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Abstract

Some Design Techniques for Low Power Low Noise CMOS Amplifier
with Noise Optimization for Wireless Application

Zamin Khan

In recent years, there have been growing demands for bandwidth, for both voice and data
communications. This has increased the need for high speed systems. The Radio
Frequency integrated circuit (RFIC) and wireless market has suddenly expanded to
unimaginable dimensions. Devices such as pagers, cellular and cordless phones, cable
modems, and RF identification tags are rapidly penetrating all aspects of our lives,
evolving from luxury items to indispensable tools.

Historically, RFIC’s are implemented in III-V compounded semiconductors or in bipolar
technologies. The DSP circuits, on the other hand, require small feature sizes to guarantee
high speed of operation with low power consumption, hence the use of Complementary
Metal-Oxide Semiconductor (CMOS) technologies. CMOS technologies are beginning to
satisfy the needs of high-speed analog design, providing the drive for the quest for a
complete commercial CMOS transceiver. Driven by the needs for low power, small size
and low cost, CMOS RFIC design becomes main stream in modern wireless
communication.

The challenges are not only to design RF transceivers in CMOS processes, but also to
establish design methodologies for their building blocks. This thesis is concerned with
one of the main building blocks, namely the Low Noise Amplifier (LNA). Several low

Voltage LNA’s have been successfully implemented in a standard 0.18 um CMOS
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technology, operating in the 2.4-5 GHz frequency band. A new and very simple low
voltage common source-common gate topology is suggested for low power consumption.
The simulated results show the proposed topology is to be the choice in today’s low

power design with good performance in all aspects, when compared to other topologies.
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Introduction

Historically, IC and RF designers have used different design methodologies, tools, and
practices. Traditional analog designers have enjoyed an integrated front-to-back IC
design system. On the other hand, RF designers with a discrete design background have
used board-level computer-aided design (CAD) tools.

Traditional wireless system design was carried out at somewhat disjointed levels of
abstraction: communication theorists created the modulation scheme and base band signal
processing; RF system experts planned the transceiver architecture; circuit designers
developed each of the building blocks; and manufactures “glued” the circuits and other
components together. In fact, architectures were often planned according to the available
off-the-shelf components, and circuits were designed to serve as many architectures as
possible, leading to a great deal of redundancy at both system and device levels.[1]

The need for “modularity” in traditional RF design introduced many limitations at circuit
and architecture level. In fact, the prevailing design mentality was to minimize the
number of active devices because of their cost, inevitably requiring many passive
components in each block. Designed and optimized as a stand-alone circuit, each building
block would need to operate with standard interface impedance, usually 50 ohms, thus

consuming substantial power.
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Another attribute of traditional RF design was the use of trial and error rather than CAD
tools. The lack of accurate device models and efficient simulation programs necessitated
iterations at the board level to achieve an acceptable performance. Manual “tuning” used
to be an integral part of RF system, a practice inherited to some extent in today’s RF
power amplifier design.

In recent years, RF design has undergone a paradigm shift, as more and more RF
functions have been integrated on a chip and the number of discrete components has
decreased. Traditional discrete designs are quickly reaching the physical limits of size,
parasitic, and electrical performance. While in the past the wireless market was
dominated by the relatively slow-growing military and cable television industries, its new
consumer nature forces designers to seek more integrated solutions as opposed to the
bulky, expensive, and power-hungry ones previously developed. {2]

This trend is more evidén;(vin the low-power segment of the wireless communication
market, which includes handsets for cordless and cellular phones, pagers, and the more
recent Bluetooth standard, where more compact and power-saving solutions are needed to
accommodate the ever-growing demand for lighter and cheaper products.

Even though RF designs contain fewer devices compared to digital chips, they are
inherently more challenging as very little automation is available for the design process.
Moreover, RF devices are typically pushed to their performance limits; thus, all the
nonlinearities and second-order effects need to be taken into account.

Nowadays, driven by an insatiable commercial demand for low cost and higher

bandwidth with enhanced digital functionality in RF transceivers, RF designs are moving
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towards high integration, low power, and low cost, while operating at higher frequencies

(i.e. in the GHz range).[3]

1.2 Present Status of RF Design

Over the past two decades, RF systems have made remarkable progress, evolving from
bulky, power-hungry boxes to miniature cellular phones and pager watches. RF
transceivers have gone from simple voice communications to supporting data, electronic

mail, and facsimile.

In addition to familiar wireless products such as pagers and cellular phones, RF
technology has created many other markets that display a great potential for rapid growth,
each presenting its own set of challenges to RF designers. Several such systems are

discussed below.

WLAN [4]. Communication among people or pieces of equipment in a crowed area can
be realized through a wireless local area network (WLAN). Using frequency bands
around 900 MHz and 2.4 GHz, WLAN transceivers can provide mobile connectivity in
offices, hospitals, factories, etc., obviating the need for cumbersome wired networks.
Portability and reconfigurability are prominent features of WLANS.

GPS [4]. The use of GPS to determine one’s location as well as obtain directions
becomes attractive to the consumer market as the cost and the power dissipation of GPS

receivers drop. Operating in the 1.5-GHz range, such systems are under consideration by
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automobile manufactures, but they may be available as low-cost hand-held products
sometime in near future.

RF IDs [4]. RF identification systems, simple called “RF IDs,” are small, low-cost tags
that can be attached to objects or persons so as to track their position. Applications range
from luggage in airports to troops in military operations. Low power consumption is
especially critical here as the tag’s lifetime may be determined by that of a single small
battery. RF ID products in the 900-MHz and 2.4-GHz range have recently appeared in the
market.

Home Satellite Network [4]. The programs and services available through satellite
television have attracted many consumers to home satellite networks. Operating in the
10-GHz range, these networks require the addition of a dish antenna and a receiver to a

television set and directly competes with cable TV.

1.3 IC Technologies in RF Designs

The viable IC technology for RF circuits continues to change. Performance, cost, and
time to market are three critical factors influencing the choice of technologies in the
competitive RF industry.

The analog front-end was traditionally implemented using high performance technologies
that can achieve high gains and low noise at high frequencies, such as Gallium Arsenide
(GaAs) and Bipolar Junction Transistors (BJT’s). The DSP circuits, on the other hand,
require small feature sizes to guarantee high speed of operation with low power

consumption, hence the use of Complementary Metal-Oxide Semiconductor (CMOS)
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technologies. CMOS technologies are beginning to satisfy the needs of high-speed analog
design, providing the drive for the quest for a complete commercial CMOS transceiver.

As the minimum feature size of CMOS devices decreases, the RF performance (e.g. f7)
continues to improve to the point where they become comparable to those of GaAs and
SiGe processes. A deep sub-micron CMOS device with fr’s exceeding 100 GHz. Rapid
technology advances, coupled with the overwhelming dominance of CMOS in the digital
arena, is making Si CMOS the best candidate for a single-chip solution for modern RF

transceivers.

1.4 Motivation

A typical analog front-end employs four kinds of RF blocks, excluding any needed on-
chip buffers, as shown in Figure 1.1: a low-noise amplifier (LNA), a mixer, a voltage-
controlled oscillator (VCO), and a power amplifier (PA). The surface acoustic passive
filters (SAW) are off-chip high-selectivity filters: Their narrowband performance is

currently impossible to achieve using monolithic devices.
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Figure 1.1 The conceptual block diagram of a typical RF transceiver.

The design of low-power RF ICs is strongly influenced by several factors. At the wireless
communication system design level, the choice of frequency band, modulation scheme,
transmitter power, and duty cycle has a major bearing on power consumption (the
availability of frequency bands is governed by regulatory bodies). For a given system
design, the radio architecture, IC process technology, and good circuit design all play a
role in minimizing power consumption.

Cellular technology is a large market for RF ICs, and some consideration of the power
requirements is worthwhile. Low cellular handset power consumption provides more talk
time and /or smaller batteries, and is an important differentiating factor for competing
ICs.

While the low cost and low power advantages of the CMOS technology are the dominant
driving forces in the digital sector, the analog front-end become the bottlenecks in today’s
RF transceiver designs. Mainstream CMOS technologies are optimized for digital

applications.
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Over the last few years, wireless applications were developed for 900 MHz and 1.8 GHz
bands, followed by current 2.4 GHz Bluetooth applications, then the 5-6 GHz bands for
wireless LAN systems (e.g. IEEE 802.11a and HIPERLAN). Future technological
advances and demand anticipate the use of CMOS technologies, operating at higher
frequency bands (e.g. 5-10 GHz), for next-generation wireless communications
applications.

The LNA is a critical building block in communications system as shown in Figure 1.1. It
is usually the first active circuitry in the signal path in a receiver, which is supposed to
amplify the weak RF signals received, while introducing as little noise as possible. The
performance of the LNA affects the overall performance of a receiver, such as its
sensitivity.

In general, wireless communication receivers demand low power consumption for
portability and long battery life, while at the same time requires low noise ﬁguré,
optimum gain, and high linearity. Several work on LNA’s at 1- SGHz have been reported
in tables 1.1, 1.2 and 1.3, but little research has been done for decreasing the power
consumption. Lowering the supply voltage (Vpp) is one of the most effective ways to
decrease the power consumption. The bottle-neck for the low voltage design is the
limitation of threshold voltages as it is not anticipated to decrease much below what is
available today. The design of LNA is full of trade-offs between optimum gain, lowest
noise figure, high linearity and low power consumption.

In this thesis, a CMOS low noise amplifier using proposed topology of common-source
inductive source generation followed by common-gate is introduced, and several

successful implementations of high frequency low-voltage integrated CMOS LNA’s are
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presented, demonstrating their performance and proving that the proposed topology is

suitable for low power applications.

Table 1.1: Comparison of Several Reported LNAs in 5 GHz Band

Reference [5] [6] [7] [8] [9]
Tech(um) 0.35 0.25 |0.18 0.18 0.18
Freq.(GHz) 5.2 5.2 5.2 5.2 5.8
INF(dB) 2.45 2.1 2.0 1.4 2.5
S21(dB) 19.3 17 15.5 16.6 13
S11(dB) IN/A -10 -11 -13 -5.3
S22(dB) IN/A N/A 10 IN/A -10.3
[IP3(dBm) IN/A N/A 4.3 0.6 IN/A
Supply(V) 3.3 IN/A 1.8 1.8 1
Power(mw) 26 IN/A 10.4 16.2 22
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Table 1.2: Comparison of Several Reported LNAs in 2.4GHz Band

Reference [10] [11] [12] [13] [14]

Tech(um) - 0.5 0.18 0.18 0.3

Freq(GHz) P4 P4 Pp4 p4 P4

NF(dB) 1.8 b4 |16 B0 RO
S21(dB) 15 19 D5 12 19
[1P3(dBm) - - 8 2 -

Supply(V) 5.0 3.0 |15 1.8 -

Power(mw) - 9 16 14.3 40.8

Table 1.3: Comparison of Several Reported LNAs in 1GHz Band

Reference | [15] | [16] | [17] | [18] | [19]

Tech(um) 0.35 0.5 0.8 1.0 0.5

Freq.(GHz) 0.9 0.9 0.9 1.0 1.0

NF(dB) 0.0 b5 60 PB5 P
S21(dB) 175 P 17 22 12.2
IP3(dBm) 6.0 |47 |14 |12 21

Power(mw) - 10 78 27 17
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1.5 Thesis Outline

The thesis begins with an overview on the current technology choices in RF applications,
for an LNA design. The challenges and the need for integrated CMOS LNA’s operating
in the 1-5 GHz frequency band, with a strong emphasis on low power design topologies
are motivated.

Chapter 2 provides a brief review of the basic theory related to the proposal of the thesis.
The basic theory and important parameters such as noise performance and distortion in
RF designs are reviewed.

In chapter 3, different LNA topologies, which are suitable for low-voltage (sub 1V)
application, are presented. Trade offs, in term of noise performance, gain and linearity are
described. Finally, a new common-source inductive source generation followed by
common-gate topology is proposed to be the choice in today’s low power design with
good performance in all aspects, when compared to other topologies.

In chapter 4, the layout issues and techniques are discussed. Lay out is another step in
optimizing high frequency design. Poor layout could result into a non-working circuit. In
this chapter, the layout techniques adopted in this work are addressed.

In chapter 5, different successful CMOS LNA implementations are presented and verified
by simulation results. In this section, post layout simulation results are presented. All
LNA implementation are designed with a low supply voltage (sub1V). Finally, a
summary of all implementations, together with a comparison to other designs from the

literature, is presented.

10
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In chapter 6, the thesis concludes with a summary of the work done and with the results
obtained, suggestion for future work, ending up with the contribution of this thesis in

different Conferences and Journals.

11
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Chapter 2 CMOS Low Noise Amplifer Basics

2.1 Introduction

The first stage of a receiver is commonly a Low Noise Amplifier (LNA), whose main
function is to provide enough gain to suppress the additive noise of subsequent stages
(e.g. mixer and image rejection filter). The noise characteristics of the LNA limit the
sensitivity of the entire receiver. An LNA should add as little noise as possible and
accommodate large signal without distortion.

In this chapter, some basic parameters such as noise and distortion in RF circuits are
discussed. This is followed by a detailed design equations behind the most common

CMOS LNA topology used at RF, which is suitable for low voltage (i.e. volt < 1V).

2.2 Noise Fundamentals [20]

2.2.1 Thermal Noise

The thermal noise is a white noise, i.e. it has a constant power spectral density throughout
the frequency spectrum. It is caused by the random thermally excited vibrations of charge
carriers in a conductor. The available thermal noise power of a resistor is defined as “the

power that can be supplied by this resistive source to a matched but noiseless resistor.”

12
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For a given frequency bandwidth, Af, the available noise power of one ohm resistor is

proportional to its absolute temperature T expressed in Kelvin’s:

N, =kTAf (2.1)
Where k=1.38*10" % J/K is the Boltzman constant. At room temperature (7=290°K), for
a 1Hz bandwidth, the noise power expressed in dBm is -174 dBm. For circuit analysis, it
is usually convenient to replace a ‘noise’ resistor with a noiseless resistor in conjunction
with a root-mean-square (rms) noise source. The mean square noise power delivered to a

load resistor R’ is easily derived to be (Figure 2.1a):

Figure 2.1 (a) Noise voltage (b) Noise current models for resistors thermal

noise (¢) MOS transistor noise sources.

If we set R=R’, the above noise power will become the available noise power:

2
n

N =N, =kTAf = (2.3)

This allows us to derive an expression for the mean square noise voltage in a resistance:

v2 = 4RN, = 4kTRAS (2.4)

13
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In a similar fashion, the equivalent mean square noise current source can be derived to be
(Figure 3.1b):

7 4kTAf

i R (2.5)

2.2.2 Shot Noise

Shot noise occurs due to the direct flow of current in diodes and transistors. It is due to
the random drifting of charge carriers across the PN-junction, which results in current
fluctuation (i.e. shot noise) around the average current value. The shot noise current is

expressed as:
i2 = 2ql Af (2.6)
Where i?nis the RMS noise current, g = 1.602%10™"° C is the electron charge, Ip is the

average DC current, and 4 f’is the noise bandwidth.

From equation 2.6, the shot noise can be reduced by minimizing the bias current of an

active device.

2.2.3 Flicker Noise (1/f Noise)

Flicker noise is due to random trapping of charge carriers associated with contaminations
and defects in crystal lattices, which gives rise to a noise power dominated at low
frequencies.

22
i

Similar to shot noise, flicker noise 7,

occurs in the presence of direct current flow, and is

given by:
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Af 2.7)

Where K is a device-specific empirical parameter, [ is the average DC current, Af is

again the noise bandwidth, “a” is a constant ranging from 0.5 to two, and “b” is another
constant of about unity.

In LNA applications, RF signals are amplified in a narrowband fashion with a typical
bandwidth of few hundreds of MHz around the center frequency of 2.4 to 5 GHz. Hence,
flicker noise does not play an important role in LNA applications, because it only
dominates at low frequencies. However, it becomes an important noise source when
considering a complete transceiver where frequency translation is performed. On the
receiver side, excessive flicker noise will corrupt the down-converted RF signals at base-
band. On the transmitter side, flicker noise can be up-converted to the RF band where it
interfaces with the desired RF signals. Nonetheless, flicker noise is a bigger concern in

oscillator designs, for example, compared to the main focus of our work.

