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Abstract

Modern day communication architectures provides the requirement for intercon-
nected devices offering very high data rate (more than 10 Gbps), low latency,
and support for multiple service integration across existing communication gen-
erations with wideband spectrum coverage. An integrated satellite and 5G ar-
chitecture switchable receiver frontend is presented in this thesis, consisting of
a single pole double throw (SPDT) switch and two low noise amplifiers (LNAs)
spanning X-band and K/Ka-band frequencies. The independent X-band LNA
(8-12 GHz) has a gain of 38 dB at a centre design frequency of 9.8 GHz, while
the K/Ka-band (23-28 GHz) has a gain of 29 GHz at a centre design frequency
of 25.4 GHz. Both LNAs are a three-stage cascaded design with separated gate
and drain lines for each transistor stage.

The broadband high isolation single pole double throw (SPDT) switch based on
a 0.15 µm gate length Indium Gallium Arsenide (InGaAs) pseudomorphic high
electron transistor (pHEMT) is designed to operate at the frequency range of
DC-50 GHz with less than 3 dB insertion loss and more than 40 dB isolation.
The switch is designed to improve the overall stability of the system and the
gain. A gain of about 25 dB is achieved at 9.8 GHz when the X-band arm is
turned on and the K/Ka-band is turned off. A gain of about 23 dB is achieved
at 25.4 GHz when the K/Ka-band arm is turned on and the X-band arm is
off. This presented switchable receiver frontend is suitable for radar applications,
5G mobile applications, and future broadband receivers in the millimetre wave
frequency range.

Key words: 5G communication, Wideband, Low Noise Amplifier(LNA), Satel-
lite

Email: mfonobong.uko@stu.mmu.ac.uk
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Chapter 1

Introduction

1.1 Motivation

The rapid deployment of the fifth-generation (5G) wireless networks due to the

increasing demand for high data has led to the development of high-performance

communication systems to cater for wideband mm-wave frequency applications

[1], [2], [3]. This development raises the need for multi-band/multi-standard com-

munication network architectures/sub-systems for easy migration between exist-

ing mobile communication standards (1G, 2G, 3G and 4G) and current communi-

cation standards (5G and beyond) without changing their unique performance [4],

[5], [6], [7], [8]. This thesis focuses on the development of a switchable wideband

receiver frontend to achieve multi-band/multi-standard hardware sharing for 5G

and satellite applications, offering the ability to change frequency band/hardware

architecture without affecting the linearity of the circuit.

As 5G technology expand steadily towards the futuristic 6G technology era, net-

work reuse becomes vital for the connectivity of over 30 billion anticipated devices

[9], through the use of frequency adjustable networks and architectures utilising

adaptable advanced RF circuits [10]. These architectures are mostly based on

1



1.2. PROBLEM STATEMENT 2

tuning RF devices to create the switchable properties of the circuitry. These

RF devices consist of multiple radios and antennas operating across various fre-

quency bands for data transmission and reception. Furthermore, the requirement

for wideband capabilities places a significant demand on the wireless spectrum

for 5G coverage, and hence the need to exploit the higher frequencies of the

millimetre-wave band as the microwave band below 10 GHz becomes saturated

for wireless and mobile communication [11].

For a successful wideband, switchable receiver front-end design, key design pa-

rameters must be known. The frequency of operation must be specified according

to the standards set by the spectrum overseeing authority. The size, cost of design

and fabrication and overall power consumption of the receiver must be considered.

These considerations are vital for the overall communication system sensitivity

for signal detection and device applications. For this work, we explore the use of

a single-pole, double throw RF switch to switch between two designed wideband

low noise amplifier over 8-12 GHz range and 23-28 GHz frequency range.

1.2 Problem Statement

Designing a switchable receiver frontend design for 5G applications poses a variety

of research challenges to radio system designers which includes:

• Component complexity: Building a 5G network is expensive and challenging

as a result of the device-level changes required in terms of component design.

A typical 5G communication device operating in millimetre wave frequency

band must respond to the higher packing densities associated with wideband

design.

• Coverage and transmission distance: 5G applications are designed using

the millimetre-wave frequency band for its deployment to increase the com-
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munication channel capacity and bandwidth. However, due to the short

transmission range at this frequency range, novel infrastructures design and

architectures are required to cater adequately to customers’ coverage needs.

• Coexistence issues between existing communication network: This presents

a design issue in mitigating interference, EM radiation and spectrum reuse.

• Security issues: Every data-driven technology is faced with the threat to

the security and privacy of customers. Designed architectures will need to

be secure in terms of signal integrity and customers personal details.

• Test and verification issues.

1.3 Research Aim and Objectives

This thesis presents a switchable wideband receiver frontend with reconfigurable

capabilities between the X- (8-12 GHz) and K/Ka- (23-28 GHz) bands frequencies

using the integration of an SPDT switch. This thesis addresses the following

research questions:

• What RF/microwave communication performance metrics (including noise

figure, amplifier gain, linearity, power consumption, noise floor, input and

output reflections and isolation) are required for developing a switchable

low noise amplifier for 5G applications operating in the X- (8-12 GHz) and

K/Ka- (23-28 GHz) frequency bands?

• What circuit architecture and topology would be most appropriate for meet-

ing the stringent requirements of a switchable wideband X- and K/Ka-bands

receiver for satellite-cellular convergence applications?
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1.3.1 Research Aim

This research aim is to design an integrated satellite and 5G switchable receiver

frontend, consisting of a single pole double throw (SPDT) switch and two-low

noise amplifiers (LNAs) spanning X-band (8-12 GHz) and K/Ka-band (23-28

GHz) frequencies respectively.

1.3.2 Research Objectives

To effectively accomplish this aim, the research objectives are:

• To investigate the existing circuit architectures and active device-level tech-

nologies for a receiver front-end subsystems development.

• To design, model, simulate and validate X- (8-12 GHz) and K/Ka- (23-28

GHz) bands MMIC LNAs for satellite-5G convergence applications.

• To design, model, simulate and validate a SPDT switch for a two-state

dual-band MMIC LNA module application.

• To recommend the techniques for extending the design scope and achieving

a reliable and robust reconfigurable RF transceiver.

This research is carried out in two parts:

• The first part is to design and implement two Low Noise Amplifiers (LNAs)

for X and K/Ka-band applications and an SPDT switch using the WIN

semiconductor process foundry.

• The second part is to integrate the SPDT switch with the designed LNAs

for reconfigurable adaptation between the two frequency bands.
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1.4 Design Specifications

Based on the above listed aim and objectives, the design goals for the switchable

receiver is specified in Table 1.1 for the two low noise amplifiers.

Table 1.1: Transceiver Design Specifications for LNA

Parameter Symbol Unit Min. Typical Max. Condition

Frequency (X-Band) f GHz 8 ....... 12 ........

Frequency (K-Band) f GHz 23 ....... 28 ........

Transistors ....... ....... ....... ....... ....... InGaAs pHEMT

Device Test

Temperature
TO CO ....... 16.85O ....... IEEE Standard

Simulation

Temperature
TO CO ....... 25O ....... IEEE Standard

Gain S21 dB 25 ....... 35 .......

Gain Flatness ....... dB 1 ....... 2 .......

Noise Figure NF dB 0.5 ....... 3 NFmin < 2 dB

Input/output

Impedance
Zin Ohm ....... 50 ....... .......

Stability Factor K ....... 2 > 2 Infinity

Unconditionally

Stable across all

transistor range

Stability Factor B1 ....... 0 > 0 Infinity

Unconditionally

Stable across all

transistor range

Power Consumption P W ....... < 0.14 ....... .......

Reflection Coefficient

(Input and Output)
(S11, S22) dB ....... < -10 .......

Across the desired

frequency range

Return Loss S12 dB ....... > 50 .......
Across the desired

frequency range

These design goals are derived from industry-related standards in the communi-

cation industry.
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1.5 Thesis Structure

This thesis is divided into five chapters. After the introduction, the chapters are

focused on answering the research questions. The thesis is organised as follows:

Chapter 2 presents the design considerations for a wideband switchable low noise

amplifier for 5G and Satellite application. It gives an overview of existing (state-

of-the-art) LNAs operating at the target frequency bands (X and K/Ka). These

considerations are compared to establish the research gaps for the requirements

for satellite-integrated 5G networks consisting of various transistor technologies

for switchable LNAs and SPDT switch.

Chapter 3 presents the design methodology for a highly adaptive reconfigurable

receiver front-end (HARRF) LNAs to switch between X and K/Ka-band frequen-

cies.

Chapter 4 presents the design results and analysis of the highly adaptive recon-

figurable receiver front-end (HARRF) LNAs with the SPDT switch.

Chapter 5 summarises the theme and contribution of this thesis as well as the

future work required for this design.
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Chapter 2

Design requirements and review

of state-of-the-art wideband

switchable LNAs topologies for

5G and satellite applications

5G Communication networks and standards are continually expanding with the

millimetre-wave frequency band accommodating the deployment of the fifth-

generation (5G), and beyond-5G wireless architectures [12]. These mm-wave

5G architectures make use of massive multiple-input multiple-output (Massive

MIMO) and phased array to improve signal quality of the communication link

by strengthening the desired signal and enhancing the interference rejection [13].

This has created a design challenge for RF frontend designers [3], [14] in terms of

size, cost and power consumption [15]. To mitigate these challenges, intelligent

radio architectures have become a vital requirement for multi-band/ multi-mode

device designs for efficient utilization of the limited communication resources.

These devices are designed with multiple communication standards to form the

10
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RF transceiver system. The key receiver subsystem component of the transceiver

is the low noise amplifier (LNA) [3], [16] while the key transmitter subsystem

component is the power amplifier (PA). Other components include filters, du-

plexers, and RF switches found in both the receiver and transmitter. Figure 2.1

shows an illustration of a typical RF transceiver system.

Figure 2.1: Simplified RF Transceiver

2.1 5G Communication Evolution

As customers demand for higher data rate/performance, more device function-

ality, secure transmission, longer battery life, and smaller size devices [10], [18]

keeps growing exponentially, mobile data traffic is projected to exceed 70 ex-

abytes per month in 2023 [9] (over 100x increase since 2010), leading to the need

for spectrum efficient and reliable communication systems to be designed [19].

The overall communication system design must be efficient in addressing grow-

ing/extending worldwide media transmission and growth in data traffic through

the deployment of hybrid 5G networks to support higher spectral and energy ef-

ficiencies for the growing global usage of 5G smartphones and internet-of-things
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(IoT) devices [2]. These growing media services include a wide range of vertical

industries such as automotive, health, energy and other industries [20] leading to

the multimode requirements of integrating the lower generations (1G, 2G, 3G and

4G) with 5G communication systems for the receiver and transmitter RF front

end design [21]. This means the RF front ends have to handle multiple standards

and multi modes in one device, with functionality specific to particular services

or customers over a shared network infrastructure. Figure 2.2 shows the growth

of mobile communication network and the increasing complexity across various

communication generations, service provide and their limitations.

