant component in the past, but 

random drift and jitter are posing major challenge in design of CDN. H-tree with 

numerous clock buffers is a commonly used topology to have identical timing 

characteristics. Conventionally in super threshold regime, researchers have proposed  

numerous techniques  to minimize clock skew, slew, power consumption such as 

driver sizing, repeater insertion, interconnect width optimization, dynamic drivers, 

adding  cross links, non tree  CDN [81-87].  

Driving large capacitive load of the clock networks with buffers operating in sub 

threshold regime creates a significant problem. Therefore, an efficient method to 

reduce skew and slew is important for viable sub threshold designs. Researchers have 

proposed a technique to control slew by having constraint on the load of the clock 

buffers at each level [38]. The researchers recommended that tighter nodal 

capacitance is essential to control the slew in sub-threshold CDNs.  

The researchers have investigated and suggested the techniques to improve the 

performance of interconnects and thereby CDN from delay and power perspective. 

But along with low power requirement, robustness is essential requirement of a clock 

circuit. The unwanted random skew variations are not only harmful to timing 

performance but also difficult to control. PVT variation in the buffers can lead to 

substantial differences in drive strength that are essentially amplified by large loads, 

leading to potentially large clock skew. The uncontrollable clock slew may cause up 

to 90% deterministic fluctuation in timing parameters such as setup time and hold 

time [38] thereby collapsing the functionality of system.  

The increased variation of gate delay in sub-threshold operation prominently leads 

to set up time violations [14]. To ensure the reliable operation safety margin needs to 

be added to the clock period, as there is an uncertainty component in the delay of 

every logic gate due to the PVT variations. This safety margin ensures a reliable 
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operation and decreases the probability of functional failure of the synchronous 

system. However, this results in degradation of performance of system. Alternatively, 

VDD can be adjusted instead of the clock period. In this case the performance is 

improved but at the price of more power consumption. Employing practices like 

upsizing gate or utilizing grids to mitigate the variability problem increases power 

consumption thereby deviating from our ultimate goal of low power consumption. 

Therefore, there is a need to find the solutions to maintain the balance between power 

consumption, robustness and performance of clock circuit in sub-threshold domain. 

2.6 Research Gap and Challenges 

In the ubiquitous era of ULP applications such as wireless sensor nodes, pace makers, 

RFID tags, wrist watches, power consumption is a primary concern in order to extend 

the battery life. Clock circuit is a vital component in these applications. Since sub 

threshold circuits have huge potential to satisfy the ULP demand, design of clock 

circuit in sub threshold regime will eventually reduce the overall power consumption 

of these power sensitive applications. But degraded performance and exacerbated 

variability are major concerns in sub threshold regime. Despite the focus received by 

thermally aware design, very little work has been done to reduce hazards caused by 

temperature gradients in the ICs under sub-threshold conditions. Moreover, due to 

exponential sensitivity to PVT variations, robust design is an important concern for 

sub-threshold circuits. Furthermore, as technology scales down, it becomes more 

susceptible to PVT variations which contribute to the spread of clock cycle from its 

designed value. Emerging nano devices like FinFET and CNFET have great potential 

to supersede MOSFET. Hence it is vital to investigate the viability of these devices to 

improve the energy efficiency of clock circuit. Since, die size is increasing to 

incorporate maximum functionality in System on Chip (SOC) era, CDN is extending 

to cover larger area which results in more power consumption, degradation of slew 

and skew and therefore, it is vital to design energy efficient clocking circuitry with 

minimal slew and skew. Thus, the challenge in designing on-chip integrated CMOS 

clock system is to have robust and low power design simultaneously. Moreover, a 

well-designed, ULP robust clock system is a prerequisite for reliable circuit operation. 

However, a very few researchers have focused on designing a robust sub-threshold 

clock system. Therefore, there is a need to explore the challenges in design of sub 

threshold clock circuit and to investigate the techniques to mitigate the issues. 
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Chapter 3 

DESIGN OF ROBUST CLOCKING CIRCUIT FOR 

MODERATE SPEED VLSI CHIP APPLICATIONS 

3.1 Introduction 

The clock circuit is one of the essential constituents of most of the digital circuit 

applications and it consumes significant power. Therefore, the design of ULP clock 

circuit has a great potential to reduce the overall power consumption of a system. This 

chapter deals with the design of various schematics of ULP clock generator circuit 

with CMOS and devices beyond CMOS. A scheme to improve the thermal stability of 

the sub threshold VCO is presented in this chapter. Furthermore, a strategy to reduce 

slew is discussed and slew aware CDN is designed. 

In synchronous system the clock circuit plays an important role to decide the 

performance, reliability and power consumption of synchronous system. The ever 

increasing demand of portable electronics has compelled researchers to devise the 

techniques to achieve low power consumption. Sub threshold circuits have proven 

their ability to satisfy the demand of ULP consumption of battery operated 

applications.  Thus, the challenges in designing ultra low power clock, in presence of 

degraded performance and magnified variability in sub threshold regime, needs to be 

investigated and different techniques to mitigate these challenges need to be explored.  

3.2 Design of CMOS Based ULP CSVCO with H-tree Distribution Network 

The simulation set up for clock system consists of a five stage CSVCO whose output 

is fed to D flip flop via un-buffered and buffered H- tree as shown in Figure 3.1 and 

Figure 3.2 respectively. CSVCO is opted for its low power consumption, improved 

tuning range and simple architecture.  The H tree is selected because of its zero skew 

for balanced load and lower power consumption compared to non tree CDN. Even 

numbers of buffers are used between the clock source and load. Large central drivers 

are used at the output of clock generator to drive the un-buffered tree in order to 

satisfy the slew constraint which specifies that slew should not exceed 10-15% of 

clock period [43]. 
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Figure 3.1:   The clock circuit with un-buffered H tree  

 

 

Figure 3.2:   The clock circuit with buffered H tree 

For clock system with buffered tree small buffers are distributed in H tree to satisfy 

the slew constraint. Both buffered and un-buffered clock systems are designed in such 

a way that they satisfy the slew and skew constraints and have comparable power 

consumption. 
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A two level H tree clock network with 16 D flip flops is designed for 1mm x1mm 

die size. At level 2, the interconnect length at chip horizontal axis (x) and vertical axis 

(y) is 166.66µm as given by equation 3.1 and 3.2 [88]. 

                                                                                                                      ……….3.1                                                                                 

                                                                                                                                  

                                                                                                                                

                                                                                                                      ……….3.2               

 

where, i is the number of H-Tree level, h is horizontal chip size and v is vertical chip 

size. 

At level 1 the interconnect length at chip horizontal axis and vertical axis is 

2x=333.33µm and 2y=333.33µm respectively [89]. These interconnect lengths are 

used for designing H tree. Conventionally, to have a uniformly tapered H tree, the 

conductor width in H-tree is progressively decreased in order to increase the 

resistance as signal propagates to higher level [80]. Figure 3.3 illustrates the 

dimensions for branches of H- tree used in simulation. 

 
Figure 3.3: Tapered H Clock Distribution Network (design1) 

The equivalent RLC model for Cu interconnect is shown in Figure 3.4.  

 

 
 

Figure 3.4: RLC model for Cu interconnect 
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The RLC parameters of Cu interconnect are extracted from Predictive Technology 

Model (PTM) [90] for Cu interconnects. The simulation is carried out using HSPICE 

at 32 nm technology node for both clock systems with un-buffered H tree as well as 

with buffered tree. Table 3.1 specifies some of the device parameters at 32nm 

technology node.  

Table 3.1: 32 nm Berkeley Predictive Technology Model (PTM) device parameters  

 

Parameter  NMOS PMOS 

Lg (nm) 

 
32 32 

Oxide Thickness (nm) 

 
1.1 1.2 

Threshold voltage (V) 0.49396 -0.49155 

 

The set up shown in Figure 3.1 and 3.2 is used to explore the impact of lowering VDD 

on various clock circuit parameters.  

3.2.1 Design Methodology to Reduce Slew 

This section attempts to improve the slew parameter of un-buffered CDN in sub 

threshold regime by redesigning the H-tree. Un-buffered CDN is a wire dominated 

network and therefore characteristics of wire greatly affect the clock signal passing 

through it. Interconnect design parameters, width (W) and spacing (S), were used by 

the researchers [91] for optimization of global interconnects in super threshold 

regime. Since, electro migration is a major concern for conventional super threshold 

interconnects, the thickness of super threshold interconnects is often kept larger to 

reduce the problems due to electro migration. On the contrary, electro migration is not 

a problem in sub threshold regime and therefore, thickness can be reduced while 

maintaining the aspect ratio. Researchers in [35] concluded that reducing width and/or 

thickness to width aspect ratio by one half can offer up to the multiple of 1.5-2 

improvement in delay of sub threshold circuits. Thus instead of going by conventional 

method of progressively decreasing width at higher levels to increase the resistance in 

tapered H tree, thickness parameter can be employed to increase the resistance at 

higher levels. If thickness parameter at higher level of H tree is reduced, 

correspondingly its resistance will increase and capacitance will decrease. Moreover, 

slew is a strong function of capacitance and therefore the point where the clocked 

element is connected should have minimal capacitance [38]. Thus, reducing the 
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thickness at higher level of H tree to which clocked elements are connected will 

achieve decrease in capacitance. This reduction in capacitance of H tree at the nodes, 

where clocked elements are connected, will further improve the slew.  Figure 3.5 

illustrates the new dimensions of H tree with this strategy.  

 

Figure 3.5: Tapered H Clock Distribution network (design2) 

 Accordingly with the above strategy, the H tree is redesigned and simulation is 

carried out to explore the parameters of clock system for this new design (design2) 

and is compared with clock system with H tree design discussed in previous section 

(design1). 

3.2.2 Observations 

The effect of scaling down of supply voltage on slew has been observed for buffered 

as well as un-buffered tree. It is found that the slew with buffered tree is better 

compared to un-buffered tree in strong as well as weak inversion region. The effect of 

supply voltage scaling on latency has been observed. It is found that the latency is a 

function of supply voltage for the buffered tree and it is independent of the supply 

voltage for the un-buffered tree in sub-threshold regime.  

The consumption of the power for the CMOS circuit as a function of supply voltage 

is also measured. The un-buffered tree consumes slightly more power than buffered 

tree in strong inversion region.  
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An ideal clock circuit is expected to generate a periodic clock signal which 

synchronizes various clocked element. Unfortunately, clock signals are never ideal 

and are vulnerable to process variations. Along with the process variation, exponential 

dependency of sub threshold drive current on supply voltage and temperature makes 

the sub threshold circuits extremely sensitive to environmental variation. And hence 

the impact of process and PVT variation on the performance of buffered and un-

buffered clock system is also observed. The performances parameters of CDN with 

variation of interconnect parameters such as width, thickness of wire and inter wire 

spacing at different supply voltages are also plotted. The effect of variations in device 

PVT parameters and interconnect parameters on slew and latency have been observed. 

It has been seen that the clock system with un-buffered tree exhibit better latency, 

skew and robustness compared to the buffered tree in sub-threshold regime whereas 

buffered tree exhibits better slew. An attempt to improve the slew parameter for un- 

buffered tree is made by redesigning the tapered H tree CDN. The detailed results and 

discussions are presented in chapter 4. 

The pulse width variation with device process and PVT variations is observed for 

clock system with buffered and un-buffered tree at varying supply voltage. The 

observation reveals that clock generator itself is dominating source for pulse width 

variation. Therefore techniques need to be devised to design stable VCO in sub 

threshold regime. Sub-Dynamic Threshold MOS (DTMOS) logic is one of the 

techniques to achieve stability against process and temperature variation and to 

enhance the switching frequency. The next section deals with the design of DTMOS 

based VCO circuit 

3.3 Design of DTMOS Based Robust ULP CSVCO with Enhanced Performance  

3.3.1 Conventional CMOS CSVCO 

CSVCO is a ring oscillator based VCO in which the current sources limit the current 

available to the inverter. Figure 3.6 shows the schematic of CSVCO, in which I1-I5 

are CMOS inverters, while MN12-MN16 and MP12-MP16 operate as current sinks 

and sources respectively.  
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Figure 3.6: Schematic of  CSVCO 

The drain currents of MN11 and MP11   are set by the input control voltage. The 

currents in MN11 and MP11 are mirrored in each inverter/current source stage. 

Consequently the change in control voltage, Vcontrol induces a global change in the 

inverter currents and it affects the frequency of output of the VCO. 

