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ABSTRACT

The design of RF frontend for the next generation wireless communication is one of the
emerging areas of research in field of RFIC. In 2002 Federal Communication Committee
(FCC) had released 3.1 - 10.6 GHz Ultra Wideband (UWB) for commercial purpose with
two restriction, low power transmission (Emission Isotropic Radiated Power must be
lower then -41.3 dBm/MHz) and 500 MHz minimum bandwidth. These restrictions put
stringent requirements on designing of UWB receiver. Overall sensitivity and noise figure
of receiver is dominated by the first amplifier block of receiver known as Low Noise
Amplifier (LNA). Due to very large 7.5 GHz wide bandwidth UWB technology has
desirable features such as less multipath fading, good range and time resolution, high data
rate and easier material penetration. The UWB technology is widely use in image
penetration, high data rate short distance wireless communication, high accuracy locating
and positioning and medical applications. Most challenging task in implementation of
UWB technology is to design LNA for UWB receiver. Realization of UWB receiver

requires wideband matching, high power gain, low noise figure and good linearity LNA.

In this thesis proposed design of 3.1 - 10.6 GHz wideband high power gain Low Noise
Amplifier for UWB receiver. Common Gate (CG) configuration of amplifier is used in the
first stage of UWB LNA design for wideband input impedance matching. Input impedance
and Noise Figure (NF) of the CG are analyzed and optimized to improve performance of
the LNA. The gain of design is improved by using cascode Common Source (CS) stages
after CG. NF and power gain of the design are improved by using inductive load in each
stage. Overall wideband high flat gain is achieved by resonate each stage parallel tune
circuit at different frequencies of interested band. This novel multistage UWB LNA design
provides very high power gain, low noise figure, wideband input impedance matching and

good linearity in interested 3.1 — 10.6 GHz wideband.

Simulated results shows the proposed high power gain UWB LNA design has 20-30 dB
power gain and 2.8-6 dB NF in interested band. The design achieved input impedance
match (S;;) and linearity measure IIP3 are -9 dB and -5.5 dBm respectively. The UWB
LNA is consume 34 mW power from 1.5 V supply. Due to high power gain, good
linearity, low noise figure and wideband matching of the proposed UWB LNA will



improve performance of the future UWB receiver and it will open new frontier for UWB

wireless communication users.

In the day to day life wireless communication applications are increasing. Wireless
communication users demand modern mobile terminal should support GSM, UMTS,
CDMA, GPS, RFID, Bluetooth, ZigBee, WLAN, LTE, WiMax, etc. different wireless
communication standards of 2G, 3G and upcoming 4G technologies. Recently have been
observing a paradigm shift in the integrated wireless transceiver design where several
narrowband receivers which customized for dedicated applications are replaced by one
single receiver which supports different standards operating on different frequencies band.
Implementation of the LNA for multi standards receiver is most critical task. Performance

of the LNA determines the overall receiver noise figure and sensitivity.

When strong interference signals are received with weak desire signals require highly
linear receiver design to avoid blocking. The proposed next design is for highly linear 0.6-
5.6 GHz wideband LNA for future multi standards universal receiver. Current reuse
NMOS/PMOS inverter structure of amplifier is providing high linearity by cancelling
distortion due to complementary characteristics of NMOS and PMOS transistors. Detail
analysis of noise figure and input impedance shows resistive feedback inverter LNA
topology has tradeoff between NF and matching. The proposed resistive and CD feedback
NMOS/PMOS inverter structure design is relax the tradeoff by providing one more degree
of freedom to set NF and matching independently. Analysis of CD feedback shows that it
is not only relax tradeoff but also reduce noise by cancelling out off phase noise signals.
Inductive series and shunt peaking cascode CS amplifier next stage is used with resistive
and CD feedback inverter structure first stage to improve overall gain and bandwidth of

the design.

Proposed highly linear wideband LNA design is simulated using 0.18 pm RFCMOS
MOSFET model. This design achieved very good linearity average IIP3 is + 4 dBm in
0.6-5.6 GHz interested band. Other performance parameters of the LNA, power gain (S;;),
NF and S;; are 20 dB, <4 dB and <-9 dB respectively in 0.6-5.6 GHz wideband. This
design is consuming only 13.2 mW power from 1.2 V supply. Results shows the design is
highly suitable for implementation of future universal receiver to support GSM, UMTS,
CDMA, Bluetooth, ZigBee, RFID, WLAN, LTE, WiMAX, etc. wireless communication
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standards. Third high power gain multi standard wideband LNA design is proposed for

very high power gain base station universal receiver.

All the LNAs have been designed using TSMC 0.18 pm RFCMOS technology and
simulate the designs using Advanced Design System (ADS) RF circuit simulator. These
wideband LNA designs are proposed for the next generation wireless receiver
implementation. The performance tradeoff among input matching, noise figure, gain and
linearity are analyzed in detail and in the research proposed novel circuit techniques for to
relax performance tradeoff. The results indicate that the proposed LNAs design will

improve performance of the next generation wireless communication.
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Introduction

CHAPTER 1

Introduction

1.1 Introduction

The computer will become the hub of a vast network of remote data stations and information
banks feeding into the machine at a transmission rate of a billion or more bits of information
a second. ... Eventually, a global communications network handling voice, data and facsimile
will instantly link man to machine—or machine to machine—by land, air, underwater, and

space circuits.
—David Sarnoff, 1964

The demand of wireless communication applications push VLSI designer to continuous
research in wireless transceiver RFICs design. Application of wireless communication is
increasing exponentially. Different wireless standards like GSM, CDMA, UMTS, GPS,
Wireless LAN (IEEE 802.11a/b/g), Bluetooth, ZigBee, LTE and WiMax are operate in
different frequencies and having different modulation schemes. As per wireless
communication users demand future smart phone should support all wireless standards with
low power dissipation, less cost and compact size. Currently handsets have separate RF
frontend and digital base band processing for each wireless standard which not only require
larger silicon area but also consume more power. In order to reduce power dissipation,
complex interfacing, cost and area requirement of smart phone, future wireless receiver
should have single wideband high performance RF frontend to support all wireless
communication standards. The LNA designing is most critical task in RF frontend and its

performance impact in overall performance of RF receiver.
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1.2 Universal Receiver

All wireless standards receiver should integrate in single chip with hardware sharing and
reusing as per future demand. The receiver which supports all wireless communication

standards is known as universal receiver.

Ideal universal receiver architecture proposed by mitiola [1] is shown in Fig. 1.1.
Implementation of ideal universal receiver for RF is still not reality because of it puts very
tough design requirements of Analog to Digital Conversion (ADC) to process low amplitude
RF signal. Designing of ADC for RF universal receiver is impossible task using current
technology. Practical universal receiver architecture is incorporating Low Noise Amplifier
(LNA) and mixer as shown in Fig. 1.2. Mixer is relaxed the speed performance requirement
of the ADC by down conversion of frequency. An LNA relaxes dynamic range, noise and
linearity performance requirements of the ADC, hence Low Noise Amplifier is essential to

implement any RF receiver.

% RF Signals

@RF
Baseband

ADC Reprogrammable
Digital Processing

FIGURE 1.1: Ideal universal radio architecture.

:f RF Signals

LNA Mixer @IF
Baseband
BPF ADC Reprogrammable
Digital Processing
LC

FIGURE 1.2: Practical universal radio architecture.

Designing of the LNA for universal receiver is still a challenging task. At present multi
standards receiver designs are dedicated to optimized for specific wireless standard and

obtain best performance but at higher cost and more power consumption. The universal
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receiver has key advantages, such as reconfigurable, low complexity, low power dissipation

and no image frequency as compare to super heterodyne receiver architecture.

Digital RF is another architecture in addition to universal receiver used for RF receiver [2]. In
digital RF receiver architecture all tradition block such a mixer and filter are replaced by its
digital counterpart. The main problem in implementation of digital RF receiver is its high
speed sampling, which introduce more noise. Signal to Noise Ratio (SNR) of the input
signals in the digital RF receiver need to increase for noise reduction. There for, the Low
Noise Amplifier becomes essential component for universal and digital RF receiver. Still
there is no receiver architecture for RF wireless communication that can eliminate the need of

LNA.

Multi wireless standards receiver requires high power gain, low noise figure, high linearity
and wideband input matching LNA. Overall receiver sensitivity depends on gain and Noise
Figure (NF) performance of LNA, linearity of the system depends on transfer function and
reverse isolation of the LNA. The designing of wideband LNA for universal receiver pose

many challenges and it is emphasized in the thesis.

1.3 Introduction of UWB System

Federal Communications Commission (FCC) has approved ultra wideband (UWB) 3.1-10.6
GHz frequency band for commercial use in 2002 with restriction to transmit information
using low power. Extremely wide bandwidth of UWB system provides high transmission
channel capacity and less multi path fading. So it opens new frontier for wireless
communication users. The UWB system is widely used in high data rate wireless

communication, image penetration and high accuracy locating applications.

Despite all the favorable features of the UWB systems, serious challenges exist for the
realization of 3.1-10.6 GHz wideband high power gain Low Noise Amplifier (LNA) for
UWB RF frontend. FCC’s limit transmitter power and due to addition path loss receiver
receive low power signals. Process low power received signals UWB receiver requires high
power gain and low noise figure wideband matching LNA. One of the objectives of this
research work is analyzed and design high power gain 3.1-10.6 GHz UWB LNA for UWB

receiver.
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1.4 The CMOS Technology

Before 1980s discrete components, such as transistors, resistors, capacitors and inductors
were widely used to design RF receive circuits. The discrete design of RF receiver was bulky,
expensive and poor performance. The advancement in VLSI technology has replaced discrete
components based implementation of wireless receiver using RFIC. The Complementary
Metal Oxide Semiconductor (CMOS) is advanced enough to implement any wireless
communication applications system. The CMOS technology has low fabrication cost and
high level of integration, so it is more attractive solution of RFIC. The realization of passive
components like resistors, capacitors and inductors using CMOS will increase speed, reduce
size and cost of RF receiver. 0.18um RFCMOS technology is the targeted process for the
work due to its low fabrication cost, good technology performance, good Ft (unity gain cutoff
frequency) and good linearity. The unity gain cut off frequency of 0.18 um RFCMOS
technology is good enough to provide high gain up to 15 GHz frequency.

1.5 Definition of the Problem

After the two decade of research in RFIC circuit designing, it is still challenging due to three
factor (i) RFIC design require multidiscipline knowledge of the IC designing, microwave
theory, transceiver architectures, communication theory, wireless standards, Random signals,
CAD tools, Multiple access, and Signal Propagation. (ii) RF circuit design deal with trade-
offs of Gain, Power consumption, Noise, Linearity and Bandwidth (iii) the demand of high
performance, low cost, low power and greater functionalities. These three challenging factors

of RFIC design push VLSI researcher to do research in implement of RFIC.

Wireless communication applications are increased rapidly which leads to challenge wireless
RF circuit’s designer to design RFIC for next generation wireless communication receiver.
Objective of this research work is to analyze, design and implementation of two narrowband
LNAs for Bluetooth and Global Positioning System (GPS) receiver, three wideband LNAs

for future multi standards universal and UWB receiver.

> Due to FCC restriction on power transmission in use of UWB for commercial
wireless applications require low noise high power gain receiver to amplify and
process received weak signals. For this two approaches can be used to implement

LNA for UWB receiver either multiple LNA chain for each band of UWB or

4
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> single 3.1-10.6GHz wideband LNA. The second approach, 3.1-10.6GHz
wideband LNA not only reduce silicon area requirement but also reduce power
consumption. To improve performance of UWB system requires high power gain,

low noise figure and wideband matching 3.1-10.6GHz wideband LNA.

> To support existing 2G and 3G GSM, UMTS, CDMA, Bluetooth, ZigBee, GPS,
WLAN with future 4G LTE and WiMAX wireless communication standards
requires high performance RF Frontend receiver. The performance of LNA
decides overall performance of receiver. Next generation multi standard receiver
will require 0.6-5.6GHz wideband, High gain, Low noise Figure, good linearity
and wideband input matching LNA to support future wireless standards.

1.6 Objective and Scope of the Work

The design of LNA for future universal receiver is still a challenging task. The next
generation multi standards multi-mode wireless communication applications require high
power gain, highly linear wideband RF front end. The implementation of multi-mode multi
standard receiver using multi transceiver which not only requires larger silicon area but also
consumes more power and it is not suitable for battery operated device. Universal radio
receiver architecture has wideband transceiver, which support multi standards wireless
communication applications and reduce silicon area and power consumption. Objective of
this research work is to design wideband LNAs for next generation universal and UWB

system receiver.

1.7 Original Contribution by the Thesis

Original contribution of the thesis is propose analyze, design of two narrowband LNAs for
Bluetooth and GPS receiver and three wideband LNAs for multi standards next generation
and UWB system receiver. All the LNAs are design using 0.18 um RFCMOS and simulate

the designs using Advance Design System RF simulator tool.

> The thesis contributes detailed analysis of input matching, gain and noise figure of
inductive degenerate common source (IDCS) topology of Low Noise Amplifier

(LNA). The Narrowband LNAs are designed using IDCS topology for Bluetooth
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and GPS receiver. Portable Bluetooth receiver LNA is designed using current

reuse topology to reduce power consumption, which will improve battery lifetime.

> In this research work, proposed high power gain 3.1-10.6 GHz UWB LNA for
commercial applications. The first stage of proposed design is inductive source
Common Gate (CG) for wideband matching. Input impedance and noise figure of
CG are analyzed in detail and optimized the design for low noise figure. CG has
low power gain which can be improved by using two cascade CS stages. To
reduce noise in this design inductive load is used instead of resistive in each stage.
The inductive load not only reduces noise but also increases gain by forming
parallel tune circuit with next stage input capacitor. The bandwidth of this LNA is
increased by resonating each output parallel tune circuit at different frequencies.
The results shows proposed LNA design is highly suitable to increase

performance of UWB receiver.

> The proposed 0.6-5.6GHz wideband LNA design has highly linear and high
power gain to support multi standards future universal receiver. To support LTE
and WiMAX 4G standards with existing GSM, CDMA, UMTS, Bluetooth,
ZigBee and WLAN standards require 0.6-5.6 GHz wideband matching, high
linearity, high gain and low noise figure receiver. Distortion cancellation analysis
of NMOS/PMOS inverter structure carried outs, resulted as inverter structure
provides good linearity. Analyzed input capacitance and efficiency factor of
inverter structure amplifier and proposed solution to cancel the effect of input
capacitance to improve gain at higher frequency. There is tradeoff between low
noise figure and wideband matching in selection of feedback resistance value of
resistive feedback inverter LNA. In the research propose, the design of LNA to
relax tradeoff between low noise figure and wideband matching. The novel
highly linear LNA design is based on common drain and resistive feedback
inverter structure with series and shunt peaking inductors CS next stage for

future mobile terminal.

The research work published in peer review international journals and IEEE internal

conferences.
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1.8 Thesis Organization

Thesis is organized in seven different chapters including this introduction chapter 1.In
Chapter 2, introduce the fundamental concepts of LNA. The S parameter and it use in two
port network analysis is discussed. The different performance parameters of LNA relevant to
receiver are introduced, such as impedance matching, noise figure, Power gain, harmonic

distortion and stability.

In chapter 3, a wideband LNA state of art has been discussed. Different wideband topologies
are analyzed in details with pros and cons. Each wideband topology performance parameters
like input impedance, noise figure are analyzed in detail and tradeoff among them are

discussed.

Chapter 4 covers the design steps of narrowband LNA using inductive source degenerate
topology. The Bluetooth receiver narrowband LNAs are designed using inductive degenerate
common source as well as current reuse topology. The Global Positioning System (GPS)
requires high sensitive receiver to receive weak GPS signals. The chapter also covers design
and simulation of narrowband LNAs for GPS receiver using IDCS and current reuse
topology. The end of the chapter compares the proposed LNAs performance with published

work.

Chapter 5 covers detailed analysis and designing of high power gain UWB LNA for UWB
wireless applications. Input impedance and noise figure of Common Gate stage of the
proposed UWB LNA design is analyzed. The LNA design is optimized for low noise figure.
The proposed LNA is design using 0.18um RFCMOS technology and the design simulated
using Advanced Design System RF simulation tool. The simulation results show the design
having wideband input matching, high power gain and low noise figure compare to published

work.

Chapter 6 covers the detailed analysis of distortion cancellation of NMOS/PMOS inverter
structure. The chapter covers analysis and design of gate inductor based LNA to improve
gain and input matching at higher frequency. The complete analysis of resistive feedback
NMOS/PMOS structure LNA is carried out in this chapter. The chapter covers analysis,
design and simulation of Common Drain (CD) active and resistive feedback inverter
structure. Performance parameters of CD active feedback inverter LNA design is analyzed.

At the end of the chapter proposed, design and simulate highly linear multiple negative

7
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feedback inverter structure with inductive series and shunt peaking CS LNA topology for the
next generation universal receiver to support existing 2G, 3G along with coming 4G wireless
standards. Also, in the chapter covers design and simulation of high power gain LNA for base
station universal receiver. The chapter ends with comparison of achieved performance of

proposed LNAs with published work.

In last chapter 7 Concludes the work with major contributions and also discusses future scope

to extend the work.



S Parameters

CHAPTER 2

LNA Fundamentals

2.1 S Parameters

At RF frequency S parameter is widely used to describe two port networks instead of Z, Y,
ABCD and H parameters. The S parameters are defined in terms of incident and reflected
waves. As shown in Fig. 2.1 a; and b, are incident and reflected waves of portl respectively

and a; and b, are incident and reflected waves of port2 respectively.

a —» [[«— a
Two- Port
Network
b, <«— —> b,
Portl Port2

FIGURE 2.1: Two port network.