Figure 2.2: Growth of Mobile Generations. (Source: 5glearning.org)

Table 2.1 shows a comparison between the various generations of communication

standards.

2.2 Multi-band/Multimode Requirement

The multimode requirements of integrating the existing communication systems

with 5G communication systems forms the research gap this thesis addresses

for the challenges faced in the receiver frontend design. This provides the RF

receiver frontend the capability to handle multiple standards and multi modes in
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Table 2.1: Comparison of the various Mobile Generations

Generation Deployment Speed Technology Services
Core

Network
Limitations

2G 1991 64 kbps
CDMA,

TDMA
GSM, Digital Voice PSTN

lower transfer rate,

low efficiency for

packet switched

services

3G 2004 2 Mbps
CDMA,

WCDMA

Internet-enabled

Mobile services, High

Quality Video

PSTN limited data rate

4G 2010 1 Gbps
CDMA,

OFDM

All-IP Wearable

devices
Internet Power consumption

5G
2020 and

beyond
100 Gbps

CDMA,

BDMA
IoT-enabled devices Internet Coverage

one device. A simple approach to realise the multi-band/multimode integration

is to implement several radio circuits in parallel, but this leads to a bulky device

in terms of size; hence a switchable architecture with multiple radio circuits must

be designed to implement the multi-band/multimode requirements [2], [22], [23].

Many communication devices have been developed to function in multi-mode and

multi-band [24], [25], [26], [22]. These devices will need circuitries adapted to suit

the evolving communication standards without much increase in the circuitry size.

Implementing these circuits will be difficult as the number of supported wireless

systems and frequency bands increases. Therefore the realisation of switchable

wideband circuits, which can optimally support current and emerging wireless

communication standards with a small adaptive circuitry, is inevitable.

2.3 Software-Defined Radio

The invention of software defined radios (SDR) [27],[28], brought about changes in

the hardware circuitry of devices, through incorporating programmable software

stage implemented in a field programmable gate array (FPGA) [29], [30]. It offers
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the advantage of switching between frequencies through software-programmable

hardware, where functional changes are automatically made by updating the

software algorithm to suit the network environment. This offers a wide range

of frequency functionalities, accommodating existing communication standards

with new and emerging standard.

As communication standards evolve, integration of multi communication net-

works on the receiver frontend requires adaptive architectures and constituent

circuits to suit distinctive operation frequencies, signal bandwidth, and power

prerequisites, which must be satisfied by innovative programming characterised

by advanced software-defined radio techniques [31], [30]. Gonzalez-Rodriguez

et al[32] proposed the integration of a broadband signal processor with high-

performance tunable RF components to satisfy the requirements for switchable

low noise frontend for different environments and user needs. This brought a con-

siderable reduction in the size and hardware complexity of the device with low

energy consumption. Gielen and Goris [33] showed that reconfigurable software-

defined radios were needed to cope with the power requirements of the fourth

generation systems, a digital solution for high data rates and seamless RF trans-

mission.

2.4 Active Semi-Conductor Materials

Specific RF design approaches require a manufacturer’s semiconductor foundry

(transistor technology process) for implementation. Several transistor technolo-

gies like the Silicon-Germanium hetero-junction bipolar transistors (SiGe HBT),

Indium phosphide pseudomorphic High Electron Mobility Transistor (InP pHEMT),

Gallium Arsenide Pseudomorphic High Electron Mobility Transistor (GaAs pHEMT),

Gallium Nitride High Electron Mobility Transistor (GaN HEMT) and comple-

mentary metal-oxide-semiconductor (CMOS) have been extensively investigated
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and characterised around the world. CMOS transistor show greater scalabil-

ity and higher cut-off frequency up to and over 200 GHz than the rest, but

HEMTs have attracted attention due to their high-power performance. Popular

5G foundry processes currently include the GaAs pHEMT process and the GaN

HEMT process. GaN has emerged as the leading semiconductor material for high-

power microwave switches and amplifiers, although GaAs are still the material

choice for low noise. GaAs amplifiers tend to be more linear, with less distor-

tion, than GaN amplifiers, although GaN devices have been used with digital

predistortion (DPD) to achieve enhanced linearity at higher frequencies [34].

Active semiconductor devices for 5G applications must positively withstand the

heat generation due to multiple-input and multiple-output data processing. In 4G

cell phones, the 2.61 GHz frequencies are well handled in complementary metal-

oxide-semiconductor (CMOS). For 5G devices, frequencies span above 3.8 GHz

up to 100 GHz. These frequencies require semi-conductor materials for their com-

ponents fabrication as switching devices must be able to optimally switch from

one radio access technology to another without compromising the integrity of the

transmitted data, at minimal heat consumption. GaN and GaAs semiconductor

materials are best for switchable devices microwave and mm-wave frequencies

due to their high mobility, high current density, high operating temperature, and

current density [35], [36], [37]. Considering the significant requirements for 5G

systems (smaller size and lower power consumption), high electron mobility tran-

sistors (HEMT) using GaN (GaN HEMT) offers wide bandgap properties [34].

Figure 2.3 shows the functionalities of various active semiconductor materials.

Table 2.2 shows the cut-off frequency (ft) versus the frequency of oscillation (fmax)

for various transistor technologies.
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Figure 2.3: Active Semiconductor and their Enabling Networks (Source: Qorvo.com)

Table 2.2: (ft) vs (fmax) for various transistor technologies

Process Technology Minimum size (µm) (ft) GHz (fmax) GHz

SiGe HBT 0.5 130 160

GaAs HBT 0.8 180 280

InP HBT 1.0 228 270

GaAs MESFET 0.2 80 120

GaAs pHEMT 0.12 120 200

InP HEMT 0.12 250 350

GaAs mHEMT 0.12 225 250

2.5 Frequency Band Specification

For 5G frequency bands, the mm-wave frequency band is chosen to satisfy the

unquenchable demand for high data rate, speed and bandwidth by consumers. As

a result, millimetre-wave satellite hardware development for space and terrestrial

5G communications is inevitable for seamless transmission of data and comple-

menting existing terrestrial networks to deliver coverage to hard-to-reach areas.
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The third-generation partnership project (3GPP) specifies two basic frequency

ranges (FR) for 5G communication applications. Since cm-/mm-wave spectrum

exhibit different behaviours in nature, the radio frequency (RF) specifications

requirements for FR1 and FR2 are defined separately in many cases (Table 2.3).

Table 2.3: 5G SPECIFICATIONS FREQUENCY

Frequency Range Range covered in Rel. 15 (MHz)

FR1 450 - 6000

FR2 24250 - 52600

The millimetre-wave frequency band is the focused band for 5G and beyond-5G

communication network offering the required wideband spectrum for high data

rates, device density, and network capacity for fifth-generation (5G) and beyond-

5G wireless networks [38]. 5G mm-wave deployment in the millimetre-wave region

is very fractal due to its unpredictable behaviour above 20 GHz. The deployment

is easier given a line-of-sight scenario but highly unstable for non-line of sight.

Deployment of phased arrays partially deals with this limitation, hence the need

for a robust wideband and efficient low noise amplifier design, sensitive enough

to detect and amplify the attenuated signal received to reduce the path loss in

the propagation path.

For the purpose of analysing the 5G receiver sensitivity in this thesis, the NR

channel bandwidth for FR2 (Table 2.4) will be utilised. The key advanced ra-

dio access technology (RAT) implementation considerations for the 5G NR FR2

are higher complexity in device development, measurement challenges, and new

testing approaches. The mm-wave considerations include high bandwidth for

high data rate, minimal high contiguous bandwidth at lower frequencies; high

free-space path loss at high frequencies; and line-of-sight requirements.

The sub-carriers spacings (SCSs) are 60 kHz and 120 kHz for all the channel

bandwidths except the 400 MHz channel (which supports only the 120 SCS).
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Table 2.4: NR Channel Bandwidth for FR2

NR Band SCS (KHz) Channel Bandwidth (MHz)

50 100 200 400

n257 60

120

Yes

Yes

Yes

Yes

Yes

Yes Yes

n258 60

120

Yes

Yes

Yes

Yes

Yes

Yes Yes

n260 60

120

Yes

Yes

Yes

Yes

Yes

Yes Yes

n261 60

120

Yes

Yes

Yes

Yes

Yes

Yes Yes

The reported MMIC LNA is designed to cover the proposed new NR bands in

FR2 (Table 2.5).

Table 2.5: New NR Bands in FR2

Band Number Uplink (GHz) Downlink (GHz)
Bandwidth

(MHz)
Duplex Mode

n257 26.5 - 29.5 26.5 - 29.5 3000 TDD

n258 24.25 - 27.58 24.25 - 27.58 3250 TDD

n260 37 - 40 37 - 40 3000 TDD

n261 27.5 - 28.35 27.5 - 28.35 850 TDD

Three key frequency bands are used for 5G in Europe: Lower frequency band

at 700MHz, 3.4-3.8 GHz for wider bandwidth application and 24.25-27.5 GHz,

known as the ”Pioneer” Band for high capacity networks. Table 2.6 shows the

three important 5G frequency classification and their applications in radio access

technology advancement.

Table 2.6: 5G frequency classification and applications

Frequency Band Band Classification Application Deployment

450 MHz - 6 GHz Sub-6 GHz 64 kbps

28/37/39 GHz mmWave 2 Mbps

57-71 GHz mmWave 1 Gbps
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The 5G standards cover a variety of applications, including Enhancement of

Ultra-Reliable (UR) Low Latency Communications (URLLC), Multimedia Pri-

ority Service, Vehicle-to-everything (V2X) application layer services, 5G satellite

access, Local Area Network support in 5G, wireless and wireline convergence for

5G.

2.6 Multi-standards Compatibility

5G communication system integration with previous generations (1G, 2G, 3G,

and 4G) is vital in a wideband receiver RF frontend design. The authors in

[18] have suggested that 5G systems exploit architectures that enables device-to-

device (D2D) connectivity at the mobile end as compared to the 2G-4G networks,

which functions at the infrastructure end [19].

The authors in [39] proposed a reconfigurable architecture that dynamically

changes mission-specific hardware accelerators to provide onboard processing for

in-flight adaptation during space exploration missions. This allows for the ad-

justment of the system to meet mission-specific objectives of space exploration.

For multi-standard capabilities of the system antenna, [40] demonstrated that

by maximising each of the frequency reconfiguration, spatial and polarisation

diversity, there is a performance gain to the communication system capacity.

2.7 Data Rate and Seamless Connectivity

More than 70% of the worldwide populace will have a portable network by 2023.

