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Abstract

A front-end, a combination o f a low noise amplifier and a frequency converter, is an 

important building block in a radio receiver system. Very weak radio frequency signals 

need to be amplified before they are translated to the intermediate frequency or baseband 

signals. For multistandard wireless communication systems operating at different carrier 

frequencies, one o f the important requirements is wideband receiver front-end capable o f 

handling all these frequencies. Therefore, attention is made to design wideband amplifier 

and front-end circuit for the multistandard low intermediate-frequency wireless receiver.

In this thesis, a new configuration o f a two-stage wideband amplifier is proposed and 

designed in CMOS 0.18 pm technology. Dual loop negative feedback is used to achieve 

the input/output wideband matching with -3  dB bandwidth o f larger than 2.5 GHz.

Using the new configuration of the proposed wideband amplifier as the low noise 

amplifier, a new wideband front-end is proposed and designed in CMOS 0.18 pm 

technology. The overall front-end circuit is highly linear with input bandwidth o f larger 

than 3 GHz. All the designs are mathematically analyzed and the simulation results 

justify the functionality o f the circuits.
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Chapter 1

Introduction

1.1 Motivation

Wireless communications are expanding in many directions with tremendous growth of 

numerous standards and applications such as WLAN, WCDMA, GSM, GPS and DECT, 

operating at different carrier frequencies and bands [1], [2]. When hardware aspects are 

considered there is a persistent demand for a single-chip, light, inexpensive, low-power, 

hand-held portable terminal compatible with different standards and applications. Thus, 

in the future, radio frequency circuits for wireless communications need to be fully 

integrated on-chip, having the capability o f covering a very wide rang o f frequencies.

The majority o f radio-frequency integrated-circuits (RFICs) are still implemented in 

GaAs or silicon bipolar technologies because of the higher speed o f BJT and GaAs 

devices, which have higher unity-gain-cut-off frequency (fi) [3], [4]. However, the 

continuous scaling o f CMOS technology has driven toward the deep-submicron 

minimum feature size, reducing the minimum channel length o f  the MOS devices, and 

thereby increasing the f  o f the transistor [5]-[7]. Thus, with high f  and high level o f

1
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integration, CMOS is becoming a viable technology for RFICs used in wireless 

communication systems. Again, in scaled CMOS process, a higher level of integration 

ensures higher degree of functionality with lower costs. Therefore, the rapid evolution of 

the wireless communication world has resulted in tremendous amount of research on 

building high performance radio frequency (RF) circuits in CMOS technology because of 

its very-large scale-integration (VLSI) features that lead to low power, small size and low 

cost solution for portable devices, equipments and systems.

In the last few years, various CMOS RF chips have been implemented with the ultimate 

goal of integrating an entire radio transceiver (combined transmitter and receiver) on a 

single chip [8], [9], Again, with the increasing number of wireless standards operating at 

different carrier frequencies, the need for multiple standards (multistandard) transceiver 

systems is increasing [10]. Thus, an RF receiver front-end, a combination of a low noise 

amplifier (LNA) and a downconversion mixer needs to be able to cover a huge range of 

different carrier frequencies. Using one RF front-end for each standard and then, 

combining a number of such front-ends to cover all the frequency range will be very area 

inefficient and costly. Therefore, the straightforward approach is to integrate a wideband 

RF front-end capable of handling all the different carrier frequencies for different 

standards. Hence, it will be a cost effective and area efficient solution. In this way, a 

wideband front-end can easily be reused to achieve maximum hardware sharing and to 

have a higher performance/price ratio in comparison to the one chip-set for each standard. 

Since the first stage of a receiver front-end is an LNA, a wideband front-end needs either 

a wideband LNA [11], or a narrowband LNA with multiple passbands [12], or a tunable 

LNA [13]. Narrowband LNAs with multiple passbands are only suitable when the

?
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passbands are well separated and their number is not more than two [12]. Tunable LNAs 

are very attractive but hard to design for a large tuning range. Hence, the motivation is to 

design a wideband amplifier that can be used as an LNA in the RF (radio frequency) 

stage, or as an IF (intermediate frequency) amplifier at the output o f the front-end. With 

the advancement o f continuously scaled down CMOS technology the use o f  MOS 

transistors at RF frequencies where BJT and GaAs devices were previously dominating 

gives designers the possibility to integrate wideband amplifiers with bandwidths of 

several GHz.

Increased level o f integration driven by the need for both a better portability and a lower 

cost price has been very attractive for wireless communications. Today, most o f the 

wireless receivers (heterodyne receivers) [14], [15] work at high intermediate frequency 

(50 MHz to 200 MHz), and still, they need a lot o f off-chip discrete components. In 

recent years, low IF (several hundreds kHz to few MHz) receivers [16]-[19] have been 

successfully adapted for certain applications such as GSM [16], DECT [17], WLAN [18] 

or Bluetooth [19]. Low intermediate frequency (low-LF) receivers [20]-[23] avoid the use 

o f expensive discrete components such as image-rejection (IR) filters, and thus, allow a 

higher level of integration. However, low-IF receivers still have image problems, so a 

recent research has been done in low-IF receivers architectures to reject image fully [20]-

[23]. In traditional heterodyne receiver, designers use LNA and downconversion mixer, 

keeping in mind impedance matching to an IR filter (IR filter is in between the LNA and 

the mixer). A little has been done to exploit the benefit, the increased overall linearity

[24], o f not having an IR filter between the LNA and the mixer in low-IF receivers. Here,
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the motivation is to design a highly linear wideband RF front-end to improve the 

feasibility o f  low-IF wireless receivers.

1.2 Objectives

The objectives o f  this research work include a number o f  goals and implementations:

1. Investigation o f wideband amplifiers in CMOS 0.18 pm process, which are 

already proposed in the papers [25]-[28]. One o f these amplifiers has been 

investigated in SiGe bipolar process [25] but no detailed analysis has been done 

yet in a CMOS process.

2. Investigation o f a new two-stage CMOS wideband amplifier [27] that can be used 

as an LNA in the RF front-end and as an IF amplifier after the front-end. A 

systematic design approach is followed to realize the wideband amplifier such 

that its performance parameters are independent o f the process. The new 

wideband amplifier was designed, implemented and fabricated in CMOS 0.18 pm 

process.

3. Design and implementation o f a CMOS wideband RF front-end for low-IF 

wireless receivers. The RF front-end is designed by directly combining an LNA 

and a downconversion switching mixer where LNA is the wideband amplifier 

configuration designed in step 2 with certain modifications. The front-end was 

designed, implemented and fabricated in CMOS 0.18 pm process.
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All the designs in this research work are optimized with respect to their respective 

performance parameters such as linearity, noise, gain, and bandwidth etc. The fabricated 

ICs will be tested to compare the measured results with the computer simulation results to 

verify the functionality o f the actual device and justify the necessity o f the 

implementation.

1.3 Thesis Overview

Chapter 2 presents a review o f general issues in analog and RF circuit design, making it 

related to the RF front-end and its building blocks such as wideband amplifier, LNA and 

mixer. In this chapter, design issues such as gain, linearity, bandwidth and noise are 

discussed in detail. The overall effect o f these design parameters in a cascaded system of 

multiple stages is also discussed. Accurate device modeling is an important factor that 

characterizes the circuit behavior. The transistor high frequency characteristics are far 

different than its low frequency characteristics. A brief review o f CMOS transistor, its 

noise behavior and high frequency model are presented in this chapter.

In Chapter 3, design considerations and requirements for wideband amplifiers are 

discussed in detail. Negative feedback is the most common technique to achieve wide 

bandwidth with stable gain and better linearity. A preliminary discussion o f some of 

wideband amplifiers based on single and multi-loop negative feedback is presented in this 

chapter to have a basic idea o f designing and implementing issues.

In Chapter 4, the wideband amplifiers based on negative feedback and realized in CMOS 

process are discussed as a step forward to the implementation o f the proposed new

5
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wideband amplifier. A new CMOS two-stage wideband amplifier, its design approach, 

circuit analysis, realization and implementation are presented in this chapter. A 

comparative performance analysis o f different wideband amplifiers shows the simplicity 

and feasibility o f the proposed CMOS wideband amplifier.

A radio receiver front-end is a combination o f two separate building blocks: a low-noise- 

amplifier (LNA) and a downconversion mixer. The performance of the entire front-end 

depends on the combined performance of LNA and mixer. Therefore, the design issues 

for the RF front-end are related to the design issues o f its individual building blocks. In 

Chapter 5, the design considerations and requirements for RF front-ends are discussed in 

detail.

In Chapter 6, a new configuration o f CMOS wideband RF front-end for multistandard 

low-IF receivers is investigated. The first stage o f the front-end is a LNA, which is 

designed using the amplifier investigated in Chapter 4. A folded-cascode mixer is 

selected to combine it with LNA, keeping in mind the low-voltage design technique.

Summary and conclusions o f the thesis are given in Chapter 7, illustrating the feasibility, 

simplicity and systematic design approaches o f the proposed ICs in CMOS process.

6
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Chapter 2

Analog and RF Design: Issues and Technology

In this chapter we present a brief overview o f some commonly used general concepts, 

issues and terminologies in analog and RF design. In addition, a deep understanding o f 

the device process technology in which the circuits will be implemented is essential. The 

second part o f this chapter presents a brief overview of CMOS transistor models and 

characteristics in realization o f high frequency analog and RF circuits.

2.1 Design Issues and Specifications

The performance characteristics o f the analog and RF circuits are gain, bandwidth, 

distortion (nonlinearity), noise and input/output impedance [26], [29]-[31]. Apart from 

these, supply voltage, power dissipation, voltage swing and performance stability are the 

factors that need to be considered in the overall circuit design. At the system level, the 

specifications for the most o f  the parameters (e.g. gain, noise) must be determined before 

the circuit is designed. Nonidealities such as noise and nonlinearity deviate the circuit

7
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performance from its ideal behavior and give rise to need for optimization o f other 

parameters [31]. Noise, which is inherently present in all active and passive devices, 

limits the minimum detectable signal. On the other hand, nonlinearities limit the 

maximum signal amplitude, and thereby cause the output signal distortion [31]. In 

practice, most o f the parameters trade with each other as illustrated in the ‘'analog design 

octagon" o f Figure 2.1 [29]. Such trade offs make the design a multi-dimensional 

optimization problem, and present many challenges in the design of high performance 

circuits. Here, we will discuss some o f these design parameters and issues in detail.

Noise <------ ► Linearity

Power
Dissipation

t
Input/Output
Impedance

Gain

1
Supply
Voltaae

Speed
Voltage
Swina

Figure 2.1 Analog design octagon [28].

2.1.1 Gain and Bandwidth

Typically, RF circuits have to deal with very weak signals. Input signals to a radio 

receiver system coming from antennas are very weak, while the output signals need to be
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strong enough so that they can be processed in the following stages. It is therefore 

necessary to provide enough signal gain between input and output by amplifying stages 

(LNA, IF amplifier).

In analog and RF design, the most common terms used for “gain” are voltage gain and 

power gain. In low frequency analog design, the term voltage gain is commonly used. On 

the other hand, in high frequency applications (0.9 GHz -  5 GHz), RF designers use the 

broader term power gain that relates the signal powers. For a linear, memoryless and 

time-invariant system X  in Figure 2.2, voltage gain A v and power gain Gp can be 

expressed as

Av =£■ (2.1.1)
* s

V l :

G p = v r = ^  (2-L2)
■ Rs

where the system X  is driven by an external voltage source Vs with internal source 

impedance Zs (= Rs G) and load voltage VL is taken across load impedance ZL (= RL Q).

Here, Z,and Z„ are input and output impedance, respectively. To obtain maximum power 

transfer, the source and load impedances must be complex conjugate o f the input and 

output impedances i.e. Zs = Z* and Z i = Z0* [30]. Maximum gain for the system X  occurs 

when matching is perfect. From equation (2.1.2) it is noted that power gain and voltage 

gain are related to each other. For R$ = Ri (most o f the RF systems are terminated with 

load and source impedance of 50 G [31]), power gain equals voltage gain when 

expressed in decibels (dB) as seen from equations (2.1.3) and (2.1.4).
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A,.(dB)=2 0 1 o g ,A .  (2.1.3)
" s

r l /
G,,(dB) - 1 01ogw - A l  = 20 logl0 ?L . (2. 1.4)

.v " s
/ R s

However, in practice due to impedances mismatches, power gain hardly equals the 

voltage gain.

System "X”

Input Parameters Output Parameters

Figure 2.2 A linear, memoryless. and time-invariant two-port system.

Gain-bandwidth product is a useful measure of the amplifier performance. A transistor 

has a gain-bandwidth product that limits the gain-bandwidth product o f the entire 

amplifier [26]. There are two typical high frequency figures o f merit /(transisto r's  unitv- 

gain-cut-off frequency) and f max (maximum oscillation frequency) used to describe how- 

fast a transistor will operate, f  and f max are the frequencies at which the current gain and

10
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power gain o f a transistor, respectively, become unity [32]. The voltage gain o f an 

amplifier over a bandwidth wider than f  can be not achieved i.e. the bandwidth o f an 

amplifier is fundamentally limited by the transistor gain-bandwidth product [26], On the 

circuit level, there are several ways to determine the gain-bandwidth product o f an 

amplifier. To achieve higher gain, cascading of multiple stages is a popular method. In an 

N  stage amplifier, the gain-bandwidth product is arbitrarily defined as [33]:

where N  is the number o f similar stages, Gain is the total midband gain (=N x gain o f 

each stage), and B W  is the overall bandwidth. The overall bandwidth o f  an N  stage 

amplifier can be expressed as [33]

where B  is the bandwidth o f each stage. Note that bandwidth shrinks with increasing the 

number o f  stages. As N  approaches infinity, the overall bandwidth tends toward zero. 

Thus, the overall gain-bandwidth product is

Gn) . Note that as the number o f stages increases, the amplifier gain-bandwidth is 

reduced. Thus, a reduction in the bandwidth by a factor increases the gain by the square 

o f that factor. The gain-bandwidth o f a simple single-stage amplifier is identical to the 

transistor gain-bandwidth product and the gain-bandwidth of a single-pole single-stage 

feedback amplifier is identical to that of the transistor ^in-bandwidth product [26],

{GBW )n = (G ainyx BW (2.1.5)

(2 . 1.6)

(G BW )X = GB-^2l,A' -1 (2.1.7)

where G is the gain o f each stage and Gain in (2.1.5) is replaced by GA (Gain-  N  x G -

1 1
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2.1.2 Noise and Noise Figure

Noise can be defined as any random interference and is inherently present in all physical 

systems [29]. It limits the minimum signal level that a circuit can process with acceptable 

quality [29]. Only signals larger than noise can be reliably detected. Thus, noise 

performance o f a circuit is a primary concern when low-level signals need to be 

processed. Noise trades off with other design issues such as gain, bandwidth, linearity 

and power dissipation. Therefore, it is necessary for analog and RF designers to 

understand the impact o f noise on circuit performance.

In analog signal processing, there are two different types o f noise sources that can corrupt 

the desired signals. One is device electronic noise and the other one is “environmental 

noise” [29]. However, device electronic noise is the main concern for analog and RF 

designers (it is often said that if  there were no noise, there would be no analog designers). 

