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Abstract

This research work concentrates on the Design and Implementation of sin-

gle to di�erential (balun) Low Noise Ampli�ers (LNAs) for narrow-band

and ultra wide band (UWB) applications. The transceiver of wireless de-

vices dominate the overall power consumption. Hence, low power designs

are to be investigated for enhancement of the battery life. Improving the

power e�ciency of the front-end will dramatically increases the receiver

performance. Furthermore many wireless receivers have indispensable pas-

sive/active balun for di�erential conversion of incoming single-ended an-

tenna signal. The cynosure of proposed LNAs are low power, single to

di�erential conversion and diminution of gain and phase error (i.e. less

than 1 dB and 10◦ respectively) at the di�erential output.

A high selectivity, current-reuse balun LNA is proposed for low power

wearable and implantable medical devices which are operated in the range

of 401 to 406MHz. An inductive degenerated common source (IDCS)

topology has been used for optimum power, noise and impedance match-

ing. The di�erential conversion of RF input has been achieved by stacking

cascaded stage (stage-II) on top of the IDCS stage (stage-I). In addition,

a second design of balun LNA is proposed for UWB applications in the

frequency range of 3.1 to 10.6GHz. The speci�cations of UWB are in con-

trast with the narrow-band design. The UWB radio technology introduces

signi�cant advantages for short-range communications systems. This tech-

nology requires a wide bandwidth, which allows Gigabit data rates over

short distances. An exemplary common gate and common source topology

(CG-CS) has been used for di�erential conversion of the input signal. A

CG-CS stage exploits amalgamation of CG stage (for wide-band impedance

matching) and CS to curtail signal imbalance, while simultaneously negat-

ing noise and distortion of the input matching transistor. The proposed

balun exerts a di�erential stage on top of CG-CS stage. The improvement

of bandwidth has been accomplished using staggered tuning on CG-CS

and di�erential stages.

An Inductor-less balun LNA is also designed for multi-band applications

in the range of 0.2 to 2GHz. The proposed LNA incorporates noise can-

v



cellation and voltage shunt feedback techniques to achieve minimum noise

characteristics and low power consumption respectively. In addition, trans-

conductance scaling has been used to improve the noise performance. In

this way, noise �gure (NF) of LNA below 3 dB is achieved. An additional

capacitor is used to correct the gain and phase imbalance at the output.

The gain switching has been enabled with a step size of 4 dB for high

linearity and power e�ciency.

This research also concentrates on biasing circuits for LNAs to reduce the

performance variations against process, supply voltage and temperature

(PVT). A conventional biasing circuit leads to variations in the perfor-

mance parameters of LNA. This is even worse when core transistor of

LNA operates in the sub-threshold region. Compensation bias circuits

have been designed to minimize the performance variations in LNA pa-

rameters. The proposed balun LNAs are implemented in UMC 0.18-µm

CMOS technology. Finally, all the proposed designs are validated by rig-

orous Monte Carlo simulations.

Keywords: Low Noise Ampli�er; Current re-use technique; Noise cancel-

lation; Staggered tuning; Gain switching; MedRadio; UWB.
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Nomenclature

SYMBOL MEANING

γ Excess drain noise coe�cient
δ Excess gate noise coe�cient
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Chapter 1

INTRODUCTION

Communication system describes a communication exchange between two stations,

transmitter and receiver. Prior to the data transmission over a wireless medium, trans-

mitter shifts the baseband spectrum to the channel frequency assigned for transmission

by modulating carrier signal. The receiver performs frequency down-conversion and

demodulation to retrieve the original data. In the communication process, the role

of receiver is listener, reader and it is as important as that of sender. The communi-

cation process would be complete and successful if the receiver provides satisfactory

feedback on the received signal. The choice of receiver architecture is determined by

parameters such as power dissipation, sensitivity, selectivity, noise �gure, cost and

number of external components.

In modern day technology, most of the wireless and mobile applications are using

di�erent radio receiver architectures to meet the demands. Some RF receivers have

higher levels of performance and are not con�ned by area as much and where as some

are simpler than others. Often, strong interference generated by users that do not

belong to the standard of interest are presented close to the spectrum of desired signal.

The interference from these can corrupt demodulation in receiver. Band-selection and

channel selection �lters are required to limit the e�ects of interferes. However, the

front-end band selection �lters su�er from a trade-o� between selectivity and band

loss. Further high selectivity �lters are needed at higher frequencies (Razavi Behzad

(1998)). Hence, to permit the channel selection �ltering with reasonable quality factor

(Q), the RF receiver must be devised with translating the desired channel to a much

lower frequency. Di�erent translation techniques have been around for many years.
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1.1 Receiver architectures

In all types of radio receivers the �rst active block is low noise ampli�er. Hence,

the design of LNA dictates the overall performance of receivers. A brief study of

receiver architectures must be needed to understand the importance of balun, low

noise ampli�er and the mixer. In general, these receiver architectures are classi�ed as

heterodyne and homodyne types.

1.1.1 Heterodyne receiver

In heterodyne architectures, the translation of incoming RF signal is performed by

means of a mixer. The architecture of simple heterodyne receiver is shown in Fig-

ure 1.1.

Band
selection
filter LNA

Image
rejection
filter

BSF2

Mixer

IRF

Local
oscillator

LO

BSF1

Figure 1.1: Architecture of a typical single-IF heterodyne receiver.

The band selection �lter (BSF1) of front-end selects the desired band and rejects

the image as well. After the ampli�cation from low noise ampli�er (LNA), it passes

through the �lter for image rejection. Although the BSF suppresses image signal

to some extent, it will be ampli�ed by the LNA before mixing. So an image-reject

�lter is placed immediately before the mixer. The mixer then translates the desired

band and interferes to the baseband. Further, band selection �lter (BSF2) suppresses

the interferes to the lower level. In the design of heterodyne receiver, intermediate

frequency (IF) is a critical parameter, because its selection involves a fundamental

trade-o� between image rejection, sensitivity and selectivity. A higher IF frequency

eases the rejection of image since the image appears further away from desired band.

Similarly, a lower IF leads to a larger adjacent channel rejection since the quality

factor of a �lter determined by the ratio of center frequency to bandwidth.
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The choice of IF depends on trade-o� among the spacing between desired band and

image, the amount of image noise and the loss of image incurred by rejection �lter.

The image can be minimized either by increasing the IF or using high-Q �lter. If the

IF frequency is too high, then Q of image rejection �lter (IRF) can be relaxed. This

leads to much tighter requirements from band selection �lter. In other case, the lower

IF frequency demands for high-Q image �lter to suppress image e�ectively. Further,

the noise and interfere leakage will reduce the sensitivity of the receiver. The impact

of IF selection on the receiver performance is shown in Figure 1.2.

fLOfin=fLO-fIF

Desired 
signal

Interferer Image

IR-filter

o fIF

Band selection

filter

ff

fLOfin=fLO-fIF

Desired 
signal

Interferer
Image

IR-filter

f

fim=fLO+fIF

fim=fLO+fIF
o fIF

f

(a)

(b)

2fIF

2fIF

Figure 1.2: Trade-o� between image rejection and channel selection (a)High IF (b) Low
IF.

However, the single IF receiver architecture shown in Figure 1.1 has the follow-

ing issues: (i) high-Q requirement of band selection �lter (ii) trade o� between image

rejection and channel selection. These issues can be relaxed by using multiple down-

conversion architecture as shown in Figure 1.3.

The �rst mixer (RF mixer) translates the desired band and interferes to the �rst

intermediate frequency (IF). The second mixer (IF mixer) and BSF3 suppresses the

interferes to the lower level. In heterodyne receiver the choice of IF enhances the selec-

tivity of the receiver. Further, the stability is more since the double translation process

provides better isolation between the blocks. Though it has several advantages, the
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Band
selection
filter LNA

Image
rejection

filter

BSF2

RF
mixer

IF
mixer

IRF BSF3

Local
oscillator

LO1 LO2

IF
amplifier

BSF1

Figure 1.3: Architecture of super heterodyne receiver.

integration complexity, high power dissipation, and external components requirement

are the bottlenecks. Moreover, it is not adaptable to use in di�erent wireless standards

and modes. Finally, the image �lter between LNA and mixer is indispensable because

image bands are also down converted by IF mixer and places in the desired band as

shown in Figure 1.4. In order to reduce power consumption and addition of external

components, a direct conversion (zero-IF) and low-IF architectures have increasingly

gained popularity in recent designs of wireless communications systems.

f

Desired 
channel

Image

BSF1

f

f

After IRF

f

RF
mixer

f

After BSF2 IF
mixer

f

f

After BSF3 IF
amplifier

f

Figure 1.4: Importance of band selection and image rejection �lters in multiple down
conversion receiver.
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1.1.2 Homodyne receiver

A homodyne receiver is also known as direct conversion or zero IF receiver. The

architecture of homodyne and low-IF receiver is similar except that homodyne receiver

down-converts RF signal frequencies directly to baseband frequencies. Therefore the

direct conversion receiver emerges as an alternate to heterodyne architecture. The

receiver architecture is shown in Figure 1.5.

The following aspects of zero-IF receiver makes it superior with respect to super

heterodyne receiver: (i) absence of high-Q o�-chip band selection �lters since band

selection is done by low pass �lter (LPF) and it can be implemented with on-chip

components (ii) as the frequency of IF is zero, the problem of image is avoided (i.e.,

no image rejection �lter) (iii) simple to handle because of less number of mixing spurs.

However, in spite of its advantages and simplicity, the homodyne receiver does have

some other performance issues that impede its widespread adoption (Lee (2004)). The

main disadvantage is LO leakage as shown in Figure 1.6.

Band
selection
filter LNA

LPF

Q-mixer

Local

oscillatorLO

LPF

I-mixer

BSF

90
0

I

Q

Figure 1.5: Architecture of direct conversion receiver.

A direct conversion receiver emits a fraction of LO power through the device and

pad capacitance. The LO emission is undesirable and it reduces the sensitivity of

other receivers operating in the same band. Even in heterodyne architecture, LO

leakage will occur but it can be suppressed by front-end band selection �lter. The LO

leakage gives raise to large DC o�set in the band of interest and makes the processing

of baseband signal di�cult. Furthermore, third-order distortion of active devices

in the chain results in compression and intermodulation. As a result, a fraction of

lower beat interferer component appears in the baseband. The e�ect of even-order
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Figure 1.6: LO leakage and DC o�set in direct conversion receiver.

LNA
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mixer
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beat
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Interferes

Band of interest

f1 f2

f1-f2

Figure 1.7: E�ect of even order distortion on homodyne receiver.

distortion on the down conversion of baseband signal is shown in Figure 1.7 with two

strong interferes at f1 and f2. Another serious problem of homodyne receiver is the

I/Q mismatch. Due to the quadrature mixing requirement, either the RF signal or

the LO output has to be shifted by 90◦. Since shifting the RF signal generally causes

severe noise-power-gain trade-o�s and poor SNR performance (because of gain and

phase error between I/Q signals).

1.2 Issues in narrow-band wireless RF front-end

Several architectures have been considered to realize low power receivers for narrow-

band applications. It is shown that, the direct conversion architecture is inappropriate

for the implementation of a system with channel bandwidths less than 100-150 kHz

6



(Cha et al. (2011)). The baseband can be severely corrupted by the presence of �icker

noise and dc o�set. If the channel bandwidth is more than 300 kHz, a direct conversion

receiver can be used at the cost of high power consumption and complicate design (Ba

et al. (2015)). A low-IF architecture would be better for narrow-band systems to

reduce the design complexity. Therefore, the RF signal is down converted to a low IF

of 500-600 kHz. Block diagram of a traditional narrow-band RF front-end is shown

in Figure 1.8. It comprises of band selection �lter, LNA, mixer, indispensable image

�lter and balun.

Most of the narrow-band front-ends su�er from the following common issues ir-

respective of receiver architecture: (i) at some point over the front-end chain, an

incoming single-ended antenna signal needs to be converted into di�erential signal

(ii) requirement of high-Q external channel selection �lter (iii) gain and phase error at

the output of balun (Martins et al. (2011)). Finally, the performance parameters are

sensitive to process, voltage and temperature (PVT) variations.

BALUN

Differential 
matching 
network

Mixer
IF

LNA

Antenna

High-Q
filter

RF front-end

IRF

LO

Figure 1.8: Block diagram of the traditional narrow-band front-end.

In all receiver front-ends, the �rst amplifying block is a low noise ampli�er and it

decides most of the front-end performance parameters such as sensitivity, gain, noise

�gure, linearity and power consumption. Many narrow-band techniques have been

implemented for LNA. As we have targeted Medical Radio communication band as an

example of narrow-band, the �gure of merit (FoM) comparison of recently reported

LNAs is shown in Figure 1.9. The FoM reported in Amer et al. (2007), is considered for

comparison to select most relevant parameters of LNA. The mathematical expression
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for FoM is given by (1.1).

FoM =
Gain[abs]× IIP3[mW ]× f [GHz]

PDC [mW ]× (NF − 1)[abs]
(1.1)

where, f is the center frequency in GHz. Considerable research has been done on

narrow-band LNAs, but it is heavily biased towards either single-ended or di�erential

with inevitable balun. Though most of the techniques have su�cient FoM, still there

are some restraints exists among them. Nevertheless the FoM of Cha et al. (2011) is

better, the additional requirement of balun and headroom are the bottlenecks. So, a

single to di�erential LNA would be the better option to overcome most of the issues

occurring in traditional narrow-band receiver. The main design challenges in balun

LNA are: (i) requirement of optimum power, noise and impedance matching (ii) need

for single to di�erential conversion of incoming antenna signal (iii) need for minimum

gain and phase error at the output and (iv) bias compensation against PVT variations.

Power consumption (mW)
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F
o

M
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0

0.5

1

1.5

2
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3

3.5
Single-ended

LNA+mixer

Differential

Balun

Cha et al.(2011)

Dehagani et al.(2013)

Martins et al.(2011)

Wu et al.(2011)Cruz et al.(2015)

Choi et al.(2016)

Mohamed et al.(2013)

Figure 1.9: FoM comparison of recently reported LNAs for Medical Radio communi-
cation.

1.3 Issues in wide-band wireless RF front-end

The wide-band systems have been used for high data rate wireless applications. Direct

conversion receiver (DCR) architectures are commonly used in wide-band systems as
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shown in Figure 1.10. It comprises of balun, LNA, and mixer with �lter. As DCR

architecture su�ers from LO leakage and DC o�set, hence di�erential conversion of

incoming signal must be entailed before the mixer stage. As per the Friis equation,

if we place balun before the active block, its noise �gure kills the entire receiver per-

formance. So, placing a balun after the LNA would be better option. In either cases,

there is requirement of lossy and bulky balun. The common challenges in wide-band

front-end are :(i) low noise, gain �atness and low power consumption (ii) bandwidth

extension and (iii) additional balun and its imbalance at di�erential output.

BALUN
Differential 
matching 
network

Q-Mixer

LO
LNA

Antenna

BSF

RF front-end

I-Mixer

900

LPF

LPF

I

Q

Figure 1.10: Block diagram of the traditional wide-band receiver.

Many techniques have been matured in the literature for wide-band LNAs. As we

have focused on the design of LNA for ultra wide-band technology, a FoM comparison

of recently published work has been given in Figure 1.11.

The FOM is included with gain, band-width (BW), noise �gure and power con-

sumption to meet wide-band low power system speci�cations (Linten et al. (2005)).

FoM =
Gain[abs]×BW [GHz]

(NF − 1)[abs]× (PDC(mW )/10−3)
(1.2)

Most of the reported LNAs are cascade of minimum two stages to attain wide-band.

Nevertheless recently reported LNAs showing better performance, the power consump-

tion is not less than 8mW.
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Figure 1.11: FoM comparison of recently reported LNAs for UWB applications.

1.4 Issues in multi-band wireless RF front-end

Nowadays, the design of high-end wireless devices focus on wide-band to cover min-

imum of 5 to 10 standards over di�erent frequency bands. Many countries are using

ultra high frequency (UHF) band for ISM applications (260 to 470MHz), high quality

digital signal for digital TV (DTV) applications (470 to 890MHz) and GPS & B2 sys-

tems for GNSS receivers (Wu et al. (2011), ATScomm (2004)). This trend will become

popular in the future and creates many new design challenges with low area, power

and single chip RF front-end. One of the main advantage of wide-band system is its

re-usability and low cost. The performance of multi-standard receiver architecture

depends on the design of low noise ampli�er. The traditional block diagram of multi-

standard receiver is shown in Figure 1.12. In this receiver chain, redundant LNAs

increases the cost and area. Further, an inevitable balun is needed in each parallel

path (Martins et al. (2011)). The parallel connections with narrow band LNAs have

the disadvantage of large die area and lack of recon�gurability. Nevertheless, tun-

able LNA with active inductor covers the desired band, the poor noise performance

beneath its advantage as given in Slimane et al. (2012).

In multi-standard systems, few common di�culties are: (i) the presence of inter-

modulation degrades the sensitivity and signal to noise ratio (SNR) (Meghdadi et al.

(2017)) (ii) The strong input level, which may degrade the linearity of subsequent

stages. These di�culties can be avoided using high dynamic range LNA. It is shown
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Figure 1.12: Block diagram of traditional front-end for multi-standard receiver.

that the gain switching of LNA is an e�ective method to improve the dynamic range

and linearity (Jeong et al. (2008)). The input power level of targeted applications

varies from �30 dBm to �80 dBm. So, gain switching becomes necessary to provide

su�cient headroom for succeeding blocks in the receiver. Furthermore, most of the

proposed designs are sensitive to PVT variations. This demands for additional bias

compensation circuit which e�ects overall LNA performance. An inductor-less balun

LNA is the suitable choice to subjugate above mentioned issues and meet the require-

ments of low area and power.