The total time period of the output pulse of CSVCO is given by equation 3.3 [10]. 

                                                                                                            ……….3.3                                    

  

The CSVCO frequency is, 

                                                                                                                                                                                             

                                                                                                                        ……….3.4                                     

 

where, ID is the drive current, Ctotal is the load capacitance and VDD is the voltage 

swing of the oscillator. 

The V-I characteristics in the weak inversion region is modeled as 3.5. 

                                                                                                                  ……….3.5  

where, VGS  is the gate to source voltage, Vth is the threshold voltage, I0 is the current 

that flows when VGS=Vth, VT is the thermal voltage, ‘n’ is the sub threshold slope 

factor. 

The threshold voltage of MOSFET is given by equation 3.6.  
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                                                                                                                  ……….3.6                                     

                                                                                                                        ……….3.7       

where, Vbs is the bulk-source voltage, Vtho is the threshold voltage for Vbs = 0, γ is 

body effect factor, φs is surface potential and VFB is the flat band voltage [8].    

 The time period and thereby the operating frequency of CSVCO depends on drive 

current as indicated by equation 3.3 and 3.4. The drive current in sub threshold regime 

however depends exponentially on threshold voltage and temperature as seen from 

equation 3.5. The exponential dependency of the sub threshold current on threshold 

voltage,  which in turn depends on temperature and process parameters, makes the sub 

threshold circuits extremely sensitive to process and temperature variations. Sub-

DTMOS logic is one of the techniques to achieve stability against process and 

temperature variation and to enhance the switching frequency [7]. The gate of MOS 

transistor is tied to its substrate in DTMOS logic. As indicated by equation 3.6, 

threshold voltage of MOSFET depends on the bulk to source voltage. In DTMOS, 

since gate is connected to bulk, variation in gate voltage causes Vbs to vary and hence 

changes the threshold voltage in ON state. In OFF state, DTMOS behaves like the 

regular MOS transistor.  

3.3.2 Design of Various Configurations of DTMOS based CSVCO  

The various configurations of DTMOS based CSVCO explored in this work are:  

 CSVCO with all MOS transistors in ring oscillator replaced by DTMOS 

transistors, keeping current sources and sinks as MOS transistor, DTCSVCO-1. 

 Only current source and sink transistors replaced by the DTMOS transistors 

keeping MOS transistors in ring oscillator, DTCSVCO-2. 

 All transistors in CSVCO replaced by DTMOS transistors, DTCSVCO-3. 

 Alternate stages of CSVCO ring oscillator with MOS and DTMOS transistor, 

DTCSVCO-4. 

A five stage CMOS based conventional CSVCO and various configurations of 

DTMOS based CSVCO are designed using HSPICE at 32 nm technology node using 

PTM [90] and investigated to explore the better configuration. 

 






  SbsS thoth VV =V

  ss FBtho V =V 
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3.3.3 Observations 

The pulse width, slew and energy efficiency of conventional VCO and various 

configurations of DTMOS based CSVCO have been observed to explore their 

performance. It is found that DTCSVCO-3 is having highest switching speed and 

least slew whereas DTCSVCO-2 exhibits better energy efficiency. Along with 

performance, it is also necessary to analyze the stability of subthreshold circuits 

against process and temperature variation since subthreshold circuits parameters are 

highly vulnerable to these variations. The effect of temperature variation on pulse 

width of CMOS CSVCO and DTCSVCO variants at different process corners are 

plotted. The simulation results indicate that DTCSVCO-2 and DTCSVCO-3 exhibits 

better robustness compared to other configuration. The observation reveals that 

DTCSVCO-2 proves to be energy efficient and exhibits better robustness compared to 

conventional CSVCO. 

The temperature error of DTCSVCO-2 is 3423ppm/°C which is better compared to 

conventional CSVCO that exhibits temperature error of 6348ppm/°C. However, still 

sensitivity of DTCSVO-2 to thermal variations is quite high and therefore the design 

of thermally aware clock generator circuit needs to be focused.  

3.4 Design of Thermally Aware ULP Clock Generator 

CSVCO configured using a CMOS based ring oscillator offers certain advantages like 

low power consumption, improved tuning range, simple architecture, low area and 

ease of integration. However, despite of these advantages, one of the major limitations 

of the ring oscillator is its sensitivity to the temperature variations leading to jitter 

[62].  

The increasing demand for incorporating more and more features in the portable 

electronic applications has led to higher density, higher computational speed and 

lower cost. CMOS device dimensions are continuously shrinking to satisfy this need 

[92]. However with the enhanced features, the complexity and power increases 

significantly and therefore, power has emerged as a forefront design metric. Thus, 

with technology scaling, the power density in advanced CMOS VLSI design is 

increasing, which in turn generates heat and hence leads to thermal gradient across the 

chip. Moreover, in order to optimize speed and power in modern VLSI chips, 

heterogeneous design paradigm is adapted where the conventional high performance 
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and low power circuits  are  incorporated together, leading  to large on chip thermal 

gradients. The aggressive interconnect scaling further leads to higher current densities 

and thereby increase in chip temperature. Also, different dynamic voltage scaling and 

clock-gating techniques have contributed to large temperature gradients. Vth varies 

with temperature variation as indicated by equation 3.9. Moreover, the drive current 

in the sub threshold regime exponentially depends on Vth and VT. Therefore, the 

circuit parameters like delay and power consumption that depend on drive current 

exponentially vary with temperature. Thus, the thermal variations lead to 

unpredictable behaviour of the circuit and sometimes may even lead to circuit failure. 

Therefore, thermal management becomes an important concern and thermally aware 

design becomes the utmost of importance for reliable operation. 

3.4.1 Thermal Analysis of VCO 

From equation 3.3 and 3.5, the time period of CSVCO operated in sub threshold 

regime is given by equation 3.8. 

                                                                                                                        ……….3.8                             

 

The temperature dependence of the threshold voltage Vth and the mobility μ of the 

MOSFET is given by equation 3.9 [13]. 

                                                                                                                      ……….3.9                               

                                                                                                                                     

                                                                                                                                 

                                                                                                                      ……….3.10       

                                                              

Substituting I0 in equation 3.8 

 
 

                                                                                                              

 
 

Substituting equation 3.9 and 3.10 in above equation 
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                                                                                                                      ……….3.11                               

  

Where 

 

                                                    ,                                                             and     

                                                        

          

Equation 3.11 illustrates the exponential dependency of the time period of a 

CSVCO output on temperature in the sub threshold regime. The negative sign 

indicates that the rate of change of the time period is inversely related to the change in 

temperature.  

Since the drain current is governed by the control voltage in a CSVCO, equation 3.8 

can be written as, 

                                                                                                                      ……….3.12                              

 

 

Simplifying equation 3.12,  

                                                                                                                                

                                                                                                                                              ……….3.13                               
 

 

 

                                                where,                                                                         

 

The rate of change of the time period of a VCO with respect to the VCO input 

voltage (Vcontrol) is given by, 

 

 

                                                                                                                            

                                                                                                                                                                                         

                                                                                                                  

                                                                                                                          …….3.14                              

 

 

The negative sign in equation 3.14 indicates the inverse dependency of time period 

on the control voltage. Thus, as the control voltage (Vcontrol) decreases, the total time 

period (tp) increases and vice versa. Thus, the time period of the output pulse of a 

CSVCO can be controlled with its control voltage. 

Therefore, if the temperature variation is monitored and accordingly the control 

voltage is altered, the temperature variation impact on the time period of a VCO can 
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be mitigated. The next section focuses on the proposed control circuit which consists 

of two parts; a temperature monitoring circuit and a control voltage generator circuit. 

3.4.2 Control Circuit Design to Combat Temperature Variation Effect 

Figure 3.7 shows the proposed control circuit to combat the effect of temperature 

variations. The novelty of this circuit is that all the transistors are operated in the sub 

threshold regime. Moreover, a simple circuit and low power are the two major 

requirements of the sub threshold circuit and the proposed circuit satisfies these 

requirements. 

 

Figure 3.7:  Proposed control circuit to combat temperature variation effect 

MN1, MN2, MP1 and MP2 in Figure 3.7 constitute the current mirror circuit, which 

gives I1=I2. The control voltage which is to be given to the voltage controlled ring 

oscillator is obtained at the drain terminal of transistor MN6. In order to ensure the 

equal source voltages of MN1 and MN2 and thereby I1=I2, Vx and Vy are kept at the 

same potential. All transistors, except the MN5, are operated in the forward saturation 

region and transistor MN5 is operated in the non saturation region in the sub threshold 

regime. The voltage at drain terminal of MN3 is  

                                                                                                                      ……….3.15                               

and                                                                                                                ……….3.16                               

 

                                                                                                                     ……….3.17                               
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From equation 3.15, 3.16 and 3.17,                                                                              

 

                                                                                                                      ……….3.18                              

  

From Figure 3.7, 

                                                       and                                                         ……….3.19                               

                                                                                                                           

 

From equation 3.18 and 3.19, 

 

                                                                                                                ……….3.20                               

  

The current I1 and I2 are given as, 

 

                                                                                                                         

  

                                                                                                             

                                                                                                                ……….3.21                               

    

                                                                                                           

                                                                                                                              

 

 

                                                                                                                 

                                                                                                                ……….3.22                               

 

 

From equation 3.20, 3.21 and 3.22, 

                                                                                                                                             

                                                                                                                ……….3.23                               

 

And since VT = KT, it is evident from equation 3.23 that Vtemp is directly 

proportional to temperature and therefore it can be used as the temperature monitoring 

parameter. 

 MP3 and MN6 together constitute the control voltage generator circuit. The current 

of NMOS transistor, MN6, is set by the control voltage Vtemp generated by the 

temperature monitoring circuit. Therefore as the temperature increases, the Vtemp 

increases which causes the drive current I3 to increase, thereby decreasing the drain to 

source voltage of MN6 i.e. the control voltage and vice versa. The overall proposed 

compensated CSVCO is shown in Figure 3.8. It is implemented at 32 nm technology 

node using PTM model parameters as given by Table 3.1. 
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Figure 3.8: Proposed ULP voltage controlled ring oscillator with 

reduced temperature sensitivity 

3.4.3 Observations 

The pulse width variation of voltage controlled ring oscillator with temperature at 

super threshold 0.9V and sub threshold 0.3V are observed. It is found that the sub 

threshold ring oscillator is highly sensitive to temperature variation. The proposed 

compensated VCO is simulated at different supply voltages within the sub threshold 

regime. It is observed that by selecting optimal supply voltage, low temperature 

coefficients can be achieved. The observations indicate that the proposed system 

produces stable clock frequency over a wide range of temperatures as compared to the 

conventional CSVCO circuit with minimal increase in the power dissipation. 

The observations in section 3.2 showed that the clock system with un-buffered H-

tree exhibits better latency, skew and robustness compared to the buffered H-tree in 

sub-threshold regime whereas buffered tree exhibits better slew. The next section 

deals with the design of optimized, slew aware sub threshold CDN.  

3.5 Design of Optimized Slew Aware CDN for ULP Applications 

3.5.1 Optimization of Interconnect Parameters  

Optimization of interconnect parameters can offer improvement in sub threshold 

circuit performance [35]. The interconnect parameters viz. width, spacing and aspect 

ratio are varied and its impact on slew is investigated by simulating the clock circuit 
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with uniform H- tree at 32nm technology node at 0.3V supply voltage and the results 

are shown in Figure 3.9, 3.10 and 3.11 respectively.  

 
Figure 3.9: Impact of width variation on slew  

 

Figure 3.10: Impact of spacing variation on slew  
 

 
Figure 3.11: Impact of aspect ratio variation on slew  
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The RLC parameters for interconnect are derived from PTM. From these results the 

width, spacing and aspect ratio are selected to have the optimal value of slew.  

3.5.2 Design Strategy to Improve Slew Parameter 

The researchers have investigated the slew parameter and found that slew of clock is 

important only at the point of contact of CDN with clocked element, referred to as 

sink node, because slew is control signal for the clocked elements [38]. Thus, it can be 

concluded that, if a pair of inverting buffers is added only at sink nodes in H tree, it 

will improve the slew by increasing the drive current. The strategy adopted in this 

work is to improve the slew by inserting a pair of buffers only at the point of contact 

of CDN with clocked element with no buffers elsewhere in optimized uniform H- 

tree. The buffers added in the last stage are intended to increase the drive current for 

better slew. Also to ensure stable operation, variation in slew must be controlled. 