Present in all resistors and active devices, noise can be classified as thermal noise, flicker 

noise and shot noise [29]. Like any other random process, noise is characterized by a 

PDF (probability density function) and a PSD (power spectral density) [14]. One o f the 

most common thermal noise sources in a circuit is resistor. The thermal noise in a resistor 

is expressed with the spectral density function [29]

S v {f)= A kT R  (2.1.8)

where T  is the Kelvin temperature o f  the resistor, k = 1.38x10'2j J/K is the Boltzmann 

constant and R is the value o f resistor. Thus, Sv(f) is expressed in V2/Hz. Thermal noise is 

white noise as it has constant power spectral density with respect to frequency [29], [32],

12
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Noise figure is one o f the important parameters used to characterize the RF receiver 

front-end building blocks (LNA, mixer). As the signal is processed through a system, 

noise added from all the electronics is characterized by Noise-Factor (F) that can be 

expressed as [31]

F  = 1 + N °{aMed) n  i 9)
N  '0( source)

where Nofaddedj is the noise at the output added by the electronics, and No(Snurcc) is the noise 

at the output originating at the source. When expressed in decibels, the result is termed as 

the noise figure:

NF  = 101og10 F. (2.1.10)

In RF design, the ultimate objective is to maximize the SNR because the higher the SNR, 

the higher the channel capacity o f the circuit (the simplest form o f Shannon’s information 

theory is that the channel capacity increases logarithmically with the SNR)[3\], As the 

signal is processed through a system, SNR degrades due to the added noise. Again, the 

higher the added noise, the higher will be the noise figure. Thus, noise figure is a measure 

o f how much the SNR degrades as the signal passes through a system and the most 

common definition for the noise figure is [14]

NF  = SNR,n (2.1.11)
SNR0lll

where SNRin and SNR0Ut are the signal-to-noise ratios measured at the input and output, 

respectively. For a system with number of cascaded stages (N) shown in Figure 2.3, the 

overall noise figure (or noise factor) can be expressed by the Friis equation [31], [32].

13

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



F  _ F  , ( ^ 2 - 1 )  , ( f 3 - l )  (Fs- - 1 )
G v / W /  -  A  + — 7 ;  +  - - - ■  +  +  ~ --------- ( 2 . 1 . 1 2 )

g , g 2 n c

/=!

Note that high gain o f the preceding stage causes the effective noise figure in the later

stage to be reduced.

Fx. G.v

Figure 2.3 Noise figure in a cascaded system of N  stages.

2.1.3 Linearity and Distortion

In an ideal system, the output signal is linearly proportional to the input signal. In 

practice, due to nonlinear distortion in actual devices, the output signal deviates from the 

expected signal based on linear transfer function. Nonlinearities often lead to phenomena 

such as harmonic distortion, gain compression, desensitization, blocking, and 

intermodulation [14]. Thus, the actual devices with nonlinear characteristics can 

approximate the linear behavior o f an ideal device up to a certain level of the applied 

input signal [29] beyond which the output signal becomes distorted. Hence, the maximum 

tolerable signal power is determined by distortion. Nonlinearities set the upper bound or 

ceiling on the dynamic range of the receiver front-end (i.e. how large a signal can be 

processed in the receiver front-end without distortion) [32]. In analog and RF design.

14
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linearity is characterized by the compression point (1-dB compression point) and the two- 

tone third-order intercept point [14], [31], [32],

The compression point is the value o f an input signal to a system at which a calibrated 

departure from the ideal linear curve occurs as shown in Figure 2.4 [13], [31], [34], In 

other words, the 1 dB compression point is defined as the input power level at which the 

actual output power level (large signal output) drops 1 dB below its ideal small signal 

value [34]. A memoryless, time-invariant system with nonlinearity up to the degree of 

three (3) can be expressed as [32], [34]

y(t) » a xx{t) + a 2x 2(t) + a~x ' (?) (2.1.13)

where ct/ is the linear or small signal gain o f the system [34]. If a single-tone signal, x(t) -  

Acoscot is applied to a such system, then, after simplifying, equation (2.1.13) yields

v (0 *
c a  \ja-,A  
a ,+  4\  j

cc A.
Acoscot + —-— cos3 cot (2.1.14)

where the DC and 2nd order terms have been discarded. The fundamental-frequency 

coefficient ct/+(3 o.3A2)/4  is the large signal gain [34]. Note that the small-signal gain «/ is 

varied with the input signal amplitude due to the third order nonlinearity. In most 

systems, a3<0 and thus, the gain (ot/+(3 asA2)/4 ) o f the system is a decreasing function of 

A (the input signal amplitude). From the definition of 1-dB compression point, the signal 

amplitude in volts at 1-dB point with single-tone applied can be written as [14]

■^1 - d B

cc.
0.145

a-
(2.1.15)
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Output Power

Linear (small signal) 
Outpujt

1-dB compression 
point v

Actual

1-dB

(large signal) 
Output

► Input Power
P in . 1 -d B

Figure 2.4 Definition o f 1 dB compression point.

Besides o f 1-dB compression point, nonlinear systems are characterized by the 3rd order 

intercept-point. It is derived when a two-tone signal. x(t) = Acosco/t + Acoscoit. is applied 

to a nonlinear system as depicted in Figure 2.5. This point results from intermodulation 

phenomena [14], [34],

«2

Desired Interferer 
Signal

3 rd order intermodulation 
product terms

Figure-2.5 Intermodulation in a nonlinear system.
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The first tone (Acosco/t) represents the desired signal, whereas the second tone (Acoscojt) 

represents the unwanted signal or interferes Putting value of x(t) in equation (2.1.13). and 

then, after expanding the right hand side and discarding all the DC terms and 2nd order 

harmonics, we obtain the intermodulation product terms, cu/ ± a>2. 2001± 002 and 2a>2± (oi 

[14]. The most unwanted terms are 2coj- (02  and 2(0 2 - coi because they fall in band of 

desired output (coj and «?), if co/ is close to coi- The 3rd order intercept point is a fictitious 

point (or theoretical point) where the amplitudes o f the intermodulation tones at 2a>i- coi 

and 2 co2~ coi are equal to the amplitudes o f the fundamental tones at coj and to2 [31]. 

Figure 2.6 shows the 3rd order intercept point graphically [14], [32] where the desired 

output and the 3rd order intermodulation output are plotted as a function o f input power 

level in dBm [31], [32]. From the definition o f 3rd intercept point, the signal amplitude in 

volts can be expressed as

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

(2.1.16)

Output Power 3 rd order 
intercept point

OIP3

>• Input Power

Figure 2.6 The graphical representation of 3rd order intercept point.
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Customarily, 3rd order intercept point is quoted as IP3. When quoted as IIP3. it is called 

the input 3 rd order intercept point referring to the input power and when quoted as OJP3. 

it is called the output 3rd order intercept point referring to the output power [32]. Note 

that there is a relationship between the 1-dB compression point and the IPS point. Thus 

from equation (2.1.15) and (2.1.16). A m b  and A ips can be related as

= 3.04
Am  _ V 4/3 

A^jfj -\/0.145

When expressed in decibels, (2.1.17) yields

20|logl0 A ,_m| * 20|log,0 Am |-9 .6 .

(2.1.17)

(2.1.18)

Thus, one can estimate that the compression point is almost 10 dB below the intercept 

point with single-tone applied signal for A m b  calculation. For a cascaded system of 

multiple stages shown in Figure 2.7. the overall IP3 is approximated as [14]

1 1
■ +  -

a: (2.1.19)
A A A A t

where Ajp3j  represent the input IPS point o f i,h stage. The coefficients o.\ and fSi are the 

small signal gains o f the first and the second stage, respectively.

IP3,1 IIP3.2

x(t)

IIP3.N IIP3.0

Figure 2.7 Overall IIP3 (IIP3.0 ) in a cascaded system of multiple stages
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Besides the above mentioned parameters, input/output impedance and their matching is 

an important factor in analog and RF design. Typically, most o f the RF circuits are 50 £1 

systems where external source and load impedances are 50 £2 (Z$ and Zl in Figure 2.2). In 

matched condition, performance o f the amplifiers becomes independent o f the source and 

load impedances [29]. There are two types o f matching, narrowband-matching (typically 

using inductors, capacitors) and wideband-matching. The most commonly used approach 

to the wideband matching is the use o f resistive feedbacks, which makes input and output 

impedance o f  the circuit o f interest equal to 50 £2 [26].

2.2 S-Parameters

In analog and RF design, typically S  parameters (scattering parameters) are used to 

specify the small signal performance o f the circuits [30], [32] because it is quite difficult 

to provide adequate shorts or opens at very high frequencies to determine input/output 

impedance/admittance parameters that define signal amplitude at the respective terminals. 

For the two-port network as shown in Figure 2.8, incident and reflected power is 

calculated using S  parameters. The S  parameters are reflection or transmission 

coefficients and are defined by the following relationships [32].

bx = S ual + S v_a2 (2.2.1)

b2 = S 2|<2, + S 22a2 (2.2.2)

where ai is the input incident wave, bi is the input reflected wave, a2 is the reverse

transmitted wave and b2 is the forward transmitted wave. Sn  is the input reflection co-

19
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efficient. S21 is the forward transmission coefficient, SV? is the output reflection 

coefficient and S /2  is the reverse transmission coefficient. The additional information to 

determine these parameters can be obtained in [32]. S21 is the measure o f forward gain 

and higher S21 indicates higher gain with impedance matching. For 50 Q  broadband 

matching, the values o f S// and S22 should be below -10 dB in the bandwidth of interest. 

S /2  should be as low as possible (< -60 to -100 dB) [31], [32]. High reverse transmission 

reduces gain and increases noise.

a,.

b /.

I,
• —
+

V,
Two-port
network

h

+

V2

a/

a->

L

s„ S22

U SL-J
b, a->

(a) Reflected & transmitted waves 
with voltages and currents

(b) Reflected & transmitted waves 
with S parameters

Figure 2.8 Two-port networks and S-parameters.

2.3 CMOS Technology Review

Although the rapid progress o f process technology has benefited RF fabrication, the 

design o f analog and RF circuits in CMOS technology faces increasing challenges 

because o f inadequate characterization and modeling of MOS transistors in deep- 

submicron CMOS process (0.5 \xm -  0.09 \xm) [1]. It becomes difficult to analyze and 

predict circuit behavior on transistor level without accurate models. At the present there

20
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are substantial discrepancies between simulated and measured results. Therefore, it is 

necessary to have a good understanding o f transistor models and parameters in the 

technology that is being used. In this section, a brief overview of MOS transistor models, 

and parameters will be presented.

2.3.1 MOS Small-Signal Models and Parameters

With long channel approximation (L>4jm  in 0.18 um technology), CMOS square-law 

equation for an NMOS transistor can be written as [29], [32],

In derivation of this equation, the second-order effects such as body effect (represented 

by coefficient, y) and the channel-length modulation (represented by coefficient, X) were 

neglected [29]. The body effect is significant in analog design when multiple transistors 

are stacked one upon another between the power rails because Vjhn (threshold voltage) 

o f the bottom transistor is different from that o f the top transistor. VTHN is defined as [29]

VSb, voltage between source and bulk, is different for the top and bottom transistor in the 

stack. In analog design, typically, transistors are kept in saturation with the condition that 

VDS> VGS- VTH. Here, VDS represents the voltage between drain and source o f the transistor 

and Vcs is the voltage between the gate and source. Vgs-VTh is termed as overdrive 

voltage. Thus, VGs must be sufficient enough to keep the transistor on with a correct

(2.3.1)

(2.3.2)
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prediction o f VTn- In saturation, a MOSFET produces a current in response to its gate- 

source overdrive voltage, i.e. a change in the drain current occurs with a change in the 

gate-source voltage. Thus, the device “transconductance” gm is defined as [29]

For short-channel MOS transistors, more accurate and complex equations have been 

developed to realize the I /V characteristics and can be found in [29], [31], [32]. However, 

the circuit behavior with short-channel devices can be approximated with long-channel 

device characteristics as a first approximation [29].

Once the DC operating point (bias voltages and currents) o f the transistor is determined, 

the small signal model o f  the transistor can be defined in terms o f large signals (DC 

signals). A low-frequency small signal model o f NMOS transistor is shown in Figure 2.9

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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— M n ^ n x n  ^  ( V GS ^ TU N ) (2.3.5)

[29], [35].

G D

v

S

Figure: 2.9 MOS small-signal model.

22



At high frequencies (RF), the device capacitances become very significant in determining 

the circuit behavior. Besides, each terminal o f the MOSFET exhibits a finite ohmic 

resistance due to the resistivity o f the material. A more accurate transistor model with 

device capacitances and resistances can be found in [29], [35]. However, using the high 

frequency model, it is difficult to analyze any RF circuit consisting o f two or more 

transistors.

2.4 Conclusion

In this chapter, a number o f design issues and specifications that characterize the 

performance of analog and RF integrated circuits were discussed. A brief overview of 

CMOS transistor models and parameters was presented also. At the system level, 

specifications for gain-bandwidth, noise, linearity, input/output impedance, matching 

criteria and trades-off among these must be determined before the circuit can be 

designed. The impact o f noise on minimum detectable signals and the effect of 

nonlinearity on distortion need to be understood to design high performance analog and 

RF integrated circuits with realistic specification.

On the other hand, it is necessary to have the accurate MOSFET device models, 

especially with respect to noise performance and nonlinear distortion. If they are at hand, 

the discrepancies between the simulated and the measured results are reduced.

23
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Chapter 3

Wideband Amplifier

An amplifier is an important circuit in analog and RF design. For example, a signal 

coming from an antenna is very weak, and needs to be amplified at the first stage of a 

receiver front-end. Here, we need an amplifier with a bandwidth around several GHz 

because o f high frequency RF signals. On the other hand, for baseband signals with 

bandwidth around several kHz or close to DC, we need a low-frequency amplifier. An 

amplifier should provide linear gain within this wide range of frequencies.

Feedback is a commonly used technique in the design o f wideband amplifiers to provide 

stable gain over process and supply variations, wider bandwidth, lower distortion, and 

accurate control o f input/output impedance [26]. The bandwidth o f the amplifier is 

limited by the transistor’s gain-bandwidth product as stated earlier in Section 2.1.1. 

Feedbacks allow the designer to trade gain for bandwidth for the transistor with the same 

gain-bandwidth product. In this chapter, we will discuss design issues and considerations 

for wideband amplifiers.
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3.1 Design Considerations and Requirements

Apart from gain and bandwidth, the important characteristics o f a wideband amplifier are 

noise, distortion (nonlinearity), accurate input/output impedances and stability. Feedback 

is in the heart o f wideband amplification and frequency-independent feedback networks 

are employed to optimize the performance o f wideband amplifiers. In the design o f 

wideband amplifiers, one has to consider the following requirements [35]:

1. Accurate gain characteristics: One of the important requirements in wideband 

amplifier design is perfect gain characteristics, which must be maintained stable 

within a certain tolerance level over process, temperature and supply voltage 

variations. Gain also needs to be independent of device parameters, source and 

load impedance. This can be achieved effectively by using feedback [29], [35]. 

Normally, feedback reduces gain and increases bandwidth [26], [35]. However, 

improper feedback can drastically reduce gain with a little improvement in 

bandwidth.

2. Wide bandwidth: The frequency response o f the amplifier is required to be flat 

within a certain level o f tolerance over the entire bandwidth (frequency range 

from dc gain to -3  dB gain). This is also achieved by using feedback, which 

relocates the closed-loop transfer function pole position to modify bandwidth 

[29].

3. Low noise characteristics: Low noise and noise figure are among the key 

requirements o f wideband amplifier design. To meet these criteria, active loads 

and high value resistances need to be eliminated in the signal paths because o f
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their poor noise characteristics [26] [29], The high resistive loads reduce the 

bandwidth by increasing the time constants.

4. Linear signal transfer: The signal must be amplified with minimum distortion 

(suppression o f nonlinearity) over its specified dynamic range and this also can be 

achieved by feedback in acquiring adequate loop gain [26], [29], [35],

5. Input and output impedance control: The amplifier needs to be interfaced with 

other circuits and systems, which have specific impedance requirements. In 

broadband design, resistive feedbacks are used to set input and output impedance 

to the required levels [26], [29].

6. Stability: Stability over gain, noise and bandwidth can be achieved by employing 

feedback properly [26].