The b; and b, are dependent on the a; and a, and relationship between the incidents and

reflected waves are described using (2.1) and (2.2).
b1 = 511a1 + 512a2 (21)
b2 = 521611 + Szzaz (22)

Equation (2.3) shows matrix representation of (2.1) and (2.2).

] =[5 2] 2.3)
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The S parameters are easily understood by (2.1) and (2.2). The S;; is defined as

Sy, = Z—1| ata, =0 (2.4)
Si1 shows how much of a; is reflected back to b;. S;; shows measure of input matching for
maximum power transfer. If reflected power b; is 0, means all input power is transferred. The
value of S;; is 0 or in logarithmic value -0 which shows perfect matching. The practical
value of S;; should be as low as possible for maximum power transfer and below -10 dB is

preferable. The S, is defined as

512 = Z_:l at al = O (2.5)

Value of S;; shows how much power is transferred from port2 to portl. S;, measure how
good is the isolation between portl and port2, and its value should be as low as possible for

better isolation from port2 to portl. The S;; is defined as
b,
521 = a_ll at a, = 0 (26)

S, is ratio between output power at port2 and input power at portl. It shows power gain of

two port network. Similarly S», is defined as
b,
522 = _l at a, = 0 (27)
az

S», measures output port matching. Value of Sy, should be as low as possible for better port2

matching with load so that it can transfer maximum power to load.

A good amplifier should have S;, Sy, and S;» low and Sy; high. S;; is used to measure the

input match and S;; is used to measure power gain of the LNA.

The stability of the two port network is analyzed using S parameters. The necessary condition

for stability is expressed in terms of S parameters as (2.8).

1—S221%—1S11 12 +1A|?
2|812521|

K= >1 2.8)

Where, A; = 511552 — S12521. Two port network is stable if it satisfy condition given in
(2.9)

[|Ag|? = LI+ L >1 (2.9)
IS1112+1S2212

Where, L= |S]_2521| +

10
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2.2 Low Noise Amplifier (LNA) Performance Parameters
Major performance parameters of the LNA are:

2 Noise Figure (NF)

» Power Gain (S,;) and Input matching (Si,)

» Linearity (IIP3)

» Power consumption

> Stability

2.2.1 Noise Performance

The Noise performance of two port network is measured using Noise Factor (F). The noise
factor is defined as the ratio of the total output noise power to the output noise due to input

source. If the Noise Factor is expressed in decibels it is called the Noise Figure (NF).

SNR = et (2.10)
Psi
- Pi Q.11
/Pno
NF = 10 log(F) (2.12)

Where, Py is input signal power, Py; is the input noise power, Py, is the output signal power
and Py, is the output noise power. Overall noise figure of multistage amplifier receiver is

eXpress as

NF,—-1 NEp—-1

NFtOC=1+(NF1_1)+

+ e
Ap1 Ap1--Ap(m-1)

(2.13)

Equation 2.13 is also known as Friis formula which is named after the Danish-American
electrical engineer Harald T. Friis. The first amplifier stage of receiver contribute major
portion of overall noise. The first amplifier stage of receiver is known as Low Noise
Amplifier (LNA). This is the rationale behind why the first stage of amplifier has to a low

noise figure as possible.

11
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NOISE DEFINITION: Noise arises in electronic circuits as a random variable and is non-
deterministic. Noise generated in circuit is due to nature of the materials or by external
interferences. Signal degrades due to noise. So it is needed to carefully analyze and develop
method to minimized effect of noise on signals. In following section, the main noise sources

present in circuit are described. [3] [4].

THERMAL NOISE: Thermal noise in circuits is due to the random motion of electrons.

Thermal noise signal power is expressed as (2.14)
P = kTAf (2.14)

Where k is the Boltzmann’s constant, T is the temperature in Kelvin, and Af is the bandwidth

in Hz of the system. Thermal noise voltage generated in resistor is modeled as (2.15).

V2, = 4kTRAf (2.15)
Where, R is resistance value in ohm. Similarly thermal noise current produce in resistor is

expressed using (2.16).

(2.16)

MOSFET also exhibit thermal noise due to the carrier motion in the channel. This noise is
modeled by putting current source in parallel MOSFET with conducting channel as shown in

Fig. 2.2. This noise current modeled when device operate in triode mode as (2.17). [5]
I3 = 4kTygaoAf (2.17)

Where, y is the excess noise parameter and gyq is the drain to source conductance for
Vps = 0. When MOSFET operate in saturation mode channel thermal noise current modeled

as it shown in (2.18). [6]
12 = 4kTy g, Af (2.18)

Where, y= 2/3 [7] for long channel device, For short-channel and submicron MOSFETS, y

has higher values, in a range between 1 and 3 [8].

12
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In

5

M
FIGURE 2.2: MOSFET channel thermal noise representation.

DISTRIBUTED GATE RESISTANCE NOISE: Another source of noise in MOSFET is
thermal noise generated by distributed gate resistance. This gate resistance is dependent on
the MOSFET geometry. The gate resistance for a single polysilicon gate finger, connected on
both sides is expressed as (2.19) [9].

Rg = —pgp= 4 Zeon (2.19)

12Psh T Twr

Where, pg, is silicide sheet resistance, W and L is the width and length of the MOSFET

channel and p,,,, is silicide to polysilicon contact resistance.

Vn,R
g Rg/3 M
-—@ NV

FIGURE 2.3: Equivalent noise model for gate resistance.

In Fig. 2.3 shows equivalent noise model of gate resistor where Rg/3 is equivalent gate

resistance and Vn,Rg is equivalent gate noise voltage [4] [10].

Effective silicide sheet resistance can be reduce by using multi fingers gate design [9], [11]
and it decrease gate resistance thermal noise. If value of power spectral density of this noise

is very less than channel thermal noise, then it can be neglected.

4kTy

4kTR—; &« (2.20)

dm

FLICKER NOISE: The flicker noise in MOSFET is due to a physical phenomenon, and it is
unpredictable. It is related with the interface between the silicon substrate (Si) and gate oxide
(Si02). The flicker noise is due to random fluctuation of carriers in the channel, caused by

trapping and release of carriers in the Si and SiO2 interface. Flicker noise is proportional to 1/
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f, so it is neglected at higher frequencies. It is model by a flicker noise voltage source in

series with the gate. The flicker noise is modeled using (2.21).

vz _ __kr
Vi =1 (2.21)

Where, k; is a process dependent constant, and Cox, W, and L are the gate oxide capacitance
per unit area, width, and length of the MOSFET respectively. For p-channel devices ky is

lower than for n-channel devices, and thus PMOS transistors have less flicker noise.

SHOT NOISE: Shot noise is caused by fluctuation of the current that crosses a pn junction
potential barrier. The diffusion of charge carriers is random and cause different speed of

carriers. The shot noise defined as (2.22).

IZ; = 2qlpc (2.22)
Shot noise is originating the fluctuation of current around an average value. Where, q is the
electron charge and Ipc is the DC current. Shot noise is more significant in bipolar junction
transistors compared to MOSFET because both emitter and collector currents are sources of
shot noise. In MOSFETs, the DC gate leakage current contributes shot noise and it is usually

very small and in most cases it can be neglected.

The sensitivity of a receiver is defined based on what minimum signal power can be
processed by receiver. Receiver sensitivity is determined from minimum signal to noise ratio

(SNR), Noise figure and noise power.
Piens = SNRpymin + Pn,s + NFg, (2-23)

where, Psens, SNRpymin» Pos and NFg, are receiver power sensitivity in terms of dBm,
minimum SNR in dB, source noise power in dBm and the noise figure in dB of the receiver
respectively. If sensitivity, transmitted power and path loss knows maximum distance of
communication take place can be find. Therefore minimum noise figure of receiver is desired
to improve sensitivity of receiver. The LNA first stage of receiver should have low noise
figure in order to reduce overall noise figure and better sensitivity of receiver. Most of
Communication standards required SNR, sensitivity and NF are specified in Table 2.1. NF

below 4dB of LNA is expected in most of communication standards.

14
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TABLE 2.1: Sensitivity, SNR and Noise Figure specification of different standards receiver.

GSM__ | WCDMA | Bluetooth | RFID | WLAN LTE | WiMAX
( (f];e;) 102 117 70 70 65 102 65
?(11\1131? 9 5. 21 11.6 28 8 24
(1;12) 9 9 23 39 75 9 7

2.2.2 Power Gain and Impedance Matching

LNA is the first amplifier stage in receiver to amplify weak signals incoming from
antenna. For maximum power transfer from output of antenna to input of LNA require
input impedance of LNA match to the output impedance of antenna. If impedance does
not match, signal is reflected back and cause noise. To maximize power transfer input
impedance matching is very important parameter in LNA design. S;; of two port
network S parameter indicate ratio between reflected signal powers to the input signal
power at port 1. S;; is measure in dB and below -10 dB of S;; is desired. -10dB of Sy,
mean 10% of total input power reflected back. Similarly, output impedance of LNA
should match with next stage input impedance for maximized transfer of amplified
output power of LNA to next stage input. Output impedance matching is measured by
Sy, of S parameter. Other design performance parameter is Power gain (S,)), it should be

as high as possible to increase strength of weak received signals.

2.2.3 Linearity

In the LNA design linearity is another importance parameter to be considered when receiving
weak input signals with strong interfering signals. Strong interference signals is produce

cross modulation and blocking undesired inter modulation distortion in poor linear system.

DEFINITION OF NONLINEARITY: For memoryless linear system input output
relationship is defined as (2.24)

y(t) = ax(t) (2.24)

Where a is a function of time if system is time variant or a constant for time invariant system.

For memoryless nonlinear system input/output relationship is define as (2.25) [12].

y(t) = ag+ ayx(t) + ax?(t) + azx3(t) + -, (2.25)
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HARMONIC DISTORTION NONLINEARITY: If x(t) = Acos(wt) sinusoidal is

applied to nonlinear system, then it produces output as
y(t) = a;A cos wt + aA*cos’wt + azA3cosdwt (2.26)

(X3A3
4

az

AZ
> (14 cos2wt) +

= a4 cos wt + (3cos wt + cos 3wt) (2.27)

_ (XzAZ
T2

3(13A3
4

a3A3
4

2
+ (1A + cos wt + 24 (cos 2wt) + cos 3wt (2.28)
2

In (2.28) the first term on right-hand side is a dc quantity arising from second-order
nonlinearity, the second term is fundamental component with multiplication gain factor, the
third term is second harmonic distortion and the fourth term is the third harmonics distortion.
Harmonic distortion is not a major nonlinearity because suppose amplifier operating at 2.4

GHz produce second harmonic at 4.8 GHz which is out off band of filter [12].

GAIN COMPRESSION NONLINEARITY: Formulation of harmonics shows gain

3a3A?
4

experienced by Acos(wt)is equal to (a; + ) and hence varies noticeably as A becomes
larger. If ala3<0 which make decreasing gain as an A increase. This effect can be measured
with 1dB Gain Compression point, which can be define as the input power level of signal
which causes the gain to drop by 1dB from its interpolated extended value as shown in figure
2.4. If plotted in logarithmic scale as a function of input power at a 1dB compression point

output power fall 1dB from its ideal value [12].

The 1 dB compression point can be calculated by equating compressed gain to 1dB less than
the ideal gain

3a3A?

20log(aq + "

) = 20log(ar;) — 1dB (2.29)

Gain A at this point is called Aj,, 145 and it can be found from solving (2.29)

Agpagp = |0.145 (2.30)

aq
asz

The 1 dB compression means 10% reduction in gain and it’s widely used to characterize RF

systems.
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Fy
20log Agu:

P
-

Ain1de 20log A,

FIGURE 2.4: 1dB compression point.

Another adverse effect from compression occurs if strong interfering signal goes along with
the received signal. In the time domain, the weak desired signal is superimposed on the
strong interfering signal. Due to that, gain of receiver is reduced by the large excursion
produced by the interferer even though the desired signal itself is small and is called as
“desensitization”. This phenomenon lowers the signal to noise ratio (SNR) at the output and

proves critical even if the signal contains no amplitude information [12].

For the qualitatively measure desensitization, let us assume A; cos(w;t) is desire signal and
A, cos(w,t) is interferer signal so input to amplifier is x(t) = A; cos(w;t) + A, cos(w,t)

Nonlinear system output appear as
3 2, 3 2
y(t) = (a1 + JazAT + EagAz)Alcos Wit + - (2.31)
For A; < A,, this reduce to

y(t) = (a1 + %agAﬁ)Alcos Wyt + - (2.32)

Thus, the gain experienced by the desired signal is equal to (a1 + §a3A%), a decreasing

function of 4, if a;a; < 0. Larger value of A, make gain drop to zero, this condition is
called signal blocking. In RF design the term blocking signal or blocker refers to interferers

that desensitize a circuit even if they do not reduce the gain to zero [12].
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CROSS MODULATION NONLINEARITY: When weak desire signal with large
interfering signal pass through poor linear system, then it transfer modulation in desire signal
from interfere this phenomena is called cross modulation. To understand cross modulation
effect, let us take modulated interferer signal A,(1 + mcosw,,t)cosw,t with desire signal

A,(coswt) passing through a nonlinear system produce output
3 2 m? m?
y(t) = [al + EagAz(l + 5+ S cos2opt + 2mcoswmt)]A1cosa)1t + - (2.33)

The (2.33) says that desired signal suffer from amplitude modulation at w,, and 2w,

frequency. Cross modulation nonlinearity effect is graphically illustrate in Fig. 2.5.

N iy

n
»

Wo w1 w Wo W1 w

FIGURE 2.5: Cross modulation nonlinearity effect.

All above nonlinearity effect consider only single signal. Another nonlinearity effect occurs if
two interferes accompany the desired signal. If two interferers of different frequency ®; and
®; are applied to a nonlinear system then produce output generally contain components that
are not the harmonics of ®; and ®, frequencies called intermodulation. To understand
intermodulation let take x(t) = Ajcosw t + A,cosw,t combination interferers signals as

input to any nonlinear system. Output is

y(t) = a;(A;cosw it + Aycosw,t) + ay(Acosw it + Aycoswyt)? + as(Ajcosw it +
Aycosw,t)?3 (2.34)

Expanding above equation and discarding dc, harmonics, and components at w; + w, terms

following intermodulation products are obtained:

303424, azA2A,

w= 2wt w, : cos(Qwy + wy)t + 2 cos(2wy — wy)t (2.35)

3a3A, A3
4

3a3A, A%

W= 2w, t w; : cosQw, + wt + cos(Qw, — wq)t (2.36)
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And fundamental components:

w = (1)1,0)2 :

(a1A1 + %ag,Ai + §a3A1A§) cosw,t + (a1A2 + %0{3A§ + §a3A2A§) cosw,t (2.37)

Small desired signal at w, along with two large interferers at w; and w, received by an
antenna and providing this to a low noise amplifier. Let us assume that the interferer
frequencies happen to satisfy 2w; — w, = wy . Intermodulation product at 2w, — w, falls
onto the desired channel and corrupt the signal [13]. Third order intermodulation nonlinearity

effect on desire signal due to two strong modulated interference signals, graphically shown in
Fig. 2.6.

LNA

FIGURE 2.6: Third order intermodulation nonlinearity effect [12].

Third order hamonics amplitude increase with A® . when power of fundmental and third order
harmonic components are equal corrosponding input power called input intermodulation
product (IIP3) and at that point output power called output intermodulation product (OIP3).

IIP3 and OIP3 can be found plotting input power versus output power as shown in Fig. 2.7.

Pou
Fundamenta

f

- Third
harmonic

v

11P3 Pin
FIGURE 2.7: Intermodulation product
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By equating fundamental and intermodulation amplitudes we can find 11P3:

3
la;Apps| = |Za3A?1P3| (2.38)
4
Apps = 3 Z—: (2.39)

From above equation relationship between AIIP3 and A1dB is

dues — | 2~ 96dB (2.40)

A1qp 0.435

1 dB compression point (P1dB) and third order intercept (IIP3) are used to measure linearity
of system. IP3 shows that power level at which the third order intermodulation product is
equal to the first order output power. Third orders input intercept point (IIP3) and output
intercept point (OIP3) are the input power and output power respectively at [P3. A 4s defines
as input power level when output power drops 1 dB from its theoretical linear value. Apps; and
Ajgs have an approximation relation Apps= Ajgg +10 dBm [12]. Typical IIP3 value require

for different standards receiver are given in Table 2.2.

TABLE 2.2: IIP3 requirements in different standards receiver.

GSM WCDMA Bluetooth RFID WLAN LTE WIiMAX
-18 -4 -15 -20 -20 -7 -8

11P3
(dBm)

2.2.4 Power Consumption

Power consumption is very important design parameter for battery operated devices. Low
power dissipation design not only increases battery life but also decrease cost of cooling

system and allow to increased complexity of chip to incorporate more functionality.

2.2.5 Stability

In the high power gain MOSFET based amplifier design care have be taken that the design
remain stable in all input and output loading condition. A widely used metric for study of the
stability characteristics based on S parameters involves the use of the stability factor K, given

by the expression (2.41).
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K = 1+|A]2 = [S11]%—[S22]?
2|S2111S121

(2.41)

Where, A= S;1S,5, — 551512, determinant of S parameter matrix. Value of K greater than

unity and A less than unity make system unconditionally stable.

From the expression for K, amplifiers with high power gain (S;;) require the feedback
parameter S;; to be small. The cascode amplifier circuit improves overall stability by
reducing the gain at the output of the driver transistor, which makes the device more

unilateral.