Area( mm
2
)

0 0.05 0.1 0.15 0.2 0.25 0.3

F
o
M

-10

-5

0

5

10

15

20
Single to

differential

Single-ended

Differential

Liu et al.(2016)
De souza et al.(2017)

Wang et al.(2010)

Kim et al.(2012)

Ebrahim et al.(2015)

Costa et al.(2016)

Man D et al.(2008)

Liu et al.(2014)

Zhu et al.(2015)

Huang et al.(2018)

Figure 1.13: FoM comparison of recently reported LNAs.
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A wide-band LNA with operating frequency of 0.2 to 2GHz would be better choice

to meet the demand of high-end devices. Furthermore, to reduce the chip area and

integration complexity of target applications, an inductor-less wide-band LNA is pre-

ferred over its parallel connections of single-end counter part (Liu et al. (2014)).

Figure 1.13 shows the comparison of FoM versus core area of multi-band LNA.

The �gure of merit (FoM) reported in Pan et al. (2017) is used for the comparison to

select most relevant parameters of LNA. The FoM is given by (1.3).

FoM = 20log10

(
Gmax[abs]×BW [GHz]

PDC [mW ]× (NF [abs]− 1)

)
(1.3)

where Gmax is the maximum voltage gain in linear units, BW is the bandwidth in

GHz, PDC is the static power dissipation in mW and NF is the noise �gure in linear

units. Though some of the designs have better FoM and low area, they su�er from

high power consumption and requirement of additional balun inherently reduces the

ratio of FoM to area.

1.5 Gap analysis

• In literature, considerable research has been conducted on a range of LNA de-

signs, however the research is heavily biased towards the single-ended LNAs that

is focused mainly on telecommunication applications.

• There are some anxious designs on fully di�erential LNA, in which the noise

�gure of additional balun hits the entire receiver performance.

• Despite its advantage single to di�erential (SD) (or) balun LNA design for both

biomedical implants and UWB applications has not been experienced the same

attention. So there exists a need to develop SD LNAs using power and noise

optimization techniques at minimum gain and phase imbalance at the di�erential

output.

• Conventional biasing topologies leads to large performance deviations under un-

avoidable PVT variations.

• Multi-standard high-end devices are using redundant narrow-band LNAs (ex-

pensive and area consuming) to cover the wide-band.
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1.6 Motivation

In all types of receivers, low noise ampli�er is the �rst active signal processing block

and decides the important parameters of the receiver. Most of the proposed RF front-

ends are using additional device (i.e., balun) to avoid (i) LO feed though and (ii) even

order distortion. However, the additional balun consumes power, area and leads to

signal imbalance at the output. In addition, the trade-o� between image rejection and

channel selection makes the design (i.e, narrow-band front-end) more complicate and

power hungry. On the other hand, the design of UWB front-end demands for gain

�atness at low power consumption.

In a typical wireless sensor node, transceiver consumes 50% of its overall power.

Improving the power e�ciency of the wireless transceiver will dramatically increase the

battery life. Moreover, irrespective of bandwidth of the channel/ type of the receiver,

most of the proposed LNAs are sensitive to PVT. Nowadays, there is a commercial

demand for low-cost and low power medical radio and UWB portable devices. The

design of low power single to di�erential LNA is signi�cant for high performance RF

front-ends. So, RF designers are urged to develop new methodologies that allow the

design of such products.

1.7 Objectives

• To design new/improved architectures of balun LNA to avoid the use of bulky

and lossy o�-chip balun.

• To design bias compensation circuit that adapts and generates appropriate bias

voltage / constant gm to minimize variations in LNA parameters.

• To implement inductor-less multi-band LNA for high-end devices.

• To implement Integrated Circuits for proposed techniques.

• To validate the design by rigorous Monte Carlo simulations for PVT variations.
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1.8 Organization and contribution of the thesis

The cynosure of this thesis is to implement new/alternative single to di�erential LNAs

for narrow-band, ultra wide-band (UWB) and multi-band applications. Based on

the technological background and motivation, the main interest lies in developing

integrated circuits for LNA with optimum power, noise and impedance matching. In

addition to this, LNA should result minimum gain and phase error to improve SNR

performance.

Chapter 2, presents a background and description of performance metrics, used to

assess RF design like noise �gure, input intercept point, S-parameters and dynamic

range. Furthermore, a brief discussion and comparison about the traditional LNA

topologies is given.

Chapter 3, describes proposed approaches of balun LNA for Medical Radio com-

munication. Primarily, a brief introduction about MedRadio communication and link

budget estimation of RF front-end is given. Second, an overview of existing meth-

ods of LNA is presented. Last, a detailed discussion and analysis of both design-I

and design-II is provided. In design-I power phase splitter is stacked on top of sub-

threshold inductive common source stage. The design-II is proposed to improve the

noise performance of design-I by using additional ac coupling capacitor.

Chapter 4, starts with a brief introduction of UWB technology and target speci�-

cations of LNA. A low power noise cancellation balun low noise ampli�er is proposed

for ultra wide-band applications. Bandwidth extension has been achieved by stack-

ing di�erential ampli�er on top of the CG-CS stage with low power and minimum

imbalance between the output signals. The complete analysis, post-layout simulation

results and comparison with existing techniques has been devised.

Chapter 5, proposes an inductor-less balun LNA for multi-band applications. First,

analysis of link budget and a review of existing techniques of multi-band LNA are

explained. Second, the operation and performance of the proposed LNA is introduced

with an analysis of gain, noise �gure and phase error. The proposed LNA incorporates

noise cancellation and voltage shunt feedback techniques to achieve minimum noise

characteristics and low power consumption. In addition, the transconductance of CS

stage is scaled to improve the noise performance. In this way, noise �gure of LNA

below 3 dB is achieved.
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Chapter 6, focuses on design of bias compensation circuit to minimize performance

parameters of LNA against PVT variations. A bias circuit comprises of negative

feedback and charge pump to minimize performance parameter variations in sub-

threshold LNA. A beta multiplier is designed to minimize parameter variations in

wide-band LNA against unavoidable voltage-temperature (VT) variations.

Finally, conclude this thesis in Chapter 7, throwing highlights on possible future

works and describing the pros and cons of the methods proposed and contributed as

a part of this work. All the methods proposed are numerically veri�ed and results are

compared and analyzed in each chapters for the respective methods.
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Chapter 2

PERFORMANCE METRICS OF

LNA

2.1 Introduction

In the design of a complete wireless radio receiver, the assessment of low noise ampli�er

and other blocks are essentials to get a complete understanding about the performance

of each individual block. The success of receiver design is measured in multiple dimen-

sions: receiver sensitivity, selectivity, and proclivity to reception errors. The primary

goal of RF design engineer is to optimize the front-end performance with a special

focus on the �rst amplifying device. High-end receivers demand LNA with su�cient

sensitivity to discern the residual signal from the surrounding noise and interference

in order to reliably extract the embedded information. In the design of LNA, some

characteristics are under the designers control and directly a�ect receiver sensitiv-

ity: noise �gure, gain, bandwidth, linearity, and dynamic range. Controlling these

characteristics, however, requires an understanding of the active device, impedance

matching, details of fabrication and assembly to create an ampli�er that achieves

optimal performance with the fewest trade-o�s.

Figure 2.1 shows the set of variables that a�ect LNA performance at the device

and board design levels (Das (2013)). It is up to the designer to mitigate the im-

pact of environmental variables, while �nding the most appropriate trade-o� between

competing characteristics to optimize receiver sensitivity, selectivity, and maintain-

ing information integrity. The device level trade-o� depends on process technology,

transistor geometry and package parasitics. All these parameters signi�cantly a�ect
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noise performance and should be considered while implementing the LNA. In practice,

implementation of high performance LNA is di�cult because of trade-o� between the

parameters as shown in Figure 2.2 (Nga (2012)).

LNA

performance

Board-levelDevice-level

input and output
matching

Temperature

supply decouplingfeedback 
and stability

process
techology

device geometry

Figure 2.1: LNA performance variables at device and board level.

High gain

Wide BW

Low power

Low NF

LNA

High linearity

Figure 2.2: LNA design trade-o�.

Table 2.1: Comparison of di�erent LNA topologies.

Parameter Common Source (CS) Common Gate (CG) Cascode

Gain moderate low high
NF best better good
Sensitivity to PVT more less less
Reverse isolation low good best
Bandwidth low very-wide wide

Familiar LNA topologies have been considered for comparison with most relevant pa-

rameters. The common source topology is more attractive to design narrow-band

systems. The cascode connection of same topology improves the stability and linear-

ity. On the other hand, lower input impedance of a common gate topology makes
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it attractive for the design of wide-band systems. The comparison of all the three

con�gurations is given in Table 2.1.

2.2 Noise

In communication systems, any signal other than the desired signal is called noise

and will reduce the sensitivity of the overall system. Di�erent sources of noise with

di�erent noise generation mechanisms exist. The dominant sources of noise in inte-

grated circuits are shot noise, �icker noise and thermal noise. Shot noise is mainly

caused due to the hopping of electric charges over a potential barrier and is speci�c

to nonlinear devices such as diodes and transistors. In MOS devices, the only source

of shot noise is the DC gate leakage current and hence it is not considered as a major

problem (Lee (2004)). This is in contrast with bipolar transistors in which base and

collector shot noise may signi�cantly degrade the performance of the overall receiver.

Flicker noise (also known as pink noise), occurs due to the trapping of charges in the

defects and impurities of the channel region in MOS devices. As a general rule, larger

MOS devices experience less �icker noise. The spectral density of this noise is given

by (Lee (2004)),

i2fn =
K.g2

m

fWLC2
ox

(2.1)

where K is a device-speci�c constant, gm is the transconductance of the MOS device,

f is the operating frequency, Cox is the gate-oxide capacitance per unit area and W

and L are the width and length of the MOS device respectively.

2.2.1 Thermal noise

Thermal noise is the noise caused by the agitation of carriers in a conductor and its

spectral density is given by the following quantity, known as available noise power

(Lee (2004)).

PNA = kT Mf (2.2)

where k is the Boltzmann constant (1.38× 10−23J/K), T is the absolute temperature

in Kelvins, and M f is the bandwidth of the noise measured in Hz. The value of

PNA for 1Hz of noise bandwidth at room temperature (290K) is �174 dBm and is

often called the noise �oor of the system. The noise �oor is an important quantity in
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determining the sensitivity of the receiver (Razavi Behzad (1998)).

2.2.2 Dominant sources of noise in MOS devices

MOS device act like a transconductor in the saturation region and a resistor in the

triode region. So, one can expect thermal noise associated with the carriers in the

channel similar to the noise of carriers in a conductor. Van der Ziel Aldert (1986)

had derived the expression for the drain current noise of MOS devices (also known as

channel thermal noise), which is given as

i2nd = 4kTγgdo Mf (2.3)

where gd0 is the drain conductance for zero drain-source voltage, γ is a technology-

dependent parameter and has a value of around 2/3 for long-channel devices in satu-

ration (in short channel devices γ is larger and its value is 3 for 180nm technology)

(Molavi (2005)). A careful examination of noise characteristics in a MOS device

reveals that channel thermal noise does not fully take into account of all the noise as-

sociated with a MOS device (Shahani et al. (1997)). The extra noise can be modeled

by introducing a frequency-dependent gate conductance:

gg =
ω2C2

gs

5gd0

(2.4)

and an equivalent gate current noise is given as

i2ng = 4kTδgg Mf (2.5)

where δ is the gate noise coe�cient and is also a technology-dependent parameter. Its

value is 4/3 for long channel and 6 for 180nm technology. The gate current noise is

partially correlated with the channel thermal noise and their correlation coe�cient is

given as:

c =
ingi∗nd√
i2ng .

√
i2nd

(2.6)

where c is a complex number and its value is theoretically computed to be around �

0.395 j for long channel devices as given in Van der Ziel Aldert (1986) and it is �0.55 j

for 180nm technology. Another source of noise in MOS devices that may contribute to
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the total noise of LNA is noise generated by the distributed resistance of poly-silicon

gate (Lee (2004)). The value of this resistance is given as:

Rg =
R�W

3n2L
(2.7)

where R� is the sheet resistivity of the gate terminal, n is the number of gate �ngers,

W and L are width and length of the MOS device. Di�erent sources of noise in a

MOS device are shown in Figure 2.3 (Molavi (2005)).

+−

gmvgs

Rg
e2

ng

i2ng gg
Cgs i2nd

i2nout

G

S

D

Figure 2.3: Dominant sources of noise in a MOS transistor.

2.3 E�ect of gate noise on inductive source degener-

ation CS topology

Prior to any discussion of LNA noise factor, it is worthwhile to discuss the noise

contribution of prevailing LNA topologies and brie�y point out the importance of

each topology.

The direct input termination of CS ampli�er is shown in Figure 2.4a. This topology

is more appropriate for broad-band matching than narrow-band, but the resistive

termination and voltage degradation are the bottlenecks. The noise factor of this

topology at the low frequency can be written as (Razavi Behzad (1998))

Nf = 2 + 4
γ

α

1

gmR
(2.8)

where α is
gm
gd0

. The noise factor of this topology is very high and is not acceptable for

traditional front-end. Moreover, it is sensitive to transistor parasitics. On the other
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Figure 2.4: (a)Common source topology (b)Common gate topology.

side, common gate topology is shown in Figure 2.4b and the noise factor is analytically

expressed as

Nf = 1 +
γ

α

1

gmRS

⇒ Nf = 1 +
γ

α
(∵

1

gm
= RS)

(2.9)

This topology o�ers impedance matching without using a resistor. The noise

factor of CG topology is better than resistive terminated CS, but degrades at higher

frequencies. However, this may be acceptable for wide-band ampli�ers and can be

improved for narrow-band using inductors. The inductive degenerated CS topology

is shown in Figure 2.5. It o�ers good impedance matching without using physical

resistor. The total drain noise current can be expressed as (Perrott (2006))

i2ndg
∆f

=
i2nd
∆f

(
|η|2 + 2Re{cXd + Zgsw}+X2

d |Zgsw|2
)

(2.10)

where
i2nd

∆f
= 4kTγgd0, η = 1 −

(
gmZdeg

Zdeg+Zg

)
, Zg = RS + jωLg, Zdeg = jωLdeg, Xd =

gm
gd0

√
δ

5γ
and Zgsw = 1

jωCgs
‖ Zdeg+Zg

1+gmZdeg
.

The additional inductor (Lg) gives freedom to set resonance frequency (ω0) and

Zin independently. For 180 nm technology, (2.10) can be written as

i2ndg
∆f

=
i2nd
∆f

(
|η|2 + 2Re{−j|c|X∗dZgsw}+X2

d |Zgsw|2
)

(2.11)
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where η=1/2, Zgsw =
1

2
(2Qin− j) and Qin is the quality factor of input RLC network

and it is given as

Qin =
1

2ω0RSCgs
=
ω0(Lg + Ldeg)

2RS

(2.12)

Now the simpli�ed expression of (2.11) is

i2ndg
∆f

=
i2nd
∆f

1

4

(
1− 2|c|Xd + (4Q2 + 1)X2

d

)
(2.13)

The output noise due to the input source is given as

i2nout =
(
gmQin

)2
v2
nRS

(2.14)

The alternate de�nition of noise factor is

Nf =
Total output noise power

Output noise due to input source
(2.15)

Now the noise factor of IDCS stage is given as

Nf =

(
gmQin

)2
v2
nRS

+ i2ndg/∆f(
gmQin

)2
v2
nRS

= 1 +

(
ω0

ωt

)
γ

(
gd0

gm

)(
1

2Qin

)(
1− 2|c|Xd + (4Q2

in + 1)X2
d

)
︸ ︷︷ ︸

Noise scaling factor

(2.16)

+

−
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vin

Vbias

M1

Ldeg

Lg

iout

Figure 2.5: Inductive degeneration common source topology.
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In (2.16), the noise factor is mainly decided by the ratio of

(
ω0

ωt

)
and the highlighted

portion i.e., noise scaling factor (NSF). To analyze the e�ect of Qin on the noise

factor, we have investigated the variations in NSF against variations in Qin as shown

in Figure 2.6. It has been observed that, for 180nm technology, the value of Qin

should not be more than 8. If the Qin is high, the gate noise dominates the thermal

noise and leads to poor noise performance.
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Figure 2.6: Analysis of variation in noise scaling factor against Qin.

2.4 Noise Figure (NF)

Noise �gure (NF) is a measure of signal to noise ratio (SNR) degradation as the signal

traverses the receiver front-end. Mathematically, Harold Friis de�ned the noise factor

(Nf) as the ratio of the input SNR to the output SNR of the system. The Nf is given

by

Nf =
SNRi/p

SNRo/p

(2.17)

The noise factor can also be expressed as

Nf =
Psig/PnRS

SNRo/p

(2.18)

where Psig is the input signal power and PnRS
represents the source resistance noise

power per unit bandwidth. It follows that:

Psig = PnRS
× (Nf)× SNRo/p (2.19)
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The input signal power is distributed across the channel bandwidth, so the total mean

square power can be written as

Psig,tot = PnRS
× (Nf)× SNRo/p ×B (2.20)

where B is the bandwidth. The noise performance of a system decides the lower limit

of dynamic range. The Nf generally represented in decibels (dB) and it is referred as

noise �gure (NF).