The above requirements are intended in the design o f wideband amplifiers to achieve 

optimum performance. However, the actual design requires a fair compromise between 

various conflicting requirements that determine the particular circuit configuration to be 

used. From the observation o f above requirements, a new set o f general considerations 

are formulated in the design of wideband amplifier [36]:

1. Feedback is indispensable to obtain well-defined value o f gain and bandwidth.

2. Using multi-loop feedbacks to achieve accurate gain, increased linearity and 

minimized noise.

3. Applying feedback around individual amplifier stages in the multi-stage 

configurations for higher stability.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.2 Two-Stage Amplifier Design

One-stage amplifiers often do not provide adequate gain because o f the low 

transconductance (gm) that can be achieved in a single stage. Again negative feedback is 

very common in amplifier design that allows high-precision signal processing. Two-stage 

amplifiers offer higher gain, and the straightforward way to create a two-stage amplifier 

is cascading of two single stage amplifiers as shown in Figure 3.1. Cascading more than 

two stages makes it extremely difficult to guarantee stability in the feedback system 

because each gain stage introduces at least one pole in the open-loop transfer function 

[29]. Therefore, amplifiers with more than two stages are rarely used.

------- §9
+ Stage 1 Stage 2

+

Vln G/, Bi Gi, Bi
vc

— -------ft9--------

Figure 3.1 A two-stage cascaded amplifier.

The negative feedback [37] is widely used in the design o f wideband amplifiers because 

o f the following benefits [26], [29]:

1. Negative feedback desensitizes the gain, making closed-loop gain o f the amplifier 

independent o f the transistor parameters.
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2. Negative feedback modifies input and output impedances, making wideband 

matching to the specific impedance without using inductive elements.

3. Negative feedback causes an increase in the bandwidth due to the gain 

desensitization property o f the feedback.

4. Negative feedback suppresses the variation of the small-signal gain with input 

level, which can be viewed as reduction o f nonlinearity.

3.2.1 Negative Feedback Amplifiers

As stated earlier, negative feedback is in the heart o f wideband amplification and is 

frequently used in the design o f wideband amplifiers. A basic amplifier (Aol) along with 

a negative feedback (P) forms the negative feedback amplifier as shown in Figure 3.2 

[38]. Here. A o l  is the open-loop forward gain of the basic amplifier, P is the frequency- 

independent feedback factor and A olP is the loop gain. Z /Z 0 is the open loop 

input/output impedance and Z^cl IZocl. is the closed loop input/output impedance.

Zjclosed. •o. closed.

X f = f i x 0

P

Figure 3.2 Negative feedback concepts.
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The subtraction (xs-Xf) is referred to as series/shunt if  the variables (x5, xh Xf) become 

voltage/current at the input o f the amplifier. On the other hand, the measuring of output 

variable (x0) is current/voltage. Based on different types o f subtracting and measuring 

variables, the effects on the parameters (Z„ Z„ and A 0L) o f different negative feedback 

amplifiers can be found in [29], [38]. For the negative feedback system in Figure 3.2, the 

closed loop transfer function is

4 ( » ) = - ( ^ , - ° f \  , (3.2.1)
Xs 1 + f a 0L{s)

Note that gain decreases with feedback and as it is possible to show bandwidth increases 

to preserve the constant gain-bandwidth product. If the loop gain becomes very high 

(AolP>> 1), then gain and impedances depend only on the feedback factor (ft). In this 

way, by feedback, gain can be desensitized and input/output impedance also can be 

modified. To achieve the prescribed gain and bandwidth along with input/output 

impedances matched to certain values, multiple feedbacks are often used. In the design of 

two-stage amplifiers, two single-stage feedbacks (local feedbacks) or two two-stage 

feedbacks (global feedbacks) or a combination o f a single-stage feedback and a two-stage 

feedback can be used.

Stability is a critical concern when applying negative feedback because it may cause a 

phase shift in the input signal large enough so that the feedback becomes positive 

resulting in an unstable system [29], [38]. The stability o f the system in Figure 3.2 can be 

defined with frequency responses as shown in Figure 3.3. To ensure stability with 

negative feedback, gain crossover (GX) must occur well before the phase crossover (PX), 

i.e. \Ao$ I  must drop to unity (0 dB) before /.(IAol crosses -180° [29]. The greater the
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distance between GX and PX. the more stable the feedback system becomes [29]. For 

smaller margin between GX and PX, the frequency response o f the feedback system 

suffers from a sharp peaking at the GX point [29], Thus, larger phase margin ensures 

stable system, while smaller phase margin results in peaking at the gain crossover 

frequency (coc) as shown in Figure 3.3. Therefore, frequency compensation techniques are 

needed to have optimum value o f phase margin that results in "no peaking" or "negligible 

peaking” in the frequency response curve.

IA o z .P I-  d B f

0

0

-180°

-^Ao/.p-

.GX

£

k l
PX

“ ►  CO

- > C D

>-co
C D =C 0,

(a)

GX

PX

>CD

(b)

Figure 3.3 Closed-loop frequency responses for (a) small and (b) large margin

between GX and PX point.

The stability problem due to the inadequate phase margin can be overcome either by 

dominant pole compensation or by introducing a feedback zero [26]. [29]. The dominant-
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pole compensation technique reduces gain-bandwidth significantly, and therefore, it is 

not suitable for wideband amplifier design [26]. On the other hand, feedback-zero 

technique does not affect the gain-bandwidth significantly, and therefore, it is very 

suitable for wideband amplification [26]. In feedback-zero compensation technique as 

shown in Figure 3.4. a capacitor is placed around the feedback element that increases 

feedback at high frequencies giving extra phase lead to compensate the phase lag in the 

amplifier [26], [39].

Feedback Zero (z)

Amplifier

Figure 3.4 Frequency compensation technique by feedback zero.

As mentioned earlier, cascading more than two-stages complicates the stability problem 

due to having more than two poles that makes frequency compensation technique 

extremely difficult to get adequate bandwidth. Therefore, two-stage amplifier 

configuration is more commonly used and it also the choice for the wideband amplifier 

for this thesis.
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3.3 Wideband Matched-Impedance Amplifiers

Here, the design issue is widening bandwidth along with impedance matching at the 

input/output terminals throughout the bandwidth. In high frequency amplifier design, 

some of the ways o f increasing bandwidth are using inductors or resistors [32] by 

exploiting the negative feedback. In inductive broadbanding (using inductors), it is often 

required to use high values o f inductors, which are impossible to integrate fully on chip. 

On the other hand, resistive broadbanding (using resistors only) has the advantage o f 

requiring less chip area with the possibility o f  high level o f integration. In addition to the 

bandwidth enhancement, resistive broadbanding can be simultaneously used to set 

terminal impedances matched to a specified system impedance (50 O). Thus, the matched 

impedance level internal to the chip using resistive broadbanding has the advantage of 

reduced sensitivity to parasitics. In this section, we will discuss resistive broadbanding 

that is simultaneously used for increasing bandwidth and impedance matching.

3.3.1 Resistive Broadbanding

As mentioned earlier, negative feedback (Fig. 3.2) modifies input and output impedances 

o f different feedback amplifiers. Now, negative feedback increases bandwidth can be 

explained by the frequency-compensation behavior o f the feedback circuit shown in 

Figure 3.5. As a first approximation, the frequency-dependant behavior of all the basic 

amplifiers can be characterized by one dominant pole, while neglecting other non­

dominant poles. If the feedforward amplifier in Figure 3.2 has a one-pole transfer 

function, A or/s) such that the close-loop transfer function is [29]

32

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A
Aa {s) =

s (3.3.1)
1 +

0)

where copn (= cop{\+fiA0}) is the new dominant-pole location, and A 0,p (= AJ{\+/3A0}) is 

the new DC gain as shown in Figure 3.5. Note that new pole, ojp,n has been shifted from 

the origin by the factor that is equal to the factor by which DC gain has been reduced. 

Thus, the new pole location cop.„ shifts upward resulting in increased bandwidth and 

reduced gain. In this way, resistive broadbanding makes bandwidth wider by changing 

closed-loop pole location [34], [39]. Resistive broadbanding works on one pole only (i.e. 

a single-pole is shifted like in Figure 3.4).

Now, we will see how feedback works in two-stage or multistage amplifiers. In Section 

2.1.1, it was shown in equations (2.1.6) and (2.1.7) that cascading identical stages in a 

system increase gain and decrease bandwidth. Therefore, multistage wideband amplifiers 

built up o f several identical stages with nearly identical poles are not a good 

configuration due to significant bandwidth reduction. To compensate for the loss in

A c l( s)  A

co

Figure 3.5 Bandwidth increase by negative feedback
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bandwidth in a cascaded system, the first approach is to reduce stage gain and increase 

bandwidth by local feedback (series or shunt feedback) around the stage as shown in 

Figure 3.6. In multistage amplifiers, there may be a number o f poles. The poles should be 

distributed such that an optimum overall transfer function is obtained that leads to the 

maximally flat frequency response [39]. If stages contribute zeros they can be cancelled 

by poles in the other stages so that closed loop transfer function become an all-pole 

transfer function. As discussed earlier in this section, feedbacks can relocate the pole 

positions efficiently. Thus, in two-stage or multistage amplifiers, both local feedback and 

global feedback (or, overall feedback), shown in Figure 3.6, can be used to have the 

desired pole pattern. Local feedback ensures better stability, while global feedback with 

larger loop gain ensures better reduction o f distortion, better accuracy, and better noise 

figure [39].

(Shunt Local Feedback) RF1

D

V0

Is

(Local series Feedback) Rs

— 'V V 'v ------1

Rp2
(Global Feedback)

Figure 3.6 Global and local feedbacks in a two-stage amplifier
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3.3.2 Stage Selection for the Two-stage Amplifiers

Typically, in the design o f feedback amplifiers, the objective is to maximize the loop gain 

so that amplifier performances become independent o f device parameters and DC 

operating points. In this case, common-source (CS) stage is natural choice because it 

gives very high gain to have high loop gain. On the other hand, common-gate (CG) or 

source-follower has gain close to unity. However, cascading CS stages are not unilateral 

and they are also interactive that hampers the designability. A CS gain stage has high 

input impedance and low output impedance. Therefore, there is impedance mismatching 

between the stages. Thus transfer o f a stage is not independent o f output impedance o f the 

preceding stage and/or the input impedance of its successor. Therefore, a buffer stage is 

added between the CS stages that hardly contributes to the gain o f the open-loop and 

provides the desired mutual isolation between the stages. The source-follower is the most 

common choice as a buffer stage because of its high input impedance and low output 

impedance. Therefore, it has no loading effect to the preceding stage or succeeding stage.

3.4 Conclusion

In this chapter, design issues and considerations for wideband amplifier were discussed in 

detail. Negative feedbacks were exploited for wideband amplifier design. A two-stage 

amplifier is the best choice for adequate gain, better stability and bandwidth with 

individual stage o f common-source configuration. Matching, stability and bandwidth are 

optimized simultaneously using local and global feedbacks with adequate loop gain.
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Chapter 4

Investigation of CMOS Wideband Amplifiers

In Chapter 3, a number o f general design issues such as gain, bandwidth, stability and 

matching for wideband amplifiers were discussed in detail. The limitations o f single- 

stage amplifiers and the restrictions for designing amplifiers including more than two 

stages have also been illustrated in Chapter 3. Two o f the widely used circuits for 

wideband amplifiers are Kukielka configuration [40] and Meyer configuration [41]. 

These are two-stage amplifiers, and they were realized in Si bipolar processes.

The realization o f wideband amplifiers in CMOS process needs new approaches and 

techniques due to different DC operating characteristics o f CMOS transistors than those 

o f bipolar transistors. On circuit level, the most difficulties arise in biasing CMOS 

transistors as no DC currents flow through the gates o f MOS devices. Therefore, 

additional biasing networks need to be established in conjunction with the gain stages o f 

the amplifiers. At the technology level, CMOS devices have low small-signal 

transconductance that lead to the lower value o f loop-gain ( A o l( 3 ) .  With such a small- 

loop gain it is difficult to exploit the advantages o f negative feedback in achieving stable 

gain, adequate bandwidth and perfect matching [26], [29], [41] ensuring these parameters 

are independent o f process, device dimensions and DC operating points. As discussed
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earlier in section 3.3.2, common-source (CS) configuration is the best suitable candidate 

for the implementation o f individual stages o f a two-stage amplifier.

In this chapter, the Kukielka [40] and Meyer configurations [41] are investigated in 

CMOS 0.18 pm process as a preliminary step to estimate the feasibility o f the two-stage 

amplifiers in CMOS process. Then, a new configuration for a two-stage CMOS 

wideband amplifier is proposed that will be realized with systematic design approaches 

and techniques. The proposed wideband amplifier is analyzed and simulated in 

association with step-forward discussions o f the amplifiers [40], [41] in CMOS process.

4 .1 CMOS Amplifier of Kukielka Configuration

The schematic o f  two stage CMOS wideband amplifier referred to as the Kukielka 

configuration is shown Figure 4.1 [26], [27]. The circuit is a cascaded connection of two 

source-degenerated common-source stages. The input stage consists o f an NMOS 

transistor M l  driving the output stage, which consists o f NMOS transistor M2. A local 

series (series-series) feedback consisting of source-degenerated resistor Rssi gives high 

input impedance at the first stage. On the other hand, a local shunt (shunt-shunt) feedback 

consisting o f resistor gives a low-impedance at the input node o f the second stage. 

Then, a global shunt (shunt-shunt) feedback with resistor R n  brings overall input and 

output impedance o f the circuit matched to the source (R$=R) and load (RioacrR) 

impedance respectively. Cg is the external DC blocking capacitor.
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Figure 4.1 CMOS Kukielka configuration.

From a small-signal low-frequency analysis o f the circuit in Figure 4.1, the expressions 

for voltage gain (Ay), input impedance (/?,„) and output impedance (R„ut) have been 

derived in [27]. Thus, with assumptions o f  gw 7?ss/»7, gm2Rss2>>l  and considering R f i , 

Rpj are very large ( R f i» R ssi  and R f2> > R ss2, R l), the voltage gain (A c), input impedance 

(Ri„) and output impedance (Rout) o f this amplifier are approximated as [27]

Ar = ~ ^ ~ .  (4.1.1)
^SSI
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(4.1.2)

(4.1.3)

For maximum gain and power transfer, the input and output impedance must be matched 

to the source and load impedance respectively. For the typical case of 

Rs=RLoad=R-Rin-Roui, the following condition in equation (4.1.4) needs to be satisfied.

Now, for improved gain stability and maximally flat frequency responses, the circuit in 

Figure 4.1 is further modified as shown in Figure 4.2. In the open-loop transfer function 

for this two-stage amplifier of Kukielka configuration, there are two dominant poles (a>pi, 

at the input node and copy, at the output node). The local series feedback resistor, Rssi is 

used to adjust coPh while shunt feedback resistor Rp? and series resistor Rss: is used to 

adjust copy, so that two poles coincide with each other leaving only one dominant pole 

[28], Then, the global feedback resistor Rpi in association with parallel capacitor C>/ 

provides the required loop gain to attain maximally flat frequency response. The 

capacitor Css2 in parallel Rss2 is used to introduce peaking to compensate for the over­

damped characteristics of this amplifier [26]. Thus, Css2 assists in achieving large and 

improved bandwidth. However, large values of capacitance Css2 create stability problem 

because at high frequencies, Rss2 is almost shorted out by Css2 [26], [28], [32].

Rfi _ Rn +Rp _ (4.1.4)
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Figure 4.2 The modified Kukielka configuration for improved frequency response.

4 .1.1 Simulation: Results and Analysis

The circuit in Figure 4.2 is realized in CMOS 0.18 pm process and simulated using 

circuit simulator SpectreRF in Cadence, a suite o f interactive CAD tools [42], In 

simulation, performance parameters such as gain, bandwidth and noise figure are 

optimized keeping input/output matched to 50 O. The parametric values o f all 

components o f the circuit in Figure 4.2 are summarized in Table 4.1 o f for an estimated
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optimum performance. M l  is biased externally with sufficient gate overdrive voltage 

( Y g s - V t h )  such that the condition, VDs >  ( V g s ~ V th) is satisfied.