2.2.4 MOS Transistor Noise Sources [20]
Two major noise sources come into play at RF when dealing with MOS transistors.
A. Channel thermal noise

Modeled by a noise current source:
iy = 4T, (28)
Where g,, is the transistor transconductance, and ¥ is a layout-dependent constant, found

to be 2/3 for long-channel devices. In short-channel devices, however, measurements
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have revealed that this constant can be much higher. The above equation can be
interpreted as the noise current of a drain resistance of value:

RDl‘ain = ——1_— (29)

B. Gate resistance noise
This noise is the channel noise injected into the gate due to the physical distributed gate

resistance:

R W
Re =L (2.10)

Where Ry, is the sheet resistance of ploysilicon, W the total gate width of the device, L is
the channel length, and n the number of gate fingers used. The 1/12 factor assumes that
both ends of the transistor gate are shorted (otherwise this term becomes 1/3). By

choosing a large number of gate fingers, R, can be minimized and rendered negligible.

2.2.5 Noise Figure
The standard definition of the noise factor is the degradation of the SNR due to the circuit
at hand [4], usually an amplifier or a frequency-translating circuit:

F_ SNRin — Sin/Nin
SNR S | N

out out ol

@2.11)
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Figure 2.2 Noise-equivalent block diagram of a practical amplifier.

where S, N, and SNR are the signal power, noise power, and signal-to-noise ratio
respectively. The subscripts denote whether the quantity considered is at the input or at
the output. The input-injected noise power is usually the thermal noise of the driving

source impedance, R, such as a 50 £ antenna. If the input impedance of the circuit is

matched to R;, the input-injected noise power becomes the available noise power from R:
N, =N, =kTAf (2.12)

A more commonly used noise parameter is the noise factor F expressed in decibels, and

known as the Noise Figure:

NF =10-log,, F = SNR, (dB) — SNR, (dB) (2.13)

m

The ideal limit is that of a noiseless amplifier, which leads to F=1 and NF=0dB. Practical
implementations can never provide such a low value.

Considering an amplifier with power gain A%, the input-output relationships can be

expressed as (Figure 2.2):
Som‘ :A2 'Sin (2‘14)
N, =A> N, +N, (2.15)

17
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Where N, is the available noise power of the amplifier. This power will be completely
supplied to a subsequent stage only if there is perfect impedance match at the output of

the amplifier. Equation (2.11) can then be rewritten in its more popular form:

n

2
| N
F=f€%$ﬁl=Lﬂ¥§ (2.16)

Thus, the noise factor can be viewed as the ratio of the total output noise power, to the
component of the output noise power that is due to the input-injected noise, N;,:

total output . noise power

F= - (2.17)
output noise power due to input source
Or alternatively,
F:1+oulput noise power due to circuit noise (2.18)

output noise power due to input source
Dividing both the numerator and denominator of (2.17) by the power gain of the
amplifier, we obtain a similar and useful expression:

F_total input equivalent noise power

. — : (2.19)
input injected noise power

Given the noise factor /" and the gain 4 of an amplifier, the available noise power of the

amplifier can be easily derived from (2.15) to be:

N,, =A(F-1N, (2.20)

out

2.2.6 Cascaded Noise Figure[21]
Considering a cascade of n matched amplifiers of gains A4; and noise factors Fj,
(Figure2.3), the equivalent noise contribution of stage £ when viewed at the input of the

system can be expressed as:
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2.21)

Figure 2.3 Cascade of ‘noise’ amplifier.

Replacing N, by Equation (2.21), we obtain:

(F, - DN,
o i 2.22
k.in A]g_l Alz ( )

Finally, the noise factor of the cascade can be derived using Equation (2.22):

N, +) N,
in ; aik F2 _ 1 F3 . l
F=—r L _p42_ 43 o (2.23)
Nin Al Al A2

The above equation, known as the Friis’ formula, shows that the first stage has the most
pronounced effect on the noise figure of the amplifier cascade. Thus, the first stages in a
cascade of amplifiers have to display both a low noise figure and a high gain in order to

minimize the noise figure of the entire cascade.

2.3 Distortion
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2.3.1 Non-linearity

The behaviour of many analog and RF circuits can be approximated by a linear model
represented in the form of a small signal response. As the input signal power increases to
a level beyond the small signal approximation, non-linear effects become prominent. In
circuit, these non-linearities are mainly due to the characteristics of the transistors.

To account for the non-linear effects, consider a practical system with a transfer function:

() = ayx, (1) + o, x. (1) + ax, (8) +... (2.24)

Where «,is the linear gain factor of the system anda» >1, for n > 1, is the non-linear
gain factor.
By applying a single-tone input, x,,(£) = 4-cos(wt) , and using common trigonometric

identities, we are able to obtain a useful expression for the higher frequency harmonics:

[4]

2 2 3

V()= aZZA + [a]A + %%Aﬂ cos(wt) + azzA cos(2wt) + a3f cos(3wt) +... (2.25)

The latter will be discussed in more details in the following sections.

20
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Figure 2.4 1dB Compression point.

2.3.2 Gain Compression

The first test or measure of non-linearity is how “compressive” or “saturating” the output
is, as a function of the input. Indeed, the gain of practical amplifiers (and systems in
general) decreases as the input amplitudé iﬁcreases beyond a certain limit until the output
saturates, as shown in Figure 2.4. The common compression measure is the 1-dB
compression point, which is defined as the point where the actual output is 1 dB lower
than the expected output.

To express it mathematically, we only need to consider the gain seen by the fundamental

harmonic in Equation (2.25):
3 5
Y juna (D) = |y A+ Za3A cos(awt) (2.25)
In order for the gain to decrease, 1.e. output compression «, needs to be negative. The 1-
dB compression point in the case is the point where the practical

gain, G preatical i

3 : :
=a, + 2 o, A*, becomes 1 dB lower than the ideal gain, G, = a,
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20log,,|a, +%a3Ade =20log,,|e,| - 14B (2.26)
Leading to:
Ay = 0.145%L (2.27)
s

2.3.3 Intermodulation Distortion

Another performance metric used to evaluate the distortion of a system is to measure how
“multiplicative” the distortion is, by applying an input with multiple-tones and measuring
the system response. A common measure used is the Intermodulation distortion in a
“two-tone” test, and is quantified by the input and output third-order intercepts //P; and
OIP;, respectively. [29]

When two adjacent tones, separated by a frequency of 2 4 @ are applied to the input of a
non-linear system, the output generally exhibits some frequency components that are not
direct harmonics of the input frequencies, appear at the output. These are called
Intermodulation (IM) products.

Fundamental

tone s Output (dB)
i
Ap VLA
2h0 P IM3 tone e
; ™ [/QF) e ? /,x"! / :
l o i
o, @
@ G % Zo—-ay, o & @, 20,- // j
’ / '
; i
/ i
i

e, Input (dB)
{a) (o)

Figure 2.5 (a) Intermodulation in a non-linear system (b) Third-order intercept.
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This happens due to the mixing of the two input tones as shown in Figure (2.5a).
Consider the input signal [4] x(¢) = G cos(w,t) + G cos(w,t) , where w, = o, —Aw , and
o, =0,+Aw , and o, is the center frequency. The output spectrum, as given by
Equation 2.18, becomes:

yt) =« [G cos(w,t) +G cos(a)zt)] +a, [G cos(wt) + G cos(a)zt)]2 +a, [G cos(w,t)+ G cos(a)zt)]3
(2.28)

By expanding Equation 2.25, the third order IM products (IM3) can be obtained as:

3 3

cos[(Qw, —w,)t] = 3“2(; cos[(@, —3Aw)t] (2.29)

s

O =20, =05,V 5 =

3 3

cos[(2w, — o, )] = 30‘;(; cos[(@, +3Aa)] (2.30)

a;

O =20, =03 Yp, =

From Equation 2.26 and 2.27, it can be easily seen that the third order IM products
increase in proportion to G’, whereas the fundamental tone increases linearly with G. On
a logarithmic scale, the magnitude of the IM products grows at three times the rate at
which the main tone increases. The /IP; and OIP; are defined as the point where the
powers of the fundamental tones (i.e. ;G ) equal the powers of the third order

3
3

. .3 - . .
Intermodulation products (i.e. i ), as shown in Figure 2.5b. Mathematically, it can

be expressed as:

3
o, 11p, = 2B U) (2.31)
Hence,
4la,
IIP,= |- |—(dB) (2.32)
3|,

And alternatively, the //P; can be expressed in dBm and given by:
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(2.33)

in

AP
[IP3‘dBm = 2’dB +F

dBm

Where P;, is the input power level in dBm, and 4 P is the difference in the power level in

dB between the fundamental and the IMj3 tones, as shown in Figure 2.5a.

) }’2“}

Figure 2.6 Cascade of two non-linear

stages.

2.3.4 Cascaded Non-linearities

Consider two non-linear stages in cascade as shown in Figure 2.6, with input-output

characteristics express as:

y,(t) = o, x(t) + a,x* () + a,x° () (2.34)

Y,(O) = By, () + oy (D) + By, (2) (2.35)
Then, be only considering the first and third order terms, it can be easily shown that the

overall transfer function of a cascade system is given by:
¥,(0) = a, fix() + (2 By + 20,0, B, + 5 B3)x° (£) + . (2.36)

Thus, similar to Equation 2.29, the overall I/P; of two non-linear stages in cascade is:

1P~ \/ﬂ | o f, |(dB) (2.37)
3 ,alﬁ] +2a, 3, +“13:33|
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Alternatively, by manipulating Equation 2.34, we can write:

1 .[a1ﬂ1,+lza1a2ﬂ2|+}afﬂ3| 1 N 3a, 3, N 0(12

3
1nrr 4 . ] Pk 24, WIPL

(2.38)

Where IIP; ) and /IP; are the input /P; of the first and second stages, respectively.
For n cascaded non-linear stages, the overall /IP; of the system can be derived by

generalizing Equation 2.36 and is expressed as:

LR SN/ i

~

T T T

+...+ const. (2.39)

As can be seen from Equation 2.36, the non-linearity of the latter stages have a bigger
impact on the overall non-linearity of the system, since the IP; of each stage is effectively

degraded by the total gain preceding that stage.

2.4 LNA Performance Metrics

Many performance metrics are used to evaluate the behaviour of an LNA (Table 2.1),

most important of which are its noise figure and gain. [4]

Table 2.1 LNA performance metrics

NF 2dB
S21 10dB
S11 -10dB
S12 -20dB
Power 10mW
vCC 1.5-3V
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Figure 2.7 Common-source LNA topologies: (a) single transistor

(b) cascode.

Those metrics should always be viewed in the context of the entire receiver with the goal

of optimizing the entire system’s performance, rather than that of this single component:

The LNA’s noise figure should be minimized as it directly affects the sensitivity of
the entire receiver.

Increasing the forward gain, S21, would also improve the receiver’s noise figure, but
at the expense of the non-linearity of the receiver.

The LNA’s linearity is less critical for the receiver, as subsequent stages’ behaviour
provides the bulk of the receiver’s distortion. This relaxes the design a bit, as the
amplifier’s distortion can be traded-off to minimize power consumption.

Finally, keeping with the low-power trend, modern receiver implementations need to

be able to function with low voltage supplies, adding further to the design challenges.
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2.5 CMOS LNA Fundamentals

The most common topology for RF CMOS LNA’s is the common-source amplifier with
inductive load and inductive degeneration. Two variants of this topology exist, (Figure
2.7), and both make heavy usage of inductors. At high-frequencies, inductors are usually
on-chip, as integration becomes extremely desirable to eliminate package and bonding
parasitics. A major drawback, however, is the strong dependence of the LNA’s

performance on the quality of those inductors, which are rather low in integrated form.

71 L i
¢ ; \e““vg ;
Rs ?R}_%\/j ; B ;gs
o\ ST
V., el » 0
V.0 T ]
_ _ ]
) R, . -
L hﬂ \ i‘ ke /
G SRR

Figure 2.8 Equivalent circuits at the input.

The single-transistor LNA can be adequate at low frequencies. At higher frequencies, this

circuit presents little reverse-isolation, due to the feedback path created by the gate-drain

capacitance, Cyq (Figure 2.7a). This complicates the tuning of the amplifier, and may
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render this circuit to potentially unstable. The more common cascode configuration

solves this problem, while providing the same functionality (Figure 2.7b).

2.5.1 Input Matching
Using the equivalent circuit at the input of the LNA (Figure 2.8), we can write the

following KVL Equation using the mesh currents 7;, and i,,;:

V,=i,Z,+Z)+i, Z +V (2.40
n n g Ry 8s

ont s
If we ignore the transistor channel-length modulation impedance, r,, the mesh current i,,,
will become equal to the drain current g,,V;.
The input impedance can be found to be:

V.
Zy =7 47—t Sn 7 (2.41)

m
lin s Cgs s Cgs

By ignoring the resistivities of the inductors, we rewrite the above equation as:

e +§4LS (2.42)
jo

g5 gs

Z, :jco(Lg +L)+

If the reactive components are made to resonate at the required center-frequency @, the

real term will be left unaffected:

o L (2.43)
(L, +L,)C,,
_ _ En _

Zin(a) - 0)0) - C—Ls - a)TLs (244)

gs

Where @ 7is the unity-gain frequency of the transistor.
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By making the appropriate device sizing and inductor choice, the input tank can be made
to resonate and provide the required real input impedance:

a. L controls the value of the input impedance.

b. L, is chosen to cancel the capacitive effect of C,, and force resonance at the
desired center frequency.

While these equations provide grounds for physical intuition, the series resistances of the

inductors will also affect Z;,, resulting in:

zZ, = ja)(Lg +L )+

(+g,R )+ L, +R,_+R;, (2.45)

gs
As the inductors’ resistances and inductance values are correlated, the inductors’ layouts
should be manually optimized to maximize matching. Reasonable starting values can be

obtained from Equation (2.44) and (2.45).

2.5.2 Noise Figure

In practical, inductor L, and L resistances have a non negligible contribution to the Noise

Figure. The noise figure is given by [22], [23]

F:1+y——1—

2.46
RS g”1 Qlfl ( )

Where O, is the quality factor of the entire input network. R; is the source impedance.
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2.6 Conclusion

In this chapter, we have discussed the main theory behind the LNA’s design and circuit
analysis. In next chapter, all different LNA topologies and proposed topology will be

discussed.
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Chapter 3 CMOS LNA Circuit Topologies

In this chapter, different CMOS LNA design topologies are described. This is then
followed by a proposed design topology, which is suitable for low-voltage (sub 1 volt)

applications.

3.1 Review of Topologies

Apart from the low noise characteristics targeted in LNA designs, input matching and
power gain are also two important performance metrics. Input impedance matching is

essential in an LNA design because the device has to provide a 50Q termination for the

transmission line delivering the RF signal from off-chip. It should be noted that often the
performance of the preceding filter (e.g. band selection filter) depends heavily on the
quality of the terminating impedance. The power gain of an LNA is also critical, since
higher gain translates into an improvement in the overall receiver noise figure, at the
expense of higher non-linearity for the subsequent stages. In this section, detailed
different design topologies of LNA are presented.

The first topology is classical Noise matching. In this topology, the LNA is designed for

minimum NF by adding a matching circuit between the source and input of the amplifier
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in Figure 3.1, to provide a 50ohms impedance matching at the input port. There are
several disadvantages in using this technique: The extra resistor contributes its own
thermal noise to the output, which equals the noise contribution of the source resistance.
This means that there would be an immediate 3dB increase in the noise figure.
Furthermore, the input signal is attenuated by the resistor termination before reaching the
active device, which causes a reduction in gain. Thus, one cannot obtain both input
matching and minimum NF simultaneously. The large noise penalty due to the use of

resistive termination is the limitation of the classical noise matching.

Source

S I

{
! i
|

500hm 1 [Matching | |
el
|
|

Network

&Y

Figure 3.1 Cascode LNA topology used to

apply classical noise matching technique.

The second topology, shown in Figure (3.2), uses the source of a common gate stage as
the input termination. Appropriate transistor sizing and biasing is chosen such that the
impedance looking into the source of the transistor (i.e. 1/g,,) equals the characteristic
impedance of 50 ohms. It can be shown that the lower bounds on the noise factor of this

topology in a CMOS technology is given by: [4]

F=1+lz§:>NF=2.2dB 3.1)
[24
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And

a=Sn (3.2)

&ao

Where 7 is a bias-dependent factor of the channel thermal noise, g, is the device
transconductance, and gy is the zero-bias drain conductance. The computed minimum
noise figure of 2.2 dB in equation (3.1) is based on the assumption of long channel
devices with parameters ¥ =2/3anda =1. In today’s deep sub-micron CMOS devices,
y can be as high as two-to-three, which is due to the hot electrons effect, and o can be
less than one. The theoretical minimum achievable noise figure for short channel devices
in this topology is around 3dB, which doesn’t satisfy today’s low noise requirements.