As we can see, the design of an LNA is a multi-dimensional optimization problem. There are
lots of trade-offs involved because the optimization of each individual specification does not
arrive at the same sizing or biasing solution. This emphasize the designer consider the best

combination of performance specifications for the intended application of the LNA.
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CHAPTER 3

Literature Review

3.1 Wideband LNA Implementation Approaches

Multi standards LNA can be implement using three different approach (a) Using separate
narrowband LNAs for each communication standard, which is easy to design and it has
achieve good performance but due to multiple LNAs consume high power and require large
silicon area [14, 15, 16, 17, 18, 19, 20], (b) Using multiband/band switching LNA. Multiband
allows power saving compare to narrow band LNAs but occupies large area due to
implementation of higher value of tuning inductors [21, 22, 23, 24, 25, 26], (¢) Third
approach is using single wideband LNA to support all standards simultaneously. Wideband
LNA has low cost and requires small area compared to first and second approach but demerit
of this is low power gain [27, 28, 29, 30, 31, 32, 33, 34]. Wideband LNA is good solution to
accommodate multiple standards [34]. Wideband LNA provides flat gain, input impedance
matching, NF and IIP3 in their entire bandwidth.

Several topologies are used in literature for wideband input matching are (a) Resistive
termination common source, (b) Common gate, (c) Feedback, (d) CS with wideband input

filter and (e) Distributed as shown in Fig. 3.1 and Fig. 3.2.

RFout Fout

EM Feedback

4

RFin

M RFin
RFin [+[ RFout

11 [ 1

= = Vg

(@ (b) (©)
FIGURE 3.1: a) Resistive termination, b) common gate, c) feedback LNA topology.
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FOUt_E’\M REout
e e e

RFin Rg

Yl
1'!'
35

1| ?

() (b)

FIGURE 3.2: a) Filter and b) Distributed LNA topology.

3.2 Common Source with Resistive Termination LNA Topology

Vdd

Vout

FIGURE 3.3: Common Source (CS) with resistive termination topology.

One of the approach to achieve wideband input impedance matching is adding shunt resistor

at input of the CS LNA [3] as shown in Fig. 3.3.

Vout

Rs
% } AN G D 2
- Rsh
gmvgs in d §RL
=

Vn_rsh

FIGURE 3.4: AC equivalent circuit with noise sources of resistive termination CS.

Voltage gain of resistive termination is expressed as

A= —gnRy (2] (3.1)

Rs+Rgp
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For Ry, = R; voltage gain is simplified as

RL

A= =gyt (3.2)

As shown in (3.2) Gain of the resistive termination at input matching is half compared to

Common source gain -g,Rr. Noise figure is defined as

Total output noise power

"~ Output noise due to input source

Noise generated by source resistor, termination resistor and MOSFET channel noise are

modeled as (3.3), (3.4) and (3.5).

VZgs = 4kTR,Af (3.3)
Vn Rsh — 4'kTRshAf (3-4)
IZ = 4kTy gmAf (3.5)

Total noise generated at output can be calculated by using superposition, considering one at a

time. Output noise due to source resistor express as (3.6)

V2  _y2 2 _ 2 Rsn \?
VonRs VnRs X A% = VnRs X ngL ( ) (3-6)

Rs+Rsph

Output noise due to shunt resistor is

Ren \2
Voansh Vi,Rsh X A - Vsth X ngL (—h) (3-7)

Rs+Rsp
Output noise due to MOSFET drain current noise is
VZa=12, x R? (3.8)

Total noise figure of this topology express using superposition theorem is analyzed as

NF — Vozn RS+VO;’1. ,Rsh Vond 1 + Voan52h+ Vond (39)
Von Rs Von Rs
At impedance match Ry =Ry, so, NF simplify as
R? R?
NF=1+1+ —b050 =2+ —L70, (3.10)
RoxZMS 7L RyxIMTL
$7 4RZ $7T
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NF =2+ (3.11)

Imits

Where, y is a noise parameter and Ry =Ry, is shunt resistor value. Limitations of this topology
are:

2 Poor noise figure

2> Input signal attenuated by voltage divider and it reduce gain

» Ry, adds extra thermal noise

> At higher frequency, to match extra shunt inductor requires to tune out input

capacitance Cg;

3.3 Common Gate Topology

The Common Gate (CG) amplifier has inherent wideband input matching characteristics [22].

Input impedance of common gate is expressed as (3.12).

1
Zin =~ (3.12)
Vdd
%
Rs M I
MW\ ® Vout
Vin

%J_Ll

FIGURE 3.5: Common Gate (CG) topology

3.3.1 Noise Figure analysis of CG
CG topology has two sources of noise, source resistor and MOSFET channel noise. NF of

CG is express using (3.13).

V2
NF=1+ —2_x— (3.13)

2142 2
la?]A; Vi

1

Z; / 1 4KT

Where, @ = —o— = —Im_ = V2 ==L V2 = 4kTRy, A, = gmR, ,s0
Zint Rs /gm+ Rs 1+gmRs 9m
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Zin _ R
Zin+Rs  Rs+Y/g,.

|a?|A% = gR, X Substituting these value in (3.13) NF simplify as shown

in (3.14)
(ﬂ) 4KTR

NF =1+ -+ Y (3.14)

4kTR5< R )

Rs+ﬁ

At input impedance match Ry = 1/g,, NF further simplify as
NF=1+y+42 (3.15)
L

The NF of a CG topology can be calculating as (3.15) where, vy is process dependent noise
parameter. Noise Figure of CG is improved by increasing transconductance (g,) but it
degrades wideband input matching. Here is the tradeoff to set g, value for achieving low

noise figure and wideband matching.

The effect of miller capacitance in CG can be reduced by using CG with CS cascode

structure. Input impedance of CG with CS cascode structure is expressed as (3.16)

Zin=1/Gm + Gmp) (3.16)

Where, g, and g, are transconductance of the transistors. Major drawbacks of the CG
topology are low gain, higher NF at wideband matching and high power consumption [35,
36].

In literature work, used different hybrid topology with CG to achieve wideband matching,
low NF and high power gain [21, 24, 37]. CG with positive feedback topology relaxes
trancondutance (gy,) selection constraint for input matching. Positive feedback increase loop
gain and reduce overdrive voltage due to that Linearity and NF performance is degrade [21].
In feedback path purposely uses inverting amplifier to enhance transconductance [37]. The
negative feedback in CG reduces NF and power consumption but it has degraded stability of
design. The positive-negative feedback gm boosted design approach has improved NF and
gain without sacrificing linearity and input matching [37]. It has provide same power gain as
positive feedback with half the power consumption. Various other techniques such as dual
negative feedback [38] and noise cancellation [32] used with CG to improve performance of

the LNA.
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In the paper [39] used parallel common source with CG to decoupled tradeoff between input
impedance matching and noise figure of the CG amplifier. With the CG various distortion

cancellation techniques are used in [28, 40, 41, 33] to improve the linearity.

3.4 Feedback LNA Topologies

Negative feedback in LNA is widely used to achieve wideband input impedance matching
with low NF. Various negative feedback LNA topologies are shown in Fig. 3.6. Lossless
transformer as a feedback has best performance but it requires larger silicon area [42]. As a
feedback network resistor, series RC, parallel RC and transistor are widely used. Negative

feedback topology improves NF and input impedance matching of the design.

| RFout
Rf RFout CEf
—° RFout
RE J_
EM EM Cf RE
, R R =
RFin RFin RFin
(a) (b) ©
vdd
L
Sn1
>
RFout
I 2=

FIGURE 3.6: Feedback topologies a) resistive b) series RC c) parallel RC and d) transformer.
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3.4.1 Resistive Feedback LNA Topology

FIGURE 3.7: Resistive feedback common source (CS) topology.

GAIN ANALYSIS: Gain of resistive feedback CS topology can be derived from its AC

equivalent circuit as shown in Fig. 3.8.

lin Rs RE

AMN——AN—2 ot
+
A_V Vin Vgs gmvgs § KL

=

FIGURE 3.8: AC equivalent circuit of resistive feedback CS topology.

Applying KCL in input loop obtained input and output voltage relation

Vin = iin(Rs + RF) + Vour (3.17)
Vout = (lin — nggs)RL (3.18)
Vqs = IinRp + Vour (3.19)

From the above equations gain of resistive feedback common source amplifier can be

expressed as

Aptor = Tout e LU (3.20)

Vin Rs+Rp+RL+gmRsR]

Where, Rs, Rp and Ry are source, feedback and load resistor respectively. If Rp > Rg

& gmRr > 1 then gain equation can be simplify as

— mR ~
Im L = —gmR, (3.21)

Rs+Rp+R+gmRsR ~

Av,tot =
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Input impedance for resistive feedback common source amplifier is expressed as shown in

(3.22).

Rr+Ry,
1+gmRL

(3.22)

in —

NOISE FIGURE ANALYSIS: Resistive feedback amplifier has three sources of noise, such
as source resistor, feedback resistor and MOSFET. Total noise is addition of all individual

source noise. MOSFET channel and source resistor thermal noise can be express as (3.23)

and (3.24).
12, = 4kTy g, A (3.23)
nd

VZ = 4kTR,Af (3.24)

vn_rf

+
'll Vn_rs
gnvgs Ind RL

Vout

FIGURE 3.9: AC equivalent circuit with noise sources of resistive feedback CS.

Noise figure of resistive feedback common source LNA topology is expressed as

V2 rsoutt Ve RF out™ Vi dout
NF — n, ,ou TZL, 2,O‘LL n,a,ou (325)
AvVn,RS

Output noise due to source resistor

Vr%,RS,out = AIZJVriRS (3.26)

Output noise due to feedback resistor: The output noise due to feedback resistor is obtain
by keeping only feedback resistance noise source and replacing all others sources by zero

value in Fig. 3.9.
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Vn_rf
i Rs m RF VRF_out
S A Qé/ AA———
Vgs quvgs §RL
|

FIGURE 3.10: Feedback resistance noise of resistive feedback CS.

By applying KVL in input loop of Fig. 3.10.

Vgs = —iRy =iRp — Vgp + VRF,out (3.27)
VRF,out = RL(i - nggs) (3-28)
1 Ry,
Vrrout = Vrr Tr _RstRp _ = Vgr Rr (1+ gmRs) (3.29)
R (1+gmRs)
2 2 RL z
Virrout = Varr [R_F 1+ ngs)] (3.30)

Vnd_out

FIGURE 3.11: MOSFET drain current noise of resistive feedback CS.

Fig. 3.11 shows the output noise due to MOSFET channel noise only. Similar to feedback
resistor, output noise due to MOSFET channel is expressed as (3.31)

Vidou = InaR? (3.31)
By using (3.26), (3.30) and (3.31) values total NF is

2
z__|RL -
irelretonms] e

272 272
AvVn,Rs AvVn,Rs

NF=1+ (3.32)

Where, A, = —gmRVyigs = 4kTRVE pp = 4kTRFE = 4kTRyg,, putting these values in
(3.32)
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_ Rs 1\, v
NF =1+ 5(1 + ngs) L (3.33)

Equation 3.33 shows noise figure of resistive feedback is inversely proposal to Rr and gnRs.
Increasing feedback resistance value NF of the design is improved but it degrades input
impedance matching. Here is trade-off between NF and input matching in resistive feedback
topology. At higher frequency resistive feedback CS amplifier need gate inductor to tune out

C,gs to improve gain at higher frequency.

Larger the value of feedback resistor reduces NF but it degrades linearity, input matching,
and flat gain performance. Current reuse NMOS/PMOS pair inverter structure with resistive
feedback is used in [43, 44] to improve linearity. Drawback of this topology is low bandwidth
and this design use auxiliary transistor for feed forward noise cancellation which increase
power dissipation. Similar resistive feedback topologies are used in [32, 45, 13] to achieve
wideband better performance using noise and distortion cancellation techniques. In the papers
[46, 47] used resistive feedback with NMOS/PMOS pair in a cross coupled fashion for noise
cancellation. The design achieved very low NF (NF min 1.43 dB). To improve NF in the
design used large size transistors which degrade high frequency response due to increasing

parasitic capacitance.

In resistive feedback parasitic capacitance degrade higher frequency response. Reactive
feedback is used in literature to improve higher frequency response at a cost of larger silicon

area requirement.

3.4.2 Reactive Feedback LNA Topology

In reactive feedback used series RC [48, 49, 50] or parallel RC [51, 52, 53] or series RLC
[54] circuit as a feedback network. The LNA reported in [48] used series RC feedback as
shown in Fig. 3.6(b) with series and shunt inductive peaking to achieve good bandwidth,

good NF and flat gain, but this design has poor linearity.
The designed reported in [51, 52, 53] use parallel RC feedback as shown in Fig. 3.6(c) to

achieve broadband operation (3.1-10.6 GHz) and improved NF but these designs also suffer

from poor linearity.
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The design reported in [54] has used series RLC feedback for wideband (3.1-10.6 GHz)
operation. This design has used positive negative feedback to achieve low NF and improve

input matching at a cost of higher power consumption.

Fig. 3.6(d) shows transformer feedback LNA topology [55, 56, 57]. The LNA reported in
[57] used transformer feedback and current reuse to achieve low NF and low power

consumption. Drawback of this design is to require larger silicon area and poor linearity.

3.4.3 Active Feedback LNA

In active feedback circuit [58] the input stage is a common source amplifier and the feedback
stage is a common drain amplifier. A simple analysis of this circuit shows that
transconductance of the common drain stage controls the input impedance, while
transconductance of the common source amplifier contributes to the gain and NF of the
overall LNA. Active feedback adds one more degree of freedom to set input impedance and
NF independently of the design. The main disadvantage of this architecture is the relatively

high power consumption due to addition of the feedback stage.

3.5 Filter LNA Topology

The band pass filter is use to resonant at entire band to provide wideband matching [59].
Filter LNA has good performance while dissipating low power. Various types of filters are
used like three-section band pass Chebyshev filter [60], Miller effect input matching filter
[61], LC filter, dual RLC filter, high pass filter [62], &= LC filter [63] and transformer based

wideband input matching circuit of such LNAs.

CS inductive degeneration stage with filter input matching circuit is used to achieve good NF,
Low power consumption, high gain and wideband input matching in the literature [60, 64].

Due to large value of inductors, filter topology require off chip components.
The LNA presented in [61] for 3—5 GHz wideband use gate inductive peaking in addition to a

source degeneration inductor. Here exploitation of Miller effect is providing wideband

matching. This approach reduce NF (<2.3 dB) and chip area with the cost of poor linearity
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(ITIP3= —13 dBm). The LNA (0.18um CMOS) [64] provides wideband operation (3.1-10.6

GHz) with low power consumption (9.4 mW) by using current reuse at a cost poor linearity.

3.6 Distributed Amplifier LNA Topology

Distributed amplifiers are widely used in wideband LNA design [65]. Several stages of
common source distributed amplifier structure consume more power and require larger
silicon area. Wideband frequency response is achieved by forming transmission lines by
combining the parasitic capacitances of transistor with inductors. The DAs generally have flat

gain, good linearity and inherently poor NF [35, 27, 65].

Power consumption in DA can be reduced by using current reuse techniques or low voltage.
In [66], a low power LNA (90 nm CMOS) implemented using two distributed amplifiers in a
matrix formation with tapered transmission lines. This design is biased in moderate inversion
to reduce the power dissipation (12.5 mW) and achieve 21 GHz bandwidth, 15.4 dB gain
with cost of poor linearity (IIP3=-6dBm).

Various NF improvement techniques used in DAs to improve NF performance. In some DA
replaces resistive termination with series RL circuit to reduce the thermal noise generated by
terminating resistor. This technique requires two power supply, consuming more power and

having poor input impedance matching.
DA is less attractive in portable and compact device receiver due to high power consumption
and requires larger silicon area. DA is widely used in instrumentation and medical imaging

applications [66, 67].

Zhang et al. design wideband LNA using DA topology to reduce power dissipation 9ImW by

biasing transistors in moderate inversion [65].
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FIGURE 3.12: Cascode DA Schematic [65].

The schematic used in [65] is shown in Fig. 3.12. This topology used is called pseudo
transmission line to increase bandwidth. Higher cut off frequency of DA is 1/(nRCg) where,
R = (Lg/Cg)1/2 input impedance of DA to be set 50 Q and Lg and Cg is gate inductance and
capacitance respectively. Total power gain is summation of all stage gain by constructively

adding all stages current.

Authors of this paper [65] have achieved low power consumption 9 mW but others
parameters gain (8 dB), NF (10 dB) and consuming larger Si area are not satisfactory for

future wireless receiver LNA.

Detail literature survey shows researchers have tried various hybrid wideband LNA
topologies to relax tradeoff and improve performance. Still have scope in wideband LNA
design to improve performance of future RF receiver. In this research proposed hybrid

wideband LNA topologies and design for UWB and multi standards RF receiver.

To compare all LNA design on a single platform represented Figure of Merit (FOM) [79] as
3.34.