The absolute number of worldwide versatile endorsers will grow from 5.1 billion

(66 per cent of the populace) in 2018 to 5.7 billion (71 per cent of the populace)

by 2023 [9]. 5G gadgets will be more than 10% of worldwide cell phones by 2023.
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By 2023, worldwide cell phones will develop from 8.8 billion out of 2018 to 13.1

billion by 2023 (1.4 billion of those will be 5G enabled) [9]. 5G mobile networks

provides higher than 10 Gb/s peak data rate in uplink and downlink alongside

sub-1ms latency which caters for the required data rate and connectivity.

Table 2.7 shows the download, upload rate and device connection density of

different technology generations.

Table 2.7: Download, Upload and Connection density for 2G, 3G, 4G, 5G and 6G

devices

Description 2G 3G 4G 5G 6G

Average

download speed
50 kbps 8 Mbps 100 Mbps 300 Mbps 1 Gbps

Average upload

speed
50 kbps 2 Mbps 50 Mbps 100 Mbps 1 Gbps

Connection

density /km2
N/a N/a 105 106 107

Latency 600 ms 120 ms 30 ms 10 ms 1 ms

For seamless connectivity, 5G incorporates multiple antenna elements design and

digital/hybrid beamforming techniques to boost receiver sensitivity and overall

data transmission connectivity especially for those in remote and rural areas[41],[17],

when deployed alongside satellite [19], [42]. Table 2.8 shows the distance of satel-

lites from the earth ground station. The satellite network extends coverage for

both space and terrestrial applications [43]. The satellite network integration

with 5G services is established as a non-standalone system for throughput in-

crease, large coverage area, and service reliability. The LEO network provides

a faster transmission rate because of its short distance, while the GEO network

provides wider coverage.
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Table 2.8: Satellite Distance from Earth Ground Station

Satellite Network Distance from Ground Station

LEO 500 km - 2,000 km

MEO 19,000 km - 24,000 km

GEO 35,786 km

2.8 Power Consumption

Power consumption is one of the design challenges 5G frontend device developers

face. The authors in [44] estimates the power consumption of a 10 Gb/s 5G

receiver to be above 3W, with the baseband processor consuming more than 2W.

This high power consumption (a vital performance matrix for 5G) severely affects

the battery life of 5G mobile applications. The authors in [44] have proposed

reducing the high power consumption through minimising the Forward Error

Correction coding complexity of the system architecture of the 5G applications

alongside the provision of Carrier Aggregation for increased bandwidth. Rostami

et.al. [45] have proposed a pre-grant message (PGM) signalling approach to

reduce the energy consumption of the cellular subsystem in the downlink.

2.9 Size and Robustness

The designed switchable wideband receiver must be robust and smaller in size

when compared with the traditional single-ended receivers.

2.10 Modulation Scheme

Designing the switchable wideband receiver requires an understanding of modu-

lation methods and radio techniques. Gaussian Minimum Shift Keying (GMSK),



2.11. BROADBAND MMIC LOW NOISE AMPLIFIER DESIGN 22

Phase-shift keying (PSK) were popular 2G and 3G modulation schemes, while

Amplitude Phase Shift Keying (APSK) and Orthogonal frequency division mul-

tiplexing (OFDM) has been adopted in fourth-generation (4G) networks. For 5G

devices, new modulation schemes with high spectral efficient hybrid schemes like

frequency shift keying quadrature amplitude modulation (FSK-QAM) [46], [47]

are needed for efficient spectral modulations in millimetre-wave bands for high

capacity transmissions [48], [49], [50].

2.11 BroadbandMMIC Low Noise Amplifier De-

sign

This thesis presents two LNAs designed based on an inductive source-degenerated

cascade architecture biased for low power consumption. The active device makes

use of a scalable PL15-10 0.15 µm low noise InGaAs pseudomorphic high electron

mobility transistor process technology provided by WIN Semiconductors. The

most critical part of the amplifier design is the input matching network, where

the 50 Ω input termination is converted into a complex impedance close as possible

to the optimum noise match of the transistors. A cascaded system is employed

to achieve an appreciably high gain, very low noise performance, and negligible

reflections at the input and output. This requires system tuning and optimisation

to achieve the design goals for the LNA.

2.11.1 Transistor Selection

Transistor selection is a vital step in designing an MMIC LNA as it determines

the performance metrics of the LNA, such as its noise property. The process tech-

nology used for this research work is the WIN PL15-12 0.15 µm InGaAs pHEMT

from WIN Semiconductors owing to its low noise and low power 4performance.
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The active device models available from the process includes co-planar waveguide

(CPW) pHEMTS from 2x10 µm to 8x150 µm as well as two transistors types,

namely Mesa and Thin-Film Resistor (TFR). A schematic cross-section of the

pHEMT is shown below:

Figure 2.4: Cross section of 0.15 µm InGaAs pHEMT (Source: www.winfoundry.com)

2.11.2 Two-Port Network

High-frequency designs (including LNAs) are best described through the use of

a two-port network design. A two-port network illustrates the interrelationship

between the input port voltage, V1 and current, i1 with the output port voltage,

V2 and current, i2. At low frequencies, this two-port network (Fig. 2.5) is easily

Figure 2.5: Two-Port Network Design



2.11. BROADBAND MMIC LOW NOISE AMPLIFIER DESIGN 24

characterised through its admittance (Y-parameters), impedance (Z-parameters),

and hybrid (H-parameters) by applying a test voltage or current at the input port

while maintaining the output port as an open or short circuit.

At high frequencies (RF and Microwave), the use of voltage and current in the

network becomes increasingly difficult to implement for the AC signals [3]. Hence

another characterisation design network called the Scattering Parameters (S-

Parameters) is used. This design is defined based on power transmitted and

reflected in the network, usually measured with the device inserted between a 50

Ω load and source (Fig. 2.6). For simulation purpose, the maximum power han-

dling capability of a two-port network is at 30 Ω while the lowest attenuation is

at 77 Ω making the ideal characteristic impedance of 50 Ω a compromise between

these values.

Figure 2.6: S-Parameter representation of Two-Port Network Design

The S-Parameter matrix is given as:b1
b2

 =

S11 S12

S21 S22

a1
a2

 (2.1)

where:

S11 = Input reflection coefficient

S22 = Output reflection coefficient
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S12 = Reverse transmission coefficient

S21 = Forward transmission coefficient

These scattering parameters can be resolved into admittance (Y-parameters),

impedance (Z-parameters) and hybrid (H-parameters).

2.11.3 LNA Topologies

The choice of a process technology alongside transistor geometry is vital for wide-

band switchable receiver frontend characterisation in terms of the noise figure

performance. Three distinct LNA topologies are popular in terms of design and

performance optimisation [51]. These include: Common-source(CS), common-

gate (CG), and cascode LNA topologies. The table below (Table 2.9) shows a

comparison of the three topologies [51]. The CS topology gives high gain and

Table 2.9: Comparison of Three LNA Topologies

Characteristic Common-Source (CS) Common-Gate (CG) Cascode

Noise Figure Lowest
Rises rapidly with

frequency

Slightly higher than

CS

Gain Moderate Lowest Highest

Linearity Moderate High Potentially Highest

Bandwidth Narrow Fairly broad Broad

Stability
Often requires

compensation
Higher Higher

Reverse Isolation Low High High

Sensitivity to Process

Variation
Greater Lesser Lesser

good noise performance while the CG topology gives a lower power consump-

tion rate. At high frequency, the common-source topology improves the stability

and linearity of the amplifier, giving an excellent input impedance match with

the lowest possible noise figure at the expense of the gain. The common-gate
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topology also improves the stability of the amplifier and its linearity at the ex-

pense of gain. The cascode topology improves stability, linearity and gain flatness

[52]. However the Cascode topology degrades noise and gain performance due to

increased substrate parasitics at higher frequencies. The CS topology with an

inductive feedback is adopted in the design for this thesis.

2.11.4 Noise Characterization

Noise is an essential figure-of-merit in microwave design defined as an undesired

signal added by system components that degrades the performance of transmitted

signals. Three primary sources of noise in a semiconductor device are thermal

noise, shot noise and flicker noise. Noise is best characterised using its noise factor,

F , which is defined as the ratio of the signal-to-noise power ratio at the input

to the signal-to-noise power ratio at the output, when the input is a standard

noise source (To = 290K). The noise power at the input is defined as Ni = kToB,

where k is the boltzmann’s constant = -198.6dBm/K/Hz and B= bandwidth in

Hz.

F =
Si/Ni

So/No

=
SNRi

SNRo

(2.2)

For satellite systems (5G inclusive), the noise factor is determined using the

performance matrices of the low noise amplifier, mixers, and oscillators at the

receiver’s front-end. For a linear system, the noise factor can further be expressed

as:

F =
PNo

PNi
GA

(2.3)

Where PNo is the total available noise power at the output of the amplifier, PNi
is

the total available noise power at the input of the amplifier and GA is the available

power gain. Considering the noise temperature in the satellite, the author in [43]

defined the noise temperature in relation to the standard noise source as:

Te = To(F − 1) = 290(F − 1) (2.4)
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For the multistage amplifier system, the overall noise factor is expressed in terms

of the noise factors (F1, F2, F3, Fn) and gains (GA1, GA2, GA(n−1)) of the individual

”n” stages respectively as:

F = F1 +
F2 − 1

GA1

+
F3 − 1

GA1GA2

+ ...+
Fn − 1

GA1GA2...GA(n−1)

(2.5)

Mathematically, the noise figure NF in dB is expressed as:

NF = 10log(F ) (2.6)

For K/Ka-band satellite applications, the noise figure is critical in determining

the overall system sensitivity; hence the LNA should offer the low-noise capability

for effective performance. The noise equation in (2.5) shows that the noise per-

formance of the first stage dominates the overall noise performance of the LNA.

Therefore, the best noise matching is applied at the input.

2.11.5 LNA Stability

The stability of the LNA is a critical design consideration needed to prevent am-

plifier oscillation due to the gain fluctuations within the LNA. Rollete’s stability

equations are used to determine the stability of the LNA:

K =
[1− |S11|2 − |S22|2 + |∆|]

2|S12S21|
> 1 (2.7)

∆ = S11S22 − S12S21 (2.8)

When these two conditions are simultaneously satisfied, the LNA will be uncon-

ditionally stable.

The designed LNAs (X-Band and K/Ka-Band) are both three-stage LNAs using

the common-source topology. This topology is chosen to minimise the noise

figures of the LNAs. Each stage is designed separately in a systematic approach

taking into consideration industry-based standards and procedures. The designs

are both developed using Advance Design Software (ADS).
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2.12 Switchable Receiver Frontend Architectures

Switchable receiver frontend architectures are needed to meet different opera-

tional and emergent communication standards and specifications for the receiver.

The switchable frontend network provides matching at different frequencies, and

the output network forms a tunable bandpass filter (BPF) for band selection.