As discussed in previous section sub-DTMOS logic demonstrates better stability in 

sub threshold regime. Therefore, in the proposed work the pair of buffers at the last 

level includes one DTMOS and one CMOS buffer added at the point where clocked 

elements are connected, with no buffers elsewhere in optimized uniform H- tree. 

Figure 3.12 depicts the various configurations in which buffers may be connected to 

the clocked elements.   

 
 

Figure 3.12: H tree with various configurations of buffers at sink nodes 
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Configuration 1 has both the buffers as conventional CMOS buffers, configuration 

2 has DTMOS buffer connected to clocked element followed by CMOS buffer, 

configuration 3 has the conventional CMOS buffer connected to clocked elements, 

followed by DTMOS buffer, and configuration 4 has both DTMOS buffer in the last 

stage. These configurations are explored to investigate the configuration with better 

slew and robustness. 

3.5.3 Observations 

The slew parameter of the buffered and un-buffered tapered H-tree CDN for super 

threshold, near sub threshold and sub threshold region is observed. It is found that un-

buffered tapered H-tree exhibits degraded slew for super threshold, near threshold and 

sub threshold region as compared to tapered buffered H-tree. Slew of optimized CDN 

with buffer at sink nodes in various configurations are observed. The observation 

indicates that optimized uniform CDN with configuration3 exhibits improved slew 

with additional benefit of reduced power consumption, compared to conventional 

CDN. Further, slew of conventional tapered un-buffered H-tree and optimized 

uniform H- tree with configuration3, for clock network designed for die size of 

1mmx1mm, 2mmx2mm and 3.5mmx3.5mm, are observed. The variability of slew 

parameter with temperature variation at different process corners for conventional and 

optimized uniform H- tree with configuration3 is observed. The results are elaborated 

in Chapter 4. 

The enormous obstacles posed by technology scaling such as increased sub 

threshold slope, random dopant fluctuations, mobility degradation, velocity saturation 

have decelerated the pace of technology scaling. Researchers have explored various 

structural modifications in the classical MOSFET structure and also have introduced 

new materials to confront with the challenges posed by technology scaling to sustain 

Moore’s law.  Fin-FET and CNFET are the promising alternatives which can 

supersede CMOS technology. The next sections deal with the exploration of FinFET 

and CNFET based clock circuits in sub threshold regime. 

3.6 Design of ULP DG Fin-FET Based Clock Generator Circuits 

Fin-FETs exhibits the near ideal sub threshold slope, small gate capacitance, higher 

Ion/I off ratio [93]. Fin-FET circuits have lower functional power supply and lower 

optimal energy consumption compared to bulk CMOS [94-95]. Moreover, FinFETs 
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are promising alternative to bulk CMOS in nanometer regime due to its immunity to 

SCE’s and reduced process variability.  

3.6.1 Design of Various Configurations of DG Fin-FET based VCO 

Double Gate (DG) FinFET can either be configured as a three terminal device which 

is also referred as Short Gate (SG) device, where the front gate and back gate are 

shorted or a four terminal device which is also referred as independent gate (IG) 

device. The SG and IG configurations of DG FinFET have their own pros and cons. 

SG double gate devices exhibits certain advantages like improved performance 

(almost double on current) and near ideal sub threshold slope [96-97] whereas IG 

double gate devices offer advantages like low gate capacitance, dynamic threshold 

voltage lowering, increased flexibility etc. [98-99]. The researchers have investigated 

that performance wise SG DG FinFET is better option while IG DG FinFET is an 

appropriate choice to ensure robustness [100]. Furthermore, reseaerchers in [100] 

proclaimed that SG DG FinFET can be an optimal choice in sub threshold regime, if 

robustness is ensured by application of some circuit level techniques. Thus at circuit 

level, various configurations may be employed to have a robust sub threshold circuit 

with better performance. The various configuration of DG FinFET considered in this 

study are–SG which implies tied gate option (3T) and IG implies untied gate (4T) in 

which back gate for N-DG FinFET is tied to ground and P DG FinFET is connected to 

supply voltage whereas front gate acts as a gate electrode. Also in this study, an IG 

configuration, with front gate as gate electrode and back gate of N DG FinFET 

connected to supply voltage whereas back gate of P DG FinFET connected to ground 

(MIGFET) is considered. Seven different CSVCO configurations are designed using 

above DG Fin-FET configurations and are enumerated below.  

 CSVCO with all transistors in SG-DG FinFET configuration-SG CSVCO as 

shown in Figure 3.13. 

 CSVCO with all transistors in IG-DG FinFET configuration-IG CSVCO as shown 

in Figure 3.14. 

 CSVCO with transistors in ring oscillator in IG-DG FinFET configuration and 

current sources and sinks in SG-DG FinFET configuration-Hybrid CSVCO as 

shown in Figure 3.15. 
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 CSVCO with transistors in ring oscillator in SG-DG FinFET configuration and 

current sources and sinks in IG-DG FinFET configuration-Hybrid reverse CSVCO 

as depicted in Figure 3.16. 

 All P transistors in CSVCO in IG configuration and N transistors in SG 

configuration-pignsg CSVCO as shown in Figure 3.17. 

 All P transistors in CSVCO in SG configuration and N transistors in IG 

configuration-psgnig CSVCO as shown in Figure 3.18. 

 CSVCO with transistors in ring oscillator in SG-DG FinFET configuration and 

current sources and sinks in MIGFET configuration-MIGFET CSVCO as shown in 

Figure 3.19. 

 

Figure 3.13: Schematic of SG CSVCO 

 

Figure 3.14: Schematic of IG CSVCO 
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Figure 3.15: Schematic of Hybrid CSVCO 

 

Figure 3.16: Schematic of Hybrid reverse CSVCO 

 

Figure 3.17: Schematic of pignsg CSVCO 
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Figure 3.18: Schematic of psgnig CSVCO 

 
 

Figure 3.19: Schematic of MIGFET CSVCO 

These seven configurations of DG Fin-FET based VCO are designed using HSPICE 

at 32 nm technology node using PTM model.  

3.6.2 Observations 

The performance of CMOS based CSVCO and SG DG-FinFET based CSVCO 

circuits in sub threshold region is observed. It is found that SG DG FinFET based 

CSVCO gives improved performance as well as robustness compared to bulk CMOS 

based CSVCO in sub threshold region. The performance of seven different 

configurations of FinFET based VCO are observed. It is observed that the enhanced 

charging current supplemented with reduced gate capacitance improves the PDP of 

pignsg and hybrid CSVCO. The variation in pulse width, PDP and EDP for the seven 
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configurations with variation in gate oxide thickness, body thickness, supply voltage 

and temperature are observed. MIGFET CSVCO exhibits better EDP; however, it is 

very sensitive to supply voltage variations. The results are discussed elaborately in 

chapter 4. 

3.7 Design of CNFET Based Clock Generator in Sub threshold Regime 

The extraordinary electronics properties of CNFETs such as excellent carrier 

mobility, near-ballistic transport, large current densities, scalability and improved sub 

threshold slope have steered the technology [101-109]. CNFETs are believed to be the 

most promising technology for future electronics in super threshold regime to extend 

Moore’s law due to their outstanding performances [110-111]. CNFET are the FET 

with Carbon Nano Tube (CNT) as a channel. CNTs are sheets of graphene rolled in 

the forms of tubes. Depending on the chirality, the direction in which graphene sheets 

are rolled\, the single walled CNTs can be either metallic or semi conducting [112-

113]. Also CNFETs are recommended as the promising alternative to CMOS 

technology by the International Technology Roadmap for Semiconductor (ITRS). 

Therefore it is vital to investigate the viability of CNFET for sub threshold clock 

circuit. 

The chirality (Ch) of CNT is given by equation 3.24 and its relationship with diameter 

is given by equation 3.25 [114]. 

                                                                                                                      ……….3.24 

                                                                                                                           

                                                                                                                      ……….3.25 

Where, m and n are positive integers that specify the chirality of the tube, a (≈2.49e-

10) is the inter-atomic distance between each carbon atom and its neighbor, DCNT is 

CNT diameter 

Threshold voltage of CNFET is given by equation 3.26,  

                                                                                                                            ……….3.26 

Where Vπ is the carbon π-π bond energy in the tight bonding model, e is the unit 

electron charge. 

Equation 3.27 gives the relationship between  band gap energy (Eg) and threshold 

voltage of intrinsic CNT channel. 
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                                                                                                                 ……….3.27                                                        

 

The drain to source current in CNFET is given by equation 3.28 

                                                                                                                 ……….3.28 

 

Where gCNT is the transconductance per CNT, Ls 
is the source length (doped CNT 

region), ρs 
is the source resistance per unit length of doped CNT, N is the number of 

nano tubes per device, VTH is the threshold voltage. 

The conductivity of CNT depends on arrangement of carbon atoms which is 

decided by the chirality vector given by equation 3.24 and the chirality vector is 

related to diameter of CNT as indicated by equation 3.25. The threshold voltage is 

decided by diameter as shown by equation 3.26. Moreover source and drain series 

resistance is also affected by diameter. The drive current is affected by both threshold 

voltage as well as source resistance as indicated by equation 3.28. Therefore drive 

current is strong function of diameter. 

3.7.1 Design of Various Configurations of CNFET based VCO 

The sub threshold slope of CNFET with back gate biasing and without back gate 

biasing is investigated by simulating a 32nm NCNFET with varying gate to source 

voltage, for back gate=0V and back gate connected to gate. The value of chirality 

vector n,m is 17,0 respectively. Figure 3.20 (a) and 3.20 (b) illustrates the results.  
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(b) 

Figure 3.20:  Drain current variation for change in gate to source voltage 

(a) Linear Scale (b) Log Scale 

The results indicate that the sub threshold slope and performance of CNFET is 

improved with back gate biasing. Moreover the devices with better sub threshold are 

optimal for sub threshold circuits [115]. Therefore back gate biasing can be exploited 

to further enhance the performance of CNFET based CSVCO. Accordingly, using 

CNFETs with back gate biasing and without back gate biasing and its combination, 

four different configurations of CNFET CSVCO are designed.  

These configurations are explored in this section and are listed below, 

 CNFETVCO-1-In this CSVCO, the back gate of all NCNFETs is connected to 

ground and back gate of all PCNFETs is connected to supply voltage.  

 CNFETVCO-2-The back gate of all CNFETs is connected to front gate in this 

CSVCO. 

 CNFETVCO-3-In this CSVCO, back gate of all NCNFETs in ring oscillator is 

connected to ground and back gate of all PCNFETs in ring oscillator is connected 

to supply voltage whereas, back gate of all CNFETs in current sources and sinks 

is connected to front gate. 

 CNFETVCO-4-In this CSVCO, back gate of all CNFETs in ring oscillator is 

connected to front gate whereas, back gate of all NCNFETs in current sinks is 

connected to ground and back gate of all PCNFETs in current sources is 

connected to supply voltage.  
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The schematic of CNFETVCO-1 of CNFETVCO-2, CNFETVCO-3 and 

CNFETVCO- 4 configuration are shown by Figure 3.21, 3.22, 3.23 and 3.24 

respectively 

 

 

Figure 3.21: Schematic of CNFETVCO-1  

 
 

Figure 3.22: Schematic of CNFETVCO-2 

 

 

Figure 3.23: Schematic of CNFETVCO-3 
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Figure 3.24: Schematic of CNFETVCO-4 

These four configurations of CSVCO are designed at 32nm technology node with 

Stanford CNFET model [116] and are simulated in HSPICE. This CNFET model 

includes device parasitic components and the practical non-idealities such as the finite 

scattering mean path, the source/ drain series resistance, the source/ drain contact 

resistance, scattering etc. Table 3.1 and 3.2 illustrate the default parameter values used 

for CMOS and CNFET simulation respectively. A typical CNFET with planar HfO2 

gate oxide having thickness of 4 nm with a dielectric constant of 16 and SiO2 

substrate with dielectric constant of 3.9 is used for simulation in this work. 

Table 3.2: Default parameter values used for CNFET simulations 

Parameter Description Values 

Lch(nm) Physical Channel  length 32.0 

Kox The dielectric Constant 16.0 

Tox(nm) The thickness of dielectric material 4.0 

Pitch(nm) 
Distance between centre  of two adjacent  CNTs 

within same device 
20.0 

m,n The chirality of  tube 19,0 

Tubes Number of tubes in device 3 

3.7.2 Observations 

The performance and robustness of CNFET and CMOS based CSVCO are observed. 