Gain(lin)XxBW (GHz)x(11P3(mW)

FOM = 20 logm((NF(dB)—1)><Pd(mW)><A(mm2)

) (3.34)

Where, BW is 3 dB bandwidth, IIP3, Ppc, NF and A are linearity, power dissipation, noise
figure and area requirement of design.
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TABLE 3.1: Summary of detail literature survey of the wideband LNA.
Source CMO | BW S21 S11 NF 11P3 Pd Area | Topology FOM
S (GHz) (dB) | (@@B) | (dB) | (dBm | (m (mm’®
Techn ) W) )
ology
(um)
JSSC-2004 | 0.25 0.002-1.6 | 13.7 <-8 2.4 0 35 0.075 | Resisitive FB + | 20.18
[44] NMOS/PMOS
JSSC-2004 | 0.18 2.3-9.2 9.3 <10 |4 -6.7 9 0.66 ID CS with input | -3.04
[60] BPF
JSSC-2005 | 0.18 2-4.6 9.8 <9 2.3 -7 126 | 0.9 Series RC FB -
[59] CS 13.69
ICACT- 0.18 2.7-9.3 10 <10 |33 -0.3 14 - Cascode with
2005 [62] input HPF
JSSE -2008 | 0.18 3.1-10.6 | 9.5 <-8.6 | 5- -13 9.4 - Cascode with
[64] 5.6 input filter and
current reuse
JSSCC- 0.18 3-5 <16 <- 2.2 -9 7.68 | 0.629 | CS with miller
2006 [61] 10.5 effect input 4.76
matching filter
JSSC-2006 | 0.18 0.04-7 8.6 <16 |42 +3 9 1.16 Distributed 9.62
[65] cascode
JSSC-2007 | 0.13 3.1-10.6 | 15.1 <99 |25 -8.5 9 0.87 CS with reactive 9.3
[57] FB
JSSC-2007 | 0.18 3.1-10.6 | 9.7 <11 4.7 -6.2 20 0.59 CG with noise -8.3
[39] cancellation
JSSC-2007 | 0.18 0.1-11 8 <12 |29 -3.55 | 21.6 |0.76 Distributed
[67] SiGe cascode with
BW -0.23
enhancement
ISSCC- 0.13 1-7 17 <10 |24 -4.1 25 0.019 | Cascode + CD | 44.91
2007 [68] FB
JSSC-2008 | 0.13 0.8-2 14.5 -8.5 2.6 16 17.4 | 0.1 CG with noise
[33] and  distortion | 53.69
cancellation
MIJ-2008 0.18 5-6 20.5 213 | 18- | -6.2 2 - Cascode + inter
[69] 2.6 stage LC
network
ISSCC- 0.18 0.3-0.92 | 21 2 -3.2 3.6 - Differential CG
2009 [37] + C Cross
coupling
ISSCC- 0.13 3.1-10.6 | 15 -12 <45 | -12.5 |26 0.435 | Weighted
2009 [7] distributed -9.45
cascode
TCAS-II - | 0.18 3.1-10.6 | 13.9 <94 |47 -8.5 144 | 0.46 Parallel RC FB 0.51
2010 [51]
MTT-s 0.09 3.1-10.6 | 10.5 -10 32 4 21.6 | 0.139 | Cs + II input 30.1
2010 [63] filter
MTT-S 0.18 31.-10.6 | 13 -8.6 4.68 | -12 103 | - CS + RLC input
2010 [70] 4 filter
RFIC 2010 | 0.09 21 15.4 6 -6.6 12.5 | 041 Distributed CS +
[66] tapered 15.87
transmission line
MTT-2011 | 0.09 0.01-1.77 | 23 <10 |2 -2.85 | 2.8 0.03 Differential CG | 66.72
[71] + multiple
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feedback

IET MAP | 0.18 24-112 | 148 3.9 -11.5 | 3.4 - CG + current

2012 [72] reuse

MTT-2012 | 0.13 0.6-3 42v <8 3 -14 30 1.5 Pseudo -

[73] differential + | 17.48
resistive FB

1JEC-2012 | 0.18 3.1-10.6 | 15 <11 35- |64 16.2 | 0.39 Inverter with FB | 35.66

[74] 3.9

MWCL- 0.065 0.01-2.8 | 32v 1 -13.6 | 40 - Cascode + active

2012 [75] —C element

TCAS-II- 0.18 0-1.3 10 <10 |3 +7.5 18 0.07 Cascode + active | 29.25

2013 [76] feedback

IJMST- 0.18 2.5-16 11 <7 33 -5 20 0.18 RC FB CS + | 16.25

2013 [77] current reuse

IJEC-2015 | 0.13 2.35-9.37 | 10.3 <8 3.68 | -4 9.97 |0.39 CG current resue

(78] + noise 9.14
cancelling

MJ-2015 0.13 3.5-5 14 <15 |35 |4 21 0.31 Fully differential

[79] 3.9 + active FB + | 14.62
Noise cancelling

JSSC-Journal of Solid State Circuit

ICACT-International Conference of Advanced Communication Technology

JSSE-Journal of Solid State Electron
ISSCC-IEEE International Solid State Circuit Conference
MI- Elsevier Microelectronics Journal
TCAS-IEEE Transaction of Circuit and System
MTT-IEEE Transaction Microwave Theory
RFIC-IEEE proceeding of Radio Frequency Integrated Circuit
IET-IEEE Electronics Transaction
IJEC-International Journal of Electronics and Communication (AEU), Elsevier
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IJMST-International Journal of Microwave Science and Technology
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FOM of different LNAs design.
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Inductive Degenerate Common Source (IDCS) LNA Topology

CHAPTER 4

Narrowband LNAs Design and Optimization

4.1 Inductive Degenerate Common Source (IDCS) LNA Topology

Inductive Degenerate Common Source (IDCS) LNA topology has the best performance
compare to other topologies for narrowband applications. This chapter covers design of
the Bluetooth receiver LNA using IDCS topology and also it design using Current Reuse
(CR) topology for low power portable device applications. Another narrowband LNA is
designed and optimized for Global Positioning System (GPS) receiver using IDCS and

current reuse.

In the common source case, the input impedance is dominated by the gate-to-source
capacitance (Cgs). So it is hard to achieve purely resistive impedance without input
impedance matching network. Various input impedance matching circuit use resistor to
match with source resistor. The resistive input matching circuit is add thermal noise. IDCS
LNA topology achieve real impedance input matching without using resistor and improve
NF of the design. IDCS topology use gate and source inductor to match input impedance.
Gate inductor of IDCS dominates input capacitance of MOSFET Cgs by forming series
LC circuit at desire frequency. Source inductor of IDCS produces real impedance to match

source real impedance without use of resistor in design [55].
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Vdd

S

‘ Vout

VN

Zin %

Vs

FIGURE 4.1: Inductive Degenerate Common Source (IDCS) LNA topology.

4.1.1 Input Impedance Analysis

Input impedance is the impedance between input node to ground as shown in Fig. 4.1. Ac
equivalent circuit of the input stage of inductive degenerate CS is shown in Fig. 4.2 by

replacing MOSFET by its ac equivalent model.

Lg

Vin in %
=N
Zin—> Vgs ¥ |

GmVgs

|||—-—vvvv—
H
()]

FIGURE 4.2: Inductive degenerate common source AC equivalent circuit.

Applying KVL in input loop of circuit shown in Fig. 4.2 input voltage is expressed in term

of input current as shown in (4.1)

Iin
Vin = SLglin + ot (Iin + GmVys)SLs 4.1
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1 GmLs
SCgs = Cgs

—'n = Zin =S(Ly + Lg) + (4.2)
As shown in (4.2), input impedance of inductive degenerate is similar to series RLC
circuit impedance. First, second and third terms of input impedance shown in (4.2) are
inductive, capacitive and resistive impedance respectively. So, IDCS achieved resistive
input impedance without using resistor. Resistive term (GpLs/Cg) depend on
trasconductance, source inductance and gate to source capacitance of MOSFET.
Generated resistive impedance using degenerate inductor will not generate noise as real

resistor so it minimize noise figure of the design.

For input match with 50 Q Real (Zi,)=50Q = Gmlbs Input matching frequency can be found

Cgs
by Imaginary(Zi,)=0
1
w(Ly + L) + o 0 4.3)
=1 4.4

Wo = JCqsLg+Ls) @4)
4.1.2 Gain Analysis
Input impedance of the IDCS topology is expressed as (4.5)

Zin = jo(Lg + Lg) + —— + Imls (4.5)

JwCgs Cys

Input impedance shows input impedance of IDCS look like series RLC circuit as shown in

Fig. 4.3.

wol 1
°~ = —— and, hence voltage across
R~ woRC

Q factor of series RLC circuit is define as Q; =

capacitor (V) is Q;V;, where V;,, is input voltage of RLC circuit. For the design input
quality factor is defined as (4.6)
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Rs Lg+Ls gm(Ls/Cgs)
aaA'A" DN, NN\
- i Cgs
| Vgs

FIGURE 4.3: Input equivalent circuit of indcutive source degenerate CS LNA.

wo(Lg+Ls) _ wo(Lg+tLs)

Qin = Rs"'gcm—Ls - Rs+wTLg (46)
gs
~wp =t (4.7)
gs
Or usi 1
rusing Qs = @aRC
Q= —————— (4.8)
m wo(Rs+%)cgs '
for match load Ry = Imls
Cgs
= — 4.9
O = Jori (4.9)
Gate to source voltage of input transistor (V) in terms of input quality factor is
I/:gs = QinVin (4.10)
Transconductance of the MOSFET is defined as (4.11)
= low (4.11)
Im Vs .
loy Vgsgm
G = Tnt = %T = Qingm (4.12)
G = QinIm (4.13)
So, gain of IDCS topology in terms of quality factor is expressed as (4.14)
Gain = —GpR;, = —QingmRL (4.14)
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4.1.3 Noise Performance Analysis

Noise figure is defined as

NF Total noise power at output
" Noise power at output due to input source

This design has two noise source, source resistor noise and MOSFET channel noise. Noise

figure of the design is articulated as (4.15)

Viip.out
NF =1 +Z¢ (4.15)

nRS,out

Where MOSFET noise can be modeled as

VnZD,out = l%DRl% (4-16)
12, = 4KTy gmAf (4.17)

Where, kis Boltsman, T is Temperature, y is noise parameter of MOSFET, g,, is

transconductance and Af is bandwidth.

Output noise due to source resistor is expressed as (4.18)

Vr%RS,out = Vn%Rst G%z (4.18)

Where, V2,s = 4kTRAf&G,, = Q;ngm By substituting (4.16) and (4.18) in (4.15) NF
simplify as (4.19)

NF =1+ —jDRi (4.19)
B VirsRE Qi gt '
NF =1 14 4.2
+ ngsQiZn ( 0)

IDCS topology can be summarized from above equations as

» Very good NF value of this topology compare to other topology
2» Narrow band matching can be achieved using Lg inductor

> Noise figure decrease with quality factors (NF with QY
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> The input quality factor value is dependent on L, + L, but value of Ly is small
compared to Lg and it can be neglected so input quality factor depend only on gate

inductance L

Noise figure of the design is improved by replacing load resistor Ry with drain inductor
(Lp). This drain inductor form parallel tune circuit with load capacitor (Cr) where Cy is
input capacitive impedance of the mixer. Value of this drain inductor is found by

resonating parallel tune circuit at desire frequency.

Wy = — 4.21)

° 7 Lpcy,

Vdd

\Vout

oA e T

FIGURE 4.4: Inductive Load inductive source degenerate CS LNA.

This topology has poor reverse isolation between input and output due to miller capacitor.
By use of cascode next stage of amplifier improve isolation without increase extra power
consumption. In the Fig. 4.5 shows ID common source cascode inductive load LNA

topology.

42



Bias Circuit Design

Vout

Vb JEMZ —_—cu

FIGURE 4.5: Cascode ID common source LNA.

4.2  Bias Circuit Design
The resistive bias is the simple bias circuit for an amplifier as shown in Fig. 4.6.

out

Vdd

R1

L I

FIGURE 4.6: Resistive bias circuit.

DC current in saturation region is expressed as (4.22)
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1 W/ R 2
Tout = 3HnCox 7 (7 Voo = Vi) (4.22)

Equation 4.22 shows DC current dependent on various parameters like supply, process and
temperature. Overdrive voltage is function of supply and threshold voltage. Supply and
threshold voltage are dependent on PVT variation which make gate overdrive voltage

fluctuation so, DC current is no more constant.

To make DC constant, widely used bias circuit is Copying current as shown in Fig. 4.7.

Vdd
Iref y

|
Copy | E M

Circuit

__I-_ _

FIGURE 4.7: Current copying bias.

As we know Vg =1 I(Id), if it is biased at I, then it produces Vg = f I(Iref). if we use Vg
voltage as gate bias of MOSFET then its produce output current Iy, = ff' I(Iref) = Lt
Current copy circuit is designed by using MOSFET operate in saturation region to work as
constant current. Copying current bias circuit is called current mirror bias as shown in

Fig. 4.8 and it widely used as bias circuit in analog circuit design.

Vdd
Iref
ot

wel | T

FIGURE 4.8: Current Mirror bias circuit.

Reference and output current of current bias circuit is expressed as
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1 w
Ippr = > Hp Cox (?)1 (Vgs — VTH)2 (4.23)

1 w
loue = 5 MnCox (7). (Vas = Vru)? (4.24)
Output current is set using reference bias current using (4.25).

w
/
lout = %IREF (4.25)

The key property of current mirror bias circuit is that it can set constant output current and
make it independent of process and temperature. Considering saturation region modulation

co efficient, currents can be found as (4.26) and (4.27).

1 w

Ipgr = > Hn Cox (T)z (Vs = Vru)*(1 + AWVpsy) (4.26)
1 w

loyr = > Hp Cox (T)l Ves — Ver)* (1 + AVpsq) (4.27)

And hence

IREF — (W/L)z 1+AVps2
tour ~ (W/), 1+2Vps1

éRref

(4.28)

Vdd

FIGURE 4.9: Inductive degenerate common source LNA topology with current mirror bias.
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Inductor degenerate common source LNA topology with current mirror bias circuit is

shown in Fig. 4.9.

Gate and source inductors are used to match impedance at desire frequency. Aspect ratio
of MOSFET M1 and M2 decide gain of the design. MOSFET M3 is used for current
mirror bias circuit to set bias current with Rref and Rb. Higher the value of Rref and Rb
lesser will be thermal noise. Value of drain inductor with load capacitor is to set such that
to resonance at desire frequency will improve gain and output matching. CB and Co are

DC coupling capacitors at input and output respectively [80].

4.3 Bluetooth Receiver LNA Design using IDCS Topology

Bluetooth technology is widely used to create wireless Person Area Network (PAN) due to
good data rate, good enough coverage range and simplicity in design. Bluetooth

technology is using 2.4 GHz frequency for communication.

4.3.1 LNA Specifications for Bluetooth Receiver

NOISE FIGURE: The noise floor of the receiver express as
Noise floor = 10log(KT)+10log(BW)+NF=-174+10log(BW)+NF

Where K is Boltzmann constant, T is the absolute temperature, NF is the receiver noise
figure, and BW is the channel selection filter bandwidth. To achieve the specified BER,
certain SNRmin must be achieved. The SNR-BER curve is obtained from baseband
system level simulations. The receiver sensitivity can be expressed in terms of SNRmin

and noise floor as follows;
Sensitivity = SNRmin + noise floor + margin

Several dBs of margin are taken to account for nullification of process, temperature and
voltage and any other effects that are unaccounted. Hence, the required NF of receiver can

be expressed as
NF = Sensitivity — SNRmin - (-174 + 10log(BW)) - margin

THIRD ORDER INTERCEPT POINT (IIP3): The IIP3 can derive from the two tone
test. Roughly estimate to find require IIP3 value from the state that SNRmin must be
greater than IM3 product. The effect of the IM3 product is similar to
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the noise effect. Although this is a rough approximation, it gives a good idea about the
requires system IIP3 without the need to run the actual tone simulation. Such a simulation

can take very long time because of the two higher frequency tones used.
The input referred IM3 product can be expressed as:
Pivz = 3Pine — 2IIP3 < Pgig - SNRpin

Where Piy and Py, are the interferer and signal levels when the IM test is conducted.

Therefore, the minimum receiver IIP3 is given by:
IIP3 = 1/2(3Pjp; - Psig + SNRyyin) + margin
Again, several dBs of margin are added to account for implementation loss.

NF OF BLUETOOTH RECEIVER: The require Bluetooth receiver sensitivity is
-70dBm. To achieved 10~ BER require SNRi, is 13.6 dB. For 1IMHz channel selection
filter bandwidth and using 6 dB of margin, the require Bluetooth receiver NF is calculated

as
NF =-70 - 13.6 - (174 + 10log(10%) - 6 =24.4 dB

To support weak signals require good sensitivity to achieve -87 dBm sensitivity Bluetooth

receiver require 7.4 dB NF.

IIP3 OF BLUETOOTH RECEIVER: In the intermodulation test, the receiver has to
meet the 10~ BER when the following signals are applied:

e The desired signal at frequency fo with a power level -64 dBm.

e Static sine wave signal at f; with a power level of -34 dBm.

e A Bluetooth modulation signal at f, with a power level of -34 dBm.
Such that f0 =2f1-f2 (f1 is closed to the signal than {2) and |f2-f1| = n x 1MHz, where n
can be 3, 4 and 5. The system must fulfill one of these alternatives, substituting these

values in equation using 6 dB margin:
IIP3=1/2(3(-34) - (-64) + 13.6) + 6 =-6.2 dBm

GAIN DISTRIBUTION: The first step to determine the specification of the receiver
blocks is to determine require gain of each block. In order to relax the NF requirement of

mixer and ADC block, front amplifier stage (LNA) gain should be maximized.
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NF DISTRIBUTION: Distribute the NF among the receiver block such that the required
overall system NF is met. For the cascaded stages overall system NF is calculated using
the Friis equation. Where, LNA is the first stage of receiver. The Friis equation indicates
that the noise contributed by each stage decreases as the gain of the preceding stages
increases, implying that the first few stages in a cascaded are the most critical. Since the
RF front-end gain is limited for to meet IIP3 requirement. NF of LNA dominate the

overall system NF hence to keep minimum.

Bluetooth receiver LNA specification:

» Noise Figure (NF) < 3.5dB

> Power Gain (S;;) > 15dB

2 [IP3 > -5dBm

> Input reflection coefficient (S;;)<-15dB
2> Output reflection coefficient(S1;)< -10dB
# Centre frequency (f) =2.4GHz
2 Load Capacitance = 1pF

4.3.2 LNA Design Steps

First step of the design is to know process. 0.18um CMOS process is used to design this
LNA. 0.18um CMOS technology have electron mobility p,=332.1cm?*v-s, Oxide
capacitor Cox = 8.221X107°F/um?, s0 pnCox=273.03pum, and channel length L=0.18pm.