NF = 10 log10(Nf) (2.21)

Now the �nal expression of NF from (2.20) is given as

NF = Psig,min(dB)− (−174 (dBm/Hz))− SNRo/p,min(dB)− 10 log10B (2.22)

NF can be de�ned for each block as well as the entire receiver. NFLNA, for instance,

determines the inherent noise of LNA, which is added to signal through the ampli�-

cation process. In 1947, Friis had derived the noise factor for a cascaded system of m

stages and it is given as

Nftot = Nf1 +
Nf2 − 1

Ap1
+
Nf3 − 1

Ap1Ap2
+ ...+

Nfm − 1

Ap1Ap2..Ap(m−1)

(2.23)

where Nfi and Api are noise factor and power gain of ith stage. From (2.23) it can be

observed that noise contributed by each stage decreases as the gain of preceding stage

increases. Thus, the gain and noise factor of �rst stage decides the entire receiver noise

performance. In practice, the LNA is the �rst active block in the receiver chain, so it

is responsible for high gain, low noise and should capable with substantial unwanted

signals.

2.5 Sensitivity

It is the minimum signal level that a receiver/LNA can detect with acceptable quality.

We de�ne acceptable quality as su�cient SNR. Usually for a good receiver it should

be as low as possible. Mathematically it is expressed as

Psen(dBm) = −174(dBm/Hz) +NF (dB) + SNRo/p,min(dB) + 10 log10B (2.24)
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where B represents bandwidth of the RF system in Hz and SNRo/p,min is the minimum

SNR in dB at the output of the system/ampli�er.

2.6 Distortion and intermodulation

The small signal analysis of analog and RF circuits can be approximated by linear

model, but the real life circuits exhibit some degree of nonlinearity results in harmonic

distortion (Razavi Behzad (1998)).

2.6.1 Harmonic distortion

If a sinusoidal signal (i.e., A cosωt) is applied to a non-linear memoryless system, the

output exhibit not only fundamental frequency, but also integer multiples of input

frequency (also called as harmonics). The general expression of non-linear system is

given as

y(t) = α1x(t) + α2x
2(t) + α3x

3(t) + ... (2.25)

where x(t) and y(t) are input and output of a non-linear system. Now the gain of

the non-linear system becomes decreasing function of (α1A +
3

4
α3A

3), where A is

the magnitude of the given input signal. The decrement in gain is called as gain

compression and leads to deviation of gain from its ideal characteristics. The most

common measures of non-linearity are the 1-dB compression point and the third-order

intercept point (IP3).

2.6.1.1 1-dB compression point

The point at which the practical power gain deviates from its ideal by 1 dB is called

as 1-dB compression point. Mathematically, the peak voltage of 1-dB compression is

given by

Ain,1dB =

√
0.145

∣∣∣∣α1

α3

∣∣∣∣ (2.26)

2.6.1.2 Input Intercept Point (IIP )

It is the input level beyond which circuit becomes excessively nonlinear because of the

presence of intermodulation components. For a good receiver/LNA it should be as high
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as possible. If a weak signal accompanied by two strong interferes experiences third-

order non-linearity, then one of the intermodulation (IM) product falls in the band

of interest, corrupting the desired component. The ‘intercept point' (IP ) has been

de�ned to characterize the corruption of signals due to third-order intermodulation

of two nearby interferers. It is measured by a two-tone test where two signals are

having equal amplitude. The input signal level, where the power of the third-order

IM product equals to that of the fundamental is de�ned as two-tone input-referred

third-order intercept point (IIP3) and the corresponding output level is called the

output third-order intercept point (OIP3).
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m
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Noise level
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Figure 2.7: Illustration of P1dB, IIP3 and dynamic range (logarithmic scale).

Dynamic range is the ratio of maximum input level that a receiver can tolerate to

minimum input level that it can detect. Usually for a good receiver it should be as

high as possible. The maximum level of input signal decides the amount of distortion

that the circuit generates. The lower limit on the input (PMDS) is determined by the

noise contribution of the circuit. Calculation of IIP3, P1dB and dynamic range are

shown in Figure 2.7.

2.7 S-Parameters

Generally to assess two-port networks we prefer Z, Y and h-parameters. To �nd

these parameters, it is necessary to conduct open and short circuit test, but at higher

frequencies it is very di�cult to conduct the same because of the presence of parasitic
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capacitances and inductances. The inability to perform short and open circuit tests

and the possibility of harming the circuit during these tests suggest the use of an

alternative solution to characterize the network at high frequencies as given in Collin

(1993). One popular solution is the introduction of the S-parameters (S-refers to

scattering), which de�nes the four variables as the incident (re�ected) input (output)

voltage (or power) waves.

Two port

network

Z0 Z0

Ei1

Er1

Er2

Ei2
_ _

+ +

Figure 2.8: S-parameters de�nition of two port networks.

The de�nition of S-parameters exploits the fact that a transmission line terminated

at its characteristic impedance does not re�ect any power at its termination (Lee

(2004)). To show the usefulness of this property, consider the block diagram of a two-

port network shown Fig. 2.8, where Zo is the impedance of the source and the load

terminations and Ei1 and Er1 are the magnitudes of incident and re�ected voltage

waves, respectively. The S-parameter coe�cients are expressed as:

b1 = S11a1 + S12a2 (2.27)

b2 = S21a1 + S22a2 (2.28)

where a1 =
Ei1√
Z0

, a2 =
Ei2√
Z0

, b1 =
Er1√
Z0

and b2 =
Er2√
Z0

The normalization to the square root of Zo makes the square of magnitude of ai

and bi equal to the incident and re�ected power at both ports. Now, if we terminate

second port with Zo, which sets a2 equal to zero, and apply a power source to port

one, we obtain the following relations:

S11 =
b1

a1

∣∣∣∣
a2=0

=
Er1
Ei1

(2.29)
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S21 =
b2

a1

∣∣∣∣
a2=0

=
Er2
Ei1

(2.30)

where S11 is referred as the input re�ection coe�cient and is a practical measure for

the impedance matching at input port of the LNA, S21 represents the forward gain of

the ampli�er. On the other hand, if port one is terminated to Zo and power is sent

from port 2, we have the following relations:

S12 =
b1

a2

∣∣∣∣
a1=0

=
Er1
Ei2

(2.31)

S22 =
b2

a2

∣∣∣∣
a1=0

=
Er2
Ei2

(2.32)

where S12 is the reverse transmission or gain and S22 is called as the output re�ection

coe�cient of the network. Using these de�nitions, we can predict that a good ampli�er

should possess a large S21 to achieve high gain, small S11 and S22 for good input and

output matching, and very small S12 to ensure the stability and reverse isolation.

The typical value of S21 is > 10 dB, S12 is <�40 dB and input and output re�ection

coe�cients are less than �10 dB, which may vary according to the type of applications.
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Chapter 3

LOW POWER HIGH SELECTIVITY

SD LNA

3.1 Introduction

In 2009, federal communications commission (FCC) introduced medical device radio

service (MedRadio) dedicated for both implantable and wearable medical devices cov-

ering the frequency range of 401-406MHz and channel bandwidths from 100 kHz to

300 kHz for distances less than 10m (FCC (2009)). The main advantage of medical

devices is their motivation for �exibility and cost-e�ective health monitoring in hospi-

tals and homes. MedRadio spectrum is used for diagnostic and therapeutic purposes

in implanted as well as devices worn on a body. MedRadio devices include implanted

cardiac pacemaker and de�brillator as well as neuromuscular stimulator that helps to

restore sensation, mobility and other functions to limbs and organs. Although the

future is promising, there are several design challenges for wireless medical devices

(Ba et al. (2015)). The transceiver of medical device dominates the overall power

consumption. Hence, low power designs are to be investigated to enhance the battery

life. Improving the sensitivity of the front-end will dramatically increases the receiver

performance. The essential requirement of MedRadio LNA is to sense very small

signals ranging from micro to nano volts without causing any signi�cant distortion.

Furthermore, the LNA should be optimized for power, noise and impedance with-

out compromising other performance parameters. So, low power single to di�erential

(SD) LNA would suit better in order to build e�cient receiver front-end for MedRadio

communication.
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3.2 Speci�cations of MedRadio

The maximum radiated power from MedRadio transmitter to the base station is �

16 dBm. Assuming the distance between medical device and base station is 10m,

then the free space path loss (FSPL) can be calculated as

FSPL = 20 log(
4πdf

c
) (3.1)

where d is the distance in km and f is the frequency in MHz. After attenuation due

to fade margin, switching and body loss (e.g.,total of 35 dB), the signal level at the

receiver can be calculated as

PR = EIRP − FSPL− fade margin+GR (3.2)

From (3.1) and (3.2), the maximum/minimum received signal power at the input of

LNA is �55 dBm/�97 dBm. Now, the sensitivity of system is given as (Razavi Behzad

(1998))

PS = −174 dBm+ 10 log10 BW +NFRX
+ SNRRX

(3.3)

where SNRRX
is the minimum SNR at the output of receiver, BW is the signal band-

width and NFRX
is the noise �gure of the receiver. Assuming di�erential quadrature

phase shift keying (DQPSK) modulated data at the rate of 200 kbps, 10 dB SNR and

bit error rate (BER) of 10−3 with 100 kHz BW, then noise �gure is budgeted to be

16 dB to achieve sensitivity of �97 dBm. As per the estimation of other blocks, the

noise �gure of front-end will be 10 dB.

Desired signal

two tone
interferer

Input referred 
third order intermodulation

f0 f0+100kHz f0+200kHz

noise floor

-91dBm

-55dBm

Figure 3.1: Estimation of IIP3.
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There is no uni�ed third order intercept point (IIP3) for MedRadio. Thus, as-

sumptions are made as shown in Figure 3.1. The IIP3 should be less than the noise

�oor. It is given mathematically as

PIM3,in ≤ Ps − SNRRX
(3.4)

where PIM3,in is power level of input referred intermodulation tone. Now the IIP3 of

the RF front-end is de�ned by (Lee (2004))

IIP3 ≥ Pin +
Pin − PIM3,in

2
(3.5)

where Pin is the power level of the interferer. Assuming that the interferes are at

maximum allowed level and no FSPL, then IIP3 of front-end is calculated as �30 dBm.

The main speci�cations of MedRadio receiver front-end are given in Table 3.1 (Mercier

and Chandrakasan (2015), Cha et al. (2011), Copani et al. (2011)).

Table 3.1: Speci�cations of MedRadio RF front-end.

Parameter Value

aMaximum E�ective Isotropic Radiated Power (EIRP) � 16 dBm

aMaximum/minimum received signal power � 55.6 dBm/� 97 dBm

bNoise �gure at sensitivity= �98 dBm and BW=100 kHz 10 dB

bIIP3 > � 30 dBm

bPower dissipation ≤ 500µW

bGain and phase di�erence <1 dB and < 10◦

aGiven by MedRadio standard bTarget speci�cations

3.3 Preliminaries

The primary goal in the design of LNA is input impedance matching. There are

many topologies available to match the input impedance of LNA to 50Ω as shown

in Figure 3.2 (Lu et al. (2006)). A simple resistor terminated CS stage provide 50Ω

impedance matching, is shown in Figure 3.2(a). The use of resistors in this fashion

has a deleterious on noise performance, moreover it also attenuates the input signal
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Figure 3.2: LNA architectures (a) Simple resistive termination (b) Shunt-series feed-
back (c) Inductive source degeneration (d) Common Gate stage.

before applying to the transistor. Figure 3.2(b) illustrates another topology of CS with

a shunt-series feedback resistor to match the input and output impedances of LNA.

The feedback resistor adds noise to the incoming signal and it should have reasonable

quality to fabricate on the chip. However, in CMOS technologies high quality resistors

are generally not available.

The third architecture does not use any physical resistor as shown in Figure 3.2(c).

It employs inductive source degeneration so as to generate a real term in the input

impedance. Note that IDCS topology is very popular for narrow-band applications

since input matching series resonant network provides pre-ampli�cation and superior

noise performance (since no physical resistor is used for matching). The common gate

(CG) technique for wide-band impedance matching is shown in Figure 3.2(d). The

smaller input impedance of CG stage makes it attractive for UWB design. The input

impedance can be calculated as (Razavi Behzad (1998))

vin
iin

=
RL + ro
1 + gmro

(3.6)
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where ro is the output impedance of transistor M1. The input parasitic (e.g., bond

pad, etc.) is absorbed by resonate network, which is problematic in IDCS topology

(i.e., degrades the impedance matching performance). The noise �gure (NF) of CG

stage is little bit high, but it is independent of ω (frequency of operation) and remains

nearly constant irrespective of bandwidth. So the wide-band impedance matching of

this technique inspired us to use the CG topology in UWB applications.

3.4 Prior work

Many techniques have been proposed to design MedRadio LNA with inevitable balun

device (Dehghani and Abouei (2013), Cruz et al. (2015), Mohamed and Sherif (2013)).

The additional balun is power hungry and deteriorate gain and phase balance (Martins

et al. (2011)). In literature, there are very few techniques that have been proposed for

single to di�erential LNA (Wu et al. (2011), Tang et al. (2011)), but these techniques

have not been focused on power and imbalance between di�erential signals at the

output. A low power single-ended complimentary current re-use LNA (CCRLNA) has

been reported for MedRadio (Cha et al. (2011)).

In Out

Mn1

Mp1

Lg Ls

RL

RL
Vbias_p

Vbias_n

Cdn

Cs

Cdp

Figure 3.3: Complementary current re-use LNA.

The circuit diagram of CCRLNA is shown in Figure 3.3. In this design a comple-

mentary current re-use topology has been employed. This technique does not require

any dc feedback circuitry to de�ne biasing point, because an NMOS CS ampli�er
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is stacked on a PMOS stage to reuse the dc current. Due to low current, the drop

across load resistor RL is less and major portion of the gain is only provided by pas-

sive network. Nevertheless, CCRLNA consumes low power (150µW), the additional

headroom and inevitable balun are the bottlenecks. Moreover, the performance pa-

rameters of CCRLNA are sensitive to both component (since major portion of the gain

is provided by input matching network) and PVT variations. In addition to this, the

LNAs proposed by Dehghani and Abouei (2013), Ba et al. (2015) are based on IDCS

topology which su�er from high power and need additional balun in the front-end.

To improve the gain and linearity, a di�erential CG-CS LNA is proposed as shown

in Figure 3.4 (Mohamed and Sherif (2013)). It is a combination of cross-coupled

capacitors and PMOS transistors. The di�erential input signals are given to the

sources of MN1, MN2 and are also connected to the gate of opposite NMOS tran-

sistors through capacitors, creating a shunt-series negative feedback. The input and

output impedances are controlled by both negative and positive feedbacks. However,

the linearity degradation by the positive feedback and high power consumption are

bottlenecks. So the stumbling balun and low power stipulation of MedRadio motivated

us to develop an alternative technique for single to di�erential LNA.

Vin

Voutp Voutm
RL1 RL2

VB1
VB1

VB2VB2

MN1
MN2

MN3
MN4

MP2
MP1

MN5 MN6

Figure 3.4: Fully di�erential CG-CS LNA.
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3.5 Basic idea and implementation

Current leakages are ever present in the electronic systems, and many forms of leakage

are considered by engineers to be unusable. It is exploited that sub-threshold leakage

currents of MOSFET can be used for analog applications. A precise control of sub-

threshold region o�ers a new frontiers in ultra-low power design. A �nite (non-zero)

current does �ow in a MOSFET even for gate voltages below the threshold voltage

and this e�ect is more marked for short channel length devices than their long channel

counterparts. In strong inversion region, MOSFET model is based on the assumption

that the inversion charge QI goes to zero when the gate voltage drops below the

threshold voltage. However, this is not true for values below VTH , the channel charge

drops exponentially with decreasing gate voltage, as shown in Figure 3.5 (Sheu et al.

(1987)).

log QI

VGBVTH

QI=COX(VGS-VTH)

Figure 3.5: Charge variation below threshold voltage .

In sub-threshold region, the current is due to di�usion of carriers and is given by

I = IS

(
W

L

)
exp

(
VGS − VTH

ηVT

)[
1− exp

(
−VDS
ηVT

)]
(3.7)

where IS is the speci�c current and is given by IS = 2ηµnCOXV
2
T . VTH is the threshold

voltage of the transistor, VT is the thermal voltage and η is the sub-threshold slope

which is a constant with an approximate value of 1.27. We can neglect VDS term when

VDS � 4VT . In sub-threshold region, there is a possibility to get high gm over ID,

which is much needed to reduce noise �gure. Though gm over ID values are higher

than strong inversion region, the value of gm is smaller. Here, gm cannot be increased
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by increasing W/L values, but can happen if current density is kept constant. In

sub-threshold region gm can be given as

gm =
KID
VT

(3.8)

where K is constant. It is concluded that a low power design is possible by oper-

ating core transistor in sub-threshold region. Apart form low power requirement of

MedRadio front-end, there are many other challenges like LO feed through, �lters with

high-Q and additional balun. So, to mitigate all these issues a high selectivity single to

di�erential LNA is proposed by stacking di�erential converter on top of sub-threshold

IDCS topology. The architecture of MedRadio front-end with proposed LNA is shown

in Figure 3.6.

Mixer

LO

IF

Antenna

Low-Q

filter
band selection

High selectivity

balun LNA

Figure 3.6: Block diagram of MedRadio front-end using proposed LNA.

