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Abstract

The rapid proliferation of wireless communications necessitates software defined radios

(SDRs). In an SDR receiver, a multiband LNA is the first active element, which should

provide good impedance matching, adequate gain, low noise figure (NF) and low power

consumption. Multiband LNAs for SDRs include Concurrent LNAs, Non-Concurrent

LNAs and Reconfigurable LNAs. Existing LNA designs for SDRs have poor stopband

rejection ratio, gain imbalance, low interference rejection, increased NF, degraded

linearity and reduced operational bandwidth.

To fill these research gaps, firstly we propose a step-wise impedance scaling method to

design concurrent multiband matching networks for LNAs. Subsequently, we design a

dual band LNA (1.1GHz and 2.4GHz) that substantially reduces the in-band interference,

stopband rejection ratio and gain imbalance between bands.

Thereafter, we propose the design of a continuously tunable LNA using a transformer-

based input matching network for dynamic frequency tuning. The designed LNA has a

wide tuning range (2.2 GHz∼2.8 GHz) and the input impedance is dynamically tuned

by controlling the bias voltage of the tuning transistor.

Next, we propose the design of a multimode LNA with a tunable input matching network

that provides a wide tuning and operating range (0.9 GHz∼2.5 GHz). By varying the

biasing condition of the varactors, the designed LNA operates in six different modes.

The LNA achieves a high gain, low noise, high interference rejection along with linear

and stable operation in all modes.
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Finally, we propose the design of a reconfigurable LNA with the continuous tuning

of operational bandwidth and frequency in two separate switchable bands. The LNA

implements a PIN diode in the input matching stage to reconfigure between the low

band (0.2∼1.5 GHz) and the high band (2.2∼3.2 GHz). A varactor diode is added to

the output load network of the LNA. The reverse bias voltage of varactor diode is varied

to achieve continuous bandwidth tuning within each band.

This research proposes the design of multiband concurrent and reconfigurable LNAs

for SDRs to achieve (i) wide tunable/switchable operational bandwidth with continuous

tuning, (ii) high interference rejection, (iii) good linearity-gain trade-off, (iv) wide

operating range, (v) improved stop band rejection ratio. Starting from mathematical

derivation and modelling, we perform extensive simulation studies, and then fabricate

the designed LNAs as microwave integrated circuits on printed circuit boards to obtain

measurement results. Finally, we compare the analytical results, simulation results with

measurement results in terms of gain, noise, linearity, and impedance matching. For

future work, switchable LNAs together with field programmable grate arrays (FPGAs)

can be investigated.
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Chapter 1

Introduction

1.1 Background

The history of wireless radio communication dates back to 1864, when James Clark

Maxwell showed mathematically that electromagnetic (EM) waves could propagate

through free space. This led to the development of first fully operational radio transceiver

by Marconi in the year 1894. Since then, a number of radios were developed that could

operate from few Kilo Hertz (KHz) to several Giga Hertz (GHz) [1]. Further research

led to the development of conventional digital radio that could digitally modulate or

demodulate the information signal.

Subsequent advancement in communication systems led to the development of wireless

standards for cellular, mobile and personal area communication such as 2G, 3G, long-

term evolution (LTE), wireless local area network (WLAN), Bluetooth, ultra wideband

(UWB), etc. A traditional radio adopts a radio frequency (RF) signal to transmit or

receive information. However, it usually features a bulky device. Additionally, it is

usually costly and has high power consumption

With technology advancement in analog semiconductor integrated circuit (ASIC) design

processes, it is now possible to design a fully functional radio transceiver front-end
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on a tiny chip. Additionally, a complete radio system can be accomplished on a small

printed circuit board (PCB). Nevertheless, their operation in specialised applications

still require additional bulky and complex circuits to operate with multiple frequency

channels, RF power modes and modulation schemes. Due to surge in the demand for

high data rates and increasing wireless standards, multiband operation, reconfigurable

modes and intelligent modulation techniques were still required to solve major radio

communication problems. This led to the development of software defined radios

(SDRs) and cognitive radio.

1.2 SDRs

The last decade has witnessed an increasing number of wireless standards for civil,

military and astronomical communications. Along with advance of integrated circuit

(IC) technologies and ever-growing requirements of high data rates, next-generation

radios are expected to operate over multiple frequency bands in a single system. For

example, carrier aggregation (CA) is used in LTE - Advanced in order to increase the

bandwidth. It is challenging for traditional radios to operate over multiple frequency

bands. Contrary to traditional radios, SDRs can handle multiple wireless standards (at

different frequency bands or at the same frequency band) simultaneously or discretely,

with a sole reconfigurable hardware system [2]. SDRs can - (i) work at different

channels, (ii) adapt to multiple disparate carrier frequencies, (iii) fix a software bug

during operation and (iv) cancellation of interfering bands through software.

In general, SDR is an umbrella term for Software Based Radio (SBR) or Software

Radio (SR) [3]. Nevertheless, some researchers argue that SDR is an advanced version

of SBR, while SR is in its conceptual stage.

SDRs were originally proposed for military communications, especially when military
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personnel had to use multiple and bulky traditional radios for communication in battle-

ground and patrolling [4]. Recently, the focus of SDRs has been shifted to commercial

civil communications.

1.2.1 Why SDR?

The motivation behind extensive research in SDR technology originated from the fact

that legacy communication systems are approaching their capability limits. For example,

they usually operate on single band and require a dedicated hardware. However,

customers require devices that can provide ubiquitous seamless connectivity through

network interoperability of various wireless standards, as well as reduced cost [5]. SDR

is a propitious radio technology that offers a cost effective solution to increase the

radio system capabilities with minimum hardware requirement, small size and ultra low

power.

As shown in Figure 1.1, an SDR can be viewed as a radio that implements a specified

range of capabilities through elements that are software-reconfigurable [6]. An SDR

front-end supports multiband operation. For reception, antenna and low noise amplifier

(LNA) are required to capture and amplify the signal, respectively, followed by digitisa-

tion using analog-to-digital converter (ADC) and modification in field programmable

gate arrays (FPGAs) and digital signal processing (DSP) modules [7]. For transmission,

antenna and power amplifier (PA) are required [4].

Modern digital radios include DSP, while SDR is an enhanced version of digital ra-

dios in the sense that SDR is capable of configuring operational parameters through

software [8]. In the analog domain, SDRs adopt hardware, such as antennas, LNAs,

PAs with reconfigurability to support multiband operations. In the digital domain,

SDRs implement DSP algorithms running in the host computer. Therefore, various

configurations can be achieved by modifying the DSP algorithms. These configurations
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Figure 1.1: Typical structure of a software defined radio platform

include modulation/ de-modulation, multiple access schemes, encryption/decryption

and frequency spreading. For example, SDRs may use system–on–chip (SoC) like

DM644x for digital baseband processing. This is contrary to the conventional analog

radios, in which changes in hardware are necessary in order to alter their fundamental

characteristics [9].

1.2.2 Requirements in SDR

One of the major advantages of SDRs is that it allows implementation of radio func-

tionality in software, which was previously challenging or even impossible to achieve

by changing hardware for traditional analog radios. Current researches in this area

have focused on the flexibility of SDR [10]. An ideal SDR may adopt 2 - 3 analog

channel filters to provide switchable band configuration. However, this leads to reduced
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flexibility. A flexible SDR requires minimum analog components, maximum software

capabilities and minimum power consumption. Additionally, modern handheld and

compact SDR systems require sufficient cooling to handle increasing currents due to

high processing values.

1.2.3 SDR Hardware

Mobile technology demands for hardware miniaturization and SDR offers a promising

way to replace most hardware in a transceiver by its software counterpart. Recent re-

searches on SDRs [11] focus on employing FPGAs as hardware accelerator to overcome

the host computer’s processing bottleneck to support complex algorithms. A popular

example of SDR employing a reconfigurable hardware is Reconfigurable Hardware

Interface for Computing and Radio (RHINO) project that has an open source interface,

which is used for educational purposes. It has an ARM Cortex A8 processor for digital

baseband and signal processing. Figure 1.2 shows the receiver front-end circuit of

a modern SDR. Nevertheless, there exist significant obstacles that prevent the full

implementation of SDRs. Take a receiver for example, it is still challenging to design

antennas [12], LNAs [13] and mixers [14] for SDRs.

In particular, the design of LNA for SDR poses several challenges. These challenges

include designing LNAs which operate at multiple frequency bands and must achieve

minimum desirable performance metrics in each band. SDRs require that the LNAs must

be flexible and must have a wide operating range. In most cases, it is required that LNA

be switchable or tunable and hence it is challenging for the microwave design engineer to

achieve dynamic switching/tuning while suppressing noise, interfering signals and gain

imbalance at all bands. These challenges are aggravated due to parasitic impedances,

substrate losses and different load impedances. Furthermore, specific trade-offs such as

the gain-linearity trade-off, are required to be overcome for all operational bands.
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Figure 1.2: A general multiband SDR receiver architecture

1.3 Research Questions

The following four research questions are considered in this thesis.

• Question 1: How can we propose a step-wise impedance scaling method for

designing concurrent multiband matching networks for SDR LNAs?

• Question 2: How can we design a concurrent dual band LNA with high per-

formance metrics while minimising the interference between bands and gain

imbalance at the same time?

• Question 3: How can we design a continuously tunable LNA with dynamic tuning

of operating frequency?

• Question 4: How can we improve the operating range of a multiband reconfigur-

able LNA?

1.4 Objectives

The objective of this research is to design, develop and analyse novel concurrent and

reconfigurable multiband LNA circuits for SDRs with a high Figure of Merit (FOM).

Recent works on reconfigurable LNA reveal that improving the LNA operating range,

minimising interference and wide tunable bandwidth is an immediate necessity to

make the SDR platforms more flexible. An ideal SDR requires a flexible RF front-end
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that must not only support both wideband transmission at a high operating frequency,

and a large centre frequency range, but also be able to adjust its operating frequency

and/or transmission bandwidth so as to avoid interference with other wireless services.

Additionally, it must consume low power for optimum performance, for extending

battery life in portable devices and for reducing interference.

This research aims to design and fabricate LNAs for SDR receivers that attempt to

address the specific design challenges.

1.5 Research Contributions

This thesis makes the following contributions to the development of reconfigurable

LNAs for SDRs.

1. We propose a methodology for designing novel dual band and triband impedance

matching networks using impedance and frequency transformation technique.

2. We propose the design and analysis of a novel concurrent dual band LNA with a

high gain, high interference and stopband rejection ratios, less gain imbalance

and very low NF.

3. We perform the design and analysis of a novel continuously tunable LNA with a

transformer based impedance matching network and dynamic frequency tuning.

4. We propose the design and analysis of a novel multi mode LNA for SDR that

implements an input tunable matching network to increase the operating range of

LNA.

5. We propose the design and analysis of a novel reconfigurable dual band LNA

with continuous tuning of operational bandwidth/frequency range in each wide

band.
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Noteworthily, the designed LNAs follow the hierarchical categorisation of LNAs for

SDRs. The LNA proposed in research contribution 2 is a concurrent dualband LNA that

uses the impedance matching scheme proposed in contribution 1. The proposed SDR

LNAs in research contribution 3 and 4 are input tunable LNAs. The tunable LNA design

in contribution 4 has a wider operating range and shows multiple operation modes.

Finally, the reconfigurable LNA proposed in contribution 5 demonstrates switchable

and output tunable configuration. Furthermore, tunability in contribution 4 and 5 in

the input matching and output matching stage, respectively is achieved using the same

varactor diode to obtain desired results.

1.6 Thesis Organisation

The thesis is organised in eight chapters.

Chapter 1 explains the background of the SDR, research gaps, motivations and the

objectives of this research.

Chapter 2 gives a comprehensive review of the LNA designs for SDR.

Chapter 3 presents the design of dual band and triband matching networks for concurrent

multiband LNAs.

Chapter 4 presents the design of a two-stage concurrent dual band LNA with state-of-the

art performance metrics including high gain and high interference rejection ratio. The

LNA’s input matching network is constructed using the design equations proposed in

Chapter 3.

Chapter 5 presents the design of a continuously tunable LNA using a transformer based

matching network for dynamic frequency tuning.

Chapter 6 presents the design of a multimode LNA with a novel tunable input matching

network to increase the operating range of SDR LNA.

Chapter 7 presents the design of a wideband reconfigurable LNA with a switchable
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input matching network and continuously tunable output matching network. The LNA

operates in two separate bands and provides continuous bandwidth tuning in each band.

Finally, Chapter 8 concludes the whole research, and provides recommendations for

future research on this topic.
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Chapter 2

Literature Review

2.1 SDR Receiver Architectures

To fully comprehend the concept of LNA, it is important to review fundamental SDR

receiver architectures. In traditional radios, receiver front-ends are mainly categorised

into two main types, namely heterodyne receivers and homodyne receivers. Heterodyne

receivers have been primarily used for narrowband applications [15], which is due to

their high receiver sensitivity and selectivity. With the advancement of complement-

ary metal-oxide semiconductor (CMOS) technologies, the problems associated with

heterodyne receivers such as image rejection and third order intermodulation disorders

have aggravated. On the other hand, homodyne receivers are resistant to problems

related to image-rejection. Nevertheless, the overall performance of the homodyne

receiver circuits can be corrupted by flicker noise and DC offsets. The noise constraint

in homodyne receivers can be extenuated by adopting weaver architecture [16] or image

reject topology [17].

Likewise, to overcome the linearity constraint of heterodyne receivers, inductively

degenerated common source (IDCS) topology and cascode parallel feedback in LNAs

and mixers have been adopted in the literature, but these topologies have associated
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drawbacks such as reduced receiver gain.

The key difference between SDR and traditional radio lies in its reconfigurability—SDR

can adapt its communication protocols through software, while it is difficult or im-

possible for traditional radio to achieve this. SDR implements software-based modula-

tions, demodulations, signal processing, and encoding. As such, front-end hardware

components for SDR must be reconfigurable [18].

The three well known configurations for SDR receiver front-ends are - (i) Superhetero-

dyne receiver (ii) Zero-intermediate frequency (IF) receiver (iii) Bandpass sampling

receiver [2]. Figure 2.1 (a), (b) and (c) show the architecture of all three configurations.

Superheterodyne reciever configuration is primarily used for high frequency microwave

and millimeter wave (mmWave) communication [19]. It uses an image-reject filter in

the mixer stage. This configuration is not a popular choice for SDR receivers because

of single channel restriction, difficult integration, limited bandwidth and complex mult-

iband reception. The Zero-IF configuration [20] is a simpler yet highly efficient version

of superheterodyne receiver. This receiver deploys an in-phase quadrature (I/Q) mixer

and an anlog filtering stage. I/Q mixers have minimum on-chip integration requirements

as compared to image-reject mixers. Thus, Zero-IF configuration is a popular choice

for multiband and SDR receivers. However, the baseband signal output at the mixer is

vulnerable to corruption due to flicker noise in Zero-IF configuration.

Finally, the bandpass sampling receiver [21] overcomes the aforesaid shortcomings

by using a tunable filter or LNA and digitally processing the sampled signal. Due to

reduced components, integration is easy, which currently makes it a popular choice for

SDR receivers. The associated drawback is phase - gain mismatch that can be overcome

by gain control technique.
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(a)

(b)

(c)

Figure 2.1: (a) Superheterodyne receiver architecture (b) Zero-IF receiver architecture
(c) Bandpass sampling receiver [2]

2.2 Low Noise Amplifier

The LNA is the first active element in a radio receiver chain. The primary purpose of

LNA is to amplify a very low power signal present at its input without significantly

degrading its signal-to-noise ratio (SNR). Contrary to regular amplifiers, LNAs consider
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the presence of larger signals and minimise intermodulation distortion.

2.2.1 LNA Basics

Important performance metrics for LNAs that are summarised as follows.

a. Gain The ability of the LNA to amplify the radio signal is known as LNA gain. It

can be mathematically expressed as

Ap =
Pout
Pin

(2.1)

where Ap is the power gain, Pout and Pin are the output and input power, respect-

ively. In the Scattering-matrix (S-matrix), the magnitude of S21 represents the

LNA gain.

The LNA gain is usually expressed in decibels (dB) as

Ap(dB) = 10log10

(
Pout
Pin

)
(2.2)

b. Noise Figure Noise figure (NF) is defined as the degradation in SNR level of the

signal due to noise introduced by sources present in the circuit. In general, NF is

the dB value of noise factor which is defined as the ratio of input SNR (SNRi) to

output SNR (SNRo) of the LNA. NF is mathematically defined as

NF (dB) = 10log10

SNRi

SNRo

= 10log10

Psi/Pni

Pso/Pno

(2.3)

where Pso and Psi are the available signal power and Pno and Pni
are the available

noise power at the output and input of LNA, respectively.

c. Linearity It refers to the ability of the LNA to maintain the proportionality of the

input and output of the signal by augmenting power levels without transforming
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signal content. Problems arising due to non-linear behaviour are second and third

order intermodulation and gain compression. The linearity of LNA is measured

by determining the 1-dB compression point (P1dB) and third order intercept point

(IP3). P1dB is the output power level at which the gain drops by 1dB from its

constant value. IIP3 is the input power level at which the power of third order

components reaches the same level of the fundamental component’s power.

d. Stability The LNA stability measures its tendency to oscillate at any frequency. An

LNA generally operates with (i) unconditional stability or (ii) conditional stability.

For a device to be unconditionally stable, the input and output port impedance

must not have any negative real part. This means that |Γin|<1 and |Γout|<1 for all

arbitrary source and load impedances.

Stability of the LNA can be determined by evaluating the stability factor K and

stability constant ∆. The values of K and ∆ can be calculated as

K =
1− |S11|2 − |S22|2 + |∆|2

2 |S21S12|
(2.4)

∆ = S11S22 − S12S21 (2.5)

The necessary stipulation for unconditional stability of an LNA is K>1 and ∆<1.

e. Input and Output Return Loss Input return loss (IRL) is defined as the power

loss in a signal reflected at the input port due to discontinuity. Likewise, Output

return loss (ORL) is power loss in the signal reflected at the output port of LNA.

Input and output return loss are characterised by the terms S11 and S22 of the

S-matrix. IRL and ORL can be mathematically calculated as

IRL = 10 log
Pin
Pr

(2.6a)

ORL = 10 log
Pout
Pr

(2.6b)
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where Pr is the reflected power. To achieve a high return loss (RL), it is desired

that the LNA input and output impedances are matched to the source and load,

respectively.

f. Power Dissipation It measures the power drawn by the device from the DC power

supply. Due to advancements in IC design techniques and low power technologies,

it is required that LNA must have a very low power dissipation. It is commonly

measured in milliwatts (mW).

Like traditional radios, SDRs rely on several key hardware components, such as an

antenna, an LNA, a mixer and a PA. As shown in Table 2.1, the LNA should provide

wideband impedance matching, adequate gain, low NF and low power consumption

[22]. Furthermore, stable and linear operation is also desired as the performance of the

LNA will significantly affect that of the whole receiver chain. Figure 2.2 shows the

schematic of a typical single band LNA, which consists of an input matching network

(IMN), a biasing network, a gain stage and finally an output matching network (OMN).

2.3 LNAs for SDRs

Conventional LNAs are designed to amplify desired RF signals while rejecting undesired

out–of–band interfering signals. Front-end circuits in SDRs are required to handle

multiple frequency bands either simultaneously or discretely. Therefore, LNAs for

SDRs must possess the ability to handle multiple frequency bands. Designing an LNA

for SDR at least requires a performance that meets general design specifications as

indicated in Table 2.1. Moreover, LNAs for SDRs must possess additional custom

requirements that are summarised in Table 2.2. LNAs for SDRs can be classified as

either wideband LNAs or multiband LNAs (MBLNA). Wideband LNAs simply cover

multiple frequency bands simultaneously via their wideband IMNs and OMNs. They

do not selectively attenuate undesired interference signals. This may lead to stringent
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Figure 2.2: A typical single band LNA with stub matching

Table 2.1: Typical LNA design specifications

LNA Attributes Description Typical value
Gain ratio of output power to input power S21>10 dB

Return Loss losses from reflection from the ports S11<–10 dB , S22<–10 dB
Noise Figure measure of introduced noise by LNA NF<3.5 dB

Linearity output must be proportional to input IIP3 > 0 dBm

Stability
unconditional stability in the desired

frequency range. K >1, |∆|<1

Power consumption DC power drawn from the power supply PDC <20 mW
Reverse isolation isolation from the other port S12<–30 dB

linearity requirements on the mixer and subsequent RF stages. Consequently, an LNA

with multiple passbands is preferred for SDRs.

A straightforward solution to realize multiple passbands is to integrate multiple, separate

narrowband LNAs in parallel [23]. However, this approach suffers from high power

consumption, large circuit area, and complicated signal routing. Consequently, a single

LNA with a concurrent or reconfigurable multiband operation is desired. Figure 2.3

summarizes LNA types for SDRs.
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Figure 2.3: Types of LNAs for SDRs

Table 2.2: SDR LNA design specifications

Attributes Description Expected value
Wide spectrum operate in wide spectrum BW >500 MHz
Reconfigurable

frequency adjustable operating frequency 2 or more bands

Tunable gain continuous / discrete gain variation Tuning range >5dB
Adjustable power switchable power operating modes PDC(min) <5mW
Stopband rejection

ratio (SBRR)
difference between passband gain

and stopband attenuation SBRR>10/10

Low passband gain
imbalance (GI)

difference between peak gains
at different centre frequencies. GI <2 dB

Low passband
phase imbalance (PI)

difference in phase of signal
at different centre frequency PI <10◦

High interference
rejection ratio (IRR)

rejection of interference from
adjacent bands. IRR >20dB

BW: Bandwidth

2.3.1 Wideband LNAs

Wideband LNAs provide a flat gain response across a wide range of frequencies for

certain applications [24]. For these LNAs, frequency reconfiguration requires fre-

quency synthesizer circuits and filtering circuits (e.g., tunable bandpass filter or digital
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platforms). Popular circuit topologies for wideband LNAs include: common source

(CS)-common gate (CG) differential cascode topology [25], resistive shunt feedback

topology, [26] inductive peaking topology [27] and distributed amplifier topology [28].

Figures. 2.4–2.6 show the typical topologies for a wideband SDR LNA.

A CS-CG cascode topology is illustrated in Figure 2.4 (a). It has high reverse isolation

because of high-output impedance at the drain terminal. However, it suffers from a

larger DC voltage requirement than a normal CS stage [29]. Figure 2.4 (b) shows the

resistive shunt feedback topology [26], which is employed in CS LNAs to achieve a

flat gain across a wide bandwidth. However, this topology results in trade-off between

the NF, linearity and bandwidth of LNA. This is because the feedback resistance (RF )

is of the order of few hundred Ω so as to achieve the 50 Ω impedance match across a

wide bandwidth. A low value RF may results in high NF and low linearity, while a high

value RF may result in reduced bandwidth.

A conventional inductive or shunt peaking technique uses an inductor in parallel with

the load to increase the small signal bandwidth by improving the rise time [30]. Figure

2.5 (a) shows the inverter stage with inductive peaking technique. The peaking inductor

at the input of the inverter cell augments the 3-dB bandwidth. However, gain flatness

is a concern for this topology. Figure 2.5 (b) shows the split-load inductive peaking

technique, which is an improved version of inductive peaking. This technique can be

applied at the gate of an N-type metal-oxide semiconductor (NMOS) in inversion to

enhance the 3-dB bandwidth and improve rise time [27].

Figure 2.6 shows a cascaded LNA with a CG stage, followed by a CS stage with a

series-shunt loading network to obtain a wideband response [31, 32]. This technique can

be combined with transformer-coupling techniques to improve the noise performance

of the circuit, and for gain enhancement and neutralization. However, transformer

coupling may result in distortions as third order intermodulation products, leading to

degraded linearity.
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(a) (b)

Figure 2.4: (a) CG-CS cascode topology (b) Resistive shunt feedback

(a) (b)

Figure 2.5: (a) Inverter stage inductive peaking (b) Split load inductive peaking [27]

Current research in wideband SDR LNA design focuses on inductorless architectures

in order to reduce chip size, reduce power consumption, and improve linearity. For

example, reported inductorless architectures for wideband LNA design include active

shunt feedback [22, 33, 34], active inductors [35], and differential circuits [36].