However, the input tuning network used to match the source impedance does

not provide adequate filtering of the unwanted out-of-band signals. To address

this unwanted signals in the receiver front-end, [53] presented a single-ended to

differential conversion (S2DC) architecture (Fig. 2.7b) to attenuate out-of-band

blockers at the input stage. This topology also improved the linearity of the LNA

without degrading its noise performance. For simple and cost-effective production

of a large number of LNAs, the use of monolithic microwave integrated circuits

(MMIC) is best adopted.

f1 and f2 are the frequencies of two out-of-band blockers interfering with the

wanted signal while f0 is the load resonant frequency in Fig. 2.7a and the cen-

tre frequency of the input BPF in Fig. 2.7b. As shown in Fig. 2.7, the interferer

signal generated due to the third-order inter-modulation of the out-of-band block-

ers is smaller in the single-ended to differential conversion (S2DC) architecture

compared to the conventional architecture [53].

The use of switches has been the popular design approach by RF engineers to

achieve multiple frequency outputs. A key disadvantage to this approach is the

bulky nature of the designed chip, which becomes unacceptable for mm-wave

phased arrays that require a tiny element spacing [17]. The alternative approach

is to design a single RF front-end employing tunable elements and switches inside

matching networks to change the frequency band of operation [11]. This method

has been extensively investigated and implemented at sub-6-GHz frequencies.

Ulusoy et al [54][55] showed a successful integration of shunt capacitive RF-MEMS
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Figure 2.7: (a) Conventional Multi-band Receiver Architecture, (b) Single-ended to

Differential Conversion (S2DC) Architecture.

switches with the SiGe BiCMOS process for reconfiguration in the millimetre-

wave range (24 to 74 GHz frequency band). In [56], an inductorless, wideband,

digitally reconfigurable LNA for multi-standard radio receivers is presented. The

LNA employs a current-reuse technique to achieve both high gain and low power

consumption.

Table 2.10 shows some switchable low noise amplifiers with their design architec-

tures.
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Table 2.10: Switchable Low Noise Amplifiers and their design architectures

Reference Frequency Technology Switchable Topology

[57] 2 - 5 GHz 0.18um CMOS
Component sharing,

Q-aware IM

[58] 28/60 GHz
0.13um SiGe

BiCMOS

Switch, LC Tank IMN,

Tunable stubs

[59] 125 - 143 GHz
0.13um SiGe

BiCMOS
Single RF-MEMS Switch

[60] 1.6 - 2.2 GHz CMOS Tunable duplexer

[61] 3 - 5 GHz 0.13um CMOS RF Switch

[55] 24 - 79 GHz
0.25um SiGe

BiCMOS

Shunt Capacitive

RF-MEMS switches

2.13 Satellite-5G Cellular Convergence Network

The role communication satellites play today, from ’connecting the unconnected’

to providing secure and seamless device-to-device communications, cannot be

overemphasised. Space communication architectures play a vital role in the 5G

ecosystem [62], taking advantage of 5G wider coverage, higher throughput, and

lower latency [63] [64] while incorporating existing 3G and 4G technologies to

provide faster connections [8] [65]. 5G communication networks are designed for

anybody, any-place, whenever and this is the aspect use of satellite [66] comple-

ments the terrestrial infrastructure for a satellite-5G cellular convergence network.

With the evolution of 5G standard(s), satellite networks incorporation into the

emerging 5G ecosystem offers the ability to meet the needs of horizontal and

vertical applications (Fig. 2.8) and deliver high mobile broadband and reliable

transmission of high-speed data. This integration requires a critical analysis of

the satellite link performance [67], taking into consideration large-capacity com-

munication, the noise level, power level and sensitivity of the overall satellite

system, in order to cope with various communication demands of space and ter-
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restrial applications [68] [69] [70].

Figure 2.8: Satellite-5G Cellular Convergence Network

The Satellite-5G Cellular Convergence Network also involves real-time and non-

real-time data transmission, ensuring ubiquitous seamless continuity for telecom-

munication operations. Furthermore, integrating satellite with 5G involves multi-

protocol communication and pan-cloud computing (including industrial IoTs, big

data, artificial intelligence and 5G) integration for advanced radio connectivity

through switchable multi-band low noise performance, long-haul remote cover-

age; system security; and critical and non-critical remote manufacturing plant

resources monitoring. Satellite-5G Cellular Convergence Network back-haul for

big data analytics, ultra-reliable low-latency connectivity and massive scale com-

puting nodes creates a safer, intelligent and more efficient communication system

for the edge, gateway and enterprise nodes within the industry 4.0 hierarchy [67].

For this research, a study of literatures give some state-of-the-art low noise am-

plifiers designed for X-band (Table 2.11) and K/Ka-band (Table 2.12) to capture

satellite-5G cellular integration.
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Table 2.11: State-of-the-art LNAs operating at the target X frequency band

Ref. Process Application Freq.(GHz) Gain (dB) Noise (dB)
Power

(mW)

[71]

0.7 µm

GaAs

mHEMT

SATCOM 7-11 30 1 62.2

[72]
0.65 µm

CMOS
SATCOM 9.35-10.65 27.8 1.8 4.68

[73]

0.13 µm

SiGe

BiCMOS

SATCOM 6-12 21 1.7 100

[74]
0.65 µm

CMOS
SATCOM 8-12 15 8.4 110

[75]
0.18 µm

CMOS
SATCOM 6.4-7.4 12.5 3 19

[76]

0.1 µm

GaAs

mHEMT

SATCOM 4-12 31.5 1.31 8

[77]

0.1 µm

InP

HEMT

SATCOM 0.3-14 40 2.73 12

2.14 Link Budget analysis for Satellite-5G Cel-

lular Convergence Network

Satellite-5G Cellular Convergence Network requires a critical analysis of the appli-

cation link performance [13], [67]. A Link Budget design and analysis determines

component (system and subsystem) parameters and the signal power at the re-

ceiver front-end needed to recover the information transmitted. This analysis

takes into consideration the uplink and downlink frequencies (Table 2.13), for

seamless transmission of information with less interference (Fig. 2.9). A radio
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Table 2.12: State-of-the-art LNAs operating at the target K/Ka frequency band

Ref. Process Application Freq.(GHz) Gain (dB) Noise (dB)
Power

(mW)

[78]
0.4 µm CMOS

SOI
SATCOM 20-22 3-17 8 2.82

[79] 0.25 µm SiGe SATCOM 19.7-21 0 5 0.24

[80] 0.4 µm CMOS 5G 26.5-29.5 0 4.2 0.9

[81] 0.28 µm CMOS 5G 25.8-28 30-69 6.7 0.4

[82] 0.13 µm SiGe 5G 27.5-29 30 3.7 3.3

[83] 0.65 µm CMOS SATCOM 17-21 -16-34 5.4 0.93

[84]

0.15 µm

AlGaAs-InGaAs

pHEMT

5G 26-33 22.8 1.6 -

[76]
0.1 µm GaAs

mHEMT
5G 25-34 24.2 3.04 2.8

[77]
0.1 µm InP

HEMT
SATCOM/5G 16-28 32.3 4.11 3.5

[52] GaAs pHEMT SATCOM 18-21.6 30.3 1 60

[85]
0.1 µm GaAs

pHEMT
SATCOM/5G 18-43 21.6 1.8-2.7 140

[86] 0.25 µm SiGe 5G 24-34 26.4 3.1-3.5 134

[87] 0.4 µm CMOS 5G 26-33 27.1 3.3-4.3 31.4

Table 2.13: K/Ka-Band Satellite Link Budget Allocation

Transmit Parameter Frequency Bandwidth

Uplink 27.5 - 31 GHz 3.5 GHz

Downlink 17.7 - 21.2 GHz 3.5 GHz

link budget based on theoretical assumption is presented in Table 2.14 showing

system design parameters and requirement for the 5G-LEO K/Ka-band Satellite

link.
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Table 2.14: 5G-LEO LINK BUDGET ANALYSIS

Parameter Value Unit Reference

Bandwidth B 3.5 GHz [88]

SNRmin 10 dB [88]

Transmit EIRP 40 to 63 dBm [88]

Thermal Noise Power -125 dBm [88]

Receiver (Rx) Noise Figure 6 dB [88]

Transmitted Power Pt 17 to 40 dBm [88]

Transmitter (Tx) Gain Gt 20 dBi [88]

Receiver (Rx) Gain Gr 20 dBi [88]

Path Loss (Lp) 4 [88]

Figure 2.9: An Integrated 5G-LEO Satellite Link Description for K/Ka Band

2.14.1 Received Power Determination

Theoretically, the RF link budget equation for receiver power is given by:

Pr = (
PtGtGrc

2

(4π)2R2f 2
(2.9)
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where Pr is the power received by the receiving antenna; Pt is the power applied

to the transmitting antenna; Gt is the transmitter antenna gain; Gr is the receiver

antenna gain; c is the speed of light (3×108m/s); R is the distance in Km between

transmitter and receiver; f is the frequency in Hz.

In terms of decibel,

Pr(dBW ) = Pt +Gt +Gr − 20log(f ×R) + 147.6 (2.10)

Considering a fixed-link line-of-sight, the received signal power, Pr taking into

consideration the attenuation in the atmosphere and losses in the antenna, is

defined according to [43] as:

Pr(dBW ) = EIRP − Lp − Latm +Gr − Lr (2.11)

where EIRP is the effective isotropically radiated power; Lp is the path loss

(free space); Gr is the receiving antenna gain; Latm is the attenuation in the

atmosphere; Lr is the antenna loss. Gr − Lr is the net gain, G, of the receive

antenna. From [43], the noise power, Pn, of the satellite at this point taking into

consideration the overall system noise temperature, Tsys is given by:

Pn(dBW ) = kTsysB = −228.6 + 10log10(Tsys) + 10log10(B) (2.12)

subtracting Eq. (2.12) from (2.11) gives the overall SNR of the receiver frontend

up to the demodulator input. This further gives the carrier-to-noise ratio, (C/N).

C/N = EIRP − Lp − Latm + 228.6 + 10log10
G

Tsys

− 10log10(B) (2.13)

C/N0 = EIRP − Lp − Latm + 228.6 + 10log10
G

Tsys

(2.14)

(C/N0) is the ratio between received signal power and noise power per unit band-

width.
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2.14.2 Path Loss Modelling

Path loss Lp describes signal attenuation between transmitter and receiver an-

tenna as a function of the propagation distance, d. It is one mechanism causing

attenuation between the transmitter power amplifier (PA) and receiver front-end

system low noise amplifier. The modelling of Lp, therefore, becomes an essential

tool in predicting some essential performance criterion. The calculation of Lp is

given by:

Lp = (
4πd

λ
)2 (2.15)

d is the distance between the satellite and the ground station and λ the propa-

gation wavelength.

