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Abstract

The objective of this thesis is to present the gtesind implementation of ultra-low
power radio transceivers at microwave frequeneubssh are applicable to wireless sensor
network (WSN) and, in particular, to the requiretneri the Speckled Computing
Consortium (or SpeckNet). This was achieved throggiasi-MMIC prototypes and
monolithic microwave integrated circuit (MMIC) witthc power consumption of less than
1mW and radio communication ranges operating at leae metre.

A wireless sensor network is made up of widely ribsted autonomous devices
incorporating sensors to cooperatively monitor jpdaisenvironments. There are different
kinds of sensor network applications in which sesgerform a wide range of activities.
Among these, a certain set of applications reqthieg sensor nodes collect information
about the physical environment. Each sensor nodeatgs autonomously without a central
node of control. However, there are many implent@rnachallenges associated with
sensor nodes. These nodes must consume extremelgdaer and must communicate
with their neighbours at bit-rates in the orderhoindreds of kilobits per second and
potentially need to operate at high volumetric dess Since the power constraint is the
most challenging requirement, the radio transceiweist consume ultra-low power in
order to prolong the limited battery capacity ai@le. The radio transceiver must also be
compact, less than 5x5 Mo achieve a target size for sensor node andatgpewer a
range of at least one metre to allow communicatietveen widely deployed nodes.

Different transceiver topologies are discussed tmose the radio transceiver
architecture with specifications that are required this project. The conventional
heterodyne and homodyne topologies are discussée tmnsuitable methods to achieve
low power transceiver due to power hungry circaitsl their high complexity. The super-
regenerative transceiver is also discussed to lmiitabhle method because it has a
drawback of inherent frequency instability and dteracteristics strongly depend on the
performance of the super-regenerative oscillatostelad, a more efficient method of
modulation and demodulation such as on-off keyi®@®K) is presented. Furthermore,
design considerations are shown which can be useatliieve relatively large output
voltages for small input powers using an OOK motiloia system. This is important
because transceiver does not require the use oficadd circuits to increase gain or
sensitivity and consequently it achieves lower posagsumption in a sensor node.

This thesis details the circuit design with botlc@nmercial and in-house device

technology with ultra-low dc power consumption vehiétaining adequate RF performance.
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It details the design of radio building blocks imting amplifiers, oscillators, switches and
detectors. Furthermore, the circuit integratioprissented to achieve a compact transceiver
and different circuit topologies to minimize dc pawconsumption are described. To
achieve the sensitivity requirements of receivatetector design method with large output
voltage is presented. The receiver is measuredue butput voltages of 1mVp-p for input
powers of -60dBm over a 1 metre operating rangdéevdainsuming as much as 424.

The first prototype combines all required blocksngsan in-house GaAs MMIC
process with commercial pseudomorphic high elecnaility transistor (PHEMT). The
OOK radio transceiver successfully operates atémére frequency of 10GHz for compact
antenna and with ultra-low power consumption anowshan output power of -10.4dBm
for the transmitter, an output voltage of 1mVp-paatoperating range of 1 metre for the
receiver and a total power consumption of |8A0 Based on this prototype, an MMIC
radio transceiver at the 24GHz band is also dedigodurther improve the performance
and reduce the physical size with an advanced Sfatetlength GaAs metamorphic high
electron mobility transistor (MHEMT) device techagy.
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Chapter 1

Introduction

Wireless sensor network (WSN) creates an innovatidhe way we interact with our
environments. The vision of wireless sensor netw@vSN) is ubiquitous wireless, with
large networks of wirelessly connected nodes coigcand disseminating a wide variety
of environmental data such as temperature, pressoge motion capture. Technology
advances in device, energy scavenging, energyge@ad IC packaging, coupled with the
availability of low power, low cost digital and dogue/RF integrated circuits have made it
conceivable to build and deploy dense wireless okdsvof heterogeneous nodes [1].

The SpeckNet project [2] is a consortium betweeilvéhsity of Glasgow, University
of Edinburgh, University of Strathclyde, Universiay St Andrews and Napier University,
to comprehensively address the challenges in imghéimg WSN on a large scale, from
high-level routing to physical layer electronicshel goal of the project is ubiquitous
wireless that disappears into the environment wibinstant connectivity and without
regular maintenance. Crucial to the success oethbgjuitous networks is the availability
of small, lightweight, low-cost network elementdhieh are called wireless sensor nodes.
More importantly, the nodes must be ultra-low power eliminate frequent battery
replacement. To reach these aggressive power cqtsunrevels, the effective range of
each node must be limited to a couple of metenm@dt. Extending the reachable data
range requires a scalable network infrastructuaé aHlows a distant node to communicate
with any other node. A self-configuring ad-hoc netiking approach is a key to the
deployment of such a network with many hundredsoafes.

Figure 1.1 shows the deployment, communication gaamgd link between each node
for an energy-efficient wireless network. Each nogerates as a relay point to implement
a multi-hop communication link by receiving datarfr one of its neighbours, and then
processing it before routing it to the next neigibtowards the destination for energy-
efficient wireless network as well as network withdase station unlike long range
communications. In the next section, challengeswotless sensor networks will be

discussed.
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Figure 1. 1. Scenarios of node deployment for grefficient wireless network

1.1 Challenges of Wireless Sensor Networks

In order to make successful a large scale deployofenireless sensor networks, each
node must exhibit low power consumption, low ogagaaind system cost and small size.
Each of these three factors is somewhat intertwired example, electronic components
are already so small that overall module sizenmstéid by power supply or energy storage
requirements. For this reason, reducing power copson of the electronics is an
effective way to shrink size as well. Another ex&mp that highly integrated circuits with
few external components can simultaneously redizecasmd cost.

One of the most critical reasons to reduce poweswmption is to enable the use of
new power supply technologies like energy harvgsti) and low cost printable batteries
[4]. These early-stage developing technologies aarapply much power, so any means
of reducing power requirements will hasten the éidopof next generation power supplies.

Clearly, reducing power consumption is a key mettmdeach the goal of ubiquitous
wireless. Among all the node functions such as agatn, sensing, and actuation, the
wireless communication link is still a dominant qoonent [5]. Therefore, the high-level
goal of this research is to reduce the energy déglicto communication links in wireless

sensor nodes.

13



1.2 Power Energy Sources

A large scale deployment of wireless sensor nodashe achieved by the energy self-
sufficiency of each node for their entire useftgtime. Also, an energy efficient wireless
network can extend the lifetime of each node. Exere importantly, wireless sensor
nodes must reduce their consumed dc power and fameef energy source must be
developed for wireless sensor networks. The aJailpbwer is determined by the power
density and the size of the energy source. Henteless sensor networks suffer from an
available small power density due to small sizeve®ad low cost energy sources for
powering a sensor node are lithium battery, sadr fuel cell and other low cost batteries.
Among all the energy sources, the lithium batterthe most versatile since its operation is
relatively independent of its operating environméfawever, its average power density is
approximately 100W/cm® with life time of 1 year [6]. For a small sensoode, the
amount of storage the energy source has is nocieumif to operate the node for a long
lifetime. Also, solar cells as scavenging energyrses perform well under strong sunlight
and can be used to power sensor nodes placedheeairtdows and in the outdoors during
the day. Hence, it is likely that sensor nodes bélpowered by a combination of storage
power sources. An example of such a hybrid powarcsois to use solar cells to charge
the battery and power the node during the day,eamploy the battery to operate the node
at night. Combining both the storage and scavengmgygy sources, the average power
consumption of a 1chrsensor node is ~1QWV. This severe power requirement is the most
challenging constraint and it greatly influences tiesign and implementation of wireless

sensor nodes.