2> Optimum device width: In power optimization LNA design optimum value of quality

factor express as [3]

5y 3 )
Qopepp = lel [ [1 + \/1 (14 5)] (4.29)

0.18 pm CMOS technology have correlation coefficient ¢=0.39, y =2, 6 =4 and a =
0.85. Quality factor value thus obtained is 3.9.

3

WMl,opt,PD = (4.30)

2CoxLQL,opt,PpRsWo
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The operating frequency (fo) is 2.4 GHz and ©¢=2X3.14X2.4GHz=15Grps. The value
of Ry is 50Q2. Substituting all the value in (4.30) get power optimized MOSFET width
iS WMl,opt,PD = 346.55 Hm

> Gate to Source Capacitance (Cgs): Cgs of MOSFET is modeled as
2
CgSl = ECOXXWM1XLM1 (4.31)

Substituting the values of C,x, Wy and Lyq in (4.31).Cys 0f this design is Cggq =
0.33 pF.

> Transconductanceof MOSFET(g,,) : The transconductance of the MOSFET is

w
s = [ 200Cor (&) o (432)

Where, for this designlpy; = 5mA. So, gy, = 72.49mA/V.

2> Unity gain frequency (w7): Unity gain frequency of MOSFET is expressed as (4.33).

wp =M = 219.66Grps (4.33)

gsi

» Power optimized design minimum noise figure (Fminpp): In power optimized design

minimum noise figure can be computed using (4.34) [3].
Y (w w
Frinpp = 1+ 2-4;(7;) > 1+ 16202 (4.34)

Where, y = 2 and a = 1 s0, Fyinp, ® 1.32dB By increasing Ip, increases or and

decrease NF at the expense of more power.

> Starting value of Degeneration Inductor Lg: The value of this inductor is fairly
arbitrary but is ultimately limited on the maximum size of inductance allowed by the

technology, which is technically about 10nH.

Ry =92t = . I, (4.35)

Cys
R

So, Ly =—
wr

> Evaluation of Ly: Lg of the IDCS structure is expressed as (4.36)
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_ 1
g Wo 2 CgS

— L, (4.36)

2> Evaluation of Ly: Here the value of C; =1PF

Ly=— 4.37)

wo2Cp

» MOSFET Width (W): Width of M1 decides gain and input capacitance. M2 is used to
reduce miller capacitance and improve isolation. If Width of M1 and M2 is equal then
it can shared common area for drain and source. Size of M3 decides bias current and

chose such that minimized power consumption.

> Bias resistor (Rb): Value of bias resistor is to be set large enough to neglect bias

current noise. Value of the bias of the design is set Rb=2KQ.

> Power dissipation: Power dissipation of design is found using total current
consumption from given power supply voltage P4= V44 X 4. For the design P4=1.8 X 5
X 107=9mW.

4.3.3 Schematic of the Bluetooth IDCS LNA

Vdd
éRref

v Hl_ Vout

(ALY,
B.

Vin

FIGURE 4.10: Bluetooth Inductive degenerate common source LNA schematic.
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TABLE 4.1: Bluetooth LNA component values and its function.

Components (i:;?rf:i.lzrendelszll:l); Functionality
Wi, W, 6X64 um Amplify the RF signal
W, 5.2X10 pm DC bias current mirror
Lg 4.28 nH Input matching
Ls 0.14 nH Input matching
Ld 1.82 nH Output matching
CL 1 pF Load Capacitance
CB 10 pF DC blocking
Reduce the input noise from
Rb 2KQ DC bias circuit
Rref 2 KQ DC bias

Design components value and its function are given in Table 4.1.

LNA design is iterative process to find desired performances. Performance parameters of

LNA have tradeoff among them. The LNA design is multi optimization problem.

Gain,
Matching

Tradeoff

Power
Consumption

FIGURE 4.11: Performance tradeoff of LNA.

4.3.4 Design Optimization

In nanometer design, to find manual finding optimum design variables value manually is
very difficult and impossible task due to complex mathematical model of MOSFET. To
perform this complex time consuming task optimization algorithm is widely used to find

optimum variables value. Fig. 4.11 shows design optimization flow chart.
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Select topology

A 4

Adjust DC Bias

A 4

Design using selected
topology

'

DC Simulation

Adjust Inductors and
Capacitances

Gain, NF and Linearity
Simulation

Adjust MOSFET Width

Meet le: NF,
and L?

FIGURE 4.12: LNA design flow chart.
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Specification of Algorithm

Circuit Topology design Parameters

Design

v variables v v
Circuit Simulator for Optimization
performance Algorithm
evaluation
Simulation
Results

Meet
Design
Criteria?

Yes

Optimized design
variables

FIGURE 4.13: LNA design optimization flow chart.
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FIGURE 4.14: IDCS Bluetooth LNA ADS simulation schematic and optimization setup.
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FIGURE 4.15: Layout of IDCS Bluetooth LNA.

4.3.5 Simulation Results and Discussion

30— =y 0
20— -
| —-5
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FIGURE 4.16: S,; and S;; Simulation results of Bluetooth IDCS LNA.
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FIGURE 4.17: S;; and S,, Simulation results of Bluetooth IDCS LNA.
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FIGURE 4.18: Noise Figure Simulation result of Bluetooth IDCS LNA.
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FIGURE 4.19: DC Simulation result Bluetooth IDCS LNA.
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FIGURE 4.20: Stability factor simulation of Bluetooth IDCS LNA
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FIGURE 4.21: Harmonic simulation of Bluetooth IDCS LNA.

TABLE 4.2: Targeted and achieved performance of Bluetooth IDCS LNA.

Performance Parameters Targeted specification Achieved Result
Noise Figure (NF) <3.5dB 3.56 dB
Power Gain (S,;) >15 dB 20.17 dB
Si <-15dB -21.0 dB
Stz <-10 dB -36.5 dB
S <-10 dB -9.0dB
1IP3 >-5 dBm -2.0 dBm
Power consumption <10 mW 10.8 mW

Bluetooth IDCS LNA is designed using 0.18um RFCMOS technology. The design is
simulated using ADS RF circuit simulator. Fig. 4.16 shows achieved simulation results of
power gain (S;1) and input reflection coefficient (S;;). The design has achieved more than

20 dB S;; and less than -21 dB S;; at desired frequency 2.4 GHz. Fig. 4.17 is shows
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achieved good Si; andS,, are -29dB and -9dB respectively at desired frequency.
Simulation results of NF and IIP3 are shown in Fig. 4.18 and Fig. 4.21 are 3.6 dB and -2
dBm respectively. DC simulation of the design is shown in Fig. 4.19 shows the design is
consume 6mA total current including bias circuit from 1.8V supply. Total power
consumption of the design is only 10.8 mW. Bluetooth IDCS LNA has achieved very
good gain, input and output matching and linearity with tolerable noise figure. Fig. 4.20 is
simulation result of stability and its shows stability coefficient is greater than one which

means the design is unconditionally stable at desired frequency 2.4 GHz.

4.4 Bluetooth Receiver LNA Design using Current Reuse (CR)
Topology

4.4.1 Bluetooth CRLNA Schematic

Current reuse topology is shown in Fig. 4.20. In CRLNA topology L1 and C1 are used to
pass DC current and bypass AC signal. Inductor L2 couple output ac signal from first
stage to gate of second stage. So in this topology same DC bias current is used in both the
stages and due to reusing of DC current, it reduces power dissipation. Table 4.3 have

design variables value and its function of the design.

TABLE 4.3: Bluetooth CRLNA Design variables value and its function.

Components Value Functionality
Wy, W, 6x64pum Amplify the RF signal
W3 4.6x64um Second stage amplification
W, 3.4x30pum DC bias current mirror
Lg 3.67nH Input matching
Ls 0.38nH Input matching
Ld 1.82nH Output matching
L1 2.68nH Pass DC bias current
L2 5.8nH Couple AC output signal to next stage
C1,C2 3.0 pF AC Bypass
CB, Co 2.0 pF DC Blocking
CL 1.0 pF Load capacitance
Rb 2.0 KQ Reduce the input noise from DC bias circuit
Rref 2.0 KQ DC bias

57



Narrowband LNAs Design and Optimization

Vdd._
L 2
3 3Lout
L2 j |
RE 3 I_RFout
Co
.JE M3
M4 |_. c2 t
g RD 311 ==c1
VbJE M2
Rs Cg Lg |E M1
I_._r\r\m
Vs
3
T =
FIGURE 4.22:

Bluetooth Current Reuse LNA (CRLNA) Schematic.

FIGURE 4.23: Layout of Bluetooth CRLNA
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4.4.2 Simulation Results and Discussion
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FIGURE 4.24: S;; and S;; simulation results of Bluetooth CRLNA.
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FIGURE 4.25: S;; and S,, Simulation results of Bluetooth CRLNA.
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FIGURE 4.26: DC simulation of Bluetooth CRLNA.
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FIGURE 4.28: Harmonic Simulation of Bluetooth CRLNA.
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FIGURE 4.29: Stability factor simulation of Bluetooth CRLNA.
Simulation results of Bluetooth CRLNA shows achieved S»;, Si1, NF and IIP3 are 22.22
dB, -10 dB, 3.6 dB and 1 dBm respectively, with consuming only 3mA including bias
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circuit current from 1.8 V supply. CRLNA achieve desired performaces with very low
power consumption with a cost of higher si area. This CRLNA design is highly suitable
for battery operated bluetooth receiver. Table 4.4 to summaries achieved perfromaces of
proposed bluetooth LNAs with published work. To compare narrowband LNA here used
Figure of Merit (FOM) is

Gain (lin)x11P3(mW)

FOMy = 20logso (NF(dB)-1)xPd(mW)xNo. of coil (4.38)
TABLE 4.4. Bluetooth LNAs performance comparisons with literature works.
Design Design 1 Design 2
'8 [81], [821, (831, [84], s s
2006 2009 2008 2014 Bluetooth Bluetooth
Parameter IDCS LNA CRLNA
Technology (nm) 350 180 180 180 180 180
Frequency (GHz) 2.4 2.4 2.4 2.4 2.4 2.4
P"Wer(ga;“ (dB) 15 144 | 214y | 346y 20.17 2.2
21
Input matching Sy, -32 -18.1 -19 - -21 -10.3
Noise Figure (dB) 3.7 1.6 52 4.3 3.56 3.6
Power Consuption | 55 0.96 13 19 10.8 5.4
(mW)
11P3(dBm) 3 9 11 10.6 2 1
No. of inductor 4 4 1 1 3 5
FOMy 104 3.72 -10.79 28.6 16.28 10.56
FOM,
35 -+
30 1 6 [84] 2014, 28.6
25
20 - Buetooth IDCS LNA,
16.28 Buetooth CRLNA,
15 1 0 10.56
10 - @ 13112006, 104 v
5 O [82] 2009, 3.72
0 ,
_5 ,
-10 - @ 15312008.-10.79
_15 .

FIGURE 4.30: FOM of Published and proposed Bluetooth LNAs design.
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4.5 GPS Receiver LNA Design

To receive very weak signal of Global Positioning System (GPS) require high sensitivity,

high power gain and good linear receiver design.

4.5.1 GPS Receiver LNA Design using IDCS topology

The first LNA is design using IDCS topology for GPS receiver. GPS communication use
1.575 GHz frequency. Using LNA design and optimization flow obtained optimum
component values of GPS LNA is given in Table 4.5.

TABLE 4.5: Design variables value of GPS IDCS LNA.

Components Value Components Value Components Value
W, 6.4x64 um Ls 0.14 nH Rref 2 KQ
W, 6.5x64 pm Ld 2.5nH Rb 2KQ
W, 2.6X10 pm CB 2 pF
Lg 8.2nH Co 1 pF
Vvdd

S
}
o

Vin

FIGURE 4.31: GPS IDCS LNA schematic.
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GND

FIGURE 4.32: Layout of IDCS GPS LNA.

4.5.2 Simulation Results and Discussion of GPS IDCS LNA
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FIGURE 4.33: S,; and S;; simulation results of GPS IDCS LNA.
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FIGURE 4.34: S;; and S,, simulation results of GPS IDCS LNA.
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FIGURE 4.35: Noise Figure simulation results of GPS IDCS LNA.
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FIGURE 4.36: DC Simulation of GPS IDCS LNA.
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FIGURE 4.37: Harmonic simulation of GPS IDCS LNA.

GPS IDCS LNA design and simulate using RFCMOS 0.18 um technology. Simulation
results of GPS IDCS LNA shows achieved S,;, Si;, NF, IIP3 are 22dB, -25dB, 3dB and
1dBm respectively. Achieved results shows very good gain, very good input matching for
maximum power transfer, low noise figure and good linearity. This design consume 6 mA

current from 1.8V supply as is shown in Fig. 4.36.

4.5.3 GPS Receiver LNA Design using CR topology
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FIGURE 4.38: GPS Current Reuse LNA (CRLNA) Schematic.
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TABLE 4.6: GPS CRLNA Design variables value and its function.
Components Value Functionality
Wy, W, 6.4x64 pm Amplify the RF signal
W3 6.4x64 pm Second stage amplification
W, 2.6x10 um DC bias current mirror
Lg 7.1 nH Input matching
Ls 0.14 nH Input matching
Ld 2.05 nH Output matching
L1 2.83 nH Pass DC bias current
L2 2.8 nH Couple AC output signal to next stage
C1,C2 3.0 pF AC Bypass
CB, Co 2.0 pF DC Blocking
CL 1.0 pF Load capacitance
Rb 2.0 KQ Reduce the input noise from DC bias circuit
Rref 2.0 KQ DC bias
=
csT
1€ <>
E{-T— RFout
c8
K| Cc10
al all

TSMC RF CMOS 0.18um

' Si - Substrate .

s TSMC_CMO018RF_PROCESS
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FIGURE 4.39: CRLNA GPS LNA ADS simulator schematic.
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L

FIGURE 4.42: Layout of GPS CRLNA.

4.5.4 Simulation Results and Discussion of GPS CRLNA
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FIGURE 4.43: S,; and S,; simulation results of GPS CRLNA.
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FIGURE 4.46: DC Simulation of GPS CRLNA.
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FIGURE 4.47: Harmonic simulation of GPS CRLNA.
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FIGURE 4.48: Stability factor simulation of CRLNA.
TABLE 4.7: GPS LNAs achieved performance comparisons with literature works.

Design (85], 1861, | [87], Design 1 Design 2
2009 | 2011 | 2011 | CPSIDCS | GPS
Parameter LNA CRLNA
Technology (nm) 350 180 180 180 180
Frequency (GHz) 1.575 | 1.575| 1.575 1.575 1.575
Power Gain (dB) (S,1) 17 10 13.7 22 24
Input matching Sy, -15 -15 -1.2 -25 -23
Noise Figure (dB) 1.5 32| 231 3 3
Power Consuption (mW) 36 3323 | 144 10.8 9
IT1P3(dBm) 1 1.62 | -5.48 1 -3
No. of Inductor 3 3 3 3 5
FOMy -1.03 | -0.01 | -3.02 6.43 3.37
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FIGURE 4.49: FOM of published and proposed GPS LNAs design.

GPS LNA using current reuse topology is designed and simulated using RFCMOS 0.18 um
technology. Simulation results of the design achieved S;;, Sy1, NF, IIP3 are 25 dB, -23 dB,
3 dB and 1dBm respectively. Achieved results have very good gain, good input matching
for maximum power transfer, low noise figure and good linearity. This design consumes 5
mA current from 1.8V supply as is shown in Fig. 4.46. Results of the GPS LNA designs are
compared with published work as shown in the table 4.5. Stability factor is greater than

one which shows the design is unconditionally stable as shown in Fig. 4.48.
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CHAPTER 5§

High Power Gain UWB LNA

5.1 Introduction

FCC allows use of 3.1-10.6 GHz UWB frequency spectrum, for commercial wireless
communication since 2002. Due to wideband of UWB technology, opens new frontier in
wireless communications and provide high data rate and less multi path fading. UWB
technology is widely used in high data rate wireless communication, penetration imaging
and high accuracy locating applications. Various IEEE standards adopt this technology to

improve performance of wireless system.

5.1.1 Ultra Wide Band (UWB) Technology

Defense department of United State was using this technology since early 1960’s, but it
was not popular as UWB, but different nomenclature was used. Patent awarded to UWB
communication system in 1973. Before 1980’s this technology was referred as impulse,
carried free, or based band communication. After 1989 this technology is popularly known
as Ultra Wideband (UWB). Most of technological advance has been classified before
1994.

To wutilize UWB technology for commercial wireless communication, Federal

Communications Commission (FCC) has given permission with restrict to transmit low

power.

72



Introduction

5.1.2 Bandwidth and Guidelines of UWB Technology

Fig. 2.1 graphically shows the Equivalent Isotropic Radiated Power (EIRP) spectral
transmission limits set by the FCC for the commercial use UWB communication.
Vehicular RADAR system uses 1.61 — 3.1 GHz band. The FCC has put strict restriction on
outdoor transmission limit to avoid interference with exciting system in 1.61-3.1 GHz

band.
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-80

-85
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FIGURE 5.1: EIRP Emission specified by the FCC.

UWRB signal is defined in terms of spectral occupancy. FCC defined UWB signal should
have a spectral more than 500 MHz or more than 20% of fractional bandwidth. Fractional

bandwidth is defined by the (5.1)

Bandwidth(BW) _ fupper—fLower
Center Frequency (fuppertfLower)/2

Fpw = (5.1

In (5.1) fupper and frower are the upper and lower -10 dB radiation frequencies.

5.1.3 Features and Applications of UWB Technology

Extremely wide bandwidth of UWB, opens new frontier for wireless communication
users. Bandwidth is the main limitation to improve performance of wireless
communication. UWB have wide bandwidth, which improve communication channel
capacity, quality and data rate of wireless communication. It’s easily illustrating using

shannon’s Channel Information Capacity theorem. The shannon’s theorem is state that
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maximum channel capacity depend on bandwidth and signal to noise ratio as shown in

(5.2).
C = Blog, (1+3) (5.2)

Where, C is maximum theoretical capacity, B is channel bandwidth, S is signal power and

N is noise power.