It is found that CNFET VCO gives improved performance as well as robustness 
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compared to bulk CMOS based CSVCO in sub threshold region. The performance of 

different configurations of CNFET based VCO is observed. It is observed that the 

back gate biasing in CNFET improves the current but it also increases the gate 

capacitance. Therefore, CNFETVCO-3 with CNFETs in current source and sinks with 

back gate biasing and CNFETs in inverter without back gate biasing shows better 

output frequency and EDP compared to the other CNFETVCO configurations.  The 

impact of supply voltage scaling on PDP and EDP of CNFET VCO variants is 

observed. Furthermore impact of temperature and chirality variation on pulse width of 

CNFET VCO variants is observed. The impact of variation in number of tubes, pitch, 

CNT diameter and oxide thickness on pulse width and PDP is plotted. The observed 

results are used to optimize various structural device parameters of CNFET and 

performance of optimized CNFETVCO-3 is evaluated. Monte Carlo simulations are 

performed to observe the overall impact of PVT variation on CNFETVCO output. 

Finally, the performance of CMOS VCO, DG FinFET pignsg VCO and optimized 

CNFETVCO-3 is observed. The results indicate that the CNFET based optimized 

CNFETVCO-3 exhibits better performance in terms of speed, energy efficiency as 

well as robustness. The results are discussed in detail in Chapter 4. 
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Chapter 4 

RESULTS AND DISCUSSION 

This chapter discusses the simulation results obtained by simulating various 

schematics of CMOS and devices beyond CMOS clock circuits that have been 

discussed in Chapter 3. It also investigates the suitability of conventional CDN for sub 

threshold regime and proposes a slew aware optimized CDN. 

4.1 Performance Analysis of Impact of Supply Voltage Scaling on Clock System 

Parameters 

The simulation set up consists of a five stage CSVCO whose output is fed to D flip 

flop via un-buffered H tree and buffered tree as shown in Figure 3.1 and 3.2 

respectively in Chapter 3. 

Figure 4.1 shows the impact of voltage scaling on slew for buffered and un-

buffered tree. It shows that as the supply voltage of a clock circuit is scaled down 

from 0.9V to 0.2V, slew increases exponentially for buffered as well as un-buffered 

tree thereby hindering the performance in weak inversion region. This is because of 

the increased driver resistance and decreased drive current in weak inversion region. 

 
Figure 4.1: Impact of voltage scaling on slew 

In conventional super threshold regime, the most popular strategy to improve the 

slew is to employ the buffers in CDN [117]. The advantage of using buffered tree in 

strong inversion region is evident from Figure 4.1, as slew for buffered tree improves 
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by 88% compared to the un-buffered tree. However, this advantage seems to be 

diminished as it goes towards the weak inversion region. Even though the slew with 

buffered tree is better compared to un-buffered tree in strong as well as weak region, 

the rate of increase in slew with supply voltage scaling for buffered tree is increased 

due to increased driver resistance. 

Figure 4.2 shows the impact of voltage scaling on latency for buffered and un-

buffered tree. Latency for clock system with un-buffered tree remains constant with 

supply voltage scaling whereas the latency for buffered tree increases exponentially in 

sub threshold region. 

 
Figure 4.2: Impact of voltage scaling on latency 

In super threshold region, the buffer resistance is very small, leading to comparable 

latency for buffered and un-buffered tree. But, as voltage is scaled to sub threshold 

region, the un-buffered tree proves to be superior since it exhibits lower latency. As 

indicated in Figure 4.2, the latency for clock system with buffered tree is increased by 

2047 times compared to un-buffered tree at 0.2V.  

Figure 4.3 shows impact of voltage scaling on power consumption for buffered and 

un-buffered tree. Reduction of supply voltage below threshold voltage results in 

exponential reduction in power consumption. In order to satisfy the slew constraint, a 

large driver is employed in un-buffered tree to switch the CDN whereas in buffered 

tree many small buffers are distributed in the CDN. The un-buffered tree consumes 

slightly more power than buffered tree in strong inversion region due to large driver 

whereas its power consumption becomes comparable to buffered tree in weak 

inversion region. 
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Figure 4.3: Impact of voltage scaling on power 

Thus, the clock circuit with buffered and un-buffered tree shows comparable power 

consumption. The buffered tree shows an improvement of 14.7% in slew as compared 

to un- buffered tree in sub threshold regime. Latency for buffered tree is increased by 

2047 times compared to un-buffered tree in sub threshold regime. Thus, latency is far 

better for un-buffered tree whereas slew is better for buffered tree in sub threshold 

region. 

Moreover, though the latency affects the performance of system, it doesn’t affect 

the functionality of system. What is major concern is the variation in latency which 

results in skew thereby leading to the malfunction. Therefore it is utmost important to 

do the variability analysis of clock system.  

Monte Carlo simulations are performed considering ±10% variation in threshold 

voltage and ±10% variation in supply voltage [7] and ±20% variation in temperature. 

The results of process and PVT variability for clock system parameters for both 

buffered and un-buffered tree are observed. 

 

Figure 4.4: Impact of process variation and PVT variation on slew for buffered and un-buffered 

tree 
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Figure 4.4 shows the impact of process variation and PVT variation on slew for 

buffered and un-buffered tree. It shows that the slew increases exponentially as supply 

voltage is reduced. Variability in slew due to PVT variation for clock system with 

buffered as well as un-buffered tree is comparable at 0.2V and is increased drastically 

as compared to strong inversion region.  

 

Figure 4.5: Impact of process variation and PVT variation on latency for buffered and un-

buffered tree 

Figure 4.5 shows the impact of process variation and PVT variation on latency for 

buffered and un-buffered tree. The variation in latency increases as supply voltage is 

reduced. The variability in latency due to process and PVT variation is increased for 

clock system with buffered tree compared to un-buffered tree by 38.99% and 46.83% 

respectively at 0.2V. The variation in latency of clock is thus extremely sensitive to 

the process and PVT variations in clock system with buffered tree. 

Figure 4.6 shows impact of process variation and PVT variation on pulse width for 

buffered and un-buffered tree.  

 

 

Figure 4.6: Impact of process variation and PVT variation on pulse width for buffered and un-

buffered tree 
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In the simulation setup, with control voltage set at 200mV and initial conditions of 

200mV, the impact of process and PVT variation on clock pulse width at the supply 

voltage ranging from 0.9V to 0.2V is observed. As supply voltage is reduced, the 

variability is increased. It is observed that pulse width variation for clock system with 

buffered and un-buffered tree overlap till supply voltage of 0.3V. Therefore, it is clear 

that clock generator (CSVCO) itself is dominating source for jitter. However, in deep 

sub threshold region the clock network also adds to the variability of pulse width. As 

evident from Figure 4.6, below 0.3V width of clock pulse will be further varied by 

CDN along with generator, as it travels from clock generator to the clocked elements 

through CDN. At 0.2V, the variation in pulse width, with process and PVT variation, 

for buffered tree is increased by 8.85% and 7.58% respectively compared to un-

buffered tree. 

In order to observe the impact of interconnect variation on clock system 

performance interconnect parameters; width (W), thickness (T) and spacing (S) are 

changed by ±10%. The corresponding RLC parameters of Cu interconnect are 

extracted from PTM tools.  

Figure 4.7 shows the comparison of slew of buffered and un-buffered tree under 

nominal conditions and with width (W), thickness (T) and spacing (S) variation. A 

small deviation in slew is observed in super-threshold region under altered conditions 

compared to that of nominal, whereas this deviation is minimal in sub threshold for 

both buffered and un-buffered tree. 

 
 

Figure 4.7: Comparison of slew of buffered and un-buffered tree under nominal conditions and 

with W, T and S variation  
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Figure 4.8 shows the comparison of latency of buffered and un-buffered tree under 

nominal conditions and with width (W), thickness (T), spacing (S) variation. The 

variation in latency is observed in the un-buffered tree under altered conditions. Since, 

with decrease in width and thickness, the resistance increases thereby increasing the 

latency by 27.87% at 0.2V.  With buffered tree the variation is minimal. 

 

Figure 4.8: Comparison of latency of buffered and un-buffered tree under nominal conditions 

and with W, T and S variation  

 Figure 4.9 shows the comparison of slew of buffered and un-buffered tree with 

PVT variation and PVT + interconnects variation in width (W), thickness (T) and 

spacing (S). As evident from the results, the dominant source to bring about the 

variability in slew is PVT variation in devices.  

 

Figure 4.9: Comparison of slew variation of buffered and un-buffered tree with PVT variation 

and PVT +interconnect variation in W, T and S 
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Figure 4.10: Comparison of latency variation of buffered and un buffered tree with PVT 

variation and PVT +interconnect variation in W, T and S 

In previous part of this section it was seen that latency is better for clock system 

with un-buffered tree compared to the buffered tree in sub threshold regime. Higher 

latency degrades the performance and increases the power consumption [118]. 

Moreover, though the latency affects the performance of system, it doesn’t threaten 

the functionality of system. The major concern is the variation in latency due to 

process, PVT and interconnects variation which results in skew thereby leading to 

malfunction. The Monte Carlo simulation results in this part of section shows that 

variability in latency and pulse width  due to process and PVT variation is increased 

for clock system with buffered tree compared to un-buffered. Therefore, by 

comprehensively taking all the results into consideration, it can be concluded that 

clock system with un-buffered tree is a good option if its slew can be improved in sub 

threshold region. With the design methodology to reduce the slew as discussed in 

chapter 3, H tree design2 is obtained.  

Figures 4.11-4.14 gives the comparison between design1 and design2. Design1 and 

2 have been discussed in chapter 3 and shown by Figure 3.3 and 3.5 respectively.  

 

Figure 4.11: Comparison of slew for design1 and design2 for clock system with un-buffered tree 
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For un-buffered tree, with design2 the slew is degraded in strong inversion region 

but in weak inversion region, which is our area of interest, slew is improved by 7% 

compared to design1. 

 

Figure 4.12: Comparison of slew for design1 and design2 for clock system with buffered tree 

For buffered tree, slew for design2 is reduced by 5% at 0.2V compared to design1 

 

Figure 4.13: Comparison of latency for design1 and design2 for clock system with un-buffered 

tree 

 

Figure 4.14: Comparison of latency for design1 and design2 for clock system with buffered tree 
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Figure 4.15 and 4.16 depict the comparison of variability in slew and latency of 

clock system with design1 and design2 CDN respectively.  As seen from the results, 

variability in clock system with design2 is reduced as compared to design1. 

 

 

Figure 4.15: Comparison of slew variation for design1 and design2 for clock system with un-

buffered tree 

 

Figure 4.16: Comparison of latency variation for design1 and design2 for clock system with un- 

buffered tree 
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with proposed un-buffered CDN, design2, shows improvement in slew and exhibits 

less variability in sub threshold regime.  

4.2 Performance and Variability Analysis of CMOS and Various Configurations 

of DTMOS Based CSVCO 

A five stage CMOS based CSVCO and various configurations of DTMOS based 

CSVCO are designed using HSPICE at 32nm technology node using Predictive 

Technology Model (PTM) [90] and simulated at 0.3V supply voltage to observe the 

performance of CSVCO and DTCSVCO variants in sub threshold regime.  

Figure 4.17 and Figure 4.18 show the time period of output pulse and slew of 

conventional CMOS CSVCO and various configurations of DTCSVCO respectively.   

 

Figure 4.17: Time period comparison of CMOS CSVCO and DTCSVCO variants 

 

Figure 4.18: Slew parameter comparison of CMOS CSVCO and DTCSVCO variants 
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also needs to be observed and PDP is one of measures to determine energy efficiency 

of a circuit. Figure 4.19 shows the PDP of CSVCO and DTCSVCO variants. 

 

Figure 4.19: PDP Comparison of CMOS CSVCO and DTCSVCO variants 

 PDP of conventional CMOS CSVCO is least, but its speed is very low. PDP of 

DTCSVCO-1 and DTCSVCO-2 are comparable, but the switching speed of 
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shows an increased in switching speed by 51.44% and 36.88% respectively as 

compared to DTCSVCO-1 and conventional CSVCO respectively. DTCSVCO-2 

exhibits better PDP than DTCSVCO-3 and 4. This is because the increased gate 

capacitance in DTCSVCO-3 and DTCSVCO-4 outperforms improvement in drive 

current thereby increasing their PDP. Thus DTCSVCO-2 gives optimum performance 

producing the output waveform of 66.22 MHz and power consumption of 0.257µW at 

0.3V. 