2.15 5G-LEO Satellite Link Simulation Analysis

A theoretical analysis considering the performance of the 5G-LEO Satellite link

integration is carried out. Fig. 2.10 indicates the Signal-to-Noise ratio according

to 5G-LEO satellite link elevation angle at different bandwidth. At 90◦, the SNR

of the 50 MHz frequency band is 90 dB while SNR at 400 MHz is 80 dB. Hence it

is concluded that the SNR according to elevation angle decreases as the frequency

increases. Similarly, as the elevation angle increases, the free space path loss faced

by the transmitted signal from 5G-LEO satellite towards base station decreases

as shown in Fig. 2.11. The minimum path loss is obtained at an angle of 90◦.

Fig. 2.12 indicates the path loss according to the distance of 5G-LEO satellite

from the ground base station. The path loss increases as the distance of the

satellite from the ground base station increases. Furthermore, as the distance of

the 5G-LEO satellite increases from the ground base station, the power received

by the receiving antenna also decreases, which is shown in Fig. 2.13.
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Figure 2.10: SNR Vs 5G-LEO Satellite Link Elevation Angle

2.15.1 5G-LEO Satellite Link Characterisation

In designing reliable communication links, an understanding of the optimal link

resource availability and link-quality-performance such as earth-space and space-

earth uplink and downlink, line-of-sight (LOS) and Non-line-of-sight (NLOS) are

important. The path loss determines the large-scale fading behaviour of the

communication channel with reference to the transmit power. The LOS path

loss is close to free space path loss, whereas the NLOS path loss is significantly

deviated owing to the difference in frequency and path terrain.

The satellite provides a transceiver path for uplink and downlink data transmis-

sion to the ground station for LEO communication at the K/Ka-band frequency.

The challenge using this frequency includes the absorption of atmospheric gases,

cloud attenuation, rain attenuation and group delay due to the different travel
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Figure 2.11: Path Loss Vs 5G-LEO Satellite Link Elevation Angle

times of different frequency components. Therefore a link characterisation to

meet performance in terms of high data rate, MIMO transmission, and adaptive

beam-forming for 5G application is essential.

For integrated 5G-LEO communication application, this link characterisation is

enhanced by employing large antenna arrays for improved coverage, high-order

modulation for required data rate, beam adaptation and wide-band availability.

Theoretically,considering the 23-28 GHz bandwidth for 5G communication at a

design frequency of 26 GHz, the overall path loss is given by:

Lp = (
4πd

λ
)2 (2.16)

Where d is the distance of propagation and λ the propagation wavelength.

The path loss design of any given communication application varies at any given
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Figure 2.12: Path Loss Vs 5G-LEO Satellite Distance

distance with respect to the carrier frequency. A common path-loss model based

on channel impulse responses (CIRs)is defined as:

Lp(f, d)[dB] = Lp(f, d0) + 10nlog10(d/d0) +Xσ (2.17)

where Lp(f, d) is the path loss at different frequencies with various Tx-Rx sepa-

ration distance, Lp is the path loss in dB at a close-in (CI) distance, d0, n is the

path-loss exponent and Xσ is a zero-mean Gaussian-distributed random variable

with standard deviation σ.

For a small distance of 10-300 meters, the path loss at the design frequency of 26

GHz is shown in Fig. 2.14

For the link characterization simulation, the parameters in Table 2.15 are used.
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Figure 2.13: Received Power Vs 5G-LEO Satellite Distance

2.15.2 Transmitter Front-end Modelling

The transmitter is made up of two double stage up-conversion mixers as shown

in Fig. 2.15. The transmitter consists of local oscillators, up-converters (mixers),

filters and a power amplifier.

The transmitter is modelled at an Intermediate Frequency (IF) of 350 MHz which

is double up-converted to 26 GHz with a transmission bandwidth of 550 MHz.

Input power of 0 dBm is supplied to the transmitter. The power amplifier is used

to increase the output power for transmission. For the transmitter, very low spur

emission and intermodulation distortion (IMD) products are required. To satisfy

the spur emission requirement, the unwanted level of the signals should be at

least 74 dB below the required signal.
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Figure 2.14: Simulated 5G NR Path Loss at 26 GHz

Figure 2.15: 26 GHz Transmitter Subsystems

The power output spectrum of the transmitter is shown in Fig. 2.16. The out-

put power of 24.623 dBm after the second bandpass filter is measured from the

simulation (Fig. 2.17). The cascaded voltage gain response of the transmitter

subsystem components is shown in Fig. 2.18. An output gain of 26.6 dB is

achieved from the design. The transmitter path noise figure is shown in Fig.

2.19. The bandpass filter at the transmitter input (BPF1) contributes signifi-
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Table 2.15: Integrated 5G-LEO Frequency Planning

S/N Parameter Value Unit

1 Pass-band Frequency 23 to 28 GHz

2 Intermediate Frequency (IF) 350 MHz

3 RF Carrier Frequency 26 GHz

Figure 2.16: Transmitter Output Spectrum for a DQPSK signal

cantly to the noise level. However, this effect of noise is subsequently reduced at

the output bandpass filter (BPF2).
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Figure 2.17: Spectral Response of the output power of the Transmitter at 26 GHz

Figure 2.18: Simulated Cascaded Voltage Gain in dB of the Transmitter Subsystems
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Figure 2.19: Simulated Noise figure from system input to component output of the

Transmitter Subsystems

Figure 2.20: 26 GHz Receiver Subsystems

2.15.3 Receiver Front-end Modelling

The receiver is made up of a single stage down-conversion mixer as shown in Fig.

2.20. It consists of a local oscillator, down-converter (mixer), filters and a low

noise amplifier.

The bandpass filter filters the out-band signals, and the required signal is then
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amplified by the Low noise amplifier followed by the mixer for RF to IF conver-

sion. An IF amplifier is added to the back-end of the receiver chain to guarantee

the noise figure and gain of the receiver.

Figure 2.21: Spectral Response of the output power of the Receiver at 350 MHz IF

frequency

The output power of 35.8 dBm is measured at the IF frequency (350 MHz) receiver

output end from the simulation (Fig. 2.21). The simulated Cascaded Voltage

Gain in dB of each of the receiver Subsystems is deduced from Fig. 2.22. From

Fig. 2.23, the variation of the noise at each component is simulated. The mixer

introduces significant noise into the receiver chain, which is reduced by the second

bandpass filter.
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Figure 2.22: Simulated Cascaded Voltage Gain in dB of the Receiver Subsystems

Figure 2.23: Simulated Noise figure from system input to component output of the

Receiver Subsystems
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2.16 Chapter Summary

This chapter discussed the design requirements for a switchable wideband receiver

frontend. A review of the existing state-of-the-art LNAs with wideband capabil-

ities for X and K/Ka-band frequencies were outlined. It began with a look at 5G

communication evolution, the requirements for multi-band/ multimode architec-

ture, software defined radio technologies, active semiconductor materials available

for implementing a wideband, low-noise performance for seamless connectivity.

Furthermore, this chapter discusses the design procedure and requirements for

two broadband low noise amplifiers based on an inductive source-degenerated

cascade architecture that would be integrated with a SPDT switch for the wide-

band switchable architecture in Chapter 3. In addition, the three types of LNA

topologies were reviewed and classified based on noise figure, gain, stability, lin-

earity and sensitivity to process variation. Link budget analysis and simulation of

a satellite-5G cellular convergence network was also covered. Chapter 3 discusses

the design methodology for the proposed highly adaptive reconfigurable receiver

frontend.



Chapter 3

Design Methodology for Highly

Adaptive Reconfigurable

Receiver Front-end (HARRF)

A highly adaptive reconfigurable receiver front-end (HARRF), using an SPDT

switch for 5G and Satellite applications, is proposed to adapt its functionality

between X-band (for radar and X-band satellite applications) and K/Ka-band

frequencies for wideband switchable applications. The K/Ka-Band frequency

caters for the millimetre wave frequency range (FR2) 5G communication appli-

cations. First, conceptual design objectives for a switchable receiver frontend

between X and K/Ka-band frequencies are defined, followed by design parameter

specifications. Performance metrics such as linearity, noise figure, and gain are

investigated and compared with existing and emerging standards. The design

process flow is shown in Fig. 3.1.

48
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Figure 3.1: The HARRF methodology

3.1 Switchable Receiver Front-end Architecture:

HARRF LNA and SPDT Integration

The switchable wideband receiver frontend design (including LNA and SPDT

Switch) for 5G and satellite applications is carried out in advanced design software

(ADS), creating several scenarios to optimise communication system performance.

Cascade topology is chosen for the LNA because of its comparative advantage

over the common-source and common-gate topology in terms of high gain and

better impedance matching to achieve the low noise performance requirement of

various wireless standards from diverse frequency bands [89].

Figure 3.2 shows the proposed receiver frontend module architecture for the

HARRF 5G and Satellite receiver system. Two LNAs, capturing the X-band

frequencies and K/Ka-band frequencies, are incorporated into the system with

an SPDT switch carrying out the frequency selection responsibility. Transmis-

sion lines are used to integrate the SPDT with the LNAs to achieve a compact

chip area. This proposed switchable receiver frontend architecture is adapted to

two modes: the X-band mode and the K/Ka-band mode using voltage controlled
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Figure 3.2: Proposed SPDT switch-based Reconfigurable Low Noise Amplifier Archi-

tecture

SPDT switch. The SPDT switch acts as a drive stage where the input RF sig-

nal is received. The transmission lines linking the LNAs forms part of the input

matching network for each of the frequency arms.

3.2 Active Device Technology S-Parameter Ex-

traction using ADS

The choice of active and passive elements are essential in the device technology

selection due to the high losses at mmWave frequencies. At low frequencies,

characterisation of the active device components are done using the impedance

and admittance parameters, which provides a linear relationship between the

input and output voltages and currents. However, at microwave frequencies,

power measurements parameter such as the S-parameter are used to consider how

a signal is distributed across the various ports of the microwave network. This
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parameter captures the substrate losses and quality factor of matching networks,

as transmission line insertion loss decreases with higher resistivity substrates.

To understand the non-linear characteristics of the pHEMT active device using

S-Parameter extraction, DC and RF test simulation over different bias condi-

tions are carried out to determine the operating point of the transistor. The

I-V characteristics at various biasing points of the Indium Gallium Arsenide (In-

GaAs) pseudomorphic high electron transistors are shown for a 2 x 50 µm InGaAs

pHEMT in Fig. 3.3 and for a 4 x 50 µm InGaAs pHEMT Fig. 3.4. The drain

current (Ids) is plotted against the drain-source voltage (Vds).