In narrowband system due to restricted bandwidth data rate is controlled by the transmitted
power (S). UWB system has a very large channel bandwidth, which reduce need of high
power transmission to establish adequate data rate. According to FCC regulations, UWB

can reach data rate speed greater than 110 MB/s over 10-15 meters [88].

Due to low transmission power and high data rate in UWB technology, opens new frontier
in wireless communications. UWB is widely used in high data rate short distance wireless
communication, personal area networks, sensor networks, RADAR, image penetrating,
medical applications and RFID. Due to low power consumption and very large bandwidth,
it is used in wireless real time signal transmitting and observing of the human body [89].

Similarly various biomedical applications take advantages of UWB technology.

5.1.4 UWB System Standards

IEEE is developing several IEEE standards that adventure the UWB bandwidth specified
by FCC and integrates it with the existing IEEE standards to insure good quality of service

to users.

IEEE define IEEE 802.15 standard for Wireless Person Area Network (WPAN) which use
UWB technology. Within this standard sub standards IEEE 802.15a is defined for high
data rate communication. IEEE 802.15a is implemented using UWB system. IEEE

standards improve performance by incorporate UWB technology.

5.1.5 UWB System Architectures

UWB system use two main system level approaches, Impulse type Impulse Radio UWB
(IR UWB) and carrier based Orthogonal Frequency Division Multiplexing UWB (OFDM
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UWRB) to utilize frequency spectrum of UWB. The Multi-band OFDM Alliance supports a
type of OFDM architecture referred to as Multi Band OFDM specified in
www.multibandofdm.org. UWBforum propose another forum, direct sequence UWB
based on IR UWB. IR UWB is included in IEEE 802.15.4a standards due to its simplicity
and localization capability compared to OFDM UWB system.

Implementation of RF frontend for both the types of system architecture either IR UWB or
OFDM UWB require wideband, high power gain, low noise figure and linear 3.1-10.6
GHz wideband LNA.

IMPULSE RADION UWB: IR-UWB communication use baseband pulses of very short
duration as signalling and either On-Off keying (OOK), pulse-position modulation (PPM),
or pulse amplitude modulation (PAM) as modulation schemes. IR UWB is used in ZigBee
technology for IEEE 802.15.4 (WPAN) standard due to high date rate, low complexity and

very low power.

Fig. 5.2 shows IR-UWB receiver architecture. The optimum match filter functionality is
achieved using analog correlator (f) and template generator. The optimum match filter
maximized signal to noise ratio with presence of noise. At narrowband lower frequency
this matched filtering function is performed using digital hardware but for RF UWB
receiver to implement matched filtering in digital domain is practically impossible using
current technology. ADC designing for UWB signal to operate at Nyquist rate using

current technology is impossible task.

DSP
LNA I »| ADC »| Baseband
processing
Sequence .| Template — Clock recovery and
Generator "| Generator Synchronization

FIGURE 5.2: IR UWB Receiver architecture.

To relax ADC performance requirements, need to down convert RF signals and improve

signal to noise ratio. Mixer down convert RF signals to IF band and LNA improve signal

75



High Power Gain UWB LNA

to noise ratio of RF signals. An LNA design for an IR UWB receiver should to operate
3.1-10.6 GHz wideband with adequate power gain, input matching, low noise figure and

linearity.

MULTI BAND OFDM UWB: Due to increasing demand of wireless communications
recently made OFDM techniques are popular. OFDM is widely used in modern wireless
communication products, to take advantage of existing design, OFDM proposed for UWB

system.

The MB-OFDM systems use multiple orthogonal bands to achieve Ultra-Wideband

communication as shown in Fig. 5.3.
A

Band Group 1 Band Group 2 Band Group 3 Band Group 4 Band Group 5

S

3432 3960 4488 5016 5544 6072 6600 7128 7656 8184 8712 9240 9768 10296 f
MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz

FIGURE 5.3: Multi band proposed for the IEEE 802.15.3a standard.
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FIGURE 5.4: MB OFDM UWSB receiver architecture.

Fig. 5.4 shows MB OFDM UWB receiver architecture proposed by the Multiband
Alliance for IEEE 802.15.3a standards. Fig. 5.4 shows MB OFDM UWB receiver
architecture is more complex compare to IR UWB receiver. The MB OFDM has higher
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power consumption it makes MB OFDM not suitable for low power receiver. MB OFDM
has potential to provide high data rate and it is use entire 3.1-10.6 GHz frequency
spectrum of UWB.

Both the IR UWB and OFDM UWB systems achieved very high data rates but having

complex receiver architecture and consuming high power.

LNA used in RF front end of UWB receiver implement using three different approaches;
1) Multiple LNAs for each band, 2) an LNA with tunable capabilities to cover entire 3.1-
10.6 GHz spectrum, 3) single 3.1-10.6 GHz UWB LNA. In this thesis design 3.1-10.6
GHz UWB high power gain LNA to support both IR UWB and OFDM UWB systems.

5.2 Proposed High Power Gain UWB LNA

Proposed design for UWB LNA has CG input stage with multi cascaded CS stages.
Resistive load provide wideband output matching in most of literature survey design use
resistive load. Drawback of using resistance in design is adding thermal noise. In our
design we have used low quality factor inductor as load. To extend bandwidth we have
resonant each stage at different frequency. Our design forms cascaded three active band
pass filter structure. In last stage we have used common drain to drive high capacitive load
of next stage. Complete schematics of our design shown in figure this UWB LNA is
design using 0.18 um RFCMOS technology.

MULTISTAGE LNA DESIGN: The proposed UWB LNA has multi amplifier stages as
shown in Fig. 5.5.

1* stage CG 2" stage 3" stage Cascade CS 4™ stage CD to
for wideband Cascade CS for with negative f/b to drive high
matching high Gain —»| improve gain and BW capacitive load

FIGURE 5.5: Different stages of proposed design.
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) _
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FIGURE 5.6: Ciruit diagram of proposed UWB LNA.

5.2.1 Circuit Analysis of Proposed Design

The schematic of the proposed LNA is demonstrated in Fig. 5.6. The LNA consist four
stages with separate biasing circuits. The input stage of the LNA is common gate, which
gives high bandwidth input matching. The inductor connected between the source of the
M1 and ground provides the LC resonator with Cgsl. It also gives the input impedance
matching to 50Q. Second stage is the cascode stage to increase gain. Third stage is
Cascode amplifier with series RC feedback to increase gain and bandwidth enhancement

and last stage is Common Drain amplifier for drive input capacitive load for mixer [90].

In proposed LNA width of M1 is chosen to get the better transconductance with the source
inductor. The large value capacitor is between the M1 gate and ground ensures better AC

grounding. It is also bypasses the biasing circuit noise.

Width of M1 selection is tricky task, because value of inductor L2 restricted by the RFIC.

L2 must be chosen as it will resonate with Cy; + Cys, around the center frequency of

interested band. With the help of iteration the L1 value is chosen for the best noise

performance. The chosen value of Ls is much greater than value of L1. Here the two LC
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tank circuit formed, one is L1 with Cg + Cgq1 and another is Ls with Cg . These both

circuits resonate around the center frequency of the interested band [91].

Miller effect creates problem in the selection of the peaking frequency, to reduce miller
effect the cascode transistor added to the common source stage which cause increases the
higher frequency cutoff. Cascode stage also provides contribution to improve the gain and

the reverse isolation, without consuming more power.

5.2.2 Input Impedance Analysis

Literature survey shows Common Gate have inherently wideband impedance matching
characteristics. In this design we have used CG with inductive source (Ls) input stage for
wideband matching. CG suffers from low gain in our design we have used two common

source (CS) stage to improve gain and bandwidth.

Rs

Vs _I_ Vg L

|||—.—

FIGURE 5.7: Common Gate input stage.

AC equivalent circuit of CG first stage is shown in Fig. 5.8.

S S Zin2
Vs |§LS Vgs Cgs _|_ Cgd |§Ld
+
I L L
__[_ — — —
FIGURE 5.8: CG AC equivalent circuit.
The input impedance is calculated by
-V,
Ziy = =L (5.3)

Iin
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Value of Ro is very large compared to Zo(w). By applying KCL at input source node of
MOSFET.

-V, (Vgs—9m1VgsZo(w))
Il’l’l = ZS(Z)S) - gml VgS - o m;ogs > (5-4)
. 1 1 ,
Where, Z;(w) = ]a)LS//@ and Z,(w) = o /] iWLq//Zin>
-V, 1
7. = 95— 5.5
n Iin Imat ZS:(lw) } 1_67';1020(‘”) ( )

For good input matching over the wideband Ls and Cgs should be selected such that they

resonate at the center frequency leaving only 50Q real impedance.

5.2.3 Noise Analysis and Optimization

As per friss formula first stage noise figure contribute major in overall noise figure of the
multistage amplifier. Noise analysis of the first common gate stage of the proposed

topology is analyzed in detail.

First stage has two sources of noise, source resistor Rs and channel noise of MOSFET.

Noise figure of the CG first stage can be modeled as (5.6).

2
NF1=1+2dy 1

R v (5.6)
Where @ = 20—, 7, = SLS//(%gS), Vg1 = and Ay = GmiZout
Substituting above values in (5.6) NF1 simplify as

NF1 =1 +é[(SZLSCgZ;+1)2RS N z(sstngsﬂ) N Ris] 57)

From the (5.7) shows first stage NF (NF1) is inversely proposal to transconductance (gp)
of M1, input and output impedance and directly proposal to Cgs. NF1 can be optimized

using two approaches.

2 Value of L and Cgs1 select such that it resonant at center of selected band.
2» NF1 is inversely proposal to transconductace of the first stage (gm1). Increase g,
will improve NF1 but it degrades input impedance matching of the design. Here is

tradeoff between input impedance and NF. Reducing Cg by reducing W of M1
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will result reduction of noise figure. On the other hand, scaling down the width of
means more current is consumed to maintain the same transconductance. The W,
should be chosen such that it will improve noise performance at given power
budget.

The output impendence of the source follower is calculated as

1+](1)Z3 (w).Cgss

Zoyt(w) = Ime+j@Cqs //706/ /707 (5.8)
1+jwZz(w).C
Zou(w) = gm6+3jwcgsg6$_6 (5.9

Where 14 and 7y, are drain to source resistor of M6 and M7 respectively, the value these
resistors are very large compare to other term so it can be neglected. Optimized design

variables value of the proposed high power gain UWB LNA is given in Table 5.1.

TABLE 5.1: Components value of proposed UWB LNA design.

Components Value Components Value

W, 5.6x64 um Ls 1.48 nH
W, 5.3x64 um Ldl 0.61 nH
W, 5.3x64 pym Ld2 2.10 nH
W,y 5.3x64 pym Ld3 0.41 nH
Ws 5.3x64 pm Vbl 051V
W 2x20 pm Vb2 0.62V

W, 2x30 pm Vdd 15V

Rf 6.0 kQ Cl 1.0 pF
Cf 120 {F C2 1.0 pF

5.2.4 Layout of UWB LNA Design

FIGURE 5.9: Layout of UWB LNA.
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i V DC |_Probe
+] vdd id Ld3
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FIGURE 5.10: UWB LNA schematic

5.2.5 Simulation Results and Discussion
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FIGURE 5.11: S,; and S¢; simulation results of UWB LNA.



Proposed High Power Gain UWB LNA

] nf(2) seooo

post_layout..nf(2) *e-9-9¥

Noise Figure (dB)

Freq. (GHz)

FIGURE 5.12:  Noise Figure Simulation results of UWB LNA.
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FIGURE 5.13: DC simulation result of UWB LNA.
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FIGURE 5.14: Harmonic simulation result of UWB LNA @ 6GHz frequency.
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TABLE 5.2: 1IP3 value at different frequencies of UWB LNA.

Freq. I1P3 (dBm)
4 -13.5
5 -8
6 -3.5
7 -5
8 -3.3
9 -3
10
5
T O
:""é 2 4 6 & 10
o0 A/_‘
s 5 /
-10

4

Freq. (GHz)

FIGURE 5.15: 1IP3 versus frequency of UWB LNA.

7E-10
6E-10; m?2
. freq=6.000GHz
5E-10— delay(2,1)=2.741E-10
i» 4E-10—| m3
= 4 freq=10.60GHz
5 a0 m2  \delay(2,1)=4.195E-11
-o -
2E-10—
1E—10;
0 \ \ \ \ \ \ LA B

freq, GHz
FIGURE 5.16: Group Delay variation of UWB LNA.

Simulation results of proposed UWB LNA, achieved high power gain greater than 20 dB
in interested 3.1-10.6 GHz band with tolerable noise figure 2.8-6 dB. Input and output
impedance matching coefficient S;; and Sy, are less than -9 dB in interested band which

shows good input and output matching and maximum power transfer takes place. Fig. 5.14
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shows harmonic simulation of the design at 6 GHz to find linearity measure IIP3 and it
achieved IIP3 is -3.5 dBm. Performed harmonic simulation at different frequencies and
achieved IIP3 at different frequencies is shown in Table 5.2. Fig. 5.15 is the plot of
frequency versus IIP3 of the design and it shows average IIP3 of the design is -5.5 dBm.
The design is achieve good linearity by optimum biasing of each stages. DC simulation
result of the design is shown in Fig. 5.13. The proposed design consuming 23 mA total
current including bias circuit current from 1.5 V supply. So, total power consumption of
the UWB LNA is 34 mW. Fig. 5.16 is the group delay simulation result of the UWB LNA.
Group delay variation of the proposed UWB LNA is £100ps.

Compare proposed design results with published work is given in Table 5.3. It is observed
from Table 5.3 that the proposed UWB LNA design having very high power gain, good
linearity and wideband impedance matching with tolerable noise figure. Due to high
power gain our design is most suitable for low power signal UWB receiver RFIC and it
will open new frontier for UWB wireless communication receiver design. Figure 5.17
shows FOM comparison of the proposed UWB LNA design with published UWB LNA
design. Proposed UWB LNA design achieved 32.99 FOM.

40 - Proposed UWB LNA,
35 - IJEC—2012[74],35.6$ 32-996
30 1 ‘ MTT-s 2010 [63], 30.1
25
20 - UMST-2013 [77],
16.25
15 - v v
JSSC-2006 [65], 9.62 RFIC 2010 [66], 15.87
10 A
0 v JSSC-2007 [57],9.3 ¢
5 - DEC-2015 [78],9.14
TCAS-II -2010 [51],
(O 0.51
i . JSSC-2007 [67], -0.23
. @ 15502004 [60], -3.04 [67]
JSSC-2007 [39], -8.3
o @ 5o
ISSCC-2009 [7], -9.45
_15 J

FIGURE 5.17: FOM Comparison of Proposed UWB LNA with published work.
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TABLE 5.3: Comparison of achieved results with published Wideband Low Noise Amplifier.

arameter | CMO Power
S Consu
Freq. S Su NF 1IP3 . Area
Techn mptio 2 LNA Topology | FOM
Source ology (GHz) (dB) (dB) (dB) (dBm) n (mm°)
(um) (mW)
JSSC-2004 CS + degeneration
[60] 0.18 2.3-9.2 9.3 <-10 4 -6.7 9 0.66 and input BPF 3.04
ICAT-2005 Cascode + input
[62] 0.18 2.7-9.3 10 <-10 33 -0.3 14 - HPF -
JSSE-2006 Cascode + input
[64] 0.18 3.1-10.6 9.5 <-8.6 5-5.6 -13 9.4 - filter -
ISSC-2006 1 18 | 0047 | 86 | <16 | 42 +3 9 1.16 Distributed 9.62
[65] cascode
JSS[(;Z]OW 0.13 3.1-10.6 15.1 <9.9 2.5 -8.5 9 0.87 CS + reactive FB 9.3
ISSC-20071 48 | 10119 | 97 | <11 | 47 6.2 20 0.59 CG + noise 8.3
[39] cancellation
JSSC-2007 0.18 L
[67] SiGe 0.1-11 8 <-12 2.9 -3.55 21.6 0.76 Distributed -0.23
ISSCC- Weighted
0.13 3.1-10.6 15 -12 <4.5 -12.5 26 0.435 Distributed -9.45
2009 [7]
Cascode
TCAS-II -
2010 [51] 0.18 3.1-10.6 13.9 <9.4 4.7 -85 14.4 0.46 Parallel RC FB 0.51
MTT-s 0.09 3.1-10.6 10.5 10 3.2 4 21.6 0.139 | Cs+IIinput filter | 30.1
2010 [63] ) ST : B : . . S put filte .
MTT-S CS + RLC input
2010 [70] 0.18 31.-10.6 13 -8.6 4.68 -12 10.34 - filter -
Distributed CS
RFI[C662]010 0.09 21 154 - 6 -6.6 12.5 041 with tapered 15.87
transmission line
IET MAP CG + current
2012 [72] 0.18 2.4-11.2 14.8 - 3.9 -11.5 34 - reuse -
HE[C7_3]012 0.18 3.1-10.6 15 <-11 | 3.5-3.9 6.4 16.2 0.39 Inverter with FB | 35.66
IJMST- RCFBCS +
2013 [77] 0.18 2.5-16 11 <7 33 -5 20 0.18 current reuse 16.25
1JEC-2015 2.35- CG current resue
(78] 0.13 937 10.3 <-8 3.68 -4 9.97 0.39 1 noise cancelling 9.14
High
power
. 0.18 3.1-10.6 | 20-30 <9 2.8-6 -5.5 34 0.176 | CG+Cascode CS | 32.99
gain UWB
LNA
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Introduction

CHAPTER 6

Multi Standard Wideband LNAs

6.1 Introduction

To support 4G standards LTE, WiMAX with existing 2G and 3G standards GSM,
CDMA, Bluetooth, Zigbee, RFID, wireless LAN (802.11a/b/g) etc. wireless
standards require 0.6-5.6 GHz wideband high performance receiver. Table 6.1
shows required receiver specifications of the different wireless standards. The
multi standard universal receiver requires wideband matching, high gain, high
linearity and low noise figure Low Noise Amplifier (LNA). The design of low
power wideband LNA for multi standards receiver using current technology is

still a challenging task.