For wideband SDR LNAs, capacitive parasitics associated with CMOS transistors

require extra attention as they reduce the effective gain and increase the NF, especially

for LNAs with distributed topology. While, these parasitics can be tuned out using

inductors for a narrowband LNA design [37], the concern still remains and needs to be

addressed for wideband SDR LNAs.
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Figure 2.6: Cascaded LNA stages with transformer coupling for wideband response
[31]

2.4 Multiband LNAs

MBLNAs can handle multiple bands concurrently, or switch to a particular band in a

continuous or discrete manner. MBLNAs are divided into three major categories:

Concurrent MBLNAs Concurrent MBLNAs provide concurrent reception of ampli-

fied signal in multiple frequency bands, which is achieved by either manipulating

the operation condition of active devices, or configuring input/output match-

ing networks and output loads [38]. Concurrent MBLNAs can handle multiple

frequency bands simultaneously. They reject the stopband signals and amplify

the passband signals. In addition, they can improve the system efficiency by

reducing power consumption because the same transconductance element is used

for multiple bands [39].

Non-Concurrent MBLNAs Non-concurrent MBLNAs can operate at multiple fre-

quency bands, but cannot handle them concurrently. They adopt passive matching

networks for band selection [38].

Reconfigurable MBLNAs Reconfigurable MBLNAs are similar to non-concurrent

MBLNAs, but with reconfiguration of matching components / bias voltages in

the input or output matching stage.
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2.4.1 Concurrent MBLNAs

Concurrent MBLNAs have the capability to handle multiple frequency bands simultan-

eously. They are preferred over wideband LNAs for multiband radios because of their

capability to reject the stopband signals and amplify the passband signals. In addition,

they can improve the system efficiency by reducing power consumption because the

same transconductance element is used for multiple bands [39]. To design a concurrent

MBLNA, it is required that the input and output impedance matching is achieved at the

desired operating frequencies. Moreover, a multiband load is needed to get the desired

S21 response at the output.

The first concurrent MBLNA was a dual band LNA (DBLNA) implemented in 0.35µm

CMOS technology in 2002 [40]. Since then, several concurrent MBLNA architectures

have been proposed to improve the SBRR, reduce noise, improve linearity, increase

output power, and minimize GI. Figure 2.7 (a) shows the design of a conventional

concurrent DBLNA that consists of a wideband IMN and a dual band load. Its input

impedance can be expressed as

Zin = jωL1 +

(
jωL2‖

1

jωC1

)
‖R1‖

(
1

jω(Cgs1 + Cex)
+ jωLs +

gmLs
Cgs1 + Cex

)
(2.7)

where gm, Cgs1 are the transconductance, gate-source capacitance, respectively of

transistor M1 and Ls is the source inductance. The wideband input matching im-

plies additional filtering and cautious frequency planning to deal with interference.

Consequently, a multiband IMN (MBIMN) is desired.

Multiband impedance transformer (MIT) [41] is widely adopted to provide multiband in-

put matching, out-of-band interference suppression, and noise reduction. However, this

technique increases on board circuit area and power consumption. Another technique

is to implement transmission line stubs with coupled lines as impedance transformers
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(a) (b)

Figure 2.7: (a) Conventional DBLNA architecture [40] (b) Gain and IRL for conven-
tional DBLNA

[42]. This technique provides a concurrent impedance matching at all frequencies and

inherent DC blocking at the input. It is suitable for frequency-dependent complex loads.

However, it results in larger on-chip/ on-board area and does not provide a compact

design.

Multi-resonant circuits were considered to design multiband impedance matching in

[43, 44]. In [44], analytical synthesis of the matching network using multi-resonant

circuits as switches was proposed. The design employed a large number of passives,

leading to an increased NF.

As illustrated in Figure 2.8, an alternative approach for multiband matching is to

implement frequency transformation techniques [45, 46]. This requires mapping the

frequencies and transforming the network from a single band IMN to a dual band

or multiband IMN. However, a frequency transformation technique employs a large

number of passives, leading to increased noise. Additionally, multiple spiral inductors

increase the overall cricuit size and their low quality (Q) factor affects the overall LNA’s

FOM.

22



CHAPTER 2. LITERATURE REVIEW

Figure 2.8: Concept of frequency transformation proposed in [45]

For the conventional dual band load shown in Figure 2.7 (a), its impedance can be

derived as

ZL =
(1 + s2Ll1Cl1) (1 + s2Ll2Cl2)

s [s2 (Ll1 + Ll2)Cl1Cl2 + (Cl1 + Cl2)]
(2.8)

The Ll1–Cl1 pair and Ll2–Cl2 pair form a bandpass filter and a bandstop filter, respect-

ively. These filters generate two passbands [47] as shown in Figure 2.7 (b). Similarly,

to design a conventional tri-band load, an additional series Ll3–Cl3 pair can be added in

parallel to the existing dual band load.

The conventional load design has a poor SBRR, unbalanced gain, low IRR and sharp roll-

off at nth band. Therefore, recent research has focused on modifying the conventional

multiband load by implementing feedback notches [48], suspended inductors [49],

load-pull technique [50], and eliminating the bandstop filter from the multiband load

[51]. However, these modifications suffer from issues like lack of optimum passband

and stopband rejection, poor output match, low linearity, and uncontrolled out-of-band

impedances that may lead to instability.
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2.4.2 Non-Concurrent MBLNAs

Non-concurrent LNAs achieve band-selection through switchable passive matching

networks without complex reconfiguration circuits. They are often mistaken for recon-

figurable LNAs and are not popular for designing MBLNAs. The reconfiguration in

non-concurrent LNAs is done through a band-selection stage with passive matching

networks that occurs before the amplification stage.

The non-concurrent LNA proposed in [52] provides an interchangeable band selection

between 2.1 GHz – 2.3 GHz and 5.1 GHz – 5.9 GHz by changing the characteristics of

a passive matching network through a switched inductor and a switched capacitor. As

shown in Figure 2.9, switched inductor matching network (SIMN) was formulated by

adding a switch in parallel to an inductor in front of the existing IMN.

2.4.3 Reconfigurable LNAs

Reconfigurable LNAs can support different operating frequencies by varying the input

and/or output matching stage of the LNA. The simplest way to design a reconfigurable

LNAs is to integrate multiple narrowband LNAs in parallel, and each of the narrowband

LNAs will operate at a particular frequency [53]. These type of reconfigurable LNAs

are known parallel LNAs. They usually accommodate 2–3 frequency bands and require

additional switches for reconfiguration. However, parallel LNAs consume a large on-

chip/ on-board area and high power, limiting their usage for reconfiguration purposes.

Reconfigurable LNAs can be broadly categorised as switchable LNAs and tunable

LNAs.

2.4.3.1 Switchable LNAs

Switchable LNAs adopt switches in the input matching stage and/or complex load

stage to shift the operating frequency. Figure 2.10 shows the basic implementation of
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Figure 2.9: Non-concurrent LNA [52]

a switchable LNA [54]. The complex loading network consists of a capacitor bank in

parallel with an inductive load. Capacitors C1 to C4 have different values and the circuit

uses switches connected to the capacitors to vary the impedance of the loading network.

The resonant frequency is given by

fload =
1

2π
√
LCtotal

(2.9)

where Ctotal is the effective capacitance due to the bank capacitors (C1 to C4), and the

parasitic capacitances due to all transistors; L is the load inductance. FETs can be used

as switches to control effective capacitance to resonate with L [54], at the expense of

increased NF.

Switchable CMOS LNAs adopt switches to tune the operating frequency. They are

popular due to thier low cost structure and large-scale integration of multiple baseband

and IF blocks on the same die. Additionally, Switchable CMOS LNAs have advantages

like low power consumption, small on-chip area and stable manufacturing process [55].

Solid-state switches are typically implemented for monolithic microwave integrated

circuit (MMIC) and microwave integrated circuit (MIC) LNAs. Solid-state switches
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Figure 2.10: Switchable LNA for SDR [54]

Figure 2.11: Switchable LNA with CMOS switches [56]

use positive-intrinsic-negative (PIN) diodes, FETs/ high electron mobility transistors

(HEMTs) or Heterojunction-bipolar transistors (HBTs) that are fabricated in Gallium

Arsenide (GaAs) or Gallium Nitride (GaN) technology.

Figure 2.11 shows the design of a highly reconfigurable LNA that adopts CMOS

switches. The configuration of three CMOS switches can be varied with an asymmetric-

ally segmented secondary inductor to achieve five different modes of operation [56].

Although CMOS switchable LNAs have low power consumption and small on-chip

area [55], the parasitic capacitance of transistor switches causes a significant frequency

shift in nearly all modes of operation.
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Micro-electromechanical systems (MEMS) switches were proposed to tackle the per-

formance degradation factors associated with extra passive components in CMOS

switchable LNAs [57, 58]. MEMS switches have proven advantages in designing recon-

figurable MMIC LNAs as they possess very low static power dissipation [59]. However,

their switching speed is relatively lower than that of CMOS switches. Furthermore,

due to integration, packaging, and reliability challenges, MEMS switches are not yet

popular in the design of switchable LNAs [55].

2.4.3.2 Tunable LNAs

Unlike switchable LNAs, the operating frequency of tunable LNAs can be tuned

continuously or discretely within a certain bandwidth. Discrete tuning may require

switchable reconfiguration with more passive/active elements, leading to high power

consumption, increased noise, and increased circuit complexity. Contrary to continuous

tuning, discrete tuning is achieved by tuning one more elements in the IMN or OMN to

achieve reconfiguration between two or more disparate bands.

Tunable LNAs can be further divided into input tuning LNAs and output tuning LNAs.

Input Tuning LNAs: Input tuning LNAs achieve reconfiguration by changing one or

more elements in the input matching stage. As illustrated in Figure 2.12, one

can replace the input inductor in a conventional narrowband LNA with a variable

inductor. However, such an LNA would not have optimal performance. Further-

more, practical implementation of a tunable series inductor may be challenging.

Therefore, the IMN should employ other techniques such as replacing the passive

tunable inductor Lg with an active inductor [60], implementing a transformer-

based variable inductor [61], tunable floating inductors [62] or an active shunt

feedback [22]. The first technique for input tuning LNAs was proposed in [62],

where scaling of Lg was done by adding an amplifier in the feedback loop of the
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Figure 2.12: General concept of implementing an input tuning LNA

input matching stage.

Active inductor circuits are used to design inductorless reconfigurable LNAs for

bandwidth expansion [35] and small chip size [63, 64]. However, active inductors

can result in higher NF, reduced linearity, and higher power consumption.

Impedance transformer based variable inductors [61] can provide a wide tuning

range by controlling the currents through primary and secondary windings of the

transformer. However, this technique requires complex design and implement-

ation of a transformer, leading to hysteresis loss at high frequency and reduced

linearity.

Other techniques for input-tuning LNAs include: (1) Miller capacitance in the

feedback path and a CMOS switch [65], (2) high-Q inductors and switches [66],

(3) a tapped gate inductor and phase change switches [67]. In [65], the authors

vary the bias currents to discretely tune between two disparate bands. The bias

voltage Vctrl is tuned to switch between two bias currents Ic1 = 3.8 mA and Ic1 =

3 mA. When Ic1 is 3 mA, the LNA operates at 5.2 GHz. On the other hand, when

Ic1 is 3.8 mA, the LNA operates at 2.4 GHz.

Output Tuning LNAs: Output tuning is referred to as the capability to reconfigure
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Figure 2.13: Output tuning LNA [70]

the frequency response of the output impedance. Several techniques for output

tuning LNAs have been proposed [68, 69], and they generally include a tunable

L− C tank circuit. As shown in Figure 2.13, the reconfiguration is achieved by

varying CV AR from 0.46 pF to 1.46 pF up to a range of 82 per cent. As a result,

the loading network LL − CV AR resonates at different frequencies from 6 GHz

and 10 GHz [70].

In [71], the LNA design employs a GaN HEMT-based switched inductive match-

ing network in the output and input stages to obtain reconfiguration between the S

band and the X band. These matching networks minimize the impact of parasitic

capacitance when the FET switch is in the OFF state. However, the technique

suffers from poor linearity-gain trade-off.

The output tuning LNA proposed in [72] adopted band selective filtering, which is

provided by an L−C resonant tank consisting of a multitapped switched inductor

and two on-chip varactors. Moreover, the LNA also provides a controllable output

DC level by providing a separate bias to the inverter amplifier. However, the

linearity and noise performance of the LNA is degraded by the low Q-factor of
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the implemented switched inductor.

Other techniques for output tuning LNA include variation of drain voltage [46],

variable inductors [73], and variable capacitors [74].

2.4.3.3 Tunable Gain LNAs

Besides frequency, reconfigurable LNAs for SDRs can adapt other specifications such

as gain, output power, etc. Tunable gain LNAs (TGLNA) provide gain variation in

a particular bandwidth or even in multiple bands. Typical applications for TGLNAs

include communication systems, radar, and remote sensing. The most common ways

of achieving tunable gain are by varying the output impedance or by controlling the

effective transconductance of the input transistor. Other techniques include current

steering techniques [75], switchable passives [23], attenuators [76], and voltage variable

attenuators [77]. However, the parasitics in current steering circuit limit the bandwidth

of LNAs as well as the gain steps. Likewise, switchable passives affect the performance

of CMOS TGLNAs, and attenuators require additional power for operation, especially

when working with the minimum gain.

For a flexible SDR LNA, both frequency and gain may be concurrently tunable in

the same design as proposed in [78, 79]. In [79], frequency tunability was achieved

by changing the response of an L–C network in the output load through a variable

capacitance. Likewise, the LNA implements active CMOS resistors in the negative

feedback path to achieve a continuously tunable gain from 3 dB to 23 dB. However, the

non-linearity of the feedback loop may degrade the overall linearity [79].

The LNA design in [77] proposed a TGLNA for SDR that combines variable voltage

attenuator to avoid the strong signal compression. The LNA output has two balun

circuits to achieve variable gain at the output. Turning off one balun will provide the

maximum gain while turning on both baluns will provide the minimum gain. To achieve

such reconfiguration the signals at the output of balun stages must have 180◦ phase
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shift. The proposed TGLNA was able to achieve a variable gain from –25 dB to 10 dB.

However, this technique resulted in significantly high NF due to multiple noise sources

and high power consumption, especially when working with the minimum gain with

both baluns on.

2.4.3.4 Reconfigurable Power-consumption LNA

In [34], a gyrator-based reconfigurable LNA is implemented to achieve three switchable

power modes—low power mode, moderate performance mode, and high power mode.

The LNA exploits the gyrator-C effect [80] to achieve wideband input matching, current

reuse topology for low power operation, and shunt feedback topology for linearity

improvement. The LNA features very small chip size (0.07 mm2) and low power

consumption (1.52 – 7.0 mW).

2.5 Design Techniques for SDR MBLNAs

This section discusses the design techniques implemented in literature for high perform-

ance SDR MBLNAs. We focus on common topologies for SDR MBLNAs, reconfigura-

tion techniques, impedance matching techniques and Process technologies.

2.5.1 Common LNA Topologies for SDR MBLNAs

Commonly implemented LNA topologies have been utilised distinctively in the literature

to implement MBLNAs and improve their performance.

2.5.1.1 Inductively Degenerated Common Source Topology

By far, IDCS is the most commonly implemented topology for MBLNAs [81, 82, 83].

Figure 2.14 (a) shows the IDCS topology, where an inductor is added to the source of
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the transistor before it is grounded. Source degeneration introduces negative feedback

in LNAs that helps to provide a broadband response. Additionally, implementing a

source inductor increases the real part of input impedance that helps in providing a

better input matching at a desired frequency. For the conventional narrowband LNA

shown in Figure 2.12, the input impedance is given as

Zin =
gm1Ls
Cgs1

+ j

(
ωLs + ωLg −

1

ωCgs1

)
(2.10)

The real part of input impedance depends on: (1) the fixed transconductance gm1, (2)

the fixed gate source capacitance Cgs1 of the transistor M1, and (3) the degenerated

inductor Ls, which is variable. The operating frequency also depends on the value

of gate inductor Lg and degenerated inductor Ls. Contrary to resistive degeneration

that usually affects the noise performance of LNA, inductive degeneration does not

seriously degrade the NF. However, it does reduce the overall gain of the LNA due to

the introduced negative series feedback.

2.5.1.2 Common Gate (CG) Topology

CG topology is adopted in designing the wide operating range MBLNAs. As compared

to IDCS topology, CG topology, shown in Figure 2.14 (b) has an obvious advantage of

lower NF due to its smaller input impedance. In addition, CG topology is usually imple-

mented with cascode configuration to achieve better reverse isolation and higher gain

performance [84]. Moreover, in [85], CG topology has been employed for designing a

triband LNA for SDR with the improved gain-bandwidth product.

2.5.1.3 Current Reuse Topology

The current reuse topology is a dual cascode stage topology that uses the same bias

current for both transistors. Recent MBLNA designs focus on inductorless architectures
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using active inductor that may lead to increased power consumption. As shown in Figure

2.14 (c), current reuse is used to reduce the power consumption of MBLNAs by nearly

50 % compared to conventional LNAs. This is achieved with two gain stages [86]. The

two transistorM1 andM2 in the current reuse structure can be modelled as one transistor

M ′, which comprises of a P-type metal-oxide semiconductor (PMOS) and an NMOS

transistor connected in parallel. Therefore, by adding up the gate-source capacitances,

gate-drain capacitances, drain-source capacitances and individual transconductance of

two transistors, we have

Cgs = Cgs1 + Cgs2

Cgd = Cgd1 + Cgd2

Cds = Cds1 + Cds2

gm = gm1 + gm2

(2.11)

where Cgs, Cgd, Cds are the effective gate-source capacitance, gate-drain capacitance

and drain-source capacitance, respectively and gm is the effective transconductance of

the modelled transistor M ′ [34]. As a result, the effective transconductance is increased,

leading to high output impedance, high gain and reduced NF. However, the linearity of

the LNAs is reduced.

2.5.1.4 Source Follower

The source follower circuit also known as the common drain configuration is often used

as a voltage buffer in MBLNAs. A source follower stage in LNAs will have a high

input impedance and low output impedance. The low output impedance is due to the

body effect. Therefore, it is used with a low impedance load. Figure 2.14 (d) shows

the configuration of source follower. In MBLNAs, source follower is implemented

for a wideband output impedance match and measurement purposes. In [87], a source

follower circuit was adopted in a reconfigurable LNA to reduce power consumption.

The transconductance of source follower is varied by a switchable current source bank.
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(a) (b)

(c) (d)

Figure 2.14: (a) IDCS (b) CG topology (c) Current reuse (d) Source follower

A source follower improves reverse isolation and can be implemented for DC voltage

shift [77]. The drawbacks of source follower circuit are large output swing, poor driving

ability and nonlinearity due to body effect.

2.5.2 Reconfiguration Techniques

Reconfigurable frequency response is one of pivotal requirements for the design of

SDR LNAs. In general, reconfiguration in SDR can be achieved in two ways—digital

reconfiguration and analog reconfiguration.
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2.5.2.1 Digital Reconfiguration

Digitally tunable SDR receivers typically employ wideband or concurrent MBLNAs to

cover a broad range of frequencies. Detection of waveforms and channelization [88]

can be done through frequency hopping and multiple encoding schemes that involve

FPGA and DSP algorithms. For example, an SDR frequency tuning algorithm was

proposed in [89] that used a test bed comprising a Universal Software Radio Peripheral

(USRP-N210) paired with an RFX2400 daughter board.

2.5.2.2 Analog Reconfiguration

An SDR device usually conflates a programmable DSP System-on-Chip (SoC) and a

reconfigurable MBLNA for the radio front-end [66]. Analog reconfiguration can be

achieved either by implementing tunable passive devices or by varying associated bias

voltage of tuning circuitry. For example, the SDR receiver in [90] adopted two wideband

LNAs operating in two bands, 0.1 GHz – 1.5 GHz and 1.5 GHz – 5 GHz. A switch was

implemented to select the operating LNA. Further, frequency tunability was realized by

feedback resistors in a reconfigurable mixer and a tunable capacitor bank in a voltage

controlled oscillator. Other analog reconfiguration techniques involve switchable multi-

tap transformers [83], tunable impedance transformers [91] and switched passives

[81].

2.5.3 Matching Techniques

Impedance matching plays an important role in the design of LNAs. For a narrowband

LNA, impedance matching serves two purposes: (1) maximum power transfer and (2)

minimum noise factor [92]. In case of MBLNAs for SDR applications, impedance

matching can be designed to achieve concurrent or discrete frequency reconfiguration.

This section revisits prevalent impedance matching techniques for concurrent and
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reconfigurable MBLNAs.

2.5.3.1 Transformer Based Matching Networks

Transformer based matching networks have been extensively utilized in the input

matching stage to design MBLNAs for SDRs. For example, in [93], dual-band input

matching was achieved by transformer-based resonators with capacitive termination.

The primary winding of the transformer was used as the gate inductance, while the

secondary was terminated with a capacitor. Likewise in [25, 56, 94, 95, 96], transformers

were utilized to vary the response of input matching to get a reconfigurable response.

Figure 2.15 (a) shows the architecture of an LNA with a transformer network for

input impedance matching from 3 GHz to 5 GHz. A transformer-based matching

network provides high reconfigurability and easy implementation in the CMOS process.

Nevertheless, the foremost concerns with the use of transformer-based matching include:

insertion loss, bandwidth compression, hysteresis, and its large on-chip/on-board area

requirement that increases the circuit size and hence the implementation cost.

2.5.3.2 Microstrip Line Based Matching Networks

Microstrip line-based matching has been explored as a potential technique for designing

concurrent MBLNAs [99]. As shown in Figure 2.15 (b), multisection impedance

transformers [41, 82, 100] are popular for designing concurrent MBLNAs. These

transformers are composed of microstrip lines with series connection in either T-shape

[101] or π-shape [98]. They can be used to simultaneously match complex load

impedance at two or more disparate frequencies. However, the use of microstrip line

based matching networks is limited to MIC technology.
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(a)

(b)

(c)

Figure 2.15: (a) LNA schematic implementing a transformer based IMN [74] (b)
Multiband impedance transformer [97] (c) Lumped element based impedance matching
[98]
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2.5.3.3 Lumped Element Approach

Lumped element based matching is a common technique in LNA design. It usually

adopts L−type, T-type, or π-type networks. As shown in Figure 2.15 (c), a lumped

element based matching network for concurrent DBLNA was proposed in [98]. The

technique allows concurrent matching of two arbitrary loads to two different sources

at 25.5 GHz and 37 GHz. For reconfigurable LNAs, an L−type matching network is

preferred as it uses only two reactive components to match the desired load imped-

ance. The objective is to realize reconfiguration through the implementation of variable

inductors/capacitors [74, 102] or discrete switches [66, 81] in series with inductors/ca-

pacitors by changing the frequency response. However, recent designs tend to reduce

lumped elements in matching stages due to associated losses with lumped elements for

MBLNAs.

2.5.4 Process Technologies

Common process technologies for designing MBLNAs for SDR include CMOS pro-

cesses (0.35 µm, 0.18 µm, 0.13 µm, 90 nm, 65 nm, 25 nm), 0.13 µm and 90 nm

SiGe-BiCMOS process, 0.25 µm, 0.15µm, 0.1 µm MMIC/Pseudomorphic HEMT

(PHEMT) process and MIC technology. Besides these, other process technologies are

derived from the above-mentioned techniques, and have been investigated to improve

the design of MBLNAs for SDRs operating at microwave as well as mmWave range.

2.5.4.1 MMIC on Quartz Substrate

An LNA circuit was realised into a DBLNA by using a single-pole-double-through

(SPDT) switch fabricated over a quartz substrate [57]. The LNA was fabricated in

GaAs MMIC. As shown in Figure 2.16 (a), this technique is applicable when switching

between two different LNAs is required. It also helps to reduce the NF of the circuit.
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(a)

(b)

Figure 2.16: (a) Schematic of proposed technique using MEMS switch on quartz
substrate for dualband LNA [57] (b) Schematic of customised PCRF switch + 3/5 GHz
CMOS LNA proposed in [67]

Moreover, implementing MEMS switches and LNA circuits in same branch reduces

the power consumption. Nevertheless, the technique resulted in a significant frequency

shift from the desired 20 GHz band by almost 3 GHz, which was primarily due to the

load capacitance of different air bridges on transmission lines.

2.5.4.2 Flip-Chip Integration Process

In [67], a reconfigurable DBLNA was reported using phase-change RF (PCRF) switches.

These were integrated with LNAs fabricated in 0.13µm CMOS process. The objective
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of designing PCRF switches in flip-chip integration was to allow reconfiguration of

narrowband LNAs without sacrificing their performance. The PCRF switches were

fabricated in-house using a customised process and then added switching pads to the

3/5 GHz DBLNA circuit as shown in Figure 2.16 (b). However, the integration resulted

in variation of input matching at desired frequency, leading to increased RL.

2.5.5 Comparison of Reviewed Techniques

Table 2.3 compares the proposed techniques for the design of MBLNAs for SDRs.
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Figure 2.17: Concept of out-of-band interference [108]

2.6 Major Design Challenges and Proposed Techniques

The design of MBLNAs involves complex circuitry and a large number of passives.