1.3 Transceiver Design Considerations

The radio transceiver is the most important systena wireless sensor node since it is
the primary energy consumer among all three of @emsocessor and radio transceiver.
Modern low power, short range transceivers consboeteeen 5mW and 300mW of power
when transmitting and receiving [7]-[11]. A key Hesare observation is that low power
transceivers consume approximately the same amolumnergy when in receive or
transmit mode. This energy is consumed if the traiver is powered on whether or not it
is receiving actual data. The actual power emittetiof the antenna only accounts for a
small fraction of the transceiver’s energy consuamtA significant fraction goes to
internal operation. Because of this, the overadit @ transceiver can easily be dominated
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by the receiver power consumption. Therefore, #search in this thesis focuses on
reducing the power consumption of the transceilrethis section, the considerations of

WSN transceiver design which affect power consuompdire also described.

1.3.1 Transmission Range

The transmission range of a wireless sensor nodenolled by several factors. The
most intuitive factor is that of radiated power foter-node communication between two
nodes. The more energy put into a signal, the darthshould travel. The relationship

between power output and distance is shown in kmuatl,

47\ [ d"
P, .= . . o LF 1.1
rad,min ( c j (GtGr j Rsens ( )

wheref is the operating frequencg,is the distance between two nod@sandG; are the
antenna gain of receiver’s and transmitter's ardsnmespectivelyRsensis the receiver
sensitivity, c is the speed of lighty is the path loss exponent ah# is the loss factor
accounting for other losses (e.g. matching, caids, letc).

For WSN applications, an isotropic anten& &nd G; =1) is desired as the relative
orientation between sensors nodes are not predasamAlso, multi-path is more severe
in indoor environment and the path loss exponésttypically between 3 and 4 [12]. For a
range of about 1m, a 10GHz communication systemimes| about -10dBm of transmit
power with a sensitivity of -60dBm.

Other factors in determining transmission rangéunhe the sensitivity of the receiver,
the gain and efficiency of the antenna and the mblaencoding mechanism. In general,
wireless sensor network nodes cannot exploit hajh,glirectional antennas because they
require special alignment and prevent ad-hoc ndtwimpologies. Omni-directional
antennas are preferred in ad-hoc networks becdusg dllow nodes to effectively
communicate in all directions.

Hence, increased transmission range can be achivether increasing sensitivity or
by increasing radiated power. When transmittinQam, a receiver sensitivity of -85dBm
will result in an outdoor free space range of 255 metres, while a sensitivity of -
110dBm will result in a range of 100 to 200 metf&8]. The use of a radio transceiver
with a sensitivity of -110dBm instead of a radiansceiver with -85dBm allows one to

decrease the radiation power by a factor of 30 asideve the same range. However, a
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good sensitivity of receiver leads to increase owgr consumption because an amplifier
must be used to increase the receiver gain andhadldator must also be used to increase
receiver output voltage. Thus, the dc power congiom@nd sensitivity of receiver must

be traded off in order to optimize the communicatiange.

1.3.2 Modulation Scheme

To reduce infrastructure costs and increase uspacdg, traditional cellular and
wireless local area network (WLAN) systems placenigh value on both spectral
efficiency and receiver sensitivity. Thus, transees employ bandwidth efficient
modulation schemes like Gaussian minimum-shift kgyi(GMSK) or quadrature
amplitude modulation (QAM) combined with cohererteiver architectures, however,
these transceivers consume too much energy foosee$work applications. To address
this problem, in 2003 the IEEE approved the 802 Kfandard for low-power wireless
personal area network (WPAN). The 802.15.4 supplooth binary phase-shift keying
(BPSK) and offset quadrature phase-shift keyingQEBK) modulation at a maximum
data rate of 250 kbps [13]. Current 802.15.4 traivers consume tens of milliwatts, which
is less than cellular systems but still too highrfany sensor network applications.

To achieve an improved power level lower than thaecified by 802.15.4, on-off
keying (OOK) modulation with non-coherent receiaechitecture is a suitable modulation
scheme. A non-coherent, OOK receiver enables tkeoti@n envelope detection based
receiver. In contrast with the coherent receivehigecture, no oscillator is required for
phase synchronization and the receiver can turmuokly. Furthermore, the power
consumption can be dramatically decreased asR#lgain is required to achieve the short
range communication and no RF oscillator must Is¢éagued.

Two limitations of OOK modulation are that it isegprally inefficient and that it is
strongly susceptible to interferers. These two titmons, however, are acceptable given
that low power consumption is the primary designsideration. For sensor nodes that are

deployed in remote environments, there is ampleWwaith available and few interferers.

1.3.3 Data Rate

In typical deployment, data of interest such aspemture and pressure vary slowly
with time, thus, to achieve sensor network for ¢hepplications, a data rate of only
hundreds to thousands of bits per second is seffficiin case of OOK transmitter, the
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start-up time of RF oscillator directly limits tldata rate of the transceiver. For low power
consumption the oscillator start-up time is lon@jch seriously restricts the data rate of an
OOK system. Therefore the traditional OOK transeniis often used in low data rate
applications of less than few Mbps. Methods havenlj@oposed to increase the data rate
with low power OOK system as the transceiver ogasrat a higher instantaneous data rate
and turn off the radio periodically [14]. Howevehere is an upper limit above which
increased duty cycling and higher instantaneous ddés decrease energy efficiency. One
key problem is that the start-up time associateth wirning on a transceiver has an
associated energy that cannot be reduced by inegedata rates [15]. A second problem
is that increased instantaneous power consumpésults in worse battery efficiency or
requires larger decoupling capacitors [16]. Asraliive method for higher data rate that is
required in high quality medical imaging systenhmigh data rate OOK transceiver is based
on the mixer-based frequency up-conversion traiemitut it is not suitable to realize low
power consumption and compact size. Thereforearesteiver architecture that meets the

requirements of wireless sensor networks must tefudly chosen.

1.4 Thesis Organization

This chapter has introduced the concept of wirekssssor networks. There already
exist some efforts to overcome the challenges sigdéng low cost, compact size and low
power consumption transceivers. Therefore, thenalkig aim of this thesis describes device
technology and design method to reduce the poweswnoption and size of radio
transceiver and also implement a radio transcewtdrthese considerations.

Chapter 2 presents a survey of possible transcainahitectures for wireless sensor
networks and highlights the factors limiting poveensumption for other architectures. At
the circuit implementation level, the consideratiohdevice technology and operating
frequency is discussed to satisfy the two requirgmef ultra-low power consumption and
compact transceiver.

Chapter 3 describes the design of the radio bugldimcuits which constitute OOK
radio transceivers, including all the necessaryckdoto perform the radio transceiver
function. Characteristic and design method of thba#ding blocks with simulation
analysis are presented to achieve complete radisdeiver. This chapter also illustrates
the layout and performance of MMIC passive comptsench as metal-insulator-metal

(MIM) SiN capacitor and spiral inductors that vk used in circuit design.
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Chapter 4 details radio building blocks that argplamented on GaAs substrate and
complete OOK radio transceivers which are integratéth them. An integrated quasi-
MMIC transceiver is presented along with measueslilts. Chapter 4 also presents the
reduction of power consumption in a complete radmmsceiver with switched oscillator
and envelope detector design method and then dissubke performance of a complete
transceiver with ultra-low dc power consumption.

Chapter 5 details the device technology using awmamckd I1I-V compound
semiconductor process in University of Glasgow #reddesign and implementation of an
MMIC OOK radio transceiver to achieve ultra-low pawconsumption and compactness.
This chapter also illustrates the simulated resaftd layouts for switches, amplifiers,
oscillators, and envelope detectors. Finally, gnglit for a complete transceiver/antenna
MMIC is presented.