Figure 3.3: I-V characteristics for a 2 x 50 µm InGaAs pHEMT

This test is performed to determine an appropriate operating-point for the re-

quired LNAs, taking into consideration design requirements (especially the dis-

sipated power). The operating point was chosen to be at a drain-source voltage

(Vds) = 2 V, gate-source voltage (Vgs) = -0.3 V and drain-source current (Ids)

= 0.021 A taking into consideration the power consumption, which is chosen to
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Figure 3.4: I-V characteristics for a 4 x 50 µm InGaAs pHEMT

be less than 0.14 W for a three-stage LNA design. The pHEMT transistor was

modelled at the optimum low-noise bias for each of the designed LNAs.

Fig. 3.5 and Fig. 3.6 show the characteristics curves for the transconductance

of a 2 x 50 µm and 4 x 50 µm Indium Gallium Arsenide (InGaAs) pHEMTs

respectively. The transconductance is plotted as the reciprocal of resistance to the

transistor’s drain current and it shows the relationship between current through

the output (drain) of the transistor and voltage across the input (gate) of the

transistor. Mathematically,

gm =
∆Ids
∆Vgs

(3.1)

From Fig. 3.5, the transconductance value obtained is 81mS at (Vds) = 2 V, (Vgs)

= -0.3 V and (Ids) = 0.021 A.

For a pHEMT device, the load reflection coefficient, Γopt, brings about a mis-

match for a maximum power transfer condition which is much different from the

conjugate reflection coefficient of the input return loss, S11. However, with the
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Figure 3.5: Curves of the transconductance for a 2 x 50 µm InGaAs pHEMT.

Figure 3.6: Curves of the transconductance for a 4 x 50 µm InGaAs pHEMT.



3.3. HARRF LNA DESIGN 54

right active device (transistor) selection, the Γopt and input return loss, S11 can be

made much closer in value, resulting in a better output-power while still achieving

low noise.

3.3 HARRF LNA Design

Two LNAs are designed using a 0.15 µm gate length Indium Gallium Arsenide

(InGaAs) pseudomorphic high electron transistor (pHEMT) technology. The X-

band LNA spans 8-12 GHz with an absolute bandwidth limit of 4 GHz. Its

geometric centre-design frequency, fc is 9.8 GHz, allowing for a fractional band-

width of 0.408 GHz. The K/Ka-band LNA spans 23-28 GHz with an absolute

bandwidth of 5 GHz. Its geometric centre-design frequency, fc is 25.4 GHz, al-

lowing for a fractional bandwidth of 0.197 GHz. Both LNAs are a three-stage

cascaded design with separated gate and drain lines for each transistor stage. The

first stage design of both LNAs has been optimised for better noise figure and

input match whereas the second and third stages for high gain flatness, and high

output power, respectively. The LNAs are designed to meet the unconditional

stability criteria [3].

3.3.1 X-Band LNA Design Procedure

The X-Band LNA design spans 8-12 GHz of the electromagnetic spectrum. A

three-stage X-Band low noise amplifier was designed using a 0.15 µm low noise

InGaAs pseudomorphic high electron mobility transistor process technology. The

various design parameters (forward transmission gain, minimum noise figure, S-

Parameter extraction, noise resistance, input and output isolations) were obtained

at a bias gate-source voltage, Vgs = -0.3 V and drain-source voltage, Vds = 2 V.

This bias point was chosen to reduce the current dissipation and maintain an
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acceptable performance level of the LNA. Also, this common bias network is

used to ensure equal distribution of current to all stages. The resonant frequency

for this design was fd = 10 GHz. The three-stage LNA structure is shown in

Fig. 3.7.

Figure 3.7: Three-stage LNA structure

• Stage one: The first stage is made up of a 2 x 75 µm transistor with source

inductive feedback for stabilization. The inductive series feedback in the

first stage drives the optimum noise match closer to the optimum gain

match, presenting the optimum match, Γopt over the operating frequency

to the gate of the first stage transistor with a 50 Ω input source. A series

LC network was utilized for the input match.

• Stage two: The second stage is made up of a 2 x 75 µm transistor. An inter-

stage matching network was designed to transform the output impedance

of the stage one transistor to the input impedance of the second stage

transistor for maximum stable gain and adequate linearity.

• Stage three: The third stage is made up of a 2 x 100 µm transistor. An inter-

stage matching network was designed to transform the output impedance of

the stage two-transistor to the input impedance of the third stage transistor
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for maximum stable gain. Parallel feedback between the input and output

of the third stage is introduced for gain flatness.

Figure 3.8: A Three-Stage 8-12 GHz MMIC LNA Design Schematic

Figure 3.8 shows the schematic of the X-Band LNA, designed to achieve a low

noise figure. C1 and C10 act as dc blocks, preventing dc voltage from passing

through the RF path. C2, C4, C5, C7, C8 and C9 are decoupling capacitors in

parallel to the supply voltage. They prevent any RF signal from leaking into the

voltage supply path. R1, R3, R5 are high resistive loads that prevent RF leakage

into the voltage supply path. C1 and L1 combine for the first stage optimum noise

input matching network. The optimisation of the first stage for a minimum noise

figure with sufficient gain is required. Inductor L6 and capacitor C10 constitute

the output matching network for the single-ended MMIC LNA topology design.

The pHEMTs devices are M1, M2 and M3 (Fig. 3.8). For the first stage, second

stage and third stage active devices of the LNA, a DC blocking capacitor and

inter-stage matching inductor is incorporated for maximum power transfer. The

input matching network consisting of C1 and L1 presents an optimum noise match

terminated at 50 Ω was maintaining sufficient gain and low input reflection.

Figure 3.9 shows the layout of the designed X-Band MMIC LNA.
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Figure 3.9: Layout of the Three-Stage 8-12 GHz MMIC LNA

3.3.2 K/Ka-Band LNA Design Procedure

The K/Ka-Band LNA design spans 23-28 GHz of the electromagnetic spectrum

covering the 24.25-27.5 GHz band earmarked for 5G. A three-stage K-Band low

noise amplifier was designed using a scalable PL15-10 0.15 µm low noise InGaAs

pseudomorphic high electron mobility transistor process technology provided by

WIN Semiconductors. At millimetre-wave frequencies, the conventional single-

stage amplifier exhibits relatively low gain. Also, the effects of parasitic and

passive losses are higher at these frequencies. Increasing the number of stages to

three (3), enhances the overall gain, though this leads to an increase in the power

consumption of the designed LNA.

The various design parameters (forward transmission gain, minimum noise fig-

ure, S-Parameter extraction, noise resistance, input and output isolations) were

obtained at a bias gate-source voltage, Vgs = -0.3 V and drain-source voltage, Vds

= 2 V. The resonant frequency for this design was fd = 25 GHz. Spiral induc-

tors and MIM capacitors are used for the matching networks. Fig.3.10 shows the

design topology of the three-stage K/Ka Band LNA.

• Stage one: The first stage is made up of a 2 x 50 µm transistor with source

inductive feedback for stabilisation. It is designed for low noise, present-
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Figure 3.10: Three-Stage K/Ka Band LNA Topology

ing the optimum match, Γopt over the operating frequency to the gate of

the first stage transistor with a 50 Ω input source. The inter-stage match-

ing networks are adjusted to help transform the source impedance to the

optimum noise impedance.

• Stage two: The second stage is made up of a 2 x 50 µm transistor. Inter-

stage matching network was designed to transform the output impedance of

stage one transistor to the input impedance of the second stage transistor

for maximum stable gain.

• Stage three: The third stage is made up of a 4 x 50 µm transistor. An inter-

stage matching network was designed to transform the output impedance

of stage two-transistor to the input impedance of the third stage transistor

for maximum stable gain. Parallel feedback between the input and output

of the third stage is introduced for gain flatness.

Fig. 3.11 shows the schematic of the K/Ka-Band LNA, designed to achieve a low

noise figure. C1 and C11 act as dc blocks, preventing dc voltage from passing

through the RF path. C2, C4, C5, C7, C8 and C10 are decoupling capacitors in

parallel to the supply voltage. They prevent any RF signal from leaking into the

voltage supply path. R1, R3, R5 are high resistive loads that prevent RF leakage
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Figure 3.11: Schematic of K/Ka-Band LNA

into the voltage supply path. The series RC network made of C9 and R6 is used

in the third stage as series feedback for gain flatness. C1 and L1 combine for the

first stage optimum noise input matching network. The optimisation of the first

stage for a minimum noise figure with sufficient gain is required. L6 and C11

combine for the output matching network. The active transistor devices are M1,

M2 and M3 for the first stage, second stage and third stage respectively.

Figure 3.12: Layout of the Three-Stage 23-28 GHz MMIC LNA

Figure 3.12 shows the layout of the designed K/Ka-Band MMIC LNA.
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3.4 HARRF SPDT Design

The broadband SPDT switch is designed over the frequency range from DC-50

GHz for 5G communication applications. The series and shunt FET switching

elements make use of a depletion mode scalable PL15-10 0.15 µm InGaAs pseu-

domorphic high electron mobility transistor (pHEMT) process technology. When

used as a switch, the pHEMT can be modelled as a small value resistor in the

”ON” state or as a parallel resistor-capacitor in the ”OFF” state. In the ”ON”

state, the control voltage for the gate is biased at 0V, while in the ”OFF” state,

the control voltage for the gate is biased beyond pinch-off voltage (-1.5 V for

this work). At 0 V on the gate, there is a low resistance signal path, and the

transistor is on. As the gate voltage reduces, the resistance increases and the

transistor is off. The RF signal path is the drain to the source, and the gate is

the control terminal where the gate voltages are applied through large resistors.

The drain-source voltage is swept around 0 V for different gate voltages. In order

to achieve high linearity, a stacked transistors configuration is adopted to divide

the voltage swing across the transistors.

A distributed topology is adopted for the SPDT switch design, as shown in

Fig. 3.13. The distributed topology made up of two series FETs and four cascaded-

stacks of shunt FETs in each arm with equal gate bias voltage and bias resistors

is used to extend the operating frequency of the switch by absorbing the off-state

capacitance of the shunt FETs into a low pass filter.

The shunt FETs (M3-M10, M13-M20) in the ”ON” state arm are at pinched-

off voltage when the series FET is switched on while the FETs in the ”OFF”

state arm are switched on when the series FETs (M1, M2, M11 and M12) are

at pinched-off voltage. In Fig. 3.13, the control voltages V1 and V2 are compli-

mentary (V1 being ”low” when V2 is ”high” and vice versa). The shunt FETs

are incorporated in the distributed SPDT design to improve the switch isolation
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Figure 3.13: Schematic of the designed distributed SPDT Switch

without causing an excessive increase in insertion loss. The series FETs are in-

corporated to improve the power handling capability of the switch by increasing

the size of the FETs used, which increases the drain-source current, IDS. The

series FETs are made up of a 3 x 275 µm size device.