Therefore, it is common for conventional MBLNA designs to incur noise degradation,

interference, harmonics, low passband and stopband rejection ratios, frequency shifts,

and high implementation cost. This section summarizes major challenges in the design

of MBLNAs, along with recently proposed techniques to overcome them.

2.6.1 Out-of-band Interference

As shown in Figure 2.17, out-of-band interference arises from undesired signals in

frequency bands adjacent to the desired operating frequencies. They cause saturation

and degrade the sensitivity. A single-ended input to differential output concurrent

DBLNA was proposed to mitigate this issue. The differential signals at the output of

LNA would improve the SDR receiver’s power supply rejection ratio (PSRR), harmonic

rejection, and intereference rejection [95]. Other techniques for out-of-band interference

rejection include bandpass filter (BPF)-LNA co-design [105], input-band selection via

L − C load tank coupled with differential topology [106], and interference rejection

active BPF [107]. These techniques are able to achieve an IRR of more than 35 dB.

42



CHAPTER 2. LITERATURE REVIEW

2.6.2 Limitation of CMOS Switches at mmWave

CMOS switches are capable of providing low cost and fast switching design for recon-

figurable LNAs. The performance of CMOS and PIN diode switches are competitive till

the operating frequency reaches X band. However, in mmWave, these switches result in

poor reverse isolation and high insertion loss [109]. RF MEMS devices are expected to

achieve superior performance in mmWave frequencies. The insertion loss performance

of such switches can be as low as 1 dB and the reverse isolation can be better than 15

dB, providing better performance than CMOS switches [110].

2.6.3 High Cost Due to Large On-chip Area in CMOS

Many reconfigurable LNAs implement transformers that occupy an on-chip area of

about 500 µm2 or more. This is much higher than their narrowband counterparts.

Their low Q-factor also poses a challenge and creates obstacles in incorporating other

components on the microchip, leading to increased common-mode noise and cost.

MEMS-based switches and varactors were proposed in switchable LNAs [58, 109],

replacing conventional transformers. MEMS varactors have lower losses but a limited

tuning range. However, the tuning range can be improved by adding a switched shunt

capacitor.

Active inductor circuits were explored to design inductorless reconfigurable LNAs [64,

86, 111] to reduce the chip size. In [111], the LNA consumed an on-chip area of 0.165

mm2 (including pads) and NF was 1.9 dB to 3.4 dB. However, drawbacks associated

with use of an active inductor are reduced linearity and high power consumption. An

inductorless design using a gyrator was achieved for a reconfigurable LNA in [34]. The

proposed design operates in different operating power modes and accounts for a very

small chip size of 0.07 mm2.
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2.6.4 In-band Common Mode Noise

Reconfigurable LNAs face high thermal noise and in-band common mode noise, along

with additional noise from switching and tuning transistors. For example, MITs, active

phase shifters, and CMOS transistor switches for reconfigurable input matching induce

high noise in reconfigurable LNA circuits. Moreover, the in-band common mode noise

degrades an SDR receiver’s sensitivity.

To overcome the common-mode noise, differential circuit topology is widely implemen-

ted. For example, [112] proposed an LNA that incorporates a cascode connection of a

PMOS and an NMOS transistor in CG topology to reduce the noise due to the current

buffer circuit.

The noise cancelling phenomenon in LNAs for SDRs was reviewed in [113]. The LNA

proposed in [106] uses capacitive cross coupling with a gate resistor to cancel out the

thermal noise. The current disturbance in the gate resistor generates the thermal noise.

The two noises, Noise A and Noise B, generated at two ends of the resistor (modelled

as v2n2) will be contrary to each other. The CS amplifier with transistor M2 amplifies

and reverses the Noise A, while M1 amplifies Noise B. The next stage in the circuit

cancels out these noises. The noise cancellation concept proposed in [106] is shown in

Figure 2.18 (a).

Similarly, a feed forward noise cancellation technique shown in Figure 2.18 (b) was

implemented for a wideband LNA in [114]. The noise voltage (vnoise) at source and

drain of M1 has different polarity. vnoise at drain of M1 is amplified by M3 and vnoise at

source of M1 is amplified by M4. Therefore, M3 and M4 have same polarity of vnoise at

their drain terminals. This results in partial vnoise cancellation by M1. Similarly, partial

vnoise by M2 is also cancelled.

44



CHAPTER 2. LITERATURE REVIEW

(a) (b)

Figure 2.18: (a) Noise cancellation scheme proposed in [114] (b) Feed forward noise
cancellation scheme implemented in [106]

2.6.5 Gain Imbalance

It is desired that MBLNAs exhibit nearly equal gain values for all operational bands. GI

(see Figure 2.19) reduces their agility and flexibility. Many reported MBLNAs suffer

from GIs of more than 5 dB between bands of operation. For example, DBLNA in

[115] has a GI of more than 13 dB. Similarly, a difference of more than 7 dB between

peak gain values at their respective operating frequencies was reported in [85, 93].

Few LNA designs were reported to specifically address GI. However, some topologies

and technologies, like substrate integrated suspended line (SISL) [116], load pull, and

current steering, can help reduce the GI to as low as 0.6 dB.
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2.6.6 Stopband Rejection Ratio

SBRR is the difference between values of S21 at stopband centre frequencies and

passband centre frequencies in a concurrent MBLNA. Figure 2.19 shows the difference

between IRR and SBRR. A high SBRR is desired in concurrent MBLNAs to minimize

interference, achieve stability and low noise in desired pass bands. SBRR improves

the passband performance and removes the sharp roll-off in S21 that is achieved due to

improper filtering at the load of concurrent MBLNA. LNA in [48, 95] have proposed a

novel dual band load to improve the passband performance that eventually increases the

SBRR of a concurrent triband LNA. However, the LNA in [48] implements a wideband

IMN that places stringent requirements to minimise interference from stopbands.

2.6.7 Harmonics and Intermodulation Products

Conventionally, harmonic rejection is a requirement of the mixer that follows the

MBLNA in an SDR. Third and fifth order harmonics cause intermodulation products,

leading to signal distortions. For LNAs, those with IP3 > 0 dBm are likely to have

less harmonics and are capable of cancelling intermodulation products. However,

third and fifth order harmonics may be high in one band while low in other bands

in the case of MBLNAs for SDR [91]. Due to this issue, it is quite difficult for an

MBLNA to achieve good linearity across the desired frequency bands. Although no

technique exists for reducing harmonics precisely for MBLNAs, an N-path filtering was

proposed to minimize third order intermodulation products in an LNA for SDR at the

expense of increased power consumption and high NF [117]. Alternatively, a capacitive

cross-coupled technique was adopted to improve the linearity of a wideband LNA in

[35, 84, 106]. This technique can be well adopted to reduce intermodulation products

in MBLNAs. Moreover, a complementary source follower technique was implemented

in [84] to reject harmonics and overcome non-linearity limitations from active feedback.
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Figure 2.19: Concept of IRR, SBRR and GI

Other popular techniques include the derivative superposition method [118], in which

the third-order derivatives of drain currents of the main and the auxiliary transistors are

added to cancel distortion [119]. As shown in Figure 2.20, this technique is also known

as the multiple gated transistor technique [120] because it utilizes multiple parallel

transistors with their gates connected.

A brief summary of design challenges in MBLNA for SDRs is presented in Table 2.4

2.7 Conclusion

Different techniques have been developed for designing state-of-the-art MBLNAs for

SDR receivers. To overcome the associated design challenges, novel techniques such

as L− C bandpass filtering, dual reactive feedback [125], active inductor circuits [86],

and active notch filter [48] have been proposed. These have been coupled with circuit

topologies like source follower feedback, IDCS, differential design and CG topology

[126]. However, there are respective benefits and drawbacks associated with the use

of every reviewed technique. Going forward, it is necessary to balance the trade-offs,
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Figure 2.20: MGTR technique for linearity improvement implemented in [120]

minimize the drawbacks, and achieve optimal performance. Differential signalling

design is a popular technique to overcome a number of design challenges, like thermal

noise cancellation, harmonic rejection, interference rejection, and bandpass response.

Likewise, IDCS with cascode topology is the most-used topology in the design of

CMOS MBLNAs. Furthermore, it is worthy pointing out that most reconfigurable

LNAs were proposed in CMOS, while few were proposed in MIC technology.

Challenges and trade-offs are common in the design of MBLNAs. This leaves a

substantial opening for research. After a profound review of the literature, we attempt

to provide some issues that are resolved in our research reported in this thesis.

• Most concurrent MBLNAs reported in literature have high GI especially the

MBLNAs working at high microwave and mmWave frequencies.

• IRR and SBRR are important performance metrics in concurrent MBLNAs and

very little has been reported to improve them.

• SDRs require a wide tuning range (>500 MHz) for most applications. However,

most frequency tunable LNAs reported literature have a limited tuning range.
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Table 2.4: A comparison of techniques to overcome challenges in SDR LNA design

Objective Technique Proposed Results Other Techniques

Reducing out of band
interference

Band-select
with differential

LNA topology [106]

3-dB BW
= 150 MHz
IRR >20 dB

- Frequency
transformation

- stepped impedance
stubsIRR BPF [105]

3-dB BW =
5 GHz

IRR >40 dB
Single-to-
differential

with transformer
feedback [48]

3-dB BW
>400 MHz

IRR >42 dB

Improving
switching
efficiency

at mmWave
frequencies

RF MEMS switches
[109, 110]

S11 = –24 dB
@ 24GHz ;
S22 = –25 dB

@ 74 GHz

FPGA-based
programmable

switches, memristor
switches [121]

Minimizing
on-chip
area and

design cost

Active inductor
load
[111]

Area ≤
0.165 mm2 Capacitive

cross coupling
with active shunt
feedback [122]

Gyrator circuit
[34]

Area ≤
0.07 mm2

Reducing
in-band

common-mode
noise

Feed forward
noise cancelling

[114]
NF = 3.1 dB Active noise

cancelling using
programmable

FPGA in
SDR receivers.

Capacitive
cross-coupling [106] NF = 2.1 dB

Differential
design [112] NF = 3.1 dB

Minimum GI
SISL [116] GI ≤ 0.6 dB Active gain control

using buffer in
differential design

Current steering GI ≤ 1dB

Reducing
IM products

N – path filtering
[123] IP3 = 8.2 dBm Digital

pre-distortion
technique

(DPD)[124]

Derivative
superposition

[118]
IP3 = 18 dBm

• Wideband LNAs and IMNs are still popular in practically implemented SDR

receivers. Frequency and gain tuning is performed in a digital manner. Significant

interference and noise may be observed in the signal reception
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Table 2.5: A performance comparison of existing concurrent MBLNAs

Ref Freq
(GHz)

S21

(dB)
S11

(dB)
NF

(dB)
IP3

(dBm)
PDC

(mW)
Area

(mm2) Process

[85]
2.4 10.6 –12.5 4.96 –7

3.6 0.64
0.18µm
CMOS

5.2 17.4 –22.7 5.16 –16
5.8 15.6 –25 5.57 –16

[127]
23.5 21.9 –25 5.1 –10.4

- 0.19
0.18 µm
SiGe BiCMOS35.7 16.6 –15 7.2 –8.3

[49]
2.3 14.4 –12.8 2.5 -

11.9 0.29
0.35 µm
SiGe BiCMOS4.5 14.3 –11.5 3.0 -

[128]
1.217 16 –10.1 2.2 –12.5*

13.6 1.28
0.18 µm
CMOS1.568 14.7 –11.4 2.35 –13.5*

[129]
0.9 18 –20 2 –7.7

12 -
0.13 µm
CMOS2.4 27 –12 3 –7.2

[51]
2.4 –19.3 –16.8 3.2 –20.1

20 -
0.13 µm
CMOS5.2 17.5 –19.4 3.3 –18.1

[93]
2.45 9.4 –12.62 2.8 –4.3

2.79 0.36
0.13 µm
CMOS6 18.9 –21 3.8 –5.6

[39]
25.5 16 –28 3.5 –2

48 0.16
65 nm
CMOS76.5 10 –25 8.2 –4

[95]
21.5 –8 15.7 4.3 –14.9

73.8 0.69
0.18 µm
SiGe BiCMOS36 –9 15.7 4.3 –16.8

[47]
2.4 12.9 –13.1 3.7 –4

7.6 0.9
0.18 µm
CMOS5.2 8.2 –10.5 3.7 –1

[48]
13 22.3

–7∼–9
3.7 –13.5

36 0.59
0.18 µm
SiGe BiCMOS

24 24.6 3.3 –17.1
35 22.2 4.3 –16.1

[116]
2.45 28.4 –13 0.7 –6.6

36 850 SISL
5.25 28.8 –20 1.1 –5.1

? P1dB , SiGe: Silicon Germanium

• There exists a stringent requirement for reconfigurable MBLNAs to provide

simultaneous reconfiguration of input and output matching.

Table 2.5 and Table 2.6 summarize the performance of recently reported MBLNAs with

novel techniques for performance improvement. Although some of them had excellent

performances, most of them faced design challenges some of which are resolved in our

research.
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Table 2.6: Performance comparison of existing reconfigurable MBLNAs

Ref. Freq
(GHz)

S21

(dB)
S11

(dB)
NF

(dB)
IP3

(dBm)
PDC

(mW)
Area

(mm2) Process

[54] 1.7 – 5.7 10 – 12 –16 – –10 2.9 – 7
–21.5 –

–12 12.6 1.25
0.18 µm SiGe

BiCMOS

[56]

2.8 16.1 –32.8 2.4 –4.0

6.4 0.73 0.13 µm
CMOS

3.3 14.2 –18.6 3.0 –2.0
4.6 14.2 –35.4 3.7 –3.2

2.05
5.65

14.9,
14.9

–8.6,
–32.4

4.0,
4.8

–2.0,
–4.2

4 – 7.8 15.6 <–10 4.0 – 5.3 –5.0 – –1.2

[60]
0.9/1.5
1.9/2.4 17 – 21 –27 – –11 1.7 – 3.6 - 19.6 0.03

0.18 µm
CMOS

[62] 1.9 – 2.4 10 – 14 –15 – –25 3.2 – 3.7 –6.7 17 0.083
0.13 µm
CMOS

[79] 4.5 – 5.5 3 – 23 –6 – –8 2 – 6 –6.5 – 10 16 0.043
65 nm
CMOS

[66]

2 – 5 14.8 <–10 5.8 –16.9
3.84

- 0.18 µm
CMOS

1.8 11.6 –19 8.5 –9.2
2.1 12.8 –14 8 –11.6
2.4 13.5 –11 8.5 –14.6 1.8

1.9, 5.2 18, 18 <–10 5.5, 7.8 –14.2, –17.2 3.84

[67] 3 21.2 –9 2.5 –12.5 7.2 4 0.13 µm
CMOS5 21.9 –10 2.7 –13.8 3.6

[86] 1.8 – 2.4 20.6 – 22.1 –25 – –12 3.2 – 3.5 –16 – –11.8 9.6 0.05
0.13 µm
CMOS

[87]

1.8 11 –12 2.8 –3.45

7.2 0.63 0.18 µm
CMOS

2.4 14.4 –13 3.3 –7.12
3.5 13 –14.4 3.8 –6.2
5.2 10 –10 4.3 –4.34

[109] 51 – 60 18.7 – 21 –5 6.8 – 7.3 –18?

10.8 0.78 0.25 µm SiGe
BiCMOS66 – 78 21.3 – 23 –5 7.6 – 8.4 –18?

[72]

2.40 22.1 –14 2.8 –18.2

4.6 0.49 0.13 µm
CMOS

3.43 22.6 –30 2.2 –15.3
3.96 24.0 –28 2.4 –18.5
4.49 22.6 –18 2.5 –18.7
5.40 24.8 –17 3.1 20.4

[130] 3.5 13 –14.8 3.9 –1.4 9.36 - 0.13 µm
CMOS5.8 11 –13.1 4.2 –5.4

[81] 2.4 20.7 –22.8 2.6 –6.2 ∼–5.1 19.8 - 0.18 µm
CMOS3.5 21.08 –28.5 3.1

[110] 24 22 –22 4.3 - 40 0.77 0.25 µm SiGe
BiCMOS74 18 –20 8.5

[112]
1.48 18.3 –11.9 3.1 –3.4

27.3 - 0.18 µm
CMOS1.68 19 –12.2 3.2 –3

2.64 26 –11.3 3.3 –7

[106] 0.8 ∼1.7 13 – 17.5 –18.3 – –41 2.17 – 3.4 7.36 8.96 -
0.18 µm
CMOS

? P1dB
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Chapter 3

Design and Analysis of Concurrent

Multiband Matching Networks for

LNAs

3.1 Introduction

An LNA is an integral part of an SDR radio receiver. It should provide a multiband

operation and must achieve perfect impedance matching at all desired frequencies while

reducing maximum interference from adjacent undesired bands.

Wideband input matching is one of the most commonly implemented matching tech-

nique for designing MBLNAs. It provides a wide bandwidth and concurrent reception

of desired operational frequencies. However, IRR requires vigilant frequency planning

and additional filtering. Alternatively, a multiband matching network is thus preferred

for concurrent MBLNAs.

Some widely adopted approches in MIC MBLNAs are (i) Multiband impedance trans-

formers (MIT) [41] and (ii) transmission line (TL) based impedance matching [42]. TL

based IMNs result in reduced noise in LNAs and provide efficient impedance matching.
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However, they increase the chip size and are not suitable for RFIC LNAs. Multireson-

ant circuits [43, 44] have also been explored to design MBIMNs. In [44], analytical

synthesis of IMN using multiresonant circuits as switches was proposed. The technique

transforms switched dual band and triband IMN into switchless ones using foster reson-

ant lumped networks. The design, however, included large number of passives that lead

to higher losses at microwave frequencies. In [131], a tunable multiband impedance

matching network was proposed that utilised a novel polynomial level synthesis based

on real frequency technique. However, the design had no stopband rejection and both

transmission and reflection coefficients indicated a wideband response.

In [45, 132], synthesis and transformation technique was utilised to design MBIMNs.

In [132], the approach followed admittance de-normalisation to match the source

with frequency-dependent complex loads. The topology, however, resulted in smaller

operational bandwidths. Likewise in [45], transformational synthesis was utilised to

design MBIMNs using 1 to n frequency mapping. The proposed method improved

the efficiency of IMNs but resulted in higher losses and sharp roll-off of transmission

coefficient at the nth band. Impedance and frequency transformation technique (IFTT)

proposed in this chapter is an efficient approach that requires mapping from an L−match

to a bandpass match and subsequently to a dual band or multiband match [46].

In this chapter, we present a method to synthesise and design a dual band and a triple

band IMN with distinct topologies. The method proposes the design of dual band

IMN (DBIMN) and triple-band IMN (TBIMN) using inductive and capacitive elements

through proposed frequency mapping which follows IFTT. Furthermore, the designed

IMNs are converted to microstrip lines to minimise losses due to lumped passives.

This chapter proposes a novel method and simplified concept of designing concurrent

MBIMNs for SDR LNAs.
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3.2 Types of IMNs for Multiband Circuits

3.2.1 Narowband Matching

In case of two-port networks, narrowband IMN involves matching of input impedance

Zin to the source impedance Zs and output impedance Zout to the load impedance Zl at

a single frequency or a small range of frequencies; i.e. for perfect impedance match

Zin = Z∗s and Zout = Z∗l . For a conventional narrowband CS LNA, source and load

impedances for the transistor can be determined by plotting gain and noise circles on the

smith chart. Thereafter, an inductive or capacitive IMN is designed to match impedance

for maximum power transfer. Figure 3.1 (a) and (b) show the input matching stage of

a conventional narrowband CS LNA and its equivalent small signal model. Inductor

Lg and gate-source capacitance Cgs form an L−match to achieve input matching with

complex impedance. Applying Kirchhoff’s voltage law (KVL) in Figure 3.1 (b), the

input voltage Vin in the network is given as.

Vin = jωLgIin +
Iin

jωCgs
+ gmVgsZs + ZsIin (3.1)

Vin
Iin

= jωLg +
1

jωCgs
+
gmVgsZs
Iin

+ ZsIin (3.2)

Vgs =
Iin

jωCgs
(3.3)

Substituting (3.3) in (3.2) Zin(jω) for LNA can be written as

Zin(jω) = jωLg +
1

jωCgs
+
gmZs
jωCgs

+ Zs (3.4)

where gm is the transconductance of Q1. Since, Cgs and Zs are fixed, Lg can be made

variable by replacing it with a tunable inductor L′g to achieve an input tunable matching.

Figure 3.2 (a) and (b) show possible configurations in L−match.
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(a) (b)

Figure 3.1: (a) Input stage of a narrowband LNA (b) Small-signal equivalent circuit

(a) (b) (c)

(d)

Figure 3.2: Possible configurations of (a) L−match with series first (b) L−match with
shunt first (c) T-matching network (d) π matching network. (Here X1, X2 can be either
an inductor or capacitor in alternate configuration and X3 must be same element as X1)

T and π based narrowband IMNs have back-to-back two L−matching networks. In

general, these are two stage L−networks that can increase the Q−factor of the IMN.

Figure 3.2 (c) and (d) show possible configurations in T and π networks. These IMNs

offer low bandwidth but a higher Q value. Values of L and C for π and T networks

can be calculated using Q−based method proposed in [133]. The parallel element in

T-network (X2) or in π network (X1 −X3) can be made either switchable or tunable to

achieve multiband reconfigurable operation.
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(a) (b)

Figure 3.3: (a) Small signal model for CRLNA and (b) RFLNA

3.2.2 Wideband Matching

Wideband matching networks cover a wide range of frequencies concurrently and

are therefore a popular choice for MBLNA design. In multiband SDR receivers, the

frequency reconfiguration is done (i) digitally through frequency hopping schemes that

involve FPGA algorithms and (ii) in analog domain using tunable filters. Wideband

matching in LNAs can be simply achieved through CG configuration. This is because

the Zin for CG configuration remains resistive for a large frequency range. The input

impedance of CG input stage is given as

Zin (jω) ≈ 1

jωCgs

∥∥∥∥ 1

gm + gmb
(3.5)

where gmb is the back gate transconductance. Other commonly implemented wideband

matching techniques are: resistive feedback [134] and reactive feedback [135] in

CS LNA, L − C ladder matching network [136] and bandpass filter based matching

network [137]. In resistive feedback LNAs, the input capacitance Cin of the active

device is directly proportional to effective transconductance gmeff
. Since, resistive

feedback reduces gmeff
, thus Cin reduces and that leads to large bandwidth. Equations

(3.6)–(3.13) present the bandwidth analysis of a resistive feedback LNA (RFLNA).

Figure 3.3 (a) and (b) show the small signal model of a conventional resistive LNA

(CRLNA) and RFLNA, respectively. Gain bandwidth product fT as a function of gm is
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given as

fT =
gm

2πCin
(3.6)

but transconductance for CRLNA gmcr is given as1

gmcr = 2 · Av/Z0 (3.7)

and for RFLNA is 1

gmrf
=

1 + Av
Z0

(3.8)

where Av is the voltage gain of the LNA. Substituting (3.7) in (3.6), Cin for CRLNA is

Cin =
Av

πfTZ0

(3.9)

and Cin for RFLNA is

Cinrf
=

(1 + Av)

2πfTZ0

(3.10)

The 3-dB bandwidth f3dB for CRLNA and RFLNA is given as

f3dB =
1

2πCin (Z0/2)
(3.11)

From (3.9) and (3.11), f3dB for CRLNA is given as

f3dB =
fT
Av

(3.12)

and for RFLNA is given as

f3dBrf
= fT

2

1 + Av
(3.13)

Thus, it is evident from (3.12) and (3.13) that f3dBrf
� f3dB and hence, RFLNAs

1See Appendix 1 for derivation of gmcr
and gmrf
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provide an efficient matching technique to design wideband LNAs. Further, in this

chapter, our discussion for wideband matching is limited to the design of bandpass

IMN.

3.2.3 Multiband Matching

MBIMN provides impedance matching at multiple bands simultaneously or discretely by

eliminating interference from other bands. Depending upon the application, MBIMNs

can either be reconfigurable or concurrent. Reconfigurable matching can be achieved in

two ways: (i) by using PIN diodes, transistors as switches or MEMS switches; (ii) by

using tunable elements such as varactor diodes, tunable inductors and impedance trans-

formers, in the IMN or OMN stage of an LNA. On the other hand, concurrent MBIMNs

can achieve simultaneous matching at multiple frequency bands while rejecting the

interfering bands. Contrary to reconfigurable IMN, concurrent IMN provides the desired

multiband response without the requirement of additional tuning/switching circuitry.