The third topology is popular due to its inherent good noise performance. It employs

inductive source degeneration, as shown in Figure (3.2b), to present real impedance at the

input terminal. [24]

Z.
Zl %
—_—
T
{a) {b)

Figure 3.2 LNA matching topologies (a) 1/gm

degeneration (b) Inductive degeneration.
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3.1.1 Low Voltage LNA Topologies

The development of wireless portable electronics is moving towards smaller and lighter
devices with longer operating time, which requires compact low-voltage and low-power
design topologies. Furthermore, the general trend of semiconductor device scaling has
lead to reduced voltage requirements in order to avoid breakdown effects. For example,

by migrating from a 0.35 v m to a 0.18 b m CMOS process, the typical turn-on voltage

of an NMOS transistor is decreased from 0.7V to 0.5V, while the core supply voltage is
reduced from 3.5V to 1.8V. These trends dictate that future RF frond-ends will have to
operate with low voltages (i.e. <1V). under the reduced voltage supply, many common
circuit topologies in RF designs, such as the conventional cascade structure and the
Gilbert-cell structure, can no longer be employed because of the stacking constrains of
transistofs between the supply rails.

With the targeted voltage supply down to 1V there are limited numbers of suitable LNA
topologies. Some amplifier implementations which can operate at sub-1V, along with the
conventional cascode amplifier, are shown in Figure 3.3. Due to the superior noise
performance of the common-source configuration with inductive degeneration in LNA

designs, all the topologies presented in this thesis are based on this configuration.
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Figure 3.3 LNA topologies: (a) Single transistor (b) conventional

cascode (c) proposed common-source common-gate.

3.1.2 Single Transistor LNA Topology

Consider the single transistor amplifier shown in Figure (3.3a). The minimum voltage
headroom for this topology equals the voltage required to set the transistor into saturation
(i.e. Vyssar). Since only a single supply is used in an actual implementation, the absolute
minimum voltage equals the threshold voltage of the transistor (i.e. Vy), which is
typically greater than Vs Despite meeting the sub-1V design requirement, there
remain many challenges with using this topology, which make it not desirable as the
choice for low-voltage RF architecture. The main disadvantage of this topology is that it
is very susceptible to instability problems as the frequency of operation increases. This is
mainly due to the gate-to-drain parasitic capacitance (Cg) which provides a low
impedance feedback signal path at RF. Furthermore, following Miller transformation
[25], the equivalent input capacitance (C;,) of the transistor becomes:

Cin = Cgs + (1 - Av)cgd (33)
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Where A, is the voltage gain across the gate-to-drain capacitance of the common-source
transistor. This setup further complicates the input impedance and noise matching, since
the input reactance becomes not only dictated by C,, as can be seen in Equation 3.3, but
is also a function of A, and Cgqy. Hence, it is rare to see implementations using this

topology in modern fully integrated high frequency RF design.

3.1.3 Conventional Cascode LNA Topology

In order to alleviate the potential instability problems in a signal transistor amplifier, a
common approach is to use the cascode configuration shown in Figure (3.4). This
topology, together with the common-source configuration, has proven to be popular with
excellent gain and noise performance in LNA designs. Substantial researches have been
invested in LNA designs based on this topology. One of the main drawbacks of this
structure is the need for relatively high supply voltage headroom, since it involves a

minimum of two transistors stacking, which is not quite suitable for sub-1V applications.

3.1.4 Cascode LNA Topology

To achieve lower noise and higher gain, one cascode with the inductor degeneration

topology is shown in Figure 3.4:

36



Chapter 3 CMOS LNA Circuit Topologies

L
Figure 3.4 Schematic of a cascode

topology with inductor degeneration.

The equivalent circuit of cascode topology scheme for small signal at the input of the

LNA is shown in Figure 3.5.

Figure 3.5 Small signal equivalent circuits at

the input of LNA.
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3.2 Design with Proposed New Topology

For LNA design, inductive source degeneration is used to achieve good input matching
without adding thermal noise introduced by real resistor. The cascode topology shown in
Figure 3.4 is a popular configuration for LNA design but it is not suitable for low voltage
supply applications.

The proposed topology is shown in Figure 3.6, which works for low power supply
applications such as 1V. Inductive source degeneration is also used to achieve good input
matching and reduce noise figure. The first stage is inductively degenerated common-
source amplifier formed by transistor M. Followed by a common-gate configurated
transistor M;, the value of LC tank of My is carefully chosen to achieve a resonance
frequency and is required to have a much higher impedance than that of the input
impedance looked at the source of M;. It provides a DC blas current path for My and a
high impedance branch to force the RF signal to flow into the source of M; through a big

DC coupling capacitance Cs.

Figure 3.6 Common source common gate topology.
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The input impedance of the LC tank (L4, Cq) 1s

272 272
a)Ld:a)Ld

Z, =R, +
d d Rd Rd

= R,0; (3.4)

Then,

1
gm)) RO (3.5)

Where R4 and Q4 are the resistance and the quality factor associated with the inductor Lg.

The input impedance at the source of the common gate transistor M; is:

R ! !

= - (3.6)
gml + gmbl ng

Where g 1s the bulk transconductance

3.2.1 Threshold voltage control
The bottle-neck for the low voltage design is the limitation of threshold voltage because it
is not anticipated to decrease much below what is available today. A solution to the

threshold voltage problem comes from the well-know relationship as given: [25]

Vi = Vo + (285 ~Vas| =262 (3.7)
Where Vyy is the value of Vi, with Vs = 0, T is the bulk threshold parameter and ¢ is
the strong inversion surface potential of the MOSFET. For n-channel transistor voltage
can be decreased. To reduce the threshold voltage as much as possible, we want the bulk
bias Vgs as high as possible. This will however, forward bias the bulk-source diode or the

base-emitter diode of the associated parasitic bipolar transistor (BJT) as shown in Figure

3.7, thereby turning on this BJT and an undesired bulk current increases significantly.
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Thus, to keep the bulk current low, the parasitic BJT should be off i.e., bulk-source

voltage should be smaller than 0.7V.

Onbp Vm:-_—
o —— é}
O s O v,

Figure 3.7 NMOS transistor with parasitic BJT

3.2.2 Bulk Source Biasing

To make the cascode LNA function, the well-source junction of the NMOS transistors are
forward biased as shown in Figure 3.8 which causing the threshold voltage to decrease.
By applying a voltage on Vgs, we can control the threshold voltage Vr and thus the
polarization if the transistor. Once the threshold is reduced, the value of Vgs for the same
current is less.

In 2.4 GHz LNA design, the VT decreased from 0.5 V to less than 0.4 V when 0.5V
supplied to bulk and the value of current through bulk is 40 uA although this current is
undesirable. The bulk current remains below 40 uA for bulk-source voltages as high as

0.5V.
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Figure 3.8 Cross-Section of a forward-biased NMOS transistor.

3.2.3 Input matching

Most RF instruments and coaxial cables have standardized impedances of 50 ohms, thus
the input stage of the LNA is required to match to 50 ohms to have no power reflection.
Without adding thermal noise introduced by real resistor, the common-source input
transistor with inductive source degeneration is often employed and shown in Figure 3.9

Neglecting the gate drain capacitances, the input impedance is:

L 1

=&ty oL +L)+R (3.8)
C, Cgs & £

Where g and C, are the transconductance and the gate-to-source capacitance of the

input device My, respectively. L, and L, are the gate and source inductors and R; is the

effective gate resistance of M, given by RgZRO/(SnzL) where Ry is the sheet resistance of

the gate ploysilicon, W and L are the gate width and length of the transistor M;

respectively and n is the number of fingers.
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Figure 3.9 Common Source Input Stage with inductor degeneration.

At the resonant operating frequency ( @ ¢ ), the input matching criteria requires that:

Z,=R =ow,L

m 5

(3.9)

The Cg source degeneration inductance Lg is chosen together with ? r to provide the
desired input resistance Rs (50 ohms), the real term can be made equal to 50 ohms
without the existence of a real noisy resistor. Then, the input impedance of the LNA is
matched to source resistance Ry when the above condition is met. As technology

improves, @7 increases this leads to a reduction in inductor L size, making the system

more suitable for on-chip integration. The value of L; is about 1nH and it is implemented

on chip.

3.2.4 Minimum Noise Figure Design
An LNA determines the performance of the communication systems. It needs higher
linearity and sufficient gain to overcome the next stage noise but not to overload. In our

circumstances, F; is the noise factor of the LNA and G; is the gain of the LNA which
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implies that higher gain and lower noise of LNA will lower the total noise of the system.
Noise figure represents how much the given system degrades the signal-to-noise ratio.

The minimum noise figure is achieved according to: [24]

F

min

— 1+ 2y -|ef) (3.10)
w

t

If 6 were zero, the minimum noise figure would be 0dB.

3.2.5 Proposed Common-Source Common-Gate topology

The cascode topology with inductive source degeneration is a popular configuration for
LNA design, but has problem working for very low voltage supply applications because

the power supply must satisfy the following requirement:
Voo +Vs| 2 27, (3.11)

Where Vpp and Vgg are the positive and negative power supply, respectively and Vy, is
the threshold voltage of the each of the NMOS transistor in fig 3.4.

To remove the factor 2 in Equation (3.11), cascode topology is replaced by single
transistor configuration. Therefore, two single transistor cascaded stages with inductive
source degeneration are designed for the LNA as shown in fig 3.9. The proposed cascade
common-source common-gate topology offers a lower power supply than that of cascade
LNA while the gain can be maintained.

The proposed common-source common-gate LNA is shown in fig 3.10. In the first stage
of complete schematic, the size of common-source transistor M, off-chip inductance and

on-chip input gate inductance Ly at the source are used to achieve optimum input

43



Chapter 3 CMOS LNA Circuit Topologies

matching and noise figure. The LC tank (La;, Cq41) of M; is set to achieve a resonance
frequency and provide a DC bias current path and a high impedance branch to force the
RF signal to flow into the source of the common-gate transistor M, through a big DC
coupling capacitance. Ly, are connected to the source to improve the noise figure and
stability. However, the S;; gets worse when Ly, increases. Source-follower buffer M3 is
employed for measurement purpose to drive an external 50 ohms load. The LNA output
matching uses on-chip resistor Ry3, Rg3 and metal-to-metal capacitor Cg;. Transistor My
with R, for ac blocking forms the biasing circuitry. A bulk-source voltage Vpg is
employed to forward-bias the well-source junction of transistors M; and M,. The
threshold voltage of the transistors decreased and the undesired bulk current remains

below 100uA.

Vi

Figure 3.10 Complete schematic of proposed common-source, common-gate LNA
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3.3 Conclusion

In this chapter, the popular cascode design is presented and analyzed. Then, some low
voltage topologies are presented. Different topologies of signal transistor and
conventional cascode are described to show the improvements of proposed design.
Finally, a simple common-source common-gate topology is proposed to be the choice of
low voltage designs with good performances in all aspects, when compared to other

architectures.
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Chapter 4 RF Layout Issues and Techniques

This chapter provides the layout techniques for RF design. All important layout issues are
discussed.

Designing CMOS RF circuits operating at frequencies greater than 1 GHz in a standard
CMOS process requires the following:

i) Proper modeling of high quality passive components.

i1) Good RF layout techniques, in order to minimize performance degradation.

In this chapter, the layout techniques adopted in this work are addressed. Detailed
measurement results of sub-1V CMOS LNA’s are presented, including a frequency and

gain tuneable LNA.

4.1 Layout Techniques

Apart from proper modeling of integrated passives, layout is another important step in
optimizing high frequency designs. Poor layout could result in large discrepancies
between the actual and expected performance. The layout of a SGHz CMOS LNA is

shown in Figure 4.1, and is used to illustrate the RF layout techniques used in this work.
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Figure 4.1 Layout of LNA for 5GHz amplifier.

The layout is done in a uni-directional fashion, i.e. no signal returns close to its origin, in
order to avoid coupling back to the input. The RF input and output ports are placed on
opposite sides of the chip to improve port-to-port isolation. Since on-chip probing is used
to measure the performance of this LNA, standard Ground-Signal-Ground (GSG) probes
are used at both the input and output RF ports. The signal pads (i.e. RF input and output)
are implemented using the top metal layer only, attempting to reduce the impact of their
parasitic capacitors on the RF performance. In order to minimize the effect of substrate
noise on the system, a solid ground plane constructed using a low resistivity metal-1

material is placed between the signal pads (metal-6) and the substrate.
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Since the operation of inductors involves magnetic fields, they can affect nearby signals
and circuits, and cause interference. Therefore, inductors are placed far apart from each
other, as well as from the main circuit components, with reasonable distance.
Furthermore, traces connected to all inductors are made wide enough to minimize the
series parasitic resistances and inductances, and thus avoid inductor Q degradation.
Ideally, all interconnections should be as short as possible in order to minimize their
impact. However, this is not always possible, especially due to the large geometrical
structure of the inductors when compared to other components such as transistors and
resistors. When long interconnects become unavailable in the layout, an in-house high
frequency modeling routine is used in order to accurately estimate the parasitic
introduced. The main purpose of this routine is to increase the accuracy between the
~simulated and measured RF performances, by incorporating unexpected layout dependent
parasitics (e.g. inductances and resistances) [26]. Finally, line widths are set according to
RF design guidelines, keeping DC traces thin to present high impedances to RF signals,
and AC connections wide and as short as possible. “Round” corners are used, instead of
sharp ones, for interconnects in order to minimize signal reflections at RF, as illustrated

in Figure 4.1.

4.2 Design of RF Passive Components [24]

RF circuits generally have many passive components. Passive components such as

inductors and capacitors play an integral part in the performances of circuit building
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blocks in a transceiver, especially at high frequencies. In particular, passive devices are
used for impedance and noise matching LNA designs, which are the main focus of this

thesis.

4.2.1 Passive Devices in Si CMOS Technologies
An important parameter to consider when discussing passive devices is the quality factor
(Q). The quality factor is generally defined as:

Q = 27 Zsre (4.1)

diss
Where Eqore 1S energy stored in per cycle, and FEjgiss is the energy dissipated per cycle in a
device.
The higher the Q factor, the lower the loss of a passive device. This definition is the most
relevant when discussing inductors and capacitors, as such devices are meant to store
energy, while dissipating little to no energy in the process. Thus, ideal inductors and
capacitors having zero energy loss would have infinite Q’s, whereas practical devices

normally have finite Q’s.

49



Chapter 4 RF Layout Issues and Techniques

BandWidth
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Figure 4.2 (a) Input impedance of a practical passive

device (b) Quality factor of an LC resonant tank.

Based on the definition in Equation 4.1, the quality factor of a practical inductor can be

expressed as:

Q - Rind R R

And the quality factor of a practical capacitor can be expressed as:

X 1 1

Q = Cap = =
R oCR 2xfCR

cap

(4.3)

Where X is the reactive component of a passive device storing energy, and R is the
resistive component of a passive device dissipating energy (Figure 4.2(a)).

Apart from measuring the performance of a passive device, the quality factor can also
measure the selectivity of a resonant circuit. Due to the band-pass nature of a resonant
tank, the quality factor of an LC-tank can be expressed as follows (among several other

possible definitions):

4
°%w,, @9
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Where f; is the resonant frequency and BW34p is the 3 dB bandwidth of the response, as

shown in Figure 4.2(b).

(a) (b) (c)

Figure 4.3 Inductor geometries (a) square (b) spiral (c) octagonal.

4.2.2 Common Inductor Layout Topologies

The common inductor layout geometries include square, octagonal, and circular inductors
[24], as shown in Figure 4.3. In addition to the layout geometry, some variants have been
shown to improve performance, such as inductors with lower ground plane, usually a
broken polysilicon plane (Figure 4.3a), and symmetric layouts whenever 2-port inductors
are needed (Figure 4.3b).

The integrated inductor exhibits the capacitive and resistive parasitics. For simulation
purpose a simplified model as shown if Figure 4.3 was used: R is total parasitic series
resistance, R; is parasitic resistance to substrate, C is the total parasitic capacitance to
substrate and L is inductance. Their values are given by ASITIC calculation tool provided

by UC. Berkeley.
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i)

Figure 4.6 Inductor model: (a) simplified model (b) hollow patterned

ground-shield inductor.

4.2.3 Asitic Technology [27]

Asitic is used for analysis and simulation of spiral inductors and transformers for ICs. It
is CAD tools that aid the RF circuit designer to optimize and model spiral inductors,
transformers, capacitors, and substrate coupling. The conductive substrate plays an
integral part in determining the quality factor and self-resonance frequency of monolithic
passive devices. ASITIC calculations include the electrically induced losses and coupling
as well as the magnetically induced eddy current losses. Skin effect and proximity
effects, or eddy currents in the metallization, are also included. We use asitic tool to

design inductor in our LNA design.
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4.3 On-chip RF-isolation Technology

On-chip isolation is becoming increasingly important due to higher integration levels,
higher frequencies, and tighter specifications for next-generation products. Higher
integration not only results in more transistors switching, and subsequently more noise
creation, but it also puts noisy and sensitive components together on the same chip that,
in the past, were on separate chips. At higher frequencies, noise now couples more easily
from place to place. Isolation provided by wells is reduced, and package inductance
becomes critical. The package impedance at GHz frequencies may cause on-chip AC
grounds to appear to float. When the tighter specifications of next generation products,
such as 3G cellular, are added to the picture, the RF designer must be both
knowledgeable and creative to find an effective solution. An understanding of the impact
of the process technology, grounding effects, and guard rings, shielding, decoupling, and

package inductance is necessary to optimize isolation.