3.5 Chapter Summary

This chapter outlined the design methodology for a highly adaptive reconfigurable

receiver frontend (HARRF). The proposed frontend architecture is designed using

the 3D software: Advance Design Software. Two LNAs, each capturing the

frequency range for X and K/Ka-Band applications, are integrated with an SPDT

switch to form the proposed architecture. An I-V characteristics for a 2 X 50 µm

and 4 X 50 µm transistor size was analysed, to find an optimum operating point for

the LNAs designs. Each of the LNAs are designed using a three-stage cascaded

topology for maximum gain and low noise performance. The SPDT switch is

designed using series and shunt FET transistors for switching capabilities. In

addition, a distributed topology made up of two series FETs and four cascaded-

stacks of shunts FETs are used for switching between ON and OFF states. The

LNAs and SPDT are integrated using transmission lines. Chapter 4 captures the
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simulation results and analysis of the proposed HARRF architecture.



Chapter 4

Results and Discussion

The simulated performance of the designed LNAs using ADS is presented below.

The results from this simulation show a good correlation with required commu-

nication standards.

4.1 X-Band LNA Responses and Discussion

4.1.1 X-Band LNA Analysis

The LNA S-parameters are shown in Fig. 4.1. It can be observed that the output

and input return losses are less than 10 dB for the entire band. The output

return loss was designed to be less than 22 dB. The gain shown in Fig. 4.2 is 40

dB at the centre design frequency, with an in-band ripple factor of 1dB across

the required band. The isolation loss is shown to be below 50 dB in Fig. 4.3

The minimum noise at the resonant frequency of 10 GHz was 0.9 dB (Fig. 4.4).

Considering the Rollete stability factor, K, the LNA is stable across the entire

band up to cut-off frequency, as shown in Fig. 4.5. A summary of the designed

LNA performances is given in Table 4.1.
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Figure 4.1: Input and Output reflection coefficient of the X-band MMIC LNA circuit

Figure 4.2: Gain of the X-band MMIC LNA circuit
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Figure 4.3: Isolation of the X-band MMIC LNA circuit

Figure 4.4: Noise Figure of the X-band MMIC LNA circuit
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Figure 4.5: Rollette Stability Factor of the X-band MMIC LNA circuit

Figure 4.6: Transfer characteristics of designed X-Band LNA at 10GHz
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Figure 4.6 shows the transfer characteristics of the designed X-band LNA consid-

ering the 1-dB compression point of the LNA. The input and output powers at

1-dB compression points are -30 dBm and 9 dBm at 10 GHz. Beyond these points,

the amplifier becomes saturated. Any further increase in the input power leads to

no further output power increase. The amplifier response becomes non-linear and

produces signal distortion, harmonics, and potentially inter-modulation products

beyond this compression point.

Table 4.1: X-Band LNA Requirements and Performance at 10 GHz Design Frequency

Design Parameter Requirement Performance

S11(dB) ≤ - 10 - 21

S12(dB) ≤ - 40 - 60

S21(dB) ≥ 25 40

S22(dB) ≤ - 10 - 40

NF (dB) < 2 0.9

K > 2 5

In-band Ripple (dB) ≤ 3 1

Table 4.2 shows comparison of the designed X-Band LNA with recently reported

X-Band LNAs. The rollette stability factor is represented as K, showing that the

LNA is stable across the design frequency.

4.1.2 FIS X-Band Receiver Sensitivity Simulation

In order to characterize and analyse the sensitivity response of the reported de-

signed broadband 8-12 GHz pHEMT InGaAs MMIC LNA for FIS LNB, a simu-

lation of the performance metrics for a typical X-band receiver was carried out.

The simulation parameters that were applied are thus: CNR (measured) = 17

dB; NF = 0.9 dB (from the presented designed 8-12 GHz MMIC LNA); fc =
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Table 4.2: Comparison of Simulated LNA at X-Band Frequencies

Ref. Process

No. of

MMIC

Stages

Freq.(GHz) Gain (dB)

Noise

Figure

(dB)

Power

(mW)

[71]
0.7 µm GaAs

mHEMT
3 7-11 30 1 62.2

[72] 0.65 µm CMOS 2 9.35-10.65 27.8 1.8 4.68

[73]
0.13 µm SiGe

BiCMOS
3 6-12 21 1.7 100

[74] 0.65 µm CMOS 2 8-12 15 8.4 110

[75] 0.18 µm CMOS 2 6.4-7.4 12.5 3 19

[76]
0.1 µm GaAs

mHEMT
3 4-12 31.5 1.31 8

[77] 0.1 µm InP HEMT 3 0.3-14 40 2.73 12

This Work
0.15 µm InGaAs

pHEMT
3 8-12 40 0.9 43

9.8 GHz; satellite channel bandwidth, B = 50 MHz (typical); measured received

power, Pr= -33dBm.

Figure 4.7: Fibre-Integrated Receiver Sensitivity Response



4.1. X-BAND LNA RESPONSES AND DISCUSSION 69

Figure 4.7 illustrates the X-band receiver sensitivity and noise floor responses

over the variable channel bandwidths of the fibre LNB. A wideband switchable

5G receiver can adapt the channel bandwidth to the on-demand duplex signal

transmission and reception constraints to support an optimal real-time receiver

sensitivity threshold.

For a constant channel bandwidth (Fig.4.8), the 50 MHz margin yields the best

receiver sensitivity threshold [67] over the X-band operating frequency. This

appears to justify the choice of the 50 MHz bandwidth for satellite video signals

transmission [3], [90].

Figure 4.8: X-band Receiver Sensitivity at a Constant Channel Bandwidth

During an MMIC LNA characterisation, the allowable temperature drift is 23±1

◦C; some equipment allows for up to 3 ◦C drift about the ambient temperature.

For any given fabricated MMIC LNA that is characterised, 0.1 to 0.2 dB is the

allowable loss margin for linear (S-parameters) measurements. A loss of above

1dB is unacceptable. The finding implies a need to enhance the receiver sensitivity

by performing a component- to subsystem-levels reconfiguration in near real-time.

Our reported three-stage single-ended X-band MMIC LNA design uses the common-

source configuration (CSC) for low-noise performance and moderate bandwidth.
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The series LC impedance matching network and circuit design technique enhance

the gain, stability.

Parallel feedback in stage three improves the gain flatness of the forward trans-

mission response. This finding further strengthens the need for a switchable

wideband receiver to cater for the massive 5G user equipment (UE) and base

station operational requirements.

4.2 K/Ka-Band LNA Responses and Discussion

4.2.1 K/Ka-Band LNA analysis

The LNA input and output return losses are shown in Fig. 4.9. It can be observed

that the output and input return losses are greater than 10 dB for the entire band,

showing the effectiveness of the amplifier’s input and output matching networks.

The gain (Fig.4.10) is 30 dB with a ripple of 1dB across the required band, while

the minimum noise at the resonant frequency of 26 GHz is 1.7 dB (Fig.4.12). The

LNA is stable across the entire band up to cut-off frequency as shown in Fig. 4.13,

hence unlikely to oscillate at any frequency. Fig.4.15 shows the linearity of the

LNA. The input P1dB correspond to -22.3 dBm. Table 4.3 summarises the results

of the designed LNA at a design frequency of 26 GHz.

Table 4.4 shows comparison of the designed K/Ka-Band LNA with recently re-

ported K/Ka-Band LNAs.

4.2.2 5G NR FR2 Receiver Sensitivity Simulation

In order to characterise and analyse the sensitivity response of the reported de-

signed broadband 23-24 GHz pHEMT InGaAs MMIC LNA, a simulation of the
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Figure 4.9: Input and Output reflection coefficient of the K/Ka-band MMIC LNA

circuit

Table 4.3: K/Ka-Band LNA Requirements and Performance at 25 GHz Design Fre-

quency

Design Parameter Requirement Performance

S11(dB) ≤ -10 -15

S12(dB) ≤ -40 -43

S21(dB) ≥ 25 30

S22(dB) ≤ -10 -25

NF (dB) < 2 1.7

K > 2 2

In-band Ripple (dB) ≤ 3 1

performance metrics for a typical 5G NR FR2 receiver was carried out. The sim-

ulation parameters applied in (9) are: CNR = 10 dB; NF = 1.7 dB (from the
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Figure 4.10: Gain of the K/Ka-band MMIC LNA circuit

Figure 4.11: Isolation of the K/Ka-band MMIC LNA circuit
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Figure 4.12: Noise Figure of the K/Ka-band MMIC LNA circuit

Figure 4.13: Rollette Stability Factor of the K/Ka-band MMIC LNA circuit
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Figure 4.14: Gain Vs Input Power Curve of designed K/Ka-band MMIC LNA

Figure 4.15: Transfer characteristics of designed K/Ka-band MMIC LNA
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Table 4.4: Simulation Comparison of Designed LNA at K/Ka-Band Frequencies

Ref. Process

No. of

MMIC

Stages

Freq.(GHz) Gain (dB)

Noise

Figure

(dB)

Power

(mW)

[84]

0.15 µm

AlGaAs-InGaAs

pHEMT

3 26-33 22.8 1.6 -

[76]
0.1 µm GaAs

mHEMT
3 25-34 24.2 3.04 2.8

[77] 0.1 µm InP HEMT 3 16-28 32.3 4.11 3.5

[52] GaAs pHEMT 3 18-21.6 30.3 1 60

[85] 0.1 µm GaAs pHEMT 3 18-43 21.6 1.8-2.7 140

[86] 0.25 µm SiGe 3 24-34 26.4 3.1-3.5 134

[87] 0.4 µm CMOS 3 26-33 27.1 3.3-4.3 31.4

This Work
0.15 µm InGaAs

pHEMT
3 23-28 30.8 1.7 43

presented designed MMIC LNA); and 5G NR FR2 band number: n258. Firstly,

the path loss constraints for the receiver was considered for up to the industry-

recommended 300 m range for 5G small cells. Fig. 4.16 shows the path-loss

response for the 5G NR FR2 band n258 up to 300 m. The upper uplink and

downlink bands of the proposed 5G Ka-band frequencies will record at least 20

dB signal attenuation within a 300 m range.

Fig. 4.17 illustrates the 5G NR FR2 receiver sensitivity and noise floor responses

over the proposed channel bandwidths of 50 MHz, 100 MHz, 200 MHz and 400

MHz.

