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As many millimeter-wave (mm-wave) applications has been proposed for the 

next generation communication systems recently, CMOS has become a technology of 

choice due to its increasing RF performance by transistor scaling and many inherit 



xviii 

merits including low cost, low power and high level of integration. This dissertation 

presents a comprehensive design study of power-efficient CMOS low-noise 

amplifiers (LNAs) near the scaling limits. 

Starting with an introduction to the mm-wave system applications and 

enabling technologies, the current status of research and development on technology 

candidates for mm-wave applications has been surveyed with the focus on the Si 

CMOS. The effect of CMOS scaling has been studied using state-of-the-art 40- and 

20- nm MOSFETs, and 20-nm double-gate (DG) MOSFET (a generic form of 

FinFET), and a 10-nm DG MOSFET at the scaling limit. A two-dimensional device 

simulator TCAD is used to extract various RF performance parameters at 60 GHz. To 

take both the amplifier gain and noise figure into account, a new design methodology 

using noise measure as a figure of merit is developed.  

Excellent noise performance has been achieved with the identified optimal 

biasing for power-efficient low-noise amplifications at 60 GHz. The effect of the gate 

resistance to the overall noise performance has been investigated, which has been 

found to be insignificant as long as the device width per gate finger is constrained. 

The performance trends of CMOS LNAs near the scaling limit has been studied with 

correlations made to the published hardware data. It is further shown that the RF 

performance of CMOS LNAs can be greatly enhanced by down scaling to 10 nm, 

using the more scalable structure of DG MOSFETs, with sub-1-dB noise figures at 60 

GHz and beyond. 
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CHAPTER 1 

INTRODUCTION 
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1.1 BACKGROUND  

1.1.1 Millimeter-wave communication systems 

Wireless applications, based in part on radio-frequency (RF) devices and 

integrated circuit (IC) technologies, have grown quickly to become significant markets 

for the semiconductor industry. Due to increasing demands for broadband wireless 

communication, high frequency bands such as microwave and millimeter-wave (mm-

wave), approximately from 30 to 300 GHz, where there is sufficient spectrum are of 

growing interest. Recently 7 GHz of unlicensed bandwidth around 60 GHz was 

opened allowing for a variety of applications including cellular phone receivers, 

wireless local area networks (WLAN), wireless personal area networks (WPAN), 

automotive radar, gigabit wireless networks, and the like [1]. There are also increasing 

interests for the 94 GHz band arising from its applications for all weather landing and 

other security needs [2]. Moving to higher frequencies provides natural isolation from 

fast digital circuitry typical of today’s technologies [3]. The greatest interest in mm-

wave radio stems from the reduced antenna size and spacing at higher frequencies 

which make it possible to integrate the antenna or phased-array receiver, with the RF 

and digital circuitry on single silicon die [4]. This feature truly paves the road for 

wearable gigabit-rate multimedia platforms and mm-wave sensors by elegantly 

avoiding the potentially high cost of mm-wave packaging.  
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1.1.2 Technologies for millimeter wave applications  

Until today, the fastest transistors are commonly fabricated using III/V-based 

technologies. Traditionally gallium arsenide (GaAs) and indium phosphide (InP) have 

demonstrated the capability of very high gain and ultra low noise at mm-wave 

frequencies below 100 GHz. For frequency range above 120 GHz, InP-based 

transistors are superior to those based on GaAs because the material they are made of 

provides higher electron mobility, higher saturation velocity and higher sheet electron 

density [5]. A cut-off frequency (fT) up to 562 GHz has been reported for 

InAlAs/InGaAs pseudomorphic high electron mobility transistors (pHEMTs) based on 

InP [6]. However, due to the limited transistor yield, III/V-based circuits usually have 

high costs and allow only low circuit complexities.  

In recent years, the speed gap between III/V- and silicon- (Si-) based 

technologies has been significantly reduced owing to the fast advances in Si-based 

technologies. A fT of 375 GHz has been achieved using silicon germanium (SiGe) 

heterojunction bipolar transistors (HBTs) [7], and a silicon-on-insulator (SOI) 

nMOSFET with a fT up to 330 GHz has been reported by IBM in IEDM 2005 [8]. 

These performances are expected to enable Si-based ultra wideband communication 

applications such as >1000 Gbps network systems and >100 GHz wireless systems. 

Along with the sufficient operation speed now available for mm-wave applications, 

Si-based technologies provide additional advantages such as CMOS-compatibility, 

large wafer size, high function density and system-on-a-chip (SOC) solution, all 
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leading to a strong cost efficiency. As an inevitable consequence of Moore’s law, with 

the minimum feature size continuously and rapidly scaling downwards, CMOS 

technology will become a technology of choice for RF ICs [9]. Today 90-nm CMOS 

technology in production is capable of providing enough power gain with low noise 

figures at frequencies from 20 to 40 GHz while consuming a reasonable small amount 

of power. Future CMOS technologies of the 65-nm and 45-nm nodes, together with 

novel structures such as double-gate (DG) MOSFETs, are expected to provide even 

more gain with better noise performance at higher frequencies with less power 

consumption.  

1.2 MOTIVATION 

Geometrical scaling has resulted in a continuing improvement in the RF 

performance of CMOS transistors. As RF CMOS comes of age, performance metrics 

such as cut-off frequency (fT), maximum oscillation frequency (fmax), and minimum 

noise figure (NFmin) have been widely studied [8, 10, 11].  However, the emphasis of 

these works was mostly placed on the extreme values of these parameters. Less 

consideration was given to the relevant circuit bias condition or power consumption, 

which is critical for portable wireless applications of low-power electronics. The 

urgent demands for low-power electronics originate from the stringent requirements of 

small size and weight, low cost, long operating life and reliability for proliferating 

portable wireless applications. Thus a detailed study of key performance metrics at 

bias conditions relevant for power-constrained RF circuit design is much needed. In 
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this dissertation, we attempt to carry out such a comprehensive design study to 

facilitate power-efficient low-noise operations at mm-wave frequencies. 

In a RF receiver, the low-noise amplifier (LNA) is one of the key components 

of its front-end circuit, which directly amplifies the input signal from an antenna. It 

could have a significant influence on the performance of a wireless communication 

system as a whole. A low noise figure and a high gain are required along with low 

power consumption. Owing to those merits of the CMOS technology, many CMOS 

LNAs have been reported with operation frequencies up to 20-40 GHz by the year of 

2005 [10, 12-14]. In order to facilitate the mm-wave applications in even higher 

frequencies, a detailed design study using CMOS LNAs optimized for power-efficient 

operations at 60 GHz will open up further opportunities for RF ICs at the mm-wave 

frequency range. In this dissertation, we would like to provide detailed design 

considerations and performance trends for CMOS LNAs near the scaling limits with 

an operation frequency of 60 GHz. 

1.3  DISSERTATION ORGANIZATION 

This dissertation consists of seven chapters: 

Chapter 1 is the introduction of mm-wave communication systems with 

enabling technologies and the motivation of this dissertation. 
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Chapter 2 surveys the current status of research and development on mm-wave 

LNA technologies in details, including both the III/V- and Si- based ones with the 

focus on the Si CMOS. It also provides starting points for various design parameters 

and performance benchmarks to compare with the simulation results obtained from 

this work. 

Chapter 3 describes the design details of CMOS devices used in this 

dissertation. Starting with an overview of 2-D mixed mode simulation that are used 

throughout the work, bulk MOSFETs with channel lengths from state-of-the-art 40 nm 

to the bulk scaling limit of 20 nm are carefully designed with good short-channel 

effect (SCE). The device design of DG MOSFETs with a channel length down to 10 

nm, which is considered to be the ultimate scaling limit, is also presented.  

Chapter 4 is to provide a complete solution of the RF small-signal design using 

a noise measure approach. It contains important relationships between a number of 

major design parameters such as circuit stability, power gains, and noise parameters 

all within the framework of two-port small-signal parameters. It also includes a newly 

developed methodology, which uses the noise measure as a figure of merit to indicate 

the overall noise performance. Linearity analysis for the CMOS LNA is also covered. 

Chapter 5 follows up on the previous chapters to identify the specific 

conditions that lead to the optimal power-constrained LNA noise performance. 

Beginning with an introduction of intrinsic and extrinsic MOSFET models used in this 
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dissertation, a comprehensive design study of the 40-nm nMOS LNA at 60 GHz is 

carried out with particular considerations given to the design of DC bias conditions for 

power-efficient operations. The actual effect of gate resistance in current CMOS 

technologies has been accounted for better accuracy of simulation results. Correlation 

of simulation results with published hardware data is made to provide insights from 

the aspect of device technology. The frequency dependence and the trade-off between 

power and linearity are also discussed. 

Chapter 6 extends the earlier work on the 40-nm nMOS LNA to advanced 

CMOS LNAs using MOSFETs near the scaling limits including: the 20-nm bulk and 

DG nMOSFETs, and the 10-nm DG nMOSFET. The performance trends along the 

roadmap under such a scaling scenario have been investigated.   

Chapter 7 summarizes this dissertation with suggestions for future work. 
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2.1 APPLICATION SPECTRUM OF RF TECHNOLOGIES 

 RF technologies at mm-wave frequencies now represent essential and critical 

technologies for the success of many semiconductor products. Such technologies serve 

the rapidly growing wireless communications market. They depend on many materials 

systems, some of which are based on semiconductors from group IV in the periodic 

table, such as Si and SiGe, and others are based on compound semiconductors 

composed of elements from group III and V, such as GaAs and InP, which are not 

compatible with CMOS processing.    

 

 
 

Fig. 2.1 Application spectrum of RF technologies for wireless communications 
(adapted from ITRS 2005 [1]). 
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 Fig. 2.1 schematically presents the connection among commercial wireless 

communication applications, available spectrum, and the kinds of elemental and 

compound semiconductors likely to be used. At the same frequency, performance 

tends to increase in the following order: Si CMOS, SiGe, GaAs, and InP. Today group 

IV semiconductors (Si and SiGe) dominate below 10 GHz and III-V compound 

semiconductors dominate above 10 GHz. However, these boundaries are not as well 

defined as it may appear in Fig. 2.1, but are broad, diffuse, and change with time. The 

range of frequencies where competition exists between group IV and III-V compound 

semiconductors is expected to move towards higher frequencies [1]. Nevertheless, 

while SiGe has shown promising capability in mm-wave frequency range, it is 

unlikely to replace III-Vs in the near future for applications where either high power 

gain or ultra low noise is required.  

 The main drivers for wireless communications systems are cost, frequency 

bands, power consumption, functionality, size of mobile unit, and very high volume of 

product. During the last two decades, technologies based on III-V compound 

semiconductors have established new business opportunities for wireless 

communication systems. When high volumes of products are expected, Si-based 

technologies replace the III-Vs in those markets for which these CMOS-compatible 

processes can deliver appropriate performance at considerably low cost. 
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2.2 III/V-BASED TECHNOLOGIES 

Recently many mm-wave system applications such as high-speed radio 

communications, automotive radar, and all weather landing have been proposed. 

These applications usually require high performance LNAs at mm-wave bands which 

typically utilize III-V technologies such as GaAs- or InP- based heterojunction bipolar 

transistors (HBTs), high electron mobility transistor (HEMTs), or metamorphic high 

electron mobility transistors (MHEMTs). InP-based technologies have shown very 

high gain, low noise figure, and high frequency capability among III-V compound 

semiconductor technologies, which makes it the dominating technology for frequency 

range above 120 GHz. An ultrahigh fT of 562 GHz has been reported for a 

In0.52Al0.48As/In0.7Ga0.3As HEMT based on a InP technology with a gate length of 25 

nm [2]. Another exemplary demonstration of InP-based technology is a 160-190 GHz 

LNA with a 6-dB gain and 6-dB noise figure (NF) at 170 GHz, realized by using a 

0.07-μm T-gate InGaAs/InAlAs/InP HEMT technology with a fT of 230 GHz and a 

fmax of 500 GHz [3].  

However, due to the typical high cost associated with InP-based technologies, 

it is very important to develop relatively low cost alternatives, such as GaAs-based 

technologies, as the consumer portions of wireless communications markets are very 

sensitive to cost. The benchmark fT for GaAs-based transistors is reported to be 440 

GHz with a lowest minimum noise figure of below 1.2 dB at 26 GHz, which utilized 

an In0.52Al0.48As/In0.53Ga0.47As MHEMT fabricated on a GaAs substrate [4]. A 94-GHz 
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GaAs-based LNA has also been demonstrated, which achieves a NF of 2.3 dB over the 

band from 80 to 100 GHz. It was fabricated using an 

In0.52Al0.48As/In0.80Ga0.20As/In0.53Ga0.47As HEMT technology [5]. 