4.3.2 Technology Impacts

Most silicon-based RF chips are fabricated in bipolar, BICMOS, SiGe, or CMOS
processes using a lightly doped bulk, p-type substrate. Heavily doped substrates, most
commonly used for large digital designs, such as microprocessors, where latch-up
concerns dominate isolation and the extra wafer cost can be justified, will not be covered
in this article. A lightly doped substrate is highly resistive, which typically means a

resistivity of around 12 Ohm-cm or a doping concentration around 4x10'* cm™ for a p-
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type substrate. Experienced designers will often be able to achieve a few more dB of
isolation using a lightly doped substrate rather than a heavily doped substrate.

The buried layers and sinker are roughly four orders of magnitude more conductive than
the bulk substrate. If the sinker and buried layer are connected to a low-impedance AC
ground, they may form a shield and draw carriers away from devices located inside the
region. However, buried layers may also provide a low-impedance path for noise to travel
into a sensitive area. In this case, the buried layer must be broken to increase the
isolation.

In Figure 4.7, the break in the buried layer combined with the addition of a double guard

ring provided a 20 times improvement in the isolation.

Isolation for High Sensitivity

A trans-impedance amplifier is isolated
from the other cireult blocks
(1) substrate contact region
(2) the N -layer (removed P*) region

PBub (P } R s ) R — 10um—»

> R ¥
the N -layer region  substrate contact region
Figure 4.7 Example of breaking the buried layer to

reduce coupling through the ISO (P+) region.

4.3.2 Grounding Effects

It is common practice among analog designers to have separate supplies for analog and

digital sections of the chip to isolate the analog circuitry from the switching noise
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introduced on the digital supplies. The same technique is useful to isolate different RF
blocks. Dividing a chip into sections with different substrate grounds will attenuate noise
coupling from area of a chip to another.

Although a seal ring is not typically grounded and is therefore not a grounding effect, it
can decrease the isolation achieved by separating supplies. In some fabrication processes,
a metallized ring contacting the substrate is placed around the outside of the chip to seal
the edge from alkali ions that may enter the field oxide and affect the yield. This ring may
act as a low-impedance path for noise coupling between different regions on the chip. If
design guidelines allow the edge seal to be broken, the ring should be severed where it

provides a coupling path between different supply regions.

4.3.3 Guard Ring

In a lightly doped substrate, as contrasted with a heavily doped substrate, guard rings
typically provide effective isolation—this assumes that care has been taken to ensure that
the guard ring is connected to a quiet supply. Guard rings around a sensitive circuit help
to decouple noise from the circuit and ensure that noise will couple equally into both
sides of a differential design. Guard rings around a noise source provide a low-resistance
path to AC ground for the noise and help minimize the amount of noise injected into the
substrate [24]. The efficiency of guard rings depends on the noise frequency and package
inductance.

Backside connections to the substrate can be viewed, in a very simplistic manner, as a

type of guard ring. The effectiveness of the backside connection will depend on the

55



Chapter 4 RF Layout Issues and Techniques
inductance value between the backside and ideal ground, and on the frequency of the
noise. Certain packages provide a very low inductance path from the backside of the chip
to the board ground. In these cases, a conductive connection to the backside of the chip
can add considerable isolation. However, if the package is such that a backside
connection is grounded through down-bonds to the paddle and significant inductance
exists in the package, the backside connection may make matters worse. At higher
frequencies, the backside connection will then act as a floating conductor to spread noise
across the ship.

Guard-ring width also affects isolation. In some cases, the width of the guard ring is
similar to the depth of the substrate, and the package provides a very low impedance path

to ground.

4.3.4 Shielding

Proper shielding for sensitive signal lines and passive components is an integral part of
effective analog/RF IC layout. The challenge is to determine the appropriate shield layer,
bias potential, and layout pattern. Sensitive signal buses are often laid out with alternating
signal and shield lines to prevent crosstalk through lateral and fringing electric fields. To
isolate the signal lines from the substrate, n-well or diffusion layers can be placed under
the lines to prevent noise coupling.

In general, shielding increases parasitic capacitance, since the field lines from the signal
wires terminate at a closer distance on the shielding before they reach another signal line

or the substrate. The bias potential of the shield should be tied to the reference of the
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signals. The effectiveness of shielding also depends on the signal operating frequency. In
general, there is a trade-off between a lower shield parasitic capacitance and a higher
series resistance. As frequency increases, a large series resistance causes the shield to be
ineffective.

Passive components such as inductors and capacitors occupy substantial die area and thus
are susceptible to coupling through the substrate. In a p-type substrate, the n-well can be
placed under capacitors, inductors, or bond pads to provide a low-capacitance shield.
However, the well resistance, typically on the order of 1K Ohm/sq., may be too large to
be effective at high frequencies. To lower shield resistance, you can use a diffusion or
polysilicon layer. Inductors are a special case, since the magnetic field will induce eddy
currents in a conductive shield beneath the inductor. Inserting a pattern of slots in the
shield perpendicular to the inductor traces, shown in Figure 4.8, will prohibit the eddy

current by creating a "patterned ground shield"[28].

mmmm Ground Strips
~— Slot Between Strips

~t |yduced Loop Current

Figure 4.8 Close-up photo of a patterned ground

shield.
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4.3.5 On-Chip Decoupling

Decoupling capacitance is not always thought of as something that increases the isolation
between two points, but it serves the same role. Isolation is desirable to attenuate noise
coupling from one portion of a chip to another. If decoupling capacitance can reduce the
amount of noise created by supplying local charge for nearby switching and thus
lowering the peak current drawn across the package inductance, careful use of this
capacitance essentially isolates a sensitive circuit that no longer sees the same supply and
substrate noise levels.

Meeting the specifications of the next generation RF products requires an experienced
designer who understands a variety of isolation techniques. Process technology options,
grounding strategies, guard rings, shielding, decoupling capacitance, and package
parasitics all play an important role in isolation. However, it is the combination of these
factors that ultimately determines whether the final design will meet the product

specifications.

4.4 Conclusion

In this chapter, the RFIC layout issues are discussed. Layout is a very important step in
optimizing high frequency designs. Poor lay out could result into a non-working circuit.
Guidelines for RF layout techniques towards successful LNA implementations are

presented.
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Chapter 5 Simulation Results and Discussion

This chapter provides the detailed simulation results and comparisons of different CMOS
LNA. The simulation results confirm the functionality of proposed common source

common gate cascade topology.

51 A0.65V,2.4GHZ CMOS Low-Noise Amplifiers Design

with Noise Optimization
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Figure 5.1 Complete schematic of proposed cascaded common-source, common-gate

0.65V, 2.4GHz LNA

The complete circuit is shown in Figure 5.1. The LNA first stage My is inductively
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degenerated representing the common-source amplifier followed by M, configured as
common-gate device. My, sets the dc bias for My. M; is configured as the buffer stage for
LNA output matching. C, between My and M; is acting as a coupling capacitance to
block DC and provides ac path to let RF signal flow into the source of common-gate
transistor M. Inductors which are smaller than 5 nH are placed on chip otherwise, they

are off-chip. As shown in Figure 5.1 only the framed components are on-chip.

Figure 5.2 Layout of proposed LNA for 0.65V 2.4G amplifier.

The layout of the LNA is shown in Figure 5.2. The chip area is 0.9mm x 0.9mm. Figure
5.3 shows a forward gain (S21) of 27 dB at 2.4GHz. A low noise figure of 1.1 dB at 2.4
GHz is achieved after noise optimization in Figure 5.4. The S-parameters of the LNA are

illustrated in Figure 5.5 and 5.6. The input matching S11 is -12dB. The S22 shows a good
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output match with the output buffer which achieves -30.7dB, this maximizes the power
transfer from the LNA to the 50 ohms input impedance of the next stage. The IIP3
simulation result of the LNA is shown in Figure 5.7. A two-tone signal, which is chosen

close to each other, has been applied to the input port. The input-referred third-order

intercept points (1IP3) is -30.0dBm.
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Figure 5.7 1IP3 of proposed LNA

Table 5.1 shows that the performance of the proposed LNA clearly excels over other

work in terms of low voltage, low power, and low noise figure operation.

Table 5.1: Performance summary of 2.4GHz LNA

Reference | [10] | [11] | [12] | [13] | [14] [[proposed]

Tech(um) - 0.5 0.18 [0.18 03 {0.18

Freq.(GHz) P4 P4 D4 P4 P4 P4

INF(dB) 1.8 2.4 1.6 4.0 2.0 1.1
S21(dB) 15 19 25 12 19 27
[IP3(dBm) - - -8 -2 - -30
Supply(V) 5.0 3.0 1.5 1.8 - 0.65
Power(mw) - 0 16 143 408 4.6
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5.2 Comparison of cascode and proposed 2.4GHz LNA

The comparison of the simulation results of the proposed and cascode LNA configuration

and the proposed cascade structure are discussed through Figures 5.8 to Figure 5.12.

From these figures, the proposed circuit achieves a power gain that is 10dB higher than

the cascode LNA. The proposed LNA consumes 4.6mw but the cascode LNA consumes

5.6mw. In the 2.4GHz band the proposed circuit has better performance than the cascode

LNA.
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5.3 A0.65V CMOS Low-Noise Amplifier Design for SGHz

RF Applications

Figure 5.13 Complete schematic of proposed common-source, common-gate LNA for

0.65V amplifier at SGHz.
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For 5 GHz band, the 0.18um TSMC analog/RF CMOS process was used for
implementation of the design. A deep N-well process, depicted in Figure 5.14, is
employed to provide separate substrate connections and offering increased isolation from
substrate noise for NMOS transistors. In addition, the bulk voltage can be forward-

biased to reduce the threshold voltage of the NMOS transistors.

Bulk Searon iZate Dirain F- 5l

Dlzep A%l

Figure 5.14 Cross section of a deep N-well

Several layout issues have been taken care of. First, grounded-shield plane is laid under
the inductor to minimize the magnetic coupling to the substrate. Second, hollow inductor
is used to reduce parasitic capacitance and resistance. Third, grounded guard rings with
substrate connections surround each capacitor, transistor and three inductors. Moreover,
each transistor has an extra N-well guard ring with Vpp connection surrounding the
grounded guard ring. Forth, a quiet N-well under the input and output signal pads was
placed to isolate the RF signals from the substrate.

The proposed circuit is shown in Figure 5.13 In the first stage, the size of common-
source transistor M, off-chip inductance (Li, = 16 nH) and on-chip input gate inductance

L, at the drain are properly chosen to tune the LNA to the desired band and match real
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part of input impedance to 50C2 source impedance. In addition, Ly; at the source is used to
achieve optimum input matching and noise figure. The LC tank (Lg; Cq1) of M is set to
achieve a resonance frequency at SGHz and provide a DC bias current path and a high
impedance branch to force the RF signal to flow into the source of the common-gate
transistor M, through a big DC coupling capacitance (Cy; = 5 pF). Ly, are connected to the
source to improve the noise figure and stability. However, the S;; gets worse when Lg;
increases. This effect limits the amount of inductance (L, = 2 nH). Source-follower
buffer M; is employed for measurement purposes to drive an external 50Q) load. The
LNA output matching uses on-chip resistor Rg3, Rg3 and metal-to-metal capacitor Css.
Transistor My with 20K resistor Ry, for ac blocking forms the biasing circuitry. A bulk-
source voltage Vpk is employed to forward-bias the well-source junction of transistors
M; and M,. The threshold voltage of the transistors decreased from 0.54V to around 0.4V
and the undesired bulk current remains below 100uA for bulk-source voltages as high as

0.65V. The layout is shown in Figure 5.15. The chip area is Imm x 1mm.
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Figure 5.15 Layout of LNA for 0.65V 5G amplifier.

The input and output reflections (S;1, Sy2) are presented in Figures 5.18 and 5.19
respectively. The S, shows a good output match with the output buffer for both LNAs
which achieves below -20dB. With the same input stage configuration for both circuits,
the S are similar and less than -10dB. Figure 5.16 depicts a power gain of 20dB. The
noise figure shows in figure 5.17 is 1.4dB. A two-tone signal of SGHz with 20 KHz
difference has been applied to the LNA input port. The IIP3 simulation result of the LNA
is shown in Figure 5.20. A two-tone signal which is chosen close to each other has been
applied to the input port. The input-referred third-order intercept points (IIP3) is -29dBm.

This work is placed alongside with other reported SGHz LNA in Table 5.2.
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Table 5.2: Performance summary of SGHz LNA

Reference [5] [6] [7] [8] [9] |[Proposed]

Tech(um) 035 025 [0.18 [0.18 [0.18 [0.18

Freq.(GHz) 5.2 5.2 5.2 5.2 5.8 5.0

INF(dB) 245 2.1 2.0 1.4 2.5 |14

S21(dB) 193 |17 155 |16.6 (I3 20

S11(dB) N/A F10 F11 F13 53 F1S

S22(dB) N/A INJA 10 [N/A 103 21

[IP3(dBm) [NJA [N/A (43 (0.6 IN/A }29

Supply(V) B3 |N/A 1.8 1.8 | 0.65

Power(mw) P26  [N/A |104 [162 P2 1.9

5.4 Comparison of the proposed and cascode SGHz LNA

The comparison of the simulation results of the cascode and proposed circuits are shown
in Figure 5.20 to 5.24. From these figures, the proposed circuit has a higher power gain of
2dB than the cascode circuit. The proposed circuit noise figure is 0.2dB less than the
cascode LNA circuit. The proposed circuit achieves the lowest voltage supply and power

consumption. The proposed circuit consumes only 1.9mw from 0.65v power supply.
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5.5 Conclusion

In this thesis, a CMOS low noise amplifier using common-source inductive source
degeneration followed by common-gate configurations is proposed. Spectre simulation
using 0.18um CMOS technology shows a noise figure of 1.1dB, high power gain of 27dB
at 2.4 GHz and a proposed topology is suitable for low poser supply application and
works good at 0.65V voltage supply. The results show a low noise figure of 1.4 dB, high
power gain of 20 dB and low power consumption of 1.9 mW from 0.65 V power supply

at SGHz.
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Chapter 6 Conclusions

This chapter summarizes the performances of the CMOS LNA’s in this work, and

gives suggestions for the future work.

6.1 Achievements

In this work, a new topology for very low voltage high gain low-noise-amplifier
(LNA) design has been proposed. This achieved better performance than other various
topologies. Most of LNA designs have aimed at low power and high gain based on
LNA fundamentals. By analyzing noise figure, non-linear distortion, input matching
and gain compression, optimized solution has been reached after several iterations.
The proposed design uses two stages of common source and common gate. Using this
topology, various parameters of the circuit are designed to achieve high gain LNA RF
performance at low voltage (sub 1 volt) with different frequencies with low power.
Also, layout techniques and proper modeling based on high frequency CMOS RF
circuits has been discussed to optimize the design of the circuits. Using these
techniques, the LNA circuits are designed to provide high gain, low noise, and low
power dissipation and low voltage power supply amplifiers. Tables 6.1 and 6.2
summarize the performances of CMOS LNA’s reported in this work

The CMOS low noise amplifiers (LNA” s) using 0.65V power supply at 2.4GHz and 5

GHz respectively, achieved (by simulation) noise figure less than 1.1dB, and power
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dissipation less than 4.6mw. The LNA can be used in systems such as blue tooth,

wireless local networks, home satellite, and voice communication cell phones.