    Monte Carlo simulations are performed considering ±10% variation in Vth [7]. 3σ/μ 

variability of time period using Monte Carlo analysis is depicted in Figure 4.20.  

 

Figure 4.20: Impact of process variation on time period of CMOS CSVCO and DTCSVCO 

variants 
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Figure 4.20 clearly indicates that DTCSVCO-2 and DTCSVCO-3 exhibits better 

robustness compared to other configuration. To investigate the sensitivity of 

DTCSVCO-2 against temperature variation, temperature is varied from 10° C to 120° 

C and time period variability is observe. Figure 4.21 shows the impact of temperature 

variation on time period of DTCSVCO-2 at different process corners. It is clear that 

the time period of DTCSVCO-2 is stable over wide temperature range and this result 

is consistent at different process corner as well. Figure 4.21 also demonstrates time 

period variability of conventional CSVCO. The DTCSVCO-2 exhibits lower 

variability to temperature variation by almost 45.63% at TT corner compared to 

conventional CSVCO. 

 

Figure 4.21: Impact of temperature variation on time period of DTCSVCO-2 at different process 

corners and conventional CSVCO 
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4.3 Performance Analysis of Proposed Thermally Aware Clock Generator 

Circuit 

To investigate the effect of temperature variation in super threshold and sub threshold 

regime, a five stage voltage controlled ring oscillator is designed at 32 nm technology 

node using PTM and simulated in HSPICE for the super threshold (supply 

voltage=0.9V) and the sub threshold (supply voltage=0.3V) region. Figure 4.22 and 

4.23 depicts the simulation result of variation of time period of output pulse of 

conventional CSVCO with temperature at 0.9V and 0.3V respectively.  

 

Figure 4.22: Time period versus temperature for conventional CSVCO at 0.9V supply 

voltage (super threshold) 

 

Figure 4.23: Time period versus temperature for conventional CSVCO at 0.3V supply voltage 

(sub threshold) 
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It is observed that the sub threshold ring oscillator is highly sensitive to temperature 

variation. The conventional CMOS CSVCO shows 37 % deviation in clock period 

with temperature variation from 10 °C to 120 °C in super threshold region, whereas 

77% variation in time period is observed in sub threshold region. Thus, this 

exponential dependency of the time period on temperature in sub threshold regime is 

a major concern and therefore calls for design of thermally aware VCO for reliable 

operation. 

To reduce the effect of temperature, a control circuit is designed in this work. The 

control circuit incorporates temperature monitoring circuit and control voltage 

generator circuit. In order to investigate the optimum operating supply voltage, the 

proposed compensated VCO is designed at 32 nm technology node using PTM and 

simulated with the varying supply voltages within the sub threshold regime. The 

temperature coefficient for delay and corresponding power consumption for the 

different supply voltages are depicted in Figure 4.24.  

 

Figure 4.24: Variation in temperature coefficient of delay and power consumption at 

different supply voltages in sub threshold 
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in the temperature coefficient and the power consumption is observed. Thus, the 

0.37V supply voltage can be considered as an optimal choice.  

Figure 4.25 shows the plot of output voltage against temperature variation for 

temperature monitoring circuit. It is found that the output voltage of temperature 

monitoring circuit (Vtemp) increases linearly with the increase in temperature. And 

hence Vtemp 
can be used as the temperature monitoring parameter. Thus, the increase 

in temperature results in the increase in the output voltage of temperature monitoring 

circuit which in turn decreases the output of the control circuit. Figure 4.26 shows that 

the output of the control circuit decreases linearly with the increase in temperature.  

 

Figure 4.25: Vtemp as a function of temperature 

 

Figure 4.26: Control voltage as a function of temperature 

Since the time period of the clock is a function of temperature, by providing the 

adaptive control voltage at the control voltage terminal of the CSVCO, the 

temperature effect on the time period of the clock pulse is mitigated. 

0 20 40 60 80 100 120
18.5

19

19.5

20

20.5

21

21.5

22

22.5

23

Temperature (°C)

V
te

m
p
 (

m
v
)

0 20 40 60 80 100 120
250

260

270

280

290

300

310

Temperature (°C)

C
o
n

tr
o
l 

v
o
lt

a
g

e 
(m

v
)



Design of Robust Clocking Circuit for Moderate Speed VLSI Chip Applications 
 

 68 

4.3.1 Analysis of Conventional and Proposed VCO 

Figure 4.27 demonstrates the behavior of the proposed VCO and the conventional 

VCO with the temperature variation at 0.37 V supply voltage. It clearly shows that the 

time period variation of the compensated VCO is reduced significantly over a wide 

range of temperature as compared to the conventional VCO.  

 

Figure 4.27: Time period as a function of temperature 

The conventional VCO shows the delay variation with temperature coefficient of 

4474ppm/°C and consumes 1.06µW power with 0.37V supply voltage. On the other 

hand, the proposed VCO shows the delay variation with temperature coefficient of 

290ppm/°C and power consumption of 1.49µW with 0.37V supply voltage. The 

proposed VCO exhibits 49.2% and 82.79% less variation in time period of output 

pulse and power consumption respectively compared to the conventional VCO, over a 

wide range of temperature variation from 10° C to 120° C.   

 

Figure 4.28: Clock pulse width variation with temperature for uncompensated VCO 
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Figure 4.29: Clock pulse width variation with temperature for compensated VCO 

Figure 4.28 and 4.29 show the variation in clock pulse width with the temperature 

variation for the uncompensated and the compensated VCO respectively. 

Power consumption of the proposed compensated VCO is investigated and 

compared with the conventional sub threshold VCO. Figure 4.30 demonstrates the 

power consumption of the compensated VCO and the conventional sub threshold 

VCO.    

 

Figure 4.30: Power consumption of compensated and conventional sub threshold VCO   
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4.3.2 Comparison of Proposed System with Published Work  

Table 4.1 shows the comparison of the proposed system with the published work. 

Thus, the  proposed compensated CSVCO proves to be a power efficient VCO with 

reduced temperature sensitivity, which is a major demand in applications like pace 

maker, RFID tags, wrist watches, biomedical sensors and wireless sensors.  

Table 4.1: Comparison of proposed system with the published work 

4.4 Performance Comparison of Various Configurations of H-tree CDN with 

Hybrid Buffers 

Figure 4.31 shows the slew of clock system with tapered buffered and un-buffered 

tree for super threshold, near threshold and sub threshold region.  

 

Figure 4.31:  Slew of clock system with buffered and un-buffered tree 
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From Figure 4.31, it is clear that slew of the clock system with un-buffered tree is 

comparatively more than buffered tree. As revealed from the results in section 4.1, the 

clock system with un-buffered tree exhibit better latency and robustness in sub 

threshold regime. Therefore techniques need to be explored to improve the slew of 

un-buffered tree in sub threshold regime. 

The comparison of optimized uniform un-buffered H tree, tapered un-buffered and 

tapered buffered H- tree is depicted in Figure 4.32.  

 

Figure 4.32:  Comparison of tapered and optimized H tree slew performance 

Tapered H-tree shows better results compared to optimized uniform H-tree in super 

threshold and near threshold region for both buffered and un-buffered CDN. 

However, in sub threshold region, un-buffered optimized uniform H-tree exhibits 

better results compared to tapered un-buffered tree. The optimized uniform un-

buffered H tree exhibits better slew compared to tapered un-buffered H tree by 

14.61%.  However, still buffered tapered tree is better than optimized uniform H un-

buffered tree by 5.47% in sub threshold region. 

Thus, even though un-buffered tree can be an appropriate choice from better skew 

and variability aspect, it exhibits degraded slew compared to buffered tree. Therefore, 

a strategy need to be devised which will take the advantage of un-buffered tree as 

better stability and better skew and seek the advantage of buffered tree as having 

better slew. 

Figure 4.33 shows the performance comparison of optimized CDN with buffer at 

sink nodes in various configurations as discussed in chapter 3.  
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Figure 4.33: Performance comparison of optimized CDN with various configurations of buffer in 

last stage 

Configuration 1 exhibit increased slew because of degraded performance of 

conventional sub threshold CMOS. Configuration 2 has DTMOS buffer in the last 

stage and it exhibits largest slew. Configuration 4 exhibits largest power consumption 

and degraded slew compared to configuration 3. Configuration 3 exhibits improved 

slew compared to all other configurations. 

Figure 4.34 illustrates the slew comparison obtained by simulating the clock circuit 

with conventional tapered un-buffered H-tree and clock circuit with optimized 

uniform H- tree with configuration 3 for clock network designed for die size of 

1mmx1mm (Case 1 in Figure 4.34) , 2mmx2mm (Case 2 in Figure 4.34)  and 

3.5mmx3.5mm (Case 3 in Figure 4.34) chip at 0.3V.  
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Figure 4.35 illustrates the power consumption comparison of clock circuit with 

conventional tapered un-buffered H tree and clock circuit with optimized uniform H-

tree with configuration 3 for clock network designed for die size of 1mmx1mm (Case 

1 in Figure 4.35) , 2mmx2mm (Case 2 in Figure 4.35)  and 3.5mmx3.5mm (Case 3 in 

Figure 4.35)  chip at 0.3V. 

 

Figure 4.35: Power consumption comparison of clock circuit with conventional tapered un- 

buffered CDN and with optimized uniform CDN with configuration3 

The simulation results in Figure 4.34 and 4.35 clearly indicate that improved slew is 

obtained by optimized uniform CDN with configuration 3 with added advantage of 

reduced power consumption. The slew for optimized uniform H-tree with 

configuration 3 is also improved compared to tapered buffered H–tree by 84.27% for 

clock network designed for die size of 1mmx1mm at 0.3 supply voltage. Thus, 

uniform optimized H tree CDN with configuration 3 at last stage is a good solution 

and therefore can be proposed for sub threshold clock circuit. 

 

Figure 4.36: Impact of temperature variation on slew and power for clock circuit with tapered 

un-buffered CDN 
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Figure 4.37: Impact of temperature variation on slew and power for clock circuit with proposed 

CDN 

Figure 4.36 and 4.37 illustrates the impact of temperature variation on slew and 

power for conventional tapered un-buffered CDN and proposed CDN respectively. 

The proposed CDN exhibits 18.8% less variability compared to tapered un-buffered 

CDN with temperature variation from 10 °C to 100 °C.  

In order to investigate the impact of process variation, ±20% variation in threshold 

voltage is considered. The results of 3σ Monte Carlo simulation are depicted in Figure 

4.38 and 4.39 for tapered un-buffered and proposed CDN respectively.  

 

Figure 4.38:  Impact of process variation on slew for clock circuit with tapered un-buffered CDN 

 

Figure 4.39: Impact of process variation on slew for clock circuit with proposed CDN 



Design of Robust Clocking Circuit for Moderate Speed VLSI Chip Applications 
 

 75 

The result indicates 11% reduction in slew spread with proposed CDN compared to 

un-buffered CDN. 

 

Figure 4.40: Slew as a function of temperature at different process corners 

The effect of process and temperature can be collectively analyzed by simulating 

the circuit at different process corner. Figure 4.40 depicts slew as function of 

temperature at different process corner. The results showcased in Figure 4.40 indicate 

that slew with proposed CDN shows good consistency for TT, FF and FNSP corners 

as well. 

4.4.1 Performance Comparison of CMOS Clock System and Hybrid DTMOS-

CMOS Clock System 

In section 4.2, various configurations of DTMOS based CSVCO are explored. The 

results indicate that the hybrid DTCSVCO-2 exhibits better performance compared to 

all other configurations of DTMOS based VCO as well as CMOS based VCO. This 

sub section explores the performance of two clock systems enumerated below: 

1. Clock System with CMOS CSVCO clock generator and proposed H tree CDN 

with configuration 3 - CMOS Clock System. 

2. Clock System with Hybrid DTCSVCO-2 clock generator and proposed H tree 

CDN with configuration 3- Hybrid Clock System. 

The results obtained while investigating the challenges in design of ULP clock circuit 

indicated that ULP clock system with buffered CDN exhibit better slew whereas ULP 

clock system with un-buffered CDN exhibit better latency. For better performance, 

both slew and latency must be minimized. In order to investigate the performance of 

the CMOS and DTMOS based VCO, a new performance parameter, Slew Latency 

Product (SLP) is considered in this work. For better performance SLP must be less. 
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Figure 4.41: Performance Comparison of CMOS and Hybrid clock system  

Figure 4.41 shows the performance comparison of CMOS and Hybrid clock 

system. As indicated by Figure 4.41, hybrid clock system exhibit higher frequency 

and lower SLP, but this comes at the cost of increased power consumption. However 

PDP and EDP exhibited by hybrid clock system are better compared to CMOS clock 

system. Thus hybrid clock system exhibit better performance compared to CMOS 

clock system. 