2.3  SI-BASED TECHNOLOGIES 

Si CMOS technologies have had acceptable device characteristics for RF 

wireless applications for frequencies from 1 to 10 GHz since early 1990s, and today 

the Si-based technologies (Si CMOS and more recently SiGe) dominate the frequency 

range below 10 GHz. A comparison of competing technologies over the past decades 

in Fig. 2.2 shows the steady improvement in cut-off frequency (fT) for the CMOS, 

SiGe HBT, III-V HBT and HEMT. Increased RF performance for Si-based 

technologies is usually achieved by geometrical scaling whereas increased RF 

performance for III/V-based technologies is achieved by optimizing carrier transport 

properties through materials and bandgap engineering. While the III-V HEMT still 

shows the highest fT among the technology candidates for mm-wave applications, the 

combination of low cost and superior integration with VLSI digital functions will 

make Si CMOS and SiGe HBT technologies of choice for RF wireless applications, as 

evident by the expanding wireless local area network (WLAN) connectivity market 

that is dominated by CMOS transceivers now and promising automotive radar 

applications at 77 GHz by SiGe HBT technology.  
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Fig. 2.2 Cut-off frequency (fT) as a function of demonstration for CMOS, SiGe HBT, 
III-V HBT and HEMT technologies with 2003 ITRS roadmap (adapted from H. S. 
Bennett et al. [6]) 

SiGe HBT technology has been a leading contender among the Si-based 

technologies for high frequency applications owing to its advantage over CMOS 

technology such as higher operation speed, higher trans-conductance, higher output 

impedance, lower 1/f noise, better device matching and better power performance. 

Recent effort to improve the operation speed of SiGe HBT technology includes a 

record high fT of 375 GHz [7], which is the highest reported value for any Si-based 

transistor. A 60-GHz SiGe transceiver circuit has also been realized including a LNA 

with a gain of 17 dB and a NF of 3.3 dB, using a 0.12-μm SiGe bipolar technology 

with a fT of 207 GHz [8]. 
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Fig. 2.3 Technology evolving trend for CMOS cut-off frequency (fT) as a function of 
transistor gate length from reported CMOS technologies [9-13]. 

Cost has been and will continue to be the motivating factor in utilizing Si 

CMOS technology for RF ICs. CMOS has numerous unique benefits including low 

cost derived from dominance in the digital electronics market, superior integrated 

functions and continued improvement in performance as dictated by Moore’s law. In 

recent years, the RF performance of CMOS transistors has been significantly 

improved through continuous technology scaling. Shown in Fig. 2.3 is the cut-off 

frequency (fT) as a function of transistor gate length from reported RF CMOS 

technologies. No significant sign of slowing down has been shown in the scaling trend 



17 

of increasing fT as the gate length is reduced, as a result of countless engineering 

efforts made at every possible level in materials, devices, circuits and systems. A 

record high fT of 330 GHz has been demonstrated by IBM in IEDM 2005, which 

features a 65-nm SOI CMOS technology with a 1.05-nm gate oxide and 35-nm gate 

length [9]. The state-of-the-art CMOS LNA has been reported to have a NF of 4 dB 

and a gain of 9.5 dB at 40 GHz from a 90-nm SOI CMOS technology [14].  The 

availability of high performance CMOS, coupled with the higher resistive SOI 

substrate, makes these technologies very attractive for RF system-on-chip (SoC) 

applications.  

Although LNAs using advanced SOI CMOS process demonstrated excellent 

RF performances, the standard bulk CMOS process is still attractive due to cost 

considerations. A 30-nm gate length nMOSFET with a record high fT of 290 GHz is 

reportd in IEDM 2005 [10], which is the highest fT reported for standard bulk CMOS 

process so far. Many attempts have been made to provide CMOS LNAs sufficient for 

frequencies above 20 GHz using standard sub-micron technologies. A CMOS LNA 

with a 13-dB gain and a 5.6-dB NF was fabricated using a 0.18-μm process at 23.5 

GHz [15], and a 24-GHz LNA fabricated using a 0.18-μm CMOS technology has been 

reported to have a power gain of 15 dB and a NF of 6 dB [16]. The best CMOS LNA 

achieved using standard CMOS technology features a NF of 3.9 dB and a gain of 13.1 

dB at 24 GHz using a TSMC 0.18-μm CMOS process with a fT of 70 GHz [17]. It 

demonstrates the lowest noise figure among the reported LNAs at frequencies above 

20 GHz using standard CMOS processes.  
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Fig. 2.4 Comparison of noise figure versus frequency of demonstration for state-of-
the-art LNAs using technologies from Si CMOS, SiGe and III-V materials [3, 5, 8, 14-
32]. 

Fig. 2.4 summarizes the noise figures for reported state-of-the-art LNAs based 

on Si CMOS, SiGe and III-V technologies from published hardware data up to date. 

Although the frequency range above 100 GHz is still dominated by the III-V 

technologies, Si-based technologies are now capable of providing low noise 

amplification up to 60 GHz, and more exciting results made by advanced CMOS 

technologies are being reported towards higher frequencies. It is also evident that the 

boundary between the Si-based and the III/V-based technologies has already been 

moved towards higher frequencies as compared with Fig. 2.1. Furthermore, as CMOS 
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scaling is approaching the limit imposed by short-channel effect, leakage current and 

other factors, double-gate (DG) MOSFET is becoming a subject of intense VLSI 

research because it can be scaled to the shortest channel length possible [33]. 

Although many researches have been done on the fabrication and characteristics of 

DG MOSFET or FinFET devices, there has been no report on the RF performance of 

the DG MOSFETs. However, it can be envisioned that as the RF performance of 

CMOS improves dramatically upon scaling, the question is not if, but when will 

CMOS become a viable alternative for mm-wave applications. Therefore, the main 

purpose of this dissertation is to design power-efficient CMOS LNAs with optimized 

noise performances at 60 GHz, utilizing advanced deep sub-micron device 

technologies including DG MOSFETs, and to project the performance trends with 

investigation on the viability of state-of-the-art CMOS technology as a potential 

candidate for building high performance LNAs for mm-wave applications.  
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CHAPTER 3 

MOSFET DESIGN NEAR THE SCALING LIMIT  

USING TCAD 
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3.1 OVERVIEW OF 2-D MIXED-MODE SIMULATION 

TCAD refers to using computer simulations to develop and optimize 

semiconductor processing technologies and devices. TCAD simulation tools solve 

fundamental and physical partial differential equations, such as diffusion and transport 

equations for discretized geometries, representing the silicon wafer or the layer system 

in a semiconductor device or even small circuits with a few devices. This deep 

physical approach gives TCAD simulation predictive accuracy. It is therefore possible 

to substitute TCAD computer simulations for costly and time-consuming test wafer 

runs when developing and characterizing a new semiconductor device or technology. 

The TCAD tools used in this work are provided by Integrated Systems Engineering 

(ISE), which is now part of SYNOPSYS. It consists of many powerful programs 

including MDRAW as a device editor and meshing tool, DESSIS as a device 

simulator, TECPLOT-ISE and INSPECT as plotting and data output tools. 

 In the mix-mode 2-D device and circuit simulation, a real semiconductor 

device, such as a MOSFET, is represented as a virtual device whose physical 

properties are discretized onto a user-defined mesh of grids. The electrostatic potential 

and carrier density at each grid are computed from the resolution of the Poisson 

equation coupled with carrier continuity equation in an iterative and self-consistent 

fashion. Nodal currents, voltages, and charges of such a single device in isolation or 

combined with other devices in a circuit can be simulated numerically using the mixed 
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device and circuit capability of SYNOPSYS TCAD. The small-signal high-frequency 

behavior of devices and circuits is usually analyzed in the framework of two-port 

networks. SYNOPSYS TCAD supports this type of analysis through a DESSIS small-

signal simulation followed by a post-processing in INSPECT with the extension 

library TwoPortNetRFExtr.tcl. It computes the complex small signal admittance Y 

matrix with respect to the small-signal currents and voltages at observation nodes. For 

the numerical simulation of noise phenomena in physics-based device simulator, a 

numerically efficient Green function approach to the Langevin equation-based 

simulation of the Impedance Field Method [1] is the basis for the implementation in 

DESSIS [2].  In brief, an impulsive current source is injected into each mesh grid 

generated by 2-D device simulator, and drift-diffusion transport equations are solved 

to calculate the voltage fluctuations at the electrodes. The impedance field, originally 

defined by Shockley [3], is the transfer function between the stimuli current at location 

ri and the response voltage at the k-th electrode   

 

The local noise generation can be modeled by injecting a current iin at a location ri and 

pulling out that current from another nearby location ri’, as shown in Fig. 3.1 (a) for a 

MOSFET in its common-source configuration. The total power spectral density of 

noise voltage unk at the k-th electrode, Svk, is obtained by integrating the contribution 

from each location ri over the whole area of the device: 

  

Inject current at location ri inside a device 

Voltage fluctuation at the k-th electrode =krZ  

∫∫ ∇= drSZS inkvk
2
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where kZ∇  is the gradient of the impedance field at location ri and Sin is the power 

spectral density of the local noise source. For thermal noise in equilibrium condition, 

Sin is equal to kB qnμT. The accuracy of local noise source model is very important. 

Generally the thermal noise is directly proportionally to temperature. In thermal 

equilibrium, the lattice temperature and carrier temperature are identical. For high 

energy carriers in non-equilibrium conditions, this noise model needs to be modified 

by hydrodynamic models if needed. Finally, the results given by the simulator are in 

the format of self- and cross- power spectral densities of noise voltages at each 

observation nodes, as shown in Fig. 3.1 (b), where the MOSFET is noiseless with ung 

and und representing the noise generated by all local noise sources within the device. 

 

 

 

 

 

 

 
 
 
Fig. 3.1 (a): Schematic for impedance field method with local noise sources for 2D 
noise simulation; (b): Equivalent representation of noise voltages at the observation 
nodes using the result of impedance field method. 
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3.2  DEVICE DESIGN OF A 40-NM MOSFET 

As dimensions of MOSFETs are scaled down to sub-100-nm regime, power 

supply voltage (Vdd) needs to be reduced as well in order to keep the electric field and 

power consumption of devices within reasonable limits. However, the threshold 

voltage (Vt) has not been scaled in proportion to the power supply voltage. In fact, a 

minimum Vt of ~0.2 V in worst case is required to turn off the device properly at room 

temperature. Such a minimum Vt leads to a minimum Vdd of approximately 1 V, since 

the delay of standard CMOS circuits increases rapidly when the Vt/Vdd ratio exceeds 

1/4 [4]. The 90-nm CMOS technology in production today features a channel length of 

sub-50 nm, a Vdd of 1.0-1.2 V and a Vt of 0.3-0.4 V [5, 6]. Based on these parameters, 

we start our bulk MOSFET design with a channel length of 40 nm, a Vdd of 1V and a 

Vt of 0.2-0.3 V. 

One of the key challenges to MOSFET device design is to control the short-

channel effect (SCE) when the channel length is scaled down below 100 nm. SCE is 

the decrease of threshold voltage in a short-channel device due to the two-dimensional 

electrostatic charge sharing between the gate and the source-drain regions, and it 

becomes more severe as the channel length is reduced into deep submicron regime. 

The threshold voltage roll-off in a short-channel device is shown to be [4] 

(3.1) oxdm tW
L

dsbibi
dm

ox
t eV

W
tV 3

2/

)(24 +
−

⋅+=Δ
π

ψψ
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where Wdm is the maximum gate depletion width. Wdm is related to the doping 

concentration in the channel Na as given by (assuming constant doping) 

 (3.2) 

Because of the exponential factor in (3.1), the Vt roll-off as a function of channel 

length is very sensitive to the sum of gate depletion width (Wdm) and oxide thickness 

(tox). If a scale length λ is defined as 

(3.3)                           

then 

(3.4) 

 In order to avoid excessive SCE, the minimum channel length (Lmin) should be 

kept at least 1.5 λ so that the Vt roll-off due to the SCE is negligible, as suggested by 

(3.4). Therefore, a MOSFET with a desired channel length of 40 nm would require a 

scaling length no larger than 26 nm. To meet such requirement, both the gate oxide 

thickness (tox) and the gate-controlled depletion width (Wdm) need to be reduced 

simutaneously. The oxide thickness is usually 1-2 nm for current technology nodes 

determined by the lithography [6, 7], below which the tunneling current quickly 

becomes unmanageable unless a new gate material is developed. Therefore, the device 

design of the 40-nm bulk MOSFET starts with an oxide thickness of 2 nm. This will, 

a

iaSi
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in turn, result in a Wdm of no larger than 20 nm for a scaling length of 26 nm, which is 

required for a minimum channel length of 40 nm.  