Table 6.1: Complete Performance summary of SGHz LNA

Reference [5] [6] [7] [8] [9] [Cascode][ Proposed]
Tech(um) 0.35 (025 .18 [0.18 [0.18 [0.18 0.18
Freq.(GHz) [5.2 5.2 5.2 5.2 5.8 5.0 5.0
INF(dB) 2.45 2.1 2.0 1.4 2.5 1.6 1.4
S21(dB) 19.3 17 155 [16.6 |13 18 20
S11(dB) N/A |10 |11 -13 -5.3 11 -15
S22(dB) IN/A [NJA |10 N/A  F10.3 |25 -21
IP3(dBm) [N/A [NJA [43 (0.6 IN/A |-26 -29
Supply(V) 3.3 IN/A  |1.8 1.8 1 0.85 0.65
Power(mw) 26 N/A  [10.4 162 22 3.2 1.9

Table 6.2: Complete Performance summary of 2.4GHz LNA

Reference [10] 117 [[12] [[13] [14] [[Cascode][Proposed]
Tech(um) - 0.5 0.18 (0.18 03 [0.18 0.18
Freq.(GHz) 2.4 2.4 2.4 2.4 24 R4 2.4
INF(dB) 1.8 2.4 1.6 4.0 2.0 1.2 1.1
S21(dB) 15 19 25 12 19 19.5 27
[1P3(dBm) - - -8 -2 - -27.4 -30
Supply(V) 5.0 3.0 1.5 1.8 - 0.8 0.65
Power(mw) - 0 16 143 408 5.6 4.6
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Chapter 6 Conclusions

Future work

The CMOS low noise amplifier may be fabricated and tested.

The proposed common source and common gate topology maybe used to
design in different CMOS processes to get adequate performance for RF
Circuit operating at 1-5 GHz.

A very low power LNA maybe designed by using proposed topology in a
weak inversion mode (sub threshold MOS operation) for wireless sensor
networks and numerous other wireless applications that require very low

power consumption.
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6.3 Publications Originating from This Thesis

This thesis has been contributed to the following publications.

1. “A very low voltage, 1Ghz CMOS Low-Noise Amplifiers”, World scientific

and engineering academy and society (WSEAS2005), accepted for Journal

publication, November 2005

[SS]

“A 0.85V CMOS Low-Noise-Amplifier Design for SGHz RF Applications”,

Midwest Symposium on Circuit and System (MWCAS2005), accepted for
publication, August 2005.
3. “A 0.7V, 1IGHz CMOS Low-Noise Amplifiers”, World Multiconference on

Systemics, Cybernetics and Informatics 2005 (WMSCI 2005), accepted for

publication, July, 2005.

4. “A 0.8v, 2.4GHz, 1.2dB Noise Figure CMOS Amplifier for Application in

"

Blue Tooth Systems ", World Multiconference on Systemics, Cybernetics

and Informatics 2005 (WMSCI 2005), pp.66-69, July, 2005

5. “A 0.65V, 24GHz CMOS Low-Noise Amplifiers Design with Noise
Optimization", Canadian Conference on Electrical and Computer
Engineering 2005 (CCECE2005), accepted for publication, May, 2005.

6. “Comparison of Different CMOS Low-Noise Amplifier Topologies for
Bluetooth Applications ", Wireless and Microwave Technology Conference

2005 (WAMICON2005), pp100-103, April, 2005.
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7. “Noise Optimization Techniques For 1V 1GHz CMOS Low-Noise
Amplifiers Design", International Journal of Signal Processing 2004

(1JSP2004), pp.232-235, Dec., 2004.
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Appendix A: Integrated Inductor Losses

The monolithic inductor characteristics deviate even further from the simple RF model,
and require more elaborate modeling. Two common RLC-II-models are used [30] (Figure
A.1), and most of the other RLC models are variants of these two. The narrowband
models emulate the behaviour of the inductor within two to three decades of frequency,
but usually fail beyond the resonance frequency of the inductors. The wideband model
can cover a much wider range, specifically at higher frequencies. Often, several II-

sections are cascaded to increase the model’s accuracy at higher frequencies.
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Figure A.1  Inductor two-port II- models.

The most dominant high-frequency losses can be grouped into the following three major
categories:

1. Conductor losses:
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a. Series ohmic losses due to conductor resistivity.
b. Skin effect.
2. Substrate losses:
a. Electrically (displacement) and magnetically (Eddy) induced substrate currents.
b. Dielectric losses (mostly capacitive).

3. Radiation (air and substrate).

Skin

Air
radidation

Figure A.2  Losses of Si microstrips at RF.

At low frequency, the ohmic resistances of the conductor are the dominant sources of
losses. As such, the shape of the quality factor follows that of an RL section as shown in
Figure A.1.b. As the operating frequency increases, the remaining sources of losses result
in a decrease in Q, as they provide alternative parasitic components for energy storage
besides L.

The various loss factors introduced in items 1-3 above are discussed further in the

following [28] [31]
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A. Skin Effect
The skin effect arises at high frequency, when the conductor is thicker than the skin effect

depth 8, defined as:

{ 1
= |—— A.l
/TNy A1

where U ¢ is the magnetic permeability of the conductor, and 0 is the conductivity of the

signal-carrying medium. Under these circumstances, only the regions close to the
conductor surface carry the RF signal, resulting in an increase in the “effective

impedance” at high frequency.

B. Bulk Eddy Currents

The rapidly-varying electromagnetic field (EMF) in the conductor results in an induced
current in the substrate. This current is larger for substrates with low resistivity. This
induction, according to Lenz’ law, would have the effect of reducing the effective
inductance, which in turn results in a reduction of the quality factor (Equation A.1).

To avoid this problem without using extra processing steps, the resistivity of the substrate
can be increased by using a high-resistivity ground plane placed beneath the inductor, as

will be explained in the next subsection.

C. Dielectric and Substrate Capacitive and Ohmic Losses
The high resistivity of the oxide dielectric (typical resistivity of SiO; is 10" ohm*cm)
make its resistance too large to affect the inductor’s performance, as it essentially

behaves as an open circuit. The remaining effect of the dielectric is mostly capacitive,
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where the top plate is the metal conductor and the bottom-plane is the dielectric substrate
boundary.

The substrate on the other hand is a source of ohmic losses due to its finite resistivity
(typical p-bulk resistivity is 15-20 ohm*cm), and a source of capacitive leakage, where
the bottom plate is the conducing ground plane usually residing beneath the die.

The substrate is the most serious source of losses for Si inductors, in particular for CMOS
substrates which have fairly low resistivities. Extra processing steps to etch away the
dielectric and substrate beneath the inductors would result in a considerable increase in
quality factor. A common and more viable approach is to try to terminate the RF electric
field, and consequently the resulting magnetic field, through the use of a polysilicon
ground plane. This plane should not provide a closed path for the induced Eddy currents,

and should therefore be broken.

D. Radiation

Radiation is the transformation of part of the signal power to an electromagnetic wave.
The reduction of the power stored in L has the undesirable effect of reducing Q. With the
current conductor sizes (a few hundred micrometers of outside length) and frequencies
dealt with (few GHz), this is not a serious problem. The effective lengths of the strips are
much smaller than the wavelengths of the RF signals considered (at 1GHz, the

wavelength is 4 =0.3m), and therefore, these strips do not behave as good antennas. This

will become a problem as technologies become capable of supporting higher frequencies,

specifically with the appearance of mutual radiations between adjacent strips.
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Appendix B: Published Articles

Published Articles
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A 0.85 V CMOS Low-Noise Amplifier Design for SGHz RF Applica-
tions

M. Zamin Khan
Victhom Human Blonics,
Saint-Augustin-de-Desmaures
Quebes G3A 219
Canada
zamin khani@victhomcom

Abstravt-4 B85V, 5 GHz low noise smpliier {LNA) has been
designed, laid out and simulated using Spectre simulator in a stan-
dand TSMC 0.18um CMOS technology. The prog 1 cascode
LNA schieves a gain of 20 0B, u noise figure of L6 dB, power dissi-
pation of 3 mW from a 0.85 V power supply.

L INTRODUCTION

The growing mumber of users and demand for high speed
witeless communications made the destgners to work towards
higher frequency bands. Wireless local area network (WEAN}
operating in 3 GHz frequency band is expected 1o be a widely
used system for the multimedia wirsless applications. In gen-
etal, wireless communicatinn recervers demand low power con-
sumption for portability and long battery life, wiile at the same
time requires low nome fgure, optimum gan, and high lincar-
ity. Several LNAs work st SGHz have been reported [1]-[5] but
little research has been done for decressing the power consump-
tion. Lowering the supply voltage (Vpp) 1s one of the most
effective ways to decrease the power consumplion. The bofide-
neck for the low valtage design is the limitation of threshold
voltages as it is not anticipated to decrease much below what is
available today [6].

The design of LNA is full of trade-offs between optimum
gain, lowest noise figure, high Imeanity and Jow power con-
swmption. Casecode topology is one of the most popular topolo-
gies used for CMOS LNA design, which provides high gam and
low noise figure at the destred frequency. In this paper, we
present the bulk bius techique to reduce threshold voltage so
as to lower down vollage supply to 0.85V and viltimately
decrease the power consumption. The consideration for noeise
optimization and input matching of LNAs illustrated in Sechion
I Design approsch for .85v LNA s llustested 1n section [1L
Spectre simulation results and comparison with other reported
ENAs are presented in section IV, Section V' concludes the
paper,

1. NOISE FIGURE AND INPUT MATCHING

A. Noise Figure

Yanjie Wang
Drept. of ECE
Concordia University
Montreal, QC HIG IMS
Canada
yvanjle@riece. concordia.ca

R. Raut
Dept. of ECE
Concordia University
Maontreal, QC H3G IMB
Canada
rabinr@ece concordia.ca

An LNA determines the performance of the communication
systems. Mowse figure represenis how much the given system
degrades the signal-to-noise ratio, which is defined as:
ToialQuiputNotsePower in

NE = }ﬂl 0
® Ot prt Nodse Power ByRourcelmpedance :

CMOSB LNA design provides high level of integration at low
cost but it is a big challenge to achieve low noise performance
because of the nodsy nature of MOS device. The dominant noise
souree in MOS devices is channel noise:[7)]

L 2 o
Ted = T8y {2
Where g4, 1 the zero-bias drain conductance of the device. ¥ 1s
a bias dependent factor which, for long channel device satisfies
X .
% <y 1 but for short channe! devices can be as large as twe o

three, depending on biss condibion. Another source of noise in
MOS8 devices 3s the noise generated by the distnbuted gate
resistance. This noise can be modeled by a series resistance in
the gate circutt and an accompanying with noise generntor,
which results in:

v"gz = 4&1&@5{ (3}

where & is the eoeflicient of gate noise, normally equal © 443
for long channel devices and Ty ts the gale resistance. The gate
resistonce can be minimized throvgh interdigitation without the
need of increased power dissipation, thus it is rendersd msignif-
want [7]. 1 the sizes of the MOS transistors are carefully cho-
sen, the optimum Wy which is stmply a ratio of g, .:’Cgs can be
shtatned. Therefore, the minimum noise figure can be achieved
according to [8]:

Fogin ™ 1 78501 4
H

If & were zero, the minimum noise figure would be GdB.

B. Input Marching

To achieve lower noise and higher gain, the Cascode with the
inductor weneration topology is employed and shown in Figure
i.
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Neglecting the gate drain capacitances, the input impedance
of the LNA shown in Figurel is:
LY
Z, = L "i
in C'gx (gss
whete gy and Cyy are the tassconductance and the gate-to

source eapacttance of the input device M, respectively. Ly and

PSEgHLHR, {6}

Ly are the gate and source inductors and R, is the effective gate
L2 .
By RB»’(-",? !-) where Rg is the

sheet resistance of the gate polysilicon, W and L are the gate
width and length of the tansistor My respectively ad o is the

resistance of Mg given by

S

number of Engers {7].

At the resonant operating frequency(wy), the input matching
area reguires that:
(7}
The Cgg source degeneration mductance Ly is chosen together
with W to provide the desired input resistance Rs (30ohmy), the
real term can be made equal to SO ohm without the existence of
a real notsy resistor. Then, the nput impedance of the LNA is
matched to source resistimce Ry when the above condition is
met.

Zin = Ry = oLy

11 DESIGN APPROACH

A popular configuration for LNA design is cascode topology
with inductive source degenerafion to achieve good imput
matching without adding thermal noize introduced by real resis-
tor as shown in Figure 2. But B has problem working Yor low
voltage supply applications because the power supply must sat-
tsfy the fellowing requirement

Vop* Fsd 22 eha %)

where Vi and Vg are the positive and negative power suppl
respectively snd Vg, is the treshold voltages of the each of the
NMOS transistor. A solution to the threshold voltage problem
comes from the well-know relationship as given

T F.v»f)“i‘xfm R 9
where Vg is the value of Vi, with Vg = 0, ¥is the bulk thresh-

old parameter and ¢ s the strong inversion surface potential of

Figure 2. Cascode lopelogy

the NMOS. By applying a voltage on Vgg. we can contro] the
threshold voltage Vi, and thus the polarization of the transistos
Onee the theeshold s reduced, the value of Vs for the same
current ix less. In this LNA design the Vg, decreased from 0.3
Vo less than 0.4 ¥V when .5V supphed to bulk and the value
of current through bulk is 40 uA although this current is unde-
strable. The bulk current remains below 40 uA for bulk-source
voliages as highas 0.5 W

The simplified schematic of proposed cascode LNA is shown
in Figure 3, The fiest stage is a cascode amplifier formed of M,

Figure 2. Simiplified schematic of proposed casonde topology

and My Ly and Lg are for input matching. M; is configured as
the buffer stage for LNA output matching. output stage. com-
mon-gate device. My, sets the de bias for My, €y isused as a DC
blocking capacitor. In our case, it is destgned to be 10 pF
Inductors which are smaller than 5 nH are placed on chip other-
wise, they are off-chip,

IV LAYOUT ISSUES AND SIMULATION RESULTS
A. Layout Tssues

The integrated inductor exhibits the capacitive and resistive
parasities. For simulation purpose a simplified model as shown
n Figure 4 was used: R is tofal parasitic seres resistance, Ry is

parasitic resistance to substrate, C 15 the total parasitic capaci-
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{a} i}

Figure 4. Inductor model: {2 simplified moded (b} hollow patternad ground-
shield inductor.
tanve o substrate and L is the inductance. Their values are
given by ASTTIC caleulation tool provided by UC, Berkeley.

A 0.18um TSMC analowRF CMOS process was used for
implementation of the design. A deep N-well process, depicted
in Figure 5, is employed to provide separate substrate connec-

Vit

|

( )
{ §
,} decp Nowell (ﬁl
b P subatrale ;

¢
§
fes

Figure 5. A cross seetion of a deep Wowslt

tions and offering increased isolation from substrate noise for
NMOS transistors.  In addition, the bulk voltage can be for-
ward-baised to reduce the threshold veliage of the NMOS tran-
S18t01P5.

Several layout issues huve been token vare of. First
grounded-shield planed is laid under the inductor o mmimize
the magnetic coupling te the substrate. Second, hollow inductor
s used 1o reduce parasitic copacitancs and resistance. Third,
grounded guard rings with substrate connections surround each
capacitor, transistor and three inductors. Moreover. each transis-
tor has an extea N-well guard ring with Vi connection sur-
rounding the grounded gvard ring. Forth, a quiet Nowell under
the tapur and output signal pads were placed to iselate the RF
signals from the substrate.

B. Simulation Resoits

The proposed ciront was simulated using Spectre stmulator
in 0.18m CMOS process with analogRF MOSFET model
BSIM2. The input and output matchmg are optimized and
power supply of 0.85V 15 fed to the cascode LNA. Figure 6
depicts a power gain of 2008 at SGHz for cascode LNA. The
notse figure of the cascode LNA as shown in Figure 7.
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The input and output reflections (Sqy, Sz} are illustrated in
Figure 8 and Figure 9 respectively. The 85, shows a good out-
put mateh with the output buifer for LNA which achieves below
-20dB. A two-tone signal of 5GHz with 20K Hz difference has
been applied to the LNA input port. The HP3 simulation result
of the LNA is shown in Figure 10, The input-referred third-
order Infercept points (HP3) is .26dBm.