The main agenda of proposed LNA is to reduce the power consumption and avoid

the use of bulky external components for balun and image rejection �lter. However, the

exponential dependency of gm on the gate overdrive voltage results in large variations

against PVT. Moreover, the variation in threshold voltage leads to �uctuation of

the transistor operating region from sub-threshold to moderate and strong inversion.

Thus, the impedance matching, noise �gure and power will deviate from the target

speci�cations.

In this chapter, two sub-threshold balun LNA designs have been proposed for

MedRadio applications. The circuit topology is based on current re-use technique

to have low power design. The balun LNA adopts power constrained simultaneous

noise impedance matching (PCSNIM) technique, that was proposed by (Andreani and

Sjöland (2001)) to optimize power, noise and impedance matching. In our work, the

idea is further extended such that a sub-threshold IDCS topology ensures better per-
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formance than PCSNIM. Moreover, di�erential conversion of input signal is achieved

by stacking a cascaded stage on top of the IDCS stage. The proposed LNA uses LC

tank as the load at both stages, which inherently increases the selectivity. Thus, a

conventional band selection �lter with low quality factor is adequate rather than a

high-Q �lter.

3.6 Proposed design-I

The schematic of sub-threshold PCSNIM technique is shown in Figure 3.7. The PC-

SNIM technique is known for achieving a good noise and impedance matching per-

formance with low power. However, in order to achieve DC current less than 400µA

(considering the target power dissipation of less than 500µW and supply voltage less

than 1.8V), the transistor M1 must be biased in sub-threshold region. Though this

region of operation has low IIP3, it will provide higher gm/ID ratio at low power con-

sumption (suitable for MedRadio speci�cations). An additional inductor Lg is used

to set ω0 and Ldeg independently. Furthermore, an external capacitance Cex is used to

reduce the value of Ldeg for better noise performance. The variation of Lg a�ects both

ω0 and quality factor (Qin) of input matching network as shown in Figure 3.8. The low

values of Lg increase the bandwidth, but degrades both gain and noise performance.

Proper choice of Qin provides noise optimization along with passive ampli�cation (i.e.,

inductive peaking). The design of sub-threshold IDCS stage is pivotal since it decides

the power consumption and other important parameters of the proposed balun LNA.

In the proposed balun LNA, sub-threshold IDCS topology (stage-I) is used to

match impedance with antenna and provide good gain and linearity at minimum

power. So a good start must be required to avoid multiple iterations in the design

of stage-I. The design �ow of proposed sub-threshold IDCS topology is given in Fig-

ure 3.9. The good starting point is the design of load tank, sizes of transistors and

other components (i.e., Inductors and capacitors). In general, noise of a MOS transis-

tor is modeled by thermal noise of both drain and gate. The power spectral density of

drain thermal noise is 4kTγgd0. It is almost constant and has less impact on narrow-

band operation as compared to the wide-band. The in�uence of gate noise is sensitive

to source impedance of MOSFET and it has more impact if the source impedance is

reactive when compared with resistance. In this case, the gate noise contribution is

a function of Qin and at some value of Qin, gate noise exceeds the drain noise. The

gate noise of M1 becomes dominant at higher value of Qin.
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Figure 3.7: PCSNIM LNA with conventional biasing.
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Figure 3.8: Variation of ω0 and Qin against Lg.

Noise factor of transistor M1 in Figure 3.7 is given as

Nf = 1 + (
ω0

ωT
)γ(

gd0

gm
)

1

2Qin
(1− 2cXd + (4(Qin)

2 + 1)X2
d)︸ ︷︷ ︸ (3.9)

where γ is excess noise coe�cient, ωT and ω0 are transition and operating frequency,

gd0 is the transconductance at VDS = 0, c is the noise correlation factor of gate and
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Figure 3.9: Design �ow of sub-threshold IDCS topology.

drain. Qin and Xd are determined from circuit elements as given by

Qin =
1

2ω0(Cex + Cgs)Rs

=
ω0(Ldeg + Lg)

2Rs

(3.10)

and

Xd =
gm
gd0

√
δ

5γ
(3.11)

where δ is gate noise coe�cient. In (3.9), the highlighted term is gate noise contri-

bution as a function of Qin. So the selection of Qin and dimensions (W/L) of input

transistor has enormous impact on noise factor and fT respectively. Furthermore,

the selection of Qin impacts the overall gain of the balun LNA. The complete circuit

diagram of proposed balun LNA is shown Figure. 3.10. The proposed LNA comprises

of stacking of a power phase splitter (stage-II) on top of sub-threshold IDCS stage. A

cascode transistor (M2) is used to avoid re�ections from load to source. The balanced

di�erential conversion has been achieved by stacking power phase splitter on top of

the �rst stage. A simple di�erential ampli�er is used as power phase splitter. Under
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the resonance condition, impedance seen in to the stage-I is very high which actually

establishes the single to di�erential conversion (Lee and Lai (2007)). The value of Cff

has taken larger than Cgs3 to avoid the loss of signal strength while transferring from

stage I to II. The gain and phase imbalance between di�erential outputs has been

curtailed using feedback capacitor Cfb.

M2

M3 M4

M1

Ldeg

Ld1

Cff

VBIAS2

VBIAS2

VDD

Ld3 Cd3 Cd4
Ld4

Cfb

VBIAS1

vin

Cd1

voutmvoutp

RB1

va

Ro1

Ro3
Ro4

Cex

Lg

Power Phase Splitter

IDCS topology
(Stage-I)

(Stage-II)

RB2

RB2

S

VDD

Figure 3.10: Proposed sub-threshold balun LNA (Biasing circuit is not shown).

3.6.1 Gain analysis

The small signal analysis of proposed balun LNA is shown in Figure 3.11. To make the

analysis simple, channel length modulation has been neglected. The input matching

network provides passive ampli�cation for the incoming RF signal by Qin times. The

gate to source voltage of M1 is given as

vgs,M1 =
vin

2RS +
1

ωCt
+ ωLt

.
1

ωCt
(3.12)
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where Ct = Cgs+Cex and Lt = Lg +Ldeg. Now at the resonance condition i.e.,ω = ω0

vgs,M1 =
vin

2RSω0Ct
= Qinvin (3.13)

The output voltage at the �rst stage can be calculated as

va = −gm1QinvinRo1 (3.14)

where Ro1 is the output impedance of stage-I at the resonance. The current through

M3 is given as

id3 = −gm3gm1QinvinRo1
Cff

Cgs3 + Cff
(3.15)

The current through M4 is almost same as id3 (some portion of id3 sinks in to the

load tank of �rst stage which can be compensated by Cfb as explained in the following

section). Now the output voltage voutp is given as

voutp = gm3gm1QinvinRo1
Cff

Cgs3 + Cff
Ro3 (3.16)

The gain of proposed balun LNA can be calculated as

gian =
voutp
vin

= gm3gm1QinRo1
Cff

Cgs3 + Cff
Ro3 (3.17)

gmvgs,M1

Ro1

RB2

Ro3

id3

id4Cgs3
Cgs4

voutm
voutp

Cff

Zf
va

vg3

vs

RB2

Ro4
Cfb

Figure 3.11: Small signal analysis of proposed balun LNA.
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3.6.2 E�ect of Cfb on gain and phase

It can be seen that same current �ows through M1 and M2. Hence id1 = id2, given by

id1 = id2 = −gm1Qinvin (3.18)

The voltage at the node va is calculated as

va = −gm1QinvinRo1 (3.19)

Now voltage at the input of M3 is

vg3 = −gm1QinvinRo1
Cff

Cgs3 + Cff
(3.20)

The current through M3 is

id3 = −gm3vg3 ( since vs ' 0) (3.21)

Under the resonance condition same current (i.e., id3) has to �ow through M4, but the

non-ideal of �rst stage load tank sinks some portion of id3. This error between id3

and id4 is fountainhead for gain and phase imbalance. A feedback capacitor (Cfb) is

connected to compensate the imbalance between output signals. The compensation

current �ows through M4, is given by

iCfb,M4 = gm4gm3gm1QinvinRo1Ro3
Cff

Cgs3 + Cff

Cfb
Cgs4 + Cfb

(3.22)

Now the total current �owing through M4 is

id4 = pid3 + iCfb,M4 (3.23)

The simpli�cation of (3.23) gives

p+ gm4Ro3
Cfb

Cgs4 + Cfb
= 1 (3.24)

From (3.24), it is obvious that gain and phase error can be adjusted by choosing proper

value of Cfb, W/L and load of PPS stage as claimed.
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3.7 Proposed design-II

The design-I has following shortcomings: (i) improper selection of initial parameters,

(ii) the bias voltage and Qin decides the width of transistor M1 but not the gain,

(iii) the condition Cex > 4Cgs can be avoided and (iv) it has a severe problem of

both noise and signal leakage from stage-I to II and vice-versa. An improved design

�ow has been proposed to overcome these shortcomings as shown in Figure 3.12. The

design �ow starts with load tank of IDCS stage and then calculation of circuit elements

Ldeg, Lg and width (W) of M1. The modi�cations in the enhanced design �ow are

highlighted with red color. The selection of noise factor (Nf), Qin and bias voltage

(VBIAS) determines the Cex and Cgs. The calculation of overall gain avoids multiple

iterations since it depends onW , Cex and load tank. The noise �gure (NF) calculation

is placed after simulation to avoid its calculation at each iteration.

Design load tank as per 
bandwidth criteria

Select Nf, Qin and bias voltage

Low gain ?

Calculate Ldeg and Lg

High noise figure ?

Proceed to simulation

No

YesNo

Yes

 

Start

Stop

Cex and Cgs

Calculate dimensions of transistor,
gm and ID

(<10)

(>5dB)

Figure 3.12: Enhanced design �ow of sub-threshold IDCS topology (stage-I) ( modi�-
cations are highlighted ).

A cascaded common source stage (stage-II) is stacked on top of the IDCS stage (stage-

I) to convert incoming single-ended antenna signal into di�erential signal. The balun

LNA reported in Section 3.6 gives the immense performance if the impedance seen

from node S to down is very high. But, practically this is very di�cult since the
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quality factor of on-chip inductor (Ld1) is not more than 15. Moreover, this lower

impedance confess the signal into the stage-II. This leakage is the fountainhead for

poor noise performance and imbalance at di�erential output. So, an improved circuit

has been proposed for balun LNA to mitigate the above mentioned issues of design-I.

The design-II of balun LNA is shown in Figure 3.13a.
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Figure 3.13: (a) Proposed sub-threshold balun LNA (b)PVT compensated bias cir-
cuit (c) Small signal equivalent circuit at resonance (403MHz) (d) Simpli�ed noise equiv-
alent circuit at 403MHz (only M1 noise is shown).

The output of stage-I is fed into the stage-II through Cff . An additional capacitor

Cac is used at node S to improve both noise performance and imbalance error at the

output of stage-II. The capacitor Cac provides small signal ground after 300MHz of

input frequency and avoids both noise and signal leakage. The large value of the Cac

has better attenuation of noise and signal leakage from stage-I to stage-II. The load

of both stages are designed with LC tank to achieve high gain and narrow bandwidth.

This arrangement enhances the roll-o� rate in the outside band. Thus selectivity of

the LNA increases. In conventional, LNA is preceded by convoluted high-Q �lter

to remove out-of-band signals. But, the high selectivity of proposed LNA makes

it attractive to design cost-e�ective RF front-end with low-Q band selection �lter.

Moreover the proposed LNA gives the provision to avoid the use of image rejection

�lter in the front-end of MedRadio.
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Also, a PVT compensated bias circuit is designed to minimize the variations in

LNA parameters. Bias circuit comprises of negative feedback and charge pump to

track the PVT variations in the balun LNA. Figure 3.13b shows the biasing circuit.

A replica circuit is designed in the bias compensation circuit to avoid the involvement

of actual balun LNA. The transistors Mn2 and Mn3 are considered to design replica

circuit. The transistorMp2 is considered as the load, to set required voltage at node B

and mirror the current intoMp3. The transistorMp3 scales down the current of replica

circuit and compares the reference current (IREF ). The di�erence of current in Mp3

and reference source will generate error voltage (VE). The transistor Mp1 acts as a

variable current source according to the error voltage. It can be seen that the proposed

bias circuit will not give complete compensation against PVT since the variations in

|VDSp2| of Mp2 are not exactly equal to that of actual LNA. But, it has been observed

that the PVT variations are reduced by 55% as compared to conventional biasing.

An external variable current reference (IREF ) has been used to control the variations

in gain against inductor and capacitor corners (since passive ampli�cation of LNA

is sensitive to Ldeg, Lg and Cex variations). The error voltage VE tunes the VBIAS

according to the variations in LNA. The quad �at no-lead (QFN) package model is

used at each pin to resemble the practical scenario.

3.7.1 Gain analysis

The small signal equivalent of balun LNA is shown in Figure 3.13c. The analysis of

gain and noise �gure are carried out with the following assumptions.

Assumptions:

1. The small signal voltage at node vs ' 0 after 300MHz.

2.
1

|sCgs3|
� RB2

3.
1

|sCff |
� RB2

From the above assumptions it can be concluded that

|Zf | ' RB2 (3.25)

4. |Zf | � RP,Ld1
, since RB2 � RP,Ld1

, where RP,Ld1
is equivalent parallel resistance of

Ld1.

The input matching network provides passive ampli�cation for the incoming RF signal
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by Qin times. The gate to source voltage of M1 is given by

vgs,M1 =
vin

2RSω0Ct
= Qinvin (3.26)

The output voltage at the �rst stage is given by

va = −gmQinRP,Ld1
vin (since |Zf | � RP,Ld1

) (3.27)

From the assumptions, the gate voltage of M3 is,

vg3 ' va(since RB2 � 1/|sCff | and RB2 < 1/|sCgs3|) (3.28)

Now the output voltages are given by (3.29) and (3.30).

voutp = id3RP,Ld3
(3.29)

voutm = −gm4voutpRP,Ld4
(3.30)

The necessary condition for gain and phase balance at di�erential output is

voutm = −voutp (3.31)

voutm = −gm4voutpRP,Ld4
= −voutp (3.32)

Hence from (3.32), the condition for balanced output is

gm4RP,Ld4
= 1 (3.33)

3.7.2 E�ect of Cac on noise �gure

The selection of Cac has vital impact on the noise �gure of balun LNA. The value

of Cac should be su�ciently large to reduce the noise leakage from load of stage-I to

stage-II. A detailed analysis is given to validate the above statement. The simpli�ed

noise equivalent circuit is shown in Figure 3.13d. In the equivalent circuit, only the

noise ofM1 is considered to analyze the impact of Cac. The noise current ofM1 (in,M1)

is given by

in,M1 =
va
RB2

+
va − vs
RP,Ld1

(3.34)
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From (3.34), we have

in,M1RB2RP,Ld1
= vaRP,Ld1

+ (va − vs)RB2 (3.35)

⇒ vs =
va(RP,Ld1

+RB2)− in,M1RB2RP,Ld1

RB2

(3.36)

Now, the �nal expression of va and vs are given by (3.37) and (3.38) as derived in

AppendixA-1.

va =
in,M1RB2RP,Ld1

.y

(RP,Ld1
+RB2)y −RB2x

(3.37)

vs =

in,M1RB2RP,Ld1
(RP,Ld1

+RB2)y

(RP,Ld1
+RB2)y −RB2x

− in,M1RB2RP,Ld1

RB2
(3.38)

where x = gm3 +
1

RP,Ld1

− gm3gm4RP,Ld3
and y = gm4 + sCac + x. In (3.38), we can

observe the impact of Cac on the noise �gure. At higher values of Cac, the value of

(RP,Ld1
+ RB2)y becomes much higher than RB2x. This condition makes the node vs

to approximately zero, which reduces the noise at both the outputs. So, the necessary

condition for choosing the capacitor (Cac) value is

(RP,Ld1
+RB2)y � RB2x (3.39)

Now, noise at the output can be written as

vn,outp = −gm3in,M1(
1

RB2

+
1

RP,Ld1

)RP,Ld3
(3.40)

vn,outm = gm4gm3in,M1(
1

RB2

+
1

RP,Ld1

)RP,Ld3
RP,Ld4

(3.41)

The variations of noise �gure for di�erent values of capacitor (Cac) are shown in

Figure 3.14. The noise �gure is very high in the absence of Cac. The analysis shows

that the higher value of Cac (15 pF) has an improvement in NF by 1.3 dB as compared

to noise �gure (i.e.,4.4 dB) of design-I. The W/L ratio of transistors and values of

other components are calculated to meet the target speci�cations and assumptions.

The values of all components are enlisted in Table 3.2.
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Figure 3.14: Variation in noise �gure against Cac (post-layout).

Table 3.2: Component values of proposed balun LNA.

Component Value Component Value

Ldeg 4 nH M1(W/L) 415µm/0.18µm

Ld1 11.6 nH M2(W/L) 205µm/0.18µm

Ld3 13 nH M3,4(W/L) 250µm/0.18µm

Ld4 10 nH RB1 30 kΩ

Lg(Q) 100 nH(15) RB2 10 kΩ

Cd1 12 pF Cex 310 fF

Cd3 10.1 pF Cff 2 pF

Cd4 14.1 pF Cac 15 pF

3.8 Post-layout simulation results

The proposed balun LNA is implemented in UMC 0.18-µm CMOS technology. The

layout of LNA is shown in Figure 3.15a. The area including test bu�ers and biasing is

850µm× 978µm. The layout is optimized for minimum routing resistance. The rout-

ing resistance becomes crucial at the load of �rst stage, since the quality factor of Ld1

is sensitive to its routing resistance. The large values of inductor restricts the shortest

routing. The routing resistance has been reduced by stacking metal 6 and 5 with

vias in between. This technique has given decrement in routing resistance by 70%.