When the channel length is scaled to below 100 nm, a much higher doping 

concentration is needed in the channel in order to reduce Wdm according to (3.2) if a 

uniform profile is used. Unfortunately the threshold voltage is also increasing with Na 

as given by [4] 

(3.5) 

Vt would become too high at such high doping concentration for a device with a 

channel length below 100 nm. Therefore a retrograde channel doping is needed to 

allow the threshold voltage to be decoupled from the gate-controlled depletion width. 

In practice, such a profile can be formed by using higher-energy implants that peak 

below the surface and can be simulated by specifying the doping profile using 

MDRAW from the SYNOPSYS TCAD.  The doping profile is usually described by 

the Gaussian distribution function as 

 

where g(y) is the doping concentration along the y direction (depth into Si substrate), 

Cpeak is the peak concentration at the surface, and σ is the standard deviation. The 

value of Cpeak for the source and drain of the 40-nm MOSFET device is chosen to be 
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1020 /cm3 as commonly used in current CMOS processes.  

The device width is another important device parameter. Although it does not 

affect the 2D simulation results as all the physical quantities in the TCAD are denoted 

as per unit width, the value of device width is critical at the time when impedance 

matching, maximum oscillation frequency, and minimum noise figure are considered. 

Since the width of the modern MOSFETs is usually on the order of several microns, 

and it was reported that an optimum channel width of ~ 1μm is found to maximize fmax 

of the nMOSFET [7], the device width is set to be 1 μm in this work. 
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Fig. 3.2 Cross-section view of the 40-nm nMOSFET using SYNOPSYS TCAD with 
indicated peak doping concentrations and geometrical sizes. 
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 A schematic cross-section view of the 40-nm nMOSFET following the above 

design considerations is shown in Fig. 3.2. For simplicity, the gate material is defined 

as a metal with a work function equal to that of n+ polysilicon. It is capped by an oxide 

layer to account for the parasitic capacitances. The peak concentrations for the source, 

drain, substrate and the retrograde doping are indicated with the geometrical sizes as 

well. For the short-channel MOSFET, the channel length is not well defined as in the 

long-channel case [8]. In this work, the effective channel length (Leff) is determined by 

the distance between the locations where the source-drain doping concentration along 

the channel direction falls to 2*1019 cm-3. Fig. 3.3 shows the doping concentration in 

the surface of Si along the channel direction for the 40-nm nMOSFET from the source 

to the drain, and the effective channel length is found to be 40 nm in this case.  

 

 

 

 

 

 

Fig. 3.3 Doping profile in the Si surface along the channel direction from source to 
drain for the 40-nm nMOSFET. The effective channel length is 40 nm for this device. 

Leff=40 nm 
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Fig. 3.4 shows the retrograde doping profile along the center of the 40-nm 

nMOSFET in the depth direction from the Si/SiO2 interface to the Si substrate. The 

retrograde doping profile, along with those for the source, drain and substrate, are 

adjusted such that the key design parameters (Wdm and Vt) are within the required 

range for good SCE as discussed earlier in this section. The Vt is determined at the 

intersection point of the tangent on the steepest point of the drain current (Id) - gate 

voltage (Vg) curve with the Vg axis at low drain conditions (with a drain voltage of 10 

mV) as illustrated in Fig. 3.5. Finally, Table 3.1 summarizes the design parameters for 

the 40-nm nMOSFET.  

 

Fig. 3.4 Retrograde channel doping profile along the center of the 40-nm nMOSFET 
(the Y axis is the depth direction from Si/SiO2 surface at Y=0 into Si substrate). 
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Fig. 3.5 Drain current (Id) as a function of gate voltage (Vg) for the 40-nm nMOSFET 
at low drain condition (Vd=0.01 V) with indicated threshold voltage (Vt). 

 

Table 3.1 Summary of key design parameters for the 40-nm nMOSFET 

Parameter Unit Value 

Effective Channel Length (Leff) nm 40 

Device Width (W) μm 1 

Gate Oxide Thickness (tox) nm 2 

Maximum Depletion Width  (Wdm) nm 20 

Source/ Drain Doping cm-3 Gaussian, 1*1020 

Channel Doping cm-3 Retrograde, 2*1019

Substrate Doping cm-3 1*1018 

Threshold Voltage (Vt) V 0.23 
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3.3 MOSFET DEVICE DESIGN NEAR THE SCALING LIMIT 

3.3.1 20-nm bulk MOSFET 

Fig. 3.6 shows the CMOS scaling trends of the technology node and the 

transistor physical gate length as a function of time for the past and future. The 

performance of CMOS devices have been greatly improved by scaling in recent years 

and the current CMOS technology in production is quickly moving from the 90-nm 

node with an effective channel length of 50 nm, to the 65-nm node and beyond with a 

gate length shorter than 40 nm.  

 
 

Fig. 3.6 CMOS scaling trends of technology node and transistor physical gate length 
for the past and future (adapted from R. Chau, Intel). 
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It is generally believed that the scaling limit for bulk CMOS will be reached at 

the time when the channel length is reduced to 20 nm [9]. In order to investigate the 

CMOS RF performance trends under such a scaling roadmap, a bulk MOSFET with 

an effective channel length of 20 nm was designed based on the foregoing 40-nm 

device using the constant-field scaling [4]. In constant-field scaling, it was proposed 

that one can keep the short-channel effect under control by scaling down the vertical 

and horizontal dimensions, while also proportionally decreasing the applied voltages 

and increasing the substrate doping concentration. This is shown schematically in Fig. 

3.7. Therefore, for the scaling design from the 40-nm MOSFET to the 20-nm 

MOSFET, the device dimensions should reduced by a factor of 2 in general with the 

doping concentrations doubled.  

 

 
 
 
 

Fig. 3.7 Schematic illustration of the constant-field scaling principle of silicon 
technology (adapted from D. J. Frank et al. [10]) 
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Fig. 3.8 compares the cross-section views of the 20-nm bulk MOSFET and the 

40-nm device, from which the 20-nm device was designed by the constant-field 

scaling, using TECPLOT-ISE from SYNOPSYS TCAD. Similar design 

considerations that have been given to the 40-nm MOSFET were also applied to the 

20-nm device. The top portions of the device including the gate height and the 

parasitic oxide layer, the thickness of the Si substrate, as well as the power supply 

voltage are not scaled due to practical considerations. Table 3.2 summarizes the key 

design parameters for the 20-nm bulk MOSFET, in comparison with those for the 40-

nm bulk MOSFET.  

 

 
 

 
 

 

 

 

 

 

 

Fig. 3.8 Cross-view comparison of the 20-nm nMOSFET (a) and the 40-nm device (b) 
from which the 20-nm device was designed using the constant-field scaling. 

 

 

(a) 20-nm nMOS (b) 40-nm nMOS 
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Table 3.2 Summary of key design parameters for the 20- and 40- nm nMOSFETs. 
 

Parameters Unit Bulk MOSFET 
Gate Length (Leff) nm 40 20 

Oxide Thickness (tox) nm 2 1 
Depletion Width (Wdm) nm 20 10 

S/D Doping cm-3 Gaussian, 1*1020 Gaussian, 2*1020 
Channel Doping cm-3 Retrograde, 2*1019 Retrograde, 4*1019

Substrate Doping cm-3 1*1018 2*1018 
Threshold Voltage (Vt) V 0.23 0.20 

 

3.3.2 Double-gate MOSFETs  

As geometry of the CMOS device is approaching the scaling limit imposed by 

many limiting factors including SCE, double-gate (DG) MOSFET is becoming a 

subject of intense VLSI research because it offers immunity to short channel effects 

and decreased parasitic capacitances [11]. The channel length of the DG MOSFET can 

be scaled down further than the bulk scaling limit of 20 nm, given that some of the 

technological problems are solved. The advantages of the DG MOSFETs include, but 

not limited to: ideal sub-threshold slope, volume inversion for symmetric DG, setting 

of threshold voltage by the gate work function thus avoiding dopant fluctuation effects. 

DG MOSFETs in this work are designed with channel lengths of 20 nm for 

comparison with bulk devices, and 10 nm for prediction.  

Fig. 3.9 shows the cross-section view of the 20-nm DG nMOSFET using the 

same geometry and doping parameters as the 20-nm bulk nMOSFET, except that the 
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constant doping in the channel. Although the retrograde profile is needed to allow the 

threshold voltage (Vt) to be decoupled from the gate-controlled depletion width (Wdm) 

in the bulk MOSFET device, it is not necessary for the DG MOSFET as the Vt can be 

easily adjusted by the work function. The gate work function for the 20-nm DG 

MOSFET is adjusted such that the 20-nm DG nMOSFET has the same Vt as the 20-

nm bulk device. Since the body of the 20-nm DG MOSFET is designed to be full 

depleted, the role of depletion width for the scale length as in the bulk device is 

replaced by the Si thickness (TSi). TSi of the 20-nm DG MOSFET is set to be the same 

as the Wdm of the 20-nm bulk nMOSFET, which is 10 nm in this case.  

 

 

Fig. 3.9 Cross-section view of the 20-nm DG MOSFET using TECPLOT-ISE from 
SYNOPSYS TCAD. 
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Fig. 3.10 compares the relative geometry and configuration for all CMOS 

devices used in this study: (a) 40-nm bulk MOSFET, (b) 20-nm bulk MOSFET, (c) 

20-nm DG MOSFET,  and (d) 10-nm DG MOSFET. As the 20-nm DG MOSFET is 

scaled to 10 nm, the device dimensions are reduced by a factor of 2. It is noted that 

this would require an oxide thickness of 0.5 nm, which is unable to meet the gate 

leakage current requirement for low standby power applications if conventional SiO2 

gate dielectric is still to be used. However, such a thin thickness can be realized by 

high-k dielectric gate material in terms of EOT (equivalent oxide thickness) and it has 

been demonstrated that an ultra-thin (EOT=0.3 nm) LaAlO3 gate dielectrics with 

excellent electrical characteristics can be fabricated by a novel high temperature 

deposition process [12]. As the dimensions are reduced by half from 20-nm DG 

MOSFET to the 10-nm DG device, the doping concentrations are not scaled up 

accordingly. This is because the source and drain doping have already been at a high 

level of 2*1020 /cm3, and any concentration higher than that would degrade the 

mobility significantly. Therefore, the doping levels are kept the same while the DG 

MOSFET is scaled from 20 nm to 10 nm. The same gate work function is used for 

both the 20-nm and the 10-nm DG MOSFETs. Table 3.3 summarized the key design 

parameters for all CMOS devices near the scaling limit as studied in this work. 

The text of this chapter, in part, is a reprint of the material that has been 

submitted for publication: Cai, Ming; Liu, Minjian; Taur, Yuan. “A design study of 

nanometer-gate low-noise amplifier near the limit of CMOS scaling”, Solid-State 

Electronics. The dissertation author was the primary author and the co-authors listed in 
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these publications directed and supervised the research which forms the basis for this 

chapter. 

 

 

 

 

 

 

 

Fig. 3.10 A schematic comparison of CMOS devices used in this work: (a) 40-nm bulk 
MOSFET, (b) 20-nm bulk MOSFET, (c) 20-nm double-gate (DG) MOSFET, and (d) 
10-nm DG MOSFET. 

Table 3.3 Summary of key design parameters for the CMOS devices used in this work 

Parameters Unit Bulk MOSFET DG MOSFET 

Gate Length (Leff) nm 40 20 20 10 

Oxide Thickness(tox) nm 2 1 1 0.5 

Depletion Width/ Si 
thickness (Wdm / Tsi) 

nm 20 10 10 5 

Source/Drain Doping cm-3 Gaussian 
1*1020 

Gaussian 
2*1020 

Gaussian 
2*1020 

Gaussian
2*1020 

Channel Doping cm-3 Retrograde
4*1019 

Retrograde 
4*1019 

Constant 
2*1018 

Constant
2*1018 

Substrate Doping cm-3 1*1018 2*1018 NA NA 

Threshold Voltage (Vt) V 0.23 0.20 0.20 0.16 

 

(a) (b) (c) (d) 
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4.1 COMMON-SOURCE LNA CONFIGURATION 

The CMOS LNA used in this study is implemented with one nMOSFET in its 

common-source (CS) configuration, as shown in Fig. 4.1. nMOSFET is usually 

preferred than pMOSFET because of its higher mobility. The CS configuration is not 

only widely used in the CMOS RF IC design but also suits the purpose of this study, 

that is, to project the performance trends of CMOS LNAs through the device 

engineering instead of intricate circuit design techniques. The small-signal high-

frequency behavior of transistor amplifiers is usually analyzed in the framework of 

two-port networks. The CS LNA can thus be viewed as a two-port with input port 1 at 

the gate and output port 2 at the drain with source grounded. Port 1 is connected to the 

signal source IS with a source admittance of YS=GS+j*BS, where GS is the conductance 

and BS is the susceptance. In sections that follow, the small-signal high-frequency 

behavior of the LNA is analyzed in the generalized two-port parameters with results 

applicable to any circuit configurations.  