The layout of the LNA is shown in Figure 1. The chip ares is
tmm x bmm. This work is placed alongside with other recent
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Frgure 11, Layout of the proposed LNA
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53

reported SGHz LNA n Table 1. 1 shows that the proposed LNA

TABLEI
Comparison of Various Recent Reported ENAsS

Reference | 18] | 121 | 131 | [4] { I5] | CoscadeINA
Techimmy | B35 | 025 | OIR| 6.I8 {018 I8
FreqiGHzi | 5.2 | 52 | 52 | 32 ] 5% H
 NFiB) 245 | 21 | 2| 13 {23 3
Fhweriicy] L2 0 I A O FF 0 B ] g
By 7 W S VI O T I T . 11
L)) WA TRA T I | NI Ti03 I3
TRy | WA | WA | &3 | 08 | WA TR
SopplH Vs 1 33 | WA |18 | 18 ] 1 BN
Powermw] | 36| WA | 0% | 62 | 22 3

achieves the lowest voltage supply and power consuniption,

V. CONCLUSIONS

In this paper, a CMOS low noise amplifier using cascode con-
figurations 15 proposed. Spectre simulation wusing 0. [Bum
CMOS fechmology shows a low noise figure of 1.6 dB, high
power gain {8y} of 20 dB and low power consumption of 3
mW from 0.83 V power supply.
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A Very Low Voltage Design for Different CMOS Low-Noise Ampli-
fier Topologies at SGHz
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Abstract-
amplificr (ENAJ topologies at § GHz has been designed, aid ont
and simulated wsing Spectre <hmulater in a standard TEMC
0.1 8um CMOS techuology. The proposed LENA topelogy achieves
Better performance than conventional le topology and are
confirmed by simulation results, The LNA provides o high gain of
28 B, a neise figure of 1.4 dB, power dissipation of L9 mW from a
165 ¥ power supply. To the best of author’s knowledge this is the
Towest voltage supply CMOS ENA design reported to date,

A very low-voltage desige for two different low nolse

E INTRODUCTION

Wireless communication is developing rapidly into one of the
most important factors for the next-generation in information
technology, Demanding for low power, small size and low cost,
CMOS radio freguency integrated circuits (RFICs) design
hecomes main stremn i modern portable wireless communes-
tions. Commonly a low noise amplifier (LNAY 5 a key compo-
nent in RF front-end receiver which poses a challenge in terms
of meeting high gain, low noise figure, good linearity and low
power consumption requitement. Several LNAs work at 3CGHz
have been reported [13-5] but little research has been done for
low voltage application. Decreasing the supply voltage is ong of
the effictent way to cut powser dissipation. The voltage of the
dry cell s 0.9 V and a single solar cell 1s about 0.3 V. The
design of ENA capable of working within such vlira low voli-
age {18V ~ 1.3V} would be very atractive for portable wireless
market,

While the continued scaling of silieon technology goes a long
way towands reducing the size and power dissipation of the
components, schieving the required very low power dissipation
level requires innovanions from the system architecture down 1o
the cirowt fevel. As such, this paper introduces a very low volt-
age LNA design using cascode topology and the proposed
topology for the opemtion at SGHz  The low voltage design
for cascode and proposed LNAs 1s analyzed in Section 11, Lay-
out issues are discussed in Section UL Spectre simulation
results wnd 9 comparisen with other reported LNAs e pre-
sented in Section IV,

K. Raut
Department of Electrivad and Computer Enginesning
Concordia University
Montreal QC H3G IMB
Canada
rabinr@ece. concordia.ca

IL LOW VOLTAGE LNA TOPOLOGY

the most widely used topology for LNA design is cascode
topology, which requires & high supply voltage (=1 V), since it
erploys two transistors stacked between the supply mils. Wath
the ultra low voltage supply (0.9 V ~0.5 V), the number of suit-
able LNA topelogies is very Hmited.

A, Threshold Voltage Control

The bottle-neck for the fow voltage design is the Emitation of
threshold woltages because It 18 oot amticipated to decrease
much below what is available today [6]. A solution to the
threshold voltage problem comes from the well-know relation-
ship ns given

Vo = Vo Y Vﬂ"z’&;ﬁ“ﬁ;}'{_«ﬁf{%) (1)

where Vigg i the value of Vg with Vg = O, 1 Is the bulk
threshold parameter and & 15 the strong inversion surface poten-
nal of the MOSFET. For a-chamnel f{eansistor, by blastng bulk-
sowrce voltage Vpg > 0V, the threshold voltage can be
decreased. To reduce the threshold voltage a5 much as possible,
we want the bulk bias Vg as high as possible. This will how-
ever, forward buss the bulk-source diode or the base-emitter
dinde of the assockated parasitic bipolar tmasistor (BIT) as
shown in Figure 1, thereby turning on this BIT and an undes-

o Voo

B
GH

fed
< ;
5 Vg

Figune 1. NMOS transistor with pavasitc BJT

wed bulk current mereases significandy. Thus, to keep the bulk
current low, the parasitic RIT should be off 1e., bulk-source
voltage  should be smaller than 0.7V
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B. Input Matching

Most R¥ instruments and coaxial sables have standardized
impeddances of 50 £2, thus the input stage of the LNA 18 required
to match o 50 L3 o have no power reflection. Without adding
thermal nowse mtrodunced by real resistor, the common-souree
mnput transistor with inductive source degeneration is often
employed and shown in Figure 2. Neglecting the gate drain

LH RS
Ot [ M,
L,
R,

Figure 2. Inductively soutee degendrated coryman sounve ingat stage

capacitances, the input impedance is:’

Epe,
I P ST SR S (23
w LT X R a4 -
gJ gh ”

where gy, and Cgg are the transconduetance and the gateto-
source capacitance of the input device M, respectively, Ly and
L, are the gate and source inductors and Ry is the effective gate
resistance of My given by '?4 = Rﬁ,fiagizi) where Ry is the
sheet resistance of the gate polysilicon, W and L are the gate
width and length of the transistor M, respectively and n is the
number of fingers [7].

At the resonant operating frequency {wg), the input matching
area requires that:

Zyg = My dy 3
The Cg, saurce degeneration inductance Ly is chosen  together

with W, to provide the desired input sesistance Rs {300}, the
real term can be made equal to 50 02 withowt the existence of a
real noisy resistor. Then, the input impedance of the LNA 1
matched to source resistance R, when the above condition is

mict.

C. Cascode Topology

The cascode topoelogy with inductive source degeneration s a
popular configuration for LNA design, but it has problem woerk-
ing for very low voltage supply applications because the power
supply must satisfy the following requirement

ppt|Fss| 2 ik 4
where Vpp, and Vgg are the positive and negative power supply,
respectively and Vg, 15 the threshold voltages of the each of the
NMOS fransistor. The simplified low voltage design sehematic
of cascode topology is shown in Figure 3. The minimum sup-
ply vollage can be reached to 0.85 V. but bulk-source vollage

Figure 3, Simplified sehematic of cascode topelagy

must kept smaldler than 0.7 V to avoid the undesired bulk current
ncrease significantly.

D. Proposed Common-source Common-gate Topology

To remove the factor of 2 in equation {4}, cascode topology
is replaced by single transistor configuration. Therefore, two
single transistor cascaded stages with inductive source degener-
ation are designed for the LNA, The simphfied schematic of
proposed cascaded commen-source common-gate topology is
shown in Figure 4, which offers a lower power supply than that

SOUICE ik

Figurs 4. Simplified
topology

of cascode LNA while the gain can be maintained. In the first
stage, the size of common-sowrce transistor My, off-chip fnduc-

dratn are properly chosen io fune the LNA to the destred band
and match real part of input impedanee to S0£ source imped-
ance. In addition, Ly at the source is used to achieve optimum
input matching and notse figure. The LC tank {Ly Cgjof My is
set to achieve a resonanee frequency at 3GHz and provide a DO
bias current path and a high impedance branch to force the RF
signal o flow into the source of the common-gate transistor M,
through a big DC coupling vcapacitance {Cp = 5 pFlL Ly are
connected to the spuree o improve the nowse figure and stabil-
ity However, the 55, gets worse when Ly increases. This effect
limits the amount of inductanes (L = 2 aH) Source-follower
buffer M3 is employed for messurement porposes to drive an
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external 3062 foad. The LNA output maiching uses on-chip
resistor Ryy, Rez and metsbto-metal capacitor Cyr. Transistor
My, with 20KL resistor Ry, for ac hlocking forms the biasing cir-
cuitry. & bulk~source voltage Vg is emploved to forward-bias
the well-source punction of transistors My and M, The thresh-
old voltage of the transistors decreased from .54V to around
0.4V and the undesired bulk current remains below 106uA for
bulk-scurce voltages as high as 0.65V.

HL LAYOUT ISSUES

The integrated inductor exhibiis the capunitive and resistive
parasitics, For simulation purpose a simplified model as shown
in Figure 5, was used: R is total parasitic series resistance, Ry is

%

(O]

b

Figure 5. Inductor modst: {a} simplified modil b1 bellow patternad ground-
dueld indoctor,
parasitic resistance to substrate, C 15 the total parasitic capaci-
tance to substrate and L is the inductance. Their values are
given by ASTTIC ealeulation tool provided by UC, Berkeley.

A G 18um TSMCO analog/RF CMOS process was used for
implementation of the design. A deep Nowell process, depicted
i Figure 6, is employed to provide sepuarute substrate connec-

Bath SoULE b Lwam @it

Figure . A cvoss section of 4 deep Newell

tions and offering increased isolatton from substrate noise for
NMOS tranststors. In addition, the bulk voltage can be forward-
biased to reduce the threshold volitage of the NMOS tansisiors.

Several lavout issues have been tken care of. First,
grounded-shield planed iz laid under the inductor to mininnze
the magnetic coupling to the substiate. Second, hollow inductor
s used to reduce parasitic capacitance and resistance, Third,
gronsnded gwand rings with substrate connections surcound each
capacitor, transistor and three inductors. Moreover, each transis-
tor has an extra Nwell guand ring with V5 connection sur-
rounding the grounded guard ring. Forth, a quiet Nwell under

the inapul and vutput signal pads were placed 10 solate the RF
stgnals from the substrate,

IV, SIMULATION RESUILTS
The proposed cirewit was simulated using Spectre simulator
in 8.18um CMOS process with RF MOSFET model BSIMS3,
For comparison purpose, the transistor sizes are the same for
both circuits, nput and oviput matching are optimized and
power supply of .85V and 0.63V are fed o the cascode and
proposed LNAs respectively. Figure 7 depicts a power gain of
S-Parameler Response [t
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Figure 7. Power ain comparison of easeode and proposed LNAs

S-Porometer Response il
w ProposediNA_NF 4812

13.g 7 CostodelNANE o818
o,
23 :\
: \\ /
-~ oY
o 792 5\\ hY Proposad LA 7 /
- ¢ \k\ Cascode LMA
438
14 i
100 L. . ;
380 4,806 f}(’G ﬁfé 7
fraq { He }

Figore & MNuwse figure comparison of casende and proposed ENAs

G-Frepmpter Rawponasn .4

- r«mwsml,%s 1 GBRY
»y Comesdeihd, 531 4809

S Cascods LMA
BB e TN e
i '\«“ ) P
A /
g -ao0 i {, /
583 “L ;  ProposedLNA
28 “‘.;
~153 V’ N
38 2 550 33 795
g { m2 Y

Figure 3. §py comparison of casende and proposed LNAs

20dB at 3GHz for proposed LNA, which 1s 2dB higher than the
cascode ENA. This should thank to the source degeneration
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inductance Ly, which also oifers a 0.2d8 fess norse hgure than
the caseode LNA as shown in Figure 8.

Figore 12, Lavout of the propesed LNA

The tnput and cutput reflections {8y, 855} are illustrated in
Figure ¥ ad Figure 10 respectively, The $,, shows a good out-
put match with the output buffer for both LNAs which achieves
helow -20dB. With the same input stage configuration for both
cireuits, the 8y are similar and less than - 1HdB. A twvo-tone sig-

nad of 5GHz with 20KHz diference has been applied to the
ENA input port. The HP3 simulation result of the INA 15 shown
in Figure 11 A two-tone signal which are chosen close o each
other has been applied to the input pert. The input-referred
third-srder intercept points (HP3) is -294Bum.

The layout of the LKA 1s shown i Figure 12, The chip arza s
Imm x tmm. This work 15 placed alongside with other recent
reported SGHz LNA in Table 1. It shows that the proposed LNA

TABLEL
COMPARISONS OF RECENT REPORTED LNAs
Reference | [1] 1 121 § 31 | 141 | IS} |Cascode | Proposed

Techima) | 043 | 623 | 018 | DIR | OIS D% [IXES
Freq{GHz) | 82 | 3.2 | 82 | 3.2 | 5% 3 3

NFdB] T35 ] 21 | 208 | 1F |35 | 16 T3
ENEE] 3§ 17 {155 | 168 | 13 18 Z0
[S)1{d8) WA | -0 ] Q1 | <13 |33 -it B
BNt NATRA ] 0 [ NA [-le3| 35 e
TP idBa) | NA T RAT 33T 06 |NAT 3% R
Sapply(v) | a3 | WA 18 | I8 | 7 | 4is U535
(Powarmw) | 26 1 WA ] a7y sy 33 ER7

achieves the lowest violiage supply and power consumption.

V. CONCLUSIONS

{n this paper, Two different CMOS ENA designs for low volt-
age supply operating at 3GHz is presended. A LNA using com-
mon-sourcs  common-gate topology working with .68 V
supply is proposed. Spectre simulation using 6.18um CMOS
technology shows o low soise figure of 1.4 dB, high power gain
{851} of 20 dB and low power consumption of 1.9 mW from

(.65 V power supply.
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A 0.8V, 2.4GHz, 1.2 dB Noise Figure CMOS Amplifier for
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Absirict-A 0.8 V, .4 GHz low noise mnplifier {LNA} has been
designed sud simulated uwsing Spectre simulater in a standard
TSEAC 8.18umr CMOS technology. With low power and anise opti-
mization fechniques, the amplifier provides a gain of 195 4B, a
noise figare of only 1.2 4B, power dissipation of 5.6 mW from a 4.8
¥ power supply.

L INTRODUCTION

Wireless connunications receivers demand low power con-
sumphion for portability and long battery kfe. while at the same
fime requires low gosse figure, optimum gain, and high linear-
ify. one very important area in thiz context 15 personal wireless
communication devices. Bluetooth s one of fechnology to
require such condition, short range, 2.4GHz wireless standard
for connecting various conunuaicatons devices such as mobile
phone wireless headsets, and deskiop and note book computer.
The primary constraint on biuetooth application is power con-
sumphon, decreasing power copsumphion of RFIC circut 1s one
of the key design sssues. Lowenng the supply voltage (Vppl is
the most effective way to decrease the power consumption. The
primary role of the LNA 15 to lower the overall noise figure of
the entire RF front-end, noise optimization ts considéred as one
of the most critical steps i the LNA design procedwre. The
LNA determmes the overall system’s noise performance
becguse it ts the first block after the antennal].

Casecods topology 1 one of the most popular topologies
used for CMOS LNA design, which provides ugh gain and low
noise figure at the desired frequency. In this paper, we present
the bulk bias technique fo reduce threshold woltage so as to
lower down voltage supply to 0.8V and ultumately decrease the
power consumnption The comsideration for noise optumzation,
design approach and the proposed LNA 15 suitable for 6.8v are
sHustrated m section IL Spectre stmmlation results and compari-
son with other reported LNAs are presented in section IT1. Sec-
tion IV conchudes the paper.

II DESIGN APPROACH FOR LNA

R. Ramt
Dlepartment of Electrical and Compnter Engineering
Concordia Unsversity
Montreal, Canada
H3G 1M8
e-mal rabineBece concosdia.ca

To acheeve lower notse and higher gain, the casecode with the
mductor degeneration topology 1s employed and shown in Fig-
wre i
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Fimuge ;. Inducovely Degenerated Commion Scrce Anplifier

11 AT Input Matching
Neglecting the gate drain capacitances, the mput smpedance
of the LNA shown i Figorel 15

gml( 1 ¢
Zo= s 8L+l 1+ R 1}

& L8 3 g -
" Vg & &

where g, and C,; are the transconductance znd the gate-to-
source capacitance of the mput device My respectrvely. Ly and
1, are the gate and source mductors and R, 15 the effective gate

A
resistance of My given by & = Rg-"('-‘;l} where Rg 15 the
sheet fesistance of the gate polysilioon W and L are the gate
width and length of the transistor My respectively and n 15 the
number of fingers [2].
At the resonant operating frequency{wy}, the input matching
requires that:
% @
Z., = i ®,L,
j:£3
The C,; sousce degeneration mnductance L, 15 chosen  together
with 6, to provide the desired mput ressstance Rs, the real
term can be made equal 1o 30 ohm without the exsstence of a
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real noisy resistor. Then, the input impedance of the LNA 1s
matched to source resistance R; when the zbove condition
met. As fechnology mmproves, ©, increases this leads to a
reduction in inducror L, size . making the system more switable
for on-clip mtegration. The value of L, s about InH and st

1s tmplemented on clup.