Chapter 6 details the design and implementatiomogtl planar filters such as W- and
G-Band bandpass filter (BPF) and wide band BPF. éxpeerimental results are discussed
and compared to simulations.

Chapter 7 concludes with a summary of the resghseaed and a discussion of future

research directions.
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Chapter 2

Transceiver Design Approach

In the previous chapter, the concept of wirelessaenetwork (WSN) was introduced
and the design considerations for transceiversiiel@ss sensor network applications were
described. The Speckled Computing Consortium [2u$es on the research and
realization of a wireless ad-hoc sensor network mising tiny nodes (specks). Each of
these nodes will be autonomous, and capable of conwmating via both optical and radio
frequency (RF) links. Thousands of specks, scatteresprayed on the person or surfaces,
will collaborate as programmable computational meks called SpeckNet. The ultimate
goal of SpeckNet is to achieve autonomous distibwtireless sensor networks that can
perform data sensing, information processing andnngonicating into our daily
environments. In this scenario, sensor nodes apdoykd on a large scale and nodes
automatically create sensing and processing nesmaith wireless connectivity. Wireless
nodes must have modest resources due to theirgalhysize and then their collective
power is harnessed in a SpeckNet and significartgwsing capability will be realized.

Each speck is equipped with its own energy soultiemthe stated volume and since
this is severely restricted, battery dimensionstnbeskept to a minimum. At present, the
smallest available rechargeable lithium batteryl vioié suitable, but nevertheless a
transceiver design exhibiting low power consumpi®nital in order to provide a useful
lifetime. Therefore minimising the power consumptiof the overall design is a critical
factor.

The radio transceiver is often the part of a sensde which consumes the most power
and since each node is equipped with only a limaéiebunt of battery size and renewable
energy source, the radio transceiver must be optidnio consume ultra-low dc power for
energy efficient wireless networks. This thesisu®s on the circuit design method,
modulation scheme and radio topologies operatinmiatowave frequencies which are
suitable to achieve ultra-low power consumption @othpactness for wireless sensor
nodes.

The channel allocation is also a critical issuee@lize the inter-node communication.
The single channel sharing has been determined chigimnel estimation for short range
wireless sensor network and collision avoidanceorélyms by colleagues working at
University of Edinburgh [17] and will be used in&gaNet.
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In summary, the SpeckNet radio transceiver mustdsggned to consume dc power of
less than 1mW and fit within an area of less theh Bnf. The radio transceiver must also
be able to operate over a distance of one metenable communication between each

node.

2.1 Architecture Considerations

There are a wide variety of ways to build a wirgléansceiver and modulate and
demodulate an RF signal. On one hand are compésdeivers that can demodulate
signals with very high sensitivity. On the othentlare simple transceivers such as RFID,
which do not even have a power supply. We can utiesvwide variety of transceiver
architectures on a continuum of power consumptimh @mplexity versus performance,
which tend to move together on the scale.

Traditional wireless transceivers basically are encomplex architectures than RFID.
These more complex transceivers utilize active @svto achieve high sensitivity and data
throughput, far beyond what is possible with passigetectors. The high-level
architectures used in these transceivers can dbndém@ grouped into a few major
categories. These architectures are referred ttraadtional due to the fact the basic
architectures used have not changed substantiallyrecent years, although the
implementation details have become immensely mormeptex than in the early days of

radio. This overview concentrates on narrowbanastgaivers.

2.1.1 Super-heterodyne Transceiver

The most common type of transceiver architectutzes frequency conversion, where
the baseband signal is shifted to higher frequdncynodulate data signal with carrier
signal for modulating data signal and the inpuhalgs shifted to lower frequency to ease
implementation of signal processing blocks suclgas and filtering for demodulating
data signal. Selectivity is achieved through cdrdfequency planning, combining
narrowband low frequency responses with high puwggillators and mixers to perform
frequency conversion. For example, the super-heya architecture utilizes two separate
up/down-conversion operations. First, in the cabaegeiver, the input RF signal is
amplified by low noise amplifier (LNA) in order ®ase the noise requirements on the rest
of the receiver chain. Then, the RF signal is camketo intermediate frequency (IF) with
a high-accuracy, tuneable local oscillator (LO)isTIf signal is amplified and filtered with
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a fixed frequency filter to remove the image andrgus signals. A second mixer converts
the signal to DC using a fixed frequency oscillabthe IF frequency. Figure 2.1 shows a
typical block diagram for super-heterodyne transaseiThe advantage of this method is
that most of the radio’s signal path has to be iseasto only a narrow range of
frequencies which is selected by RF and IF filtelsnce, this transceiver has an advantage
of a high sensitivity. RF filters are also usedsimate between transmitter and receiver. IF
filters are used to remove an image response whigenerated by frequency mixing. In
some cases, multiple IF stages can be used toawerthe unwanted image response with
two IFs of different values. The super-heterodynethod also offers excellent stability
with a phase-locked loop (PLL) frequency synthasiaéhough super-heterodyne method
has superior characteristics to simpler transceiyees in frequency, this method suffer
from high power consumption by virtue of the usepofver hungry components such as
frequency synthesizer and mixers. Thus, in spiteth#dir sensitivity and stability
characteristics, this architecture is unsuitableathieve a low power transceiver for

SpeckNet project.
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Figure 2. 1. Typical block diagram of super-hetgragtransceiver

2.1.2 Direct Conversion Transceiver

Figure 2.2 shows a typical block diagram of direohversion transceiver. Direct
conversion and low-IF transceivers avoid the impgaeblem by quadrature mixing the
baseband signal directly to RF signal and the Rjpadi directly to baseband using
guadrature up/down-conversion. As in the case pessheterodyne architecture, an LO
with high spectral purity and stability is requireéd drive the mixers. The power

consumption of these architectures, along with stpeerodyne, is fundamentally limited
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by the local oscillator and PLL frequency synthesiZlhe stringent frequency accuracy
and phase noise performance typically requiresanant LC oscillator, usually embedded
in a phase locked loop (PLL). The limited quali&gtor (Q) of integrated passives leads to

a power floor of a few hundred microwatts.
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Figure 2. 2. Typical block diagram of direct corsien transceiver

As an example, consider the recent low-IF receivgriementation described in [18].
In order to save power, the design eliminates yipecal LNA and feeds the RF input
directly to the quadrature down-conversion mix@étge mixers are implemented as passive
switching networks using MOSFET switches, so theimgi circuits consume zero DC
current. Following the mixers, the receiver cirsyirocess the baseband signal at the low
IF frequency (less than 1MHz), so these amplifieesume little power. The only
remaining element is the oscillator to drive the p@t of the mixers. The oscillator must
operate near the RF channel frequency with highuracy and stability, while
simultaneously driving the gates of the mixer shete with a large amplitude signal. For
guadrature operation, the voltage controlled caail (VCO) must also provide both in-
phase and quadrature outputs. It is not too sumgtisherefore, that the LO generation is
responsible for more than 80% of the overall poa@sumption in the receiver. Despite
the use of a large modulation index to eliminate tieed for a complete PLL, the VCO
itself still consumes more than 30/ in single-phase, non-quadrature mode. This figure
consequently increases the power budget for thigeetnansceiver. Clearly, the power
devoted to the local oscillator must be dramatycatiduced if this architecture is to be

used for wireless sensor networks.
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2.1.3 Super-regenerative Transceiver