But, we cannot reduce it further by stacking other metals, since it causes deviation

in the resonance frequency. Figure 3.15b shows the frequency response of proposed

balun LNA. The out-of-band roll-o� rate is 70 dB/dec, which is comparable with the

characteristics of high-Q �lter. So, a low Q cost-e�ective BSF �lter is adequate before

the proposed balun LNA. The linearity of balun LNA is validated by calculating third

order input intercept point (IIP3). Figure 3.15c shows the IIP3 of proposed LNA is

�27.5 dBm.
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Figure 3.15: (a) Layout of proposed balun LNA including biasing circuit and test
bu�ers (pad frame size is 1mm×1mm) (b) Frequency response of proposed LNA (High
roll-o� rate is marked with arrow) (c)Calculation of third order input intercept point
(IIP3) at 403MHz (Post-layout).

Figure 3.16 shows the test set-up used to measure the S-parameters of single to dif-

ferential LNA. Two additional bu�ers have been used at the output of LNA to match

the 50Ω port. A passive network can also be used instead of bu�er, but the on-chip

advantage of bu�er makes it attractive and keeps the measurement process simple.

However, the additional bu�er leads to attenuation in power gain by 3 to 4 dB.

From Figure 3.17a it can be seen that the power gain is 23 dB, input and output

reverse isolation is less than �12 dB. Figure 3.17b shows that the noise �gure at the

band of interest is 3.1 dB. The gain and phase errors are tuned to possible minimum

values using the load of M3, M4 and capacitor Cac. The maximum gain and phase

error is 0.8 dB and 10◦ respectively. Figure 3.17c and 3.17d shows the gain and phase
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Figure 3.16: Test bench set-up for S-parameter measurement.
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Figure 3.17: Post-layout simulations of proposed balun LNA (including bu�ers at the
output).

error against input signal frequency. Table 3.3 summaries the post-layout simulations

of the proposed MedRadio balun LNA and compares to that of other related published

works. Honorable comparison has been done using �gure of merit (FoM1) (Choi et al.

(2016)). The FoM2 is de�ned to include gain and phase errors. The units of FoM1 and
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Table 3.3: Performance comparison of Low Noise Ampli�er (MedRadio).

Technology Frequency Voltage Noise Power IIP3 Gain(dB)& Additional
Work (µm) (MHz) Gain Figure dissipation (dBm) Phase(degree) balun FoM1 FoM2

(dB) (dB) (mW) error

Cha et al. (2011)MTT'11(Measured) 0.18 401-406 20.2 2.8 0.15 -8.1 N/A Yes 3.4a N/A

Martins et al. (2011)ISCAS'11(Post-layout) 0.13 2400 30 2.6 3.6 - 19 2 & 10 Yes 0.1 8.3m at 2.4GHz

Dehghani and Abouei (2013)EL'13 (Pre-layout) 0.36 401-406 23 3.7 3.59 -18 N/A Yes 0.017 N/A

Cruz et al. (2015)TCAS-I'15 (Measured) 0.18 402-405 10 10 0.94 -16 N/R Yes 0.012 N/R

Mohamed and Sherif (2013)TCAS-I'13 (Measured) 0.13 402-405 31 13.6 2.7 3 N/R Yes 2.46a,b N/R

Wu et al. (2011)TCAS-II'11 (Measured) 0.18 1500 18.75 2.52 1.926 -19.86 0.4 & 3.32 No 0.068 20.5m at 1.5GHz

Choi et al. (2016)MWC'16 (Measured) 0.18 401-457 29 5 0.37 -19.5 N/R Yes 0.25a,b N/R

Proposed (Post-layout) 0.18 401-406 31 3.1c 0.29 -27.5 0.8 & 10 No 0.08 38.5m at 403MHz

a Additional balun consumes more area, power and degrades FoM
bRF front-end (LNA+mixer) N/A= Not Applicable N/R= Not Reported cIncluding bu�er noise m-Milli

FoM2 are GHz and GHz/degree respectively. As some of the references given power

gain and others voltage gain, an absolute gain has been taken in FoM calculation.

The mathematical expression of FoM1 and FoM2 is given by

FoM1 =
Gain[abs]× IIP3[mW ]× f [GHz]

PDC [mW ]× (NF − 1)[abs]
(3.42)

FoM2 =
Gain[abs]× IIP3[mW ]

PDC [mW ]× (NF − 1)[abs]

× f [GHz]

gain error[dB]× phase error[degree]

(3.43)

Absolute gain of ampli�er is expressed as

Absolute gain = 10V G/20 = 10PG/10 (3.44)

where VG and PG are voltage gain and power gain in dB. Higher values of FoM gives

the better performance. The FoM1 of proposed balun LNA is 0.08. The FoM1 of

Cha et al. (2011) is high (almost 100 times that of the proposed design) because of

IIP3. Suppose the linearity of proposed design is �8 dBm, then FoM1 is observed

to be much better (3 times) than Cha et al. (2011). However, IIP3 requirement of

MedRadio (which is more than �30 dBm) and other advantages (i.e., SD conversion

and low power) of proposed design makes it competitive when compared to other

reported LNAs. The FoM2 of proposed design is observed to be almost �ve times as

compared to the existing balun designs.
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3.9 Summary

In this work, a high selectivity sub-threshold balun low noise ampli�er is designed for

low power wearable and implantable medical devices. The proposed LNA uses current

re-use technique to stack cascaded common source stage on top of the IDCS stage. A

sub-threshold IDCS stage is designed to match the input impedance (50Ω) at optimum

noise and power without compromising other LNA parameters. An improved design

�ow has been proposed to avoid multiple iterations in the design of IDCS stage. The

additional capacitor Cac is used to provide small signal ground between two stages.

Analysis show that higher value of Cac reduces the noise leakage from stage-I to stage-

II. The proposed LNA has good out-o� band rejection, since there are two load tank

between input and output. After dedicated sizing and bias optimization, the LNA is

designed in UMC 0.18-µm CMOS technology. The layout of proposed LNA occupies

850µm× 978µm including bu�ers and bias circuit.

The post-layout results show the di�erential gain of 31 dB, noise �gure of 3.1 dB

and IIP3 of �27.5 dBm while consuming DC current of 290µA from 1V supply. The

proposed LNA is distinguished from the performance over the process corners and

temperature range from 0◦C to 80◦C. The worst case gain and phase error is observed

to be 0.8 dB and 10◦ respectively.
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Chapter 4

LOW POWER UWB BALUN LNA

4.1 Introduction

The Federal Communications Commission (FCC) has allocated 7.5GHz bandwidth

for UWB applications in the frequency range of 3.1 to 10.6GHz (Lu et al. (2006)),

which is divided in to 14 sub-bands with a band-width of 528 MHz each as shown in

Figure 4.1. These sub-bands are arranged as �ve band-groups.

f(MHz)

1 2 3 4 5 6 7 8 9 10 11 12 13 14

6072 6600 7128 7656 8184 8712 9240 9763 10296554450163432 3960 4488

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

Band Group-6

3100 10600

Figure 4.1: Spectrum division of UWB.

In any UWB system the �rst group must be covered, while the other groups are

optional. The second group is completely occupied by wireless local area network

(WLAN) communication system, so it is always ignored. Owing to stipulations made

by government for military or other special agencies in di�erent countries, the other

sub-bands accommodated in third, fourth, and �fth groups are selected for use by

UWB companies in di�erent ways. It is found that the sub-bands 9, 10, and 11 are

having fewer restrictions in the wireless market, so a new sixth group is identi�ed.

Currently, the �rst and sixth groups became focal point for most UWB companies

and enterprises. In all types of UWB receivers the �rst amplifying block is low noise
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ampli�er (LNA), which is one of the pre-eminent stage to sense all range of signals

at low power (Commission (2002), Porcino and Hirt (2003)). The UWB technology

became very popular in all types of applications, since (i) extremely di�cult to detect

by unintended users, (ii) appears as a noise to other communication systems and (iii)

common architecture for global positioning, radar and short distance communication.

The main advantage of UWB technology can be comprehended by Shannon's channel

capacity theorem given as

C = B log2(1 + SNR) (4.1)

where C is the channel capacity in bits per second. A channel capacity grows linearly

with bandwidth (B) but logarithmically with SNR. In other words, the channel capac-

ity can be increased by increasing the bandwidth than the SNR. Another advantage

is, low power is su�cient to transfer the same amount of data. Further, the channel

fading e�ect in UWB systems is less when compared to narrow-band systems because

high temporal resolution helps to distinguish extremely short pulses propagating over

di�erent paths (Wang (2005)). UWB has many potential applications like high data

rate WPAN, indoor localization, medical applications and many other.

There are many design challenges in low noise ampli�er since it is responsible

for entire receiver performance. As per the UWB wireless standards LNA should

sense all types of signals in wide-band at optimum noise, gain and power. In UWB

applications, the main challenges in the design of LNA are: (i) wide-band impedance

matching (ii) bandwidth extension at low power (iii) �at gain and good linearity

and (iv) suppress the e�ect of narrow-band jammers i.e., interference from existing

radio systems. In addition, phase and gain imbalance between the outputs should be

minimum, otherwise it will degrade the SNR performance.

4.2 Speci�cations of UWB

UWB di�ers substantially from conventional narrow-band radio frequency (RF) and

spread spectrum technologies, such as bluetooth technology and 802.11a/g. In a given

period of time the transmission of data in UWB is more, since it uses an extremely

wide band of RF spectrum.

The maximum radiated power from UWB transmitter is restricted to �41.3 dBm/MHz.

The free space path loss over a distance of 10m is �44 dBm (Pahlavan and Krishna-

murthy (2013)). The maximum received power at the receiver is -86 dBm/MHz. The
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target speci�cations of LNA for UWB applications are as follows:

• Frequency range (GHz) : 3.1 - 10.6

• Gain : > 10 dB

• Gain di�erence : < 1 dB and Phase di�erence : < 10◦

• NF : < 5 dB

• IIP3 : > �15 dBm

• S11 : < �10 dB

• Power dissipation : < 10mW

4.3 Prior work

Many wide-band LNA techniques have been matured in the literature (Yu et al. (2006),

Huang et al. (2015), He et al. (2010), Alavi-Rad et al. (2013)). However, there are

still some deterrents among them. For example, two stage LNA architectures and

the conventional distributed ampli�er su�ers from high power consumption (Yu et al.

(2006)). The inductively degenerated topology with active/passive element in the

feedback is a well known technique used in wide-band ampli�ers (Huang et al. (2015),

He et al. (2010)), but it is hard to convince gain and noise requirements simultaneously.

But all these techniques have used minimum two stages to achieve UWB requirements

at the cost of power and area ( since it requires additional balun to convert single-ended

signal to di�erential) . In literature considerable research has been conducted on a

range of LNA design for UWB applications, however the research is heavily biased

towards the single-ended design. But, the design of SD LNA has not been experienced

the same attention. There are very few single to di�erential LNAs have been developed

by Blaakmeer et al. (2008a), Martins et al. (2011), Kim and Silva-Martinez (2012).

The CG-CS noise cancellation technique is one of the familiar architecture which does

single to di�erential conversion at low noise, but this technique is su�ering from lower

band-width.

A direct conversion receiver is most preferable choice for constructing wide-band

receiver. However, a double balanced mixer is indispensable to avoid LO leakage and
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even order distortion. So, a fully-di�erential signal should be required at the output

of LNA. A simple way to design single to di�erential LNA is parallel connection of CG

and CS stages as shown in Figure 4.2. The primary advantages of CG-CS topology

+

−

M1

Ls

VB +−

vn,M1

voutp voutm

M2

vin

A

B N

RL1 RL2

X

RS CB1 CB2

VB

RB

VDD

Figure 4.2: CG-CS single-di�erential LNA.

are: (i) The input transistor (M1) provides the input matching and ampli�es the input

signal without any phase di�erence (since it is a common gate transistor), on the

other hand M2 (connected in common source) also ampli�es the input signal and

provides 1800 phase shift. (ii) The noise of input transistor (i.e.,vn,M1) cancels by M2.

The circuit follows the noise cancellation principle because (a) the noise of M1 sees

a source follower and common source path to node A and B respectively, evincing

opposite polarities at these two nodes, and (b) the signal sees a common-gate path

through A and B, evincing same polarity. Transistor M1 produces half of its noise

voltage at A if the input is matched. Transistor M2 senses this noise and ampli�es it

by a factor of −gm2RL2. The condition for noise cancellation is given as

RL1 = gm2RL2Rs (4.2)

Nevertheless the noise of M1 is cancelled, the noise arises from M2, RL1 and RL2. The

principle advantage of CG-CS noise cancellation technique is that it a�ords broad-

band characteristics. It is consequently bene�ted to systems operating across a wide

frequency.

Low power full band LNAs have been proposed using CS/CG topology with nega-

tive feedback as shown in Figure 4.3 (He et al. (2010), Weng et al. (2010)). Figure 4.3a
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shows a full band LNA uses staggered tuning and current re-use techniques to ex-

tend bandwidth at low power consumption. The CG topology provides wide band

impedance matching. However, the trade-o� between NF and gain is the major issue

of this technique. Figure 4.3b shows a two stage inductive degeneration CS topology

with resistance-capacitance (RC) shunt feedback. Though it is good at bandwidth

and noise �gure, the power consumption is 15mW. In addition, an additional balun is

required for both the techniques to convert single-ended incoming signal. There are

some fully di�erential LNAs for UWB applications (Bevilacqua et al. (2006), Khur-

ram and Hasan (2013)). The problem with fully-di�erential LNA is that, it must be

preceded by balun whose noise contribution directly hits the entire receiver NF. Even

though the NF is not a major concern of receiver, the additional balun causes for

phase and gain imbalance (Martins et al. (2011)).
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CF
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Figure 4.3: Single-ended UWB LNA (a) Full band LNA using staggered tuning and
current re-use techniques (b) IDCS LNA using parallel RC feedback.

A single to di�erential LNA would be the better option to implement wide-band

receiver. An improved CG-CS LNA has been proposed by Blaakmeer et al. (2008b) as

shown in Figure 4.4. It exploits noise and distortion cancellation of common-gate (CG)

stage and common-source (CS) stage with transconductance scaling. This technique

avoids the use of balun and provides good linearity. However, the power consumption

is high (i.e.,14mW) and should be reduced to meet speci�cations of UWB. Further,

the resistive load restricts the bandwidth upto 4GHz. So, the stumbling balun and low
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bandwidth of traditional CG-CS topology motivated us to develop a new methodology

of low power LNA to cover �rst and sixth groups with minimum phase and gain error.

RCG RCS

Rs RB

VB1

VB2

VB3

MCG

MCS

MC1 MC2

vin

vout,diff

CB

VDD

LS

Figure 4.4: CG-CS balun LNA with cascode transistors.

4.4 Basic idea

In this chapter an alternate topology of SD LNA is proposed. The block diagram of

LNA is shown in Figure 4.5.
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vin

voutpvoutm

C2

C1
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VDD

Figure 4.5: Block diagram of proposed balun LNA for UWB applications.

The proposed balun LNA uses both noise cancellation and current re-use tech-

niques to resolve issues of UWB front-end (explained in section 1.3). A single to
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di�erential conversion is done by the �rst stage (i.e.,CG-CS) and a di�erential ampli-

�er is stacked on top of the CG-CS stage to expand the bandwidth. The idea behind

proposed technique is staggered tuning, where �rst and second stage oscillates at dif-

ferent frequencies. The basic idea behind the proposed bandwidth extension is, the

�rst stage resonates at lower frequency of the desired band and second stage at higher

frequency. The full band frequency response of proposed LNA is shown in Figure 4.6.

The low power consumption and single to di�erential conversion of proposed LNA

1st Stage
2nd Stage

Buffer

CG-CS

RFin

RFout

Figure 4.6: Full-band frequency response of proposed LNA using noise cancellation
and staggered tuning technique.

solves the issues of wide-band front-end. The noise of CG transistor get cancels by

CS transistor and no additional power is used for bandwidth extension. The block

diagram of UWB receiver with the proposed LNA is shown in Figure 4.7. In DCR

receivers, the phase error between in-phase and quadrature components should not be

high.

Mixer

LO
LNA

Antenna

BSF

RF front-end

Mixer

90
0

LPF

LPF

I

Q

Balun

Figure 4.7: UWB receiver with proposed balun LNA.
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4.5 Proposed UWB LNA

Most of the existing designs are either inevitably comply with additional feedback

and balun network, or consume relatively high power, which is not worthy for low

power applications. Further, the NF and bandwidth needs to be improved to meet

speci�cations of UWB. Hence, a compact, simple and sturdy topology of UWB LNA is

proposed, which provides single to di�erential conversion at very low power (i.e.,below

5mW) and NF (i.e.,below 4 dB). A single integrated circuit amalgamating the balun

and LNA functionality seems an attractive option to perceive a wide-band low-noise

receiver front-end. In MOSFET characteristics, assumption of square law behavior

is highly inaccurate for sub-micron devices. The issue of velocity saturation causes

for high power consumption. In this region of operation gm is no longer function of

VGS, higher VGS causes for increase in ID but little variation in gm. So, a careful

investigation has been done on the selection of biasing point to avoid deep saturation.