Designing an MBIMN requires a perfect impedance match at multiple frequencies. A

comprehensive and fathomable design procedure can ease the process to obtain highly

accurate results.

3.3 Broadband IMN Design

Broadband IMN design can be achieved using a bandpass filter design technique. Figure

3.4 shows the concept of bandpass IMN design using frequency transformation. A

second order bandpass network can be achieved from an L−match. However, imped-

ance and frequency scaling is required to design a bandpass network from an L−match.

The frequency scaling for a low pass prototype is accomplished by multiplying the
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frequency ω by a factor 1/ωc [138].

ω ← ω

ωc
(3.14)

where ωc is the low pass cutoff frequency. For impedance scaling, we first need to

determine the element values for a maximally flat type prototype. For an nth−order

prototype. The element values are calculated as

gk = 2 sin

[
(2k − 1) π

2n

]
k = 0, 1, 2...n (3.15)

Since, L−match is a second order low pass network therefore, n = 2. From (3.15),

the values of prototype elements g1 and g2 are 1.41 each [138]. If Z0 is the source

impedance, then element values can be transformed as

L =
Z0g1
ωc

(3.16a)

C =
g2
Z0ωc

(3.16b)

For scaling the low pass frequency to bandpass, consider ωp1 and ωp2 are passband

edges. Then, frequency transformation follows[138]

ω ← 1

δ

(
ω

ω0

− ω0

ω

)
(3.17)

where

δ =
ωp2 − ωp1

ω0

(3.18a)

ω0 =
√
ωp1ωp2 (3.18b)
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Figure 3.4: Transformation of source elements to low pass and further to bandpass
network

δ is the fractional bandwidth and ω0 is the centre frequency of the passband. For

transformation from low pass to band pass, the condition must follow that ω0 = ωc. As

shown in Figure 3.4, impedance transformation from low pass to bandpass prototype

occurs after inductor L is transformed into a series connection of inductor L1 and

capacitor C1. Alternatively, capacitor C is modelled as a parallel connection of inductor

L2 and capacitor C2. Impedance scaling can be achieved through the following set of

equations [138]

L1 =
L

δ
(3.19a)

C1 =
δ

Lω2
0

(3.19b)

L2 =
1

Cω2
0

(3.19c)

C2 =
C

δ
(3.19d)

Design Example A: The objective is to design a wideband bandpass match to an

arbitrary resistive load Z0 = 100 Ω. The operating bandwidth is from 0.5 GHz to 1.5

GHz and hence ωp1 = 0.5 GHz and ωp2 = 1.5 GHz. Using the bandpass transformation

analysis presented in (3.14) – (3.19), a bandpass filter based wideband IMN can be

designed as shown in Figure 3.5 (a). The simulated response of the designed wideband
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(a) (b)

Figure 3.5: (a) A 0.5 to 1.5 GHz wideband IMN matched to 100 Ω (b) Simulated
S-parameter response of designed wideband IMN

IMN is shown in Figure 3.5 (b). The bandpass match is achieved from the calculated

values of L1, C1, L2 and C2. The achieved operational return loss bandwidth is 800

MHz (500 MHz – 1.3 GHz) and 3-dB insertion loss bandwidth is 1 GHz (500 MHz –

1.5 GHz).

Based on this technique, a wideband LNA operating from 0.5 GHz to 1.5 GHz can be

designed with flat and wideband gain. However, in this case, impedance is matched

to a complex load. The active device used in this example is ATF34143 from Avago

Technologies. Using the Smith Chart tool and S-probe pair in Keysight Advanced

Design System (ADS), impedances Zs and ZL towards the gate and drain of the

transistor, respectively can be evaluated. At ω0 = 868 MHz, Zs = 53.2− j37.3Ω, which

means that Zs is capacitive. Likewise, ZL = 2.35 + j6.85Ω and it is inductive. Since

Zs is complex, an intermediate wideband IMN can be designed to match Zin with Zs if,

|Zin| = |Z∗s |. Using equations (3.15) to (3.19), a second order broadband IMN can be

designed for the LNA. The designed broadband LNA using bandpass IMN is shown in

Figure 3.6 (a). Input impedance ZinB
for designed broadband LNA is derived as

ZinB
=

(
jωL1 +

1

jωC1

)
+

(
jωL2‖

1

jωC2

)
‖Rb‖

(
jωLs +

1

jωCgs
+
gmLs
Cgs

)
(3.20)
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(a)

(b)

Figure 3.6: (a) A 0.5 to 1.5 GHz wideband IMN matched to 100 Ω [L1 = 9.5nH, C1 =
3.5 pF, L2 = 13.8 nH, C2 = 0.28 pF, R1 = 100 Ω, R2 = R3 = 400 Ω, L3 = 12 nH, Cb =
2.1 pF] (b) Simulated S-parameter response of designed wideband IMN

where Rb = R1||R2.The LNA utilises the wideband property of input IMN to achieve a

flat and wide gain. A source degenerated inductor Ls is added to the circuit to increase

the real part of IMN and to improve the reverse isolation. A complex parallel R − L

load is added to the output of LNA to achieve high flat gain from 500 MHz to 1.5

GHz. Figure 3.6 (b) shows the simulated performance of the example broadband LNA.

The LNA achieves a flat and wideband gain (S21) of more than 15 dB in the entire

bandwidth. The LNA gain has been optimised to increase the 3-dB bandwidth. The S11

ideal is less than –10 dB from 600 MHz to 1.35 GHz and is optimised to less than –14

dB from 500 MHz to 1.5 GHz.
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Figure 3.7: Possible configurations of first order DBIMN

3.4 Concurrent Multiband IMN Design

Concurrent MBIMNs for SDR LNAs require the input impedance to be matched to

the source impedance at multiple frequencies, concurrently. In this section, we present

the design and analysis of a concurrent dual band and a triband IMN. First order dual

band resonators are commonly implemented technique for designing a DBIMN. Figure

3.7 shows possible first order DBIMN configurations. Conventional first order IMNs

have lower efficiency and may result in reverse gain. In contrast, a high efficiency

second-order dual band match results in a perfect impedance match, minimum losses at

operational bands and high stopband loss between operating bands to reduce interference

from other frequencies. This section discusses a step wise analytical approach for

designing highly efficient second order DBIMN and TBIMN. Figure 3.8 shows the

concept of impedance scaling and frequency transformation from an L−match to a dual

band match and further to a triband match.
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Figure 3.8: Concept of frequency mapping from L−match to dual band and triband
match

3.4.1 Dual band IMN design

The aim is to design a DBIMN operating concurrently at two desired frequencies, say

f1 and f2 where, f2 > f1. The first step is to transform a narrowband L−match into

two single band bandpass networks, each operating at f1 and f2, respectively. The

fractional bandwidth δ may be considered as 15% of the original bandwidth for each

band. Additionally, ω0 will be equal to the operating frequency for each network.

The technique may follow the analysis proposed in section 3.3. The next step is to

transform the two designed bandpass networks centered at f1 and f2 into a dual band

network. The impedance scaling is achieved by mapping the series inductor L1 into a

series connection of L′1–C
′
1 and the capacitor C1 into a parallel connection of L′2–C

′
2.

Likewise, the parallel inductor L2 is transformed into a series connection of L′3–C
′
3 to

ground and the capacitor C2 is transformed into a parallel L′4–C ′4 connection to ground.

L′1 =
1

2
· ω2L1,ω2

ω2 + ω1

(3.21a)

C ′1 =
1

ω1ω2L′1
(3.21b)

L′2 =
(L1,ω1 − L1,ω2)

2
× ω2 − ω1

ω2 + ω1

(3.21c)
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C ′2 =
1

ω1ω2L′2
(3.21d)

where ω1 = 2πf1, ω2 = 2πf2, L1,ω1, L1,ω2 are the calculated values of inductor L1 at

f1 and f2, respectively. Furthermore, if C1,ω1, C1,ω2 are values of capacitor C1; C2,ω1,

C2,ω2 are the values of capacitor C2 and L2,ω1, L2,ω2 are the values of inductor L2 at two

desired frequencies f1 and f2; then remaining element values in the DBIMN network

can be calculated as

L′3 =
1

(ω2
2 − ω2

1) · C1,ω1

+ L1,ω2 (3.22a)

C ′3 =

(
C1,ω1

1 + ω2
1L2,ω1C2,ω1

)
× ω2

2 − ω2
1

ω2
2 + ω2

1

(3.22b)

L′4 =

(
L1,ω1

1 + ω2
1L2,ω1C2,ω2

)
× ω2

2 − ω2
1

ω2
2 + ω2

1

(3.22c)

C ′4 =
1

(ω2
2 − ω2

1)L1,ω1

+ C1,ω2 (3.22d)

Design Example B: In this example, we propose the design of a DBIMN operating

concurrently at 900 MHz and 2.0 GHz. Value of δ depends upon the bandwidth required.

In this example, δ is 20% of the bandwidth in each band. We aim to design an IMN to

match a 50 Ω resistive load. Now using equations (3.16) to (3.19), (3.21a) – (3.21d)

and (3.22a) – (3.22d), a DBIMN can be designed as shown in Figure 3.9 (a). To verify

its accuracy, the design was simulated in Keysight ADS. The simulated S11 and S21

of designed DBIMN are shown in Figure 3.9 (b). Equivalent impedance of designed

DBIMN is

Zeq−DB =

(
(ω2L1C1 − 1)(ω2L2C2 − 1) + ω2C1C2

jωC1 − jω3L2C1C2

)
+(

jωC4 − jω3L3C3C4

(1− ω2L3C3)(1− ω2L4C4)− ω2C3C4

)
(3.23)
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3.4.2 Triband IMN Design

As shown in Figure 3.8, a conventional narrowband matching network can be trans-

formed into a TBIMN by mapping its bandpass response into a triband response. The

first step is to transform three low pass networks to three bandpass networks centered at

three frequencies f1, f2 and f3, respectively. The fractional bandwidth δ is considered

as 15% of original bandwidth for each band. Thereafter, we design a first order dual

band prototype that provides impedance match at f1 and f2. From the first-order dual

band prototype, the series L′1 − C ′1 can be transformed to series L′′1 − C ′′1 and parallel

L′′2 − C ′′2 . The parallel L′2 − C ′2 can be transformed to series L′′3 − C ′′3 and parallel

L′′4 − C ′′4 to form an indefinite triband prototype as shown in Figure 3.8. Considering

that f3 > f2 > f1, the values of inductors and capacitors can be calculated using the

following analysis to design the desired TBIMN.

L′′1 =
1

2
· ω1 (L1,ω1 + L1,ω2 + L1ω3)

ω3 + ω2 + ω1

(3.24a)

C ′′1 =
1

ω1ω2L′′1
(3.24b)

L′′2 =
(L1,ω1 − L1,ω2 − L1,ω3)

2
× ω2 − ω1

ω2 + ω1

(3.24c)

C ′′2 =
1

ω1ω2L′′2
(3.24d)

where L1,ω1 , L1,ω2 , L1,ω3 are the values of inductor L1 (in Fig.3.8) at f1, f2, f3, and

ωn = 2πfn, n= 1,2,3. The remaining element values in TBIMN are calculated as:

L′′3 =
1

2 · ω2
2C1,ω3

× Ux (3.25a)

1

C ′′3
=

(
1

C1,ω3

+ L2,ω2ω
2
2

)
× 1

2Ux
(3.25b)

1

L′′4
=

(
1

L2,ω1

+ C2,ω2ω
2
3

)
× 1

2Ux
(3.25c)

C ′′4 =
1

2 · ω2
3L2,ω3

× Ux (3.25d)
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(a)

(b)

Figure 3.9: (a) DBIMN matched to 50 Ω (b) Simulated S-parameter response of
designed DBIMN [Element values- L′1 = 12.89 nH, C ′1 = 1.09 pF, L′2 = 8.66 nH, C ′2 =
1.62 pF, L′3 = 58.5 nH, C ′3 = 0.17 pF, L′4 = 38 nH, C ′4 = 0.26 pF]

where Ux = (ω2
3 − ω2

2 + ω2
1)/(ω2

3 + ω2
2 + ω2

1), L2,ω2, L2,ω3 are the values of inductor

L2 at f2, f3, respectively, C1,ω3 and C2,ω2 are the values of capacitors C1 and C2 at f3

and f2, respectively.

Design Example C: This example proposes the design of a concurrent TBIMN oper-

ating at 900 MHz, 2.4 GHz and 3.2 GHz. The load impedance is 50 Ω. A TBIMN

with reactive elements can designed by scaling the frequencies and impedances shown

in Figure 3.8. Thereafter, three bandpass networks centred at 900 MHz, 2.4 GHz and

3.2 GHz are designed using equations (3.16) to (3.19). Further, using the synthesis

proposed in equations (3.24a) – (3.24d) and (3.25a) – (3.25d), element values for the

triple band match are obtained. The designed TBIMN after transformation and synthesis

is shown in Figure 3.10 (a). The designed circuit is then simulated in Keysight ADS to
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(a)

(b)

Figure 3.10: (a) TBIMN matched to 50 Ω (b) Simulated S-parameter response of
designed TBIMN

verify the theoretical model. Figure 3.10 (b) shows the simulated S11 and S21 for the

design TBIMN. Equivalent impedance of TBIMN Zeq−TB is expressed as

Zeq−TB(jω) =

(
1− ωL′′1C ′′1

jωC ′′1
+

jωC ′′2
1− ω2L′′2C ′′2

)
+(

1− ω2L′′3C
′′
3

jωC ′′3
|| jωC ′′4

1− ω2L′′4C ′′4

)
(3.26)

3.5 Implementation and Results

3.5.1 DBIMN Implementation

The designed DBIMN in Section 3.4.1 is fabricated on (i) an FR-4 board (εr = 4.6,

height (h) = 1.5 mm) with lumped components, and (ii) on a Roger’s 5880 board (εr =

2.2, h = 0.254 mm) with microstrip lines (distributed elements). The transformation in
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latter case is achieved by converting impedance of different IMN sections (Za and Zb)

into microstrip lines. Varying impedances in the IMN consisting of series and parallel

components are converted into microstripline stubs of different lengths and widths.

Figure 3.11 (a) – (g) shows equivalent distributed element models for lumped elements.

Microstrip components designed in MIC/ microwave printed circuit board (MPCB)

utilise the right configuration of lines and shapes to form passive elements. Some series

inductors are implemented on the substrate using thin microstrip lines. Figure 3.12

(a) shows DBIMN implementation with lumped elements on FR-4 board and Figure

3.12 (b) shows DBIMN implementation with microstrip lines on Roger’s 5880 board.

Simulation has been carried out using Keysight ADS and MATLAB. Circuit analysis in

both cases was done using EM simulation.

Figure 3.13 (a) shows the simulated and measured S11 for designed DBIMN with

lumped components. Simulated and implemented element values are slightly different

from the calculated values due to additional impedance induced from 0805 element

pads and connecting microstrip lines. The simulated S11 is –15 dB and –20 dB at 1

GHz and 2.02 GHz, respectively. The measured S11 is –14 dB and –10 dB at 1 GHz

and 2.02 GHz, respectively.

Figure 3.13 (b) shows the EM simulated and measured S11 and S21 for designed DBIMN

with microstrip lines. The circuit achieves a minimum measured S11 of –20 dB at 850

MHz and –23 dB at 2 GHz. Additionally, measured S21 is –4 dB at 850 MHz and –3.5

dB at 2 GHz.

3.5.2 TBIMN Implementation

The TBIMN proposed in Section 4.2 has been implemented on an FR-4 board. Figure

3.14 shows the fabricated TBIMN. To improve the efficiency of the IMN, physical

inductors are replaced with their microstrip equivalent model. The conversion was
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(a) (b) (c)

(d) (e) (f)

(g)

Figure 3.11: Lumped to distributed transmission line conversion (a) Inductor shunt
to ground (b) Series inductor (c) Shunt capacitor (d) Capacitor shunted to ground (e)
Parallel L− C to ground (f) Series L− C shunt to ground (g) Series L− C in series

(a) (b)

Figure 3.12: Fabricated DBIMN Prototype (a) with lumped elements (b) microstrip
distributed elements

achieved from the analysis shown in Figure 3.11 (a) – (g). The equivalent inductance

from lengths l and widths w of microstrip lines is calculated as [139]

L = 0.00508l

[
ln

(
2l

w + h

)
+ 0.5 + 0.2235

(
w + h

l

)]
µH (3.27)

where h is the distance between the strip and the ground plane. The conversion leads to

minimal losses due to high Q-factor of the fabricated TBIMN, thereby improving its

efficiency and fT . Additionally, high-Q 0603 capacitors are implemented on PCB to
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(a)

(b)

Figure 3.13: Simulated and measured S-parameters of designed DBIMN with (a)
lumped elements (b) microstrip distributed elements

reduce the chip size and achieve minimum return loss. Figure 3.15 (a) shows the EM

simulated and measured S11 and S21 for the designed TBIMN. The measured S11 values

are –44.6 dB, –14.7 dB and –33.9 dB; and S21 is –0.20 dB, –0.82 dB and –2.5 dB at 970

MHz, 2.41 GHz and 3.24 GHz, respectively. Figure 3.15 (b) shows the variation of Zin

for the designed triband IMN with frequency. The IMN achieves a perfect impedance

match at all stipulated frequencies and measured Re(Zin) is 50 Ω at 0.97 GHz, 2.4 GHz

and 3.2 GHz.
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Figure 3.14: Fabricated TBIMN prototype

(a)

(b)

Figure 3.15: (a) Simulated and measured (a) S-parameters (b) Re(Zin) of designed
TBIMN Prototype

3.6 Conclusion

The design of concurrent multiband matching networks for LNAs in SDRs has been

proposed. This chapter discusses wideband and multiband matching concepts with
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mathematical analysis. A methodology for designing novel dual band and triband

impedance matching networks using IFTT is presented. Novel design equations for

deriving circuit elements are presented with comprehensible analysis. The equations

formulated can be used to design a dual and a triple band matching network at any bands

of operation. Design of a DBIMN operating at 900 MHz and 2.0 GHz, and a TBIMN

operating concurrently at 900 MHz, 2.4 GHz and 3.2 GHz has been presented. The

designed circuits are converted into their microstrip equivalents to improve matching

efficiency. Thereafter, the dual band matching circuit is fabricated on a Roger’s 5880

board using microstrip lines and on an FR-4 board using lumped components. The

triband matching circuit is fabricated on an FR-4 substrate using microstrip lines and

lumped capacitors. The designed IMNs achieve a very high measured IRL, high

stopband attenuation and a perfect impedance matching at operational bands.
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Chapter 4

Design and Analysis of a Concurrent

Dual Band LNA

4.1 Introduction

The demand for multiband transceivers has proliferated substantially in communic-

ation systems involving cellular, defense and satellite communications. Multiband

transceivers can accommodate different bands, ideally integrated into a compact circuit

and efficient performance [140]. Among multiband transceivers, concurrent multiband

transceivers are capable of handling multiple distinct standards with high precision

and accuracy. Multiband transceivers require MBLNAs in receiver front-end since,

each element in the chain must achieve multiband operation. The design of concurrent

MBLNA involves major challenges like generation of multiple passbands, high gain,

and high interference suppression.

Concurrent MBLNAs are the preferred choice for multiband transceivers over wideband

LNAs and tunable LNAs. They do not require multiple parallel amplifiers for generating

multiple passbands and thus consume less power [39]. Other associated benefits are

interference suppression, efficient passband generation, and stopband rejection.
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Existing DBLNA and MBLNA designs have implemented wideband IMNs for designing

the input and output matching stages [48, 49, 85, 127]. IRR in these designs is achieved

by increasing SBRR. A widely adopted technique is to use MITs [82, 141, 142] that

consumes less power but increases the MIC size.

Other DBLNA and MBLNA designs reported in [128, 129, 143, 144] implemented

multiband notches for designing the OMN and lacked ideal passband generation and

stopband rejections. Thereafter, MBLNAs proposed in [48, 51, 95] implemented

novel dual band and triband loads for optimum passband generation. However, the

linearity was degraded and power consumption was high [48]. Alternative techniques

for multiband IMN design include synthesis and transformation techniques [45, 98],

resonant transformer [93] and transmission line stubs [103].

IFTT or frequency mapping proposed in chapter 3 allows synthesis of two single band

matching networks to form a DBIMN. This technique facilitates achieving an optimum

input matching, reduced power consumption of the circuit as well as reduced PCB or

chip size.

Based on MBIMN design technique proposed in Chapter 3, this chapter aims to design

and analyze a concurrent DBLNA operating at 1.1 and 2.4 GHz with perfect dual

band impedance matching, sufficient SBRR, optimum passband generation, less GI and

high IRR. The IMN is designed and analyzed using the frequency mapping technique

proposed in Chapter 3 which follows the IFTT. The dual band operation is realized by

employing dual bandpass load resonators at the output. The LNA is fabricated on an

FR-4 substrate in MIC technology. The proposed DBLNA employs a cascaded stage to

improve the total gain. In addition, it also provides a stable and linear operation without

increasing the circuit size and power consumption.
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4.2 Design of Concurrent DBLNA

The conventional DBLNA shown in Figure 2.7 (a), implements a wideband IMN and a

conventional dual band load. Although wideband input matching could accommodate

better operating frequency range, it requires additional filtering and a vigilant frequency

planning because of interference. Therefore, a DBIMN is desired for a concurrent

DBLNA. The wideband IMN in Figure 2.7 (a) can be converted into DBIMN by

mapping its bandpass response into a dual band response. The conversion is done by

performing a frequency transformation from low pass to bandpass network, and then

from bandpass to dual band network.

4.2.1 Input Matching Network

The concept of frequency mapping from a low pass network to a dual band network is

illustrated in Figure 3.8. The design procedure firstly involves mapping from a low pass

L−matching network to a bandpass network and subsequently to a dual band network.

The first step is to design two bandpass networks, each with centre frequencies f1 and f2,

respectively. The low pass and bandpass element values at the two selected frequencies

f1 and f2 can be determined using equations (3.14) to (3.19). In this case, the input

impedance must be matched to a complex impedance Zs at the input of transistor. Zs at

f1 = 1.1 GHz is 24 + j15 Ω and at f2 = 2.4 GHz is 14 + j30 Ω. To determine the ideal

values of elements, we take the the magnitude of Zs at f1 and f2 to design bandpass

networks at these two frequencies.

Thereafter, the two individual bandpass networks are converted into a dual band network

using the impedance scaling proposed in Figure 3.8. The design process follows the

procedure outlined in section 3.4.1. Finally, the dual band element values at f1 and f2

are calculated using proposed equations (3.21a) – (3.21d) and (3.22a) – (3.22d).

Figure 4.1 (a) shows the proposed DBMIN design which follows the analysis outlined
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in chapter 3. The values of inductances and capacitances are calculated at 1.1 GHz and

2.4 GHz. For simplicity, the network has been divided into two impedances Za and Zb

to write an explicable equation. The input impedance of the designed matching circuit

can be expressed as:

Zin = Za + Zb‖Rb‖
(
jωLs +

1

jωCgs1
+
gm1Ls
Cgs1

)
(4.1)

where Rb = R1‖R2 is the equivalent of bias resistance and

Za = j
(ω2L′1C

′
1 − 1)(ω2L′2C

′
2 − 1) + ω2C ′1C

′
2

ωC ′1 − ω3L′2C ′1C ′2
(4.2)

Zb = j
ωC ′4 − ω3L′3C

′
3C
′
4

(1− ω2L′3C ′3)(1− ω2L′4C ′4)− ω2C ′3C ′4
(4.3)

Equation (4.1) can be solved to plot the frequency response of the designed IMN for a

DBLNA. The complex impedance at the input of selected transistor is 24 + j15 Ω at 1.1

GHz, and 14 + j30 Ω at 2.4 GHz, gm = 34 S and Cgs= 1.5 pF. Figure 4.1 (b) shows the

simulated and theoretical frequency response of the designed DBIMN. It can be seen

that a perfect input impedance match is achieved with Zs for the designed DBIMN as

Im(Zin) is 0 Ω, while Re(Zin) is matched to the the net real impedance at 1.1 GHz and

2.4 GHz, respectively.

The Q-factor is the ratio of power stored to power dissipated in an IMN. Q of the circuit

with passive matching components is required to be high at operating frequencies. Since

the real part of impedance is parallel to the imaginary part, Q = Re(Zin)/Im(Zin).

Figure 4.1 (c) shows the theoretical and simulated frequency response of Q with ideal

inductors and capacitors. In both cases, Q is greater than 25, indicating a minimal effect

of Q-factor of passives on the IMN performance.
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(a)

(b)

(c)

Figure 4.1: (a) IMN for the designed DBLNA (b) frequency response of IMN (c)
Q−factor of the designed IMN
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4.2.2 Design Strategy

The first step for designing the DBLNA is to consider the stipulated frequency bands.