The super-regenerative receiver (SRR) architeatarebe used to realize a transceiver
that is suitable for on-off keying (OOK) modulatiofhe advantages of the super-
regenerative receiver are that it has high eneffygiency, low power consumption and
small number of components allow for high integmati This makes it an attractive and
preferred architecture for integrated ultra-low powadio transceivers. Figure 2.3 shows
the typical block diagram of a super-regeneratigadceiver, which consists of a matching
network, an LNA with high isolation, a super-regextize oscillator (SRO) which includes
a time varying loop gain and a bandpass feedbatkonle, and envelope detector for
receiver and an optional power amplifier and anllasor for transmitter [6]. The super-
regenerative oscillator bias current is controllgdquench signal which has several times

modulation bandwidth.
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Figure 2. 3. Typical block diagram of super-regatiee transceiver

Although an SRR has advantages of high gain, saityplilow cost, low power
consumption and constant demodulated output oweida range of input signal levels,
however it has a drawback of inherent frequenctabibty and its characteristics strongly
depends on the performance of the super-regeneraseillator. Therefore the super-
regenerative receiver requires a highly stable lamdphase noise oscillator. In addition,
interference is also caused by radiation from thengh oscillator and the addition of an

oscillator in the receive path increases the ol/pmater consumption of the transceiver.
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2.1.4 Direct Modulation/Demodulation Transceiver

As an alternative to frequency conversion architess, the simplest transceiver can be
implemented with just one free-running oscillatbfR switch, low noise amplifier (LNA)
and envelope detector, similar to the early amgéitmnodulation (AM) transceiver. This
architecture, also called direct modulation/dematiah transceiver, eliminates the power-
hungry phase-locked LO altogether. Figure 2.4 shawgpical block diagram of direct

modulation/demodulation transceiver with option&l fitter and power amplifier (PA).
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RF FILTER LNA DETECTOF BASEBAND DATA
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Figure 2. 4. Typical block diagram of direct modida/demodulation transceiver

There are two main drawbacks with the direct magutéddemodulation architecture.
First, selectivity must be provided through narrawt filtering directly at radio section
since the self-mixing operation is insensitive tbage and frequency. Second, this
architecture suffers from poorer sensitivity iftbés no filter and due to limited sensitivity
of a diode-based envelope detector. The direct tatdo/demodulation transceiver is an
enhanced version of the simple diode rectifiersduseRFID tags, which were shown
earlier to have poor sensitivity. The addition ajithfrequency gain is expensive from a
power perspective, so direct modulation/demodutatiansceivers usually exhibit inferior
sensitivity compared to frequency mixing architeetu Despite these drawbacks, the
direct modulation/demodulation transceiver is sofaable architecture for wireless sensor
networks which is required to have low complexioyy power consumption and low data
rate. The direct modulation/demodulation transaeigealso suited for the on-off keying
(OOK) modulation scheme which can be generatedaliiglsing the oscillator on and off,

and the envelope detector rectifies the modulatgthkfor baseband processing.
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2.2 Technology Considerations

The Speckled Computing Consortium is currently tigyag sensor nodes which will
be 5Smmx5mmx5mm in dimension and in addition to ousi sensors such as pressure,
temperature etc, will also include a rechargeabtéeby, wireless communication link, on-
board signal processing and a stripped down mioagssor in the 125 miwolume.

An autonomous sensor node of this volume requiresrtajority to be occupied by the
battery in order to maximize node lifetime. As aul the antenna and radio transceiver
must fit into an area of 5mmx5mm and also havewapoofile to minimize the volume
occupied. This would suggest operating at highieafrequencies to minimize the antenna
size, however this results in additional inter-noflee space loss and therefore a
requirement to consume more power in the radiostr@iner to transmit higher power
signals and produce higher gain in the receiveus]Bensitivity is decreased with larger
bandwidth and higher noise of amplifier. Operatdower frequencies has the advantage
of reduced free space losses and therefore lowasmrit power requirements, but at the
expense of a larger antenna size. In both casad{rarlow power transistor technology is
required to optimally utilize the available battggwer for inter-node communication.
Thus, the frequency band in which the transceiwgllsoperate is considered to minimize
the antenna size, and a suitable device technakb@so considered to operate in the

chosen frequency band.

2.2.1 Operating Frequency Band

Early transceivers designed for wireless sensaworés typically operated within the
industrial, scientific and medical (ISM) radio banduch as 433MHz, 915MHz and
2.4GHz because these bands are typically intendedirflicensed operation. Therefore,
these transceivers are predicted to suffer fromrgel antenna size which can increases a
sensor node size since the wavelengths are detigedperating frequency and it is
proportional to the size of the antenna. Consedyiéime communication frequency should
be high in order to minimize the size of antennd #us sensor node. The ISM band also
has several higher frequency bands such as 5.8G#124GHz. The power link budget
must also be considered for the frequency planusecanter-node communication has a
path loss for communication in free space and as@e with frequency. To consider the
frequency band, the power-link budget is neededptimize a frequency band for

transceiver. The power link budget is calculated usyng transmission equation with
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collected data from simulated and experimental ltesé block diagram showing the
parameters used to calculate the free space Iag®isn in Figure 2.5. From Figure 2.5,
the Friis transmission equation is given as theraf transmitter power and receiver

power.

Gt G

Figure 2. 5. Basic block diagram illustrating Ftiignsmission equation

The ratio of power received by the receiving angrf}, to power input to the

transmitting antennd, is given by

P A
—=—1 GG :
> = () ee 1
R
P (aem = 10'—09(1)(10_3 j (2.2)

where G; and G, are the antenna gain of the transmitting and vetgi antennas,
respectively A is the wavelengthR is the distance, and is the loss factor. The antenna
gains are with respect to isotropic. The free spase according to Equations 2.1 and 2.2
is inversely proportional to the square of the Wewgth. In other words, the loss increases
as the frequency increases or the wavelength deiges. This also means that the
effective area of an antenna will decrease witlheiasing frequency [19].

Lower frequencies imply larger antennas; if higgam is needed to compensate for
path loss, this also increases antenna size. Howkigher frequencies must be used to
realize a small size radio transceiver. In addjtibe device gain performance at a chosen
operating frequency must be considered to achibgerdéquired performance of circuits
and transceiver without additional power consumpéad increasing circuit size.

These relations can be easily shown by plottingaiqn 2.1 versus antenna separation

distance in order to consider the power link budgedifferent operating frequencies.
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Figure 2.6 shows the theoretical free space pathversus antenna separation distance for
the ISM frequency bands at 915MHz, 2.4GHz, 5.8Ghtt 24GHz.
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Figure 2. 6. Free space path loss versus distanseveral ISM frequency bands
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Figure 2. 7. Free space path loss versus frequendynetre distance

Figure 2.7 shows the operating frequency versusp#ib loss for a communication
distance of one metre. For example, at 24GHA).0125 mand if both antennas are
considered to be isotropic radiatore.(gain of 1dB), with a separation &=1 m loss
factor ofL=1 and the transmitting power 6fdBm (1mW)then the received power will be
-60dBm(0.01tW). This means that there is a 60dB loss in the mdlarit is important to
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remember that this only occurs if the antennaganeating directly at each other and there
is no polarization mismatch. In the case of trangower of -10dBm, the receiving power
will be -70dBm and this path loss wil be agreeabless for direct
modulation/demodulation transceiver architecturehwihe 7dB gain of the receiver.
Therefore, the use of 24GHz frequency for radiodcaiver provides minimized antenna

size and sensor nodes within the target volumepetENet project.