Choose feigned power & gain

Fix gm to 20mS

Choose proper biasing voltage 

Contentment

Calculate W & ID of input transistor

High width

Calculate gm2 and load for M1 & M2 

Choose W/L & load for second stage

Wide-band

Proceed to simulation

YES

NO

NO

YES

NO

YES
(7GHz)

(1u)

Figure 4.8: Design �ow of proposed UWB-LNA.

Staggered tuning has been employed in the proposed technique by stacking a di�eren-

tial ampli�er (stage-II) on top of the CG-CS (stage-I) topology. The stage-I and II are

tuned to 4GHz and 7GHz respectively so that a wide band is covered. The proposed
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LNA comprises of CG-CS topology and a di�erential con�guration. The second stage

splits the single-ended signal into di�erential at minimum gain and phase error. A

complete design �ow is given to avoid multiple iterations in the proposed LNA as

shown in Figure 4.8.
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Figure 4.9: Proposed UWB-LNA using noise cancellation and current re-use tech-
niques.

The circuit diagram of the proposed balun LNA using noise cancellation and cur-

rent re-use techniques is shown in Figure 4.9. The �ne tuning has been done by varying

(W/L) ratio, gm and load resistance of M1 & M2 to achieve gain and phase balance

between two outputs of CG-CS stage. The output of �rst stage is applied to gate of

M3 & M4 through the capacitor Cff . The capacitor Cac provides the small signal path

to the second stage. Nevertheless, the proposed method looks like a cascode topology,

it is cascaded connection of stage-I and II.

4.5.1 Gain analysis

The small signal equivalent of proposed balun LNA for UWB applications is shown

in Figure 4.10. The channel length modulation has been neglected and following as-

sumptions are made for contended gain analysis of proposed SD LNA.
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Figure 4.10: Small signal analysis of proposed balun LNA.

Assumptions:

1. vs ' 0 after 900MHz

2.
1

|sCgs3|
� RB1

3.
1

|sCff |
� RB1

So from these assumptions the �nal conclusion is |Zf | ' RB1

4. |Zf | � |ZP,L1| i.e.,RB1 � |ZP,L1|
The incoming signal from antenna gets divided by 2 at the node vx, since the

impedance seen in to the M1 is 1/gm which is equal to RS. The impedance o�ered

by LS is tuned to high value so that exemplary impedance matching. The gain and

phase balance between two outputs (i.e.,voutp and voutm) has been achieved by choosing

suitable values of W/L, gm and load. The output of �rst stage is connected to second

stage through Cff . The capacitor Cff is chosen such that the ratio
Cff

Cff + Cgs3,4
is

approximately equal to 1. The capacitor Cac provides small signal ground to the

di�erential stage. Now the total output voltage is given as

vout = voutp − voutm = gm3(vbZP,L4 + vaZP,L3) (assume gm3 = gm4) (4.3)

So the overall gain of the proposed balun LNA is given as

A =
vout
vS

= gm1gm3(ZP,L2ZP,L4 + ZP,L1ZP,L3) (assume gm1 = gm2) (4.4)
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Here ZP,L1 , ZP,L2 , ZP,L3 and ZP,L4 are frequency dependent impedances, so gain varies

accordingly. At the �rst resonance frequency, ZP,L1 and ZP,L2 have maximum value

and contribute high gain. Similarly, ZP,L3 and ZP,L4 have maximum values at second

resonance frequency.

4.5.2 Noise analysis

Noise behavior of the proposed technique has been analyzed. The noise equivalent

circuit is shown in Figure 4.11. The noise factor of any circuit can be calculated as

(Razavi Behzad (1998))

Noisefactor = 1 +
v2
n,out

A2
.

1

4kTRS

(4.5)

where v2
n,out is output mean square noise excluding source noise. The noise of M1 is

cancelled by M2, so the noise at vx and vy is given as

vn,x = vn,L1 (4.6)

vn,y = vn,L2 + in,M2ZP,L2 (4.7)

The noise of biasing resistors is neglected, since large values have been taken to avoid
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Figure 4.11: Noise equivalent circuit of balun LNA.
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this. Further, the noise of stage-II is ignored to make analysis simple. The noise at

voutp and voutm is given as

vn,outm = gm3ZP,L3vn,L1 (4.8)

vn,outp = gm4ZP,L4(vn,L2 + in,M2ZP,L2) (4.9)

Now the overall noise can be calculated as

vn,out = gm3ZP,L3(vn,L1 + vn,L2 + in,M2ZP,L2) (Assume that ZP,L3 = ZP,L4) (4.10)

The mean squared output noise is given as

v2
n,out = (gm3ZP,L3)

2(4kTZP,L1 + 4kTZP,L2 + 4kTγgm2Z
2
P,L2

) (4.11)

The noise factor of overall circuit can be calculated as

Noisefactor = 1 +
(gm3ZP,L3)

2(4kTZP,L1 + 4kTZP,L2 + 4kTγgm2Z
2
P,L2

)

4(gm1ZP,L1)
2

.
1

4kTRS

(4.12)

Now, further simpli�cation of noise factor is given as

Noisefactor = 1 +
ZP,L1

4RS

+
ZP,L2

4RS

+
1

4
×
γgm2Z

2
P,L2

RS

(4.13)

From (4.13), we can observe that the major contribution is from transistor M2 and

load resistance. The component values chosen for the proposed balun LNA are enlisted

in Table 4.1.

Table 4.1: Component values chosen for proposed balun LNA.

Parameter Value
LS (197µ/20µ/3.5) 4.82 nH
L1 (216µ/10µ/3.5) 5.342 nH
L2 (216µ/10µ/3.5) 5.342 nH
L3 and L4 (129.98µ/20µ/2.5) 1.5966 nH
CB1 and CB2 (31.47µ/31.47µ) 999.8 fF
RB 10 kΩ
Cff (31.47µ/31.47µ) 999.8 fF
(W/L)1 (µm/µm) 95/0.18
(W/L)2 (µm/µm) 90/0.18
(W/L)3 = (W/L)4 (µm/µm) 90/0.18
VDD 1.2V
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4.6 Post-layout results

The proposed LNA was studied in detail and optimized through careful investigation

and extensive simulation using UMC 0.18-µm CMOS technology. Two output test

bu�ers (source follower) and one balun have been used to admix the balun LNA with

port (i.e., to measure S-parameters).
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Figure 4.12: Schematic and Post-layout simulations of proposed LNA.

The di�erential gain and noise �gure of proposed LNA over wide-band is shown in

Figure 4.12a and Figure 4.12b respectively. The noise performance in the upper band

is penurious. There are two authoritative reasons, the �rst one is, the magnitude

response of designed bu�er is not uniform through-out the band (i.e., there is approx-

imately 3 dB di�erence from lower to upper band which is clearly observed in Fig-

ure 4.12a) and second one is, noise from extracted resistance and bu�er. The gain and

noise accomplishment of proposed balun LNA core alone has �at band response when

compared to presence of test bu�ers. The gain error between di�erential outputs (i.e.,

voutp, voutm) has been brought down to less than 0.8 dB by careful tuning of W/L

and load. The simulation result in Figure 4.12c shows worst case gain di�erence is

0.8 dB over a band of 3.1GHz to 9.8GHz. Both schematic and post layout simulation
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result shows that phase error between di�erential output is less than 10◦ as shown in

Figure 4.12d.
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Figure 4.13: Post-layout simulations of proposed LNA (a)Transient response at fin =
5GHz and Pin=�40 dBm (b)Analysis of S-parameters.

Figure 4.13a shows the transient response at the output (after bu�ers) for the

input power (Pin) of �40 dBm. Figure 4.13b shows the analysis of S-parameters. The

power gain of 9 dB with a 3-dB bandwidth sheathing a range 3.1GHz to 9.8GHz.

Since the voltage gain loss of the test bu�er is 3.5 dB, the authentic LNA voltage

gain is 12.5 dB, which is su�cient to eliminate the e�ect of mixer losses (Henderson

and Camargo (2013)). The input (S11) and output (S22) re�ection coe�cient are less

than �10 dB throughout the band and matches very well with post layout results.

The layout of proposed LNA is shown in Figure 4.14. The active area of core balun

Figure 4.14: Layout of balun LNA core.
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LNA including biasing circuit and bu�ers is 700µm× 730µm. The detailed stability

analysis has been done using Stern stability analysis. The stability factor Kf is given

by

Kf =
1 + |∆|2 − |S11|2 − |S22|2

2|S12||S21|
(4.14)

where ∆=S11S22 − S12S21. As per Stern stability analysis, the stability factor (Kf )

should be ≥ 1 and ∆ is < 1 for unconditional stable system. The analysis of Kf is

shown in Figure 4.15. Figure 4.16 shows the calculation of IIP3. The feasibility of

the proposed balun LNA is commonly established using a pertinent �gure of merit

(FoM) that calibrate its accomplishment. The fair comparison has been done using

two FoMs. The FoM1 is included with gain, band-width (BW), noise �gure and power

consumption to meet wide-band system speci�cations as given in Linten et al. (2005).

FoM1 =
Gain[abs].BW [GHz]

(NF − 1)[abs].(PDC(mW )/10−3)
(4.15)

The FoM2 of proposed balun LNA is de�ned to include both gain and phase error.

FoM2 is given as

FoM2 =
Gain[abs].BW [GHz]

(NF − 1)[abs].(PDC(mW )/10−3).gain error[abs].phase error[degree]
(4.16)

Table 4.2 encapsulates the simulated performance of the proposed UWB balun LNA

and compares with recent state of the art LNAs that have earmark similar applications.

It is clear from the comparison that higher values of FoM1 and FoM2 of proposed

balun LNA proves better as compared to other reported LNAs.
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Table 4.2: Performance comparison of UWB LNA.

Work Technology Frequency Gain Noise Figure Power dissipation S11 IIP3 Topology Gain(dB)& FoM1 FoM2

(µm) (GHz) (dB) (dB) (mW) (dB) (dBm) Phase(Degree)error

Yousef et al. (2014) Pre-layout 0.18 3.1-10.6 12.25 3.8 18 < -10 2.5 SE N/A 4.96 �

Baraani et al. (2015) Post layout 0.18 3-5 16 3.2 19.4 < -10 −22b FD N/A 3.76 �

Lo and Kiang (2011) Measured 0.18 3.1-10.3 9.6 3.9 13.4 < -9 -3 SE N/A 3.07 �

Bevilacqua et al. (2006) Measured 0.13 3-5 9.5 3.5 16.5 < -10 −6b FD N/A 0.87 �

Chen et al. (2013) Post-layout 0.13 3.5-4 28a 3.4 2.1 < -6 dB c SD c 20.0 �

Blaakmeer et al. (2008b) Measured 0.065 0.2-5.2 13a 3.5 21 < -10 >0 SD 0.7& 2 1.92 0.817

Kim and Silva-Martinez (2012) Measured 0.13 0.1-2 7.6 4.15 3 < -10 0.5 SD 0.5& 5 2.27 0.404

Martins et al. (2011) Post-layout 0.13 2.4 30a 2.6 3.6 < -10 c SD 2& 10 16.98 1.071

Liu et al. (2014) Measured 0.18 0-1.4 16 3 12.8 < -10 -13.3 SD 1& 2.5 4.37 1.388

Zokaei et al. (2014) Pre-layout 0.13 3-4 11.2 3 16.9 < -12 dB 1.5 FD N/A 0.783 �

This work:: Post-layout 0.18 3.1-9.8 18a 4.2 3.8 < -10 -4.05 SD 0.8& 10 14.5 32.7

aVoltage gain, b1-dB compression point, SE - Single Ended, FD -Fully Di�erential, SD - Single to Di�erential, cData not given.
N/A-Not Applicable

4.7 Summary

A low power, noise cancellation and current re-use balun LNA is proposed for UWB

applications using UMC 0.18-µm CMOS technology. CG-CS topology has been used

as a basic technique for wide-band impedance matching and noise cancellation of

input transistor. The bandwidth of CG-CS stage has been expanded by stacking

di�erential ampli�er with staggered tuning. The transistors are operated in saturation

with optimum biasing andW/L ratios to eschew velocity saturation, voltage headroom

and power consumption. The capacitor Cac is used to provide small signal ground to

di�erential ampli�er. This capacitor improves the noise and balance operation of

LNA.

The di�erential voltage gain of proposed balun LNA is 18 dB over a band-width

of 3.1GHz to 9.8GHz. The input and output isolation is less than �8 dB and �14 dB

respectively. The noise �gure is 3.9 dB, IIP3 of �4.05 dBm and consuming only 3.8mW

from 1.2V supply. The gain and phase errors are 0.8 dB and 100 respectively. The

proposed LNA is covering both band-group 1 and 6 which is the main corner-stone of

all UWB wireless companies. The simulation results of the proposed UWB LNA shows

very competitive performance with lowest power consumption and balun function over

recently published UWB LNAs.
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Chapter 5

INDUCTORLESS BALUN LNA

5.1 Introduction

Nowadays, the design of high-end wireless devices focuses on wide-band to cover min-

imum of 5 to 10 standards over di�erent frequency bands. This trend will become

popular in the future and creates many new design challenges with low area, power

and single chip RF front-end. One of the main advantages of wide-band system is

their re-usability and low cost. The performance of multi-standard receiver archi-

tecture depends on the design of low noise ampli�er. The parallel connection of

narrow-band LNAs have the disadvantage of large die area and lack of recon�gurabil-

ity (explained in Section 1.4). Nevertheless, tunable LNA with active inductor covers

the desired band, the poor noise performance beneath its advantage (Slimane et al.

(2012)). Many countries are using ultra high frequency (UHF) band for ISM applica-

tions (260 to 470MHz), high quality digital signal for digital TV (DTV) applications

(470 to 890MHz) and GPS & B2 systems for GNSS receivers (Wu et al. (2011),

ATScomm (2004)).

A wide-band LNA with operating frequency of 0.2 to 2GHz would be better choice

to meet the demand of high-end devices. Furthermore, to reduce the chip area and

integration complexity of target applications, an inductor-less wide-band LNA is pre-

ferred over its parallel connections of single-ended counter part (Liu et al. (2014)).

The speci�cations of targeted multi-standard RF front-end are given in Table 5.1.

The maximum received signal power varies from �80 to �30 dBm. The targeted speci-

�cations are derived from (3.3) and (3.5) by considering 400 kbps DQPSK input with

bit error rate better than 10−3 and 10 dB SNR at the output of front-end. There
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Table 5.1: Speci�cations of multi-standard front-end.

Parameter Value

aMaximum/minimum received signal power � 30 dBm/� 80 dBm

bNoise �gure at sensitivity= �80 dBm and BW=6MHz 16.2 dB

bIIP3 ( if maximum strength of interferer is �40 dBm ) > � 15 dBm

bPower dissipation ≤ 7mW

bGain and phase di�erence <1 dB and < 5◦

aGiven by UHF-ISM, digital TV and GPS standard bTarget speci�cations

is no uni�ed inter-modulation speci�cation for multi-band applications. Thus, it is

assumed that the power of interferer is at a maximum level of the receiving signal.

So, according to (3.5), the third order input intercept point is greater than �15 dBm.

5.2 Prior work

Many inductor-less wide-band techniques have been proposed for multi-standard ap-

plications. Most of the designs are either single-ended (Yu et al. (2010), Slimane et al.

(2014), De Souza et al. (2017)) or fully di�erential (Sobhy et al. (2011), Geddada et al.

(2014), Pan et al. (2017)) with inevitable balun. The additional balun inherently leads

to gain and phase imbalance at the di�erential output. Some speci�c designs are re-

ported on inductor-less single to di�erential (SD) LNA (Im et al. (2010), Wang et al.

(2010), Kim and Silva-Martinez (2012)). The LNA proposed in (Wang et al. (2010))

is based on CG-CS technique, in which common source (CS) stage is replaced with

a complementary current re-use CS ampli�er. Similarly, the LNA reported in (Kim

and Silva-Martinez (2012)) uses a local feedback to enhance the gm of CG stage. Nev-

ertheless, both the designs provide good gain and linearity, but the signal imbalance

and additional noise from cascode transistor are bottlenecks. Furthermore, most of

the proposed designs are sensitive to PVT variations. This demands for additional

bias compensation circuit which e�ects overall LNA performance.

An inverter based inductor-less single-to-di�erential wide-band LNA is proposed

for digital TV applications. It comprises of three inverter-based gain stages with a

global shunt feedback resistor as shown in Figure 5.1 (Liu et al. (2014)). Further,

in the third gain stage a shunt capacitor with a current bias transistor is used to
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enhance the gain/phase imbalance and the linearity of LNA. The �rst stage is an

inverter-based ampli�er with a feedback network and a self bias network to establish

impedance matching and biasing point. The last two stages have local feed back to

set the bias point. However, this technique consumes more power (i.e., 12.8mW) and

poor balanced operation with phase error of 4◦.
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VDDVDD VDD

MP1

Figure 5.1: Inverter-based SD LNA with a global shunt feedback.

A fully di�erential CG LNA is proposed for digital TV applications as shown in

Figure 5.2 (Im and Nam (2014)). It comprises a wide-band noise cancelling common

gate LNA with a capacitively cross-coupled current source (CCCS). It o�ers wide-

band noise cancelling without RF choke inductors in the range of 54 to 882MHz.

However, the complexity involved in the design of CCCS and high power consumption

(i.e., 27mW) degrades its superiority.