Table-4.1: Summary of the components of the circuit in Figure 4.2

Component Component parameter Value

M l Wl/L 450 pm/ 0.18 pm

M2 W2/L 250um/ 0.18 pm

R d - 300 £2

Rl - 60 n

Rssi - 5 n

RsS2 - 25 n

Rfi - 300 a

Rf2 - 2.2 kn

Cfi - 50 fF

CsS2 - 3 pF

The simulation results for the chosen values o f components in Table 4.1 are graphically 

depicted in Figure 4.3 and 4.4. Figure 4.3 shows frequency responses for S21 (gain), NF  

(noise figure), NFmin (minimum noise figure), and k f  (stability factor). Frequency 

responses for Z// (input impedance), Z?? (output impedance), Su  (input return loss) and 

S22 (output return loss) are shown in Figure 4.4.
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Figure 4.3 SpectreRF simulation results for Kukielka configuration
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Figure 4.4 SpectreRF simulation results for Kukielka configuration
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The simulation results measured from the graphs are summarized in Table 4.2. The 

measured S?/ exhibits a very flat response with -3  dB bandwidth of 2.5 GHz and DC gain 

o f 14.0 dB. Return loss 5// and 5V? are less than -10  dB within the range o f bandwidth 

(DC to 2.5 GHz). Input impedance, Zu  varies from 54 Q  to 49.5 O  and output 

impedance, Zr? varies from 55 Q to 49 Q  in the range o f bandwidth. From the simulated 

results o f input/output impedances and return losses (5// and S??), it can be said that input 

and output impedances o f the amplifier circuit closely match to the system impedance (50 

Q ).

Table 4.2: Summary o f simulation results for Kukielka configuration in Figure 4.2

Performance parameters Measured values (simulation)

Gain (5?/) in dB 14.0 dB

-3 dB bandwidth in GHz 2.5

Minimum noise figure (NFmin) in dB 3.0 dB

Input return loss (5//) in dB -26 to -14.5 (DC to 2.5 GHz)

Output return loss (5r?) in dB -30 to -18 dB (DC to 2.5 GHz)

Input impedance (Z//) in Q. 54 to 49.5 in 2.5 GHz bandwidth

Output impedance (Z?_?) in Q 55 to 49 in 2.5 GHz bandwidth

Stabilty factor {kj) >3 (16.6 to 7.6) in 2.5 GHz bandwidth

DC current consumption (Ipc) in mA 12

DC Voltage in V 1.8
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The calculated results for gain (|201ogAv|=35 dB), input impedance (R i„ = 5  Cl) and output 

impedance (R0i,i=46 Cl) using equations 4.1.1 to 4.1.3 are apart from the simulated results. 

In calculation, the secondary effects such as channel-length-modulation (X) and body 

effect (y) o f  the transistors were not considered (A.=y=0). Again, in calculation, we 

approximated the circuit behavior with low-frequency small signal model (Figure 2.9) 

that does not represent the actual device model with parasitic resistances and 

capacitances, which are significant at high frequencies. Therefore, simulation results are 

reasonably far from the calculated values.

4 .2 CMOS Amplifier of Meyer Configuration

The schematic o f two-stage CMOS wideband amplifier referred to as the Meyer 

configuration is shown in Figure 4.5 [27], [41]. Like Kukielka configuration, this 

amplifier also consists o f two source-degenerated common-source stages connected in 

cascade. Note that there are two global feedback pairs. The overall circuit can be viewed 

as a hybrid between series-shunt (voltage-voltage) feedback and shunt-series (current- 

current) feedback. The series-shunt feedback pair formed by resistors R f :  and Rssi 

reduces input impedance at the first stage and increases output impedance at the second 

stage. On the other hand, shunt-series feedback formed by resistors R fi and Rss: increases 

input impedance and reduces output impedance. Thus, the combined effects o f these two 

feedback pairs bring overall wideband matching at the output and input o f the amplifier. 

A very small value o f capacitor Cfi (fF) is employed to add a feedback zero that ensures 

maximally flat frequency response. As in Kukielka configuration o f Figure 4.2, capacitor
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Css2 introduces peaking to compensate for the over-damped characteristics o f Meyer 

configuration. The advantage o f two global feedback pairs in Meyer configuration is 

larger loop gain, which ensures better stability in the frequency responses [39].

Rc

Rr

M l

R,ssi

R,
Rr

A A A
V V V

1
I

c F.
/
f-------- 1

M2

RFI

"SS2

^SS2

R,Load

Figure 4.5 CMOS Meyer configuration.

Using low-frequency small-signals models o f this circuit in Figure 4.5, the expressions 

for voltage gain (A U, input impedance (Rin) and output impedance (R0l„) have been 

derived in [27]. Thus, with similar assumptions o f g m iR s s ^ l  and gm2Rss2>:>l  and
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considering that R n , R f2 are infinitely large (R f i» R ssi  and R f j» R ss2, •#/.) as mentioned 

earlier in section 4.1.1, the voltage gain (A y ) ,  input impedance (R in)  and output impedance

(R0„i) o f this amplifier are approximated as [27]

Now, for typical requirements o f impedance matching, Rs=RLoatn^m=Roitt=R, a 

generalized relationship is established as

The circuit in Figure 4.5 also realized in CMOS 0.18 pm process and simulated using the 

SpectreRF simulator. In simulation, the performance parameters o f the Meyer 

configuration are optimized keeping input/output matched to 50 Cl. The parametric values 

o f all components o f the circuit are summarized in Table 4.3 for an estimated optimum 

performance of the amplifier. The simulation results for these parameters are graphically

(4.2.1)

(4.2.2)

Rout (4.2.3)

(4.2.4)

4 .2.1 Simulation: Results and Analysis
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depicted in Figure 4.6 and 4.7. Figure 4.6 shows frequency responses for S21 (gain), NF 

(noise figure), NFmin (minimum noise figure), and k f  (stability factor). Frequency 

responses for input impedance Z//, output impedance Z??, 57/ (input return loss) and S22 

(output return loss) are shown in Figure 4.7.

Table 4.3: Values o f all the components o f the circuit in Figure 4.5

Component Component parameter Value

M l Wl/L 430 pm/ 0.18 pm

M2 W2/L 200pm /0.18 pm

Rd - 260 a

Rl - 58 Cl

Rssi - 5C1

Rss2 - 25 Cl

R n - 300 Cl

R n - 2 k Cl

Cfi - 50 fF

Cssi - 3 pF

From the result of input and output impedances, it can be concluded that amplifier circuit 

is closely matched to the system impedance (R ^ R io a ^ O  H). The calculated results for 

gain, input and output impedances using equations (4.2.1 to 4.2.3) are 25 dB, 56 Cl and 

70 Q  respectively.
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Figure 4.6 SpectreRF simulation results for Meyer configuration
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Figure 4.7 SpectreRF simulation results for Meyer configuration.
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The simulation results measured from the graphs are summarized in Table 4.4 of. Note 

that the measured S?/ exhibits a very flat response with -3  dB bandwidth o f 3 GHz and 

DC gain o f 14.2 dB. Return loss Sn  and Sr? are less than -1 0  dB within the range of 

bandwidth (DC to 3 GHz). Input impedance, Zn  varies from 55 D. to 50 Q. and output 

impedance, Z22 varies from 54 Q  to 47 Q in the range of bandwidth. From the simulated 

results o f input/output impedances and return losses (Sn  and S22), it can be said that input 

and output impedances o f the amplifier circuit closely match to the system impedance (50 

f>). However, discrepancies are also found here between the simulated results and the 

calculated results due to the cause as described in section 4.1.1.

Table 4.4: Summary o f simulation results for Meyer Configuration in Fig. 4.5.

Performance parameters Measured values (simulation)

Gain (S21) in dB 14.2 dB

-3 dB bandwidth in GHz

Minimum noise figure (NFmin) in dB 3.0 dB

Input return loss (Sn) in dB -26 to -13.3 (DC to 3 GHz)

Output return loss (S22) in dB -27 to -17  dB (DC to 3 GHz)

Input impedance (Zn) in Q. 55 to 50 in 3 GHz bandwidth

Output impedance (Z22) in Q 54 to 47 in 3 GHz bandwidth

Stability factor (kf) >3 (26 to 8) in 3 GHz bandwidth

DC current consumption (Ioc) in mA 13

DC Voltage in V 1.8
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4.3 Proposed CMOS Two-Stage Wideband Amplifier

The CMOS wideband amplifiers for Kukielka (Fig. 4.2) and Meyer configurations (Fig. 

4.5) are not complete circuits because external DC bias voltages were applied to the gate 

o f the first-stage transistor {Ml) in both cases. A new configuration o f two-stage CMOS 

wideband amplifier first described in [27] is investigated here. The new configuration is a 

modified form o f Meyer-Blauschild configuration [41].

In the proposed amplifier, one global feedback (shunt-series) is substituted by the local 

feedback (shunt-shunt) applied to the input stage. Then, in both local and global feedback 

loops, the isolating source followers are set up as buffer stages. The connection o f 

resistive feedback loops via source followers allows one to establish a simple bias for the 

amplifier. These buffer stages, in addition to elimination o f loading effects between the 

stages, provide also necessary DC level shifting and increase the loop gain. The design of 

the proposed amplifier becomes systematic and can easily be optimized independent of 

active device parameters and DC operating points.

In section 4.3.1, the modified circuit and the design objectives are outlined for the 

proposed two-stage CMOS wideband amplifier. Section 4.3.2 describes the design 

approaches for the proposed amplifier circuit. The detailed circuit analysis will be 

discussed in section 4.3.3. In section 4.3.4, the implementation o f the proposed amplifier 

is described. A brief review of physical layouts of the circuit components are presented 

in section 4.3.5. The simulation results are discussed in section 4.3.6.
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4 .3.1 Modified Circuit Description

The original Meyer configuration for two-stage CMOS wideband amplifier was shown in 

Figure 4.5. Now, the proposed modified version of Meyer configuration is shown in 

Figure 4.8 [27]. Alternatively, the proposed new configuration can also be viewed as the 

modification o f  Kukielka configuration in Figure 4.2, where local and global feedbacks 

have simply changed the position with each other.

I
Rs

<

Rr >

RFI

Y A / V

M1

Rssi
><L

A A-/  \ / \  /V v'

R,F2

> Rl

M2

<  Load

RsS2

Figure 4.8 Proposed new configuration for two-stage CMOS wideband amplifier
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The analysis o f small signal low-frequency models with assumptions o f  g m/-ftss/»l 

gm-iRss2>>l, Rr, & R d »  Rssj, R f2 &Rl » R s s 2. and. Rssi=Rss2, give the expressions for 

amplifier parameters such as small-signal voltage gain, input impedance and output 

impedance as

Here, the attempts to realize this amplifier with above approximated parameters show 

that it is not possible to satisfy the first two requirements (gmiR s s i» h  gm4Rss2» l ) -  If 

the level o f resistors Rssi and Rss2 is chosen to keep amplifier noise at acceptable level, 

then the values o f  gm iR ssi^  1 and gm4Rss2>>1 reach around 1.2-1.5 only [27]. This results 

in a strong difference between the initial values o f amplifier parameters by equations

(4.3.1) to (4.3.2) and the design goals. To resolve this issue, further modifications in the 

circuit o f Figure 4.12 are can be introduced. Thus, the modified circuit for the proposed 

amplifier is shown in Figure 4.9.

In the circuit o f Figure 4.9, two additional source followers are introduced in each 

feedback loop. The source followers provide necessary DC level shifts in the feedback 

loops and allow the reduction o f the level o f Rfi and Rf2. As a result, the loop gains are 

increased and the loading effects in the loops are diminished. Again the source followers 

work as buffer stages between the gain stages and help in achieving internal DC levels.

(4.3.1)

(4.3.2)

vout (4.3.3)
v.S ~  V ^SSl ;
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The biasing o f these two source followers is very simple, and due to weakened 

interaction between the loops, the bias o f the whole amplifier can be obtained in a small 

number o f iterations. The first source follower (M3) provides necessary DC voltages at 

the gate o f gain stage transistors (M l and M2) and thus, the difficulties o f biasing the gain 

stage transistors have been removed. In this way, a well-defined internal basing network 

is established for the whole wideband amplifier.

Figure 4 .9  The modified proposed wideband amplifier
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4 .3.2 Design Approach

The modifications discussed in the previous section allow one to develop a new design 

approach for the wideband amplifier. The circuit now can be considered as a cascaded 

connection o f two stages as shown in Figure 4.10, namely an operational amplifier, and 

an output nullor-based amplifier [43]. In overall circuit, these two stages have the 

common feedback from the output to the operational amplifier non-inverting input.

Op-amp

vs/2 {>,

a)

Nullor

b)

. >
R,

vout

R,SS2

Figure 4.10 Basic design stages o f the proposed amplifier

Let the signal source, v5, with internal impedance Rs be connected to the input o f the 

operational amplifier. If with the signal vs, another signal o f v /2  appears simultaneously 

at the operational amplifier non-inverting terminal (Fig.4.10.a). Then, the impedance Zin
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o f the circuit is obliged to be equal to Rs. If the operational amplifier feedback resistance 

is equal to Rfi, the output voltage at the first stage is

v, = ~ (vs / 2)
L*s

(4.3.4)

This amplification in the first stage operational amplifier may be insufficient. Therefore, 

it is increased by the gain o f  the second stage nullor as

= - K  = -_ Rl
R

(4.3.5)
SS2

If the global feedback ((3) is added as shown in Figure 4.11 to provide the required signal 

v /2  to the non-inverting input terminal o f the operational amplifier, so that

v, (-Kj3) = v J 2 .

Then one obtains a two-stage amplifier with overall gain o f

(4.3.6)

Av = -22£- = (2 K)
RFI
R*

(4.3.7)

and the input impedance o f

^  = *.S-
D

2 - D
(4.3.8)

where the factor D  is

D = KP[(R,-/RS)-1}. (4.3.9)

Hence, if  the condition D =1 is satisfied, one obtains an amplifier with input impedance, 

Zin =RS and overall voltage gain
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Ay =
1

2 p '
(4.3.10)

R,FI

o u tOp-amp -K

R,s

v.s

-K

Figure 4.11 The addition o f a global feedback from output to input in Fig. 4.10.

If  the voltage at the inverting input o f the operational amplifier in Figure 4.15 is equal to 

v,„, then one finds that

R
V- = vm  s

F1 PK

1+  J3K l + Rn
Rc

(4.3.11)

and
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1+ J3K 1 + ^  
_ Rs

J3K
(4.3.12)

From these results one can find that the voltage gain A vJ is

An = ~  = ^  (4.3.13)
v ,„ P

and the overall voltage gain Av is

R f i K

Rs 1+ /3K 1 + ^ L
.  R S _

If the condition D=I is satisfied in equation (4.3.9), then equation (4.3.14) verifies the 

overall gain voltage gain (Ay) in equation (4.3.10).

Using equation (4.3.11) one can find input impedance is

and for the condition of D=1 in (4.3.9), one can verify that Zin = Rs is satisfied. 

Finally, one can find the output impedance is

Hence, one can obtain an amplifier with desired gain, matched input and output 

impedance by following a sequence of steps that are usually used in the design of 

instrumentation systems with operational amplifiers and nullors [43].

Z.out (4.3.16)
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4 .3.3 Design Realization and Circuit Analysis

The final and complete circuit o f the proposed two-stage CMOS wideband amplifier is 

shown in Figure 4.12.

\ /

Figure 4.12 Final and complete circuit of the proposed two-stage CMOS wideband

amplifier.
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In this amplifier, transistors M l, M2 realize approximately the mixed input operational 

amplifier (at the gate o f M l  is the voltage input and at the source is the current input). 