 

 

 

 

 

 

Fig. 4.1 Generalized representation of a two-port LNA using a common-source (CS) 
nMOSFET connected to a signal source IS with its admittance YS. 

Port 1 

Port 2 

nMOS LNA 

Is  Ys 
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4.2 SMALL-SIGNAL RF DESIGN USING TWO-PORT PARAMETERS 

Design of solid-state small-signal RF transistor amplifier is usually based on 

the characterization of the active device as a linear two-port network, and such design 

is a systematic and mathematical procedure with exact computation for input / output 

admittance, stability, gain and noise figure available for the complete design solution 

free from approximation. The purpose of this chapter is to provide, in a single working 

reference, the important relationships necessary for the complete solution of the RF 

small-signal design using two-port parameters obtained from 2D device simulation 

tools.  

4.2.1 Two-port network parameters  

 

Fig. 4.2 A linear two-port network representation with its four port variables. 

Fig. 4.2 shows a two-port network along with appropriate voltages and 

currents at its terminals. A two-port network has four port variables V1, I1, V2 and I2. If 

the two-port network is linear, two of these variables can be used as excitation 
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variables and the other two will be response variables. Depending on which two of 

these variables are used to represent the network excitation, different sets of equations 

(and a correspondingly different set of parameters) are obtained for characterizing the 

network. The most common representations are the impedance matrix (z parameters), 

the admittance matrix (y parameters), the hybrid matrix (h parameters), and the chain 

matrix (ABCD parameters). The major portion of this work presents design solutions 

in terms of y parameters, as they can be easily obtained from the small-signal 

equivalent circuit models of the transistor amplifier and the 2D device simulator 

SYNOPSYS TCAD as well. However, the results obtained from the y parameters are 

equally applicable to other representations using the direct conversion between these 

parameters [1]. 

 

 

 

 
Fig. 4.3 Block diagram of a two-port amplifier and its y matrix with its input 
admittance Yin and output admittance Yout. YS is the admittance of the signal source (IS), 
and YL is the admittance of the load. 

 

A y-parameter representation of a two-port network with input and output 

admittances is shown in Fig. 4.3. The input and output admittances can be expressed 

in terms of the y parameters and arbitrary source and load terminations. The basic y-

parameter equations for a two-port network are: 

Y= ⎥
⎦

⎤
⎢
⎣

⎡

2221

1211

yy
yy    YS YL IS 

Yin Yout 
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 (4.1) 

 

where y11 is the input admittance at port 1 with port 2 short-circuited, and y22 is the 

admittance looking into port 2 with port 1 short-circuited. y21 represents the forward 

gain, and y12 represents the internal feedback in the network. The input and output 

admittances can be derived for the equivalent circuit representation shown in Fig. 4.3 

as 

(4.2) 

Yin can therefore be seen to be dependent on the load admittance YL and similarly Yout 

is dependent on the source admittance YS. If y12=0 (no internal feedback in the 

network), Yin=y11 and Yout=y22.  

4.2.2 Stability  

Transistors are non-unilateral devices. The existence of internal feedback is 

indicated by the fact that a signal applied to the output port of a transistor amplifier 

results in a response at the input port, which is equivalently represented by y12 not 

22

2112
11 yY

yyyY
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in +
−=

11
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22 yY

yy
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S
out +

−=

2121111 VyVyI +=
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equal to zero. Therefore Yin and/or Yout are functions of YS and/or YL. Depending on the 

value of YS and YL, the real parts of Yin and Yout can be negative and therefore cause 

potential oscillations. The two-port network is said to be “unconditionally stable” if 

both Re(Yin)>0 and Re(Yout)>0 for all passive source and load terminations. It is 

“potentially unstable” if both Re(Yin)>0 and  Re(Yout)>0 only for a certain range of 

passive source and load terminations. The stability of a transistor amplifier as a two-

port can be determined by its y parameters using the stability factor K [2] 

(4.3) 

where g11 and g22 are the real part of y11 and y22, respectively. When K is greater than 1, 

the amplifier is unconditionally stable, and it is potentially unstable when K is less 

than 1. Note that when an amplifier is designed, the stability should be checked at each 

bias condition and all frequencies. 

4.2.3 Power gains  

The power gain of an amplifier can be defined in the following different ways: 

Transducer power gain  

Operating power gain  

==
AVS

L
T P

PG Power delivered to the load 
Power available from the source

==
in

L
P P

PG Power delivered to the load 
Power input to the network 

( )
2112

21122211 Re2
yy

yyggK −
=
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Available power gain  

The available power gain (GA) is a function of two-port parameters and source 

admittance. The output admittance of the input-terminated two-port is also a function 

of these variables as indicated by (4.2). If the load admittance YL matches the output 

admittance Yout by complex conjugation, the power delivered to the load will equal the 

power available from the output and the available gain (GA) is equal to the transducer 

gain (GT). Otherwise GT will be less than GA.  In other words, GA provides an upper 

bound for GT. Thus the maximum of the available gain (MAG) is a very important 

property of a two-port. If it is finite, specific source and load terminations can be 

selected to give GT = GP = GA, all of which are equal to MAG. If the maximum of the 

available gain is infinite, the two-port is potentially unstable and can be made to 

oscillate with the connection of some source and load terminations. Therefore, in this 

section, we formulate the available power gain and its maximum value in terms of y 

parameters and stability factor.  

Using the expression of PAVN and PAVS for the equivalent circuit representation 

shown in Fig. 4.3, the available power gain can be expressed as [4] 

(4.4) 

where GS is the real part of source admittance YS.  The maximum available gain (MAG) 

is an often used figure of merit for RF transistor amplifiers. For a transistor amplifier, 

==
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the available gain is a function of source admittance for the given two-port as 

indicated by (4.4). However, if the amplifier is potentially unstable, it may oscillate 

and the maximum gain will be infinite. In the following the expression for MAG will 

be given to cases of both unconditional stability and potential instability.  

If the two-port network is unconditionally stable as indicated by the stability 

factor K>1, the available gain from (4.4) can be rearranged as 

(4.5) 

where 

 

(4.6) 

 

It can be seen that the available gain (GA) has a maximum value MAG at a particular 

source admittance Yog=Gog+j*Bog and this MAG only exist when K>1, i.e., the two-port 

network is unconditionally stable.  

However, if the two-port is potentially unstable with a stability factor K<1, 

there is no maximum value for the available gain, and the expression of MAG in (4.5) 

is invalid. In this case, the general expression of the available gain in (4.4) has to be 

used. It can be further rearranged as 
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(4.7) 

where 

Note that the expression of (4.7) is equally valid for both potential instability and 

unconditional stability. However, the expression of (4.5) is usually preferred in case of 

unconditional stability since both the maximum value of GA and the dependence on 

the source termination are straightforward with its quadratic format.  

 Obviously the available gain expressed in the form of (4.7), can be infinite for 

some source terminations, such as GS=Gg+Cg and BS=Bg. When the transistor amplifier 

is potentially unstable, MAG, as defined in (4.6), does not exist since K is less than 1. 

An alternate figure of merit, maximum stable gain (MSG), is usually used when the 

two-port is potentially unstable and it is set to be equal to MAG with K=1 as  

(4.8) 

where the last step is from the expression of MAG in (4.6). 

4.2.4 Noise parameters  

A useful measure of the noise performance of a transistor amplifier is its noise 
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figure, which is defined as the ratio of the total output noise power to the output noise 

power due to the input source. It is well known that the noise figure of a linear two-

port driven by a signal source with an admittance of YS=GS+j*BS can be expressed as 

[5] 

(4.9) 

where NFmin is the minimum noise figure, Ref is the equivalent noise resistance, Yof = 

Gof + j*Bof is the optimal source admittance resulting in NFmin. Thus the noise figure 

characteristics of a linear two-port can be completely described by the four noise 

parameters: Fmin, Ref, Gof and Bof. These parameters can be transformed from noise 

power spectral densities, which are commonly used in the noise model development 

and circuit simulator implementation.  

The circuit theory of linear noisy networks shows that any noisy two-port can 

be replaced by a noise equivalent circuit which consists of the original two-port (now 

assumed to be noiseless) and two additional noise sources. Several types of 

representations are available depending on the voltage / current noise sources that 

have been chosen. A physically significant description of these sources is given by 

their self- and cross- power spectral densities which are defined as the Fourier 

transform of their auto- and cross- correlation functions. Arranging these spectral 

densities in matrix form leads to the so-called correlation matrices. The correlation 

matrices belonging to admittance, impedance and chain representations are shown in 
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Fig. 4.4. The elements of matrices are denoted by Cs1s2* , where the subscript indicates 

that the spectral density refers to the noise sources s1 and s2.  

 

Fig 4.4 Correlation matrices of various representations for a linear noisy two-port 
network (adapted from H. Hillbrand et al. [6]). 

 It has been shown that the chain representation of the correlation matrix is 

related to the two-port noise parameters in (4.9) as given by [6] 

(4.10) 

Once the correlation matrix is determined in its chain representation by circuit 

simulation, the noise parameters can be obtained using (4.10) 
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(4.11) 

 

For the device simulator DESSIS in SYNOPSIS TCAD, the correlation matrix is 

given in the format of noise voltage spectral densities as in the impedance 

representation (Cz) shown in Fig. 4.4, and it can be transformed to the chain 

representation (CA) by using transformation matrix T as 

 

where 

 

Observe that the T matrix depends only on the two-port parameters and TH is used to 

denote its Hermitian conjugation. 

4.2.5 S parameter and the Smith chart  

Scattering, or s parameters have greatly increased its popularity in RFIC design 

since the late 1960’s, largely due to the appearance of sophisticated new equipment for 

performing s-parameter measurements. The results above are derived using y 
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parameters, and can be easily translated into s parameters using the conversion 

relationship as follows (all y parameters have been normalized with 1/Zo): 

From y parameters to s parameters: 
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From s parameters to y parameters: 
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The Smith chart is the representation in the reflection coefficient plane, called the Γ 

plane, or the relation  

o
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for all values of Z such that Re(Z)>0. Zo is the value of reference impedance, usually 

50 Ω in RF communication systems. Defining the normalized impedance z as  
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then 
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where y is the normalized admittance. 

All previous results including input and output admittance, stability, power 

gains and noise figures derived above can be expressed in s parameters and plotted in 

Smith chart with circles for graphical representations. Below is a summary of the 

corresponding equations and formulas for the various design parameters: 

Input/output reflection coefficient:  

   

Stability factor 

     where 

Stability circles: 

    (input stability circle for |Γout|=1) 

    (output stability circle for |Γin|=1) 
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where  
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Constant available power gain (GA) circles 
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Noise figure 
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Constant noise figure circles 
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Since both the constant available power gain circles and the constant noise figure 

circles are function of ΓS, they can be plotted together on the same Smith chart and the 

trade-offs between gain and noise figure can be easily analyzed in a graphical 

environment. These results will be presented in Chapter 5 in details.  
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4.3 METHODOLOGY OF THE NOISE MEASURE APPROACH 

4.3.1 Noise measure and noise measure figure 

It is a common practice to describe the noise performance of a two-port 

amplifier in terms of its noise figure. As shown in (4.9), this noise figure has a 

minimum value for some particular choice of its source admittance (YS=Yof). If with 

this source admittance Yof, the gain of a given amplifier remains sufficiently large, its 

noise figure will prescribe the overall noise figure of any amplifier cascade in which it 

is used as the first stage as a result of Friis’ formula [7]. In this way, it is possible to 

build an amplifier cascade with any desired high gain, and with a noise figure set by 

the minimum noise figure (with respect to source admittance) of the first-stage 

amplifier.  

However, the validity of the above argument is based on the assumption that 

the amplifier has enough high gain when driven from the optimum source that yields 

the minimum noise figure. And it is clear that the condition of optimal source 

terminations for the minimum noise figure as given in (4.11) are not necessarily the 

same as that for the maximum available gain in (4.6). In practice, designers must 

generally accept less than maximum power gain if noise performance is to be 

optimized, and vice versa. Thus noise figure alone is a poor figure of merit since an 

amplifier designed to have the minimum noise figure may or may not have useful gain 

[8]. In communication systems, a low-noise amplifier usually contains several stages 



61 

to provide enough gain to signals received from the antenna. A compromise between 

stage gain and the noise figure must be made if the overall noise figure of such a 

multistage amplifier is to be minimized.  