2.2.2 Device Technology

For wireless sensor network applications, a redslenahoice for the transceiver
circuitry is the standard complementary metal-ossdeiconductor (CMOS) integrated
circuit (IC). Single-chip integration of digitalnalogue, and communication circuitry is
mandatory to reduce the hardware cost and scale@%M proven to be a good platform
for RF circuits as well as digital. For analogud &+ design, however, the performance of
the active devices is not the only consideraticaissie devices also play a key role in
determining the ultimate limits of gain and powensumption. In particular, the antenna
is an important factor in determining the sizerahsceiver. Therefore, the frequency plan
for reducing an antenna size is needed for compaatsceiver which is targeted by
SpeckNet project. At high frequency to reduce amiesize, advanced device technology is
required to achieve the high gain, low noise, aaptepower, and high sensitivity of radio
transceiver while radio transceiver still consun®s dc power. Also performances of

active circuits are considered and designed fareeperformance of transceiver.

GaAs GaAs

450 mHEMT mHEMT InSb

400 0.5V 0.6V QWT
~ InSb v/ V5 T osv
N 350 ys
g 300 InSb
£ 250 "QWT

200 0.6V

150 )

100

50 7 CMOS ~—

0 1 10 100 1000

DC Power Dissipation (WW/um)

Figure 2. 8. Comparison of cut-off frequené&y) (ersus dc power consumption in different
device technologies [21]
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To minimize power consumption at high frequenc@ais metamorphic high electron
mobility transistor (MHEMT) device technology isrmdered for SpeckNet project. This
device technology is shown to significantly outpeni high performance RF CMOS
technologies. Recent study using CMOS technolob&s reported the improvement of
frequency performance up to millimetre-wave appicg but GaAs MHEMT device
technology is still the dominant technology for igain, low noise and low power
applications at high frequencies. Figure 2.8 shtvesf; versus dc power consumption
performance for the 50nm GaAs MHEMT technology, a0@0nm physical gate length)
RF CMOS and 85 nm InSb quantum well transistors {QWéscribed in [20].

As can be seen, the GaAs MHEMT offer significantaadages in comparison with a
RF CMOS technology and, whilst having slightly inée performance for drain bias of
0.3V (10% lower), outperform the InSb QWT techngldgr drain biases of 0.5V and
0.6V (up to 33% higher). At a drain bias conditmf).6V, the noise figure and associated
gain of the devices are indicated in Table 2.22#GHz ISM bands [21].

Frequency (GHz) NF min (dB) MSG(dB)

24 0.7 10.0

Table 2. 1. Noise performance of 50nm GaAs MHEMhtwlogy

Frequency (GHz) Specification DC PowgY\()
Gain >4.4dB
LNA 24 300
Return Loss <-7dB
Oscillator 24 But -10 dBm 300

Table 2. 2. Output of ultra-low power design

To verify performance of the device in the 24GHzyesal circuits were demonstrated
using simulation tool and this demonstration shawsgreeable performance for ultra-low
power transceiver. Table 2.2 shows power consumpgain and output power for low
noise amplifier (LNA) and oscillator which mainlyogern the majority of the power
consumption in the direct modulation/demodulati@ams$ceivers [21].

Thus, GaAs MHEMT devices are particularly suitabdeause they have the properties
of low noise, low operating voltage and high gairhigh frequency for compact antenna

and thus sensor node size.
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2.2.3 Existing Transceivers for WSN

For wireless sensor network applications, shorjearadio transceivers are developed
to achieve a small size and ultra-low power congionpwith reasonable data rate.
TRC103 in [7] is a single chip, multi-channel, I@ewer RF transceiver. It is an ideal fit
for low cost, high volume, two-way short range Wss application in the 863-960 MHz
frequency bands. It has high sensitivity of -112dBowv receiver current of 3.3mA, and
high data rate up to 200 kbps with FSK or OOK matiah scheme. RFM also has
2.4GHz low power transceiver for short range wssleapplications [8]. It has high
sensitivity of -95dBm with 250 kbps, receive cutreh 18mA, transmit current of 13mA
with 0dBm output power, and high data rate up tdopM

Texas Instrument is a company for low power RFdcaiver has 1GHz and 2.4GHz
low power RF transceiver chips. CC1000 is a truglsichip UHF transceiver designed
for very low power and very low voltage wirelesgbgations [9]. The circuit is mainly
intended for the ISM and short range device (SR&Juency bands at 315MHz, 433MHz,
868MHz and 915 MHz. This chip has receiver sengjtigf -110dBm, receiving current
consumption of 7.4mA, transmit current consumpbda0.4mA and date rate of 76.8kbps
with FSK or OOK modulation scheme. CC2420 is a lshupip 2.4GHz IEEE 802.15.4
compliant RF transceiver designed for low power bowl voltage wireless applications
[10]. It has receiving current consumption of 194/rtransmitting current consumption of
17.4mA and data rate of 250kbps with offset quadeafphase-shift keying (OQPSK)
modulation scheme.

An energy-efficient OOK transceiver with power aifipf and SAW filter is shown in
[11]. The receiver power consumption scales froBmW to 2.6mW, with an associated
sensitivity of -37dBm to -65dBm. The transmittensames 3.8mW to 9.1mW with output
power from -11.4dBm to -2.2dBm. With target reqments of SpeckNet project,
performances of the transceiver are compared wiitieg low power transceiver. Figure
2.9 shows the performance of state of the art lowey radio transceiver for wireless
sensor applications. Table 2.3 also shows the @dormance of proposed transceiver to
compare with existing low power radio transceivefbe power consumption of the
transceiver for wireless sensor applications isartgnt challenge since it must be used for
a long time without frequent replacement, so theowmh of current consumption in
receiver and transmitter is very important to reddc power consumption in the radio
transceiver. The proposed transceiver shows thedbeurrent consumption in the receiver

and transmitter. Consequently, the proposed radiasteiver for SpeckNet project can
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achieve ultra-low dc power consumption with date g to 200kbps and compactness for

wireless sensor applications.

80 + =
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Figure 2. 9. Comparison of state-of-the art rachagceivers with total power consumption

versus data rate

Frequency TX Current | RX Current
Modulation Size(mnd)
(GHz) (mA) (mA)
TRC103 0.96 OOK/FSK 16 3.3 5x5
TRC104 2.4 OOK/FSK 13 18 4x4
CC1000 0.915 OOK/FSK 10.4 7.4 9.7x6.4
CC2420 2.4 OQPSK 17.4 7.4 6x6
Ref [11] 0.916 OOK - - 1.3x1.4
This work 10 OOK 14 14 5x12
This work 24 OOK 1.6 2.9 5x5

Table 2. 3. Features of state-of-the art radiostaivers for WSN

2.3 Conclusions

In this chapter, different transceiver architecsuesnd considerations to implement a
radio transceiver have been discussed. From tleesti®ns in this chapter, it is concluded
that the traditional transceiver architectures sagthe super-heterodyne, zero-IF and low-

IF transceivers are not suitable for sensor nodssause these architecture require
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frequency conversion mixers and PLL synthesizerschviare power-hungry elements.
These architectures also are a complex in structius they are unsuitable for realizing
ultra-low dc power consumption and compact siz&arisceivers. The super-regenerative
transceiver has also been discussed to be unsuitaedthod because it has a drawback of
inherent frequency instability and its characterssstrongly depend on the performance of
the super-regenerative oscillator. Therefore thpeswvegenerative receiver requires a
highly stable and low phase noise oscillator. ldlitah, interference is also caused by
radiation from the quench oscillator and the additof an oscillator in the receive path
increases the overall power consumption of thestrawer. In order to realize the simplest
transceiver, an OOK radio transceiver consistingaobwitched oscillator for direct
modulation and passive envelope detector for doteotodulation is an appropriate choice
because it minimizes the physical size and powaswmption due to its simple structure.
The considerations of transceiver performance sigdet operating around 24GHz to
achieve maximum radio range with a small antenmaisia good choice to meet the target

size and power consumption specifications for thecBNet project.
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Chapter 3

Circuits Design

As mentioned in the previous chapter, the directveosion transceiver suffers from
power consumption and a large volume mainly dueitsopower-hungry frequency
synthesizer with VCO. To overcome these probleims,direct modulation/demodulation
transceiver can be employed. This chapter preskeatdesign method of radio circuits for
radio transceiver with direct modulation/demodulatiransceiver architecture, the OOK
modulation scheme and a HEMT device technology. tidresmitter eliminates mixers and
digital modulator, and replaces the power-hungegdiency synthesizer with a low power
switched oscillator to reduce the power consumpfidre receiver also eliminates mixers,
digital demodulator, and replaced the power-hunigeguency synthesizer with a low
power envelope detector to reduce power consumptidnminimize its size.