Resistor Rpi creates the first feedback loop via source follower (M3 and M5). The second 

feedback loop is a series-shunt one, formed by resistor Rf2 and Rssi via source follower 

(M4, M6). Two current sources (h i  and h i  in Figure 4.12), have been replaced by a 

current mirror consisting o f transistors M5, M6, and M7. The first inter-stage source 

follower consists o f transistors M3 and M5 establishes DC gate voltages VGi and VG2 for 

the gain stage transistors M l  and M2. The second buffer stage source follower consisting 

o f transistors M3 and M5, shifts DC level at the source o f transistor M l  and eliminates 

the loading effect o f the second stage nullor. These two distinct buffer stages compensate 

overdrive voltages VGs r ^ m i  and VGS2- Vnn for transistors M l  and M2 in association with 

source resistors Rssi and Rsss, respectively. A small value o f capacitor C f2 (fF) in parallel 

with Rf2 is added to attain maximally flat frequency response (feedback zero). A 

capacitor, Css? (2-10 pF) enhances the bandwidth o f the amplifier significantly with pole- 

zero cancellation technique [32], [39].

Assuming that the amplifier input impedance (Zin) is equal to Rs, the voltage, v„/ at the 

gate o f the input transistor M l

and for overall voltage gain Ay  in equations (4.3.3) and (4.3.10)

^  = 2AV * 1 + (4.3.18)

From the output side o f  this amplifier one can find
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If  the input impedance is matched to the signal source, then one can write

2 R. R
(4.3.20)

FI

Then from equations (4.3.12) and (4.3.13) one can obtain the following relationship

* L

R SS2

RSSI

\  ̂ SS\ +  Rpl

R F1
, * s

-1 =  1 . (4.3.21)

This relationship should be compared with equation (4.3.9) when D=l. From above 

analysis, it can be concluded that a systematic design approach can be followed in the 

design o f the proposed wideband amplifier. Finally, for wideband amplifier realizations, 

it is useful to introduce an operational amplifier stage with one voltage and one current 

input. The conceptual realization o f this amplifier is shown in Figure 4.13 [44],

R-

i i Rr

<1 2 

a)

-VvV

A 'W

2 £
T

b)

Figure: 4.13 Conceptual realization o f the proposed amplifier [44],
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It has high impedance at voltage input ‘1’ and zero impedance at current input ‘2’. An 

important property o f this amplifier is that it maintains the input terminals at the same AC  

voltage when part o f a two feedback loops circuit, and at least one feedback path is 

preserved.

4 .3.4 Circuit Implementations

The proposed amplifier was implemented in a CMOS 0.18 pm process [45]. Note that 

small-signal parameters o f the proposed wideband amplifier as given by equations (4.3.1) 

to (4.3.2) are independent o f DC operating points and the active device dimensions 

( W/L). The circuit allows one to achieve 50 Q  input/output impedance matching and large 

gain with wide bandwidth. A large value o f feedback resistor, RF2 gives very high gain as 

given by equation (4.3.3). Then, to achieve 50 f i  output impedance matching, R/_ needs to 

be chosen with a value around 50 Cl ( Rout~ /?zj| RF2~ R l for RF2>>Ri)- On the other 

hand, the small value o f R l reduces the gain of the second stage. Again, the large value of 

R f2 ( » R l )  nullifies the second term o f equation (4.3.1). Then, to achieve input 

impedance matching to 50 fl, a balanced selection among the values o f  R f i , R ssi  and Rd 

are needed. If  a large RF! is connected between the drain and gate o f the transistor in the 

first-stage o f the amplifier, then it severely reduces the bandwidth by increasing the input 

stage time constant due to the Miller effect. On the other hand, a large value o f Rssi (or 

Rss2) increases the noise contribution as it is connected in series with source of the 

transistor. Therefore, to keep noise at acceptable level, all resistors in series with drain 

and source o f the transistors are kept as small as possible. The large value of Rd increases
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the gain but reduces the bandwidth drastically. Here, a very small value o f resistance is 

chosen for Rssi (or Rssi) to reduce noise contribution and a reasonable value of Rq is 

chosen to achieve moderate gain. Then, to fulfill the condition o f gm iR ss^l and 

gmiRss2> 1, the transconductance gw  and g „,2 are made high with large transistor sizes 

(=W/L) and reduced overdrive (=Vcs-Vth) voltages. For the proposed two-stage CMOS 

wideband amplifier, the values o f all resistances, capacitances and transistor sizes are 

summarized in Table 4.5. These values were achieved after several iterations o f computer 

simulations.

Table 4.5: Summary o f all the components o f the proposed amplifier in Fig.

Component Component parameter Value

M l Wl/L 400 pm/ 0.18 pm

M2 W2/L 520pm/ 0.18 pm

M5,6 W5,6/L 50 pm/ 0.18 pm

M3 W3/L 240 um/0.18 pm

M4 W4/L 150 pm/ 0.18 pm

M7 W7/L 10 pm/0.18pm

R f i - 260 n

R l - 60 Cl

R d - 135 Cl

Rbias - 2.7 kQ

Rssi - 5 Cl

Rssi - 5 Q

R f2 - 550 £2

Cfi - 112 fF

CsS2 - 5.2 pF

64

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4 .3.5 Implementations of Physical Layouts

One has to implement all the passive and active devices as depicted in Table 4.5 

physically in CMOS 0.18 um process technology. In this scaled-down CMOS 

technology, the performance o f high frequency analog and RF circuits significantly 

depends on the physical layouts o f the devices (active and passive) [46], [47]. To achieve 

reduced parasitics, reduced noise and good isolation among the devices, special layout 

techniques should be adopted to have optimum performance so that a large degree of 

consistency remains between simulated and measured device performance [46], [47],

High frequency RF and analog layouts are concerned with matching accuracy and noise 

immunity rather than the minimizing area, which is the main focus on digital layouts 

[47]. In realization o f analog and RF layouts, techniques such as interdigitized layouts 

and common centroid layouts are adopted to improve matching [47]. Layout also 

involves optimizing individual transistor layouts. To prevent leakages and reduce 

parasitics (parasitic capacitances and resistances) at high frequencies, the devices and 

wire lines are kept as far as possible.

In analog and RF design, large transistors are quite often used to achieve higher 

transconductance that leads to higher gain (in our design, maximum transistor width is 

520 pm for M2 and the maximum transistor width used in ESD protection circuit is 1800 

pm). One important layout technique, which is often applied to improve the layout o f 

large analog and RF transistors, is multi-fingered layout. This layout is used to minimize 

series gate resistance where ends o f the gates are connected together. Moreover, guard 

bands surrounding the layout are used to reduce noise. However, to prevent antenna
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effects, guard bands [47] are left open. The equivalent circuit model and scaling rule for 

implementing multi-fingered transistors can be obtained in [45]. A complete layout o f a 

520 pm (=M2) transistor, developed for the proposed wideband amplifier is shown in 

Figure 1 o f Appendix.

In implementing RF resistors, two important factors such as current carrying capacity and 

noise need to be considered (typically, resistors in analog and RF design carry current in 

the range o f 1-10 mA) in addition to the resistance values. The value o f resistance o f a 

layout shown in Figure 4.14 can be calculated from the following relationship

R = 2Rem„aa+ N (L /W )R „

□

(4.3.21)

□
Contact

Figure 4.14 Resistor layout geometry.

Since the resistive layer has a specific resistance value (sheet resistance. Rsi,) its width 

(W) should be sufficient to carry the required current. To minimize the effects o f 

boundary dependent etching, dummy resistors at the ends o f the desired resistor are used 

as shown in Figure 2 o f Appendix [45]. [46]. The dummy resistors also work as guard- 

bands surrounding the resistor layout and reduce noise. For the proposed amplifier, the 

large value resistors (kQ) are implemented using N+/poly layers and the low value 

resistors are implemented as P+/diffusion resistors [45]. A very small value resistor. 5 £2
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is implemented using metal layer [45]. The complete layout o f a 5 metal resistor for

the proposed amplifier is shown in Figure 3 of Appendix.

On-chip MIM (metal-insulator-metal) capacitors are implemented for the proposed 

amplifier. MIM capacitors are suitably used in CMOS RF integrated circuits due to their 

small area, high quality factor (O) and small parasitic (capacitances and resistances) [45]. 

The structure, equivalent circuit model and scaling rule for MIM capacitor can be found 

in [45]. The input/output pads for the proposed amplifier are designed with ESD 

protection suitable for high frequency analog and RF design [48], [49]. The final layout 

for the proposed two-stage CMOS wideband amplifier in Figure 4.12 occupies a die area 

o f 0.85 x 0.9mm2.

4 .3.6 Simulation: Results and Analysis

The post-layout pad-to-pad simulations were performed for gain, noise figure, input IPS, 

1-dB compression point, return loss, input impedance and output impedance in a 50 Cl 

system (keeping input and output terminals of the proposed amplifier matched to 50 O). 

For the values o f  components in Table 4.5, the simulated results are graphically shown in 

Figures 4.15, 4.16 and 4.17. Figure 4.15 shows frequency responses for 5?/ (gain), NF  

(noise figure), NFmm (minimum noise figure), and k f  (stability factor). Frequency 

responses for input impedance Z//, output impedance Z22, Su  (input return loss) and S22 

(output return loss) are shown in Figure 4.16. Figure 4.17 shows UPS and 1 dB 

compression point.
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Figure 4.15 SpectreRF simulation results for the proposed wideband amplifier
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Figure 4.16 SpectreRF simulation results for the proposed wideband amplifier
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Figure 4.17 SpectreRF simulation results for the proposed wideband amplifier (input

signal power -50 dBm).

The simulated results from the graphs for the proposed amplifier are summarized in 

Table 4.6.
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Table 4.6: Summary of simulation results for the proposed amplifier in Fig. 4.12

Performance parameters Measured values (simulation)

Gain (S'?/) in dB 14.8

-3 dB bandwidth in GHz 2.6

Minimum noise figure (NFmin) in dB 3.4

Input return loss (Su) in dB -24 to -11 (DC to 2.6 GHz)

Output return loss (S??) in dB -30 to -10  dB (DC to 2.6 GHz)

Input impedance (Z//) in G 55 to 51 in 2.6 GHz bandwidth

Output impedance (Z??) in G 52 to 45 in 2.6 GHz bandwidth

Stability factor (kf) >3 (24 to 9) in 2.6 GHz bandwidth

1 -dB compression point in (dBm) -14.7

Input 3 rd order intercept point in (dBm) -6.4

DC current consumption (Ioc) in mA 17.6

DC Voltage in V 1.8

S21 exhibits a very flat response with -3  dB bandwidth o f 2.6 GHz and DC gain of almost 

15.0 dB (loaded). Return losses Su, and S?? are less than -10  dB in the range o f - 2 .6 GHz 

bandwidth, that indicates the amplifier remains matched to system impedance, 50 G 

within the bandwidth. The frequency response characteristics o f input and output 

impedance vary from 55 Q  to 51 Q and from 53 Q  to 45 G respectively. Linearity 

measures such as IIP3 and 1-dB compression point are -15 dBm and -4  dBm, 

respectively. The stability factor varies 24 to 6 (DC to 4 GHz), and thus the criteria for 

stability was achieved (kf>3). The calculated results for gain, input and output impedance
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are 34.8 dB, 40 H  and 54 Cl, respectively using equations (4.3.1) to (4.3.3). Note that the 

calculated gain is more than 20 dB higher than the simulated gain. However, the 

calculated and the simulated input and output impedances are pretty close. Here, again it 

can be said that due to the same reasons as described in section 4.1.1, the calculated 

results differs from the simulated results.

To make a comparative study with the results o f schematic simulation for Kukielka 

configuration and Meyer configuration in Table 4.2 and 4.4 respectively, the schematic 

simulation results for the proposed wideband amplifier in Figure 4.12 are summarized in 

Table 4.7.

Table 4.7: Schematic simulation results for the proposed amplifier in fig. 4.12

Performance parameters Measured values (simulation)

Gain (S’?/) in dB 15

-3 dB bandwidth in GHz 3.4 G

Minimum noise figure (NFmin) in dB 3.47

Input return loss (Su) in dB -26 to -12.5 (DC to 3.4 GHz)

Output return loss (S22) in dB -30 to -10.5 dB (DC to 3.4 GHz)

Input impedance (Zu) in Cl 55 to 50 in 3.4 GHz bandwidth

Output impedance (Z22) in Cl 52 to 48 in 3.4 GHz bandwidth

Stability factor ( k f ) >3 (24 to 8) in 3.4 GHz bandwidth

1 -dB compression point in dBm -15.8 (at 1.9 GHz)

DC current consumption ( I d c )  in mA 18

DC Voltage in V 1.8
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4 .3.6 Comparative Study of Wideband Amplifiers

The simulation results for different types o f wideband amplifiers are comparatively 

summarized in Table 4.8.

Table 4.8: Comparative simulation results for different wideband amplifiers.

Kukielka

Configuration

Meyer

Configuration

Proposed New 

Configuration

Proposed New 

Configuration

Simulation type Schematic

simulation

Schematic

simulation

Schematic

simulation

Layout

simulation

Gain 14.0 dB 14.2 dB 15 dB 14.S dB

Min. noise-figure 3.3 dB 3 dB 3.4 dB 3.4 dB

-3 dB bandwidth 2.5 GHz 3 GHz 3.4 GHz 2.6 GHz

1 dB Compression 

point

-15.4 dBm 

(At 1.9 GHz)

-15.1 dBm 

(At 1.9 GHz)

-15.8 dBm 

(At 1.9 GHz)

-14.7 dBm 

(At 1.9 GHz)

DC current 

Consumption

12 mA 13.1 mA 18.2 17.6 mA

DC Voltage 1.8 V 1.8 V 1.8 V 1.8 V

Note that for the proposed new CMOS wideband amplifier, bandwidth obtained in layout 

simulation is by 800 MHz (3.4 GHz- 2.6 GHz) lower than that obtained in schematic 

simulation. The layout represents the actual physical device with its parasitic 

capacitances and resistances. The input and output pads increase the time constants by
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contributing additional capacitances. Thus, overall bandwidth is decreased by a 

significant amount in post-layout pad-to-pad simulation. In this way, it is expected that 

the bandwidths obtained for Kukielka and Meyer configurations in schematic simulation 

would be decreased by significant amount in post-layout pad-to-pad simulation as well. If 

the bandwidth is reduced by the same amount o f 800 MHz, then the bandwidths obtained 

for Kukielka and Meyer configurations will be far below the bandwidth o f the proposed 

wideband amplifier in layout simulation. Here, the proposed CMOS amplifier exhibits 

improved performance with respect to the bandwidth. Other parameters such as gain, 

noise figure and linearity are close for all o f the amplifiers.

4 .4 Conclusion

In this chapter, a number o f wideband amplifiers have been evaluated for CMOS 

realization. The proposed new wideband amplifier has been analyzed theoretically as 

well. The simulation results further verify the theoretical analysis and establish the 

feasibility o f the proposed two-stage CMOS wideband amplifier.

The proposed amplifier is a promising one. Introducing an independent and simple bias 

network allows one to use a systematic, nearly a stage-by-stage design approach for the 

proposed amplifier. The isolation of small signal AC and DC bias circuits makes design 

parameters to a first degree o f approximation defined by resistors only (see 4.3.1 to 

4.3.3).
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Chapter 5

Wideband RF Receiver Front-End

Fully integrated system-on-chip CMOS implementations for low-power and high 

performance RF receivers are being explored [20], and a lot o f research has been done to 

implement RF receiver building blocks such as LNA, mixer, and oscillator separately or 

integrate two or more o f these blocks into subcells. A typical example o f such an RFIC is 

the receiver front-end where a low noise amplifier (LNA) is combined with a 

downconversion mixer. Integrated RF ffont-ends are widely used because they often 

avoid the use o f off-chip discrete components (filters) and all the RF signal processing is 

done on a single chip. An RF receiver front-end produces an amplified signal translated 

down to lower intermediate frequency (IF). Again, for multistandard receivers operating 

at different carrier frequencies, it is necessary to implement a front-end architecture that 

has enough flexibility to accommodate all these frequencies. Therefore, a wideband 

front-end architecture is inevitable for cost-effective single-chip solution.