I B: Minmum Notse Figure Design
An ENA deternmnes the performance of the commmmaication
systems. It needs higher lineanity and suffictent gain to over-
come the next stage neise but not to overload. A system nose

factor 15 defined as:
F ¥ -1 ) F. 5 1

P = 1t 5 g 3
where Ty (0=1,23...) is the noise factor of zach stage
Gy(n=1,2.3,. s the gain of each stage. In our circmmstances,
Fy is the noise factor of the LNA and Gy is the gam of the LNA
which mmples that higher gam and lower notse of LNA wall
tower the total nose of the system. Noise figure represents how
much the given system degrades the signal-to-nose ratio, which

is defined as:

TotalOntputNoiseFower
NF = -
F = 10lg CuipuiNoisePowerSourdustoImpedance

)

Therefore, the sumimum noise figure can be achieved accord-
ing to 3%
cw L X
t ’“—/‘ﬁ'ﬁé(i -1ei%)
t

F .=

wmin

53
If 5 were zero, the muumum nose fgure would be 8dB.

C Bulk Sowrce Biasmg

To make the Cascode LNA works 2t 0.8V, the well-source pinc-
tion of the NMOS transistors are forward biased as shown in
Fig. 2 which causing the threshold voltage to decrease. The
threshold voltage with body effect 15 based on the following
eXPIESSION.

¥ - | oo

: = I = i3 - - 5
7= VoL Vs 20,1 ©®

which, Vo 5 the ntrinsic threshold voltage, ¥ 15 the body

effect coeﬁiﬂent,¢_f the surface mversion potential of sticon
and Vgq ts the bulk-source voltage. By applying a voltage on
Vgg. we can control the threshold voltage Vy and thus the
polarization of the transistor. Once the threshold iz rednced, the
value of Vs for the same current is less. In dus INA design
The Vy decreased from 0.5 V 1o less than 04 V when 0.5V
supplied to bulk and the value of current through bulk is 40 uA

although this current 1 undesirable The bulk current remains
below 40 vA for bulk-source voltages as high as 0.5 V.

Figure 2. Cross-Section of a forward-bissed NHIOS ransistor

I Simuistion Results

The complete schematic circust 15 shown in Figure 3. The first

=
=
£ 2 FEE
—.E 2”
= J
e L
«&é _
= e ‘F ez
LIV s il 6
w Ll L
)
™ E “’%
é_,-
Figure 3. Conwplete shoematec of proposed sere, eommon-gate

IRCEY
stage 15 a cascode amplifier formed of M; and M Liand L, are
for input matching. My is configured as the buffer stage for
LNA output matching. cufput stage. conunon-gate device. My
sets the de bias for My. €y is used as & DC blocking rapacitor.
in our case, if is designed 1o be 10 pF. Inductors which are
smaller than 5 nH are placed on clup otherwise, they are off-
chip.
The proposed circust was sumulated using Spectre sunulator
i 0.18um CMOS process. After noise optimzation a low notse
figure of 1.2 dB at 2.4 GHz 1s actueved and shown in Figure 6.
The S-parameters of the LNA illustrated m Figures 4.5.7.8
show a forward power gamn {S21) of 195 dB at 24 GHz. A
good mpnt maich of -16.8dB 1in Figure 7. A sood output match
with the output buffer which achieves -15dB in Figure 4. The
$12 shows a low reverse transmission -39dB as shown m Figure
3. The IIP3 simulatton result of the INA is shown in Figure 9 A
two-tone signal which are chosen close to each other has been
applied to the mput pert. The mput-referred third osder ater-
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cept pomts {ITP3) 15 -27 4dBm. The layout of the LNA 15 shown
m Figure 10 |, The clup area 15 9. 74mm x 0.940mm.

Table }: Comparisen of Varicus Recent Reported LNAs

Beference | [7 &5 & 4] 131 | This Wk
FregiGHD | 24 | 24 24 14 24 24
NF(dB)y | 18 | 24 16 |40 2 12
S,idB) |15 | 12 25 2 19 125
Prsnn | - - 3 2 - 274
Supply (V) 3 3 13 i3 - 13
Powertuow} | - 2 16 43 4£8 35
Techfums | - 93 013 | 618 83 .18

Figure 1. Layout of the proposed INA

optimization technigues the proposed LNA achieves a much
lower noise figure than other LNAs.

¥, CONCLUSIONS

In this paper, a new CMOS low notse amplifier using cascode
topology with bulk biasing. The proposed topology is suitable
for low power supply apphication and works well at 6.8 V volt-
age supply. Spectre sumulation usmng TSMC 0.18um CMOS
tecknology shows a fow noise figure of 1.2 dB, ugh power gam
{821} of 19.5 dB and low power consumption of 5.6 mW from
0.8 V power supply Table 1. shows a companson of the present
work with simular work reported in the Isteratare The present
work clearly exceeds the other work 1n ferms of low voltage,
iow power, and low notse figure operation.
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A 0.65V, 2.4GHZ CMOS LOW-NOISE AMPLIFIERS DESIGN
WITH NOISE OPTIMIZATION
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Abstrict-4 063 ¥, 24 GHz fow noise smplifier {LNAY has been

d and simolated using Spectre simolator in a stundued
THEMC 0.1 8am CMOS technology, With low power and neise apti-
mization techniques, the amplifier provides » gain of 27 4B, 2. noise
figure of only L1 dB, power dissipation of 4.6 mW from a .68 ¥
power supply.

£ INTRODUCTION

The tremendous growth in the portable wiraless applicstion is
pushing for cost-effective and Tow-power solutions. Among this
bigger and higger market, one of the most attracting flelds lies
in personal wireless communication development, Bluetooth is
one of technology 1o meet such condition, short range, 24GHz
wireless  stardard  for connegting  vardous  communicativns
devices such a5 mobile phone wireless beadsets, deskiop and
nete book computer. The primary constraint on bluetooth appli-
cation is power consumption, decreasing power consumpticn of
RFIC circnit & one of the key design issues. Lowering the sup-
ply vollage (Vpp) is the most effective way to decrease the
power consumption. CMOUS radio frequency integrated circuits
{RFICs} design becomes main stream in modern portable wire-
fess communications. Commonly a low toise amplifier (LNA)
isa componei in RF front-end receiver which poses a chal-
fenge i terms of meeting high gain, low noise figure and lineae-
ity requirement at sub 1 volt power supply (sach as 485 V). The
primary rede of the LNA s to lower the overall noise figare of
the entire RF front-end, nolse optimization Is considered as one
of the most crilical steps in the LNA design procedure,

The design of LNA ix full of trade-offs bebveen optimum
gain, lowaest noise figure, high HBecaddty and low power con-
sumption, Casecede topology is one of the most popular topol-
agy used for CMOS LNA design, which provides high gain,
fow poise, but it is not switable for low power supply. As such,
this paper dise s the design implementation for a low voli-
age supply (0.65V), The consideration for aoise optimization of
ENA s illustrated in Section L The design approach of pro-
posed LNA is presemed in Section HI Spectre simulation
results and a vomparison with other reported LNAs are shown
in Section 1V, Section V concludes the paper.

R. Raut
Conenrdia University
Maontreal, Canada
HAG IM8
e-malh rablnr@ece concordiaca

1L NOISE FIGURE AND OPTIMEZATION

CMOS LNA design provides bigh level of integration at low
cost but it is a big challenge to achieve low npise performance
because of the noisy nature of MOS device. The dominant noise
sonee 30 MOS devices is channel noise:{2]

G = 4T h
Where gg. i the zero-bias drain conductance of the device. ¥ is
a bias dependent factor which, for long channel device satisfies
2
2
three, depending vn bias condition. Another source of noise in
MOS devices is the noise generated by the distibuted gate
resistancs, This nodse can be modeled by a series resistance in
the gate circuit and an accompanying with noise generator,
which results in:

Zy<t but for showt chnnel devices can be ax large a5 two or

Tyg = HTbr o 2

where & is the coefficient of gate noise, normally equal 1o 473
for Yong chamnel devices and fy % the gate resistunce. The gate
resistance can be minimized through interdigitation without the
need of increased power dissipation, thus it is rendered insignif-
weant {11 If the sizes of the MOS mansistors we carefully
choose. the optimum W, which is simply a ratio of g, Aoy can
be obtained. Therefore, the minimum noise figure can be
achieved according 10 [2):

If 8§ were zero, the minimum noise figure woukd be OdB[35]

Teo achieve lower polse and higher gain, the common source
wiih the inductor degeneration topnlogy s employed and shown
in Figure 1.

Negleoting the pate drain capacilances, the input impedance
of the LNA shown in Figurel is:

; L 5 Fd 4
Z = + = +5L _+L y+R {4}
n T [l 5

@ ‘e £ e
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Figure 1. Inductively degensrated common Scarce Amplifier
where g, and U are the transconductance and the gate-to-
source capacitance of the input device M respectively. Lg and
L, are the gate amd source inductors and Rg ix the effective gate

resistance of Mg given by Rg = -} where Rg is the
sheet resistance of the gate polysilicon,W and L are the gate
width and length of the transistor Mg, respectively and n is the
number of fingers {11,

At the resonant operating frequencyiwy), the input matching
area requires that:

=R =wl
Zm R

3
The C, source degeneratiom inductance L is chosen  together
with W
can be made eoqual to 50 chm withou! the existence of a resd
noisy resistor. Then, the input impedance of the LNA is
matched o source tesistance Ry when the above condition is

)t provide the desired inpuot resistance Rs, the real term

met.
HI, LNA DESIGN APPROACH

For LNA design, inductive source degeneration 1§ vsed to
achieve good input matching without adding thermal noise
introdoced by real resistor. The cascode topology is a popular
comfiguration for LNA design but it is not suitable for low volt-
age supply applications.

The propused wpology & shown 1o Figare 2, which works
for sub 1 wolt, in our case it is Q65Y, Inductive source degener-
ating s alse wsed to achieve good input malching and reduce
nedse figure. The fest stage is inductively degencrated common-
source amplifier formed by transistor Mg, Followed by u com-
mon-gate configurated teansistor My, The value of 1C tank of
My is carefully chosen 1 achieve a resonance fregquency of
1GHz and & regquired 10 have a much higher impedance than
that of the input impedance looked at the souree of My, It pre-
vides a DC bias current path and a high impedance beanch to

>4 H‘ﬁd : ““Cn
AT LT
————WPrron
.
=z ¢ il
i .___mlﬁwg ’
:f
N |

Figure 2. Common sotiree comeon gate Wpology

force the KF signal to flow info the source of M, through a big
DC coupling capacitance € |
The input impedance of the LC tank (L, Cy) is
m"zi f (x‘i:f. ;

.
7, - &b

6)
Ry

2oz Ryb——=
d d Rd
Then,

]

Emi* 3
R4

where Ry and Qy  are the resistance and the quality factor assn-
ciated with the inductor Ly
The input impedance at the source of the common gate ransis-
tor My is:

i i
P T *Embt Em2
where gy, 15 the bulk transconductance.

(8}

A forward bias on this junction will cavse the threshold vol-
age to deerease The hody effect feedback is based on the fol-
fowing expression.

o 54 g
r S Vg 20

{9

with, Vi the intringic threshold voltage, ¥ the budy effect coef-
ticient, ‘E’f the surface inversion potential of silicon and Vgg
the bulk-source voltage In onder to design LNA works a1 0.63V
By applying a voltage on Vg we can contro] the threshold
veliage Vy and thus the polarization of the transistor.

IV, Simulation Results

The complete circuit is shown in Figure 3. The LNA first
stage My is inductively degenerated representing the common-
sowee ampdifier followed by My configured as common-gate

device. My, sets the do bias for My, M, is configured as the

buffer stage for LNA output matching. Cy between Mg and My
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LNA
ig acting a5 a DC coupling copacitance to blwk DC and pro-
vides ac path to let RF signal flow into the source of common-
sate fransistor My, In our case, it is designed to be 10 pF Induc-
tors which are smaller than 5 nH are placed on chip otherwise,
thiey are off-chip. As shown in Figure 3 only the framed compo-
nients are on-chip.

The proposed cireuil was simudated ysing Spectre simulator

i E)Jgum CMOS provess . After noise optimization a low noise
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Figure 4. Noise figure of pmposed LN

figure of 1.1 dB ot 2.4 GHz is achieved and shown in figure 4.
The S-parameters of the LNA wre illustrated in Figure 5,6,
aid 7, Figure 6 shows a forward gain (S21) of 27 dB at 2.4GHz.
The mput matching 511 is -12dB. The 822 shows a good sutpul
match with the oulpint buffer which achieves -30.7dB.this maxi-
mizes the power ransfer from the LNA 1o the 50 ohms input
impedance of the next stage. The HP3 simulation result of the
LNA s shown in Figure 8. A two-tone signal which are chosen
close to each other has been applied to the mput port. The put-
referred third-crder intercept points (11P3) is -300dBm.
The layout of the LNA is shown in Figure 8. The chip area is
Imm x Iomn. This work is placed alongside with other recent
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Figure 8. Thp3 simulation of the proposed LNA

Fioure B Layout of the proposed LNA

reported LNA in Table 1. ke shows that with the nodse optimiza-

Eable I Comparissn sf Various Recenl Repsried LNAs

Reference FCO RN I L B G | 31 | This Woek
Froq.i Hey 24 |24 24 | 24 | 24 2.4
KF(iB) 1R [24 | 16 | 40 2 it
RagidBy 15 i@ ) 25 2 12 27
HPseBm - - -8 2 B 30
Sepply Voitage K 3 1.5 1.3 - 9463
FPowenmvy - 9 16 142 4058 4.6
Techinm - G5 |98 |88 i3 018

tiom technigues the proposed LNA achieves a much fower noise
frgure than other LNAs,

V. CONCLUSIONS

In this paper, # new CMOS low noise amplifier wsing com-
mpp-source inductive source degeneration follewed by com-
mon-gate configurations i proposed. The proposed topology is
suitable for low power supply application and works good at
.63 V voltage supply. Spectre simulation using TSMC ¢ 18pum
CMOS echnology shows a low noise Dgure of 1.1 dB, bigh
power gain (S213 of 27 dB and low power constniption of 4.6
mW from D65V power supply.
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COMPARISON OF DIFFERENT CMOS LOW-NOISE AMPLIFI-
ERS TOPOLOGIES FOR BLUETOOTH APPLICATIONS
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Abstract-A 0.65 ¥, 2.4 GHz low noise smplifier {LNA) has been
designed and simulated using Spectre simalator in a standard
TSMC §.180m CMOS technelogy. With low power and ooise apti-
mization technigues, the amplifier provides a gain of 27 dB, a goise
figure of only 1.1 dB, power dissipation of 4.6 mW from 2 0.65 V
power supply. The proposed LNA achieves superior performance
over conventienal cascode tepology and are confirimed by simula-
tion resules.

I INTRODUCTION

The tremendous growth in the portable wireless application ts
pushmg for cost-effective and fow-power solutions. Among this
gger and bigger market, one of the most attracting fields lies
in personal wireless commmmication development. Bluetooth 15
one of technology to meet such condition, short range, 2.4GHz
wireless standard for connecting vanous communications
devices such as mobile phone wireless headsets, and desktop
and note book computer. The primary constraint on bluetooth
application is power consumption, decreasing power consump-
non of RFIC circust is one of the key design 1ssues Lowermg
the supply voltage (Wpp) 15 the most effective way to decrease
the power consumption. CMOS radio frequency integrated cir-
cwts {RFICs} design becomes main stream i modern portable
wireless commmmnications. Commonly a low noise amplifier
fINA) 15 2 key component in RF front-end recesver which poses
a challenge in terms of meeting high gain, low notse Sgwre and
lineanity requirement at sub 1 volt power supply {such as 0.65
V3. The pnmary rele of the LNA is o lower the overall noise
figure of the entire RY front-end. noise optimization s consid-
ered as one of the most cntical steps i the INA design proce-
dure.

The LNA determnes the overall system’s noise perfor-
mance because it 15 the first block after the antenna{1] The
design of LNA s full of rade-offs between optimun zain, low-
est nowse figure, ugh lmeanty and low power consumption.
Casecode topology 13 one of the most popular topology used for
CMOS LNA design, which provides hugh gam, low notse, but it
15 not sutable for low power supply. As such, this paper dis-
cusses the design implementation for a low voltage supply
{0.65V). This paper presents an LNA structure suitable for ultra
low voltage and compared to widely used conventional cascode

R. Raut
Depariment of Electrical and Comprter Engineenmg
Concordia Umversity
Montreal, Canada
H3G 1M8
e-mail: rabine@ece.concerdia.ca

topology. The constderation for noise optumzation of INA s
sHnstrated 1n Section I1. The design approach of proposed com-
mon-source (€S} and common-gate{CG) cascade ILNA with
bulk-biased techntque 1s presented in Section 1. Specire simu-
iation results and 2 companson with cascode and other reported
I NAs are shown 1 Section IV. Section V conchudes the paper.