The transceiver architecture is introduced, folldwey a discussion on the design
methodology of each individual circuit blocks toplament radio transceiver in this
chapter. Prototypes of the individual circuits hdeen developed using a quasi-MMIC
approach, in which the passive components are ciatied monolithically on GaAs
substrate while commercial active devices are mateg using hybrid assembly techniques.

This approach was taken to reduce the developnestd end turnaround time.

3.1 Transceiver Architecture

As aforementioned, the direct modulation/demodaratiransceiver architecture, an
OOK modulation scheme and a HEMT device technolagy be employed for radio
transceiver of SpeckNet project with a single clgmperation [21]. Figure 3.1 shows a
block diagram of direct modulation/demodulatiomseeiver that is applied to complete an
ultra-low power radio transceiver for wireless sensode. The transceiver only has two
active circuit blocks consisting of an oscillatordaa low noise amplifier because a SPDT
switch and an envelope detector will be a passiZ®&M device which is pinched off for
low power consumption.

The transmitter employs on-off keying (OOK) modidatby using the baseband data
to power cycle the oscillator via a switch in ittg bias. Oscillators are turned on/off at the
same time with baseband data for highly efficie@KOtransmitter. But the start-up time
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of oscillator is less thanusec to support up to 200 kbit/s data rate [22]cdnventional
high data rate OOK transmitters, an oscillator ariwuffer amplifier are both kept turned-
on and then the signal is modulated by a lossycbwiicated at the end of buffer amplifier
[23].

ENVELOPE
LNA DETECTOF BB AMP BASEBAND
T/R
SWITCH
OSCILLATOR BASEBAND DATA
RADIO TRANSCEIVER

Figure 3. 1. Block diagram of direct modulation/aetalation transceiver

However, in order to design ultra-low dc power aonption OOK transmitter,
transmitter only employs an oscillator that shoogdswitched on/off with baseband data.
Thus a fast start-up oscillator is required foraistow power and high data rate transmitter.
Generally, an oscillator starting to oscillate fromise level needs a long start-up time
since it undergoes a feedback loop many times dchresteady-state power level. But,
when an oscillator biased by a power supply isédran abruptly, the start-up time of the
oscillator is decreased since th€ resonator which takes a step current is dampeitsby
resonant frequency. Because the oscillator frequand the damping frequency of th€
resonator are almost the same, the initial dampiggal becomes the initial oscillation
signal. Since this signal level is much larger tkf@& noise level, the start-up time can be
much reduced. Consequently, in order to designsa d$tart-up oscillator, the initial
damping amplitude of resonator for each of variossillators needs to be calculated.
Since Colpitts oscillator is one of the most widased oscillators of single ended type, it
can be used to achieve ultra-low dc power and dagha rate OOK transmitter.

The receiver directly detects modulated carriemaligby using the amplifier and
envelope detector with low power consumption. Sitlte OOK receiver has simple
structure, it can be implemented with a small cge. Traditional super-heterodyne OOK
receiver incorporates LNA, mixer, PLL, IF filted: lamplifier and demodulator. Usually
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off-chip resistor and capacitor are necessary Mier lbop filter in the PLL. The OOK
receiver in [24] uses envelope detection techniguget rid of the frequency conversion
circuits like the mixer and PLL, which improves agtation and reduces power
consumption. Based on this configuration, an OQd€ineer is proposed for WSN.

The receiver is designed with narrow bandwidth atiséy the requirement of high
sensitivity with ultra-low dc power consumption. tine RF front-end, the LNA applied
common source feedback structure to achieve naao@inatching and stability. Besides,
a high frequency envelope detector realizes eneetopplitude demodulation. The value
of the storage capacitor in the envelope detestaritical. Large capacitance can reduce
the ripple and improve the sensitivity. But it degdes the tracking speed and limits the data
rate. In this receiver, allowable range of the cétpace has been deduced according to the
requirement of ripple and tracking speed. Most intgualy, the way to relax the trade-off
between sensitivity and data rate has been prekefite OOK modulated signal is
received by the antenna and amplified by LNAs. Ttienenvelope detector demodulates
the baseband signal by directly extracting the @oge information of the input signal. In
the baseband process, the AGC maintains the madgnitd the final output voltage
constant against different receiving power. Finatlhe output buffer generates the digital
signal for the following ASIC chip.

To realize the radio transceiver, the specificatiaf individual circuits are very
important to achieve a communication range more thanetre and power consumption
less than 1mW. Therefore a link budget using aor&dinsceiver block diagram is required
to confirm the specifications of individual circsiitvhile the transceiver has a reasonable

performance for this project. Figure 3.2 shows bheck diagram to complete the link

budget using ADS.
E% > T

P @}\
PORTI / s R
Num=1 SPDT_Static l/ - R3
250 Ohm R 500hm LOS Link SWITCH3 oo AM_DemodTuned R=1MOhm
P=polar(dbrmtow(pwr),0) SPDT_Static LINK1 State=1 AMP1 DEMOD1
= Freq=10GHz SWITCH2 CenterFreq=10 GHz Loss1=2dB S21=dbpolar(6,0) Fnom=10 GHz
State=1

BW=2GHz VSWR1=1.2 St1=dbpolar(-10,0) Rout=1 MOhm
= Losst=2d8 TxGain=5d8 Isolat=23 dB S22=dopolar(-15180)
VSWR1=1.2 TRVSWR=1.1 S12=dbpolar(-10,0)
Isolat=23 dB RGain=5dB '
RWSWR=1.1
RioiseTemp=150
PathlLength=1meter

Figure 3. 2. Block diagram of power link budget siation

The operating frequency is decided to achieve smwaiénna size and low power
consumption simultaneously with considering deviperformance. Increasing the

operating frequency will reduce the size of thendiver due to small antenna size,
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however, the device performance must be also cerexidto achieve a reasonable
performance of individual circuit to realize an epmiate sensitivity and power
consumption for low power transceiver that can seduover a communication range of a
least 1 metre. Thus, the operating frequency isehdo be 10GHz. A FET and HEMT
normally have dc-to-ac conversion efficiency of 30%, therefore, in case of 25%
efficiency, the output power of transmitted ostdlacan be assumed to be -10dBm while
the oscillator consumes dc power of 400 The switch is assumed to have insertion loss
of 2dB and isolation of 20dB. This specificationsufitch is reasonable to achieve with a
cold-HEMT topology. The amplifier is assumed to @é&dB gain, input return loss of
10dB, output return loss of 15dB and isolation @fR. The transceiver has no filter, thus,
bandwidth of frequency is decided by antenna, $w#od 3dB bandwidth of amplifier.
The bandwidth is assumed to be 2GHz by considehae@dB bandwidth of narrow band
amplifier. Also, the antenna gain is important éalize a link budget due to influence of
sensitivity. Here, both antenna gains are considéce be 1dB and 5dB. Figure 3.3
compares the output power of amplifier considethngse two values of antenna gains and

a 1metre separation distance.