It appears that the characterization of the amplifier quality must include the 

specification of the gain in addition to the specification of the noise figure and source 

admittance. Consequently, noise measure has been proposed by Haus and Adler [9] as 

a single quantitative measure of the absolute quality of amplifier noise performance. It 

is defined as 

 

(4.12) 

 

where F is the noise figure and GA is the available gain, and M is the noise measure of 

the two-port amplifier.  An alternative expression is the noise measure figure, which is 

given in the unit of decibels as 

(4.13) 

Since both the NF and GA are functions of the same source admittance (YS), M will 

also be a function of that source admittance. For any transistor, the minimum noise 

measure figure (NMFmin) with respect to the source impedance is a key figure of merit 

for its overall noise performance. It provides the upper limit of the noise figure for an 
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identical amplifier cascade with any desired high gain, and the design approach using 

NMFmin is especially useful for circuit benchmarking since the trade-off between the 

noise and gain is automatically accounted for. The minimization algorithm that leads 

to NMFmin is presented in the follow section. Since the expression of GA depends on 

the two-port stability, special consideration needs to be given as M is formulated. 

4.3.2 Minimization algorithm  

Solution of minimum noise measure as a function of source admittance with 

the implicit assumption that the two-port is unconditionally stable has been done by 

Fukui [4]. Substituting (4.5) and (4.9) into (4.12), the noise measure can be expressed 

in terms of gain parameters, noise parameters and the source admittance as follows: 

(4.14) 

Rearranging (4.14), the following equation can be derived 

 

For the condition GRM = 0, M takes on its minimum value Mmin, i.e.,  
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The source conductance and susceptance which produce the minimum noise measure 

are given by 

 

 

 

For today’s transistors at multi-giga-herz frequency range, the unconditional 

stability can not be always guaranteed and designers are constantly facing RF circuit 

design under potential instability. As a result, it would be beneficial to develop a 

design algorithm without any assumption on the circuit stability. For that purpose, the 

available power gain can be expressed as (4.7) and the noise measure can thus be 

obtained as  
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Following the similar optimization method used in the case of unconditional stability, 

it can be shown that the minimum noise measure Mmin under arbitrary circuit stability 

is given by: 

 

 

where 

  

 

 

The source conductance and susceptance which produce the minimum noise measure 

are  

 

 

 

In this work, the CMOS LNAs are designed using the noise measure approach, 

and the NMFmin are calculated with no assumption on the circuit stability. This 

approach is particularly useful when the circuit stability changes as a function of 

operation conditions such as frequency, or other parameters that may affect the 

stability such as gate resistance of MOS transistors. 
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4.4 LNEARITY ANALSIS OF CMOS LNA 

4.4.1 Power series expansion 

 

 

 

 

Fig. 4.5 Generalized representation of a CMOS LNA with its power series coefficients 
(g1, g2 and g3). 
 

Consider a CMOS LNA made by a nMOSFET in a common-source 

configuration as generalized in Fig. 4.5. Its small-signal output current (id) can be 

expanded into the following power series in terms of the small-signal voltage (vgs) 

around the DC bias point (VGS): 

 (4.15) 

where 

   (4.16) 

g1 is the small-signal trans-conductance (gm),  and the higher-order coefficients (g2, g3, 

etc.) are introduced by the transistor nonlinearity and they describe the magnitudes of 

the corresponding nonlinearities. gm2 and gm3 are defined as the 2nd and 3rd -order 

derivatives of gm, respectively. 
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4.4.2 Harmonic distortion 

 

 

 

 

Fig. 4.6 Generalized representation of a CMOS LNA with its power series coefficients 
(g1, g2 and g3) and a small-signal sinusoid input voltage vgs. 
 

 The nonlinearity of a LNA can be characterized by applying a small sinusoid 

signal at the input and measuring the harmonic content of the output as shown in Fig. 

4.6. Using (4.15) gives the output current as 
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Magnitude of the desired signal (at frequency ω):  

Magnitude of the 2nd-order harmonic distortion (at 2ω):  

Magnitude of the 3rd-order harmonic distortion (at 3ω):  

Although many measures of linearity are available, the most commonly used are 3rd-

order input intercept point (IIP3) and 1-dB compression point [5]. The IIP3 for 

harmonic distortion is defined as the input value where the extrapolated 3rd-order 
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harmonic component and the desired linear response intersect. It is straightforward 

from the forgoing equations to calculate the IIP3 by setting the magnitude of the 3rd-

order harmonic equal to that of the linear fundamental term: 

PPPP vgvgvgvg 1
3

31
3

3 4
3

4
1

≈+=
 

which yields (using (4.16) in the last step) 

(4.17) 

The 1-dB compression point for the harmonic distortion is defined as the input level 

where the gain of the fundamental term has been reduced from the linear extrapolation 

by 1 dB. The V1dB for the forgoing CS LNA can be calculated as follows: 

 

from which the 1-dB compression point can be determined as    

 (4.18) 

The V1dB characterizes the linearity on a high-level limitation because it describes the 

input level where the actual output is 11% below the linear extrapolation of small-

signal behavior, whereas the VIIP3 is considered as a low-level measure of linearity 

since it is measured with the signal amplitude small enough to cause insignificant 
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departures from linear operation. The VIIP3 and V1dB are related to each other as can be 

seen from the definitions of VIIP3 in (4.17) and V1dB in (4.18), thus either one of them 

can be used as a figure of merit for the 1st-order linearity analysis of CMOS LNA. 

4.4.3 Intermodulation distortion 

 

 

 

 

Fig. 4.7 Generalized representation of a CMOS LNA with its power series coefficients 
(g1, g2 and g3) under a two-tone test input voltage 
 

 In practice wireless communication engineers are also concerned with another 

form of distortion known as intermodulation distortion, where the test is done with a 

multiple tone input and the tones intermodulate with each other. Fig. 4.7 shows a CS 

LNA under a two-tone test with equal tone magnitude. The various frequency 

components can be calculated in the similar way as that for the harmonic distortion. 

Below is a summary of the primary results:  

Magnitude of the desired signal (at fundamental frequency ω1 or ω2):     

Magnitude of the 3rd-order inter-modulation products (at 2ω1-ω2 or 2ω2-ω1):  

The IIP3 for the intermodulation distortion can be calculated by equating the 
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magnitude 3rd-order intermodulation products to that of the fundamental term as: 

PP vgvg 1
3

34
3

=
 

which yields 

 (4.19) 

 Note that there is a difference by a factor of the square root of 3 between the 

VIIP3 for the harmonic distortion in (4.17) and intermodulation distortion in (4.19). 

Since both of them originate from the nonlinearity of the transistor I-V characteristics, 

either one of them is appropriate for a first-order linearity analysis of CMOS LNAs. In 

this work, the formula in (4.17) is used in line with the data presented in literatures [11, 

12].  

The text of this chapter, in part, is a reprint of the material that has been 

submitted for publication: Cai, Ming; Liu, Minjian; Taur, Yuan. “A design study of 

nanometer-gate low-noise amplifier near the limit of CMOS scaling”, Solid-State 

Electronics; Cai, Ming; Liu, Minjian; Taur, Yuan. “Design study of power-efficient 

60-GHz MOS low noise amplifiers near scaling limits”, Electronics Letters. The 

dissertation author was the primary author and the co-authors listed in these 

publications directed and supervised the research which forms the basis for this 

chapter. 
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CHAPTER 5 

40-NM NMOS LNA DESIGN AND ANALYSIS 
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5.1 MOSFET SMALL-SIGNAL MODELS 

5.1.1 Intrinsic model 

 

 
Fig. 5.1 A small-signal RF equivalent circuit for a intrinsic MOSFET with its four 
terminals: gate, source, drain and body. 

 

Fig. 5.1 gives a small-signal RF equivalent circuit for an intrinsic MOSFET 

with its four terminals: gate, source, drain and body. It includes the conductance 

between source and drain (gds), the transconductance between gate and source (gm), 

transconductance between body and source (gmb), and various capacitances between its 

terminals (Cgs, Cgb, Cgd, Cbs and Cbd). For the common-source configuration of LNA, 

the body is tied with the source and both are grounded, thus the circuit in Fig. 5.1 can 

be simplified by lumping gmb into gm, Cgb into Cgs with Cbs eliminated altogether as 

shown in Fig. 5.2. There is a concern that the resistance between the body and ground 

is ignored in this model. In actual situations, the connection to the body is often a key 

issue in getting the correct model for mm-wave CMOS technologies. However, this 
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effect is not taken into consideration for the purpose of scaling trend prediction. 

 
 
 
 

 
 
 

Fig. 5.2 A simplified small-signal RF equivalent circuit for an intrinsic MOSFET with 
its three terminals: gate, source, and drain. The body is tied with its source. 

 

From the definition of two-port y parameters in (4.1), it can be derived that the y 

matrix for the equivalent circuit shown in Fig. 5.2 can be expressed as 

(5.1) 

5.1.2 Extrinsic model 

For a real MOSFET device, there are extrinsic resistances associated with the 

gate, drain and source terminals. In this work, the parasitic resistances are modeled by 

lumped resistors between the intrinsic model and corresponding terminals as shown in 

Fig. 5.3. It includes the extrinsic resistances associated the gate (Rg), drain (Rd) and 

source (Rs) terminals. 
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Fig. 5.3 A simplified small-signal RF equivalent circuit for an extrinsic MOSFET with 
the body tied with its source.  

If it is assumed that the source / drain resistance is insignificant as compared with the 

gate resistance (Rg), then to the first order of Rg, the extrinsic y matrix [Y’] can be 

obtained from the intrinsic y matrix [Y] by matrix manipulation as given by  

(5.2) 

The relationship between a matrix and its inverse is given by 

, where     (5.3) 

 By using (5.3) in (5.2), we have  
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Using (5.3) again  

(5.4) 

where yij (i, j=1, 2) is the elements of the intrinsic y matrix given by (5.1).  

Although the two-port parameters for the extrinsic MOSFET can be directly 

extracted from the 2D simulation, it is the small-signal model that provides insight to 

the physics behind the device operation as well as circuit performance. The general 

design analysis has been demonstrated by using the two-port y parameters in previous 

chapters, and more considerations with respect to the design of power-constrained 

LNA will be presented in this chapter with insights from the small-signal models 

shown in Fig. 5.2 for the intrinsic MOSFET with its y parameters in (5.1), and Fig. 5.3 

for the extrinsic MOSFET with its y parameters in (5.4). 
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5.2 DESIGN OF DC BIAS CONDITIONS FOR POWER-EFFICIENT 

OPERATIONS 

5.2.1 Drain current characteristic and constant power contours 
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Fig. 5.4 Drain current as a function of grain voltage (Id-Vd) at different values of gate 
voltage (Vg) for the 40-nm nMOSFET with a threshold voltage (Vt) of 0.23 V. 

Fig. 5.4 shows the drain current characteristics of the 40-nm nMOSFET with 

Vt=0.23 V. For a given gate voltage (Vg), Drain current (Id) is plotted as a function of 

drain voltage (Vd). All results thereafter in this chapter are based on such a nMOSFET. 

If the power consumption of a MOSFET is indicated by the product of the drain 
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current (Id) and drain voltage (Vd), then a set of constant power contours can be plotted 

in the Id-Vd design space, as shown in Fig. 5.5 for three power levels at 0.01, 0.05 and 

0.1 mW/μm. The construction of these constant power contours facilitates the choice 

of power-constrained bias conditions as will be shown in later sections. 
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Fig. 5.5 Constant power contours in Id-Vd design space for the 40-nm nMOSFET. 
Contours shown are for powers at 0.01, 0.05 and 0.1 mW/μm, respectively. 
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5.2.2 Current gain and cut-off frequency 

Cut-off frequency (fT) has been widely used to demonstrate device behavior at 

high frequencies and validate models. It is defined as the frequency at which the 

current gain (h21), which is equal to a ratio of y21 to y11, of the device equals to 1. Fig. 