Our reported three-stage single-ended MMIC LNA design using the pHEMT pro-

cess technology utilises the common-source configuration to achieve gain flatness

and stability (up to the cut-off frequency of the active semiconductor device) with

parallel feedback in stage three. In Fig. 4.18, a 5G NR FR2 receiver sensitivity

differential response is presented. The response shows that the lower the 5G
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Figure 4.16: 5G NR FR2 Path Loss versus Small Cells Distance

Figure 4.17: 5G NR FR2 Receiver Sensitivity Response

channel bandwidth, the steeper the sensitivity gradient of the pHEMT MMIC

LNA device. For the reported design, the 5G n258 band gradient over 50 MHz

to 100 MHz is 0.04 µs; while 200 MHz to 400 MHz yields 0.01 µs. Hence, re-

ceiver sensitivity reduces with channel bandwidth, but narrowband resolutions

imply considerable in-band sensitivity differential swings. This finding further

strengthens the need for a switchable wideband receiver to cater for the massive
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Figure 4.18: 5G NR FR2 Receiver Sensitivity Differential Response

5G UE and base station transceivers operational requirements.

4.2.3 SPDT Result Analysis

The switch is designed to operate at the frequency range of DC - 50 GHz with

less than 3dB insertion loss and an input and output return loss less than 10

dB (Fig 4.19) as well as more than 40 dB isolation (Fig 4.20), for X-band and

Ka-band frequency applications.

Table 4.5 shows the SPDT Switch Design Requirements and Performance at 10

GHz and 26 GHz frequencies.
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Figure 4.19: Insertion loss (Red), Input (Blue) and Output (Pink) return loss of dis-

tributed SPDT Switch

Figure 4.20: Isolation loss of the SPDT Switch
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Table 4.5: Wideband SPDT Switch Design Requirements and Performance at 10 GHz

and 26 GHz frequencies.

Design Parameter Requirement 10 GHz 26 GHz

S11(dB) ≤ -10 -15 -21

S21(dB) ≥ -3 -0.8 -1

S22(dB) ≤ -10 -14 -16

S31(dB) ≤ -40 -69 -56

S33(dB) ≤ -1 -0.8 -0.8

4.3 Switchable Wideband LNA performance with

SPDT Integration

Switchable capability is achieved using an integrated single-pole double-throw

switch (SPDT) with the designed wideband LNAs ( Fig. 3.2). The SPDT switch

configures the path through the phase-shifting elements to produce the desired

insertion phase shift. The SPDT employs two SPST (single pole single throw)

switches as shown in Fig. 3.13 to switch the signals between the X-band and

K/Ka-band frequency arms. One of the challenges in designing the reconfigurable

network with the SPDT is to ensure the impedance matching for both of its states

is optimal to reduce the insertion loss of the circuit. Large resistors are used to

bias the source and drain terminals (V1 and V2) of the series switch (Fig. 3.13)

to provide less insertion loss. The drain voltages states are shown in Table 4.6.

Table 4.6: Drain voltages states for switchable wideband receiver front-end with SPDT

Band Vd2 Vd3 SPDT Switch

On-State Off-state

X-band 0 V 2 V -1.5 V 0 V

K/Ka-band 2 V 0 V 0 V -1.5 V
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4.3.1 SPDT Integration with X-band ON and K/Ka-band

OFF

The simulated gain of the switchable wideband receiver front-end with X-band

ON and K/Ka-band OFF is shown in Fig. 4.21. The simulation shows a gain

between 23 dB and 27 dB over the frequency range of 8 GHz to 12 GHz at room

temperature while the K/Ka-band is switched off.

Figure 4.21: Gain performance of the switchable wideband receiver front-end with the

X-band arm ON and K/Ka-band OFF

The noise performance of the switchable wideband receiver front-end with X-band

ON and K/Ka-band OFF is shown in Fig. 4.22. For the X-band arm, the noise

figure is below 10 dB for the band of interest. Since the K/Ka-band arm is off,

there is a high resistance to current flow in that arm, which reduces the gain.

From Fig. 4.23, the input and output reflection coefficients are better than -5 dB

over the X-band frequency band.
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Figure 4.22: Noise performance of the switchable wideband receiver front-end with the

X-band arm ON and K/Ka-band OFF

The stability performance of the reconfigurable receiver front-end with the X-

band arm ON and K/Ka-band OFF is unconditionally stable across all frequencies

as shown in Fig. 4.24.

4.3.2 SPDT Integration with X-band OFF and K/Ka-

band ON

The simulated gain of the switchable wideband receiver front-end with X-band

OFF and K/Ka-band ON is shown in Fig. 4.25. The simulation shows a gain

between 23 dB to 27 dB over the frequency range of 23 GHz to 28 GHz at room

temperature while the X-band is switched off.

The noise performance of the switchable wideband receiver front-end with X-band

OFF and K/Ka-band ON is shown in Fig. 4.26. For the K/Ka-band arm, the

noise figure spans 2.3 dB to 2.6 dB for the band of interest.
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Figure 4.23: Input and output reflection coefficient performance of the switchable wide-

band receiver front-end with the X-band arm ON and K/Ka-band OFF

From Fig. 4.27, the input and output reflection coefficients are better than -5 dB

over the K/Ka-band frequency band.

The stability performance of the switchable wideband receiver front-end with

the X-band arm OFF and K/Ka-band ON is unconditionally stable across all

frequencies as shown in Fig. 4.28.

4.4 Chapter Summary

This chapter discussed the simulation results for the proposed highly adaptive

reconfigurable receiver frontend (HARRF). The responses of the two designed

LNAs are analysed individually and after that, the integrated responses are anal-

ysed. The stand-alone X-band LNA gives a flat gain of approximately 40 dB

across the band of interest while the stand-alone K/Ka-band gives a flat gain
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Figure 4.24: Stability performance of the switchable wideband receiver front-end with

the X-band arm ON and K/Ka-band OFF

of approximately 30 dB. The integrated architecture (HARRF), gives a gain of

20-28 dB when the X-band is ON and K/Ka-band OFF. A gain of 23 -27 dB is

achieved when the X-band arm is OFF and the K/Ka-band arm is ON.
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Figure 4.25: Gain performance of the switchable wideband receiver front-end with the

X-band arm OFF and K/Ka-band ON

Figure 4.26: Noise performance of the switchable wideband receiver front-end with the

X-band arm OFF and K/Ka-band ON
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Figure 4.27: Input and output reflection coefficient performance of the switchable wide-

band receiver front-end with the X-band arm OFF and K/Ka-band ON

Figure 4.28: Stability performance of the switchable wideband receiver front-end with

the X-band arm OFF and K/Ka-band ON



Chapter 5

Conclusions and Future Work

This chapter summarises the main contributions of this thesis exploring the use of

a single-pole, double throw RF switch to switch between two designed wideband

low noise amplifier over 8-12 GHz range and 23-28 GHz frequency range.

5.1 Summary

This thesis proposes a highly adaptive reconfigurable receiver frontend (HARRF)

for use in 5G and satellite application. The main contributions of this research

are summarised as follows:

• In chapter 2, the motivation for this research is discussed. State-of-the-

art wideband switchable LNA architectures is investigated, capturing

existing wideband topologies. Existing switchable topologies are outlined

and carefully analysed to derive the best architecture and hardware com-

position for the proposed highly adaptive reconfigurable receiver front-end

(HARRF). Frequency specification is carried out for multi-standard appli-

cations for X and K/Ka band frequencies. Furthermore, design specifica-

tion for stand-alone wideband LNAs are carried out for X and K/Ka-band

86
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frequencies. The LNAs are designed using a scalable PL15-10 0.15 µm

low noise InGaAs pseudomorphic high electron mobility transistor process

technology provided by WIN Semiconductors.

• In chapter 3, a Design Methodology for HARRF is proposed for effec-

tive and efficient frequency reconfiguration between the X and K/Ka-band.

Two LNAs are designed for adaptive hardware switching between the X and

K/Ka frequencies bands. The two broadband monolithic microwave inte-

grated circuit (MMIC) are designed using 0.15 µm gate length Indium Gal-

lium Arsenide (InGaAs) pseudomorphic high electron transistor (pHEMT)

technology from WIN Semiconductor Corp, Taiwan.

The three-stage X-band (8-12 GHz) LNA, using the common-source cas-

caded topology, demonstrates an industry-leading in-band gain response of

40 dB, a noise figure of 1.0 dB and very low power dissipation of 43 mW.

For a constant bandwidth receiver, the sensitivity changes by approximately

1.5 dB over the operating satellite signal frequency. Similarly, for a variable

bandwidth receiver, the sensitivity changes by approximately 1.5 dB over

the channel bandwidth. Moreover, the sensitivity margin of the designed

LNA is 40 dB, and this holds a great promise for real-time component-level

reconfiguration applications.

The designed three-stage K/Ka-band (23-28 GHz) LNA demonstrates an

industry-leading flat gain response of 30 dB, a noise figure of 1.70 dB

and a very low power dissipation of 43 mW. The differential sensitivity

response spans 0.01 to 0.04 dBm/Hz over the upper and lower ends of the

channel bandwidths of the 5G New Release frequency range n258 band

(24.25-27.58 GHz). The designed LNA is suitable for real-time component-

level reconfiguration applications. These applications include dynamic spec-

trum access, regenerative wireless transponder-transceiver technologies sup-

port, active spectrum resource usage, distributed sensing over a multi-
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standards wideband spectrum, and massive and complex time-varying spec-

trum datasets/features.

• A Single pole double throw switch for broadband application is de-

signed to operate at the frequency range of DC-50 GHz. The device ex-

hibited a less than 3 dB insertion loss and more than 40 dB isolation.

The SPDT switch is designed with wideband capabilities for X-band and

K/Ka-band frequency range. This designed switch forms the switching arms

between the two designed LNAs for X and K/Ka-band applications.

• A Highly Adaptive Reconfigurable Receiver Front-end (HARRF)

for broadband application is achieved by integrating the SPDT with the

two LNAs. A gain of 25 dB is achieved at the centre frequency of 9.8 GHz

when the X-band arm is turned on, and the K/Ka-band is turned off. A

gain of about 23 dB is achieved at 25.4 GHz when the K/Ka-band arm is

turned on and the X-band arm is off.

5.2 Limitations and Future Work

The limitations faced during the research work were:

• Access to fabrication services: Due to the unavailability of lab equip-

ment for fabrication and restrictions due to COVID, this research findings

are solely simulation based compared with known industry standard lit-

eratures. Thus, the designed HARRF and the LNAs circuits could not

be fabricated to verify the proposed wideband switchable receiver frontend

concept.

• Switchable transmitter frontend design: A switchable wideband re-

ceiver frontend has been the focus of this thesis. An extension of this work
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will be to consider the transmitter end design, response and overall perfor-

mance of the transceiver system.

• Process technology used: This thesis was carried using a 0.15 µm gate

length Indium Gallium Arsenide (InGaAs) pseudomorphic high electron

transistor (pHEMT) technology. Exploring other available transistor tech-

nologies for comparative analysis with the designed switchable wideband

receiver frontend is another research future work. This will lead to devel-

oping improved FET models with minimal parasitic effects for the switch-

able wideband receiver frontend. Furthermore, mathematical modelling of

matching network and noise analysis of HARRF can be derived.
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