5.3 Basic idea and implementation

The design of single to di�erential (SD) LNA is very crucial in the multi-standard

receiver systems. A low power inductor-less LNA is the preferable choice to ful�ll ever

increasing demand on superior functionality without compromising the portability of

system. The moderate or inversion region of MOSFET is the traditional technique for

low power designs. But, this leads to the following shortcomings: (i) poor LNA noise

performance (ii) large variations in gm against unavoidable PVT (Luo et al. (2014)).
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Figure 5.2: Noise cancelling CG LNA adopting a CCCS to remove RF choke inductors.

However, many bias compensation techniques have been proposed to minimize the

variations in transconductance of core transistor (Jansen et al. (2013), Talebbeydokhti

et al. (2006)). But, these techniques demand for additional power as well as core

device of LNA to be a part of bias compensation. So, to avoid the use of additional

compensation circuit, the transistors of proposed LNA are operated in the saturation

region. From the highlighted portion of Figure 5.3, we can observe that, though the

lower values of gm over ID leads to high power consumption, has less variation in

gm against VGS. The feed-forward technique is familiar to reduce the overall power

consumption and avoid the tight relationship between input resistance and noise �gure

of CG transistor. The common-gate stage with a feed-forward technique is shown

in Figure 5.4a. This technique enhances the gm of transistor M1 by (1+A) times,

where A is the voltage gain of the ampli�er. In the proposed design, similar gm

enhancement is achieved di�erently by using voltage-shunt feedback. Simple CG-CS

topology has been used in the proposed LNA for di�erential conversion of incoming

antenna signal as shown in Figure 5.4b. The current bias is replaced with a transistor

to reduce the variations in bias point and have low area advantage. However, the

biasing circuitry using the passive resistor could cause uncertain bias points because
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of process variations. The bulky and low-noise o�-chip inductor can be used to reduce

the noise, but the advantage of the inductor-less architecture is discounted.
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Figure 5.3: Variation of gm(S) and gm/ID against the bias voltage for 0.18-µm CMOS
transistor at W=25µm and L=0.18µm.
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Figure 5.4: (a)CG stage with feed-forward technique (b) Traditional CG-CS LNA.

In multi-band receivers, the choice of receiver architecture depends on bandwidth

of the channel. In literature both low-IF heterodyne and homodyne architectures have

been used for better performance. However, in multi-band systems the probability of

narrow-band channel is high, so using low-IF heterodyne would be the better choice to

preserve the channel loss during the demodulation. As we have discussed in Section 1.4,

redundant LNAs increase the cost and area. An inductor-less balun LNA is the
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suitable choice to vanquish the above mentioned issues and meet the requirements

of low area and power. In this Chapter, a PVT independent inductor-less balun

LNA suitable for multi-standard applications is proposed. The proposed LNA uses

traditional CG-CS technique with a local voltage shunt feedback technique. The

biasing point of all transistors is chosen such that the variation in gm across PVT is not

more than 10%. Though, the idea for PVT independent behavior increases the power

consumption, the shunt feedback technique reduces the overall power consumption.

The pole at the output of CG stage is pulled to lower frequency to correct gain and

phase error without disturbing the noise performance unlike the technique reported in

Kim and Silva-Martinez (2012). Finally, less number of components have been used

to design the proposed LNA. The block diagram of multi-standard front-end with

proposed LNA is shown in Figure 5.5.

Transmitter
signal

Duplexer

GPS

Digital TV

UHF ISM

Multi-band
frequency
synthesizer

IFWide-band
balun
LNA

Wide-band mixer

Figure 5.5: Block diagram of the multi-standard front-end using proposed inductor-less
balun LNA.

5.4 Inductor-less LNA schematic and analysis

The complete circuit diagram of inductor-less balun LNA is given in Figure 5.6. The

proposed LNA is mainly constructed by CG-CS topology with transistor (MB1) as

biasing element instead of resistor or inductor. The noise/distortion of CG transistor

(M1) appears as a common mode noise at the output and it get cancelled by the

CS transistor (M2). Furthermore, a voltage shunt feedback (Cfb) has been used to

enhance the gm of CG transistor without disturbing the noise cancellation condition.

The condition for noise cancellation is given as

gm1(1 + AVCS
)RL1 = gm2RL2 (5.1)
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where AVCS
is the voltage gain of CS stage. The input impedance Rin is given by

Rin =
1

gm1(1 + AVCS
)

(5.2)
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Figure 5.6: Proposed PVT independent inductor-less balun LNA.

The noise contribution of CS stage is inversely proportional to its gm (i.e.,gm2). So,

higher values of gm2 improves the noise performance of LNA. The feedback capacitor

and higher width of M2 reduces the bandwidth at the output node of CS transistor.

Moreover, the capacitor Cfb leads to gain and phase imbalance at the outputs. So, a

compensation capacitor Cc is used at the output of CG transistor to pull the pole for

minimum gain and phase error. Now even if, the proposed LNA drives the next stage

(i.e., mixer), the imbalance between signals will not get disturbed by the parasitics

of next stage (since the mixer is di�erential, same parasitics will be added on both

sides). As the proposed LNA is insensitive to PVT variations, a simple bias circuit is

used to bias all the transistors.

5.4.1 E�ect of Cc on gain and phase imbalance

The small signal equivalent circuit of proposed LNA is shown in Figure 5.7. The

voltage at node ‘x' is given by

vx =
vin × ron,MB1

RS + ron,MB1

' vin(∵ RS � |
1

sCB1

| and ron,MB1
� RS) (5.3)
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Zf =
1

sCfb
+

(
RB2‖

1

sCgs1

)
' 1 +RB2sCfb

sCfb
(5.4)

ZL2 =
RL2

1 + sCp2RL2

(5.5)

where ZL2 is the output impedance at node ‘m'. Now, the overall output impedance

(Zo2) at node ‘m' is given by (5.6).

Zo2 =
(RL2/2)

1 + sCp2(RL2/2)
(5.6)

The output voltage at node ‘m' and ‘p' is given by

voutm =
−gm2RL2

2
× 1

1 + sCp2(RL2/2)
× vin (5.7)

voutp = gm1

(
1 +

gm2RL2

2

1

1 + sCp2(RL2/2)

)
× RL1

1 + sCtRL1

× vin

(5.8)

It is noticed from (5.7) and (5.8) that, both gain and phase balance is possible if there
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Cgs1 Cp1+Cc=Ct
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m
p
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Figure 5.7: Small signal equivalent circuit.

is a control over capacitance Ct. As we have taken feedback from node ‘m', the pole

shifts toward the lower band-width and leads to gain and phase mismatch between

outputs. The variation of gain error against variations in Cc is little but has a huge
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e�ect on the phase error. The variation of phase error for di�erent values of Cc has

been analyzed and shown in Figure 5.8. In the absence of Cc, the maximum phase

error in the band of interest is 7◦. So, a suitable value of Cc is chosen to minimize the

phase error (i.e., 0.8◦) without disturbing other performance parameters of LNA.
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5.4.2 Noise analysis

+−

+

−

+

−

+−

M1

MB1

M2

RL1 RL2

RS

RB2

RB1 X

Y
CB2

Cfb

Cc

vn,out

in,M2

in,MB1

vn,M1

vn,RL2

vn,RL1

vn,RS

VB

VB1

VB

CB1

VDD

Figure 5.9: Noise equivalent circuit of proposed LNA.

The noise equivalent circuit of inductor-less balun LNA is shown in Figure 5.9.

The noise power of M1 (v2
n,M1

) sees two paths to the output (i.e., X and Y). The path

`X' ampli�es the noise by gm1(1 + AVCS
)RL1 times and the path `Y' provides the gain

of gm2RL2. The noise of M1 appears as common mode noise at the output since the
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gain of both paths `X' and `Y' is equal as given in (5.1). Now, the noise contribution

of MB1 and M2 is given by

v2
nout,MB1

= i2n,MB1
R2
S × (gm1gm2RL1RL2)2 (5.9)

v2
nout,M2

= i2n,M2
R2
L2 (5.10)

In general, the overall noise factor (Nf) of the circuit is given as

Nf = 1 +
v2
n,out

A2
× 1

4kTRS

(5.11)

where v2
n,out is the output noise power excluding source noise, A is the overall gain of

LNA. Now the Nf of proposed LNA is given by

Nf = 1 + γgm1RS +
γ

(gm1RL1)2gm2RS

+
γ

(gm1gm2RL2)2RSRL1

+
γ

(gm1gm2RL1)2RSRL2

.
(5.12)

From (5.12), we can observe that the noise contribution from M2 depends on its

transconductance. Furthermore, the lower value of gm1RS product gives the better

noise performance. So, transconductance scaling and gm enhancement technique has

been employed on CS and CG stage respectively.

5.5 Gain switching

In multi-standard systems, few common di�culties are: (i) the presence of inter-

modulation degrades the sensitivity and SNR (Meghdadi et al. (2017)) (ii) The strong

input level, which may degrade the linearity of subsequent stages. These di�culties

can be avoided using high dynamic range LNA. The gain switching of LNA is an

e�ective method to improve the dynamic range and linearity (Jeong et al. (2008)).

As the proposed LNA is single to di�erential (SD), switching has to be done on both

CG and CS stage. But, from (5.1) the gain of both outputs is mainly decided by CS

stage. The transistor MSW2 is used to switch the gain by step of 4 dB. Unfortunately,

this technique inherently disturbs the gm enhancement of CG stage. This can be

avoided by using an additional transistor in parallel to M1, but impedance matching
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will get disturbed. So, a transistor MSW1 is used to avoid impedance mismatch at

the input without disturbing noise cancellation and gm enhancement techniques. The

complete circuit diagram of proposed LNA with gain switching mechanism is shown

in Figure 5.10.
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Figure 5.10: Inductor-less balun LNA with gain switching.

When gain switching is enabled, the transistor MSW2 enters into saturation and

draws a portion of current from M2. This decreases the gain at node `m' and also at

`p' because of voltage shunt feedback. But, degradation in the gain of CS stage (AVCS
)

disturbs the input impedance matching. So, a transistor MSW1 is used to avoid this

e�ect by increasing the gm of transistorM1. The proposed switching technique o�ers a

gain step of 4 dB at little increase in both power and noise. The periodic ac and noise

analysis has been carried-out to analyze the gain and NF of proposed gain switching

LNA. In the low gain mode it o�ers gain of 17 dB and noise �gure of 3.85 dB (i.e.,

including switching noise). The performance summary of both high and low gain

mode of proposed LNA is given in Table 5.2.
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Table 5.2: Performance summary of proposed balun LNA.

Name of the Parameter High gain mode Low gain mode

Frequency in GHz 0.2-2 0.2-2.2
Gain in dB 21 17
Noise �gure in dB 2.8 3.85
S11 in dB <�11 <�11
IIP3 in dBm �4 �2
Power dissipation in mW 5.76 6.05
Gain and phase error 0.3 dB and 0.8◦ 1 dB and 0.5◦

5.6 Post-layout simulation results

The proposed inductor-less LNA is implemented using 0.18-µm CMOS technology.

The layout of LNA is highlighted in Figure 5.11 and it is compared with UWB LNA

designed by inductors to enrich the importance of proposed inductor-less LNA. The

area of the core LNA is 182µm×181µm, which is even less than a single inductor

of a value 4 nH. The di�erential gain is 21 dB and noise �gure is 2.8 dB as shown in

Figure 5.12a. Figure 5.12b shows that the third order input intercept point (IIP3) is

�4 dBm and is good enough for all applications in the range of 0.2 to 2GHz. The gain

and phase error between the outputs has been minimized through careful investigation

and extensive simulation. The worst-case gain and phase error in the band of interest

is 0.3 dB and 0.8◦ as shown in Figure 5.12c.

Figure 5.11: Layout of proposed inductor-less LNA (Layout of wide-band LNA is
considered for comparison).

The S-parameter analysis has been done to validate the design. As the proposed

LNA is single to di�erential, two test bu�ers and a balun have been used to match

with the output port. The power gain supposed to be 14 dB, but it is 10 dB since
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there is loss of 4 dB from additional bu�er. The input and output reverse isolation is

less than �12 dB. The reverse voltage gain is less than �40 dB. Figure 5.12d shows the

analysis of S-parameters.
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Figure 5.12: Post-layout simulations of proposed LNA.

Table 5.3: Performance variations of proposed balun LNA against PVT and resistor
variations.

Process Supply Temperature Resistor Worst case corner
LNA Parameter corners variation (±10%) 0◦C to 80◦C corners variation
∆ Gain in dB 0.29 0.6 0.3 1.5 0.9
∆ NF in dB 0.17 0.7 0.13 0.2 0.8

The sensitivity of the proposed LNA against unavoidable PVT variations decides

its superiority over existing designs. So, the sensitivity of LNA has been analyzed over

�ve process corners (i.e., ff, fnsp, tt, snfp, ss), supply voltage (±10%) and tempera-

ture range from 0◦C to 80◦C. It has been observed that, the worst-case corners are ff

corner with 0◦C and 1.8V and ss corner with 80◦C and 1.4V. The maximum varia-

tion of di�erential gain and noise �gure is not more than 1 dB when compared to the
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Figure 5.13: Post-layout simulations of proposed LNA against process corners, supply
and temperature at Pin=�40 dBm.

nominal corner ( tt, 27◦C). The complete frequency response against PVT variations

is shown in Figure 5.13a. The transient analysis is also observed to verify the linearity

performance of proposed LNA for the input power of �40 dBm from 50Ω antenna.

Figure 5.13b shows the transient analysis of output voltage for all possible worst-case

corners. The maximum variation of gain and noise �gure across PVT and component

variations are tabulated in Table 5.3.

Finally, the proposed LNA has been validated by rigorous Monte Carlo simulations

for both process and mismatch statistical variable with 1000 runs. Figure 5.14a and

5.14b shows the transconductance of CG and CS transistors at room temperature

(27◦C). The gm of CG transistor has minimum spread with a standard deviation of

0.48mS and gm of CS transistor has 4.7mS. Figure 5.14c and 5.14d show the variation

of di�erential gain and noise �gure. The standard deviation (σ) of gain and NF is

0.235 dB and 0.065 dB. The percentage of 3σ deviation in both gain and NF is less

than 5% when compared to the mean value of typical corner.

The performance summary of inductor-less LNA along with recently published

multi-standard CMOS LNAs is given in Table 5.4. The �gure of merit (FoM) reported

in Pan et al. (2017) is used for the comparison to select the most relevant parameters

of LNA. The FoM is given by

FoM = 20log10

(
Gmax[abs]×BW [GHz]

PDC [mW ]× (NF [abs]− 1)

)
(5.13)

where Gmax is the maximum voltage gain in linear units, BW is the bandwidth in

GHz, PDC is de�ned to be static power dissipation inmW andNF is the noise �gure in
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linear units. From Table 5.4, we can observe that the FoM of proposed LNA has third

highest value as compared to other LNAs. The proposed LNA o�ers relevant perfor-

mance and cost saving, since it has good ratio of FoM to chip area (182µm×181µm).
Furthermore, the proposed inductor-less LNA has a good robustness against the PVT

variations.

(a) Transconductance distribution of CG
stage (gm1)

(b) Transconductance distribution of CS
stage (gm2)

(c) Gain distribution of proposed LNA at
500MHz

(d) Noise �gure distribution of proposed
LNA at 500MHz

Figure 5.14: Monte Carlo analysis for both process and mismatch statistical variable
at room temperature (27◦C).

5.7 Summary

An inductor-less balun LNA is designed, analyzed and simulated for wide-band (0.2 -

2GHz) to cover UHF-ISM band, digital TV and global navigation satellite system. As

there is a demand for high-end devices with robustness, a PVT independent LNA is

designed in UMC 0.18-µm CMOS technology. The proposed LNA uses CG-CS noise

cancellation technique to have single to di�erential conversion of incoming antenna

signal. A voltage shunt feedback and transconductance scaling techniques have been
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Table 5.4: Performance comparison of Inductor-less LNA.

Technology Frequency Voltage Noise Power IIP3 Gain(dB)& No. of FoM Active
Work (µm) (GHz) Gain Figure dissipation (dBm) Phase(degree) Inductors area

(dB) (dB) (mW) error (mm2)

Liu et al. (2014), IEEE MWCL(Measured) 0.18 DC-1.4 16.4 3a 12.8 �13.3 1 &4.5◦ 0 �2.7 0.0383

Kim and Silva-Martinez (2012), IEEE MWT(Measured) 0.13 0.1-2 7.6 4.15a 3 0.5 0.5 &5◦ 0 7.14 0.075

De Souza et al. (2017), IEEE TCAS-Ib(Measured) 0.13 0.1-2.1 21.2 2 7.9 12.5 N/A 0 14.9 0.007

Zhu et al. (2015), IEEE JSSC(Measured) 0.065 0.2-1.6 24 3.6 20.2 14.5 N/A 0 -1.423 N/R

Wang et al. (2010), IEEE TCAS-Ic(Measured) 0.13 0.2-3.8 19 3.4 5.7 �4.2 N/R 0 13.55 0.025

Manstretta (2008), IEEE RFIC(Measured) 0.09 0.1-1 10 5a 7.5 �1 N/R 1 �5.1 0.032

Pan et al. (2017), IEEE MWCLc(Measured) 0.065 0.1-4.3 21.2 4 2 �7.7 N/R 0 24 0.05

Huang et al. (2018),AEUb(Post-layout) 0.18 0.3-3.5 14.6 3.5 14.8 1.2 N/A 0 �0.45 0.275

Ebrahimi et al. (2015),AEUc(Post-layout) 0.18 0.01-1 28 1.4 27 �11 N/R 0 7.77 0.0454

Proposed (Post-layout) 0.18 0.2-2 21 2.8 5.76 �4 0.3 & 0.8◦ 0 11.81 0.032

aMinimum NF bsingle-ended LNA cdi�erential LNA N/A= Not Applicable N/R= Not Reported

deployed to optimize both power and noise. A capacitor Cc is used to minimize gain

and phase error at the di�erential output. Layout of the proposed LNA occupies

182µm× 181µm.