From the aforementioned analysis, we can calculate the component values for the IMN

and design an optimal matching at desired operating frequencies. The second objective

is to achieve an optimum passband gain with improved SBRR, minimum GI, high IRR

between operating bands and most importantly, minimum noise matching. Generally,

the IMN of LNA plays a role to achieve the desired noise matching in the operational

bands. For a high IRR DBLNA, the noise matching is required to be achieved only for

operational bands and NF must be high at stopbands. This is done by plotting gain and

noise circles for the transistor. The 2 dB optimum NF circle is also plotted for a single

stage amplifier. Thereafter, optimum reflection coefficient (Γopt) is plotted along with

source reflection coefficient (Γs) for noise circles. The aim is to achieve the minimum

difference between (Γopt) and (Γs), so that F ≈ Fmin. The circuit is then optimized to

achieve minimum noise matching.

A conventional dual band load comprising a parallel Ll1 −Cl1 pair and series Ll2 −Cl2

pair, shown in Figure 2.7 (a), can be designed to get passbands and stopbands at desired

frequencies. However, the passband at higher frequency does not provide a sharp

roll-off characteristic and provides a wideband response as shown in Figure 2.7 (b). A

modified dual band load is thus proposed for DBLNA. Figure 4.2 shows the schematic

of the dual band load employing two bandpass notches and eliminating the stopband

notch from conventional dual band load. These notches provide a parallel resonance at

operating frequencies. Previous efforts to eliminate the stopband notch from dual band

load lacked experimental validation [51]. The load impedance of the first stage is

Zload1 =

(
jωLl1‖

1

jωCl1

)
+

(
jωLl2‖

1

jωCl2

)
(4.4)
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Figure 4.2: Implemented dual band load at the drain of M1

The characteristic equation for Zload1 is

ω4Ll1Cl1Ll2Cl2 − ω2 (Ll1Cl1 + Ll2Cl2) + 1 = 0 (4.5)

Since, this is a fourth-order polynomial equation, calculating sum (S) and product (P)

of roots would give the relationship between the operating frequencies and Ll1, Cl1, Ll2

and Cl2 .

S =
Ll1Cl1 + Ll2Cl2
Ll1Cl1Ll2Cl2

= ω2
1 + ω2

2 (4.6)

P =
1

Ll1Cl1Ll2Cl2
= ω2

1 · ω2
2 (4.7)

Solving (4.6) and (4.7) values of Ll1, Cl1, Ll2 and Cl2 can be determined by

(Ll1Cl1)
−1 = ω2

1 (4.8)

(Ll2Cl2)
−1 = ω2

2 (4.9)

Figure 4.3 shows the design of proposed DBLNA employing a second order L − C

based IMN and a modified dual band load at the output of each stage. The proposed
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Figure 4.3: Schematic of 1.1 and 2.4 GHz DBLNA

circuit is a two-stage LNA with capacitive coupling between stages. Cascaded design

improves the forward gain and reverse isolation. A source inductance of 0.24 nH

is added to both transistors to improve the LNA stability and reverse isolation. Both

transistorsM1 andM2 in the DBLNA are identical. The design objective is to cover both

operating frequency bands with optimized pass band performance, good gain-linearity

balance, and adequate reverse isolation. The operating frequencies for passbands are

centered at 1.1 GHz and 2.4 GHz. The circuit is designed to provide an efficient dual

band matching and high gain. The IMN utilizes the dual band filter properties and

two bandpass resonators in the load provide two distinct passbands each centered at

stipulated frequencies. The dual band load does not reduce the voltage headroom of

input stage and provides a desired wide and concurrent response in two bands. Bandpass

notches in the output stage of LNA minimize GI and phase mismatch. The OMN is

designed to match the load impedance to 50 Ω using conventional first-order matching

that involves a parallel Lo1 − Co2 circuit with a series capacitor Co1 that also blocks the

DC at the output.
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Figure 4.4: Small signal equivalent of the designed DBLNA

4.2.3 Gain

A single stage DBLNA can achieve good voltage gain. However, the cascaded stage of

the LNA felicitates in achieving a higher gain in both bands of operation and suffices

the required voltage gain for SDR. Figure 4.4 shows the small signal equivalent circuit

of the designed DBLNA. The small signal transconductance parameters of M1 and M2

are gm1Vgs1 and gm2Vgs2. The output voltage (Vout) of the LNA is

Vout = gm2Vgs2 · Zl2 (4.10)

also,

Vgs2 + Vout = −gm1Vgs1 · Zl1 (4.11)

where gm1 and gm2 are the transconductance, and Vgs1 and Vgs2 are the gate-source

voltages of transistors M1 and M2, respectively. Zl2 is load impedance of second stage.

The input voltage after applying KVL is

Vin = Iin · Za + Iin

(
ZbRb (jωLs1 + 1/jωCgs1 + 1/gm)

Zb +Rb + (jωLs1 + 1/jωCgs1 + 1/gm)

)
+ gmVgs (jωLs1) + Vgs1 (4.12)
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where Iin is the input current from source Vin, and the current through Cgs1, Icg =

Vgs1 (jwCgs1) ≈ Iin

Vin = Vgs1 · (jωCgs1) ·
((

1

jωCgs1
+
gm1Ls1
Cgs1

+ jωLs1

)
‖Rb ‖Za + Zb

)
(4.13)

where Cgs1 is the gate-source capacitance of M1. Rearranging (4.13), we have

Vgs1 =
Vin

(jωCgs1)Zin
(4.14)

From (4.11) and (4.14), we get

Vgs2 = −gm1Zl1 ·
Vin

jωCgs1Zin
− Vout (4.15)

Substituting (4.15) in (4.10),

Vout = gm2

(
−gm1

Zl1
jωCgs1Zin

.Vin − Vout
)
Zl2 (4.16)

Solving (4.16), the voltage gain Av is

Av =
Vout
Vin

=
−gm1gm2Zl1Zl2

(jωCgs1Zin) (1 + gm2Zl2)
(4.17)

Since both transistors M1 and M2 are same, therefore, gm1 = gm2 = gm and Vgs1 =

Vgs2; also, Ls1 = Ls2 = Ls. For the values of gm = 34 S and Vgs = –0.53 V for the

designed DBLNA, the derived theoretical dual band gain in (4.17) can be plotted with

frequency as shown in Figure 4.5. The theoretical plot shows two distinct dual bands

having a peak Av at 1.1 and 2.4 GHz and IRR at 1.65 GHz.
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Figure 4.5: Theoretical gain for the designed DBLNA

4.2.4 Noise Analysis

The noise performance of the proposed DBLNA can be quantified by deriving its noise

factor. Figure 4.6 (a) shows the noise equivalent model of the first stage. The main

source of noise is thermal noise and all inductors and capacitors are considered to be

ideal [96]. The primary thermal noise sources in the circuit are due to source i2n,s1

, induced gate i2n,g1, drain i2n,d1 and load i2n,rl1 . In the first stage of LNA, transistor

M1 contributes to more than 90 per cent of the noise in circuit. Therefore, the total

short-circuit output noise current for first stage of designed DBLNA is derived below.

The short-circuit noise current due to source is

isc,Rs =
gm1Vn,s

sCgs1 (Rs + Z ′in)
(4.18)

where Z ′in = Za + Zb‖ (R1‖R2). The short-circuit noise current due to induced gate

and thermal drain noise of transistor M1 is

isc,g1 =
gm1 (Rs + Z ′in) in,g1

sCgs1 (Rs + Z ′in + gm1Ls)
(4.19)
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(a)

(b)

Figure 4.6: (a) Noise equivalent model of first stage of designed DBLNA (b) Two noise
stages in cascade

isc,d1 = in,d1 −
sgm1Lsin,d1

sCgs1 (Rs + Z ′in + gm1Ls)
(4.20)

Since gate and drain noise currents are related, thus from (4.19) and (4.20)

isc,d1 = in,d1

(
1− isc,g1 ·

sLs
in,g1 (Rs + Z ′in)

)
(4.21)

isc,rl1 = in,rl1 (4.22)

The total noise factor F1 of the first stage is

F1 = 1 +
i2sc,g1 + i2sc,d1 + i2sc,rl1

i2sc,Rs

(4.23)

Substituting (4.18) to (4.20) and (4.22) in (4.23), expression for F1 is
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F1 = 1 +
i2n,g1

(
gm1(Rs+Z′

in)
sCgs1X

)2
+ i2n,d1

(
1− gm1Ls

Cgs1X

)2
+ i2n,rl1(

gm1Vn,s

sCgs1(Rs+Z′
in)

)2 (4.24)

where, X = Rs + Z ′in + gm1Ls According to the Friis equation, total noise factor F of

the cascaded system is expressed as

F = F1 +
F2 − 1

GA1

(4.25)

where GA1 is the power gain of the first stage of LNA and F2 is the noise factor of

the second stage. For simplicity, we consider a noise equivalent model of cascaded

system shown in Figure 4.6 (b). The system consists of two noisy stages in cascade.

The available power gain is the ratio of power available at output to power available at

source [37]. In terms of noise sources, power gain of first stage in Figure 4.6 (b) can be

derived to get the total noise factor. The power available at the output of the first stage is

Pout1 =
A2
v1

2Zout1
× (Vgs1/2)2 (4.26)

or

Pout1 =
A2
v1

8Zout1
× V 2

in

(
Zin1

Rs + Zin1

)2

(4.27)

where Av1 is the unloaded voltage gain of first stage. Power available at source can be

written as

Psource =
(Vin/2)2

2Rs

=
V 2
in

8Rs

(4.28)

From (4.26) and (4.28) we have,

GA1 =
Pout1
Psource

= A2
v1

(
Zin1

Rs + Zin1

)2

· Rs

Zout1
(4.29)

In the second stage of LNA, the source impedance used for calculating the noise factor
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depends on the source driving that stage. Considering V 2
n,2 as the RMS noise voltage

and i2n,2 as the total thermal noise in the second stage, noise factor of second stage F2

can be calculated as

F2 =
|Vn,2 + in,2Zout1|2

V 2
Rs

· Rs/Zout1
GA1

(4.30)

Substituting values from (4.24), (4.29) and (4.30) in (4.25), we can calculate the overall

noise factor of the proposed DBLNA as

F = 1 +
i2n,g1

(
gm1(Rs+Z′

in)
sCgs1X

)2
+ i2n,d1

(
1− gm1Ls

Cgs1X

)2
+ i2n,rl1(

gm1Vn,s

sCgs1(Rs+Z′
in)

)2 +

(
|Vn,2+in,2Zout1|2

V 2
Rs

· Rs/Zout1

GA1

)
− 1

A2
v1

(
Zin1

Rs+Zin1

)2
· Rs

Zout1

(4.31)

4.3 Circuit Implementation

The DBLNA circuit in Figure 4.3 is implemented with microstrip lines, passive com-

ponents and RF junction field effect transistors (JFETs) on an FR-4 substrate (εr= 4.5,

h = 1.5 mm, copper thickness = 35 µm). Implemented inductors and capacitors have

slightly different values than ideal and simulated values due to the additional parasitic

impedance from the surface mount (SMT) pads for 0805 components and microstrip

lines. The source inductor has been modelled with microstrip line of size 0.508 mm ×

0.508 mm on each source pin. Value of source inductance has been kept low to avoid

gain peaking and subsequent oscillations. The microstrip components utilize the right

configuration of lines and shapes to form passive elements. Via stitching and shielding

has been proposed in the circuit to create a strong vertical ground connection through

the MIC. This allows the designed LNA to maintain a low impedance and short return
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(a)

(b)

Figure 4.7: (a) Layout and (b) Fabricated prototype of the designed DBLNA

loops. This also helps in reducing interference and return path impedance. Additionally,

SMT inductors and capacitors have been used in the implementation of output loading

network to reduce the circuit size and area. ATF34143 from Avago technologies is used

as the active device to implement the circuit. The SMT inductors from Murata’s LQW

series and Coilcraft 0805-CS series are implemented as they have high-Q, low parasitics

and minimal series resistances. Likewise, high-Q SMT capacitors from KEMET are

implemented in the circuit.

Table II summarizes the component values calculated theoretically, implemented in

EM simulation and on-board for the designed DBLNA. The traces have been properly

isolated from DC and other signals. The ground plane layer usually provides a better
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Table 4.1: Dual band matching network element values

Component Calculated Simulation Implemented Manufacturer
L′1 2.1 nH 2 nH 1.8 nH Coilcraft
C ′1 1.1 pF 1 pF 1 pF KEMET
L′2 9.2 nH 9 nH 8.2 nH Murata
C ′2 0.97 pF 1 pF 1 pF KEMET
L′3 30 nH 33 nH 36 nH Murata
C ′3 0.08 pF 0.05 pF 20 fF Microstrip
L′4 9.4 nH 10.9 nH 10 nH Coilcraft
C ′4 1.44 pF 1.2 pF 1.2 pF KEMET
Ls 0.3 nH 0.28 nH 20 mil*20 mil Microstrip
R1 50 Ω 100 Ω 100 Ω Vishay
R2 – 600 Ω 604 Ω Vishay
Ll1 12 nH 8.2 nH 8.2 nH Murata
Cl1 1.7 pF 1.2 pF 1.2 pF KEMET
Ll2 3.6 nH 2.8 nH 2.8 nH Murata
Cl2 1.22 pF 1 pF 1 pF KEMET
Ll3 12 nH 8.2 nH 8.2 nH Murata
Cl3 1.7 pF 1.8 pF 1.8 pF Murata
Ll4 3.6 nH 2.8 nH 2.8 nH Murata
Cl4 1.22 pF 1 pF 1 pF KEMET
CC - 1 pF 1 pF KEMET
Lo1 - 3 nH 2.8 nH Murata
Co1 - 1.2 pF 1.2 pF Murata
Co2 - 3.3 pF 3.3 pF AVX

signal power and current at the output of the high frequency circuit. Therefore, ground

inductance has been kept low and adequate ground has been provided. Figure 4.7 (a)

and (b) show layout and fabricated prototype of implemented DBLNA, respectively.

4.4 Results and Discussions

The DBLNA circuit is biased by a 3 V supply and sinks 36 mA bias current. The

DBLNA has been fabricated on an FR-4 substrate with microstrip lines and SMT

passives using MIC/ MPCB fabrication process. The fabricated LNA dimensions are 60

mm × 30 mm × 1.5 mm. The designed DBLNA is suitable for SDR applications in
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automotive and vehicular communications. Simulation analysis of the designed DBLNA

circuit is carried out in Keysight ADS Momentum and integrated design environment

(IDE).

The S-parameters of the fabricated DBLNA were measured using Agilent’s PNA-

L vector network analyzer (VNA). Simulated results were achieved using EM co-

simulation in ADS for considering the effect of parasitic impedance from microstrip

pads and lines. Passive components from vendor component libraries were implemented

in simulation analysis. Figure 4.8 (a) shows the simulated and measured gain of

implemented DBLNA. M1 and M2 are biased with VDS = 3 V and VGS = –0.53 V. The

resulting drain current Id = 36 mA. The two stage LNA achieves a very high measured

gain of 24.3 dB at 1.1 GHz and nearly 20.1 dB at 2.4 GHz. The maximum simulated GI

between the bands is 1 dB and measured GI is 4.2 dB. Measured 3-dB passbands are

530 MHz (670 MHz – 1.2 GHz) and 400 MHz (2.2 GHz – 2.6 GHz).

Measured results show two distinct concurrent dual bands centered at operating frequen-

cies and loss at 1.6 GHz (stopband). In concurrent MBLNAs, SBRR is the difference

between the values of S21 at stopband centre frequency and first passband centre fre-

quency [48]. In this case, the measured SBRR from peak gain of 24.2 dB at 1.1 GHz to

the attenuation loss of –16.2 dB at 1.6 GHz is 40.4 dB.

In addition, the cascaded stage of the LNA allows the simulated gain to increase

significantly from 11 dB (single stage simulated gain) to 24 dB at 1.1 GHz and from 10

dB to 23 dB at 2.4 GHz. The two-stage design stabilizes the LNA and achieves higher

output impedance.

Figure 4.8 (b) shows simulated and measured S11 for the designed DBLNA. It achieves

a simulated S11 of –26.5 dB and –27.1 dB at 1.1 GHz and 2.4 GHz, respectively and

measured S11 of –15.8 dB and –24.1 dB at 1.1 GHz and 2.4 GHz, respectively. Figure

4.8 (c) shows output reflection coefficient S22 (dB) of designed DBLNA. The measured

S22 achieves –10.9 dB and –11.6 dB at 1.1 GHz and 2.4 GHz, respectively. The reverse
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(a)

(b)

(c)

Figure 4.8: Simulated and measured (a) gain (S21) (b) S11 (c) S22 of the designed
DBLNA
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(d)

Figure 4.8: (d) Simulated and measured S12 of the designed DBLNA (cont.)

isolation S12, as shown in Figure 4.8 (d), is high and is measured to be –56 dB and

–41.5 dB at 1.1 GHz and 2.4 GHz, respectively.

The NF of fabricated DBLNA MIC was measured with Keysight’s PNA-X. The calib-

ration for NF measurement was done using Keysight’s power sensor module and RF

noise source. The measurement was recorded over 201 points. The size and design

of circuit is optimized for low NF during implementation. The measured NF of the

designed DBLNA is 2.4 dB at 1.1 GHz and 3 dB at 2.4 GHz. Figure 4.9 shows the

simulated and measured NF of the DBLNA.

The circuit also achieves a high IRR. In concurrent MBLNAs, IRR is the difference of

LNA loss (S21 at 1.6 GHz) and NF of the LNA at stopband frequency (NF at 1.6 GHz)

[107]. This stopband frequency is also the centre frequency of two operational bands.

At 1.6 GHz, measured NF is 37.3 dB and the stopband loss is –16.2 dB. Thus, the total

measured IRR is 53.2 dB.

Stability of the designed LNA has been determined by plotting the stability criterion µ

versus frequency. Figure 4.10 shows that the LNA is unconditionally stable, as µ > 1 in

the whole frequency sweep range.
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Figure 4.9: Simulated and measured NF of the designed DBLNA

Figure 4.10: Variation of measured µ with frequency for the designed DBLNA

Linearity test was performed with P1dB measurement. This measurement allows determ-

ination of compression points so that input levels can be controlled to prevent distortion.

The instrument setup for P1dB measurement is shown in Figure 4.11. The results were

manually recorded by changing the input power from signal generator in steps of 1

dBm. Figure 4.12 (a) and (b) show output vs input power curve for estimation of 1 dB

compression point for the fabricated DBLNA. Measured P1dB is estimated to be –10

dBm at 1.1 GHz and –5.1 dBm at 2.4 GHz. Calculated IIP3 from measured P1dB for

the designed DBLNA is 0 dBm and +4.7 dBm at 1.1 and 2.4 GHz, respectively [138].
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Figure 4.11: Bench setup for P1dB measurement

(a)

(b)

Figure 4.12: P1dB performance of DBLNA at (a) 1.1 GHz (b) 2.4 GHz
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4.5 Conclusion

This chapter presented a two-stage concurrent DBLNA architecture with a mathematic-

ally derived IMN and dual band load parameters. The chapter provided a fathomable

analysis of the second-order dual band input matching stage designed using mathem-

atical equations proposed in Chapter 3. We also presented the implementation and

analysis of the modified dual band load that eliminates the need of band-reject filter from

the conventional load. Analytical expressions for the design of IMN, output load, IFTT,

theoretical gain and NF were presented. The LNA is implemented using microstrip

lines and SMT passives on the FR-4 substrate. Simulation results of the designed circuit

have been compared with measurement results. A high dual band gain, high IRR and

improved SBRR was achieved with the fabricated DBLNA MIC. The proposed DBLNA

is linear, unconditionally stable and has low NF at desired concurrent bands. A primary

advantage of the designed DBLNA is that it provides a low-cost, power economic,

high gain and a methodical design solution for amplification in a multiband front-end.

Additionally, the LNA will suppress any common-mode noise and interference from the

adjacent bands significantly. Table 4.2 compares the performance of the designed LNA

with existing designs. The LNA outperforms the existing DBLNAs and MBLNAs at

the expense of increased power consumption. To the authors’ best knowledge, the pro-

posed LNA is the first concurrent dual band MIC LNA explaining analytical step-wise

mathematical approach for an economical on-board design and readily available passive

components. Furthermore, the proposed LNA also achieves a state-of-art performance

in all parameters which confirms its feasibility in the application of SDRs.
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Table 4.2: Performance comparison of designed DBLNA with existing DBLNAs and
MBLNAs

Ref. Freq S21 S11 NF IP3 IRR SBRR PDC Process
(dB) (dB) (dB) (dBm) (dB) (dB) (mW)

[85]
10.6 10.6 –12.5 4.96 –7

13.6 17 3.6 0.18 µm CMOS17.4 17.4 –22.7 5.16 –16
15.6 15.6 –25 5.57 –16

[127] 23.5 21.9 –25 5.1 –10.4 27 21 – 0.18 µm SiGe BiCMOS35.7 16.6 –15 7.2 –8.3

[49] 2.3 14.4 –12.8 2.5 – 18 27 11.9 0.35 µm SiGe BiCMOS4.5 14.3 –11.5 3.0 –

[128] 1.217 16 –10.1 2.2 –12.5* – 12 13.6 0.18 µm CMOS1.568 14.7 –11.4 2.35 –13.5*

[51]a 2.4 –19.3 –16.8 3.2 –20.1 51 43 20 0.13 µm CMOS5.2 17.5 –19.4 3.3 –18.1

[95] 21.5 19.2 –8 4 –14.1 42 34.6 73.8 0.18 µm SiGe BiCMOS36 19.2 –9 4.2 –16.1

[93] 2.45 9.4 –12.62 2.8 –4.3 – 38 2.79 0.13 µm CMOS6 18.9 –21 3.8 –5.6

[116] 2.45 28.4 –13 0.7 –6.6 16 36.4 36 SISL Avago5.25 2.8. –20 1.1 –5.1

[41]
1.6–2.0 18 –24 1.9 4.1

6, 13 10, 11 108 MIC2.2 15 –13 2.6 6.2
2.45 10 –11 5.0 14.7

[145]
2.4 22.4 –14.7 0.9 4.3

0, 0 2,2 40 MIC3.5 21.1 –16.2 1.2 9.2
5.5 20.7 –13.6 1.3 3.5

[82]

0.9 10.7 –19 0.9 –6

20, 16, 20 26, 22, 21 40 MIC1.8 9.1 –11.3 0.9 –8
2.45 9.0 –11 1.1 –9
3.5 7.2 –14 1.2 –7

[100]
0.95 18.9 –23 1.5 –

0, 0 12, 8 50 MIC1.85 12.8 –24 1.9 –
2.65 10.2 –24 2.7 –

This 1.1 24.4 –15.8 2.6 0 53.2 40.4 108 MIC2.4 20.1 –24.1 3.0 4.9
? P1dB

a simulated results .
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Chapter 5

Design and Analysis of a Continuously

Tunable LNA

5.1 Introduction

The number of wireless standards have increased rapidly in the last decade. Together

with advancements in IC technologies, it has proliferated research in multiband radio

systems. The recent trend is to increase the flexibility of SDR with specific attention on

the front-end, particularly the LNA [8]. Improving the tuning range of LNAs is one way

of achieving greater flexibility in radio systems. Continuously tunable LNAs (CTLNAs)

accommodate large bandwidth and continuous reconfiguration. Therefore, these are a

pliable alternative for improving the LNA tuning range.

Previous works on multiband CTLNAs have implemented both input and output tunable

LNAs. For input tuning LNAs, it is primitive to select an appropriate topology for

efficient design. CG topology was implemented in [106] to get the wideband response

and stable operation. However, the topology is not efficient for designing an input

tuning LNA due to low impedance at the source which results in low gain. The IDCS

topology in LNA increases the real part of input impedance. It further improves the
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overall gain and noise matching of the circuit. Figure 5.1 (a) illustrates the concept of

input tuning LNA using a conventional source degenerated narrowband LNA.

It was briefly discussed in Section 3.1.1, that replacing the gate inductor Lg with a

variable inductor L′g provides reconfigurable input impedance matching. Implementing

this in simulation model, we achieve a variable minimum input return loss (S11) at

different center frequencies as shown in Figure 5.1 (b). Nevertheless, implementing an

LNA with L′g will have (i) practical design aberrations, (ii) large on-chip/on-board area,

and (iii) hysteresis due to the tunable inductor which would degrade the overall FOM of

the LNA.