-30

Output Power (dBm)

Input Power (dBm)

Figure 3. 3. Output power of amplifier with antergaans of 1dB (x) and 5dBj

From Figure 3.3, the detector is required to adh@sensitivity of -45dBm or -53dBm
with output voltage of 1mV which is a reasonabléugao process in baseband amplifier.
Therefore, the performance of detector is very ingrd to achieve OOK radio transceiver
with low power consumption and range of 1 metree Tetector requires the choice of a
good topology using diode or HEMT device for higinsitivity. By realizing individual
circuits with this link budget, the transceiver che completed to achieve low power

consumption with a communication range of a leasttie.
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3.2 Description of MMIC Process

To implement a quasi-MMIC and MMIC radio transcejvan advanced IlI-V
compound semiconductor process based on semidimgul@aAs substrates in University
of Glasgow is used. CPW transmission lines are usedmplement the circuit
interconnection on the MMIC. It consists of a sigo@nductor placed between two ground
planes, and since the dominant mode of CPW is €&l there is no low-frequency cut-
off. Unlike microstrip, CPW does not require viald®to realize a connection to common
ground and it suffers from much less dispersioningakCPW suitable for millimetre-wave
circuits. The characteristic impedance can be r@abzed with almost any track width and
gap combination of CPW line. With the back-faceuynd plane removed, lumped
elements exhibit less parasitic capacitance. The baidge is also used to avoid
degeneration from quasi-TEM into a balanced coupletline mode. The MMIC
processing as part of this project were performgdbHarold M.H. Chong, Dr Richard
Oxland, Susan Ferguson and Helen McLelland.

For fabrication of MMIC, several lithographic stegre required in the following order.
Firstly, the gold metal layer of 133nm thicknessialhis used for markers, text, bottom
metal of the metal-insulator-metal (MIM) Silicon tNde (SiN) capacitor and a fine
structure, is deposited on the substrate. The &y#drlof 150nm thickness is used as the
dielectric for MIM SiN capacitors. A 33nm thick, 8/square, nichrome (NiCr) layer is
deposited using the e-beam evaporation and liftesffinique for resistors. The gold layer
of 1.2um thickness is deposited for the CPW transmissimsland top metal of MIM SiN
capacitors. Finally, for MMICs, electroplated anidges are used to obtain a connection

between two common ground planes.

3.3 Metal-Insulator-Metal (MIM) SiN Capacitors

150nn

mmm Gold Track
mmm  Silicon Nitride

Figure 3. 4. The top and side views of a series NBiM capacitor
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Cr

Figure 3. 5. The equivalent circuits of a seried/MBiN capacitor

The capacitor is formed by sandwiching a layerilafan nitride dielectric between two
metal plates, as shown in Figure 3.4. The MIM Si&paxitor is used for matching
networks, supply bypass and dc blocking eithereimes or shunt connection. Figure 3.5

shows its equivalent circuit.

150nm

mmm  Gold Track
mmm Silicon Nitride

Figure 3. 6. The top and side views of a shunt NBIM capacitor

O

Rwmim ~— Cum

Figure 3. 7. The equivalent circuits of a shunt MBI capacitor

Figure 3.6 shows the top and side views of a sMIM SiN capacitor and Figure 3.7

shows its equivalent circuit.
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As shown in Figure 3.4, the series capacitor hasekectric filled gap €) which is
placed between the gold metals. The top metalrectly connected in CPW transmission
line but the bottom metal is separated with a diele gap of approximatelyn from

CPW transmission line. Therefore the series capac#n be used for dc blocking.
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Figure 3. 8. Reflection of shunt capacitor: measanet (black), simulation (grey)
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Figure 3. 9. Phase performance of shunt capaateasurement (black), simulation (grey)

Typical fabrication geometries and dielectric tmeks mean that MIM structures are
generally used for on-chip capacitance values @ rdnge 0.1~20pF. In case of the
dielectric thickness is 150nm and the relative peiity is approximately 7.1, a typical
unit area capacitance of 0.4fR#* is obtained. Figure 3.8 and 3.9 show the measamed
simulated reflection characteristics for a two-pghrtint capacitor which is gfh in length
and 2@m in width. Ansoft HFSS was used to simulate tlecstire and the measurement
was performed on-wafer using Cascade Microtech @8&be and an Agilent network
analyzer. Other capacitors both series and shuypdicttars are obtained with a good

agreement between simulation and measurement.
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The approximate capacitance of a MIM SiN capadtauncture can be calculated using

Equation 3.1.
=€ — (3.1)

whereg is the permittivity of free space, is relative permittivity of the dielectriay is the
plate width,l is the plate length andlis the thickness of the dielectric. To this, artdor
the fringing capacitance must be added. By comgahe measured and ideal capacitance
a term for the fringing capacitance pen of edge can be derived. The empirically derived

formula for the corrected capacitance includinggdnng term is given by Equation 3.2 [25].

C _=¢

corr (o]

£ %' +7.8x10°wil (3.2)

Table 3.1 shows the extracted parameter valuesdwivalent circuits of each different

series capacitor structure.

Lear (um) | Weap (um) | Guin (fF) | Le (PH) G (fF) Rs (k) Re (€2)
20 20 118 0.9 0.6 1 0.4
30 20 171 53 14 1 0.4
40 20 226 6 15 1 1
60 20 315 6.3 1.6 1 1.2

Table 3. 1. Extracted parameter values for equitaigcuits of series MIM capacitors

3.4 Spiral Inductors

The spiral inductor represents one of the basisipaslements in MMIC design. It
allows lumped elements to be used instead of imdeidransmission line structure,
therefore reducing the size of the circuit. In orde design MMIC inductors using
coplanar waveguides as the main transmission tireeriecessary to characterize as many
standard subsections of the layout as possiblewr&ig.10 shows the microphotograph of
one coplanar waveguide (CPW) MMIC spiral inducteigure 3.11 shows the equivalent
circuit of CPW MMIC spiral inductor with three twsrand the width and space of the spiral

track of 1Qum. Several inductor structures with different tuamsl spaces were fabricated,
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measured and compared with simulation results. reigu12 and Figure 3.13 show a
comparison of the simulated and measured S21 p&esnef inductor with overall
dimension of 120m and two turns. Figure 3.14 shows some illusteativodelled and

measured inductances for different spiral geongetrie

Lp Re

Figure 3. 11. Equivalent circuit of CPW MMIC spiiatuctor
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Figure 3. 12. Comparison of the modelled and meaks821 (dB): measurement (black)
and model (grey)
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Figure 3. 13. Comparison of the modelled and measphase (S21): measurement (black)

and model (grey)
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Figure 3. 14. Several illustrative modelled (gragyl measured inductances for different

geometries

Table 3.2 shows the extracted parameter valueshfar equivalent circuits of each

different structure.