TABLE 6.1:  Sensitivity, Linearity and Noise Figure specifications of different standards.

WCDMA | WLAN| WIiMAX| Bluetooth | GSM/PCS| LTE| RFID

Psens | 17 -65 -65 -70 -102 -102| -70

(dBm)

SNR

(dB) 5.2 28 24 21 9 8 11.6

NF

(dB) 9 7.5 7 23 9 9 39

11P3

(dBm) -4 -20 -8 -15 -18 -7 -20

Various wideband LNA are proposed in literature using different wideband LNA
topologies. This chapter, propose and design two wideband LNAs. The first LNA design
is proposed for highly linear multi standards universal receiver and the second LNA

design is proposed for high power gain multi standards universal receiver.
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NMOS/PMOS inverter structure is widely used in highly linear low power dissipation
LNA design. Due to complementary characteristics of NMOS and PMOS transistors,
NMOS/PMOS inverter structure cancel the distortion and improve linearity of the design.
Sharing the bias current by the NMOS and PMOS transistors in inverter structure it
reduces power dissipation. The proposed highly linear multi standard wideband LNA

design is based on NMOS/PMOS inverter current reuse amplifier structure.

6.2 NMOS/PMOS Inverter Structure Amplifier

The complementary characteristic of NMOS and PMOS transistors is used in

NMOS/PMOS inverter to enhance the linearity of the LNA.

An inverter structure is a basic common source amplifier gain stage. Compared to a CS
stage an inverter has a lower NF with the same DC current. This is due to the current reuse
technique or gm enhance as it is called. Total transconductance of inverter is summation of
transconductances of NMOS and PMOS. Transconductance to current ratio of the

NMOS/PMOS inverter structure is expressed as shown in (6.1).

gm _ Gmn (1 4 gm.p) ~ Imn (1 + /M) — 9mng (6.1)
I Ip Imn Ip KNnWnN Ip

Where, € is the inverter efficiency factor and it can be seen that for fixed gmn/Ip and W,

the efficiency is greater than one. When Wp = WnKn/Kp the efficiency factor ¢ is equal to
2 meaning that the g, is twice for an inverter than CS stage.
Vp

Rp Vdd

A

% [ — ]

—

lout

B A

Rn

Vn

FIGURE 6.1: NMOS/PMOS inverter structure.
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A drawback of NMOS/PMOS inverter structure is the higher input capacitance. Total
input capacitance of inverter structure is addition of NMOS and PMOS gate to source

capacitance.

w;
Cin = Cosn+ Cosp = Cgsn (1 +32) (6.2)

Input capacitance of inverter is higher by the factor of (1+Wp/Wn) compared to the input
capacitance of a CS stage of

Cin = Cgsm (6.3)

When both the transistors are biased in saturation region inverter structure LNA achieve
maximum gain. The small signal voltage gain of inverter structure can be expressed as:

v, —(gmn+gmp)
Av = O_I“t — Imn’Imp; (64)
Vin 9dsntJddsp

6.2.1 Linearity Analysis

Fig. 6.1 shows the NMOS/PMOS inverter configuration amplifier. In Inverter structure
input is applied at tied gate of both NMOS and PMOS transistors and output from short
circuited drain of both transistors. Due to nonlinearity of the MOSFET output drain current

of NMOS and PMOS can be expressed as follows:
lgsn = G1aVys + gZAngs + g3AVg35 + - (6.5)
lasp = —918Ygs + 928Vs — 93pVgs + -+ (6.6)
Iout = lasn — lasp = (G1a + 918)Vgs + (92a — 928)Vis + (G3a + 938)V5s (6.7

Where, g;, g and g3 are the main transconductance, second-order and third-order
nonlinearity coefficients respectively. The second order nonlinearity is cancelled in output
due to out off phase signals of NMOS and PMOS transistors. The linearity measure 1IP3 is
inversely propos anal to third order nonlinearity coefficient. The optimum biasing reduce

g3, hence improve linearity of the design.

Anpa = |%]92
11P3 3 |gs

(6.8)
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Inverter structure has two gain devices, NMOS and PMOS to boost overall
transconductance. With the proposed technique, reducing g3 and increasing gl leads to

highly linear and high gain performance over a wide range of frequencies.

6.3 Resistive Feedback Inverter Wideband LNA

The CS resistive shunt feedback is the most popular wideband design technique due to its
simple design and superior broadband characteristics. The resistive feedback CMOS
inverter wideband LNA topology is shown in Fig. 6.2. Using resistive feedback in inverter
achieve wideband input matching. The second stage in this design is a CS cascode to

improve gain and isolation.

Vdd

|EMP Rd

RFin_Cliln RE1 Cl |1_ _,Egllo_BFOUt

I =

M2

o

M3 —=—
%Rref

Vdd

FIGURE 6.2: Resistive feedback inverter wideband LNA schematic.
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6.3.1 Input Impedance Analysis

Input impedance of current reuse inverter NMOS/PMOS with resistive feedback derived is
similar to CS with resistive feedback discuss in literature chapter. Transconductance of

inverter 1S gm=gmntZmp -

Input impedance of the resistive feedback inverter structure with cascode CS next stage is

expressed as

Rp+Zins
Zin = .
n 1+(mn+Imp)Zin2 (6 9)
Where, Z;,,, is the input impedance of cascode CS next stage.
1
Zing = —— (6.10)

SCys2

At lower frequency Z;,, is very large and it can be neglected. So, input impedance of first

stage at lower frequency is simplified as

Zpp = 2= = 6.11)

At higher frequency value of Z;,, is comparable to Rr and Z;, is

1

SCgs2 RpSCyso+1

= g (6.12)
SCgs2+9m

Rr+

in

s

Equation (6.12) shows Z;, is directly proposal to Rr and inversely proposnal to g,,.

6.3.2 Voltage Gain and Noise Figure Analysis

Similarly to CS amplifier voltage gain of CMOS inverter with resistive feedback is

expressed as
Vou
Ay, = Tnt =1—(gmn + gmp)Rf (6.13)

Noise figure of NMOS/PMOS inverter structure can be found same as resistive feedback

CS amplifier is derived in literature chapter. NF of the resistive feedback is expressed as
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2

NE=1+ %(1 * (gmn+lgmp>Rs> ¥ Grtona (6.19)
Equation (6.14) shows Noise figure of the resistive feedback inverter wideband LNA is
inversely proposnal on feedback resistance Ry. Higher value of feedback resistor minimize
noise figure but it degrades input impedance matching. Selection of feedback resistance
value has tradeoff between to achieve wideband impedance matching and low noise figure
of design. Bandwidth of resistive feedback is expressed using (6.15).

_ 144,
Rp(Cgs+(1+A4)Cgq)

BW

(6.15)

Where, Av is the open loop gain, Rr is the feedback resistor, and Cg and Cgq are the
parasitic capacitors of the MOSFET.

TABLE 6.2: Components value of resistive feedback inverter LNA.

Components | Value Components | Value
W, 6.3x30 um Rf 330 Q
W, 6.3x30 pm Rd 50 Q
W, 4.6x64 um Cin, C1,Co | 3 pF
W, 4.6x64 um Vdd 1.2V
W; 1.5x30 pm Rb, Rref 2 KQ

6.3.3 Simulation Results and Discussion

dB(S(1,1)) ve99%

dB(S(2,1)) eeeee

S21 (dB), S11(dB)
o
\

'20\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
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Freq. (GHz)

FIGURE 6.3: S,; and S;; simulation results of resistive feedback inverter LNA.
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FIGURE 6.4: S;; and S,, simulation results of resistive feedback inverter LNA.
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FIGURE 6.5: Noise Figure simulation results of resistive feedback inverter LNA.
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FIGURE 6.6: DC simulation result of resistive feedback inverter LNA.
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FIGURE 6.7: Stability simulation result of resistive feedback inverter LNA.

The resistive feedback inverter wideband LNA is designed using TSMC 0.18 pm
RFCMOS MOSFET model and the design is simulated using ADS RF circuit simulator.
Simulation results of S;; and S;; shows gain decreasing and input matching degrading at
higher frequency as shown in Fig. 6.3 this is due to higher input capacitance of inverter
structure. At lower frequency reactance of input capacitance is very high which make pure
resistive input impedance and provide good matching. Simulation results shows the design
has well <4 dB NF, <-40 dB S;,, <-8 dB Sy, in interested 0.6-5.6 GHz wideband DC
simulation result show the design is consuming only 7 mA total current including bias

circuit from 1.2 V supply.

At higher frequency reactance of input capacitor is decreasing and makes capacitive
impedance which degrades input matching at higher frequency and also decreases gain. To
nullify capacitive effect need pole in input impedance function that can be add by putting
series inductor with gate of NMOS. Schematic of the resistive feedback inverter with gate

inductor wideband LNA is shown in Fig. 6.8.
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6.4 Resistive Feedback Inverter with Gate Inductor Lg Wideband

LNA
Vdd
|
[ Rd
 cin REF1 c1 |__RFout
RF
"} Vv Il [l
M2

___,,I,'Y?,,__J_ Mn
- P

Rb
M —
Rref
Vdd
FIGURE 6.8: Resistive feedback inverter with gate inductor wideband LNA.

6.4.1 Circuit Analysis
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FIGURE 6.9: Resistive feedback inverter and its AC equivalent circuit.
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FiGURE 6.10: Resistive feedback inverter with gate inductor and its AC equivalent circuits .

AC equivalent circuit of resistive feedback inverter amplifier is shown in Fig. 6.10 where,
Rf and Ry are miller equivalent resistors of Ry and C, is the sum of Cgg, Cgep and Miller
equivalent capacitance of CysntCasp. Gate voltage of MOSFET in terms of source voltage

is derive using voltage divider rule and it expressed as

Rf1

sCg

1%

g =V

) = e (6.16)
R5+Rf1

1 S RsRf1Cgs+(Rs+Rp1)
ng

From the Fig. 6.9 and (6.16) voltage gain of resistive feedback inverter amplifier is

express as
A, = _ 9m1vg(Ry2llTo1) _ ImiRr1(Ry2llTo1) (6.17)
vg RsRf1Cgs+(Rs+Rf1)
Equation 6.17 shows voltage gain transfer function has one pole at
s = —(Rs + Rs1)/RsRs1Cy (6.18)

Inverter structure with gate inductor schematic and its AC equivalent circuit is shown in

Fig. 6.10. By taking
1

Xy =5SLg + <,

(6.19)

From the Fig. 6.10 gate terminal voltage of resistive feedback inverter with gate inductor

expressed as

1
Rri||Xg sCq
v, = vsms_g (6.20)
g Rs+Rf1[|Xg Xg
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Voltage gain of resistive feedback inverter with gate inductor is derived as

_ gm1vg(Ryr2llro1)

Ay = o (6.21)
_ 9miRr1(Rp2llTo1) 1
B (RS+Rf1)LgCg 52+(5—ZS+(1)§ (622)
Where,
1

0 JLgCq (6.23)

Q, = R (624)
sfiifityg

Higher cut off frequency of the resisitive feedback with gate inductor design is increased
by pushing pole at higher frequency using gate inductor value. The pole splitting
mechanism is shown in Fig. 6.11. Value of the output quality factor depend on gate
inductor as shown in (6.24). Amplifier having higher Q will produce gain peaking and

lower quality factor gives better gain flatness.

Wo

Re

wo/2Q,

FIGURE 6.11:  Pole spiliting in S plane.

TABLE 6.3: Components value of resistive feedback with Lg inverter LNA design.
Component | Value Component | Value
W, 6.3x30 um Rf 330 Q
W, 6.3x30 pm Rd 50 Q
W, 4.6x64 um Cin, C1,Co | 3.0 pF
W, 4.6x64 um Vdd 1.2V
W3 1.5x30 pm Rb 2.0 KQ
Rref 1.0 KQ Lg 1.36 nH
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6.4.2 Simulation Results and Discussion
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FIGURE 6.12:  S,; and S;; simulation results of resistive feedback inverter with Lg LNA.
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FIGURE 6.13: S, and S,, simulation results of resistive feedback inverter with Lg LNA.
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FIGURE 6.14: Noise Figure simulation result of resistive feedback inverter with Lg LNA.
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6.4.3 Comparison of with and without Lg LNA Design
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FIGURE 6.15: S, simulation results of with and without Lg resistive feedback inverter LNA.
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FIGURE 6.16: S, simulation results of with and without Lg resistive feedback inverter LNA.
Simulation result of the matching (S;;) and power gain (S,;) are shown in Fig. 6.15 and
Fig. 6.16 respectively. With gate inductor design improves input matching (S;;) and power
gain (S,;) at higher frequency compare to without gate inductor resistive feedback inverter
design. Gate inductor improves matching and gain at higher frequency by nullifying input

capacitance effect.

6.5 Resistive and CD Feedback Inverter Wideband LNA

In [74] CMOS inverter feedback resistance adds thermal noise. Lower feedback resistance
for wideband input matching is preferable but it increase noise figure of the design. There

is tread off between low noise figure and wideband input matching: higher value of
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feedback resistor decrease NF but it does not provide wider band input matching and vice
versa [74]. Common drain (CD) active feedback in resistive feedback inverter is relax
tradeoff between NF and matching by proving one more degree of freedom to set
independently NF and input impedance. CD feedback also improve noise figure by
cancelling out off phase noise signals. Adding CD feedback stage, consumes extra power.

Schematic of resistive and CD feedback inverter LNA is shown in Fig. 6.18.
vdd

—E b

RFin Cin REL c3 _| I_

| 2 EMn c2

. Al
— v\ vdd

va E]\_—rvw

s

FIGURE 6.17: Resistive and CD feedback inverter wideband LNA schematic.
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6.5.1 Common Drain (CD) Feedback Analysis

Vdd o
Rb éRd
Mf (ex §
I—. RFout
*—
RE1

ST [

RFin

FIGURE 6.18: CS with common drain active feedback schematic.

By applying KCL at Vout and Vin node the expression for the voltage gain is obtained as

Vour = Id,inRL = _gm,inRLVin

_ Vour _
Ay, = Vi _gm,inRL
mn

Feedback current I4¢ can be found by applying KVL in feedback loop
Luf = GmfVour — (Vin + Lo fRy))
= —Gim s (1 + GmmRL)Vin + Lo s Ry
Lof(14 GmsRr) = =gmr(1 = AV =~ Ay = —gmmnRs

_gm,f(l—Av)Vin

lar = ~Cigmery)
[ = —] _ Imf(1-Ap)Vin
= S T (1 g Ry)

Using (6.25), (6.26) and (6.30) input impedance simplify as

ﬁ_ 1+gm,fRf ~ Rf

Ly = = =
mn Iin gm,f(l_Av) —Ay

(6.25)
(6.26)

(6.27)

(6.28)

(6.29)

(6.30)

(6.31)

As with a purely resistive feedback gm of the input device sets the input impedance but

now the impedance is scaled by Rr and R;. The system is of course even more complex,

transistors add capacitances in the signal path and the cancellations stage add capacitance

to the load of the input stage and to the input of the LNA.
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FIGURE 6.19:

FIGURE 6.20:

Multi Standard Wideband LNAs

Components value of resistive and CD feedback inverter wideband LNA design.

6.5.2 Simulation Results and Discussion

Component | Value Component | Value
Wi 6.4x30 pm Rfl 50 KQ
W, 6.4x30 pm Rf2 400 Q
WA 7x30 pm Cin, C2,C3, 2.0 pF
Cout,C4
W, 7x30 pm vdd 1.2V
W, 3.6x30 pm Rb, Rbl, Rb2, | 2.0 KQ
W, 2.7x20 pm Rb3 1.0 KQ
W;s 1.5x15 pm Rd 50 Q
Cf 1.0 pF Lgl 1.75 nH
30
] dB(S(1,1)) | »exeaere¢
20— dB(S(2,1)) eeeee
g 10—
= ]
< 0
m
g ]
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S;1 and S;; simulation results of resistive and CD feedback inverter LNA.
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Noise Figure simulation result of resistive and CD feedback inverter LNA.
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1V
1 |indep(m2)=1.200
plot_vs(ld.i, Vdd)=0.011

Id.i
L

FIGURE 6.21: DC simulation result of resistive and CD feedback inverter LNA.

Simulation result of NF shows NF is decrease in resistive and CD feedback compared to
single resistive feedback LNA in interested band. DC simulation result shows, introducing
CD feedback consume 11 mA total current which is only 4 mA extra compare to resistive
feedback inverter wideband LNA.

Series and shunt inductive peaking cascode CS next stage with resistive and CD feedback
inverter structure will improve performance of LNA. The proposed highly linear multi
standard wideband LNA design is based on resistive and CD feedback inverter with series

and shunt peaking next stage.

6.6 Proposed Highly Linear Multi Standard Wideband LNA

Schematic of the proposed highly linear wideband based on dual negative feedback
inverter structure with next stage series and shunt inductive peaking CS is shown in Fig.

6.23.

6.6.1 Design Analysis

The first stage of proposed highly linear wideband LNA is consisting resistive and common
drain feedback to provide wideband input matching and low noise figure. Second stage is
CS with series and shunt peaking inductors to improve overall gain and bandwidth of LNA.
Value of coupling capacitor C3 and inductor Lg?2 is to be selected such that it resonance at
middle of interested band. Drain inductor Ld extend the bandwidth and improve the gain at

high frequency [92].
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TABLE 6.5: Components value of proposed highly linear multi standard wideband LNA design.