4.5 Performance Analysis of DG Fin-FET Based Clock Generator Circuits 

This section presents design of DG FinFET based ULP sub threshold CSVCO circuit. 

Performance comparison of CMOS and DG FinFET based CSVCO is done in this 

section. Furthermore, seven different configurations of five stages CSVCO have been 

explored to investigate the optimal configuration for sub threshold applications. 

4.5.1 Performance Comparison of Bulk CMOS and DG Fin-FET Based VCO 

CMOS based and SG DG Fin-FET based CSVCO circuit, shown in Figure 3.6 and 

3.13 respectively in chapter 3, are designed in HSPICE at 32 nm technology nodes 

using PTM and simulated with supply voltage of 150mV.  

 

Figure 4.42: PDP comparison of Bulk CMOS and DG FinFET CSVCO with variation in supply 

voltage 
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PDP of Bulk CMOS CSVCO and DG Fin-FET CSVCO is observed and its variation 

with supply voltage is plotted in Figure 4.42. The SG DG Fin-FET improves the drive 

current by two times [122] and hence PDP for DG Fin-FET CSVCO is improved 

drastically. PDP of DG Fin-FET CSVCO is improved by 77% compared to Bulk 

CMOS CSVCO at supply voltage of 150mV at room temperature. 

 

Figure 4.43: EDP comparison of Bulk CMOS and DG FinFET CSVCO with variation in supply 

voltage. 

Energy Delay Product (EDP) of CSVCO with Bulk CMOS and DG Fin-FET is 

explored and plotted as shown in Figure 4.43. EDP of DG Fin-FET CSVCO is lesser 

by almost 2300 times, than Bulk CMOS CSVCO.  

To observe the impact of device process variability on CMOS based and DG 

FinFET based CSVCO output pulse width and EDP, Monte Carlo simulations are 

performed by considering ±10 % variation in Vth. The results of variation in pulse 

width for CMOS based and DG FinFET based CSVCO are depicted in Figure 4.44 

and 4.45 respectively.  

 

Figure 4.44: PDF for Bulk CMOS CSVCO  
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Figure 4.45: PDF for DG FinFET CSVCO  

The spread in pulse width is reduced in DG FinFET CSVCO compared to Bulk 

CMOS CSVCO exhibiting the improved robustness in DG FinFET CSVCO. 

 Figure 4.46 and 4.47 show the spread in EDP in bulk CMOS CSVCO and DG 

FinFET CSVCO respectively.  

 

Figure 4.46: PDF for Bulk CMOS CSVCO  

 

Figure 4.47: PDF for Bulk DG FinFET  

The spread in EDP is reduced in DG FinFET CSVCO compared to bulk CMOS 

CSVCO. Thus, the results show that the DG FinFET based CSVCO gives improved 
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performance as well as robustness compared to bulk CMOS CSVCO in sub threshold 

region. 

4.5.2 Performance Analysis of Different Configurations of DG Fin-FET VCO 

Circuits 

Seven configurations of DG Fin-FET based VCO, as discussed in chapter 3, are 

designed using HSPICE at 32 nm technology node using PTM and are simulated at 

150mV supply voltage to investigate their performance in sub threshold regime. Table 

4.2 shows the performance parameters of various DG FinFET CSVCO configurations 

Table 4.2: Comparison of performance parameters of DG FinFET based CSVCO configurations 

 

It is observed that Hybrid CSVCO exhibits better PDP. It improves by 23% 

compared to SG and 25% compared to IG. And EDP is also improved by 4% 

compared to SG and 72.5% compared to IG. In Hybrid reverse configuration of 

CSVCO the charging capacitance increases and charging current reduces and hence 

hampers the performance drastically compared to all other configurations. 

It is also observed that the Pignsg CSVCO exhibits better performance than Hybrid 

CSVCO because of enhanced drive current and reduction on capacitance. PDP and 

EDP of pignsg CSVCO is improved compared to Hybrid CSVCO by 2.34% and 8.3% 

respectively. 

The overall performance of Psgnig CSVCO is degraded as compared to SG, IG, 

hybrid and pignsg CSVCO because of reduction in drive current and increase in 

capacitance. 

 
CSVCO Configurations 

  SG IG Hybrid 
Hybrid  

reverse 
pignsg psgnig MIGFET 

Pulse width(ns) 2.36 8.03 2.92 10.2 2.75 9.18 1.17 

Frequency(MHz) 212 62.2 171 49 182 54.5 426 

Power(nW) 70.3 21.2 43.9 33 45.4 27.6 127 

PDP (J) 1.66E-16 1.70E-16 1.28E-16 3.37E-16 1.25E-16 2.54E-16 1.49E-16 

EDP(J-s) 3.91E-25 1.36E-24 3.74E-25 3.44E-24 3.43E-25 2.33E-24 1.75E-25 
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PDP of pignsg CSVCO is better compared to MIGFET CSVCO by 16%. This is 

because of the increased capacitance in MIGFET configuration. But MIGFET 

CSVCO has better output frequency and EDP as compared to other CSVCO.  

Figure 4.48, 4.49 and 4.50 shows the variation in pulse width, PDP and EDP 

respectively for SG, IG, Hybrid, Hybrid Reverse, pignsg, psgnig, and MIGFET 

CSVCO configurations with variation in front and back gate oxide. 

 

Figure4.48: Variation of pulse width of DG FinFET CSVCO variants with oxide thickness for 

sub threshold operation 

It is observed that SG CSVCO exhibits highest pulse variability of 48.6% as 

compared to other configurations. IG, Hybrid, Hybrid reverse and pignsg CSVCO 

show less pulse width variability compared to SG CSVCO by 13.42%, 14% 16.6% 

and 12% respectively. 

 
Figure 4.49: Variation of PDP of DG FinFET CSVCO variants with oxide thickness for sub 

threshold operation 
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The variation of PDP with oxide thickness is shown in Figure 4.49. MIGFET, Hybrid 

and pignsg CSVCO show almost same variation in PDP with oxide thickness 

variation. 

 

Figure 4.50: EDP variation sensitivity of DG FinFET CSVCO variants with oxide thickness for 

sub threshold operation 

EDP variability in MIGFET CSVCO with oxide thickness variation is reduced by 

30.5%, 5.7% and 9.9% compared to SG, Hybrid and pignsg CSVCO respectively as 

indicated by Figure 4.50.   

Figure 4.51, 4.52 and 4.53 shows the variation in pulse width, PDP and EDP 

respectively for SG, IG, Hybrid, Hybrid Reverse, pignsg, psgnig, and MIGFET 

CSVCO configurations with variation in tsi. 

 
Figure 4.51: The pulse width variation sensitivity of DG FinFET CSVCO variants with tsi for sub 

threshold operation 

SG CSVCO exhibits highest pulse width variability of 46%. In IG configuration only 

3.32% variability in pulse width is observed.  Hybrid CSVCO exhibits lesser pulse 

variability with tsi variation compared to SG CSVCO. Hybrid reverse CSVCO 
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exhibits lesser pulse variability compared to Hybrid CSVCO by 15.67%, since Hybrid 

reverse CSVCO has current sources and sinks in IG configuration. In Pignsg due to 

loss of back channel, lesser variation in pulse width is observed compared to SG 

CSVCO. Psgnig CSVCO shows comparable variability to IG CSVCO. The variability 

in pulse width with tsi for MIGFET CSVCO is reduced by 18.6% compared to SG 

CSVCO. 

 
Figure 4.52: Variation of PDP of DG FinFET CSVCO variants with tsi for sub threshold 

operation 

 
Figure 4.53: EDP variation sensitivity of DG FinFET CSVCO variants with tsi for sub threshold 

operation 

Pignsg exhibits least and almost constant PDP as shown in Figure 4.52 whereas 

EDP for MIGFET CSVCO is least and remains almost constant with increase in tsi as 

shown in Figure 4.53. 

Figure 4.54, 4.55 and 4.56 shows the variation of pulse width, PDP and EDP 

respectively for all CSVCO configurations with supply voltage variation.  
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Figure 4.54: Variation of pulse width of DG FinFET CSVCO variants with supply voltage for 

sub threshold operation 

The pulse width varies by 97.6% with variation in supply voltage from 100mV to 

300mV for MIGFET CSVCO. SG CSVCO exhibit less pulse width variability with 

supply voltage variation compared to MIGFET CSVCO by 29.2%. In IG CSVCO, the 

pulse width variability with variation in supply voltage is reduced by 6.4% compared 

to SG CSVCO. Hybrid CSVCO shows increase in pulse width variability, with supply 

voltage variations, compared to SG CSVCO by 12.67%. As the transconductance of 

Pignsg CSVCO is lesser than Hybrid CSVCO, Pignsg CSVCO exhibits lesser pulse 

variability compared to Hybrid CSVCO by10.84%.  It is observed that Psgnig exhibit 

lesser pulse width variability compared to SG CSVCO by 14.31%. Thus, with supply 

voltage variation Hybrid and MIGFET CSVCO shows increase in pulse width 

variation by 10.84% and 27% respectively compared to pignsg CSVCO as depicted in 

Figure 4.54. 

 
Figure 4.55: Variation of PDP of DG FinFET CSVCO variants with supply voltage for sub 

threshold operation 

PDP increases with supply voltage and its variation is nearly same for pignsg and 
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MIGFET CSVCO as shown in Figure 4.55. EDP variation in MIGFET CSVCO is 

increased by 21% compared to pignsg CSVCO. 

 
Figure 4.56: EDP variation sensitivity of DG FinFET CSVCO variants with supply voltage 

variation for sub threshold operation 

Figure 4.57, 4.58 and 4.59 shows the variation in pulse width, PDP and EDP 

respectively for all CSVCO configurations with variation in temperature.   

 

Figure 4.57: Variation of pulse width of DG FinFET CSVCO variants with temperature 

for sub threshold operation 

 
Figure 4.58: Variation of PDP of DG FinFET CSVCO variants with temperature for sub 

threshold operation 
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Figure 4.59: EDP variation sensitivity of DG FinFET CSVCO variants with temperature 

variation for sub threshold operation 

The pulse width variability in pignsg is increased by 7% compared to MIGFET 

CSVCO as indicated by Figure 4.57. 

PDP is least for pignsg CSVCO and its variation for pignsg CSVCO and MIGFET 

CSVCO is comparable as shown in Figure 4.58. EDP variation is increased by 11% in 

pignsg CSVCO compared to MIGFET CSVCO as shown in Figure 4.59.  

Table 4.3 summarizes the frequency and power consumption of various DG 

FinFET CSVCO variants and Table 4.4 summarizes the variability results. From the 

results it can be concluded that even though MIGFET CSVCO exhibits better output 

frequency, it is very sensitive to supply voltage variations.  

Table 4.3: Summary of performance and power consumption of DG FinFET CSVCO 

configurations 

 

 

 

 

 

 

 

 

 

 

CSVCO 

Configuration 

Frequency

(MHz) 

Power

(nW) 

 

Frequency –Power 

ratio ( MHz/nW) 

 

SG 212 70.3 3.015647 

IG 62.2 21.2 2.93396 

Hybrid 171 43.9 3.895216 

Hybrid reverse 49 33 1.484848 

pignsg 182 45.4 4.008811 

psgnig 54.5 27.6 1.974638 

MIGFET 426 127 3.354331 
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Table 4.4: Summary of variability results of DG FinFET CSVCO configurations 

 

Pignsg CSVCO shows better results in terms of frequency obtained versus power 

expended giving least PDP of 1.25E-16, compared to all the CSVCO configurations. 