5.6 illustrates the frequency response of current gain (h21) for the 40-nm nMOSFET at 

a gate bias of 0.5 V and a drain bias of 1 V. A direct search for the unit-gain point 

from Fig. 5.6 gives a cut-off frequency (fT) of 207 GHz for this device under such 

particular bias. 
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Fig. 5.6 Current gain as a function of frequency for the 40-nm nMOSFET under a gate 
bias Vg=0.5 V and drain bias Vd=1 V. The cut-off frequency (fT) is determined to be 
207 GHz in this case. 
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Let us look at the small-signal representation of current gain using the intrinsic 

two-port y parameters from (5.1): 

(5.5)  

where it is assumed that the device is operating at frequencies much lower than gm/Cgd. 

A similar calculation of the current gain from the extrinsic model based on (5.4) 

reveals the same result as for the intrinsic case, indicating that, for the first-order 

analysis, the cut-off frequency has no dependence on the gate resistance. This allows 

the simplification of simulation and the following results are presented based on the 

intrinsic device unless stated otherwise. The expression of (5.5) not only confirms the 

slope of 20 dB/dec for the current gain at low frequencies shown in Fig. 5.6, but also 

enables us to find the expression of fT at which the current gain is unity: 

(5.6) 

(5.6) suggests that high transconductance and low capacitance are desirable for a 

MOSFET device to have a high cut-off frequency. For a given technology, the bias 

condition is very important as it can give a significant change to the transconductance. 

Fig. 5.7 plots the cut-off frequency (fT) as a function of gate bias for the 40-nm 

nMOSFET. The simulation was done at a drain bias Vd = 1 V while sweeping the gate 

bias Vg.  
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Fig. 5.7 Cut-off frequency (fT) as a function of gate bias (Vg) for the 40-nm nMOSFET 
at a fixed drain bias Vd=1 V. 

 

A fT of over 200 GHz is obtained at Vg as low as 0.45 V for the 40-nm nMOSFET, 

which allows low-power mm-wave RF circuit design. The simulation result is 

consistent with the latest hardware data, which achieves a record fT of 330 GHz from a 

65-nm SOI CMOS technology featuring a 35 nm gate length [1]. Fig. 5.7 also shows 

that fT increases with Vg until Vg~Vt+0.25 V where fT starts to saturate at approximately 

220 GHz. The decrease of fT at very high Vg is caused by the mobility degradation at 

high field. 
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5.2.3 Maximum power gains 
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Fig. 5.8 Maximum available / stable power gains (MAG / MSG) and stability factor (K) 
as a function of frequency for the 40-nm nMOS LNA at a gate bias Vg=0.5 V and a 
drain bias Vd=1 V. 

 

Fig. 5.8 plots the frequency responses of maximum available / stable power 

gains (MAG / MSG) and the stability factor (K), which are obtained from the two-port 

y parameters using (4.3), (4.6) and (4.8). The simulation was done for the 40-nm 

nMOS LNA at a gate bias Vg=0.5 V and a drain bias Vd=1 V. When circuit is 

potentially unstable (K<1), MSG needs to be used to describe the gain performance of 

the LNA as MAG is not defined there. However, if the circuit is unconditionally stable 

(K>1), only MAG is meaningful since MSG, by definition, assumes an unrealistic K=1. 



83 

Finally, for the mm-wave frequency around 60 GHz that we are interested, the MSG is 

10 dB at this particular bias condition. In some part of this work, the MAG may be 

used interchangeably with MSG in case of K<1, where the notation of MAG is meant 

to be MSG with the same numerical value. 

 The focus of this study is to design a nMOS LNA for power-efficient 

operations. Fig. 5.9 shows the maximum available gain (MAG) as a function of power 

consumption for the 40-nm nMOS LNA. The MAG is plotted for different values of Vg 

at a fixed frequency of 60 GHz, with Vd varied to sweep a range of power levels at 

each Vg. If the transistor is biased in the sub-threshold condition (Vg=0.2 V as in Fig. 

5.9), MAG is limited to be under 5 dB by the power supply of 1 V and the amplifier 

can not provide sufficient gain for practical use. For a given MAG, lowest power is 

needed when transistor is biased just slightly above Vt (Vg=0.4 V). Similarly, for a 

given low power, higher value of MAG is achieved by limiting Vg within 0.2-0.3 V 

above Vt with a sufficiently high Vd. Such a bias preference is also beneficial for 

output resistance, which is larger in the saturation region with low Vg and high Vd.  
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Fig. 5.9 Maximum available gain (MAG) at 60 GHz as a function of power 
consumption for the 40-nm nMOS LNA with a threshold voltage Vt=0.23 V for 
different gate bias Vg from 0.2 to 1 V. 

5.2.4 Noise performance of a power-constrained LNA   

 It is a common practice to describe an amplifier’s noise performance in terms 

of its noise figure (NF). However, as developed in Chapter 4, neither noise figure nor 

available gain alone is sufficient to characterize an amplifier’s performance. Minimum 

noise measure figure (NMFmin) is proposed as a better figure of merit for the overall 

noise performance than minimum noise figure (NFmin), and the specific source 

terminations that lead to both of these figures are formulated there.  
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Fig. 5.10 Smith chart representation of constant noise figure NF circles (solid lines) 
and constant available gain Ga circles (dashed lines) in the plane of source reflection 
coefficient (Γs) for the 60-GHz LNA with a 40-nm nMOSFET biased at Vg=0.5 V and 
Vd= 1 V. 

 Fig. 5.10 illustrates the dependence of both the noise figure (NF) and the 

available power gain (Ga) on the source admittance for the 60-GHz nMOS LNA in a 

Smith chart. It plots both the constant noise figure and constant available gain circles 

in the plane of source reflection coefficient using equations derived in section 4.2.5 

using s parameter representations. The 40-nm nMOSFET is biased at Vg=0.5 V and 

Vd=1 V. As shown in Fig. 5.10, an amplifier designed to have the minimum noise 

figure (NFmin), 0.4 dB as pointed out in this case, will have no useful gain (Ga<1). On 

the other hand, an amplifier designed to have near maximum gain will eventually have 
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excessively large noise figures. In practice, the maximum gain is usually traded off for 

acceptable noise figure. For example, at a gain of 15 dB, the minimum possible value 

of the noise figure is 3.8 dB whereas it is reduced to 2.5 dB at a gain of 10 dB, as 

determined using Fig. 5.10. The specific source termination that leads to the NMFmin 

for this 60-GHz nMOS LNA is also indicated in Fig. 5.10, where the single-stage 

noise figure is still less than 1 dB but the gain is now larger than 1. The overall noise 

figure is 1.6 dB for a LNA made up by an infinite chain of such amplifiers.  In practice, 

there are possible losses associated with matching the output impedance of one 

amplifier to the input impedance of the next one. Coupled with the fact the LNA has 

only a few dB gain at the NMFmin point, it may be beneficial to design the amplifier 

have more gain with a larger noise to account for the gain loss if needed. 

 

 

 

 

 

 

 

 

Fig. 5.11 Constant minimum noise measure figure (NMFmin) contours and constant 
power contours in Id-Vd design space for the 40-nm nMOS LNA at 60 GHz with a 
power supply of 1 V. 
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 Fig. 5.11 gives a graphical representation of power and noise trade-off in Id-Vd 

space for the 40-nm nMOS LNA at 60 GHz. The solid lines with triangles are constant 

power curves. Those with squares are constant minimum noise measure figure 

(NMFmin) curves using the method developed in section 4.3.2. When power is 

constrained at a certain level, NMFmin varies depending on the bias choice of Vg and Vd 

along that constant power contour. The lowest NMFmin for a certain power is realized 

by moving the bias point towards the descending direction of constant NMFmin 

contours, until Vd becomes limited by the power supply voltage (1 V as in Fig. 5.11). 
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Fig. 5.12 The lowest minimum noise measure figure (NMFmin) at 60 GHz for a power-
constrained 40-nm nMOS LNA as a function of power with a supply voltage of 1 V. 
The optimal bias condition for power-efficient operation is at Vg=Vt+0.2-0.3 V and 
Vd=Vdd=1 V. 
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Fig. 5.12 plots the lowest minimum noise measure figure (NMFmin) as a 

function of the constrained power level for the 40-nm nMOS LNA at 60 GHz. If 

operated at extreme low power, the LNA is very noisy. As the power is increased, the 

lowest NMFmin at each power level is reduced until it reaches an optimal value of 1.6 

dB when the power is at 0.2 mW/μm. The corresponding optimal bias condition is for 

Vg to be 0.2-0.3 V above Vt with a drain bias of Vdd at 1 V. Beyond that optimal power 

condition the noise goes up as power is increased. Such a behavior is the combination 

of increasing power within a fixed supply limit as indicated by Fig. 5.11 and the fact 

the fT decreases at high Vg.  It is also worth noting that the power consumption is 

calculated per stage. In practice, more stages may be needed to account for the low 

gain at the NMFmin point, which calls for more power.  In these cases, although the 

power from all stages needs to be taken into consideration, the biasing dependence 

that we found would not change at all. 

5.3 GATE RESISTANCE EFFECT 

5.3.1 Modeling of Gate Resistance at RF 

For a MOSFET, the gate resistance consists mainly of the poly-silicon sheet 

resistance. However, at high frequencies, signal delay at the gate due to the distributed 

RC effect needs to be included for accurate CMOS RF noise modeling. This effect 

will become more severe as the operation frequency becomes higher. It can be 

modeled with different approaches for RF applications [2] and complex numerical 

models for the gate delay have been proposed [3]. In this work, a simple Rg approach 

with an effective gate resistance is used.  
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Fig. 5.13 Layout of a typical MOSFET with a multiple-finger gate structure (adapted 
from C. Enz [4]) 

 RF MOS transistors are usually designed as large devices in order to achieve 

desired transconductances required to make them operate up to RF. As shown in Fig. 

5.13, they are usually laid out as multi-finger devices, because in deep sub-micron 

CMOS processes, the maximum finger length (corresponding to the unit transistor 

width Wf) is limited. This is due to the so-called “narrow-line effect”, which increases 

the silicided polysilicon sheet resistance as the finger width (corresponding to the 

transistor gate length Lf) decreases due to grain boundary problems [4]. The total 

effective width (Weff) of a transistor is then simply Nf*Wf, where Nf is the number of 

fingers. When the multiple-gate finger structure is used, there are extra capacitances 

associated when interconnecting them. This could affect the noise and gain 

performance of LNA depending on the layout specifics. Many efforts are being made 

for layout optimization. For the CMOS layout shown in Fig. 5.13, the effective gate 

resistance associated with its multiple-finger structure is given by  

(5.7) 

where Rg,sh is the sheet resistance of the gate material, Wf and Lf are the gate width and 
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length of a single finger, and Nf is the number of fingers. The factor of 1/3 accounts 

for the distributed nature of the RC line across the channel in the width direction. It is 

well known that if the gate is connected by metal lines on both sides, the gate 

resistance is four times smaller than what is obtained for a gate connected on one side. 

Factor k accounts for this, and is equal to 1 for gate contacted on one side and to 1/4 

for a two-side contacted gate. 

 

5.3.2 Effect on noise performance 

From (5.6) we have  

 

An important observation that comes from the above equation is that the cut-off 

frequency is independent of the device width W, since both the transconductance and 

capacitances are proportional to W. In terms of noise figure, it can be shown that the 

noise figure for the fingered device can be expressed as [5] 
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where the superscript N denotes the noise figure for the N-fingered device, NFmin is the 

minimum noise figure of a single finger, Gn is the noise conductance of a single finger, 

Rs is the driving source resistance, and Zopt is the optimum noise impedance for a 

single finger. One of the important results here is that NFmin is independent of the 
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number of fingers and is only a function of one finger, which is given by 

(5.8) 

where γ is a bias-dependent parameter, gd0 is zero drain voltage conductance (~gm). F3 

is a weak function of bias and less than 1. Since gd0 is directly proportional to finger 

width W whereas fT has no width dependence, NFmin is a function of the product of 

gate resistance (Rg) with finger width (W) as indicated by (5.8). 

Table 5.1 Comparison of minimum noise figure and noise measure measure figure at 
60 GHz for the 40-nm nMOS LNA using a single-fingered nMOSFET with different 
combinations of device widths and gate resistances. 

Device width W   (μm) 1 0.5 
Gate resistance Rg (Ω) 100 50 100 200 
Resistance-width product Rg·W (Ω·μm) 100 25 50 100 
Minimum noise figure NFmin (dB) 0.44 0.39 0.41 0.44
Minimum noise measure figure NMFmin (dB) 2.13 1.97 2.03 2.13

 

Table 5.1 lists the minimum noise figures (NFmin) and minimum noise measure 

figures (NMFmin) of a single-fingered 40-nm nMOS LNA at 60 GHz with different 

combinations of device widths and gate resistances. An important result from Table 

5.1 is that, for the nMOS LNA with one single finger, the NFmin and NMFmin depend 

on both the device width and the gate resistance. Furthermore, whether the gate has a 

resistance of 100 Ω with a width of 1 μm or 200-Ω with 0.5 μm, as long as the product 

of gate resistance and width remains the same, the NFmin and NMFmin will keep 

unchanged. Therefore, the noise performance of the nMOS LNA can be characterized 
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f
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as a function of the gate resistance-width product following (5.7): 
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where the gate is assumed to be contacted on both sides. Silicided gates, with a sheet 

resistance on the order of 10 Ω/□, are commonly used in current CMOS processes. 