Output tuning LNAs have also been explored to achieve a wider continuous tuning

range. Nevertheless, output tuning LNAs are more susceptible to process variations

when compared to input tuning LNAs. They also require additional passives for

designing a wideband IMN. Furthermore, less input tuning LNAs were reported in the

literature as compared to output tuning LNAs [146].

Transformer based matching networks [56, 147] feature an interesting alternative with

a wider tuning range and reduced power consumption. In this Chapter, we provide a

comprehensive design and analysis of an input tuning LNA that implements a physical

RF transformer to dynamically tune the input impedance. The LNA achieves a tunable

input matching and a wideband output matching from 2.2 GHz to 2.8 GHz.

5.2 Motivation

A conventional narrowband LNA as shown in Figure 5.1 (a) consists of a gate inductor

and a source inductor in its input matching stage. The input impedance of this LNA can

be derived from the small signal equivalent circuit shown in Figure 5.1 (c). Applying
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(a)

(b)

(c)

Figure 5.1: (a) Conceptual representation of a conventional input tuning LNA with L′g
(b) Corresponding varying S11 for different values of Lg (c) Small signal equivalent of
conventional LNA
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KVL to the circuit, the total input voltage Vin is

Vin = jωLgIin +
Iin
jωC1

+
Iin

jωCgs1
+ (Iin + gm1Vgs1) jωLs (5.1)

Vin
Iin

= jω (Lg + Ls) +
1

jωC1

+
1

jωCgs1
+
jωLsgm1Vgs1

Iin
(5.2)

Vgs1 =
Iin

jωCgs1
(5.3)

From (5.2) and (5.3), input impedance of conventional narrowband LNA can be given

as

Zin =

(
jω (Lg + Ls)− j

(
1

ωCgs1
+

1

ωC1

))
+
gm1Ls
Cgs1

(5.4)

where gm1,Vgs1 and Cgs1 are the transconductance, gate-source voltage, and gate-source

capacitance of transistor Q1, respectively. The resonant frequency of IMN f0 depends

on Cgs1, Lg and source inductor. The resonant frequency at which Zin is real can be

determined as

f0 =
1

2π
√

(Ls + Lg) · Cx
(5.5)

where Cx is equivalent capacitance of Cgs1 and C1. It can be concluded from (5.4)

and (5.5) that Zin and f0 can be made tunable by either varying Ls or Lg. Since,

Re(Zin) is directly proportional to Ls, replacing Lg with L′g could be a viable solution.

Nevertheless, an additional amplification stage is required to makeLg tunable or floating,

which increases the circuit-area, implementation costs, NF and power consumption.

A feasible and efficient solution is to replace Lg with a physical RF impedance trans-

former, whose secondary winding can act as a variable inductor. The secondary induct-

ance can be changed through an additional circuit connected to the primary winding

of transformer network. Using switching circuits with primary winding and inductive-

capacitive resonant networks would not provide continuous tuning. Moreover, additional

switching circuits shall increase power consumption and NF of the circuit.
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In this chapter, a CTLNA with tunable IMN is proposed with a physical RF impedance

transformer network. Input impedance can be varied to achieve minimum S11 at each

center frequency by changing the magnitude of current flowing through secondary

winding of the transformer network. This can be achieved through magnetic coupling

between primary and secondary windings of the transformer. Furthermore, the proposed

LNA architecture comprises of an inductive load that provides a wideband response in

the tuning range. This approach is expedient to maintain small area, continuous tuning

and avoiding noise contributing elements in the signal path.

5.3 Proposed Circuit Topology

Figure 5.2 shows the block representation of the proposed CTLNA which consists of

four different stages. The first stage is the IMN stage that consists of an input capacitor

C1 and a physical transformer. The second stage consists of a phase shifter network

that comprises of two CG transistors connected in parallel to a CS transistor to get a

relative 0◦ or 180◦ phase shift between the currents through primary and the secondary

windings of the transformer. The third stage consists of a tuning transistor whose bias

voltage Vtune can be varied to get the desired tunability. Finally, the fourth stage is the

amplification stage that achieves a tunable wideband gain when Vtune is varied. For

better understanding of the proposed circuit topology, design and synthesis of each

stage is described as follows.

5.3.1 Transformer Network

The transformer in the input stage of the CTLNA is an RF impedance transformer. One

end of its primary winding Lu is connected to the output of tuning transistor, while

the other end is connected to the voltage supply VDD2 = 1.3 V. The secondary winding

Ld is connected to the input transistor via a DC bias network. If Ld is considered
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Figure 5.2: Conceptual block of proposed CTLNA

as a variable inductor as shown in Figure 5.2, then scaling its value will provide a

50Ω impedance matching at different center frequencies. The design utilizes a similar

concept by implementing an RF impedance transformer in place of a variable inductor.

Therefore, frequency reconfigurability can be achieved if current passing through Ld

can be changed. The magnetism property of transformer can be utilized to change

current through Ld. However, the currents i1 and i2 through Lu and Ld must have a

relative phase shift φ of either 0◦ or 180◦ to allow continuous frequency tunability. This

is because the RF impedance transformer circuit, shown in Figure 5.3 (a), provides a 50

Ω impedance match at a phase difference of 0◦ or 180◦ and the impedance is purely real

at φ = 0◦. This can be substantiated by deriving the relationship between transformer’s

input impedance ZinT (ω) and φ. From the simplified transformer network shown in

Figure 5.3 (b) and ZinT (ω) can be given as

1

ZinT (s)
=

1

sL1 + sαM
+

1

Rc

+ sCt (5.6)

1

ZinT (s)
=
Rc + sLt1 + sαM + s2Ct1Lt1Rc + s2αMRcCt1

Rc (sLt1 + αM)
(5.7)
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Inverting equation (5.7) and substituting s = jω, ZinT (ω) is

ZinT (ω) =
jωRc (Lt1 + αM)

Rc (1− ω2Ct (Lt1 − αM)) + jω (Lt1 + αM)
(5.8)

where α = i2/i1 is the ratio of primary and secondary winding currents in the trans-

former network, M is the mutual inductance, Lt1 is primary leakage, Ct is interwinding

capacitance and Rc is core loss resistance. Inductances Lt1 and Lt2 correspond to

inductances Lu and Ld in the implemented transformer network and given as.

Lt1 = Lp

(
1

k
− 1

)
(5.9)

Lt2 =
Lt1
N2

(5.10)

where k is the coefficient of coupling and N is the turns ratio. Due to phase difference

between i2 and i1, i2 = βi1e
−jφ, where β is the gain and α = βe−jφ. Therefore, (5.8)

can be expanded as

ZinT (ω) =
jωRc

(
Lt1 + βe−jφM

)
Rc (1− ω2Ct (Lt1 − βe−jφM)) + jω (Lt1 + βe−jφM)

(5.11)

Substituting values for variables in (5.11) as Rc = 0.91 Ω, β = 1, ω = 2πf , f = 1.5− 3

GHz, Lt1 = 3.37 nH, M = 0.5 nH, C = 995 fF and plotting Re(Zin) vs φ from 0◦ to

360◦, we can verify that Re(Zin) = 50 Ω at 0◦ and 180◦ as shown in Figure 5.4 (a).

Additionally, Im (Zin) is maximum at φ = 180◦ (see Figure 5.4 (b)). This results in a

phase mismatch between i1 and i2; however, the desired relative phase shift between i1

and i2 is 0◦ for continuous tuning. Moreover, the amplified signal is an inverted version

of input signal. A possible solution is a phase shifter circuit that can provide a phase

mismatch of 0◦ to ensure that currents and are in phase. The resonant frequency fTr of
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(a)

(b)

Figure 5.3: (a) Physical transformer equivalent circuit for designed CTLNA (b) Simpli-
fied transformer model for calculations

transformer can be determined as

fTr =
1

2π(Lt1 ± αM)Ct
(5.12)

The transformer’s coefficient of coupling k is related to M as M = k
√
LuLd. A lower

value of k would result in lower M and less sensitivity of transformer network to large

frequency variation and current mismatch. Therefore, the value of k was kept low to

achieve the desirable input match. Table 5.1 summarizes the design parameters for the

transformer network.

5.3.2 Phase Shifter

The circuit implements a conventional active phase shifter (APS) [148] to shift the

phase of the amplified signal. The APS receives the amplifier output and is applied
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(a)

(b)

Figure 5.4: (a) Re(Zin) (b) Im (Zin) as a function of φ

Table 5.1: Transformer design parameters

Parameter Value
Turns Ratio N 0.69
Magnetising Inductance Ltp 2.23 nH
Cross loss resistance Rc 1000 Ω
Coefficient of Coupling k 0.11
Primary loss resistance Rt1 0.91 Ω
Secondary loss resistance Rt2 4.47 Ω
Primary capacitance Ct1 924 fF
Secondary capacitance Ct2 150 fF
Interwinding capacitance Ct 340 fF

in the feedback path of the circuit. The circuit embeds two CG transistors in parallel

to a CS transistor. Figure 5.5 (a) shows the schematic of the adapted APS circuit
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with a conventional topology. The designed circuit is capable of providing a phase

shift of more than 90◦ , thereby leading to elimination of phase mismatch between

complex currents i1 and i2. A simplified small signal equivalent circuit to illustrate

the conventional APS operation is shown in Figure 5.5 (b). According to [148], Y21 in

admittance matrix for the APS is given as

Y21(ω) =
i2
v1

= −gm3 ·

 1
Lp(Cp+Cgs4)

− jω 1
(Cp+Cgs4)

(
gm3gm4

gm5
− 1

Rp

)
− ω2

1
Lp(Cp+Cgs4)

+ jω
Rp(Cp+Cgs4)

− ω2

 (5.13)

Transformation of Y21 (ω) to S21 (ω) can be expressed as

S21 (ω) =

(
2gm5

gm3+gm5

√
ZinPS · ZoutPS − ZinPS − jωZinPS

ωT
ZoutPS

1
gm3+gm5

+ ZinPS + jωZinPS

ωT
ZoutPS

)

·

(
1

Lp(Cp+Cgs4)
− jω

Rp(Cp+Cgs4)
− ω2

1
Lp(Cp+Cgs4)

+ jω
Rp(Cp+Cgs4)

− ω2

)
(5.14)

From (5.14), the phase of S21 (ω) can be derived as

∠S21 (ω) = −tan−1

(
ω
ωT
ZinPS

1
gm3+gm5

+ ZinPS

)
− 2tan−1

 ω

Rp

(
1
Lp
− (Cp + Cgs4)ω2

)


(5.15)

where ZinPS and ZoutPS are the input impedance and the output impedance of the APS,

respectively. It can be concluded from (5.15) that ∠S21 (ω) depends upon inductor Lp

and capacitor Cp. The shift in phase of the signal with constant signal amplitude is

accomplished by variation in inductance or capacitance of the resonant circuit. The

values of Lp and Cp for 2.2 to 2.8 GHz band are 17.5 nH and 10 pF, respectively. Figure

5.6 shows variation of ∠S21 (ω) of APS with VX .
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(a)

(b)

Figure 5.5: (a) Implemented PS circuit (b) Equivalent small signal model [148]

5.4 Tuning Stage

Figure 5.7 (a) shows the tuning stage of the designed CTLNA. It consists of a CS

transistor biased with a positive gate voltage through a bias resistor. The CS transistor

is placed in the feedback path and the input to its gate terminal is a phase shifted

signal from the output of APS circuit. The output drain terminal is connected to one

end of primary winding Lu of transformer network in the input stage. Varying the

bias voltage (Vtune) of tuning transistor Q6 continuously leads to incessant variation in

its drain current Id6. This further leads to variation in current i1 flowing through Lu

and resultantly in α and β. Figure 5.7 (b) shows the variation of Id6 with Vtune. The
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Figure 5.6: ∠S21 (ω) vs frequency at different values of Vx

resultant change in ZinT (depends on β) varies the input impedance of CTLNA, leading

to continuous tunability.

5.5 Circuit Analysis

Figure 5.8 shows the complete architecture of designed CTLNA with source degenera-

tion and cascode topology. The cascode topology increases the circuit’s AC resistance

and aids in augmenting the gain. Inductive degeneration increases the real part of input

impedance. The primary consideration while designing a CTLNA is to determine the

band of operation. Ct, Lp and k values in transformer network are then selected to

focus the desired operating band that ranges from 2.2 GHz to 2.8 GHz. One end of

primary winding of the transformer in input stage is terminated with the output from

the tuning transistor, while the other end is connected to voltage supply. Input capacitor

C1 and Cgs1 resonate with Ld to achieve a continuously tunable impedance matching at

different center frequencies. Continuous tuning shall only take place when i1 and i2 are

in phase. The input of APS circuit is connected to the drain of Q1 via L3 − C3 network.

It provides a phase mismatch of 0◦ between the currents i1 and i2 through Lu and Ld.
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(a)

(b)

Figure 5.7: (a) Tuning stage of proposed CTLNA (b) Variation of Id6 with Vtune

The output of APS is fed to the gate of Q6 whose drain terminal further connects to Lu

to achieve tunable input matching.

A resistance Rb is also added for the purpose of providing DC bias to the input transistor

Q1. For simplicity, a fixed inductor L2 was adopted in the output loading section of

LNA to achieve a wideband gain. A large resistance R1 is added in parallel to L2 for

improving LNA stability at different frequencies and increasing DC voltage gain.
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Figure 5.8: Complete CTLNA architecture

5.5.1 Input Impedance

The input stage of the proposed CTLNA consists of capacitor C1 and the transformer

network. Secondary inductor Ld can be considered as a tunable inductor L′g that replaces

Lg in Figure 5.1 to achieve tunable input impedance. As Ld cannot be directly varied,

magnetic coupling can be utilized to vary the input impedance of LNA. Since ZinT (ω)

depends on α, the input impedance of the designed CTLNA Zin(ω) is derived as

Zin(ω) = j

(
ωLs + ωLd ± ωαM −

1

ωCgs1
− 1

ωC1

)
+
gm1Ls
Cgs1

(5.16)

and the frequency of operation is

fop =
1

2π
√

(Ls + Ld ± αM)Cx
(5.17)

Equation (5.17) shows that fop depends on constants Ld, Ls, M , Cgs1 and variable α.

The value of α can be varied by changing Vtune that controls Id6 and eventually i1. Note

that the real part of input impedance depends on Ls and can be changed by varying
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Figure 5.9: Simplified small signal model of CTLNA for gain analysis

Ls only. Its value has been selected to ensure that Zin is matched to the source. The

Q-factor of IMN (Qin) is one of the primary elements used to determine the bandwidth

of network. For the designed CTLNA, Qin can be expressed as

Qin =
XL

R
=

ωL

Re (Zin)
=
ω (Ls + Ld ± αM)(

gm1Ls/Cgs1

) (5.18)

where XLand R are imaginary and real part of input impedance, respectively. From

(5.17) and (5.18), Qin can be simplified as

Qin =
1

ω (gm1Ls + Cgs1)
(5.19)

It can be concluded from (5.19) that the bandwidth and fop of CTLNA increases as Qin

becomes smaller.

5.5.2 Gain

Gain of the designed CTLNA can be derived similar to a narrowband LNA shown

in Figure 5.1. However, in this case, the input gate inductor Lg is replaced with a
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transformer based variable inductor Ld and its impedance ZinT (ω) depends onM and α.

The output loading network is similar to a conventional load. The low noise voltage gain

for CTLNA can be derived from its small signal model of the input and amplification

stage shown in Figure 5.9. For cascode LNAs, since all transistors are the same,

gm1 = gm2 = 2kn (Vgs − VT ) (5.20)

where is kn conduction parameter, gm2 is the transconductance of the transistor Q2 and

VT is the threshold voltage of implemented Philips MOS transistor. The small signal

voltage gain Av of an LNA is defined as

Av =
Vout
Vin

(5.21)

The Vout and Vin for the designed CTLNA are,

Vout = idZout = gm1Vgs1 · Zout (5.22)

Vin = Vgs1(1 + Zin) (5.23)

Substituting (5.16) in (5.23), Vin expands to

Vin = Vgs1

(
1 + jω (Ls + Ld + αM) +

1

jωCx
+
gmLs
Cgs1

)
(5.24)

Also,

Zout =
gm2L2

Cgs2
(5.25)

From (5.22) and (5.25),

Vout =
gm1gm2L2

Cgs2
.Vgs1 (5.26)
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Finally, substituting (5.24) and (5.26) in (5.21), Av can be derived as

Av =
Vout
Vin

=
jωgm1gm2L2CxCgs1

(Cgs1 (1− ω2Cx (Ld + Ls + αM)) + jωCx (1 + gm1Ls)) . (Cgs2)

(5.27)

where Cgs2 is the gate-source capacitance of the transistor Q2. Equation (5.27) substan-

tiates that Av for the designed CTLNA depends on α and eventually on Vtune. Hence

the gain can also be tuned continuously in the desired band by sweeping Vtune from 0.5

V to 1.5 V.

5.5.3 Noise Figure

Figure 5.10 shows the noise equivalent model for the designed circuit. NF for the

proposed CTLNA can be quantified by deriving its noise factor F . The main noise

source in the circuit is thermal noise and all passives in the circuit are considered as

ideal. Considering that there are multiple noise sources in the circuit, it would be rather

impractical to evaluate F without detailed noise model for all noise sources. Therefore,

an expression for output noise current due to all noise sources is calculated. The short

circuit noise current due to source is

isc,Rs =
gm1Vn,s

jωCgs1Rs + Z ′in
· ωz (5.28)

and

Z ′in = 1− ω2Cgs1(Ls + Ld) + jωgm1Ls (5.29a)

ωz =
gm2

gmEq + jωCEq
(5.29b)

where gmEq = gm2 + gm3 + gm4, CEq = Cgs2 + Cgs3 + Cgs4, ωz is the zero introduced

due to noise effect from other transistors Q2, Q3 and Q4 in parallel and Vn,s is the
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Figure 5.10: Noise equivalent model of designed CTLNA

noise voltage at source. The short circuit noise current due to thermal drain noise of

transistors Q1, Q2 in the amplification stage is

isc,d1 =

(
in,d1 −

jωgm1Lsin,d1
jωCgs1Rs + Z ′in

)
· (−ωz) (5.30a)

isc,d2 = in,d2 (1− ωz) (5.30b)

where in,d1 and in,d2 are drain noise currents of Q1 and Q2. The transistors Q3, Q4 and

Q5 in the APS circuit also contribute to the overall NF of CTLNA. Therefore, short

circuit noise current due to drain noise of Q3, Q4 and Q5 is

isc,d3 = in,d3 · (−ωz) (5.31a)

isc,d4 = in,d4 · (−ωz) (5.31b)

isc,d5 = in,d5 ·
(
gm2

gm6

)
(5.31c)

The short-circuit noise current due to drain noise of tuning transistor Q6 is

isc,d6 =
jωgm1in,d6

jωCgs1Rs + Z ′in
· (−ωz) (5.32)
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and due to load is

isc,rl = in,rl (5.33)

where in,d3, in,d4 in,d5, in,d6 are the drain noise currents of transistors Q3, Q4, Q5 and

Q6 and in,rl is the noise current of load resistance RL. Using (5.28) to (5.33), F for the

proposed LNA can be derived as

F =

1 +
6∑

x=1

i2n,dx + i2sc,rl

i2sc,rs
(5.34)

5.6 Results and Discussion

The proposed CTLNA is designed and simulated in MIC process. Keysight ADS and

MATLAB are used as simulation tools for CTLNA analysis. The circuit is biased with

1.8 V supply and sinks 9 mA current. As can be seen in Figure 5.11 (a), S11 achieves a

peak minimum for all different values of Vtune from 0.5 V to 1.5 V in steps of 0.2 V. It

is below –10 dB at each center frequency for the entire tuning range and achieves as

low as –40.4 dB at 2.57 GHz at Vtune = 1.2 V.

The LNA’s IMN has been designed to match to 50 Ω at a particular centre frequency

in the tuning range. The calculated 3-dB bandwidth at 2.2 GHz, 2.3 GHz, 2.41 GHz,

2.52 GHz and 2.65 GHz are 120 MHz, 100 MHz, 100 MHz, 110 MHz and 130 MHz,

respectively. Figure 5.11 (b) shows the simulated gain for the designed CTLNA. The

LNA gain directly depends on value of load inductorL2. However, due to its dependency

on α it can be tuned to different frequencies from 2.2 to 2.8 GHz. In addition, the

CTLNA gain depends upon gm1 ,gm2, Cgs1, Cgs2, source degeneration inductor Ls, and

designed transformer parameters. The LNA achieves a maximum gain of 18 dB at 2.36

GHz in the stipulated tuning range. The minimum gain at 2.2 GHz center frequency is

approximately 8 dB. Transistors Q7 and Q8 in the buffer stage are capable enough to
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(a)

(b)

(c)

Figure 5.11: Simulated (a) Input return loss (S11) (b) Gain (S21) (c) Reverse isolation
(S12) and output return loss (S22)
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stabilize the LNA and achieve high output impedance.

The output return loss S22 is less than –8 dB in the tuning range and achieves a peak

minimum at center frequency of 2.35 GHz, which is the resonant frequency of output

matching network. The reverse isolation S12 also remains more than 30 dB across the

tuning range. Figure 5.11 (c) shows the variation of S12 and S22 with frequencies of the

selected band.

Figure 5.12 (a) and (b) show the simulated NF for the designed CTLNA with tuning

frequency and Vtune, respectively. It is clear from Figure 5.12 (b) that minimum NF at

each center frequency varies between 1.4 dB to 4.8 dB. NF is a bit higher for 2.2 GHz

and 2.3 GHz, which are initial frequencies in the tuning range. However, it is lower

than 2 dB at center frequencies ranging from 2.4 GHz to 2.8 GHz.

The LNA stability depends upon the source and the load matching networks, which

depends on the frequency of operation. Consequently, the designed CTLNA is supposed

to be stable at a particular center frequency while it is unstable at other frequencies.

Stability of LNA can be determined by calculating K and ∆ for different values of

Vtune. For the designed LNA, K > 1 and |∆| < 1 at all center frequencies within in the

tuning range. Subsequently, the LNA is stable in the entire tuning range. Figure 5.13

shows variation of K with Vtune at different center frequencies.

Linearity of the designed CTLNA is measured by determining 1-dB compression point

P1dB and third-order intercept point IP3. The P1dB and IIP3 calculations have been

performed using 1-tone and 2-tone inputs, respectively. A non-linear model of the

amplifier is analyzed with a frequency offset of 10 MHz between two tones. The source

and load impedances are set to 50 Ω. IP3 and P1dB values for the designed CTLNA,

range between –15 dBm to –31 dBm and –25 dBm to –42 dBm, respectively. Figure

5.14 shows the variation of P1dB with Vtune in steps of 0.1 V for the proposed CTLNA.
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(a)

(b)

Figure 5.12: Simulated NF vs. (a) Frequency (b) Vtune

5.7 Conclusion

The design and analysis of an input tuning LNA with transformer based variable

inductor matching is presented. The proposed CTLNA can be primarily used for SDR

applications, such as green radio networks. The presented design takes advantage of

continuous tuning due to magnetic coupling between primary and secondary windings

of the transformer. This occurs by changing the ratio of currents through primary and
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Figure 5.13: Variation of Stability factor K with Vtune

Figure 5.14: Variation of P1dB with Vtune

secondary windings of the transformer network. To achieve tunability, the currents

through transformer windings should be in phase. The circuit includes a phase shifter

circuit to shift the phase of the input signal to achieve tunability through transformer.

The methodology is used to further implement a tunable LNA in the frequency range

of 2.2 to 2.8 GHz. The proposed design effectively integrates the transformer based

matching network into an IDCS amplifier. The LNA achieves a wideband and tunable

gain in the stipulated bandwidth. The tunable S11 is less than –10 dB in all operational
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Table 5.2: CTLNA performance summary and comparison with previously published
works

Ref. Freq.
(GHz)

S21

(dB)
S11

(dB)
NF

(dB)
IP3

(dBm)
VDD
(V) Tech. PDC

(mW)
This
work 2.2 – 2.8 7 – 18 –40 – –11 1.4 – 4.8 –31 – –15 1.8 MIC 16.2

[149] 1 – 5 19 – 27 –18 – –5 2.4 – 3.8 – 1.2
65nm

CMOS 12.1

[62] 1.9 – 2.4 10 – 14 –25 – – 12 3.2 – 3.7 –6.7 1.2
0.13µm
CMOS 17

[72] 2.4 – 5.4 9.9 – 22 –14 – –30 2.4 – 4.9 –20 – –9 1
0.13µm
CMOS 4.6

[60] 0.8 – 2.5 17 – 20 –27 – –11 3.1 – 3.6 – 1.8
0.18 µm
CMOS –

bands and achieves a minimum of –40.4 dB at 2.57 GHz. The NF ranges between

1.4 to 4.8 dB. In addition, mathematical analysis of transformer model, phase shifter

and amplification stage are discussed. The proposed technique outlines an idea of

continuous tuning that can be implemented to scale the input inductor value for any

related application. Table 5.2 summarizes the simulated performance of the designed

CTLNA and comparison with previously published works.