Also pulse width variability with supply voltage variation, is reduced by 27% in 

pignsg CSVCO compared to MIGFET CSVCO. Moreover, pignsg CSVCO shows 

almost same pulse variability to tsi variation, as that of MIGFET CSVCO. The pulse 

variability of pignsg CSVCO is increased by 8% and 7% for oxide thickness and 

temperature variation respectively as compared to MIGFET CSVCO. Therefore, 

taking the overall results into considerations, pignsg CSVCO can be considered as an 

optimal choice for sub threshold applications. A comparison of proposed VCO with 

existing VCO in literature is presented in Table 4.5 

Table 4.5: Summary of proposed VCO with existing VCO in literature 

CSVCO 

Configur

ation  

 

Oxide thickness 

variation 

tsi variation Supply voltage 

variation 

 %vari

ation 

in 

pulse 

width 

%varia

tion in 

PDP 

 

%vari

ation 

in 

EDP 

 

%varia

tion in 

Pulse 

width 

%variat

ion in 

PDP 

 

%vari

ation 

in 

EDP 

 

%vari

ation 

in 

Pulse 

width 

%vari

ation 

in 

PDP 

%vari

ation 

in 

EDP 

SG 48.60 3.5 50.42 46 10.2 52.79 68.4 89.5 66.60 

IG 35.18 7.32 30.25 3.32 1.21 1.57 62 85.6 62.3 

Hybrid 34.50 11.72 25.6 26.5 3.50 28.9 81.07 85.3 22.55 

Hybrid 

reverse 

32.01 17.36 17.57 10.83 7.16 3.84 38.61 94.4 90.9 

Pignsg 36.50 10.3 29.05 28.8 3 31.13 70.23 89.7 65.39 

Psgnig 28.2 16.84 13.8 2.82 7.89 5.04 54.09 89.56 77.3 

MIGFET 28.3 10.6 19.9 27.7 5.69 22.92 97.6 82 86.72 

  
126 46 41 58 67 68 

This 

work 
Technology 

(nm) 

130 

CMOS 

130 

CMOS 

130 

CMOS 

90 

CMOS 

50 

DGMOS 

15 

FinFET 

32 

FinFET 

Frequency 

(MHz) 
5.65 1.52 4 5.12 6590 1800 182 

Power 

(nW) 
720 320 3.6 24 - 430 45.4 

Frequency-

Power ratio 

(MHz/nW) 

 

0.007 0.004 1.1 0.2 - 4.18 4 
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4.6 Performance Analysis of CNFET based Clock Generator Circuits  

This section investigates the viability of CNFET based CSVCO in sub threshold 

regime. Performance comparison of CMOS and CNFET based CSVCO is reported in 

this section. Four CNFET based CSVCO configurations viz. CNFETVCO-1, 

CNFETVCO-2, CNFETVCO-3 and CNFETVCO-4 are designed at 32 nm technology 

node using Stanford CNFET model and are simulated using HSPICE to investigate 

the optimal configuration for sub threshold applications. CNFETVCO-3 is optimized 

to improve the performance. Furthermore, Optimized CNFETVCO-3 performance is 

compared to CMOS based VCO and DG FinFET based pignsg VCO. 

4.6.1 Performance Comparison of Bulk CMOS and CNFET Based VCO 

This sub-section investigates the performance of bulk CMOS based CSVCO and 

CNFET based CSVCO in sub threshold region. A five stage CMOS based CSVCO, as 

shown in Figure 3.6 in chapter 3, is designed at 32 nm technology node using PTM 

[90] and CNFET based CSVCO circuit, as shown in Figure 3.21 is designed at 32nm 

technology node with Stanford CNFET model [116].  

In order to investigate the tuning range, CMOS based and CNFET based CSVCO 

circuit are simulated by varying the control voltage at 125mV supply voltage. The 

results are depicted in Figure 4.60. The variation in control voltage from 50mV to 

125mV gives the variation in frequency from 175 KHz to 439 KHz and 30.6 MHz to 

129 MHz for CMOS and CNFET VCO respectively.   

 

Figure 4.60: Tuning characteristics of CMOS and CNFET based VCO 

The ballistic transport improves the performance of CNFET VCO. To observe the 

sub threshold slope of CNFET and MOSFET, a 32nm N type MOSFET with 64 nm 
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width and 32nm NCNFET with (n,m) = (17,0) and number of nanotubes for 

CNFET=2, back gate=0V are simulated by varying VGS and corresponding V-I 

characteristics is depicted in Figure 4.61 (a) and 4.61 (b). The results indicate that the 

sub threshold slope and performance of CNFET is improved compared to MOSFET. 

CNFET and MOSFET shows sub threshold slope of 70mV/decade and 90mV/decade 

respectively. The improved sub threshold slope supplemented with ballistic transport 

improves the performance of CNFET VCO. 

                    

(a) 

                    

(b) 

Figure 4.61: Drain current variation for change in gate to source voltage for 32nm N 

type MOSFET and 32nm NCNFET (a)-Linear scale (b)Log scale 

 

Figure 4.62 shows the power variation with variation in control voltage for CMOS 

and CNFET based VCO. CNFET shows increase in power consumption compared to 
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Figure 4.62 Variation in power with variation in control voltage 

 

. PDP of Bulk CMOS CSVCO and CNFET CSVCO are investigated and its 

variation with supply voltage is depicted in Figure 4.63. Though CNFET shows 

increase in power consumption compared to CMOS VCO, the PDP of CNFET 

CSVCO is improved by about 97% compared to Bulk CMOS CSVCO at supply 

voltage of 125mV at room temperature as shown in Figure 4.63. PDP increases 

exponentially with increase in supply voltage for both CMOS based VCO as well as 

CNFET based VCO.  

 

Figure 4.63: PDP comparison of Bulk CMOS and CNFET CSVCO with variation in 

supply voltage 

 

EDP of Bulk CMOS and CNFET based CSVCO is explored and plotted in Figure 

4.64. EDP of CNFET CSVCO is lesser by 8833 times compared to Bulk CMOS 

CSVCO at supply voltage of 125mV.  
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Figure 4.64:  EDP comparison of Bulk CMOS and CNFET CSVCO with variation in 

supply voltage. 

 

Monte Carlo simulations are performed in order to investigate the impact of overall 

PVT variations on CSVCO output pulse width and EDP.  ±10% variation in Vth, 

±10% variation in supply voltage and ±20% variation in temperature is considered for 

bulk CMOS VCO and ±10 % variation in diameter, ±10% variation in supply voltage 

and ±20% variation in temperature is considered for CNFET VCO. 

Figure 4.65 and 4.66 shows the variation ion pulse width for bulk CMOS and 

CNFET VCO respectively. The spread in pulse width is reduced in CNFET CSVCO 

compared to bulk CMOS CSVCO exhibiting the improved robustness in CNFET.  

 

Figure 4.65:  PDF for bulk CMOS CSVCO  
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Figure 4.66:  PDF for CNFET CSVCO 

Figure 4.67 and 4.68 illustrates the spread in EDP in bulk CMOS CSVCO and 

CNFET CSVCO respectively. The spread in EDP is reduced in CNFET based 

CSVCO compared to bulk CMOS by almost 22%.  

 

Figure 4.67:  PDF for bulk CMOS CSVCO  

 

Figure 4.68:  PDF for CNFET CSVCO  
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4.6.2 Performance Analysis of Various Configurations of CNFET Based 

VCO 

Four CNFET based CSVCO configurations are designed as discussed in section 3.7.1 

of chapter 3 and are simulated in HSPICE at supply voltage VDD of 100mV and 

control voltage, Vcontrol of 100mV at 25°C temperature. The simulation results are 

enumerated in Table 4.6. 

Table 4.6: Comparison of performance parameters of various CNFET CSVCO 

configurations 

 

As indicated in Table 4.6, CNFETVCO-3 exhibits better output frequency 

compared to other configurations. The enhanced drive current supplemented with 

reduced gate capacitance proliferate the performance of CNFETVCO-3. The pulse 

width in CNFETVCO-3 is reduced by 18.13% and EDP is improved by 9.78% at the 

cost of increase in PDP by 8.7% as compared to CNFETVCO-1 whereas the pulse 

width in CNFETVCO-3 is reduced by 45.98% and EDP is improved by 72.65% 

compared to CNFETVCO-2. CNFETVCO-4 shows increase in pulse width by 

48.68% compared to CNFETVCO-1 and 57.98% compared to CNFETVCO-3. EDP 

of CNFETVCO-4 is increased by 75.72% compared to CNFETVCO-1 and 78.1% 

compared to CNFETVCO-3. Thus as can be inferred from Table 4.6, CNFETVCO-3 

exhibits better performance compared to all other configurations. 

In order to observe the impact of supply voltage on pulse width, PDP and EDP of 

VCO, the supply voltage, VDD is varied from 80mV to 225mV with constant control 

voltage, Vcontrol of 100mV. Figure 4.69-4.71 respectively illustrates the variation in 

pulse width, PDP and EDP for all the four configurations with variation in supply 

voltage.  

CSVCO Configurations 

   CNFETVCO-1 CNFETVCO-2 CNFETVCO-3 CNFETVCO-4 

Pulse width(ns) 7.39 11.2 6.05 14.4 

Frequency(MHz) 67.9 44.5 82.7 34.7 

Power(nW) 0.34 0.481 0.454 0.365 

PDP (J) 2.50E-18 5.40E-18 2.74E-18 5.26E-18 

EDP(J-s) 1.84E-26 6.07E-26 1.66E-26 7.58E-26 
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Figure 4.69:  Variation of Pulse Width of CNFETVCO variants with supply voltage for sub 

threshold operation 

.  

Figure 4.70:  Variation of PDP of CNFETVCO variants with supply voltage for sub threshold 

operation 

 
Figure 4.71: EDP variation of CNFETVCO variants with supply voltage variation for sub 

threshold operation 
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As supply voltage is reduced from 225mV to 80mV, pulse width increases whereas 

PDP and EDP decrease exponentially 

Simulations are performed by varying the control voltage in order to explore the 

tuning range of CNFETVCO variants at supply voltage of 100mV. Control voltage is 

varied from 50mV to 100mV and the corresponding variation in frequency for 

CNFETVCO variants is depicted in Figure 4.72. 

 
 

Figure 4.72: Frequency variation with control voltage variation 

All CNFETVCOs exhibits linear tuning characteristics. CNFETVCO-3 shows the 

widest tuning range with frequency varying from 34.3 MHz to 82.7 MHz.. The 

variation in power with control voltage variation is depicted in Figure 4.73. 

 

 Figure 4.73: Power variation with control voltage variation 

Table 4.7 indicates the performance parameters of CNFETVCO variants with 

variation in control voltage. 
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Table 4.7: Performance parameters of various CNFET CSVCO configurations  

 with varying control voltage 

 

 

 

Figure 4.74 shows the impact of temperature variation on PDP of CNFETVCO 

configurations. Because of high thermal stability exhibited by CNTs in CNFET, PDP 

remains almost constant with variation in temperature from 10 °C to 100 °C. 

 
Figure 4.74: Variation of PDP of CNFETVCO variants with variation in temperature for sub 

threshold operation 

To observe the impact of variation in diameter on pulse width, positive integers m 

and  n,  that specify the chirality vector are varied and the impact of its variation on 

pulse width is depicted in Figure 4.75.  Increase in diameter offers higher current 

drive which is reflected in decrease in pulse width as shown in Figure 4.75. 

CNFETVCO-4 exhibits highest sensitivity to diameter variations whereas 

CNFETVCO-3 exhibits lowest pulse variability compared to other CNFETVCO 

configuration, as can be seen from Figure 4.75. CNFETVCO-4 exhibits more pulse 

variability compared to all other configurations. 

CNFETVCO              

Variants 

Frequency ( MHz) Power (nW) 

 
Min Max Min Max 

CNFETVCO-1 28.2 67.9 0.191 0.340 

CNFETVCO-2 14.8 44.5 0.222 0.481 

CNFETVCO-3 34.3 82.7 0.211 0.447 

CNFETVCO-4 11.7 34.7 0.202 0.365 
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Figure 4.75:  Variation of pulse width of CNFETVCO variants with variation in chirality vector 

PDP remains constant with change in chirality vector and thereby diameter as 

shown in Figure 4.76. Energy delay product (EDP) is more biased to delay compare to 

power and hence exhibits the same trend as delay as shown in Figure 4.77 

 
Figure 4.76: Variation of PDP of CNFETVCO variants with variation in chirality vector 

 
 

Figure 4.77: Variation of EDP of CNFETVCO variants with variation in chirality vector 
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Thus the results discussed in this section indicate that CNFETVCO-3 exhibits better 

performance as well as robustness compared to other configurations..  

4.6.3 Optimization of CNFETVCO-3 

This section deals with optimization of various structural device parameters of 

CNFET like number of nano tubes, pitch, diameter and oxide thickness. 

 Selection of optimum number of CNT’s  

CNFETVCO-3 is simulated considering diameter of CNTs in all CNFETs= 1.5nm, 

pitch=20nm and number of tubes in CNFETs of inverter =3. The simulation results 

are depicted in Figure 4.78. Even-though the pulse width reduces with increase in 

number of nano tubes, PDP increases correspondingly as evident from Figure 4.78. 