In this chapter, the design issues, specifications and requirements for wideband RF ffont- 

ends in low-IF receivers [20]-[24], [50] are discussed. The front-end blocks, LNA and
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mixer together determine the performance of the front-end. For instance, the gain of the 

LNA must be high enough to overcome fundamentally high noise of the mixer [14]. [32]. 

On the other hand, very high gain o f LNA may saturate (or. overload) the mixer and 

reduce the dynamic range o f the front-end [14]. [32]. It is very desirable to connect the 

LNA and mixer without any power consuming RF buffer stage [51]. Therefore, a careful 

co-design of the building blocks o f an RF front-end is very essential to have optimum 

performance.

5.1 Front-End Basics

The front-end considered in this thesis is intended for low-IF receivers, and the 

architecture o f a low-IF receiver is shown in Figure 5.1 [14]. [20].

Double Mixers for
Quadrature IF Signals

RF Filters 
(band-select)

IF Filters 
(channel-select)

Front-End

A/DLNA

Quadrature 
LO Signals Local

Oscillator
(LO)

Figure 5.1 A low-IF receiver architecture (front-end is with dotted-line boundary).
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A low-IF receiver has a number o f advantages in comparison to the traditional 

superheterodyne receiver shown in Figure 5.2. In low-IF receivers, the output o f the 

LNA is directly connected to the input o f the mixer, and therefore, no image-reject (IR) 

filter is required. However, the image-problem in a low-IF receiver is solved by image- 

reject receiver architectures [14], [52]. Our interest of discussion is limited to the front- 

end part o f the low-IF receiver.

RF Filters Front-End 
(band-selectl \ IF Filters 

fchannel-selecf)IR-Filter Mixer

LNA A/D

Local
Oscillator

(LO)

Figure 5.2 A typical superheterodyne receiver architecture

From the block diagram of the receiver front-end in Figure 5.3. it is noted that LNA and 

mixer are differentia] circuits where the inputs are applied to the LNA differentially and 

the outputs are taken from the mixer also differentially. Mixer translates the LNA output 

signal (900 MHz-3500 MHz) to Low IF signal (4 MHz-20 MHz). The front-end 

performance depends on the combined performance o f LNA and mixer. Usually, the 

mixer performance defines the performance of the entire front-end (or. receiver) [34],
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The performance parameters, which must be considered in the design o f front-end are 

RF-to-IF gain, overall single-side-band (SSB) noise figure, RF-to-IF linearity, LO-to-RF 

and LO-to-IF isolations, wideband input matching and operating frequencies. All these 

issues will be discussed in the following.

Mixer

RF input voltage 
(Differential)

COS 0 ) m t

sin ©mt

►  IlF

(Differential output 
>. Current)

Quadrature LO 
signals (Differential)

^  Qif
(Differential output 

current)

F igure 5.3 Compact notation o f RF receiver front-end.

5.1.1 R F-to-IF  Gain (C onversion G ain)

In the front-end, the input-signal to the LNA is RF signal and the output signal from the 

mixer is downconverted signal, i.e. the signal is converted to the intermediate frequency 

(IF). The gain from RF to IF is called the conversion gain. The RF-to-IF gain depends on 

many factors such as noise and nonlinearity in the cascaded stages. However. RF-to-IF 

gain must be sufficient enough to suppress noise contribution from all the stages being 

traded off with linearity so that the receiver sensitivity (dBm) increased well above the
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noise-floor (dBm), the minimum detectable signal (NF = kTB). The overall gain o f the 

front-end can be expressed as (in dB)

GainFron,-End (dB) = GaitlLNA (dB) + G a i n ^  {dB) (5.1.1)

LNA needs to contribute most o f the gain to the overall conversion gain because mixer is 

inherently noisy due to its switching action in frequency conversion, and the higher gain 

in the LNA stage will suppress the overall noise o f  the front-end as described by 

(2 . 1.22).

5.1.2 Noise-Figure

Noise and noise figure have been discussed in detail in section 2.1.2. For the cascaded 

connection o f LNA and mixer in the front-end, the overall noise-figure (or noise-factor) 

can be expressed using equation (2.1.12) as

BFront-End ~ BLNA • (5.1.2)
G LNA

This formula shows that noise figure o f the first stage, the LNA, is directly added to the 

noise-figure o f the whole RF front-end. On the other hand, noise-figure o f the 2nd stage, 

the mixer, is scaled down by the gain o f the LNA. Therefore, to have a very low noise- 

figure for the whole front-end, the noise-figure o f the LNA should be as low as possible, 

and simultaneously, gain o f the LNA should be as high as possible. Two types o f noise 

figure such as single-side-band (SSB) and double-side-band (DSB) noise figures are used 

for characterization o f front-ends [32], [34].

79

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.1.3 RF-To-IF Linearity

As stated earlier in section 2.1.3, nonlinearities cause harmonic distortions, gain 

compression, desensitization, blocking, intermodulation, etc. [14]. In an RF front-end, 

signals are processed by a cascaded system o f LNA and mixer. The overall linearity of 

the front-end can be expressed in terms of input IPS using equation (2.1.19) as

1 1 , a \.LNA i ->\+ — -------  p . l .  j )
^ IP i.O \e r a l l  ^ i P i .  LNA ^ IP i.M ix e r

where ccixna is the voltage gain o f LNA for the first harmonic. This equation implies that 

the linearity o f LNA and mixer should be maximized to achieve a highly linear front-end 

system. To achieve high linearity, gain (aj) o f the LNA stage should be minimized, 

which is contradictory to the requirement o f  low noise-figure as expressed by equation 

(5.1.1). A low gain in the LNA stage would lead to worse overall noise performance. 

Since the LNA and mixer are directly connected in the front-end, wideband matching at 

the input o f  the front-end with overall feedback (global) increase overall linearity [24]. 

However, fair trade-offs among overall gain, noise figure and linearity determine 

optimum performance.

5.1.4 Port-To-Port Isolation

Port-to-port isolation is a measure o f how much power is coupled from one port to the 

other (i.e. amount o f feedthrough from one port to the other) [14]. Isolations in the front- 

end are RF-to-IF, LO-to-IF, and LO-to-RF isolations. The first two indicate how much
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RF and LO power leak through the output IF port, and the third one indicates how much 

LO power leaks through the input RF port. Strong presence o f RF and LO signals at the 

IF port can saturate IF signals leading to poor linearity [14], [32], [34]. However, in low- 

IF receiver ffont-ends, both LO and RF signals (several hundred MHz) are far apart from 

IF signals (a few MHz) in the frequency domain. Therefore, RF and LO signals at the IF 

output port can easily be filtered out by high 0  (quality fator) IF channel select filters. In 

addition, the use o f a double-balanced switching mixer will further improve LO-to-IF 

isolation [34]. The most critical one is LO-to-RF isolation. In a low-IF receiver front- 

end, RF and LO signals are pretty close (separated by few MHz) and hard to remove by 

filtering. The low isolation between RF and LO port causes LO signals to leak through 

the RF port, corrupting input RF signals which results in DC off-sets due to self mixing. 

Moreover, LO leakage can re-radiate through the antenna, corrupting other RF signals o f 

the same band in other systems. The LO-to-RF isolation can be maximized by designing 

mixer in the front-end to be as symmetrical as possible, thus hoping for two paths where 

any LO to RF leakage cancel each other out [34]. In addition, the LNA stage can be 

realized as high loop-gain feedback system to minimize this direct transfer from LO to 

RF port, i.e. to increase LO-to-RF isolation, [53]-[54].

5.1.5 Return-Loss and Wideband Matching

As discussed earlier in sections 2.1.1, impedance matching at the input/output terminals 

is absolutely necessary if  the circuit is to yield optimum gain (maximum power 

transmitted) and return loss (minimum power reflected). Again, for wide bandwidth,
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resistive feedbacks are promising, as stated earlier in section 3.3.1. In RF front-end, the 

input (RF port) and output (IF port) are at different frequencies. Therefore, no direct 

feedback between input and output is possible. Internal feedbacks around the first stage 

LNA can be employed. In this way, one feedback can be employed from the input o f the 

mixer to the input o f  the LNA and the second one can be employed as local feedback 

around any part o f  the LNA for stability. For better inter-stage isolation, feedbacks are 

applied via buffer stages.

5.2 Topology Selection for Wideband LNA

Since LNA is the first block in the receiver front-end, its noise figure is directly adds to 

the noise figure o f the entire front-end as described by equation (5.1.2). Therefore, the 

main function o f the LNA would be to provide enough gain to overcome the noise o f the 

subsequent stages contributing minimum noise figure by itself. In addition to high gain 

and very low noise figure, LNA should maintain high linearity to accommodate large 

signals without distortion and overloading the following stages. Finally, for maximum 

power transfer and minimum power reflections, its input impedance must be matched to 

the source impedance [32], Again, for multistandard and wideband applications, the 

input matching would be such that its bandwidth extends to a few GHz.

For higher gain, the LNA can be implemented into two stages: the input stage and the 

output stage. The common-source (CS) configuration is the best suited for implementing 

stages o f the amplifier because it offers the largest gain compared to the common-gate 

(CG) configuration [29], [31]. A common-drain configuration or source-follower makes
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an excellent voltage buffer between two CS stages [29], [31] as discussed earlier in 

section 3.3.2. For better noise performance, single transistor CS topology is used and for 

improvement in linearity, resistive source-degeneration is used in the CS configuration 

that also helps in achieving wideband matching [29].

5.2.1 Input and Output Stages for Wideband LNA

The single-ended input stage for wideband LNA is chosen as a shunt-series amplifier as 

shown in Figure 5.4, which provides broadband matched real input. Hence, the circuit is 

a common-source amplifier with a resistive feedback via common-drain (source- 

follower).

Figure 5.4 Modified input-stage of the LNA. 
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The source-follower feedback stage assists to optimize the noise performance [11] and 

acts as a buffer for the second stage amplifier. However, the wideband input stage 

exhibits a major trade-off between input impedance and noise figure [55]. For 

differential RF input signals, two single-ended input stages are connected in symmetric 

manner as shown in Figure 5.5.

Figure 5.5 The overall differential input-stage.

The output stage for wideband LNA is chosen as differential amplifier as shown in 

Figure 5.6. The outputs vouti+ and voutr  from two symmetric input stages are fed to the 

differential inputs VjnI+ and v inr  o f the second stage, respectively. Note that due to the 

common-source configuration o f  the input stages, the polarity o f  the outputs (voutl+ and
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Voutr) is opposite to their respective inputs (vin+ and vin-). The differential stage has the 

advantages o f improved linearity, the ability to reject common mode disturbances and 

increased dynamic range with increased power consumption and noise figure [32]. 

However, the main purpose o f this differential stage is to generate differential signals for 

the next stage mixer.

Rl Rl

V o u t

Figure 5.6 The differential amplifier in the output-stage of the LNA.

5.2.2 The Complete Wideband LNA

The complete wideband LNA circuit, combining input and output stages is shown in 

Figure 5.7. Note that the circuit in Figure 5.7 has been modified with additional feedback 

networks. A global feedback from each side o f the differential output has been applied to 

the corresponding input via source follower. Thus, dual feedback loops are established in
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each of the half circuit o f the overall LNA. These dual feedback loops are used to 

achieve wideband matching at the input and they also help in increasing overall linearity. 

Indeed, this wideband LNA is a symmetric combination o f two wideband amplifiers 

shown in Figure 4.9 o f  section 4.3.1. As a symmetric circuit, this LNA can be easily 

analyzed using half-circuit concept [29] with a resemblance to the analysis o f wideband 

amplifier shown in Figure 4.9. A general discussion on performance parameters o f the 

amplifier such as gain, bandwidth, linearity, noise, matching and return loss has already 

been done in Chapters 2, 3, and 4, which are also applicable to wideband LNA.

»n*_______ j

I .
U a / v

rf.
R -F2

RSS<C I,

i V/ v  

V V \©  Rn
RF2

CD (D '“ '■ ©  ' " © 6 s s

K7 \ 7  '\7

Figure 5.7 The complete wideband LNA
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5.3 Topology Selection for Mixer

A mixer performs the crucial task o f frequency conversion. In the receiver front-end, a 

mixer is called as downconversion one, and converts RF signal to IF signals (high IF, 

low IF, or Zero IF). The performance parameters o f the front-end are defined by the 

performance parameters o f the mixer: conversion gain, noise-figure, 1-dB compression 

point, third-order intercept point (IP3), port-to-port isolation and return loss as earlier 

discussed in section 5.1. The fundamental choice in MOSFET mixer design is whether to 

use an active or passive mixer. The passive mixers have better linearity and excellent 

intermodulation performance at the cost o f local oscillator power, but the disadvantages 

o f these mixers are conversion loss, higher noise figure and large LO power requirement 

[32], [56]-[57]. In contrast to passive mixers, the active mixers have better conversion 

gain, lower noise figure and higher linearity [32], [56]-[57]. Again, to suppress the noise 

in the following stages o f the RF front-end after the mixer, it is desirable to achieve gain 

in the mixer. Therefore, active mixer is most widely used. The performance parameters 

o f the active mixers depend on the mixer types. Active mixers can be loosely classified 

as single ended mixers, single balanced mixers, double balanced mixers and folded 

cascode mixers [32], [34], [56], [58]. Due to various limitations and demerits, single 

ended and single balanced mixers receive little attention in CMOS RF design, and are 

also rarely used in RF communication [32], [34], [57]-[59].

Double-balanced switching mixers (Figure 5.8) also called Gilbert cells are very 

commonly used ones [32], [58], [60].
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L0+ L0+M4 M5 M6 M7

LO-

RF-
M3

V b ias

Figure 5.8 A double balanced Gilbert-cell mixer

The advantages o f the Gilbert-cell double balanced mixers are the inherent high degree 

o f isolation between all the ports (RF, LO and IF), the suppression of all even order 

products of the LO and/ or the RF signals, and good common mode rejection ratio 

(CMRR) due to fully differential nature with respect to the RF inputs and the IF outputs 

[32], [34], However, in this architecture, there are three MOSFETS and one IF resistive 

load stacked on top o f each other. This tall stack o f elements now requires a higher 

supply voltage to keep all transistors in saturation with adequate overdrive voltages (Vcs- 

VTH) so that it can provide conversion gain. With low supply voltage like 1.8 V in CMOS
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0.18 pm process, it is hard to realize such a double balanced Gilbert-cell mixer with 

adequate conversion gain. Moreover, the overall voltage swing at the IF output port 

becomes low, limiting mixer (or, front-end) dynamic range [58]-[61]. The low-voltage 

versions o f Gilbert-cell mixer have been described in [60] with the limitations o f narrow­

band applications because of the use o f inductor-capacitor tanks in the signal path. 

Therefore, for low voltage operation, the trend is now turning to folded switching mixers 

(folded cascode architecture), which have less stacked on components [59], [61].