The gate width for a single finger can be 2 μm or less. These typical device parameters 

give a gate resistance-width product of 100 Ω·μm for a MOSFET with a 40-nm gate 

length.  

Fig. 5.14 The effect of gate resistance on the power-optimized minimum noise 
measure figure (NMFmin) for the 40-nm nMOS LNA at 60 GHz. The gate resistance is 
measured in Ω·μm, and its effect to the circuit stability is also indicated. 
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Fig. 5.14 plots the power-optimized minimum noise measure figure (NMFmin) 

as a function of gate resistance-width product (Rg·W) for the 40-nm nMOS LNA at 60 

GHz. The optimized value of NMFmin is obtained with the optimal bias condition 

indicated in Fig. 5.12. Gate resistance not only degrades amplifier’s noise performance 

but also changes its stability as illustrated in Fig. 5.14. The design analysis would have 

been rather complicated if without the developed noise measure approach, which takes 

circuit stability into consideration. For a typical gate resistance-width product of 100 

Ω·μm in the current silicide technology, the power-optimized NMFmin of the 40-nm 

nMOS LNA is 1.8 dB, which is only slightly degraded from its value of 1.6 dB with 

zero gate resistance. The slight degradation is also observed for noise figures shown in 

Fig. 5.10. For example, the minimum value of noise figure with a gain of 10 dB is 

increased from 2.5 to 2.8 dB, and from 3.8 to 4.0 dB with the gain of 15 dB due to the 

presence of the typical gate resistance. 

5.4 FREQUENCY DEPENDENCE AND SUBTHRESHOLD OPERATION 

The frequency dependence of the lowest minimum noise measure figure 

(NMFmin) as a function of power consumption for the power-constrained 40-nm nMOS 

LNA is shown in Fig. 5.15 (a) including three frequencies: 5, 30, 60, and 120 GHz. 

The noise performance of the nMOS LNA deteriorates once the operating frequency is 

increased to higher frequencies. There is a trade-off among the noise performance, 

power consumption and operation frequency. If the operation of the LNA is pushed to 

higher frequencies, the power consumption has to be increased in order to reduce the 
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degradation in its noise performance. On the other hand, the frequency has to be 

decreased if the power is reduced for low power applications without a significant 

degradation in its noise performance. However, for a very low frequency of 5 GHz, 

the increase of noise is minimal and the power reduction by operating into 

subthreshold is substantial.  This is further indicated in Fig 5.15 (b). 

 

 

 

 

 

Fig. 5.15 (a) The lowest minimum noise measure figure (NMFmin) at different 
frequencies, from 5 to 120 GHz, for the power-constrained 40-nm nMOS LNA as a 
function of power with a supply voltage of 1 V. 

Fig. 5.15 (b) shows the NF and Ga at the optimal source termination for NMFmin as a 

function of power at 5 GHz. The dividing line is for the power where Vg=Vt and 

Vd=Vdd. As the power is reduced from above threshold to subthreshold, the gain goes 

down while the noise goes up. However, the increase of NF is minimal except for the 

last point and the gain remains to be higher than a few dB. This suggests that for low-
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frequency operations, the 40-nm nMOS LNA can be operated at subthreshold 

condition for the ultra-low power and low noise.  

 

 

 

 

 

Fig. 5.15 (b) The noise figure (NF), minimum noise measure figure (NMFmin) and 
available gain (Ga) as a fuction of power for the 40-nm nMOS LNA at 5 GHz. 

5.5 LINEARITY 

With the increasing importance of CMOS technology in RF applications and 

the forward development of wideband wireless communication systems, linearity has 

become one of the most important issues in RF circuit design, which sets the upper 

limits of the spurious free dynamic range (SFDR) [6]. Many of these applications do 

require not only a low noise figure and sufficient power gain, but also a high linearity 

with low power consumption. In MOS RF IC, a purely sinusoidal input signal can 

produce a distorted output signal with higher-order harmonics due to the nonlinearity 

of MOS transistors. These harmonics are mainly induced by higher-order derivatives 

of the current-voltage (I-V) characteristics of the MOS transistors. As discussed in 
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section 4.4, an important figure of merit for linearity is the 3rd-order harmonic 

intercept voltage VIIP3, which is the extrapolated input voltage amplitude at which the 

1st- and 3rd- order output amplitudes are equal. It is given by (4.17) as 

 

For linearity, VIIP3 is used as a first-order design parameter, and should be as high as 

possible for low-distortion operations. It can be easily obtained from the DC 

characteristics and gives a good indication of the device linearity even at high 

frequencies [7]. Fig. 5.16 shows the transconductance (gm) of the 40-nm nMOSFET 

with a threshold voltage (Vt) of 0.23 V as a function of gate voltages (Vg) with 

different drain voltages (Vd). For the same Vd, The gm increases rapidly with Vg until Vg 

is well above Vt and saturates at high values of Vg. For the same Vg, an increase in Vd 

will cause an increase in gm.  

 

 

 

 

Fig. 5.16 Transconductance (gm) of the 40-nm nMOSFET with a threshold voltage Vt= 
0.23 V as a function of gate bias (Vg) under different values of drain bias (Vd). 
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Fig. 5.17 The 3rd-order harmonic intercept voltage VIIP3 of the 40-nm nMOSFET 
(Vt=0.23 V) as a function of gate bias (Vg) under different values of drain bias (Vd). 

 Fig. 5.17 gives the 3rd-order harmonic intercept voltage VIIP3 from (4.17) as a 

function of gate bias (Vg) under different values of drain bias (Vd). The higher-order 

transconductances are obtained by numerical differentiation of gm in Fig. 5.16. A sharp 

peak is observed near the threshold voltage as gate bias is varied, which reflects so-

called “sweet spots” of gate biases for MOSFET linearity [8]. This is because, during 

the transition from subthreshold to strong inversion, the increase of gm with Vg is at its 

highest, and the 2nd-order nonlinearity coefficient gm2 reaches its peak, while the 3rd-

order nonlinearity coefficient gm3 becomes zero.  In addition, the peak positions shift 

to lower Vg as Vd increases, because of the drain induced barrier lowering (DIBL) 

effect. Although the peak at the sweet spot is desirable for high linearity of the 

MOSFET, two important considerations prevent the nMOS LNA operating at such a 

bias. First, the Vg is very close to Vt where the LNA has significantly lower fT, less 
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gain and larger noise figures from previous results. Second, the peak of VIIP3 is very 

narrow and usually requires an accurate biasing within ±10 mV of the optimum gate 

bias. Such a tight requirement is generally hard to achieve in reality due to the 

presence of process and temperature variations [9]. Therefore, it is preferred to design 

the nMOS LNA with a gate voltage well beyond Vt to ensure a predictably high 

linearity, and there is a trade-off between linearity and power, as the power is 

increased with either increasing Vg or Vd.  

 The requirement of linearity for a communication system is different upon 

applications. Table 5.2 compares the general requirement on the IIP3 for both the 

GSM and CDMA communication standards, which are usually specified in power 

with a unit of dBm (0 dBm=1 mW). The power in dBm can be converted to voltage in 

Volt by using the following relationship: 

 

Table 5.2 The requirement of IIP3 for the GSM and CDMA communication systems 
in units of power (dBm) and voltage (V). A 50-Ω system is assumed for conversion. 

IIP3 GSM CDMA 
Power - 5 dBm 5 dBm 

Voltage 0.18 V 0.56 V 

From section 5.2.4, it is shown that the optimal gate bias for overall noise 

performance is for Vg to be 0.2-0.3 V above Vt and Vd=Vdd. The VIIP3 under this 

optimal condition is 2 V from Fig. 5.17 with Vg=0.5 V and Vd=1 V. Considering the 

general requirement in Table 5.3, the 40-nm nMOS LNA remains higher linear with 
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its optimal bias conditions for low-noise and low-power operations. If more linearity 

is needed, the Vg can be increased to provide a higher VIIP3 at the expense of more 

power consumption. As for the subthreshold operation, the linearity is poor with a 

VIIP3 of 0.3 V at Vg=0.2 V. Such a low VIIP3 is one of the tradeoffs if subthreshold 

operation is involved. 

5.6 CORRELATION WITH PUBLISHED HARDWARE DATA 

 In this section, a survey of published hardware data on CMOS LNAs is 

presented with the correlation to the simulation results obtained from the 40-nm 

nMOSFET.  The purpose of this section is to identify the design trade-offs among 

important design parameters including operation frequency, gain and noise figure from 

the technology scaling point of view.  

 

 

 

 

 

 

 

 
Fig. 5.18 Comparison of cut-off frequency (fT) as a function of gate length from the 
simulated 40-nm nMOSFET (this work) and published hardware data [1, 10-13].  
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  Fig. 5.18 shows the peak cut-off frequency (fT) as a function of gate length for 

RF MOSFETs from both the published hardware data (denoted by solid circles) and 

simulation results from the 40-nm nMOSFET in this work (denoted by the solid 

triangle). At the time when this work started, the highest reported fT for RF CMOS is 

below 150 GHz, which makes a fT of 200 GHz a good starting point for our device 

design at that time. However, as the CMOS technology moves forward quickly in 

recent years, the fT is increased rapidly to 243 GHz as a result of the many efforts in 

the CMOS scaling [12]. The record RF CMOS performance up-to-date is achieved by 

the SOI CMOS technology with a peak fT of 330 GHz from IBM, which features a 65-

nm technology with a gate length of 35 nm and a gate oxide of 1.05 nm [1]. The 

simulation result shown in Fig. 5.15 is for the 40-nm nMOSFET with a peak fT of 220 

GHz, and it agrees well with the performance trends from the published hardware data.  

 

 

 

 

 

 

 

 

Fig. 5.19 Noise figure as a function of frequency for various RF nMOS LNAs from 
the simulated 40-nm device in this work and published hardware data [14-28]. 
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 Fig. 5.19 shows the noise figure as a function of frequency for RF nMOS 

LNAs from both published hardware data and the simulation result from the 40-nm 

nMOSFET. The noise figures from the published data are taken as the ones measured 

by the actual hardware from various nodes of CMOS technologies. For frequencies 

below 5 GHz, 0.25-μm CMOS technology is capable of providing an amplifier with a 

very low noise figure less than 2 dB. However, as the operation frequency is increased 

from 5 to 10 GHz, the noise figure increased substantially and a technology with a 

shorter length, 0.18-μm in this case, is needed in order to bring the noise figure down 

below 2 dB. When the frequency is further increased to around 20 GHz, the noise 

figures soar inevitably to well above 4 dB. Although there are some excellent results 

that bring the noise figure down below 4 dB, the low noise operation at even higher 

frequencies is generally difficult without using the advanced sub-100-nm technology.  

Recently, noise figures of 3.6 dB at 35 GHz and 4 dB at 40 GHz are reported using a 

90-nm SOI CMOS technology from IBM [28], which are the best results for a Si-

based mm-wave LNA reported up to date. As indicated by the comparison of these 

results, the general trends for the LNA noise performance is to increase the operation 

frequency while keeping the noise figure at a relative low level, and such a trend is 

made possible by the steady downscaling and improvement of CMOS RF technologies. 

Also shown in Fig. 5.19 is the simulation result from this work, indicated as the noise 

figure with a gain of 15 dB and typical gate resistances under the optimal bias 

conditions.  The 40-nm nMOS LNA has a noise figure of 4 dB at 60 GHz, as 

compared to a noise figure of 4 dB at 40 GHz with a gain of 9.5 dB for the 90-nm 
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technology node.  

 

 

 

 

 

 

 

 

Fig. 5.20 Noise figure as a function of the ratio of operation frequency to cut-off 
frequency (f/fT) of CMOS LNAs from published hardware results and simulated 40-
nm device in this work. The numbers adjacent to symbols are the corresponding gain 
at the same frequency [24-28].  

Table 5.3 Performance comparisons of CMOS LNAs for frequencies above 10 GHz 
from published hardware data and the simulated 40-nm device in this work. 