120



Chapter 6

Design and Analysis of a Multimode

Tunable LNA

6.1 Introduction

A significant parameter of SDR receivers is the operating range. The ability to tune to

different frequency operation modes improves the agility of SDR transceivers. Improv-

ing the operating range of LNA can help to realise an efficient SDR receiver [23]. The

two popular ways of improving the operating frequency range of LNAs are (i) using

a wideband matching network and (ii) using a reconfigurable matching network. The

latter is preferred over the former to filter undesired bands [91].

Previous works to improve the bandwidth of matching network through filtering and

reconfigurable matching achieved substantial results. Nevertheless, they suffered from

several performance bottlenecks. The LNA proposed in [62] achieved an efficient

tunable response from 1.9 to 2.4 GHz by tuning the gate inductor through feedback

amplifier in the input stage. However, the LNA exhibited high gain imbalance in differ-

ent bands, and low SBRR. Likewise, the design in [56] utilised a multitap transformer

to replace the gate inductor to achieve a multimode reconfiguration. The aim was
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to increase the operational bandwidth. However, multimode operation degraded the

linearity in all bands. Variation of input impedance through transformer to achieve

continuous tuning has also been proposed in [74, 96].

Additionally, varactor diodes were explored to achieve continuous frequency tuning

in LNAs. In [150, 151] varactor diodes were implemented in the output stage of LNA

to achieve reconfiguration. However, the frequency tuning range in both circuits was

limited and FOM was low.

It would be interesting to see an LNA that could provide multiple operation modes 1

using varactor diode in the input matching stage by changing its bias conditions and bias

voltages. This technique would enhance SDR’s ability to select a particular frequency

mode depending upon the application. In this chapter, we present the design of a tunable

LNA that operates in multiple modes using a varactor diode in the input matching stage

of the LNA. Multiple operation modes can be achieved by changing the diode bias

voltage in both forward and reverse bias mode. Conventional double stub matching

is implemented to first design a single band LNA and then modify it for a tunable

response.

6.2 Circuit Design and Analysis

For a conventional stub matched LNA shown in Figure 6.1 (a), the frequency of

operation depends on the distance of stub from the load. Likewise, in case of two-stub-

matching, the frequency of operation fop depends upon the distance between two stubs.

For the LNA in Figure 6.1 (a), Zin is given as

Zin = Z0
(Rs + jXs) + jZ0 tan βd

Z0 + j(Rs + jXs) tan βd
(6.1)

1Multiple operation modes refer to the frequency modes such as concurrent dual band/multiband
mode, single band mode, frequency tunable mode, and/or wideband mode.
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(a)

(b)

Figure 6.1: (a) Conventional single stub LNA design (b) variation of S11 with fop at
different values of d

where d is the distance of stub from the load, Z0 is characteristic impedance and

Zs = Rs + jXs is the impedance at input of transistor. Variation in d would change Zin

and thus fop. Figure 6.1 (b) shows the variation of S11 with fop at different values of d.

There is no practical way to directly alter the microstrip line of length d as it connects

to the active device. Adding a parallel impedance can change the overall impedance

of the circuit. Nevertheless, this technique would not reconfigurably achieve multiple

tunable modes with different fop.

6.2.1 Multimode Input Matching Network

It is possible to achieve a tunable multimode matching topology by varying the input

impedance of the LNA circuit. The IMN consists of two stubs of lengths l1, l2 and
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widths w1 and w2. Figure 6.2 (a) shows the design of the input matching network. The

two stubs are separated by a distance d from each other. By modelling the transistor as a

two-port network, a two–stub matching is designed to match Zin with ZS of the two-port

network at a certain frequency f1. Thereafter, two short microstrip line segments a and

b are added in parallel to segment d. In reverse bias mode, segment a connects to the

cathode of the varactor diode while segment b is short circuited. To achieve proper

diode biasing, as shown in Figure 6.2 (b), the anode of the diode is connected to ground

while the cathode is connected to the supply Vd through a DC feed inductor Ld1.

At this stage, we consider that that the Vd = 0 V. The resultant overall input impedance

Zin,T of the circuit has a fixed value and is given as

Zin,T =
(
Zin + jZ0

(
tanβl1 tanβl2 tanβl3−tanβl2−tanβl1

tanβl1 tanβl2

))
−j
(
ωLs − 1

ωCgs
− 1

ωCx

)
+ gmLs

Cgs

(6.2)

where l3 is the length of short-circuited stub b, Ls is the source inductance and Cx is the

tunable capacitor to model the varactor diode. From (6.2), it is clear that Zin,T depends

on Cx, which changes when the reverse bias voltage of diode Vd−rb is varied. This

eventually results in variation of Zin,T as well as fop. When the diode is forward biased

(forward bias diode voltage Vd−fb > 0.7 V), the diode capacitance Cx changes and sets

to a fixed value. Thus, variation in Vd−fb beyond 0.7 V does not vary Zin,T .

Zin,T also depends on Ls. It increases the real part of input impedance and helps to

achieve better reverse isolation. The input impedance in (6.2) can be plotted against

frequency. Figure 6.3 (a) shows the theoretical plot of Im(Zin) with frequency and

Figure 6.3 (b) shows the theoretical plot of S11 of the designed IMN for multimode

LNA. The input impedance is tuned to a different frequency particularly in the upper

band when Cx is varied; thereby resulting in a multiband response.

Generally, the IMN of the circuit also serves for noise matching in LNA. The multiple
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(a)

(b)

Figure 6.2: (a) Input matching network of the proposed tunable LNA (b) Biasing circuit
for varactor diode in reverse bias mode

operation modes will lead to change in the input impedance. Circuit optimisation is

required to achieve noise matching in all modes. This is done by plotting the gain and

noise circles for the multimode LNA in Keysight ADS as shown in Figure 6.4. The aim

is to achieve a NF of less than 2 dB in the all operation modes, particularly at fop in

each mode. The gain and noise circles are plotted to determine Zs to match with Zin

for noise as well as impedance matching.

6.2.2 Design Methodology

Figure 6.5 shows the architecture of the proposed tunable multimode LNA. The design

operates with the varactor diode in both forward and reverse bias modes. Table 6.1
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(a)

(b)

Figure 6.3: Theoretical (a) Im(Zin) (b) S11 for the designed IMN

summarises the fop of the designed LNA in all modes. In forward bias case, when Vd−fb

> 0.7 V, the LNA achieves a wideband response. When no bias is applied, Cx is at its

maximum, and the circuit operates in a dual band mode. When the diode is reverse

biased, the LNA operates in dual band mode with a tunable upper band. The upper band

is made tunable by continuously varying Vd−rb, starting from 0.5 V. When Vd−rb > 10 V,

Cx is too low and LNA operates in single band mode.

The capacitors Cb1 and Cb2 in the input matching stage serve as DC blocking capacitors

and form a part of the diode biasing circuitry. The input capacitorC1 and ouput capacitor

C2 are high value capacitors that block the DC from the two SMA ports.
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Figure 6.4: Gain and noise circles for noise matching of multimode LNA

Table 6.1: Bias and Vd configuration for multimode LNA design

Bias Vd (V) Mode fop (GHz)

Forward bias
0 dual band 0.9, 1.7 – 2.5 GHz
>0.7 wide band 1.7 – 2.5

Reverse bias

1 dual band 0.9, 1.85 – 2.5
3 dual band 1 , 2.0 – 2.5
5 dual band 1 , 2.2 – 2.5
>10 single band 0.95 – 1.1

The output matching network is designed using conventional stub matching and provides

a 50 Ω impedance match at 2.4 GHz. The LNA implements a resistive - inductive load

to achieve passbands and stopbands at desired frequencies. The resistor R3 serves

for biasing as well as output load resistance. Similarly, L3 serves as a DC feed and

output load. The aim is to achieve a good SBRR in dual band modes and a high IRR.

The circuit uses CE3512K2 as the active device because of its high stability at higher

frequencies. Additionally, Skyworks SMV1405-040LF is used as a varactor to achieve a

wide capacitive range with smaller capacitance values at microwave frequencies. Table

6.2 shows the implemented component values.
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Figure 6.5: Multimode tunable LNA design

Table 6.2: SMT component values implemented in multimode LNA design

Component Implemented
Value Manufacturer

C1 10 pF Murata
C2 22 pF Murata

Cb1 , Cb2 10 nF Murata
C3, C4 1 nF Murata
L1 8.2 nH Coilcraft
L2 15 nH Coilcraft
Ld1 39 nH Coilcraft

R1, R3 300 Ω Vishay
R2 1130 Ω Vishay

6.2.3 Gain Analysis

Figure 6.6 (a) shows the small signal equivalent of the multimode LNA circuit. Mi-

crostrip lines have been replaced with their lumped counterparts for the sake of con-

venience. Z ′in represents the equivalent impedance of the lumped section replaced from

original distributed elements. Lms is the inductance of microstrip line d with θ = 0◦.

The small signal transconductance parameter of M1 is gm1Vgs1. The load impedance of

LNA is given as

Zl = R3 + jωL2 (6.3)

128



CHAPTER 6. DESIGN AND ANALYSIS OF A MULTIMODE TUNABLE LNA

(a)

(b)

Figure 6.6: (a) Small signal equivalent (b) Noise equivalent model of multimode LNA

The output voltage is given as

Vo = −(gmVgs1)Zl (6.4)

Applying KVL in the input side, the input voltage Vin is

Vin = Iin

(
1

jωC1

+ jωLms

)
+ Iin

(
Z ′in ‖jωL1‖

1

jω(Cgs + CX)
+ jωLs

)
+ gmVgs1 (jωLs) (6.5)

From (3.3), we have Vgs1 = Iin
jωCgs

Vin = Vgs1 (jωCgs1)·
[

1

jωC1

+ jωLms + Z ′in ‖jωL1‖
1

jω(Cgs1 + CX)
+ jωLs +

gmLs
Cgs

]
(6.6)
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Vin = Vgs1 (jωCgs1) (1 + Z ′′in) (6.7)

where Z ′′in = 1
jωC1

+ jωLms +
(
Z ′in ‖jωL1‖ 1

jω(Cgs1+CX)
+ jωLs

)
+ gmLs

Cgs
.

From (6.4) and (6.7) the voltage gain Av is given as

Av =
Vo
Vin

=
−gmZl

jωCgs1 (1 + Z ′′in)
(6.8)

6.2.4 Noise Analysis

Figure 6.6 (b) shows the noise equivalent model of the designed multimode LNA. Since,

the transistor M1 contributes to maximum noise in the circuit, the primary sources

of noise in the circuit would be due to source i2n,s1, induced gate i2n,g1, drain i2n,d1 and

load i2n,rl1. Using the portion of short circuit noise current due to source, induced gate,

thermal drain and load of LNA, the noise factor F can be derived as

F1 = 1 +
i2n,g1

(
gm1(Rs+Z′′

in)
sCgs1(Rs+Z′′

in)

)2
+ i2n,d1

(
1− gm1Ls

Cgs1(Rs+Z′′
in)

)2
+ i2n,rl1(

gm1Vn,s

sCgs1(Rs+Z′′
in)

)2 (6.9)

The derivation of this equation follows the derivation proposed in section 4.2.4.

6.3 Circuit Implementation

The tunable LNA in Figure 6.5 is implemented on an FR-4 board (εr = 4.5, h = 1.5 mm)

using microstrip lines. The biasing is achieved using a potential divider bias and the

measured power consumption of the LNA is 20 mW. The biasing was achieved at a

gate-source voltage (VGS) of - 0.5 V, VDS = 2 V and Id = 10 mA.

The 4-pin active device CE3512K2 requires good source pins connection to reduce

overall power loss in transistor. Therefore, a wider custom microstrip pad is designed
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(a) (b)

(c)

Figure 6.7: (a) CE3512K2 source pad modelling (b) Variation of Zp with fop (c)
Variation of Lp with fop

with pad and vias on both layers. This provides a robust source connection for the

transistor. The impedance of microstrip pad Zp depends on frequency and also affects

the input impedance ZinT . Figure 6.7 (a) shows the design of transistor pad and Figure

6.7 (b) shows the variation of Zp with fop. The resultant inductance of the pad Lp is

approximately 0.3 nH and it varies from 0.28 nH to 0.32 nH from 500 MHz to 3 GHz,

respectively as shown in Figure 6.7 (c). This eliminates the need of adding a separate

source inductance as Lp ≈ Ls.

A robust vertical ground connection has been created in the MPCB through via stitching.

It not only allows easy ground path to SMT passive components and microstrip lines, but

also helps in maintaining a low circuit impedance and short-return path loops. Figure

6.8 shows the fabricated multimode LNA for SDR applications.
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Figure 6.8: Fabricated multimode tunable LNA

6.4 Results

The LNA is fabricated in MIC process. The total PCB size is 65 mm × 35 mm. The

simulation and EM analysis is carried out in Keysight ADS. MATLAB is used to

carry out the mathematical analysis of multimode LNA. The LNA outperforms existing

designs reported in [86, 150, 152, 153].

Figure 6.9 (a) and (b) show measured and simulated S11 and S21 of the LNA in no-bias

and forward bias mode, respectively. When no bias is applied, the LNA operates in dual

band mode and achieves a measured gain of 9.5 dB at 900 MHz and 8 – 15 dB at 1.7 –

2.5 GHz. The measured S11 is –10 dB at 900 MHz and <–9 dB from 1.7 – 2.5 GHz.

When the diode is forward biased, the LNA operates in wideband mode and achieves a

measured wideband gain of 7.5 – 14 dB from 1.7 – 2.5 GHz. The measured S11 is less

than –8.5 dB in the bandwidth.

Figure 6.10 (a)–(d) show measured and simulated S11 and S21 of the LNA in reverse

bias mode. At Vd−rb = 1 V, the LNA achieves a gain of 8.5 dB at 1 GHz and 8.5 – 14.7

dB at 1.8 – 2.5 GHz, while the S11 is –10 dB in lower band and –8 dB in upper band.

When Vd−rb = 3 V, the measured S21 is 9.1 dB at 1 GHz and 10 – 14.7 dB at 2 – 2.5

GHz. The measured S11 is –11.3 dB at 1 GHz and less than –10 dB at 2 – 2.5 GHz. At
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(a)

(b)

Figure 6.9: Simulated and measured S-parameters in (a) zero bias (b) forward bias
mode

Vd−rb = 5 V, the LNA still operates in dual band mode while bandwidth of the second

band narrows down to 300 MHz. The circuit achieves a gain of 9.2 dB at 1 GHz and

measured peak gain of 14.7 dB from 2.2 – 2.5 GHz. When Vd−rb = 15 V, the LNA

operates in single band with a measured S21 of 9 dB and S11 is –11.2 dB at 1 GHz.

Figure 6.11 shows the simulated and measured S22 of the designed multimode LNA.

The S22 is fixed and does not vary much with change in Vd−rb. Its measured value is

–14 dB at 2.4 GHz.

The NF of the LNA is measured using the Keysight’s PNA-X network analyser. The

circuit embeds minimum lumped components in the RF path and therefore achieves
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(a)

(b)

(c)

Figure 6.10: Simulated and measured S-parameters in reverse bias at (a) Vd−rb = 1 V
(b) Vd−rb = 3 V (c) Vd−rb = 5 V
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(d)

Figure 6.10: Simulated and measured S-parameters in reverse bias mode at (d) Vd−rb >
10 V

Figure 6.11: Simulated and measured S22 for multimode LNA

a low NF. The measured NF is similar in all modes of operation. Figure 6.12 shows

the measured NF in zero bias case. It is 1.5 dB and 2 dB at 900 MHz and 2.4 GHz,

respectively. The linearity of designed circuit is evaluated by measuring P1dB. The

amplifier achieves a good linearity and measured P1dB is the similar in all modes

of operation. The P1dB is measured at discrete input power points using Rhode and

Schwarz (R&S) FSV K30 spectrum analyser. Figure 6.13 (a), (b) show input vs output

power curves for measurement of P1dB at 900 MHz, 1.05 GHz and 2.4 GHz.

135



CHAPTER 6. DESIGN AND ANALYSIS OF A MULTIMODE TUNABLE LNA

Figure 6.12: Measured NF for the designed LNA at in zero bias case

(a)

(b)

Figure 6.13: Measured P1dB for designed LNA at (a) Vd = 0V (b) Vd = 5V

Measured P1dB at 900 MHz with no bias is –4 dBm. Further, at 1 GHz with 5 V and

10 V reverse bias, P1dB is –3 dBm. Finally, at 2.4 GHz with 0 V, 5 V and 10 V reverse
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Figure 6.14: Stability criterion for designed LNA

bias, the measured P1dB is –6 dBm.

The stability of the circuit is calculated using a single variable criterion µ at all values of

Vd in reverse bias mode and in forward bias mode [154]. From calculations, µ >1 in all

modes. As a result, the designed tunable LNA is unconditionally stable at all operating

frequencies and in all modes of operation as shown in Figure 6.14.

6.5 Conclusion

A novel multimode LNA with continuously tunable IMN has been proposed in this

chapter. The tunability and frequency reconfiguration in multiple modes is achieved

by using a varactor diode in the input matching stage of the LNA. The circuit employs

a modified open stub matching to achieve multiband tuning. The varactor diode is

connected with an additional bias circuitry in parallel to the horizontal microstrip line.

Multiple operational modes are achieved by varying the bias voltage of the varactor

diode. The LNA achieves a good impedance matching, high gain, good linearity and

unconditional stability in all modes of operation. To the authors’ best knowledge, this is

the first multimode LNA capable of achieving single band, concurrent dual band, wide

band and continuously tunable upper band modes on MIC level. The proposed tunable

LNA circuit provides a promising solution to the reconfigurable front-ends of SDRs.
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Table 6.3: LNA performance summary and comparison with previous designs

- fop S21 S11 NF P1dB Mode
- (GHz) (dB) (dB) (dB) (dBm) -

This
work

0.9, 1.7–2.5 9.5, 8–15 –10, <–9 1.5, 2 –4, –6 dual band
1.7–2.5 7.5–14 <–8 2 –6 wide band

1, 1.8–2.5 8.5, 8.5–14.7 –10, <–8 1.2, 2.2 –3, –6 dual band
1, 2–2.5 9.1, 10–14.7 –10, <–8.5 1.2, 2.2 –3, –6 dual band

1, 2.2 – 2.5 9.2, 10 – 14 –11.3, <-10 1.6, 2 –3, –6 dual band
1 9.05 –11.2 1.5 –3 single band

[142]
0.9 10 <–18 2.3 - fixed band

1.5 – 2.4 8 <–18.7 3 – 4 -
tunable

upper band

[74]
2.0 – 2.5 1.6 – 8 <–12 2.4 – 3.4 -

tunable
lower band

5 5.4 <–11 2.5 - fixed band

[151] 1.8 – 2.4 20.6 – 22.1 <– 8 3.2 – 3.5
– 24.8,

– 20.6 *
cont. tun.

[86] 0.7 – 1.5 5 – 10 –7 – –15 2.3 – 3.5 >–14.8* cont. tun.
[153] 2 – 3 12 – 15 <–12 2.2 – 2.9 >–10.1* cont. tun.

* Approximate P1dB value, calculated from IP3

Table 6.3 compares the performance of this work to that of related works.
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Chapter 7

Design and Analysis of a

Reconfigurable Wideband LNA

7.1 Introduction

SDRs require wide operational bandwidth for several applications. Wideband LNAs are

used in conjunction with digital radio receivers that possess a high dynamic range. The

frequency and bandwidth selection in this case requires digital reconfiguration through

complex algorithms and channelisation. In such a scenario, the wideband receiver

frond-end components are required to achieve a very high performance and interference

rejection capabilities. This places stringent linearity and gain requirements on the LNA

and mixer stages [155].

The two plausible ways of achieving a high reconfiguration are - using (i) switchable

LNAs, and (ii) tunable LNAs. High reconfiguration in switchable LNAs is achieved

in [56, 156]. Nevertheless, both the circuits implemented RF transformers in the IMN/

OMN stage that occupied a large circuit area. Additionally, use of multiple CMOS

switches for reconfiguration leads to increased NF and reduced linearity. [57].

Tunable LNAs, on the other hand, can provide continuous narrowband tuning at multiple
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frequencies. However, most input tunable LNAs implement tunable devices or networks

that easily degrade the noise performance of the LNA and subsequently the receiver.

Most works on wideband LNAs for SDRs implement conventional wideband LNA

design approaches which are discussed in Chapter 2. However, recent works on wide-

band SDR–LNAs focus on achieving reconfiguration in power mode [34] , concurrent

wide dual band operation [110] and reconfigurable wideband operation [157].

Apparently, no work has been presented that implements bandwidth tunability. It

would be interesting see a fully integrated LNA that can achieve a broadband response

with large 3-dB bandwidth and allows a continuous frequency and bandwidth tuning

capability in more than one band.

In this chapter, we propose a dual band and bandwidth tunable LNA for SDR receivers.

The LNA can be reconfigured between a high band and a low band using a switchable

IMN. The proposed LNA is capable of switching from a narrowband operation to

wideband operation in each band by varying the output impedance of the LNA. In other

words, continuously tunable bandwidth in both high and low band, is achieved through

a tunable OMN and load network.

7.2 Proposed Reconfigurable LNA

Figure 7.1 shows the schematic of the proposed reconfigurable LNA. The designed

LNA employs an Si-Ge HBT as the active device. A series resistive-capacitive (R− C)

feedback is added to achieve a wideband response in the lower band. The designed

circuit is divided into three sections - (i) broadband amplifier, (ii) band reconfiguration

by RF PIN diode and, (iii) frequency tuning by a tunable varactor. The design details of

these sections are explained as follows.
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Figure 7.1: Schematic of proposed reconfigurable LNA

7.2.1 Broadband Resistive Feedback Amplifier

The amplification stage in the LNA provides a flat gain response across a wide band-

width. The amplifier implements a microstrip line based IMN. The two microstrip

lines of lengths d1 and d2 match the input impedance of the amplifier to the impedance

at the input of transistor. The amplifier biasing is achieved through self biasing and

potential divider biasing from a combination of resistors R1, R2 and R3. The amplifier

is in common emitter (CE) configuration with resistive degeneration. The resistor R3

helps in increasing the real part of input impedance. The output side of the amplifier is

connected to an inductive wideband load through inductances L1 and L2.

The resistorRf is the feedback resistor which helps in providing a wide 3-dB bandwidth

(see Section 3.2.2). The feedback capacitance Cf performs two functions (i) adds a

reactive element to the feedback of amplifier (ii) blocks the DC from the collector side
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Figure 7.2: Simulated S21, S11 and NF of the broadband amplification stage

of HBT.

Figure 7.2 shows the simulated S21, S11 and NF of wideband amplification stage. In

this case, the broadband amplifier stage is designed to cover a bandwidth from 0.2 –

2 GHz. The amplifier achieves a simulated wideband voltage gain of more than 20

dB across the bandwidth and S11 is also less than –10 dB. In the amplification stage,

the value of inductor L1 is kept low to achieve a wide operating range. Reducing the

value of L1 reduces the operating S11 bandwidth, thus narrowing the operating range

of amplifier. The resistive feedback part in the broadband amplifier design facilitate

impedance as well as noise matching thereby providing a simulated NF of less than 1.5

dB across the bandwidth.

7.2.2 Band Reconfiguration by PIN Diode

The reconfiguration in the existing resistive feedback broadband LNA is realised by a

PIN diode. The aim is to perform reconfiguration between two separate wide bands. To

achieve this, an open microstrip line stub of length l1 and width w1 is added to the input

side of the amplifier. This open stub at θ = 90◦ is equivalent to a series L− C network

to ground (see Figure 3.11), the reactance of which is π/4 times the line reactance. A
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(a) (b)

Figure 7.3: PIN diode equivalent circuit in (a) OFF mode (b) ON mode

short circuited line of length l2 is connected to line l1 through the PIN diode D1.

The diode D1 is connected in forward bias configuration with its cathode connected to

the ground. A high value inductor Ld1 acts as DC feed to forward bias D1. Figure 7.3

(a) and (b) show the equivalent circuits of D1 in OFF and ON modes, respectively.

When D1 is OFF, the parallel stub l1 acts as an open stub. The line l1 remains virtually

disconnected from l2 and the circuit operates in lower band that spans from 0.2 GHz to

1 GHz. In OFF mode, The package inductance Lp is connected in series with a parallel

connection of the diode resistance Rp and junction capacitance Cp. The value of Rp is

high (∼ 5kΩ) in this mode and the diode blocks the RF signal.