As seen in Figure 4.78, the product of pulse width and PDP is minimum for number 

of tubes =9. Therefore for further analysis N=9 is considered for CNFETs in current 

source and sinks to have high performance energy efficient CNFETVCO-3. 

 

Figure 4.78: Pulse Width and PDP as a function of number of tubes of CNFETs in current 

sources and sinks 

 Selection of optimum pitch  

Considering diameter of CNTs in all CNFETs= 1.5nm, pitch=20nm for CNFETs in 

inverter, number of tubes in CNFETs of inverter =3 and number of tubes in CNFETs 

of current source and sinks =9, CNFETVCO-3 is simulated to investigate the optimal 

pitch for CNFETs in current sources and sinks. 
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Figure 4.79: Pulse Width and PDP as a function of pitch for tubes in CNFETs of current sources 

and sinks 

The simulation results are shown in Figure 4.79. As evident from Figure 4.79, pulse 

width as well as PDP reduces with increase in pitch and the pulse width almost 

becomes constant beyond 20nm pitch. Therefore optimum value of pitch, P is selected 

to be 20nm for further simulations. 

 Selection of optimum CNFET diameter  

To investigate the optimum value of CNT diameter for all CNFETs, the simulation of 

CNFETVCO-3 is carried out considering pitch =20nm, N=3 for CNFETs in inverters 

and N=9 for CNFETs in current source and sinks. The result is depicted in Figure 

4.80. From Figure 4.80, diameter of tubes of all CNFETs is chosen to be equal to 

1.5nm to have an energy efficient CNFETVCO-3 with better performance.  

 
Figure 4.80: Pulse Width and PDP as a function of diameter of tubes of all CNFETs 
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 Selection of optimum oxide thickness 

To investigate optimal oxide thickness, CNFETVCO-3 is simulated considering 

pitch=20nm, diameter=1.5nm, N=3 for CNFETs in inverters and N=9 for CNFETs in 

current source and sinks. The simulation results are depicted in Figure 4.81. As can be 

inferred from Figure 4.81, pulse width and PDP reduces with reduction in oxide 

thickness. The oxide thickness chosen is 1.5nm for further simulation. 

 
 

Figure 4.81: Pulse Width and PDP as a function of oxide thickness 

4.6.4 Evaluation of Optimized CNFETVCO-3 

 Figure 4.82 depicts the performance parameters of CNFETVCO variants. 

 

Figure 4.82: Performance comparisons of various CNFETVCO configurations 
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 Optimized CNFETVCO-3 shows improved performance as indicated by Figure 

4.82. The output pulse width is reduced in optimized CNFETVCO by 33.2% 

compared to CNFETVCO-3. However this improvement in performance of optimized 

CNFETVCO-3 comes at the cost of increase in PDP by 32.17% compared to 

CNFETVCO-3 exhibiting power-performance trade off.  

CNFETVCO-3 and optimized CNFETVCO-3 shows comparable EDP. Figure 4.83 

demonstrates the improved tuning performance of optimized CNFETVCO-3 over 

CNFETVCO-3. Variation in power for optimized CNFETVCO-3 and CNFETVCO-3 

is shown in Figure 4.84. 

 
Figure 4.83: Tuning characteristics of CNFETVCO -3 and optimized CNFETVCO-3 

 

Figure 4.84: Variation in power with variation in control voltage 
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To investigate the overall impact of PVT variation on CNFETVCO output, Monte 

Carlo simulations are performed considering ±10% variation in diameter, ±10% 

variation in supply voltage and ±10% variation in temperature and results are depicted 

in Figure 4.85. 

 

Figure 4.85: PDF for CNFETVCO variants  

The simulation results reveal that optimized CNFETVCO-3 exhibit better 

robustness compared to other configurations. 

Thus it can be concluded that optimization of CNFETVCO-3 brings about 

improvement in speed and robustness. A comparison of proposed VCO with existing 

state-of-the-art VCOs is presented in Table 4.8 

Table 4.8: Summary of proposed VCO with existing VCO in literature 
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 The results in Table 4.8 indicate that the Optimized CNFETVCO-3 exhibits better 

performance in terms of frequency obtained versus power expended.  

4.7 Performance Comparison of CMOS, Pignsg DG Fin FET and Optimized 

CNFETVCO-3 circuit.   

 CMOS VCO, DG FinFET pignsg VCO and optimized CNFETVCO-3 VCO are 

simulated in HSPICE at supply voltage of 150mV. The simulation results are depicted 

in Figure 4.86 and 4.87.  

 

Figure 4.86: PDP comparison of CMOS, DG FINFET pignsg and Optimized CNFETVCO-3 

 

Figure 4.87: EDP comparison of CMOS , DG FINFET pignsg  and Optimized CNFETVCO-3 
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Fin-FET pignsg VCO respectively whereas EDP is improved by 99.99% and 95.21% 

in Optimized CNFETVCO-3 compared to CMOS VCO and DG Fin-FET pignsg 

respectively. Thus, the results indicate that the CNFET based optimized CNFETVCO-

3 exhibits better performance in terms of speed as well energy efficiency. 

Monte Carlo simulations were performed in order to investigate the robustness of 

CMOS VCO, DG Fin-FET, pignsg VCO and optimized CNFETVCO-3 by 

considering ±10% variation in threshold voltage and supply voltage and ±20% 

variation in temperature. The variation in pulse width with PVT variation in CMOS 

VCO, DG Fin-FET, pignsg VCO and optimized CNFETVCO-3 is depicted in Figure 

4.88, 4.89and 4.90 respectively. 

 
 

Figure 4.88: PDF for CMOS CSVCO  

 
 

Figure 4.89: PDF for DG FinFET pignsg VCO 
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Figure 4.90: PDF for Optimized CNFETVCO-3 

Figure 4.91, 4.92 and 4.93 depicts the variation in PDP for PVT variation in 

CMOS VCO, DG Fin-FET, pignsg VCO and optimized CNFETVCO-3 respectively. 

 
Figure 4.91: PDF for CMOS CSVCO 

 
Figure 4.92: PDF for DG FinFET pignsg VCO  
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Figure 4.93: PDF for Optimized CNFETVCO-3  

The spread in pulse width for optimized CNFETVCO-3 is reduced compared to 

other two VCOs. Thus, CNFETVCO-3 proves to be energy efficient and robust clock 

generator circuit and therefore can be proposed as an optimal clock generator in sub 

threshold regime.  

4.8 Summary 

This chapter explored the impact of supply voltage scaling on clock system 

parameters. It further explored the suitability of buffered and un-buffered clock 

system in sub threshold regime. It investigated the suitability of conventional CDN 

for sub threshold regime and proposed an optimized uniform H tree with CMOS 

buffer connected to clocked element followed by DTMOS buffer. Furthermore, this 

chapter discussed the simulation results obtained by simulating various schematics of 

clock circuits with CMOS and devices beyond CMOS. A comparative analysis of 

CMOS based, Fin-FET based and CNFET based VCO revealed that CNFET based 

CNFETVCO-3 is an optimal choice for sub threshold clock circuit. 
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Chapter 5 

CONCLUSIONS AND FUTURE SCOPE 

The unprecedented success of semiconductor industry has led to the development of 

CMOS integrated circuits at a very fast pace. The electronic systems are shrinking and 

system on chip is becoming vital for the emerging portable applications. But this has 

increased the power density and hence power has emerged as an important design 

metric. Sub threshold operation quenches the ULP demand of multitude of 

applications such as pace maker, RFID tags, biomedical sensors and wireless sensors. 

Low power consumption is an essential requirement for such applications since 

battery charging or replacement is infeasible. Clock circuit is a vital building block for 

such applications. Therefore, design of ULP clock circuit has great potential to have 

prolonged battery life. This work investigated the challenges in design of ULP clock 

circuit and explored the various techniques to enhance the performance and improve 

the robustness of ULP clock circuit 

5.1 Conclusions 

Clock circuit is a crucial and inevitable block in synchronous systems. Extensive 

research work has been carried out by the researchers to investigate the issues of clock 

circuit design in super threshold regime. From the review, it is clear that though 

researchers have provided the solutions to mitigate the issues of clock circuit design 

for high speed applications, the design of sub threshold clock circuit has not been 

explored much. Therefore, there is a need to investigate the design issues for ULP 

clock circuit and devise the techniques to cope up with these issues. Furthermore, the 

review highlights that although significant work has been carried out by the research 

community to combat the impact of temperature variation in the super threshold 

region, very few researchers have explored this area in the sub-threshold regime. Also 

as reported by ITRS, further scaling of bulk MOS technology is very difficult due to 

increased static power and variability issues. Therefore, there is need to investigate 

the viability of devices beyond CMOS for sub threshold clock circuit. This has 

provided the motivation to work in this area and to design ULP robust clock circuit.  
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Design of various schematics of clock circuit is presented in this work. CMOS 

based clock circuit is designed and clock circuit parameters are explored. The impact 

of process and PVT variation on the performance parameters of buffered and un-

buffered clock system is observed. The observation reveals that the design of 

variability-resilient clock generator circuits for ULP applications at lower supply 

voltages is challenging because of reduced drive current and exacerbated variability. 

Furthermore, the variability analysis explored in this work indicates that the clock 

generator itself is dominating source for pulse width variation. Therefore techniques 

need to be devised to design stable VCO in sub threshold regime. The impact of 

temperature variation on clock generator in sub threshold and super threshold regime 

is investigated. It is observed that the exponential dependency of the time period on 

temperature in sub threshold regime is a major concern and hence calls for design of 

thermally aware ULP clock circuit. Thermal analysis of VCO is carried out and a 

scheme to improve the thermal stability of the sub threshold VCO is presented in this 

work. The simulation results of proposed thermally aware ULP clock generator 

system shows stable clock frequency over a wide range of temperature as compared to 

the conventional CSVCO circuit. 

 The performance comparison of buffered and un-buffered tree is reported in this 

work and the design of slew aware ULP CDN is discussed. By comprehensive 

analysis of results, it is concluded that clock system with un-buffered tree is a good 

option in sub threshold region. To improve the slew, the optimization of interconnect 

parameters along with conventional CMOS buffer connected to clocked elements 

followed by DTMOS buffer is proposed in his work.  The results shows that the 

proposed CDN exhibits improved slew with additional benefit of reduced power 

consumption and improved robustness, compared to conventional CDN. 

The performance analysis of DTMOS, CMOS and hybrid sub threshold clock 

generator circuits shows that DTCSVCO-2, a hybrid clock generator circuit exhibits 

better performance. Design of various schematics of ULP clock generator circuit with 

devices beyond CMOS is accentuated in this work. Performance comparison of 

CMOS and DG FinFET based CSVCO is presented. PDP, EDP and robustness of DG 

FinFET based CSVCO is improved as compared to Bulk CMOS CSVCO. Seven 

different configurations of five stages CSVCO have been explored to investigate the 

optimal configuration for sub threshold applications. The results revealed that pignsg 
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CSVCO proves to be a better configuration in terms of frequency obtained versus 

power expended as well as robustness compared to other configurations. This work 

investigated the viability of CNFET based ULP VCO and explored the performance 

of various configurations of CNFET based CSVCO. The analysis indicates that 

CSVCO using CNFET is a viable option for ULP system in nano-scale era. Four 

different configurations of five stages CNFETVCO have been designed and simulated 

using HSPICE to investigate the optimal configuration for sub threshold applications. 

The results indicate that CNFETVCO-3 proves to be a better configuration in terms of 

performance and robustness. CNFETVCO-3 is further optimized to improve the 

performance. The performance evaluation of optimized CNFETVCO-3 shows that the 

speed of ULP CNFET circuit can be enhanced by optimization of various CNFET 

parameters like number of CNT, diameter of CNT, pitch and oxide thickness. The 

optimized CSVCO-3 exhibits superior speed and robustness against PVT variation 

compared to CNFETVCO-3. Finally, the performance comparison of CMOS VCO, 

DG Fin-FET based pignsg VCO and optimized CNFETVCO-3 is reported in this 

work. The results show that that CNFET based optimized CNFETVCO-3 exhibits 

better performance in terms of energy efficiency as well as robustness. 

5.2 Future Scope 

The result of this work has touched to some aspects of the robust sub threshold 

clock circuit design. The future work may be, 

 Designing standard cell library for sub threshold devices  

 Nano wire based sub threshold clock circuits 

 Optical Interconnect based CDN  
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