5.3.1 Folded Switching Mixer

Folded switching mixers have a higher voltage gain at low supply voltages compared to 

the double balanced Gilbert-cell mixers. The objective in designing folded switching 

mixer is to reduce the number of stacked on transistors between the power rails (supply 

and ground). To achieve this, a low-voltage design technique [60] can be applied where 

the transconductance and the switching stages are decoupled into cascaded stages instead 

o f cascode configuration (switching stage sits on the transconductor stage) in the Gilbert­

cell mixer. Moreover, the tail current source (M/) is completely omitted. Thus, a folded 

switching mixer is built as shown in Figure 5.9 [61]. It provides high gain, low noise 

figure and moderate linearity at low supply voltages. The current distribution between 

transconductance and switching stage is shown in Figure 5.9. The transistors in the 

switching and transconductance stages are biased with DC gate voltages such that all the 

transistors remain in saturation.
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IF load IF load

LO+ M4M3 LO+M5 M7

LO-

RF-

Figure 5.9 Folded switching mixer [66]

This folded switching mixer (Figure 5.9) can provide reasonable gain because low DC 

currents flow through the switching transistors, which results in low voltage drop across 

resistors Rl. The voltage conversion gain in dB of this mixer can be approximated as 

[61]

G(1,w J < »  = 201og
O’ , o> ill 1.2 Rl

n 1 +  -

Ro(.O’ 4 -  O , , ,
&  nis £> mbs '  /

(5.3.1)

where gmU is the transconductance o f the transistor M l  or M2, gms is the 

transconductance o f the switching transistors and gmbS is the body transconductance of
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the switching transistors. Note that if R D (gm s +gmbs) » 1 ,  then voltage conversion gain is 

reduced to

(5-3-2)7C

which is similar to the conversion gain o f the double balanced Gilbert cell mixer in 

Figure 5.8 [34],

This mixer has some restrictions. Due to omitting tail current-source (M l), the input 

stage is no longer a differential pair, but rather a source-coupled pair. However, the 

folded mixer circuit is still balanced and will operate in differential manner if  it driven by 

differential RF input signals [34], Although, inputs and outputs are differential in nature, 

the circuit in Figure 5.9 has no common mode rejection ratio [34]. Therefore, either in 

the IF filter-stage or in the LNA stage, common mode rejection needs to be provided. In 

spite o f these drawbacks, the folded switching mixer is the most attractive topology for 

its higher conversion gain over the Gilbert-cell mixer at low supply voltage [59], [61]. 

Therefore, in this thesis, folded switching mixer topology is chosen for the proposed 

wideband RF receiver front-end.

5.4 Conclusion

In this chapter, the design issues and requirements for the wideband receiver front-end 

have been discussed in detail. The performance of the front-end entirely depends on the 

combined performance of its building blocks, LNA and mixer. The good design 

strategies are needed to make the performance parameters o f the building blocks
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orthogonal to each other. Hence, at first, the performance parameters o f the LNA can be 

optimized and then, a mixer is designed independently with optimized performance.

Topology selection for the building blocks o f the front-end is an important issue. In this 

chapter, a detailed discussion explained what are the correct topologies o f wideband 

LNA and mixer for the receiver front-end. In receiver front-end, a building block in the 

preceding stage (LNA) influences the performance o f the later stage (mixer). Therefore, 

a number o f  trade-offs have to be made in obtaining overall better front-end 

performance. In the next chapter, it will be discussed how the proposed receiver front- 

end for this thesis is built using the wideband LNA (Fig. 5.7) and o f folded switching 

mixer (Fig. 5.9).
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Chapter 6

Investigation of CMOS Wideband RF Front-End

As mentioned earlier in Chapter 5, the combined performance of the front-end depends 

on the individual performance of LNA and mixer. Since LNA is the first block in the 

receive path, its noise is directly adds to the overall noise figure o f  the RF front-end and 

its gain reduces the noise contribution from the subsequent mixer stage. Therefore, LNA 

is expected to be designed with very low noise figure and high gain. On the other hand, a 

mixer is the noisiest one due to the switching action o f MOSFET transistors. Here, the 

design objective with mixer is to keep its noise figure as low as possible and add a 

moderate gain. At the device level, attention needs to be employed so that noise in 

transistors and resistors is reduced significantly using special physical layout techniques 

[46], [47]. At the circuit level, DC operating points, device sizes and matching criteria are 

chosen such that gain and linearity are improved with acceptable noise levels.

In this Chapter, a wideband receiver front-end is designed in CMOS 0.18 pm process for 

low-voltage low-IF multistandard wireless receivers. This is a new configuration for 

CMOS RF front-end where dual feedback loops are employed for input wideband 

matching. A new linearization technique makes the front-end circuit suitable for 

operating at low supply voltages. Conceptually, LNA and mixer are realized separately
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and then they are combined with modifications to build the complete front-end circuit. 

The performances o f RF front-end are investigated both with theoretical analysis and 

computer simulations.

6 .1 Circuit Design for the Receiver Front-End

In this thesis, a new CMOS wideband front-end is designed. It includes a switching mixer 

stage cascaded with a two-stage LNA. The circuit is modified in such a way that only 

three components (active and passive) are stacked between the power rails, which makes 

the circuit suitable for operating with low DC supply voltage (1.8 V).

The first step towards an implementation is to find a front-end topology suitable for 

multistandard low-IF receivers. The front-end with two quadrature outputs (I. Q) in 

Figure 5.3 is the proposed architecture for the front-end in this thesis. However, the 

implementation o f the front-end in this thesis work is limited to one IF output as shown in 

Figure 6.1 where a differential LNA is cascaded with a differential mixer, and can be 

called a double-balanced low-noise-converter (LNC).

Mixer

RF output 
(Differential)

IF output 
(Differential)LNA

Figure 6.1 Implementation o f the proposed wideband front-end.
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Based on design strategies for LNA and mixer in (Sections 5.2 and 5.3), a preliminary 

CMOS circuit for the proposed front-end is shown in Figure 6.2. Here, the differential 

output o f the LNA in Figure 5.7 has been connected to source-coupled pair o f  the 

switching transistors o f the mixer in Figure 5.9.

IF-out

Figure 6.2 The preliminary proposed front-end circuit
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With a first look in Figure 6.2, it is difficult to trace the blocks o f the front-end as they 

were seen in Figures 5.10 and 5.16. Again, in this circuit there is a maximum o f four 

elements stacked on top of each other between the power rails that make this circuit 

unsuitable for low voltage operation, especially with 1.8 V DC supply in a CMOS 0.18 

pm process. Therefore, the circuit in Figure 6.2 needs modification. In the first step o f 

modification, the tail current source, I t is removed with restrictions o f only balanced 

inputs to the source-coupled pair (M6-M7) [34], Moreover, the circuit is rearranged such 

that LNA and mixer stages are distinctively present. The modified and rearranged circuit 

for the proposed front-end is shown in Figure 6.3.

+  IF-out,

Figure 6.3 The modified front-end circuit
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In the circuit o f  Figure 6.3, LNA and folded switching mixer have been separated in 

individual stages such that the differential output stage o f the LNA has been moved to 

form the source-coupled pair transconductance stage o f the mixer. In an alternative way, 

it can be said that two two-stage CMOS wideband amplifiers (Figure 4.14) are connected 

to the Gilbert cell source-coupled switching pairs (Figure 5.16) in a balanced way. For 

balanced inputs (VRF+ and VRF.) (i.e. for fully differential input to the amplifiers) the IF 

output is also differential. Thus, the overall front-end circuit nature is differential. 

Moreover, there are maximum three elements between the power rails. Thus, this front- 

end circuit is suitable for operating with low supply voltage.

6 .2 Linearization Techniques for RF Front-End

In the front-end circuit in Figure 6.3, one can see three distinct stages: the low-noise 

amplifier o f the first stage {M l or M l_) followed by the second stage transconductance 

pair (M6-M7), and two switching pairs (M8-M11) o f the final stage. The linearity in the 

first amplifying stage is reasonably good due to the source degenerated common-source 

configuration [29]. If the perfect switching with adequate LO signal power is performed, 

then the transistors in the switching stages contribute a little to the non-linearity o f the 

mixer (or front-end) [32], [34]. For the folded switching mixer in Figure 5.16, input 

differential RF voltage (\vRF+\ = |v^.|=v^) is converted to the differential current I ^ rf as

• _  ^  t y  _ y  \ 2  + y —V  'I2 (6 ? n
l J ( lf \R F ~  ^  ^  V C S  + V J!F y TH> ^  ^ \ V G S + V RF TH )  ( .0 —  1 )

or,
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where ft= ( W/L)\(junC„x)/2 is process parameter. From (6.2.2), it is noted that the 

linearity o f the input differential pair in the transconductance stage depends only on the 

input RF voltage vRF while gate-source overdrive voltage ( Vc,s- Vnd sets the 

transconductance. In practice, the V-I conversion for the transconductance in the input 

stage is not fully linear [28]. Thus, the linearity o f the entire front-end is limited by the 

linearity o f input transconductance pair (M6, M7) o f the mixer. Therefore, a linearization 

technique “feedforward” as shown in Figure 6.4 can be used [62].

T T

Figure 6.4 MOSFET “cascomp” [31] 
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The circuit in Figure 6.4 can be further modified as shown in Figure 6.5 where a source- 

coupled transistors pair is used instead of an inner differential pair and the drains o f this 

transistor pair are connected in direct-mode instead of cross-mode. For a linear 

transconductance circuit, the output current should be precisely proportional to the input 

voltage. In this new linearization technique, the effective transconductance o f the source- 

coupled pair (M6-M7) is reduced, which in turn, reduces the total harmonic distortion 

(THD) [29]. Thus, the third and higher order nonlinearities are suppressed significantly 

due to the reduced total harmonic distortion. This issue will be further analyzed in the 

Section 6.3.1. With adoption o f the new linearization technique in Figure 6.5, the final 

and complete circuit for the proposed two-stage CMOS wideband front-end is shown in 

Figure 6.6.

■RFf ■RF-

bias

M 2 M 3

M 4 M 5

irH-
M6 M7

V-
in-

Figure 6.5 Modified linearization circuit from the concept o f “cascomp”.
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AM

Figure 6.6 Final and complete circuit for the proposed wideband front-end

100

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

B
al

an
ce

d 
in

pu
l 

ga
in

 
st

ag
e 

(I
.N

A
) 

 
 

 
 

T
ra

ns
co

nd
uc

la
nc

e 
st

ag
e



6 .3 Circuit Description and Analysis

The complete circuit o f the proposed wideband front-end is shown in Figure 6.6. This 

circuit has been developed in a systematic and step-by-step approach as described in 

section 6.2. In the complete circuit, there are maximum three elements between the power 

rails (power supply and ground). Therefore, this circuit is suitable for low supply voltage 

operation by keeping all transistors in saturation with adequate gate overdrive voltages 

( Vcs-Vth)■ The input wideband matching (to 50 Q.) is achieved by the combined effects of 

local series-series feedback (re s is tan c e ^ ) and shunt-series feedback (resistanceRF!) via 

source follower as described in chapter 3 and 4. From the output o f  the transconductance 

stage, a common-mode global feedback (resistance Rf?) to the input stage increases 

overall linearity [53]. A very high resistance (Rf2) in the global feedback path and a very 

low resistance ( « R u )  looking in to the source-coupled pair o f the switching transistors 

(M8-M11) drive maximum amount o f RF current to the IF load resistors (/?/„). DC biasing 

for the transistors (M3, M3_, M5, M5_, M14 and M15) is a part o f the circuit. The 

switching transistors (M8-M11) are biased externally (not shown). The circuit in Figure

6.6 is a fully symmetric circuit with respect to its input and output. Therefore, in 

theoretical analysis, half-circuit concept [29] is used. Moreover, stage-by-stage analysis 

can be performed

As mentioned earlier, the entire front-end can be considered as a mixer block with 

amplified RF inputs. Therefore, the performance parameters o f such a front-end can be 

described in that o f a mixer. The functionality o f the proposed front-end circuit in Figure

6.6 is different from that o f traditional Gilbert cell mixer. Due to the current distribution 

at node “A” (or “B”), only a part o f the RF current passes to the IF load resistor, RL.
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Without the source-coupled pair, M14-M15, the transconductance stage neglecting body 

effect (y=0) becomes a cascade configuration (for half circuit) with small-signal gain o f 

Av=gm6.&Ru■ Thus, without transistors (M14-M15), the analysis o f small-signal low- 

frequency models with the assumptions o f gm/? s s » l, and R f2» R d , Rss gives the RF 

signal gain and input impedance as

A v = ^ L x { g m M x RoRn
RF-in RSs(Rfi +Rd)

z  *

(6.3.1)

(6.3.2)

R ss

Again, with further assumption o f Rfi» R d, the second factor in equation (6.3.1) is 

reduced to Rd/Rfi, the gain o f  the source-degenerated common-source stage {Ml). Thus 

the gain in (6.3.1) is simplified to

'  RA.. =_  V  out -  RF

V  in -  RF
(g„,6.SR L i ) X R

D

S S  J

(6.3.3)

Note that RF signal gain is simply the multiplication o f the gain in the input stage and the 

gain in the transconductance stage.

With (M14-M15) involved in linearization process, the equivalent transconductance o f 

the source-coupled transistors (M6-M7) is reduced by the factor, gmi4.15lgmi2.13■ Then, the 

gain in equation (6.3.1) is modified to

RF - in

<y
&  m 6 . 8

( 1 -  S m '4-'5 ) x R ,
§  m 12 .13

R i) R  /• 1
Rss ( R fi R

(6.3.4)
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If we look at node “A” (or “B”), the RF current I  rf+ (or I  rf.) is divided between Rr, and 

resistance looking into the source-coupled point, S+ (or S-). Neglecting the body effect 

(y=0) in the switching transistors, the impedance seen into the point 5+ is Hgms.9- For 

maximum amount o f RF power to be passed to the IF load resistor Rr, the condition Ro 

~{llgms.9) needs to be satisfied. Thus, the part o f RF current passing to the IF load 

resistor, RL is

1 RF  + — 1 R F  + X I • (6.3.5)
R u  + ---------O'

<S> m  8  . 9

Hence, the conversion gain for the proposed wideband front-end is found as

G c  =
IF -our

'  R F -in

2

7t o  mG.8 l - S  ml 4 .15

&  m 12.13 J

R-dF-FX
R-ss (Rfx + ) j

(6.3.6)
+

^ U o m i - X O

For Rfi»  R d and R ugms-io » R  the conversion gain in (6.3.6) becomes

2

~ /  ^

j & m l 4 , I 5
*  — Cr

d m 6.S
7C ^ &  m  12. 13 j

R r

R
(6.3.7)

ss

Note that overall front-end conversion gain is simply the multiplication o f the conversion 

gain o f  the folded switching mixer and the gain in the input wideband LNA stage 

(xRd/Rss)-
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6 A Circuit Implementations

The proposed wideband front-end in Figure 6.6 was implemented in CMOS 0.18 pm 

process [45]. Two small-signal parameters for the proposed front-end circuit at first 

approximation are determined by equations (6.3.2) to (6.3.6). Note that input impedance 

given by (6.3.2) is independent o f  DC operating points and the active device dimensions 

( W/L). The circuit has a number o f flexibilities to achieve 50 ohms input-impedance by a 

fair selection o f resistance values in (6.3.2) that has be been discussed in Section 4.3.4. A 

large value o f  Rss increases the noise contribution as it is connected in series with source 

o f the transistor. Therefore, to keep noise at acceptable level, Rss (~ 5 H) in series with 

source o f the transistors M l  (or, M l_) is used. The large value o f Rd and R n  increases 

gain in LNA stage but reduces the input bandwidth drastically. Here, the reasonable 

values for Rd and R f-  are chosen to achieve moderate gain. Then, to approximate the 

condition o f gm /R ss^l and gm’RwpT, the transconductance gmI (or gm!_) are made high 

with large transistor sizes (=W/L) and reduced overdrive (=Vgs-Vth) voltages.

The overall conversion gain, Gc depends on many factors as depicted in equation (6.3.6) 

and (6.3.7). For increased linearity with reduced effective transconductance, the ratio 

(gmi4.15lgmi2.1s) is kept as high as possible. On other hand, to maintain a reasonable 

conversion gain, this ratio is kept as low as possible. However, the conversion gain and 

the overall linearity are traded-off with each other. Here, the ratio (gmi4.15lgmi2.13) is 

basically governed by the transistor sizes (W/L). The RF current distribution at node “A” 

(or, “B”) is shown in Figure 6.6. To have higher conversion gain, the maximum amount 

o f RF power needs to be diverted to the IF load resistor, Rf. This can be done by
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choosing a large value o f resistor R u  such that it satisfies the condition Ru  ~ 1 /gms-11, the 

resistance looking into the source-coupled point S+ (or, S-) in the switching stage. For 

further increase in overall conversion gain, a large value IF load resistor Ri is chosen so 

that a small current flows through the switching stage transistors (M8-M11), which in 

turn reduces the overall noise contributions from the switching stage. The overall noise 

figure and linearity for the front-end circuit are governed by equations (5.1.2) and (5.1.3).