Components | Value Components Value

W, 7.4x30 pum Rfl 50 KQ

W, 8x30 um Rf2 220 Q

W, 6.8x64 um Cin, C2, C3, Cout,C4 | 2.0 pF

W, 6.8x64 pm vdd 1.2V
W, 3.6x30 pm Rb, Rb1, Rb2, 2.0 KQ
W, 8x15 pm Lgl 1.71 nH
W;s 1.5x30 pm Lg2 0.62 nH
Cf 1.0 pF Ld 1.95 nH

Rb3 1.0 KQ
vdd L
5
>1d
= ’
RFout
RFin (]:’i“ Rf1 c3 _{ |_
: 11 A—— —— | Em co
Cc2
L
L e Ab—
Lg2 M1
L____NDNNN,
= Rb2
y =
M5
Rbl| |
M3 —
. AT Ses
Rf2
| | VvV Vdd
M4 Z’l A RO Vb
I c4
FIGURE 6.22: Proposed highly linear multi standard wideband LNA circuit.
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6.6.2 Layout of Design

FIGURE 6.23:  Layout of proposed highly linear multi standard wideband LNA.
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CornerCase_3p3NA=TT_3VNA
CornerCase_1p8M=TT_M
CornerCase_3p3M=TT_3M
Resistance=Typical

FIGURE 6.24: Highly linear wideband LNA schematic
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6.6.3 Simulation Results and Discussion
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FIGURE 6.25: S, simulation result of highly linear wideband LNA.
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FIGURE 6.26: S;; simulation result of highly linear wideband LNA.
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FIGURE 6.27: Noise figure simulation result of highly linear wideband LNA.
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FIGURE 6.28: DC simulation result of highly linear wideband LNA.
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FIGURE 6.29: Stability factor simulation result of highly linear wideband LNA.
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FIGURE 6.30: Harmonic simulation @3GHz result of highly linear wideband LNA
TABLE 6.6: IIP3 value of highly linear multi standard wideband LNA design at different

frequencies.
Freq. (GHz) 1IP3 (dBm)

1 0.5
2 1
3 34
4 4.8
5 4.4

5.5 4.2

Simulation results of Sy;, S;; and NF show the design has flat more than 20 dB power
gain, less than -9 dB input reflection coefficient and less than 4 dB noise figure in 0.6-5.6
GHz interested band. Harmonic simulation result shows this design achieve very good
linearity. Fig. 6.30 shows harmonic simulation result at 3 GHz, achieved IIP3 3.4 dBm
@3GHz. Table 6.6 shows IIP3 value at different frequencies. The design achieved
excellent average IIP3 is +4 dBm in interested band. DC simulation result shows the
design consume only 13 mW power from 1.2 V supply. Due to low power consumption
and good performance of the design make its highly suitable for next generation mobile

terminal universal receiver.

6.7  High Power Gain Multi Standard Wideband LNA

Topology used to design high power gain wideband LNA is same as proposed for high
power gain UWB LNA in chapter 5. Input and output matching for interested band is set

by tuning inductors value.

6.7.1 Proposed LNA Schematic

TABLE 6.7: Components value of high power gain wideband LNA.

Components Value Components Value
W, 6x64 um Ls 5.9nH
W, 5x64 pm Ld1l 2.7nH
W, 5x64 pm Ld2 5.6 nH
W, 5x64 pm Ld3 1.8 nH
W;s 5x64 um Vbl 053V
W 2x20 pm Vb2 0.61V
W, 1.5x40 pm Vdd 1.2V
Rf 6.0 kQ C1,C2,C3 1.0 pF
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FIGURE 6.31: High power gain wideband LNA schematic.

6.7.2  Layout of the Design
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FIGURE 6.32: Layout of high power gain wideband LNA.

L1

109



6.7.3 Simulation Results

Multi Standard Wideband LNAs
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FIGURE 6.33: S, simulation result of high power gain wideband LNA.
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FIGURE 6.34: S, simulation results of high power gain wideband LNA.
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FIGURE 6.35: Noise Figure Simulation result of high power gain wideband LNA.
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FIGURE 6.36: DC Simulation result of high power gain wideband LNA.
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FIGURE 6.37:  Stability simulation of high power gain wideband LNA.
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FIGURE 6.38: Harmonic simulation @3 GHz of high power gain wideband LNA.

Simulation results shows the high power gain wideband LNA design achieved average 30
dB power gain, less -8 dB input reflection coefficient and less 5 dB noise figure in

interested 0.6-5.6 GHz band. DC simulation shows the design is consuming 26 mW power
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including bias circuit from 1.2 V supply. Harmonic simulation result shows the design
having -7 dBm IIP3 at 3 GHz. The stability simulation show the design is unconditionally

stable even having very high gain.

The proposed high power gain multi standard wideband LNA design have very high
power gain with good matching and noise figure in interested band. This design is
consuming slightly higher power due to multistage. Table 6.8 shows the comparison of
proposed design results with recently published work. The high power gain wideband

LNA design is highly suitable for base station RF universal receiver.

FOM of the different designs has been calculated as per 3.34. Figure 4.39 shows proposed
highly linear wideband LNA achieved 50.75. FOM of the design specified in paper [71] is
highest 66.72 but its 3 dB higher cutoff frequency is 1.77 GHz which not supports 1.77-
5.6 GHz band wireless standards. Another high power gain proposed LNA design
achieved 30.5 FOM.

FOM
80 -

70 -
& MTT-2011 (711, 66.72

60 - Highly linear LNA,
50.75
50 1 ‘ ISSCC-2007 [68], 44.91

40 - High power gain LNA,
.5

30 - 0 TCAS-11-2013 [76],

29.25
0 JSSC-2004 [44],20.18

20 A
JSSC-2006 [65], 9.62 IIMST-2013 [77], 1&5 0 MJ-2015[79], 14.62
. JSSCC-2006 [61],4.76 IJEC-2015 [78],9.14

& 155C2004(60],3.04

10 -

_10 i
@ 155C-2005[59], -13.69

20 - @& MTT2012(73),-17.48

FIGURE 6.39: FOM comparison of proposed work with published wideband LNAs.
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TABLE 6.8: Comparison of proposed wideband LNAs results with published work.
Power Area
Source TS?:I?OSIO BW Sa1 Si | NF | IIP3 | Consu | (mm? Tovolo FOM
oy (uny | (GH2) | (@B) | (@B) | (dB) | (dBm) | mption pology
(mW)
JSS[C4;¥2]004 0.25 0'?%2_ 13.7 <-8 2.4 0 35 0.075 R FB +NMOS/PMOS 20.18
JSSC-2004 CS + degeneration and | -3.04
[60] 0.18 2.3-9.2 9.3 <-10 4 -6.7 9 0.66 input BPF
JSS[C5-92]005 0.18 2-4.6 9.8 <9 2.3 -7 12.6 0.9 CS + series RC FB 13.69
JSSCC- - CS with Input 4.76
2006 [61] 0.18 3-5 <161 o5 | 22 -9 7.68 0.63 matching filter
JSS[%?]O% 0.18 0.04-7 8.6 <16 | 4.2 +3 9 1.16 Distributed cascode 9.62
ISSCC- 4491
2007 [68] 0.13 1-7 17 <10 | 2.4 -4.1 25 0.019 Cascode + CD FB
M1J-2008 - 1.8- Cascode + inter stage -
[69] 0.18 36 2051513 26 -6.2 2 ) LC network
ISSCC- 0.3- Differential CG + C -
2009 [37] 0.18 0.92 21 2 32 3.6 ) Cross coupling
MTT-2011 0.01- Differential CG + 66.72
[71] 0.09 177 23 <-10 2 -2.85 2.8 0.03 multiple f/b
IET MAP 2.4- -
2012 [72] 0.18 112 14.8 - 3.9 -11.5 34 - CG + current reuse
MTT-2012 Pseudo differential + '
(73] 0.13 0.6-3 42v <-8 3 -14 30 1.5 resistive FB 17.48
MWCL- 0.01- Cascode + active —C -
2012 [75] 0.065 2.8 32v i ! -13.6 40 . element
TCAS-II- Cascode + active 29.25
2013 [76] 0.18 0-1.3 10 <-10 3 +7.5 18 0.07 foedback
IJMST- RC FB CS + current 16.25
2013 [77] 0.18 2.5-16 11 <7 33 -5 20 0.18 reuse
1JEC-2015 013 2.35- 103 <3 368 4 997 039 CG Furrent resue + 9.14
[78] 9.37 noise cancelling
Fully differential +
MI- 3.5- . . 14.62
2015[79] 0.13 3.5-5 14 <-15 39 4 21 0.31 active FB 4?N01se
cancelling
Hihgly +4
linear 0.6 - Resistive + CD 50.75
wideband 0.18 5.6 16-21 | <10 | <3.2 aveerag 132 0.09 feedback Inverter
LNA
High
Power
gain 0.18 0.6- 1 2034 | <8 | 46 | @3 26 0.18 CG + Cascaded cS | 303
. 5.6 GHz
wideband
LNA
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TABLE 6.9: Wireless Standards.
Standard | Description Access Modulation | Frequency Channel | Data
techniques | types Band Spacing | Rate
Tx/Rx(MHz) (MHz) (Mb/s)
GSM Cellular 2G (digital voice, | TDMA/ GMSK 890-915/935- 0.2 0.27
SMS) FDMA/ 960
FDD
DCS-1800 | Cellular 2G (digital voice, | TDMA GMSK 1710- 0.2 0.27
SMS) 1785/1805-1850
PCS-1900 | Cellular 2G (digital voice, | TDMA GMSK 1880- 0.2 0.27
SMS) 1910/1930-1955
1S-95 Cellular 2G (digital voice, | CDMA OQPSK 824-849/869- 1250 1.228
SMS) 894
EDGE Cellular 2.5 G (higher TDMA GMSK/98- 1850- 0.2 0.27
capacity package data) PSK 1910/1930-1990
GPRS Cellular 2.5 G (higher TDMA GMSK 880-915/925- 0.2 0.27
capacity package data) 960
WCDMA | Cellular 3G (Voice CDMA QPSK 1920- 5 3.84
(UMTS) Multimedia, broadband 1980/2110-2170
internet access)
HSDPA Cellular 3.5G (High speed | OFDM/ QAM 1920- 5 14.4
downlink uplink packet MIMO 1980/2110-2170
access)
HSUPA Cellular 3.5G (High speed | OFDM/ QAM 1920- 5 5.76
downlink uplink packet MIMO 1980/2110-2170
access)
Bluetooth | Personal area network CDMA/FH | GFSK 2400-2482 1 1
(IEEE
802.11
FH)
ZigBee Personal area network CDMA/FH | GFSK 2402-2482 5 0.02,0.04
,0.25
UWB Personal area network SP/FS 3100-10600 500 110-480
IEEE Wireless local area OFDM BPSK 5000 16.26 6-54
802.11a network (WLAN)
IEEE WLAN DSSS D-BPSK/ D- | 2400 22 1-11
802.11b QPSK
IEEE WLAN DSSS D-BPSK /D- | 2400 16.25-22 | 1-54
802.11¢g QPSK
IEEE WLAN OFDM/ QAM 2400-5000 22 >100
802.11n MIMO
IEEE Metropolitan area OFDM/ BPSK/ 2400-11000 28 >1000
802.16d/e | network (WiMAX) MIMO QPSK/ (Stationa
QAM ry), >100
(mobile)
LTE 4G, GPP OFDMA/ QPSK/ 18501910 20 100,150,
MIMO/ 16QAM/ /1930 — 1990, 300(dow
SC-FDMA | 64QAM 1710 - 1785 nlink),
/1805 -1880, 50,75(upl
1710 — 1755/ in)
2110 - 2155
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Conclusions and Major Contributions

CHAPTER 7

Conclusions, Major Contributions and Scope of

Future Work

7.1 Conclusions and Major Contributions

In this thesis Proposed, Analyzed and Designed wideband and narrowband LNAs for
improve performance of RF receiver for fulfill need of future wireless communication. The
performance parameters of the LNA, Input/output impedance matching, noise figure, gain
and linearity have tradeoff among them. The proposed designs aim to relax tradeoff among
different performance parameters and improve performance of the LNA to make it suitable

for future RF receiver.

Chapter 4 presented the detail design of the LNAs for Bluetooth and GPS applications. The
first LNA was designed using inductive degenerate topology for Bluetooth receiver and it’s
achieved power gain (S;;), input reflection coefficient (S;;), NF and IIP3 is 22 dB, -21 dB,
3.6 dB and 1 dBm respectively. The LNA design consumed 10.8mW power from 1.8V
supply. Bluetooth receiver LNA is also designed using current reuse LNA topology for
portable low power devices. The proposed CRLNA design consuming only 5.4 mW power
from 1.8V supply voltage which saved 50% power compare to simple inductive degenerate
topology with the cost of larger silicon area. The 1.575 GHz narrowband LNA for GPS
receiver is designed using inductive degenerate topology. The LNA for GPS receiver
achieved Power gain, S;;, NF, IIP3 and power consumption are 20 dB, -20 dB, 3 dB,
1 dBm and 10.8 mW respectively. The proposed narrowband LNA designs will improve

performance of future Bluetooth and GPS wireless communication.
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Chapter 5 presented detailed design, analysis and simulation of high power gain 3.1- 10.6
GHz ultra wideband LNA for UWB system. The proposed UWB LNA design optimized
for specifically high power gain for UWB RF frontend receiver. Due to FCC restriction,
low power transmission for commercial UWB wireless applications require low noise high
power gain receiver to amplify and process received weak signals. Common gate
configuration of first stage of proposed design provided wideband input impedance
matching in the multistage UWB LNA design. The CG has low power gain. The power
gain has improved by using two cascade CS stages after CG in the proposed LNA design.
NF and gain of the design have improved due to inductive load used instead of resistive in
the design. Inductive load and next stage input capacitor are formed parallel tune circuit.
Bandwidth of the design has improved by resonant each parallel tune circuit at different

frequencies in interested band.

Simulated results of the UWB LNA design showed maximum power gain is 20-30 dB in
interested band with low noise figure 2.8-6 dB. The achieved S;; and IIP3 of the UWB
LNA have -9 dB and -5.5 dBm respectively in interested band. Due to multi stage the
proposed UWB LNA design has consumed slightly more power, 34 mW from 1.5V
supply. Results of the high power gain UWB LNA shows the design has improved
performance and makes it suitable for future UWB system and will open new frontier for
UWB wireless communication users. FOM of proposed design shows UWB LNA achieved

worthy overall performance with higher power gain compare to literature works.

In the chapter 6 highly linear 0.6-5.6 GHz wideband LNA designs for multi standards
universal receiver are discussed. The proposed 0.6-5.6 GHz wideband matching, high
linearity, high gain and low noise figure LNA design will support LTE and WiMAX 4G
standards with existing GSM, CDMA, UMTS, Bluetooth, ZigBee and WLAN wireless

standards for future RF receiver.

The first multi standard highly linear wideband LNA design is based on NMOS/PMOS
inverter structure. The complementary characteristic of NMOS and PMOS transistors have
improved linearity of the design by cancelling distortion. Resistive feedback
NMOS/PMOS inverter structure is widely used in literature for linear wideband LNA
design. Inverter structure of amplifier increased gain and reduced power consumption by
current reusing but due to its higher input capacitance it reduced gain at higher frequency.

Gate inductor based design has improved input impedance matching and gain at higher
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frequency by cancelling capacitive effect. CD active feedback with resistive in
NMOS/PMOS inverter structure has relaxed tradeoff among noise figure and input
matching by providing one more degree of freedom to set input impedance matching and
noise figure independently. The proposed highly linear wideband LNA has shunt and series
inductive peaking CS next stage with CD active and resistive feedback NMOS/PMOS

inverter structure.

Highly linear wideband LNA design achieved S;;, S;;, NF and average IIP3 were 16-20
dB, -10 dB, 3.2 dB and +4 dBm respectively. The design consumes 13.2 mW power
including bias circuit. Stability simulation result showed that the design is unconditionally
stable in interested band. Performance of the proposed highly linear wideband LNA makes

it highly suitable for next generation 4G multi standards mobile terminal.

The next 0.6 — 5.6 GHz wideband LNA is designed for high power gain multi standards
universal receiver. The high power gain multi standard wideband LNA is designed using
CG with multi stage CS topology. The high power gain wideband LNA design achieved
S»1, S11, NF, IIP3 were >20 dB, <-8 dB, 4-6 dB and >-7 dBm respectively in interested 0.6-
5.6 GHz band. Due to multistage the design consumed slightly high power, 26 mW
including bias circuits. FOM shows proposed multi standards LNAs design achieved good

overall performance compare to published wideband LNA designs.

All the LNAs were designed using TSMC 0.18um RFCMOS technology. The proposed
three novel wideband LNA topologies are relaxed tradeoff and improved performance of
LNA. The high power gain with wideband matching and low noise figure UWB LNA
design will improve performance of the UWB receiver. The highly linear and high power
gain multi standard wideband LNA design will improve performance of future wireless

communication.

7.2  Scope of Future Work

Here the work performed pre and post layout simulation to validate proposed LNAs
design. In future, design will fabricate and validate for suitability for future wireless

receiver.
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The fabrication of passive inductor requires larger silicon area and it is not scalable as
technology scale. Various active inductor design techniques are specified in literature.
Active inductor based LNA design requires less silicon area and design is scalable but it
adds more noise and consumes more power compared to passive inductor design. The NF
and power consumption of active inductor based LNA can be reduce by using noise

cancelling and low power LNA design.
RF frontend have three main analog blocks LNA, Mixer and Local oscillator. The work is

expand by the design of mixer and local oscillator for multi standard universal receiver

and integrate proposed LNA design with mixer and local to make complete RF frontend.
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