1I. NOISE FIGURE AND OPTIMIZATION

CMOS LXNA design provides high level of mtegration at low
cost but i 15 a big challenge to achieve low noize performance
because of the notsy nature of MOS device. The domumant noise
source in MOS devices 15 channel noise:{2]

g = HTvag 6
Where g4, 18 the zero-bias dramn conductance of the device. v 15
a bias dependent factor which, for long chaanel device satisfies

2 .
3 <-y% 1, but for short channel devices can be as large as two or

three, depending on bias condition Another source of notse m
MOS devices 15 the noise generated by the distributed gate
resistance. This notse can be modeled by a series reststance
the gate circust and an accompanying with noise generator,
which results

X - N
Yog = 47 ﬁrgﬁ\f )

where 8 1s the coeffictent of gate nowse, normally equal to 443
for long channel devices and 1, 15 the gate resistance. The gate
resistance can be pummized Zh;cugh interdigitation without the
need of increased power dissipation, thus 1t 1s rendered insypnif-
scant [2]. If the sizes of the MOS transistors are carefudly cho-
sen, the optinmm Wy which ts somply 3 ratio of g, /Cg; can be
obtamed. Therefore, the minwmum nowe fgure can be aclueved
according to [3}

Fp =1 +:—,f¢ﬁ€d -1 £

If & were zero, the mimimum nosse figure would be 0dB[4]

To achieve lower noise and higher gain, the casecode with the
wductor generation topology is employed and shown in Figure
1.
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Figure 1. Schemutic of 0 cascode topelogy with indnetively degenerated .

Neglecting the gate drain capacitances, the input rmpedance
of the LNA shown in Figurel 1s:
Bl 1 susryex (5)
T, = et SL ALy TEY
Mo TS s Y

where g and Cg, are the transcenductance and the gate-to-
source capatimge of the input device Mg respectively. L, and
L, ase the gate and source inductors and R 15 the effective gate
resistance of 3y geven by R, = Rgf’('-*ﬂzll) where Ry 15 the
sheet reswstance of the gate polvsilicon, W and L are the gate
width and leagth of the transistor My respectively and n 1s the
number of fingers {2}

At the resonant operating frequency(wg), the mput matching
area reguires that:

I, =R =wl 5}

The C,; source degeneration inductance Ly is chosen  together
with ’E{l} to provide the deswed mput resistance Rs, the real term
can be made equal to 30 ohm without the existence of a real
noisy resistor. Then, the mput impedance of the LNA 5
matched to source resistance R when the sbove condition 5
met.

I LNA DESIGN APPROACH

For INA desipn. inductive source degeneration 1s used fo
achieve good input matching withowt adding thermal nowe
introduced by real resistor. The cascode topelogy 1s 2 popular
configuration for LNA design but proposed topology offers a
power supply less than that of cascode INA .

The proposed topelogy 1s shown in Figure 2, which works
for sub 1 volt low power supply applications, in our case it 5
0.65V. Inductive source degeneration is also used to achieve
good input marching and reduce noise figure. The first stage i3
inductively degenerated common-source amplifier formed by
transistor M. Followed by 2 common-gate configurated transis-

T
L s e
wi | Wi
P Reenst
o1
35 .{E
BFi ’—é""‘z-)h.‘,.,{{% i)
t 3
§ #

Figure 2. Conunen Source Conanen Gate Topelogy

tor My, The value of LC fank of My & carefully chosen to

achieve a rescnance frequency of 2.4GHz and 15 required to

have a much higher imypedance than that of the input impedance

looked at the source of M. It provides 3 DC bias current path

and 2 high unpedance brasch to force the RF signal to flow into

the source of M through 3 big DC coupling capacitance C,
The input impedance of the TC tank {1y Cglts

w Ly W
- I d _ b3 .
zd—Rd+~R——-»« % = R,0% {6)
d o
Then,
H
Epi® —— 7

@ %
R Oa
where Rgand Qg are the resistance and the quality factor asso-
ciated wath the mductor Ly
The input unpedance at the source of the commoen gate fransis-
tor My 15
1 1 .
g-—21 1 8
G TEmpy Ep2 ’
where g5, 15 the bulk transconductance.

To make the cascode LNA works at 065V, the well-Source
junction of the NMOS transistors are forward biased as shown
m Fig. 2 wich causes the thresheld voltage to decrease. The
body effect feadback 1s based on the following expression.

Fr = Tro* N8 ~gg- Byl @
which Vi the nirinsic threshold voltage, ¥ the body effect
voefficrent, ‘3'f the surface inversion potential of silicon and

Fgs the bulk-source voltage. By applying a voltage on  Fgg
we can condrol the shreshold voltage V and thus the polanza-

ton of the transistor. Bulk-source operation 15 rmportant
because the threshold is reduced, the value of Vs for the same
current 15 less.
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Figure 3. Cross-Section of a forsard-biased NMOS transistor

IV Siomiation Results

The complete circwt 1s shown in Figure 4. The LNA first
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Figrre 3. Complete sheematic of proposed o
INA

S0UT3, O zate

stage My 15 mnductively degenerated representing the common-
source amplifier followed by M; configured as common-gate
device. My, sets the de bias for My M 15 configured as the
buffer stage for LNA output matching. C; between Mg and My
is acting as a DC coupling capacitance to block DC and pro-
vides ac path to let RF signal flow info the sonrce of conunon-
gate transistor M. Inductors which are smaller than 5 nf are
placed on chip otherwise, they are off-chip. As shown n Figure
4 only the framed components are on-clup.

The proposed circurt was simulated using Spectre smmlator
in 0.18um CMOS process. After noise optinnzation a low noise
figure of 1.1 4B at 2.4 GHz 15 achieved and shown in Figure §.

The S-parameters of the LNA are illustrated i Figure 5-8
Figare 5 shows a forward power gamn {821) of 27 dB at 24
GHz. The 511 shows 2 good soput match at -11dB.The 822
shows 2 good output match with the owput buffer which
achieves -32dB. The 1IP3 sunulation result of the LMA is shown
m Figure 9. A two-tone signal which are chosen close to each
other has been applied to the mpwt port. The mput-referred
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Figure 5. Power gain of proposed LNA vs Cascode INA
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Figure 7. 5! of proposed LNA vs Cascode INA

third-order mtercept pomts {11P3) s -30dBm. The final compar-
ison of two topologies 1s shown in table 1.

The lavout of the INA 1s shown in Figure §. The clup area is
0.9mm x 9.9%9mm. This work 15 placed alongside with other
recent reported INA 1n Table LIt shows that with the noise
optinnzation fechniques the propesed INA achieves 2 much
lower notse figwre than other LNAs
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V. CONCLUSEONS

In this paper, a new CMOS low notse amphfier vsing com-
mon-source mduchive source degeneration followed by com-
mon-gate configurations 1s proposed. The proposed topology 15
suttable for low power supply application and works good at
0.65 V voltage supply. Spectre sumulation vsing TSMC 0.18um
CMOS technology shows 2 low noise figure of 1.1 dB, high
power gain {S21) of 27 dB and low power consumption of 4.6
mW from 0.65 'V power supply.
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A VERY LOW VOLTAGE, 1GHz CMOS LOW-NOISE AMPLIFI-
ERS

M. Zamm Khan
Department of Electrscal and Computer Engmeering
Concordia Univessity
Montreal, Canada
H3G IMS
e-mak mz_khanfece concordiaca

Adbstract-A 9.7 ¥V, 1 GHz low noise amplifier (LNA} has heen
designed and simulated using Spectre simulator in a dard
TSMC 0.18am CMOS technology. With low posver and neise opti-
mization technigues, the amplifier provides a gain of 23 dB, a noise
figure of only 1.1 dB, power dissipation of 8.4 mW from a 8.7 V
power supply.

L INTRODUCTION

Recemily there has been much interest fn using CMOS for R
ICx: operating in the SOOMHz to 2.5Ghz rang Tles frequency
range 15 used by celiular phone applications such as GSM{Glo-
bal system for Mobile Communication), and cordless applica-
fton such as DECT{Dimtal Enhanced  Cordless
Telecommurication). Commonty a low nose amplifier (LNA)
15 2 key component 11 RF frent-end recetver which poses a chal-
lenge m terms of meeting lugh gam, low notse figure and hinear-
ity requirement at sub 1 volt power supply (such as 0.7 V). The
pramary role of the INA s to fower the overall notse figuse of
the entire RF front-end, nose optinuzation 15 considered as one
of the most critical steps i the ENA design procedure.

The nowse figure (NF) of LNA should not exceed 2 3 dB.
assuming 1t has a gain more than 10 dB [1]. The design of LNA
ts full of xade-offs between opumum gain, lowest nowse figore,
high Imearity and low power consumption. Casecode topology
15 ome of the most popular topelogy used for CMOS LNA
design, which provides hugh gam low noise, but it is not suit-
able for low power supply. The consideration for noise optimi-
zation of LMA 15 illustrated @ Section II. The proposed LNA
design suttable for sub 1V power supply 15 analyzed i Section
LT Spectre simulation results and 3 compansen with other
reported LNAs are presented n Section IV Section V ocon-
cludes the paper.

IL NOISE FIGURE AND OPTIMIZATION

A. Noise Figure

An LNA determunes the performance of the conunumcation
systems. It needs hugher lmeansty and sufficient gam to over-
come the next stage noise but not to overload. A system nosse
factor 15 defined as:

K. Raut
Department of Elecinical and Computer Engineenig
Concordia University
Montreal, Canada
H3G IME
e-matl: rabinrf@ece concordia ca

~ F 1 1 F 4= 1

Frotat = F17 & * N 5+ n
where F, {n=123..) 15 the noise factor of each
stage Gp{n=1,2.3,. s the gain of each stage. In our circum-
stances, Ty 15 the noise factor of the LNA and Gy 1s the gom of
the INA which mnples that higher gain and lower noise of
IMA will lower the total notse of the system. Notse figure rep-
resents how nch the given system degrades the signal-to-notse
ratio, which 15 defined as:

NF = 10log Total QuipntWoisePower
) = OwiputoizePowerBySourcelmpedance

@

CHOS LNA design provides high level of mtepration at low
cost but 1t 15 a big challenge to achieve low noise performance
because of the nossy nature of MOS device. The domunart nose
source i MOS devices is channel noise: 2]

2 .
g = HTrEg (€Y
Where gy, 15 the zero-bias drain conductance of the device. 7 1=
a bias dependent factor which, for long channe! device sansfies

< 1 ,but for short channel devices can be as large as two or

three, depending on bias condition. Another source of nofse m
MOS devices 15 the noise generated by the distnbuted gate
resistance. This notse can be modeled by a senes resisiance m
the gate cirenit and an accompanyng with neise generator,
which results

‘o 45T af @

Vg
where § 18 the coefficient of gate nose, nommally equsl to 43
for long channe! devices and i 15 the gate resistance. The gate
sresistance can be aunimized through mnterdigitation without the
need of increased power dissipation, thus it 1s rendered msgnif-
scant {2]. If the sizes of the MOS transistors are carefully cho-
sen, the optumum @, which s sumply a ratio of g, /C,  can be
obtained. Therefore, the mintnmm notse figure can be achieved
according to [3]:

Foppn = 155478501~ 163
£
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If & were zero, the mimmum noise figure would be 0dB[4].
B. Naise Optinuzation

To achieve lower noise and higher gam, the Common-source
with the mductor degeneration topology s employed and shown

n Figuee 1.
-~
¥ os
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e

Figure 1. ENDUCTIVE LY DEGENERATED COMMON SOURCE
AMPLIFIER

Neglecting the gate drain capacitances, the input impedance
of the LNA shown i Figurel is:[4]

gmLS § )
S B A
g5 g5
where g, and C,; are the transconductance and the gate-to-
spusce capacifsmge of the input deviee M 1espectively. Ly and

L, are the gate and sowrce inductors and R, is the effectve gate

&

ressstance of My given by R = Rgf’(Snll) where Rg 15 the
sheet resistance of the gate pgiysiiico}x,w and L are the gate
width and length of the transistor 34, respectively and n is the
number of fingers {2}

At the resenant operating frequency{wg), the mput matchmg
requires that

@)

The Cg; source degeneration inductance L, is chosen together

Zip= Bo=ald;

with ¢, io provide the deswred input reststance Rs. the real
term can be made equat to 50 ohm without the existence of a
real notsy resistor. Then, the wmput impedance of the INA
matched to source resistance Ry when the zbove condition s
met.
IH. DESIGN APPROACH

To make the LNA works at 0.7V, the well-Source punction of
the NMOS transistors are forward bizsed wlich causmg the
threshold voltage to decrease. The threshold voltage with body
effect ts based on the following espression.

8

which, Vi the mtninssc threshold voltage, T the body effect
coefBicient ¢ the surface mversion potental of silivon and

V33 the bulk-source voltage. By applving 2 voltage on Vas
we can conirol the threshold voltage Vip and thus the polariza-
non of the iansistor In this INA design, the Vg conbe
decreased from 0.5V 10 0.4V and the value of cnrrent through
btk 15 10 nA although ths current 1s undesirable.

For LNA design, iaductive source degeneration 15 used to
achteve good inpuwt matching without adding thermal noise
mtroduced by real resistor. The proposed topology is shown m
Figure 3, which works for sub | volt low power supply apphica-

e

sonl L

R¥ie )—ﬁ%W,—-F &

o~

i
e

ém

Figure 2. COMMON SOURCE COMBION GATE TOPOLOGY

tions, in our case ft s 0.7V, Inductive source degeneration is
used to achweve good mput matching and reduce nowse figure.
The first stage 15 inductively degenerated common-sowrce
amphfier formed by transistor Mg. Followed by a common-gate
configurated fransistor M;. The valve of LC tank of My 1s care-
fally chosen fo aclhueve a resonance frequency of 1GHz and 1s
required to have 2 much lnpher impedance than that of the mput
wnpedance locked at the source of M. It provides a DC bias
current path and a high smpedance branch to force the RF sigual
to flow o the source of M through & big DC coupling capaci-

tance C;
The input impedance of the LC tank {L3 Cg}1s
2L 2 21. 2
B . i A
A R, * £ = £ &
Then,
1 2
Emi® — {16)

R0
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I Ry <= 1g; where Rg and Qg  are the resistance and the
auality factor associated with the mductor Ly
The iaput impedance at the source of the common gate transis-
tor My s
2 = H . 1
i Emst TEmpt San2

where gy, 15 the bulk transconductance.

(11

IV Simuiation Results

The complete crrenet is shown m Fizwe 3. The LNA first
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Figure 3. Complets sheematic of prop
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stage My, s inductively degenerated representing this common-
source amphfier followed by My configured as common-gate
device. by, sets the de bias for My M, 5 configured as the
buffer stage for INA output matching. Cy between My and M,
is acting as a DC coupling capacitance to block DT and pro-
vides ac path to let RF signal How into the source of common-
gate transistor M. In our case, 1t 15 designed to be 10 pF. Induc-
tors winch are smaller than 5 nH are placed on chip otherwise,
they are off-chip. As shown m Figure 3 only the framed compo-
nents are on-chip.

The proposed cucwt was simmlated using Spectre simulator
1n 0.18nm CMOS process. After noise optimtzation a low noise
figure of 1.1 4B at 1 GHz 15 achieved and shown mi Figure 5.

The S-parameters of the INA are sllustrated m Figote 4.6, and
7. Figure 4 shows a forward power gain {8213 of 23 dB at 1
GHz. The S11 shows 2 good mput match at -13.5dB.The 822
shows 3 good output moatch with the outpnt buffer which
achieves -21dB The HP3 simulation result of the LNA 15 shown
in Figure 8. A two-tone signal which are chosen close to each
other has been applied to the mput port. The mput-referred
therd-order uwercept posts (1IP3} 15 -29dBm.

The lavout of the LNA 1s shown i Figure 8. The chip areass
0%mm x 0.%um This work s placed alongside with other
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Figure 8. Ip3 simulation of the propesed LNA
recent reported LA in Table 1. It shows that with the noise

Table 1: Comparison of Various Recent Reported INAs

Reference 53] 5] 7 ¢ 1] This Waork

B

FreglGHZ) | o 29 | 68 1 1 1
NFEB) | 2 23 3 35 | 22 11
SyidBy | 175 | & 17 2 112 23
TPymm ] 271 14 1 | 2t 3%

Power{aw}| - [ B 37 17 84

Tech{mon} 935 | a5 | vg |16 | 03 818

optimuzation techmques the proposed LNA aclueves a much
lower noise fignre than other LNAs.

V. CONCLISIONS

In this paper, 3 new CMOS low noise amplifier using com-
mon-source mductive source degeneration followed by com-

Figure §. Layout of the proposed INA
mon-gate configurations 15 proposed. The proposed topology 15
suitable for low power supply application and works good 21 0.7
YV voltage supply Spectre simmlation using TSMC 0.18um
CMOS technology shows a low notse figure of 1.1 dB, hgh
power gam {521) of 23 dB and low power consumption of 8.4
mW from 0.7 V power supply.
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