The post-layout simulation of proposed LNA o�ers di�erential gain of 21 dB, noise

�gure of 2.8 dB and IIP3 of �4 dBm while drawing 3.6mA from 1.6V supply. The

proposed design is validated by sensitivity analysis against PVT and component varia-

tions. The worst-case variation in performance parameter is less than 5% as compared

to the nominal value. Furthermore, the proposed design is examined by rigorous Monte

Carlo simulation for both process and mismatch statistical variable. The standard de-

viation in di�erential gain and noise �gure is narrow and maximum deviation (3σ) is

less than 0.7 dB and 0.18 dB respectively. The FoM value and area of proposed LNA

makes it attractive for high performance receiver front-end. Finally, the proposed

LNA uses less number of components and avoid the use of additional balun and bias

compensation circuit.
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Chapter 6

BIAS CIRCUIT COMPENSATION

6.1 Introduction

Irrespective of receiver architectures, in all receivers from cellular to medical applica-

tions low noise ampli�er plays a vital role in improving the performance. Nowadays

restriction on power consumption is increasing to meet high performance demands

compromising on portability of the system.

The sub-threshold region and current re-use technique o�ers low power design.

However, the exponential dependency of gm on the overdrive voltage has large varia-

tions against PVT. The process and temperature variations pushes the sub-threshold

transistor into either saturation or near cut-o� region. This leads to change in gm and

ID. Moreover the impedance matching, noise �gure and power will be deplored for

targeted applications.

6.2 PVT compensation

A conventional bias circuit is used for the proposed balun LNA explained in Chapter 3

(both design-I and design-II). Figure 6.1a shows the conventional bias comprises of a

reference current source and bias transistor. It has been observed that, the variation

in gm and ID of transistor MB is more than 50% across PVT variations. It is also

observed that, the variation in performance parameters of proposed LNA is more

than 40%. Many constant-gm circuits have been proposed for general purpose circuits

such as �lters and operational trans-conductance ampli�ers (OTAs) (Laxminidhi et al.

(2009), Zhang and Yuan (2012)). If these techniques are used for LNA, the core
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transistor of the ampli�er to be connected as part of the compensating mechanism,

which in turn, a�ects the performance parameters of the LNA. So, there is thirst on

low power LNA with compensation mechanism to tackle the parameter deviations

against PVT variations.

In this work, a new PVT compensated bias circuit is proposed as shown in Fig. 6.1b.

Bias circuit comprises of negative feedback and charge pump to track the variations in

the balun LNA. A replica of LNA circuit has been taken to avoid the failure of entire

circuit and deviation in LNA parameters.

VDD

Mn1 Mn2

Mp1
Mp2 Mp3

VE

IREF

(b)

VBIAS

Replica circuit

Mn3

B

MB

Reference
current
source

VBIAS

VDD

(a)

Figure 6.1: (a)Conventional bias circuit (b) Proposed PVT compensation bias circuit.

The transistors Mn2 and Mn3 are taken to replicate the actual balun LNA. The

transistor Mp2 is taken as load to set the required voltage and mirror the current.

The transistor Mp3 scales down the current of the replica circuit and compares with

the reference current. The transistor Mp1 acts as a variable current source according

to the error voltage (VE). This bias circuit will not provide complete compensation

for parameter variations against PVT since the variation in |VDSp2| of Mp2 is not ex-

actly equal to the actual LNA. But, it has been observed that the PVT variations are

reduced by 55% as compared to conventional biasing. An external current reference

has been taken to control the variations in gain against inductor and capacitor cor-

ners (since passive ampli�cation of LNA is sensitive to Ldeg, Lg and Cex variations).

The error voltage VE tunes the VBIAS according to the variations in LNA.
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Figure 6.2: Post-layout simulations of di�erential gain against component and PVT
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Figure 6.3: Post-layout simulations of proposed LNA against component and PVT
variations.

Table 6.1: Variation of power and group delay across process corners.

Name of the tt,27◦C ff ,0◦C ss,80◦C
parameter

Gain in dB 30.6 31.6 28.5
Current in µA 290 310 280
Power in mW 0.29 0.31 0.28
Group delay in ns 0.39 0.406 0.36

The sensitivity analysis of proposed LNA has been veri�ed across di�erent pro-

cess corners of transistor, resistor and inductor over the temperature range from 0◦C

to 80◦C. The maximum variation of di�erential gain and noise �gure is ±2.3 dB and

±0.65 dB respectively as compared to the nominal corner (tt, 27◦C). The variation of
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di�erential gain against all possible worst-case corners is shown in Figure 6.2. Fig-

ure 6.3 shows the post-layout simulations of noise �gure and group delay across all

process corners. The group delay is the derivative of phase of the system transfer

function. In general, it is de�ned as

Group delay (tg) = −∂φ
∂ω

= − 1

360◦
∂θ

∂f
(6.1)

where φ and θ are the phase in radians and degrees respectively.
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Figure 6.4: Post-layout simulations of proposed LNA for process corners over 0◦C to
80◦C at Pin =�70 dBm.

The group delay decides the amount of delay taking by the input frequencies

while passing through the ampli�er. In the band of interest, the lower variation of

group delay is desirable to pass all the frequencies with relatively same amount of

delay. The tg of proposed LNA is calculated by di�erentiating the phase of S21 with

frequency aperture of 6MHz. The variation of phase against PVT variations is shown
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in Figure 6.3b. The analysis of gain, current, power consumption and group delay

across worst case corners is given in Table 6.1. The maximum variation in tg across

all corners is 0.04 ns. Even the deviation in gain and current is less than 7% when

compared to the nominal corner. The transient analysis has been observed across

worst-case corners as shown in Figure 6.4. The output voltage swing at nominal

corner with temperature 27◦C is 6.2mVPP for an input power of �70 dBm from 50Ω

antenna. Similarly, transient response has been observed for corners tt and ss to

validate linearity of the proposed design. The variations in gain and noise �gure

across all corners including supply variations (±10% of VDD) are given in Table 6.2.

Table 6.2: Performance summary of proposed compensated balun LNA against PVT
and component variations.

Process Temperature Resistor Inductor Worst corner variations Worst corner variations Percentage reduction
LNA Parameter corners 0◦C to 80◦C corners corners including supply (±10%) including supply (±10%) of parameter variation

(with compensation) (with conventional) at worst corners
∆ Gain in dB 1.5 1 0.2 1 4.6 (±2.3 dB as compared 10.2 (±5.1 dB as compared

with nominal with nominal) 55%
∆ NF in dB 0.6 0.3 0.1 0.1 1.3 (±0.65 dB as compared 2.5 (±1.25 dB as compared

with nominal with nominal) 48%

(a) Gain distribution of compensated
LNA

(b) Gain distribution of conventionally
biased LNA

(c) gm distribution of compensated LNA (d) gm distribution of conventionally bi-
ased LNA

Figure 6.5: Monte Carlo analysis for both process and mismatch statistical variable
(for σ = 3).
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Finally, Monte Carlo simulations include both process and mismatch statistical

variable for 1000 occurrences are carried out. Figure 6.5 shows the distribution of

di�erential gain (at fin=403MHz) and transconductance of the transistor (M1 in Fig-

ure 3.13) at 27◦C temperature. The proposed balun LNA has been analyzed with

both conventional and compensated biasing circuits. The analysis shows that, the

di�erential gain and gm of proposed compensated balun LNA has a narrower spread

with a standard deviation of 0.42 dB and 0.155mS respectively. The 3σ deviation of

di�erential gain and transconductance of core transistor for proposed LNA with bias

compensation is less than 4%.

6.3 Process and temperature compensation

The balun LNA shown in Figure 4.9 is proposed for UWB applications. As discussed

in Section 4.5, the transistors M1 and M2 are operated in saturation region to meet

the target speci�cations. Initially, a conventional bias circuit has been used to bias

the transistors. So, to analyze the parameter variations, the sensitivity analysis of

proposed LNA has been elucidated by focusing on the gain and noise �gure against

PVT variations.
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Figure 6.6: Di�erential gain against PVT variations (post-layout).

The proposed balun LNA has been substantiated under �ve di�erent corners (i.e.,

ff, fnsp, nominal, fpsn, ss), temperature range from 0◦C to 80◦C and supply varia-

tion of ±10%. Figure 6.6 shows the variation of gain across worst-case corners. It is

noticed that, the variation in LNA parameters are comparatively less, but needs to be
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improved. The trans-conductance (gm) of MOSFET plays a critical role in determin-

ing LNA parameters. It is often desirable to design constant gm circuit against PVT

variations. A simple supply independent beta multiplier circuit is used to de�ne the

gm as shown in Figure 6.7 (Lee (2004)). It comprises of a self-biased quad of MOSFET

and a resistor (RS).

Vdd

M2b

M3b
M4b

M1b

RS

Figure 6.7: Conventional beta multi-
plier.
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Figure 6.8: Post-layout simulations of
di�erential gain with conventional beta
multiplier.

The gm of M1b is given by

gm,1b =

√
2µCox(

W

L
)ID,1b

=
2

RS

(1− 1√
K

)

(6.2)

where K is the W/L ratio between M2b and M1b. If RS is constant with temperature,

a stable gm is provided for the core transistor of LNA. But practically, no resistive

material provides constant value against temperature variation.

The gm of the transistor varies over temperature due to the variation of RS. It

has been observed that, resistor has 30% variations across process corners and leads

to more than 40% variations in gm. The proposed balun LNA is analyzed with con-

ventional beta multiplier. Figure 6.8 shows the variation of di�erential gain against

temperature. It is observed that the maximum variation in di�erential gain is more

than 2.5 dB (i,e., 30% variation as compared to typical value). So, we need a con-

trollable resistance which can be used to generate a constant gm across temperature.

A controllable resistance can be generated using a MOSFET operating in a triode

region. Figure 6.9a shows bias compensation circuit, where RS is replaced with tran-
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Figure 6.9: (a)Resistor-less beta multiplier (b) Post-layout simulations of di�erential
gain with resistor-less biasing.

sistorM5b. When transistorM5b biased with suitable VGS, it o�ers constant resistance

against temperature. So, this leads to generate temperature invariant reference cur-

rent. One added advantage of this circuit is, MOSFET resistance has less variation

against process and temperature as compared to the RS. Figure 6.9b shows the im-

provement in variation of gain over temperature. The maximum variation in gain is

not more than 0.45 dB. Moreover, proposed bias circuit will also provide compensation

against process by tuning VGS,5. It has been observed that the change in VGS,5 across

worst-case process corners is ± 50mV.

The resistance of a MOSFET operating in triode region can be represented by

Rtriode =
1

µnCox
W

L
(VGS,5 − VTH,5)

(6.3)

Now, substituting (6.3) in (6.2) we have,

gm,1b = µnCox
W

L
VOV,5(1− 1√

K
) (6.4)

In (6.4), it is observed that a speci�c overdrive voltage is needed to ensure MOSFET

M5,b operates in triode region and generates the desired resistance. Furthermore, the

sensitivity of gain and NF has been investigated to the inductor variations. Figure 6.10

and 6.11 shows LNA gain and NF variation for all the inductor variations presented
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in balun LNA. Table 6.3 gives the maximum variations of proposed LNA. The low

variations of gain and NF exonerate the proposed design.
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Table 6.3: Maximum variation of LNA gain and noise �gure.

LNA Parameter Process Temperature Supply Inductor
corners 0◦C to 80◦C ±10% variations

∆ Gain in dB 3 2.2 1.2 1.2
∆ NF in dB 1.4 1.3 0.4 0.2

6.4 Summary

A bias compensation circuit has been proposed to minimize the parameter variations

of sub-threshold balun LNA. The proposed balun LNA is analyzed using both con-

ventional and proposed bias compensation circuits. The variation of gain and NF

against worst case corners are reduced by 55% and 48% as compared to conventional

biasing. Monte Carlo simulations were performed, which shows the spread in di�er-

ential gain and gm is decreased by 91% and 90% respectively. A resistor-less beta

multiplier is used for UWB balun LNA, where the core transistor operates in satura-

tion region. The variation of di�erential gain is reduced from 2.5 dB to 0.45 dB using

bias compensation. The sensitivity of proposed design has been substantiated through

PVT variations. The performance of balun LNA over PVT variations shows that the

proposed UWB LNA is distinguished.
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Chapter 7

CONCLUSION AND FUTURE

WORK

7.1 Conclusion

• A high selectivity sub-threshold balun low noise ampli�er is designed for low

power wearable and implantable medical devices. The worst case gain and phase

error is 0.8 dB and 10◦ respectively. After dedicated sizing and bias optimization,

the LNA is designed in a 0.18-µm CMOS technology. The layout of proposed

LNA occupies 850µm× 978µm including bu�ers and bias circuit.

• A low power SD LNA using noise cancellation and current re-use techniques

has been implemented for ultra wide-band applications. The proposed LNA is

covering band-groups 1 and 6, which is the main corner-stone of current UWB

wireless companies. The simulation results of proposed UWB LNA shows very

competitive performance with lowest power consumption and better balun func-

tioning over recently published UWB LNAs.

• A PVT compensated bias circuit is designed to minimize variations in sub-

threshold LNA parameters. The variation of gain and NF against worst case

corners are reduced to 55% and 48% respectively. Monte Carlo simulation (both

process and mismatch) is performed for 1000 runs, which shows the standard

deviation in di�erential gain and gm is 2.9% and 2.4% respectively.

• A resistor-less beta multiplier is designed to reduce parameter variations of UWB

LNA (core transistor operates in saturation region) against PVT.
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• An inductor-less balun LNA is designed, analyzed and simulated for wide-band

(0.2 - 2GHz) to cover UHF-ISM band, digital TV and global navigation satellite

system. As there is a demand for high-end devices with robustness, a PVT

independent LNA is designed in UMC 0.18-µm CMOS technology. The layout of

proposed LNA occupies 182µm× 181µm. A voltage shunt feedback and trans-

conductance scaling techniques have been deployed to optimize both power and

noise. A capacitor Cc is used to minimize gain and phase error at the di�erential

output.

7.2 Scope for future study

Large signal behavior and the linearity performance of the LNA were not priories in

the implementation of the proposed LNA for MedRadio communication. The linearity

of the sub-threshold LNA requires further investigation to clarify the e�ects of circuit

components on linearity of the LNA. Also, a suitable mixer topology for MedRadio

communication should be designed, in order to enrich the proposed LNA. Further, the

power consumption of both wide-band and multi-band LNAs can be reduced without

compromising on linearity.

Nevertheless, the proposed bias compensation for UWB LNA shows better perfor-

mance against VT variations, an improved circuit can be designed to reduce the vari-

ation against process corners using complementary to absolute temperature (CTAT)

and constant current generator. The further noise analysis needs to be done on the

proposed inductor-less LNA to estimate the noise contribution of switches.
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Appendix

DERIVATIONS

A-1 Noise analysis of sub-threshold LNA

The noise at outputs (shown in Fig. 3.13d) are given by

vn,outp = −gm3(va − vs)RP,Ld3
(A.1)

vn,outm = −gm4(vn,outp − vs)RP,Ld4
(A.2)

By applying KCL at node ′S ′, we have

gm4(vn,outp − vs) = vs.sCac +
vs − va
RP,Ld1

+ gm3(vs − va) (A.3)

Now substituting (A.1) in (A.3),

gm4(−gm3(va − vs)RP,Ld3
− vs) = vs.sCac +

vs − va
RP,Ld1

+gm3(vs − va)
(A.4)

vs(gm4 + sCac) = (va − vs)[
1

RP,Ld1

+ gm3 − gm3gm4RP,Ld3
] (A.5)

From (A.5),

vs[gm4 + sCac + gm3 +
1

RP,Ld1

− gm3gm4RP,Ld3
] = va[gm3 +

1

RP,L1

− gm3gm4RP,Ld3
]

In the above equation, let us consider that

x = gm3 +
1

RP,Ld1

− gm3gm4RP,Ld3
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Now, the further simpli�ed expression of (A.5) is,

vs[gm4 + sCac + x] = va.x (A.6)

By substituting (3.36) in the above equation,
va(RP,Ld1

+RB2)− in,M1RB2RP,Ld1

RB2

[gm4 + sCac + x] = va.x

⇒ va(RP,Ld1
+RB2)− in,M1RB2RP,Ld1

=
vaxRB2

gm4 + sCac + x

⇒ va[RP,Ld1
+RB2 −

xRB2

gm4 + sCac + x
] = in,M1RB2RP,Ld1

⇒ va =
in,M1RB2RP,Ld1

[gm4 + sCac + x]

(RP,Ld1
+RB2)(gm4 + sCac + x)− xRB2

(A.7)

In (A.7), for further simpli�cation assume that

y = gm4 + sCac + x (A.8)

Now, the �nal expression of va is given

va =
in,M1RB2RP,Ld1

.y

(RP,Ld1
+RB2)y −RB2x

(A.9)

Substituting (A.9) in (3.36), the �nal expression of vs is given by

vs =

in,M1RB2RP,Ld1
(RP,Ld1

+RB2y)

(RP,Ld1
+RB2)y −RB2x

− in,M1RB2RP,Ld1

RB2
(A.10)
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