DC biasing for the proposed wideband front-end is mostly internal. All the current-source 

transistors (M3, M3_, M5, and M5_) are biased using a common voltage reference 

consisting o f resistor R/,ias and transistor MB1. To avoid transistor mismatches, the 

minimum transistor feature sizes are avoided, i.e. the length (=Lmin) for the transistor 

gates (M3, M3_, M5, M5_, and MB1) are chosen 0.5 pm instead o f the minimum feature 

length 0.18 pm. Transistors M12 and M l3 are biased with another voltage reference that 

consists o f transistor MB2 and Rbiasi so that they remain in saturation. The switching 

transistors (M8-M11) are biased with external DC gate voltage to keep them in saturation. 

This keeps the provision of trading conversion gain with linearity as required.

For the proposed CMOS wideband front-end in Figure 6.6, the values of all the 

resistances and transistor sizes are summarized in Table 6.1. The values o f all the 

components are achieved after several iterations o f computer simulations in optimizing 

the front-end performance with estimated parameters. The physical implementations of 

these components (resistors and transistors) for high-frequency RF applications have 

already been discussed earlier in section 4.3.5. To reduce series gate resistance and 

increase current carrying capacity o f the active regions (source and drain) the multi- 

fingered-gates transistor layouts are used. The resistor layouts with dummy resistors
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(guard-bands) are designed with added advantages as described in section 4.3.5. The 

complete layout for the proposed wideband front-end occupies a die area o f 1.125 x 0.975 

mm2.

Table 6.1: The values o f all the components for the proposed front-end in Fig. 6.6.

Component Component parameter Value

M l, M l_ W/L 250 pm/ 0.18 pm

M2, M2_ W/L 270pm/ 0.18 pm

M3, M3_ W/L 140 pm/ 0.5 pm

M4, M4_ W/L 50 pm/ 0.1S pm

M5, M5_ W/L 140 pm/0.5 pm

M 6,M 7 W/L 300 pm/ 0.18 pm

M8-M11 W/L 60 pm/ 0.18 pm

M12, M l 3 W/L 500 pm/0.18pm

M14, M l 5 W/L 100 pm/0.18pm

MB1 W/L 30 pm/ 0.5 pm

MB2 W/L 20 pm/ 0.5 pm

R n - 350 n
Rp2 - 2 k Q

Rd - 170 n

Rl, - 190 Q

Rl - 450 Q

Rss - 5 Q

R b ia sl - 14 k n

Rbias2 - 270 n
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6 .5 Simulation: Results and Analysis

The proposed front-end circuit in Figure 6.6 was realized in CMOS 0.18 pm process and 

is now in the process o f fabrication. The post layout pad-to-pad simulation was 

performed using circuit simulator SpectreRF in Cadence. The circuit was simulated at 

four different RF input frequencies o f 900 MHz, 1.9 GHz, 2.5 GHz, and 3.5 GHz. For 4 

MHz estimated IF frequency, the LO signals are applied with 889 MHz, 1.896 GHz, 

2.496 GHz, and 3.496 GHz, respectively. In simulation, the two ideal balun transformers 

were used at the input and output for converting the input RF single-ended signal to the 

balanced differential-signal and the output IF differential signal to the single-ended signal 

respectively. Moreover, the output was matched to 50 Q  using external off-chip 

matching circuits at IF frequency o f 4 MHz. The simulated results for different 

performance parameters as described in section 5.1 and DC operating points are 

summarized in Table 6.2. These results were taken from the various simulation plots as 

depicted in Figure 6.7 to Figure 6.12.

Figure 6.7 shows the simulation plot o f overall conversion gain for different input RF 

frequencies. Here, the conversion gain is measured with respect to the input frequencies 

at 900 MHz, 1.9 GHz, 2.5 GHz, and 3.5 GHz. Since the frequency is converted to the IF 

frequency, the similar results can be measured by the forward S-parameter term Sj/ at the 

output frequency o f 4 MHz as depicted in Figure 6.8. Figure 6.9 shows the noise figure 

measured with referred to the output IF frequency (at 4 MHz). The 1 -dB compression 

point is depicted in Figure 6.10 for different input RF frequencies. The overall RF-to-IF 

IIP3 for the input RF frequencies o f 1.9 GHz and 2.5 GHz is shown in Figure 6.11. The 

input return loss (5//) is shown in Figure 6.12
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Table 6.2: Simulation results for the proposed front-end with IF 4 MHz

Input RF Frequency 900 MHz 1.9 GHz 2.5 GHz 3.5 GHz

Overall conversion Gain (Gc) in dB 17.6 15.6 13 7.5

Overall SSB noise figure (NF) in dB 6.8 7.1 8.0 10

Overall 1-dB compression point in dBm -11.5 -11.2 -10.8 -8.5

3rd-order intercept point {IIP3) in dBm -1.8 -1.2 +0 +2.6

Input Return Loss (5//) in dB -26.5 -16 -12 -10

LO-port DC bias voltage in V 1.45 1.45 1.45 1.45

Input RF power in dBm -30 -30 -30 -30

LO power in dBm 0 0 0 0

DC current consumption in mA 22.3 22.3 22.3 22.3

DC Supply Voltage in V 1.8 1.8 1.8 1.8

From the plots o f conversion gain versus frequency (Figure 6.7), it is noted that the 

conversion gain peaks around the respective input RF frequencies (900 MHz, 1.9 GHz,

2.5 GHz, and 3.5 GHz). At these frequencies, maximum power transfer occurs from RF 

to IF with input and output impedances matched to 50 Q. Again, conversion decreases at 

higher input RF frequencies. At higher RF frequencies, the effects o f parasitic 

capacitances and resistances and secondary transistor effects come into consideration 

significantly, which degrades the input impedance matching of the circuit. Due to this 

increased mismatching at higher RF frequencies, the power transfer from RF to IF is
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reduced and thus, the conversion gain decreases at higher input RF frequencies. Figure 

6.8 shows the plot o f conversion gains with respect to the output IF frequency o f 4 MHz.

Figure 6.9 shows a plot o f SSB noise figure versus output IF frequency. Here, all the 

noise folds to the output IF frequency o f 4 MHz. With increasing input RF frequency, 

noise also increases due to the impedance mismatches. Besides, leakages and increased 

parasitics at higher frequency cause increased noise.

Figure 6.10 shows the plotting o f 1-dB compression point, caused by harmonic distortion 

(one o f the nonlinear effects), over a range o f input RF power (dBm) at specific input 

frequency (900 MHz or 1.9 GHz or 2.5 GHz, or 3.5 GHz). Note that with increasing 

input RF frequency, 1 dB compression-point shifts upward. Due to the differential nature 

o f  the front-end circuit, even order harmonics are filtered out. At higher RF frequencies, 

the 3rd order and other higher order odd harmonics are reduced significantly causing 

reduction o f total harmonic distortion. Therefore, with increasing RF frequency, 

nonlinear effects due to the harmonic distortion are reduced, and thus the 1-dB 

compression becomes higher. Note that gain and linearity can be alternatively traded off 

with each other due to the opposite characteristics.

Figure 6.11 shows another nonlinearity measurement, IIP3 against input RF power for 

the frequencies o f 1.9 GHz and 2.5 GHz. Here, the 1-dB compression point plot in Figure 

6.10 was obtained with single-tone applied. Thus, the IIP3 measured from the plot in 

figure 6.11 closely satisfy equation (2.1.18), the relation between IIP3 and 1-dB 

compression point (IIP3 is almost 9.6 dB above the 1-dB compression point).
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Figure 6.7 Conversion gain for different input RF frequencies (SpectreRF
simulation).
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Figure 6.9 Noise figure at IF frequency for different input RF frequencies (SpectreRF
Simulation)
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Figure 6.12 Input return loss (5//)

Figure 6.12 shows the input return loss (5;/) over the RF frequency, which varies from -  

26 dB to -1 0  dB in the range o f 900 MHz to 3.5 GHz (as illustrated by the doted lines). 

At higher RF frequencies due to the input impedance mismatch, the reflection o f  the 

signal increases and forward transmission o f the signal decreases. Thus, input return loss 

(577) is increased and the gain is decreased with increasing frequency.

6 .6 Comparative Study of Wideband Front-Ends

The performance parameters o f the proposed wideband front-end in this thesis and those 

o f the front-ends as described in [24], [63] are compared in Table 6.3. The wideband 

front-end in [24] was implemented in SiGe bipolar process operating with DC supply 

voltage o f 5 V. The CMOS version of the front-end in [24] was implemented in [63] 

operating with DC supply voltage of 3 V.
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Table 6.3: Comparative results of different wideband front-ends

Front-End Thesis Front-end Front-end in [24] Front-end in [63]

Process CMOS 0.18 pm SiGe bipolar CMOS 0.18 pm

DC Voltage 

Supply

1.8 V 5 V 3 V

Type of 

Results

Measured from Layout 

Simulation (pad-to- 

pad)

Measured from the 

device

Measured Schematic 

simulation

RF

Frequency

900

MHz

1.9

GHz

2.5

GHz

900

MHz

1.9

GHz

2.5

GHz

900

MHz

1.8

GHz

2.5

GHz

Conversion

Gain

(dB)

17.6 15.6 13 19.3 19.2 N/A 15 12.21 11.31

Noise Figure 

(dB)

6.8 7.1 8.0 3.7 3.8 N/A 4.4 6.3 7.5

Noise Figure 

type

SSB SSB SSB DSB DSB DSB DSB DSB DSB

1-dB 

Compression 

point (dBm)

-12 -11.2 -10.8 N/A -20 N/A N/A -15 N/A

IIP3 (dBm) -2.8 -1.5 +0 -*>o -4.5 N/A -3.2 +3 4.5

DC Current 

(mA)

22.3 22.3 22.3 13 13 13 14.4 14.4 14.4
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Note that performance o f  the proposed front-end in this thesis is comparable to those o f 

the front-ends in [23], [42].

The conversion gain o f the proposed wideband front-end is higher than its CMOS 

counterpart in [63] at all input RF frequencies. The SSB noise figure is almost 3 dB 

higher than the DSB noise figure as described in section 5.3.2. Therefore, the noise 

performance o f the proposed wideband front-end is better than that o f in [63]. A linearity 

measure in terms o f 1-dB compression point due to harmonic distortion is always better 

than that o f in [24], [63]. As well, a linearity measure IIP3 due to intermodulation 

distortion in the proposed wideband front-end degrades at higher frequencies (1.9 GHz 

and 2.5 GHz) than its counter part in [63]. However, the overall performance o f the 

front-end in [63] will be significantly degraded when the above parameters will be 

measured from post-layout pad-to-pad simulation. The average DC power consumption 

in the front-ends o f [24] and [63] is 65 mW and 43 mW respectively whereas the 

proposed front-end consumes 40 mW power. Besides, due to the architectural 

differences, the front-ends in [24] and [63] are not suitable for operating with low DC 

supply o f  1.8 V. Thus, the overall performance o f the proposed CMOS-wideband front- 

end will be higher than the front-ends in the reference papers.

6 .7 Conclusion

In this chapter, a new CMOS wideband front-end has been designed with a new 

technique of linearization that makes the circuit suitable for operating with low supply 

voltage o f 1.8 V. The overall front-end circuit has been designed in a systematic approach
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that makes the circuit analysis simpler because the overall circuit has been partitioned 

into three distinctive stages o f a wideband LNA, a transconductance stage and the final 

switching stages. The theoretical analysis for conversion gain and input impedance give 

first approximation o f performance o f the wideband front-end. From simulation results, it 

is noted that the performance o f the proposed wideband front-end is comparable to the 

performance of the frond-ends in the referenced papers.
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Chapter 7

Conclusion

In today’s multiband, multistandard wireless communication systems, wideband 

amplifiers and wideband front-ends are inevitable for cost-effective single-chip solution. 

There are a number o f factors that need to be considered for the optimum performance o f 

these circuits so that they are compatible with different wireless standards. In addition to 

the wider bandwidth in the range of DC to GHz frequency range, moderate gain, 

minimum noise figure and increased linearity are the highly expected figures o f merit in 

the design o f wideband amplifier and wideband front-end. Avoiding the use o f passive 

components such as inductors and capacitors in the design o f CMOS RF ICs ensures high 

degree o f integration leading to a cost-effective solution.

The first part o f this thesis included the design, investigation and implementation o f a 

two-stage CMOS wideband amplifier. Prior to the design o f the proposed wideband 

amplifier, two other well-know wideband amplifiers, namely Kukielka and Meyer 

configurations have been investigated because little has been done to investigate these 

amplifiers in a CMOS 0.18 pm process. The proposed two-stage CMOS wideband 

amplifier is a new configuration, which can be realized using a systematic design
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approach. The circuit for this amplifier is such that the DC biasing circuit is developed 

internally in an isolated manner from the AC signal path. The post-layout pad-to-pad 

simulation results that closely follow the actual circuit performance show that the 

proposed two-stage CMOS wideband front-end is a promising one with moderate gain, 

wide bandwidth and moderate linearity.

The second-part o f this thesis included the design and implementation o f a new CMOS 

wideband RF front-end for multistandard low-IF wireless receivers. The front-end design 

has been resolved into design o f stages such that the circuit realization and analysis were 

simple. A new technique o f enhancing linearity in reducing effective transconductance 

made the circuit suitable for operating with low DC supply voltage. The proposed two- 

stage CMOS wideband amplifier is used as a half circuit o f the differential input stage 

LNA o f the front-end, ensuring high conversion gain and low noise figure in overall. The 

overall linearity was better compared to the wideband front-ends designed in the 

references. The front-end is a new type o f configuration in CMOS process without using 

off-chip IR filters between the LNA and mixer, suitable for low-IF applications. Again, 

the post-layout pad-to-pad simulation brings the circuit characteristics close to the actual 

device characteristics.

The performance o f the RF ICs significantly depends on the physical layouts. To ensure 

high quality performance with reduced noise and leakages at high RF frequency 

applications, a number o f techniques were employed in the implementation o f physical 

layouts. In the design o f transistors with wider widths, multi-fingered-gate layouts were 

used to reduce gate noise and increase the current carrying capacity o f the source/drain 

active region. To reduce further noise level, non-closed loop substrate-contacted guard-
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rings were used around all active and passive devices. In protecting the device against 

electro-static discharge, RF ESD protection circuit was implemented in the design of 

wideband amplifier.

In summary, the main contributions o f this thesis are highlighted in the following.

1. A new CMOS two-stage wideband amplifier has been designed and implemented 

in a CMOS 0.18 pm process. The amplifier circuit exhibits bandwidth larger than

2.5 GHz with a DC gain of 14.8 dB and a minimum noise figure o f 3.4 dB.

2. A new CMOS wideband front-end has been designed and implemented in a 

CMOS 0.18 pm process. The front-end circuit shows input bandwidth around 3 

GHz with conversion gain o f 15.6 dB, SSB noise figure o f  7.1 dB, and IIP3 o f -

1.5 dBm at 1.9 GHz.

Both the wideband amplifier and the front-end circuits are in fabrication process. Future 

work will include testing the actual ICs to validate the theoretical analysis and the 

simulation results.
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Appendix: Physical Layouts
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Figure 1 The layout o f the multi-fingered, W/L (= 520 jam/ 0.18 pm) for the
proposed wideband amplifier

Figure 2 The layout of the resistor with dummy resistors as guard-band
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Figure 3 The layout o f the 5 ohms metal resistor for the proposed wideband 
amplifier.
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