Ref. Lgate 
(nm) 

fT 
(GHz)

Freq.
(GHz)

Gain 
(dB) 

NF 
(dB)

Circuit Topology* 

[24] 180 45 23.5 12.9 5.6 3 stages, CS+CS+CS 
[24] 180 45 25.7 8.9 6.9 3 stages, CS+CS+CS 
[25] 180 50 16 9 3.8 1 stage, CS 
[26] 180 54 21.8 15 6 3 stages, CGRF+CS+CS
[27] 180 70 24 13.1 3.9 2 stages, CS+CS 
[28] 90 243 35 11.9 3.6 1 stage, cascode 
[28] 90 243 40 9.5 4 1 stage, cascode 

This work 40 220 60 15 4 1 stage, CS 

*CS: common source, CGRF: common gate resistive feedthrough 
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Fig. 5.20 compares the noise figure and gain as a function of the ratio of 

operation frequency to cut-off frequency (f/fT) from reported CMOS LNAs and 

simulated 40-nm device in this work, and Table 5.3 listed the relevant data from the 

reported hardware results including the circuit topology. The cut-off frequency (fT) is 

determined primarily by the technology node, and the device is usually operated at a 

frequency much lower than fT as the gain drops with a slope of -10 dB/dec as the 

operation moves towards higher frequencies, and the noise becomes worse as well. 

For the 0.18-μm CMOS technology node, fT is limited to be less than 100 GHz and the 

ratio of f/fT will be greater than 0.3 in order to meet the operation at frequencies above 

20 GHz using such technology. The low gain at high ratio of f/fT is usually 

compensated by using multistage topology for required gain performance, however, 

this further aggregates the degradation of the noise figure at higher frequencies, due to 

the presence of the additional stages as evident by Fig. 5.20. One way to reduce the 

ratio of f/fT without sacrificing the operation frequency is to increase fT by 

technological scaling. As shown in Fig 5.20, the 90-nm technology node provides 

noise figures less than 4 dB with gains around 10 dB at frequencies up to 40 GHz, all 

within small f/fT ratios of less than 0.2 using single stage topology. This is made 

possible by the high fT of 243 GHz associated with this 90-nm SOI CMOS technology 

[28]. However, for mm-wave applications, the LNA made from this technology would 

be difficult to achieve a low noise figure and a simultaneously high gain at 60 GHz.  

 The simulation result from this work is also shown in Fig. 5.20. The noise 

figure is for the 40-nm nMOS LNA with a gain of 15 dB and the typical gate 
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resistance under optimal bias condition. Although the ratio of f/fT is higher than that of 

the reported 90-nm technology node, it achieves the comparable noise figure with a 

larger gain at a higher frequency, all using a single-stage CS amplifier. Such an 

improvement, as compared with the 90-nm technology, is partly due to the shorter 

channel length of the 40-nm device, and partly due to the optimal biasing design in the 

Id-Vd space as illustrated in Fig. 5.11. 

The text of this chapter, in part, is a reprint of the material that has been 

submitted for publication: Cai, Ming; Liu, Minjian; Taur, Yuan. “A design study of 

nanometer-gate low-noise amplifier near the limit of CMOS scaling”, Solid-State 

Electronics; Cai, Ming; Liu, Minjian; Taur, Yuan. “Design study of power-efficient 

60-GHz MOS low noise amplifiers near scaling limits”, Electronics Letters. The 

dissertation author was the primary author and the co-authors listed in these 

publications directed and supervised the research which forms the basis for this 

chapter. 
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CHAPTER 6 

CMOS LNA DESIGN NEAR THE SCALING LIMIT 
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6.1 CMOS DEVICE DESIGN NEAR THE SCALING LIMIT  

The performance of CMOS devices were greatly improved by scaling in recent 

years. The current CMOS technology in production is at the 90-nm node with an 

effective channel length less than 50 nm [1], and the cutting-edge 65-nm node has a 

channel length below 40 nm [2]. As the channel length is rapidly reduced by forward 

development of aggressive scaling, it is generally believed that the bulk scaling limit 

for CMOS will be reached at the time when the channel length is reduced to 20 nm. 

Once the channel length is further reduced to below 20 nm, double-gate (DG) 

MOSFET (a generic form of FinFET) technology becomes the solution, since it is 

more immune to the short-channel effect than the standard bulk MOSFET [3]. In order 

to investigate the performance trends of CMOS LNAs under such a scaling roadmap, 

three more devices were investigated in addition to the 40-nm bulk MOSFET 

discussed in Chapter 5: a 20-nm bulk MOSFET, a 20-nm DG MOSFET, and a 10-nm 

DG MOSFET. As a summary, Fig. 6.1 compares the structure and relative geometry 

of these devices using TECPLOT-ISE from SYNOPSYS-TCAD. The concepts and 

details involved in the design of these scaled MOSFET devices have been covered in 

Chapter 3, and this chapter presents the performance trends of both cut-off frequency 

and noise figures for these CMOS LNAs near the scaling limits. 

 

 

 



110 

 

           

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.1 Cross-section comparison of the MOSFETs near the CMOS scaling limits 
used in this study: (a) 40-nm bulk MOSFET; (b) 20-nm bulk MOSFET; (c) 20-nm 
double-gate (DG) MOSFET; (d) 10-nm DG MOSFET. 
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6.2 PERFORMANCE TRENDS OF CMOS LNAS  

The design of various scaled nMOS LNAs are carried out in much the same 

way as for the 40-nm bulk nMOS LNA, which is studied exclusively in Chapter 5. As 

a result, Fig. 6.2 compares the peak cut-off frequency (fT) as a function of channel 

length for all scaled MOSFETs in this work and the published hardware data, and 

Table 6.1 summarizes the key design parameters obtained from various nMOS LNAs 

used in this study. In terms of device design, since the threshold voltage (Vt) of the DG 

MOSFETs can be easily modified by the work functions of the gate material instead of 

several interacting parameters as in (3.5) for the bulk MOSFETs, the work functions 

of the DG MOSFETs are designed such that the 20-nm DG MOSFET has the same Vt 

as the 20-nm nMOSFET for a fair comparison. For 40- and 20- nm bulk nMOS LNAs, 

the RF parameters are extracted at corresponding optimal bias conditions for power-

efficient noise operations, which is Vg=0.5 V and Vd=1 V for the 40-nm nMOS LNA 

as shown in Fig. 5.12, and it is Vg=0.45 V and Vd=1 V for the 20-nm nMOS LNA. For 

DG nMOS LNAs, the bias conditions are kept the same as 20-nm bulk nMOS LNAs, 

i.e., Vg=0.45 V and Vd=1 V. The minimum noise measure figures are shown as the 

lowest values under each optimal bias for power with the same typical gate resistance-

width product, 100 Ω·μm, for all LNAs at 60 GHz. 
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Table 6.1 Summary of key design parameters for various nMOS LNAs near the 
CMOS scaling limits used in this study. 

MOSFET Type Bulk Double-Gate 

Effective channel length (nm) 40  20 20 10  

Gate oxide thickness (nm) 2  1  1  0.5  

Threshold voltage (V) 0.23  0.20  0.20  0.16  

Cut-off frequency (GHz) 210  370 430  770  

Power-optimized NMFmin (dB) 1.8  0.8  0.8  0.6  

3rd-order Harmonic VIIP3 (V) 2.0 1.8 1.8 2.5 

  

 

 

 

 

 

 

 

 

 

Fig. 6.2 Comparison and the general trend of cut-off frequency (fT) as a function of the 
gate length for various RF MOSFETs from simulation (this work) and published 
hardware data [4-8].  
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  Fig. 6.2 shows the peak cut-off frequency (fT) as a function of the gate length 

for various RF MOSFETs from both the published hardware data (denoted by solid 

circles) and simulation in this work (denoted by solid triangles). The scaling trend of fT 

from the hardware data is also shown with projection into the scaling limit at 10 nm. 

As shown in Fig. 6.2, the simulation result for the 40-nm nMOSFET agrees well with 

the published hardware data, and those for the various scaled MOSFETs studied in 

this work fall on the projected scaling trend. As the lithography technology is quickly 

moving forward from 90-nm to 65-, 45-, 32-, and 22-nm nodes, the fT of the CMOS 

transistors will be increased above 1 THz as suggested by the scaling trend in Fig. 6.2. 

Such a high RF performance makes these transistors well sufficient for the 

applications at mm-wave frequency range and further beyond.  

 

As shown in Table 6.1, when the bulk MOSFET  is scaled from a channel 

length of 40 nm to 20 nm with a concurrent reduction of oxide thickness from 2 nm to 

1 nm, the cut-off frequency (fT) is increased from 210 GHz to 370 GHz whereas the 

power-optimized noise measure figure is reduced from 1.8 dB to 0.8 dB. There is no 

substantial performance improvement of the 20-nm DG nMOS LNA over the 20-nm 

bulk nMOS LNA. This is because while the DG MOSFET has higher 

transconductance, its gate capacitance is also higher, resulting in nearly the same AC 

performance. However, when the CMOS LNA is scaled from a channel length of 20 

nm to 10 nm with more scalable DG device structure, it outperformed the limiting 20 

nm bulk LNA by a factor of two in terms of cut-off frequency (fT), and substantial 
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reduction in its noise figure at 60 GHz.  No severe degradation in linearity has been 

found in all these scaled devices. Thus the power-efficient low noise amplification can 

be easily extended to 60 GHz and beyond with high linearity as the CMOS transistors 

are scaled down to near the gate length limit. Such a high cut-off frequency with low 

noise figures shown in Table 6.1 suggests that CMOS can provide comparable RF 

performance to III-V technologies at mm-wave frequency range with additional 

benefits of lower cost and higher level of integration.  

The text of this chapter, in part, is a reprint of the material that has been 

submitted for publication: Cai, Ming; Liu, Minjian; Taur, Yuan. “A design study of 

nanometer-gate low-noise amplifier near the limit of CMOS scaling”, Solid-State 

Electronics. The dissertation author was the primary author and the co-authors listed in 

these publications directed and supervised the research which forms the basis for this 

chapter. 
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CHAPTER 7 

SUMMARY OF DISSERTATION AND FUTURE WORK 
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SUMMARY 

The main focus of this dissertation is the design study of power-efficient 

CMOS LNAs at 60 GHz based on state-of-the-art nMOSFETs and the projection of 

performance trends of CMOS LNAs near the scaling limits.   

Starting with an introduction of millimeter-wave (mm-wave) communication 

systems, a survey of current status of research and development is conducted on 

various technologies that enable the mm-wave applications, with the emphasis on the 

Si-based CMOS technologies. It also serves as the basis for various design parameters 

and provides checkpoints for the simulation results in this work. The scaling effect of 

CMOS devices near its limit is studied by using a 40-nm bulk nMOSFET, 20-nm bulk 

and double-gate (DG) nMOSFET, and a 10-nm DG nMOSFET with a 2-D device 

simulation tool - SYNOPSYS TCAD. Special considerations are given to control the 

short-channel effect while scaling the MOSFET to its minimum size.   

In order to facilitate the RF small-signal design using two-port parameters, a 

complete solution, including important relationships between circuit stability, power 

gains, and noise parameters are provided in a single work frame.  It features a new 

methodology developed to use the noise measure as a proper figure of merit for two-

port overall noise performance with arbitrary circuit stability.   

A detailed power-efficient LNA design at 60 GHz has been completed based 
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on state-of-the-art nMOSFETs near the scaling limits to facilitate the wireless 

applications at millimeter-wave frequency range. The optimal gate bias for the power-

constrained LNA is found to be 0.2-0.3 V above the threshold voltage. The 40-nm 

nMOS LNA has a minimum noise measure figure of 1.8 dB at 60 GHz with a power 

consumption of 0.2 mW/μm. The degradation in the overall noise performance due to 

gate resistance in current silicide technology is shown to be insignificant as long as the 

device width per gate finger is constrained. The performance trend of CMOS LNAs 

near the scaling limits has been investigated including the 20-nm bulk and DG 

MOSFETs, and 10-nm DG MOSFETs. Further improvement of the LNA noise 

performance can be achieved with higher cut-off frequency and lower noise figures in 

such emerging devices, and CMOS LNAs near the scaling limit are found to compete 

directly against III-V technologies at mm-wave frequency range with a lower cost and 

higher level of integration.  

In terms of suggestion for future work, it would be appropriate to update the 

CMOS device to include the recent technology advances including halo doping and 

source-drain extension. A calibrated model with drift-diffusion characteristic of 

material properties is also useful for more accurate modeling. Also the inclusion of 

many parasitic parameters encountered in the hardware manufacturing, including 

source/drain resistance and body to substrate resistance, would also help to improve 

the predictability of this work. 
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