On the other hand, when D1 is ON, the stub l1 is connected to stub l2 and act as a

short stub. The equivalent circuit is a parallel L − C tank circuit shunted to ground,

the impedance of which is 4/π times the total line impedance. In this case, the LNA

operates in upper band that spans from 2.2 GHz to 3 GHz. In the ON mode, Rp is low,

Cp is absent and the diode allows the flow of RF signal.

7.2.3 Frequency Tuning

After the band selection is achieved by the switching network, the next objective is to

achieve reconfiguration in LNA bandwidth. One way to achieve this is by replacing

load inductor L1 with a transformer based variable inductor as shown in Chapter 5.

However, this would result is increased circuit complexity, high NF, reduced linearity

and large circuit area requirement.
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Figure 7.4: Equivalent circuit of varactor diode

Alternatively, a tunable varactor diode D2 is added in parallel to L1 to change the

response of input and output matching network. The equivalent circuit for D2 is shown

in Figure 7.4. The varactor diode is placed in reverse bias configuration and positive

bias to the cathode is provided through a DC feed inductor Ld2. The equivalent junction

capacitance Cj of the diode D2 changes when the reverse bias voltage Vvar is varied.

The relationship between Cj and Vvar is given as

Cj(Vvar) =
C0(

1−
(
Vvar/V0

))p (7.1)

where, C0 is the junction capacitance of D2 with no bias, v0, is the barrier potential for

the implemented pin diode and p is the gradient coefficient. For the implemented diode,

V0 = 0.79 V and p = 0.5.

This circuit then behaves like an L − C resonance tank that helps in achieving band

selective tuning. When D1 is OFF and Vvar is varied, the circuit operates in the lower

band and results in continuous change in operating bandwidth from 0.2 – 0.5 GHz to

0.2 – 1.4 GHz.

On the other hand, when D1 is ON and Vvar is varied, the circuit operates in the higher

band and results in continuous change in operating bandwidth and centre frequencies

from 2.2 to 3.2 GHz.
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Figure 7.5: Input side of conventional RFLNA

7.3 Circuit Analysis

The designed reconfigurable LNA implements a discretely tunable IMN and a continu-

ously tunable OMN. Diode D1 provides reconfiguration between two widebands, while

the diode D2 provides continuous bandwidth tuning in each band. To maximise the

bandwidth, a high value output capacitor C2 is added to the circuit that also acts as a

DC block.

7.3.1 Input Matching Network

Figure 7.5 shows the input side of a conventional IDCS RFLNA. Its input impedance is

given as

Zin =
Rf

1 + gmro

∥∥∥∥(jω (Lg + Ls) +
1

jωCgs
+
gmLs
Cgs

)
(7.2)

where gm and Cgs are the transconductance and gate source capacitance of transistor

M , respectively and ro is the output resistance. When (7.2) is compared with the Zin of

a conventional narrowband LNA (see equation (5.4)), it is concluded that at resonant

frequency 1

Zin =

(
Rf

1 + gmro

)∥∥∥∥(gmLsCgs

)
(7.3)

This value is lower than the value of Re(Zin) for narrowband LNA. Additionally,

plotting Zin for RFLNA with frequency shows that it achieves a wider bandwidth.

Figure 7.6 shows the small signal equivalent of the proposed reconfigurable LNA.

1Since at resonance frequency, Im(Zin) = 0
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Figure 7.6: Small signal equivalent of proposed reconfigurable LNA

Applying KVL, the input impedance Zin,T , is given as

ZinT = Zτ +

(
1

jωCbe
+ jωLeq +R3 +

gmRs

jωCbe

)
‖ZFB (7.4a)

when PIN diode is OFF and

ZinT = Zd + Zτ‖
(

1

jωCbe
+ jωLeq +R3 +

gmRs

jωCbe

)
‖ZFB (7.4b)

when PIN diode is ON, and

Zd = Z0

(
Zs + jZ0 tan βd

Z0 + jZs tan βd

)
(7.5)

where, Zτ = Zd−jZ0 cot βl1 when PIN diode is OFF, andZτ = Zd+jZ0 tan β(l1 + l2)

when PIN diode is ON. Leq is the equivalent inductance of microstrip line d2, Zs is the

impedance at input of transistor M , Z0 is the characteristic impedance and

ZFB =
Rf + ZL
1 + gmZL

(7.6)
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where ZL is the load impedance of the tunable L1 − Cj tank circuit. A high value Cf

is not included in the analysis as it does not affect Zin,T of the LNA. However, a low

value Cf affects the bandwidth and operating frequency in the desired band.

7.3.2 Gain Analysis

Consider that D1 is ON. Applying KVL in the circuit in Figure 7.6, the input voltage

Vin is

Vin = IinZτ + Iin

(
(jωLeq +

Iin
jωCbe

+ IinR3 + gmVbeR3) ‖RFB

)
+ Vbe (7.7)

where Vbe is the base-emitter voltage. Thus, from (7.2), input current Iin is

Iin =
Vin

Zin + 1/jωCbe
(7.8)

current in Rf is given as

IRf
=
Vin − Vout

Rf

= Vin
(1 + Av)

Rf

(7.9)

Also,

IRf
= Iin −

(
Zin

Rf + Zin

)
Iin = Iin

(
1− Zin

Rf + Zin

)
(7.10)

Since |Rf | � |Zin| for the operating bandwidth

IRf
= Iin

(
1− Zin

Rf

)
(7.11)

From (7.9) and (7.11)

Vin

(
1 + Av
Rf

)
= Iin

(
1− Zin

Rf

)
(7.12)
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Substituting Vin from (7.8) in (7.12) and solving, we get

Av =
Rf − Zin − (1/jωCbe)− 1

Zin + (1/jωCbe)
(7.13)

7.3.3 Noise Analysis

Figure 7.7 shows the noise equivalent model for the designed RFLNA. The noise factor

F of the designed reconfigurable LNA is given as the sum of noise contributions by

each stage. Let Rt be the loss resistance due to equivalent inductance of Zτ and Rleq be

the loss resistance due to Leq. Then noise factor in this case is given as

F =

∣∣i2o,T ∣∣
|i2so|

(7.14)

where
∣∣i2o,T ∣∣ and |i2so| are the total and source mean squared noise currents, respectively.

The total noise factor is calculated as the ratio of the total output noise to the output

noise due to source resistance Rs as follows

F = 1 +
Rf +Rb +R3

Rs

+
1

RsRLg2m
+

4γRs

αMgm

 −1

1 + Rs(1+gmRL)
Rf+RL

2

(7.15)

where γ is the coefficient of channel noise and αM = gm/gc. Here gc is the the

HBT’s collector conductance. The ratio of γ/αM is generally assumed to be 1.33. The

derivation of (7.15) is given in Appendix 2.

7.4 Circuit Design

The reconfigurable LNA circuit is designed as MIC on an FR-4 board (εr = 4.5, h =

1.5 mm. The circuit uses BFP740F HBT as the active device in amplification stage,

SMP1345-079LF PIN diode as RF switch in switching stage and SMV1405-040LF
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Figure 7.7: Noise equivalent model for design LNA

Figure 7.8: Fabricated reconfigurable wideband LNA

varactor diode in the tuning stage. Table 7.1 summarises the operating frequency

range in both low band and high band mode. The circuit implements high - Q 0603

passive components form Murata and KEMET. The circuit only implements DC feed

inductors to ensure low NF. The fabricated circuit is shown in Figure 7.8. A low value

inductor L1 is replaced with microstrip line of length and width 2 mm × 0.51 mm.

Additionally, passive components are closely placed to minimise parasitic impedance

due to microstrip lines. The total PCB size is 30 mm × 25 mm. An additional emitter

inductance of 0.21 nH is introduced due to connecting microstrip lines. Table 7.2 shows

the implemented component values in the designed circuit.
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Table 7.1: Operating range for the designed reconfigurable LNA

Mode Vd−rb (V) Frequency Range Bandwidth

Low band
0.5 0.2 – 0.5 GHz 300 MHz
5 0.2 – 0.7 GHz 500 MHz
30 0.3 – 1.5 GHz 1.2 GHz

High Band
0.5 2.2 – 2.6 GHz 400 MHz
10 2.6 – 2.95 GHz 350 MHz
30 2.7 – 3.15 GHz 450 MHz

Table 7.2: Implement component values for reconfigurable LNA

Component Value Component Value
C1 10 pF L1 1.5 nH ?

C2 100 pF L2 338 nH
C3 1 nF Ld1 100 nH
C4 1 nF Ld2 100 nH
C5 1 nF R1 100 Ω
Cf 61 pF R2 16 kΩ
Cb1 100 pF R3 62 Ω
Cb2 100 pF Rf 560 Ω
? Implemented as microstrip line on fabricated MIC

7.5 Results and Discussion

The circuit is designed to work with a 4 V supply an sinks 10 mA current. The measured

Vce for the LNA is 2.2 V. The net power consumption of the LNA is 40 mW. The circuit

and EM simulation analysis is carried out in Keysight ADS IDE and Momentum,

respectively. Reconfigurable LNA’s S- parameters are measured with Anritsu S820E

VNA. The LNA outperforms other reconfigurable LNAs reported in [60, 72, 102, 158].

Figure 7.9 (a) – (c) show the simulated and measured S11 and S21 when the D1 is OFF.

As shown in Figure 7.9 (a), the circuit achieves a simulated wideband gain of 14 dB –

17 dB and measured wideband gain of 9 dB – 14.5 dB from 0.2 GHz to 1 GHz. In this

case, the reverse bias voltage Vd−rb of D2 is 0.5 V. The measured S11 is less than –10

dB from 0.2 GHz to 0.5 GHz. Therefore, the operating bandwidth is 300 MHz.

When Vd−rb = 5 V, the simulated and measured S11 is less than –10 dB from 0.2 GHz to
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0.7 GHz as shown in Figure 7.9 (b). The simulated and measured gain in this case is 10

– 15 dB and 9 – 14.5 dB, respectively. The operating bandwidth is 500 MHz.

When Vd−rb = 30 V, the LNA operates in wideband mode as shown in figure 7.9 (c).

The simulated S11 in this case is less than –10 dB from 0.3 GHz to 1.8 GHz, while

measured S11 is less than –10 dB from 0.3 GHz to 1.5 GHz. The operating bandwidth

in this case 1.2 GHz. The simulated and measured S21 in the operating range is 9 - 15

dB and 8 - 14 dB, respectively.

Figure 7.10 (a) – (c) show the simulated and measured S-parameters when the D1 is ON.

When D1 is ON and Vd−rb = 0.5 V, The LNA achieves a a simulated and measured S11

of –13.5 dB and –10 dB, respectively at 2.4 GHz. The measured operating bandwidth is

400 MHz from 2.2 GHz to 2.6 GHz as shown in Figure 7.10 (a). The LNA achieves a

simulated and measured gain of 10 dB and ∼ 8 dB, respectively in the operating range.

At Vd−rb = 10 V, the measured S11 is less than –10 dB from 2.6 to 2.95 GHz. The

operating bandwidth in this case is 350 MHz. The measured gain in the operating range

is 5 – 7 dB as shown in Figure 7.10 (b). The measured results have slight deviation

in frequency from the simulated results due to resultant parasitic impedance from

microstrip lines and additional package inductance offered by diodes D1 and D2.

At Vd−rb = 30 V, the simulated and measured S11 are –15 dB and –12.5 dB at 2.8 GHz.

The operating frequency range is 450 MHz from 2.7 GHz to 3.15 GHz. The simulated

and measured S21 in the operating range are 1 – 9 dB and 2 – 7 dB, respectively as

shown in Figure 7.10 (c).

Figure 7.11 (a) and (b) show simulated and measured S22 of the designed LNA in D1

ON and D2 OFF mode, respectively. The LNA achieves a measured S22 ≤ –11 dB

from 0.2 GHz to 1.8 GHz in D1 OFF mode and less than –6 dB from 2.4 GHz to 3.2

GHz in D1 ON mode.

Figure 7.12 (a) – (b) show the NF of the LNA inD1 OFF andD1 ON mode, respectively.

The LNA achieves a low NF in both cases. In the former case, the LNA achieves a very
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(a)

(b)

(c)

Figure 7.9: Simulated and measured S21 and S11 When D1 is OFF and D2 at (a) Vd−rb
= 0.5 V (b) Vd−rb = 5 V (c) Vd−rb = 30 V

low and flat NF ∼ 1.2 dB from 0.1 to 1 GHz. Likewise, the LNA achieves a low NF of

1.8 dB – 2 dB from 1.8 GHz – 3.1 GHz in the latter case. It is important to note that in

both cases, NF is recorded at Vd−rb = 25 V.

The LNA linearity is characterised with P1dB measurement. P1dB is measured using

R&S FSV K30 spectrum analyzer and 1-tone input is given from R&S FSV Signal
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(a)

(b)

(c)

Figure 7.10: Simulated and measured S21 and S11 When D1 is ON and D2 at (a) Vd−rb
= 0.5 V (b) Vd−rb = 10 V (c) Vd−rb = 30 V

generator. Gain compression points are identified and manually recorded for the

frequency range from 0.2 GHz to 1.1 GHz and 2.2 GHz to 3 GHz; in steps of 100 MHz.

Figure 7.13 (a) shows variation of P1dB with frequency in D1 OFF state. Measured

P1dB varies from –7 dBm to –1 dBm in the operating range at Vd−rb = 25 V. Figure 7.13

(b) shows P1dB variation with frequency in D1 ON state. The measured P1dB varies
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(a) (b)

Figure 7.11: S22 of designed reconfigurable LNA (a) When D1 is OFF (b) When D1 is
ON

(a) (b)

Figure 7.12: NF of designed reconfigurable LNA (a) When D1 is OFF (b) When D1 is
ON

(a) (b)

Figure 7.13: P1dB vs frequency for designed reconfigurable LNA (a) When D1 is OFF
(b) When D1 is ON

from 0 dBm to 5 dBm in the operating range at Vd−rb = 25 V.
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7.6 Conclusion

A compact reconfigurable wideband LNA is reported in this chapter. The reconfigurable

LNA is capable of achieving continuous bandwidth tuning in two separate bands where

the lower band ranges from 0.2 GHz – 1.5 GHz and higher band ranges from 2.2 GHz –

3.2 GHz. The reconfiguration between low and high bands is achieved using PIN diode

as an RF switch in the IMN of the LNA. Continuous tuning in each band is achieved

using a varactor diode in the OMN. Wideband operation in each case is realised using

resistive feedback topology. The designed reconfigurable LNA is fabricated as MIC

and achieves high and flat gain in both bands. The circuit also achieves a very low NF

along with linear and stable operation. The results indicate that the proposed design is

suitable for low-cost and high performance reconfigurable LNAs for SDRs. Table 7.3

summarises the reconfigurable LNA results and compares it with other tunable LNAs.

Table 7.3: Designed reconfigurable LNA performance summary and comparison with
related works

Ref
Freq
range
(GHz)

S11

(dB)
S21

(dB)
NF

(dB)
IP3

(dBm)
PDC

(mW) Tech

This work
(Band 1)

0.2 – 0.5 <-10 9 – 14.5 1.2 – 2 2

40 MIC
0.3 – 1.5 <-10 8 – 15 1.2 – 2 2 - 8

This work
(Band 2)

2.2 – 2.6 <- 10 7 – 8 2 9 – 11
2.7 – 3.2 <- 10 2 – 7 2 11 – 14

[72] 2.4 – 5.4 <- 10 22 – 24 2.2 – 3.1 -16 – -21 4.6
0.13 µm
CMOS

[102] 2.9 – 3.5 <-5 6 – 12 3 – 5 - 18
0.18 µm
CMOS

[158] 4.6 – 5.8 <-7 26 – 30 1.6 – 1.9 -6.5 – - 10.3 16
65nm

CMOS

[60] 1 – 2.5 <-12 17 – 20 3.1 – 3.6 - 20
0.18 µm
CMOS

[149] 1 – 5 <-5 19 – 27 1.8 – 3.4 - 12
65 nm
CMOS
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Chapter 8

Conclusion and Recommendation for

Future Work

8.1 Conclusion

The thesis reports the design methodology and a detailed analysis of concurrent mult-

iband and reconfigurable LNAs for SDRs. After a detailed analysis of multiband LNAs,

the design issues specific to SDR LNAs are investigated to find solutions that can help

in increasing SDR flexibility, achieving a high gain, high IRR and wide operating range

in LNA designs.

Based on the identified problems, high performance LNAs are designed that are capable

of overcoming the design issues to achieve exquisite results in all performance criteria

for SDR LNAs.

Firstly, we propose the detailed design and analysis of the dual band and triband

matching networks for concurrent multiband LNAs. The analysis explains the step-wise

mathematical approach for the design. Thereafter, the mathematically derived values

for passive components are implemented to design accurate dual band and triband

matching networks. Theoretically derived results for Zin and S11 are compared with
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simulation and measurement results. The designed IMNs are converted into their

microstrip equivalent circuits and fabricated results are compared with the simulation

results.

Secondly, we propose the design and detailed analysis of a concurrent DBLNA with

high IRR for SDR applications. The IMN is implemented using the proposed IFTT

method and a modified dual band load is implemented to eliminate the sharp-roll off at

the nth band in the transmission curve. The two stage LNA design results in high gain

in two operational bands with less GI, high IRR, high SBRR, low NF and high linearity.

Thirdly, a CTLNA with a transformer based IMN is proposed for SDR applications. The

transformer’s secondary winding acts as a tunable inductor whose inductance can be

varied by changing the magnitude and phase of current flowing through primary winding

of the transformer. This is done by adding an additional circuit in the feedback path of

amplifier. This in turn would lead to change in magnitude and phase of the current in

the secondary winding which leads to tunability. The proposed design overcomes the

need of switches that require additional power for reconfiguration.

Thereafter, we propose the design of a multimode LNA that improves the operating

range of the SDR LNA. The design incorporates a varactor diode in the input matching

stage of the LNA. By changing the bias conditions and reverse bias voltage, six different

operating modes can be obtained that include a wideband mode, single band mode,

concurrent dual band mode and tunable upper band mode.

Finally, a reconfigurable wideband LNA with switchable dual bands is designed to

achieve tunability in operational bandwidth of the LNA. The LNA implements a switch-

ing and a tuning circuit in the input and output stage of the LNA, respectively. The

LNA achieves the desired performance metrics in both bands and results in continuous

bandwidth tuning in each band.

To conclude, designed multiband LNAs, via the wideband or reconfigurable input

and/or output impedance, can provide continuous as well as discrete frequency variation.
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They can immanently reject undesired signals and out of band interferers, while adding

minimum noise to the signal.

The designed concurrent DBLNA achieves a wide operating bandwidth in both bands.

Additionally, all reconfigurable LNA design achieve a wide operating as well as tuning

range which is greater than 500 MHz. Furthermore, the designed LNAs are linear,

stable and suitable for many applications, including cognitive radios and SDRs. The

proposed LNAs for SDRs are compared with the recent works and they outperform

most of them at the expense increased power consumption.

8.2 Recommendation for Future work

Although four different LNA designs were presented in this thesis, there is still room to

improve the design. The recommendations for future work are detailed as follows.

Promising inductorless architectures have been proposed for designing wideband, mult-

iband and narrowband LNAs. However, there is a lack of significant research on design

of highly reconfigurable inductorless LNA specially in MMIC and MIC processes.

Inductorless design and reconfigurability in LNAs might seem as conflicting goals.

However, they are not conflicting goals because some authors have proposed techniques

such as active inductor technique, active notch filter and gyrator circuits for designing

reconfigurable LNAs. These techniques are most commonly implemented in CMOS

LNA and there are some limitations to these techniques due to the design process. For

example, suffered linearity, high power consumption and higher noise because of large

number of active devices in circuit. Moreover, there are very few frequency reconfigur-

able LNAs that implement inductorless architecture and scarcely any in MMIC/PHEMT

process.

Some specific SDR applications require continuous tuning of gain and operational

frequency. Moreover, specialised SDR applications required simultaneous gain and
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frequency tuning. However, only limited research has been reported in this area. Along

with smaller size and low power consumption, the performance of concurrent gain and

frequency tunable LNAs can be improved.

Switchable LNAs require better reconfiguration techniques and switching circuits.

Switching speed and efficiency of switches at high microwave and mm-wave frequencies

is still a concern. Therefore, more research can be done to improve the switching

efficiency. FPGA based programmable switches in conjunction with wideband LNA

can be explored as a viable solution.
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Appendix 1

A.1 Derivation of gmrf
andgmcr

A.1.1 Derivation of gmcr

Figure A.1 (a) shows the small signal equivalent of a matched CRLNA. output voltage

Vout is given as

Vout = − (gmZ0)Vgs (A.1)

Applying KVL, the input Voltage vin is derived as

Vin = IinZ0 + Iin

(
1

jωCgs

)
+ Vgs = Iin

(Z0jωCgs + 1)

jωCgs
+ Vgs (A.2)

But Vgs = Iin/jωCgs, Therefore,

Vin = Vgs (2 + jωZ0Cgs) (A.3)
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(a)

(b)

Figure A.1: Small signal equivalent of (a) CRLNA (b) RFLNA

The voltage gain Av is given as

Av =
Vout
Vin

∣∣∣∣
Zin=Z0=ZL

=
−gmZ0

2 + jωZ0Cgs
(A.4)

Since the input impedance of CRLNA is matched to the source therefore,

Zin =
1

jωCgs
(A.5)

From (A.4) and (A.5),

Av = − Vout
Vin

∣∣∣∣
Zin=Z0=ZL

=
gmZ0

2 + jωZ0Cgs
(A.6)

or

gm =
2Av
Z0

(A.7)
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A.1.2 Derivation of gmrf

Figure A.2 shows the small signal equivalent circuit of a conventional RFLNA. Con-

sidering the input impedance is matched and Zin = Z0, the input current Iin is given

as

Iin =
Vin
Zin

=
Vin
Z0

(A.8)

But current in Rf , IRf
= Iin, Thus, IRf

= Vin/Z0.

Output current Iout is

Iout =
Vout
Z0

=
−VinAv
Z0

(A.9)

Current in 1/gm is Igm = −gmVin Also,

Igm = Iout − IRf
=
−Vin(1 + Av)

Z0

(A.10)

From (A.9) and (A.10),

gmrf
=

1 + Av
Z0

(A.11)
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Appendix 2

B.1 Derivation of noise figure of reconfigurable wide-

band LNA

Current gain of a resistive feedback LNA is given as

io = gmVo = gm
vin

((Rs +Rb) ‖RFB ) + 1
jωCbe

(
1

jωCbe

)
(B.1)

io =
gmVin

1
jωCbe

+
(
RsRFB+RsRFB

Rs+Rb+RFB

) ( 1

jωCbe

)
(B.2)

this can be re-written as

i0 = GmVin (B.3)

where

Gm = −j ωT
ω

1
RsRFB+RbRFB

Rs+Rb+RFB

(B.4a)
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and

ωT =
gm
Cbe

(B.4b)

where ωT is the unity current gain frequency. Total mean square noise current i2o,T is

given as

i2o,T = G2
m

(
V 2
b + V 2

f + V 2
R3

+ V 2
gm

)
+ (i2c) (B.5)

where (i2c) is the mean source collector noise current. From equation (7.15) the noise

factor F is given as

F = 1 +
V 2
b

V 2
s

+
V 2
f

V 2
s

+
V 2
R3

V 2
s

+
V 2
1/gm

V 2
s

+
i2c

G2
mV

2
s

(B.6)

where V 2
b , V 2

f , V 2
R3

, V 2
1/gm

and V 2
s are the mean squared noise voltages due to noise

source from Rb, Rf , R3, (1/gm)||RL and Rs. Substituting various noise sources in

(B.6) we get,

F = 1 +
Rb +Rf +R3

Rs

+
1

RsRLg2m
+

i2c
G2
mV

2
s

(B.7)

where
∣∣∣i2c∣∣∣ = 4kTgm (∆f) (γ/α); k is boltzmann constant, T is temperature and ∆f is

the bandwidth. Substituting equations (B.4a) and (7.7) in (B.7), we get

F = 1 +
Rb +Rf +R3

Rs

+
1

RsRLg2m
+

4γgm
αMRs

(
ω2C2

be

g2m

) Rf+RL

1+gmRL
(Rs +Rb)(

Rs +Rb +
Rf+RL

1+gmRL

)
2

(B.8)

Since Rs � Rb, solving (B.8), we get

F = 1 +
Rf +Rb +R3

Rs

+
1

RsRLg2m
+

4γRs

αMgm

 −1

1 + Rs(1+gmRL)
Rf+RL

2

(B.9)
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