OD (um) Turns lp (NH) Re (QQ) Cs (fF) Cr (fF)
120 2 0.82 4.4 0.01 37.5
150 4 1.41 6.56 0.01 44.1
160 3 1.49 6.6 0.01 47.2
170 4 1.95 8.56 0.01 48.8
200 4 2.73 10.5 0.01 61.3

Table 3. 2. Extracted parameter values for equntalecuits of spiral inductors
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3.5 PHEMT Device

For the circuit design, a commercial pseudomorptitdiT device, RFMD FPD-200
was selected for its performance and availabilitge FPD-200 is an AlGaAs/InGaAs
pseudomorphic high electron mobility transistor BMHT), featuring a 0.25mMx20Qum
Schottky barrier gate, defined by high-resolutitepper-based photolithography [26]. The
recessed gate structure minimizes parasitics tamag® frequency performance. The
PHEMT device was measured on a coplanar waveg@@¥®\) test structure with ground
to signal gaps of 4dn and signal line width of @®n which is fabricated on semi-
insulating GaAs substrates. This structure was lsited using Ansoft HFSS and optimized
comparing with dimensions. Figure 3.15 shows a CR¥{ substrate with bonded out
PHEMT device.

-]

Sourct

Figure 3. 15. Photograph of PHEMT device bondedou€PW GaAs test substrate

S-Parameters

Frequency, 5 to 15 [GHZ]
Figure 3. 16. Measured S-parameters of PHEMT dewviteembedded lines:1§(%X), Si2
(D)l SZl(O)l and SZ(D)
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This substrate has embedded lines on input andibpipts for probe measurement and
the device was integrated using wire bond procatis twe gold wire diameter of L@n.
Measurements were taken with the substrate placetbp of quartz and after LRRM
calibration with an alumina impedance standard tsates (ISS). Figure 3.16 shows the
measured frequency responses with a bias conditibbrn/ygs=-0.8V, V4s=0.3V, and
lgs=1.4mA.

In order to obtain pure device S-parameters, thieeeiched lines for probe measurement
must be de-embedded from measured S-parameters, theulengths of input and output
which are 340m and 35Qm, respectively was de-embedded from measured &Snaders.
Figure 3.17 shows device S-parameters with andowittembedded lines. These S-
parameters still include the gold wire connectitms these S-parameters were used to
design oscillator, amplifier, switch and detect@c&use gold wires will still be used to

integrate between substrate and device for impléatien of individual circuits.

S-Parameters

Frequency, 5 to 15 [GHZ]
Figure 3. 17. Measured S-parameters of PHEMT devitteembedded lines (grey) and
de-embedded lines (black);1$x), Si2(0), $1(0), and $,(0)

3.6 Non-linear Model of PHEMT Device

In the previous section, the pure S-parametersHENPT device were obtained with
low power consumption. To increase design accufacyntegration of transceiver, non-
linear simulation must be used with non-linear marealevice. Especially, oscillator and
detector must be designed with non-linear modebtdfirm the start-up time and envelope

detection which determines the data rate and $@hsiof transceiver. In this section, a
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non-linear model which is provided from a commdrsienulation tool will be introduced.
The non-linear parameters are extracted, and thempérformance of extracted model is

compared with measuredV curves and S-parameters for the non-linear arsalgsi

circuits.
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Figure 3. 18. Measured (a) transconductagggdnd (b)I-V curves of the FPD-200
PHEMT (Vgs=0V to 1.0V andVygs=-1.2V to 0V, 0.1V step)

Figure 3.18 shows the measured transconductapgevérsus gate voltage curve of
device and-V curves with gate voltage of OV to -1.0V. Maximugy of device is 435
mS/mm when device is biased at a gate voltage .8V-@nd drain voltage of 1.0V with
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drain current of 50mA. The grey areas shown on ltReand g, curves are the bias
conditions used to realize the amplifier and oatol for ultra-low power consumption.
The model describes the device and the built-iructehce provided by the connecting

bond wires. The metal fixture up until the connegtbond wires has been de-embedded.

Intrinsic Parameters
ADS TOM3 Model CdGND1

Rd Ldi ——T—

A— Y

CdGND2

pHEMT LdExt

Rs — CdsExt

Ls

Figure 3. 19. The device model with external paranse
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Figure 3. 20. Intrinsic equivalent circuit of TONM3odel

The TriQuint TOM3 model is a scalable non-lineardelovhich provides a good fit to

the measured data and has an advanced charge ftrrsimple model parameters. Figure
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3.19 shows the extrinsic networks which the extepsameters present in the device
model. The TOM3 model employs an excellent form tfee charge relation within the

PHEMT device. The TOM3 model is enhanced by praygditharge-based models which
are normally more robust and better justified tle@oally [27].

Figure 3.20 shows the intrinsic equivalent cirafithe TOM3 modelRy, Ry, andRs
are presented in this model but they are replagedxtbernal parameters for this model
which will be extractedlLq, Ly, andLs is also used with external parameters. The defmit
of model parameters is described in the Appendix.

The governing equations of the TOM3 model is basedharge relations, and the
intrinsic parameters can be represented by DC -&i@ince current and gate charge as a
function of the model parameters [27]. The TOM3 DBfain-source current equation is

given by the following equation.

lgs = 1o X @+ AVy) 3B
where
Iozﬁx(\/G)Qxfk 3.4)
aVy
= S 53
C @ (V) )M
Ve = QxVgr xIn(L+exp)) (3.6)
u= Vgsi _VTO + st @
QxVgr
Var =Vgro X @+ Mgy XVy,) (3.8)

The model parameters for the drain current &ré, Q, a, k, V1o, Y, Vst andMsto For
time-varying drain-source current, the voltagg is delayed by the transit tinte The gate
capacitances in the TOM3 model are derived fromftilewing charge equations [27]-

[28]. The total gate charge is given as

Qo = Qo X fr + Qo X A= Fr) + Qo X Vo + V) (3.9)

where

fr =expEQugr X | 4s X Vo) (3.10)
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is a transition function combining the low powerdde with the high power charge.

QGL = QGQL X eXp(QGAG X (Vgsi +ngi)) X COShQGAD xvds) + QGCL X (Vgsi +ngi) (311)

I
QGH = (QGQH x ln(1+ = ) + QGSH ngsij + QGDH ><Vgdi (312)

GIOo

The model parameters for the gate chargeQagg Qggb Qgq, Qgag Qgels Qgan Qgio, Qgsh
and Qgun. There are two capacitance models (bias-depenckgmacitances and charge

models) in the TOM3 implementation in ADS. In these of bias-dependent capacitances

model, the gate-source and gate-drain self-capeataare then defined as

0Q
C,, = —c° 3
" anSI Vygi=coOnst I )
0
C,, = Weo 13)
and| V,si=const

gsi

and, correspondingly, their contribution to theidrgate and source currents follows the
partitioning as
dv,

I Cgsi = Cgs (Vgsi ’ngi) X d:Si (315)
and
dVyq
I Cgdi = ng (Vgsi 'ngi) XT (316)

In the case of charge mode, the total gate chargauittitioned equally onto the gate-
source and gate-drain charge. Their derivativef waspect to the voltagé,s; and Vygi
define the corresponding self-and trans-capacitance

The four diodes in the TOM3 model represent the gatde, leakage and breakdown.
They are described by equations with parametershmt@present diode operation for gate
current control. The currents of diode[11§ and 2 D2) are given as

Vgse
T exp{—j—l (3.17)
nV;
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nge
I goe =15 X| €X -1 (3.18)
N,

And the currents of diode ®8) and 4 D4) are given as

_V Si
lngsi = 1k X| 1—ex J (3.19)
PLK
-V, di
ALK

whereVr is the thermal voltage

(3.21)

k = 1.38x107**(Boltzmanns congart)

q =1.602x107"°(electroncharg)

ls, 77, Ik, and pLK are the model parameterB.is either equal to the device instance
parameteiTemp or if Tempis not specified thei=ambient_circuit_temperature+Trise
Vgse Vgde Vgsi andVgygi are instantaneous voltages across the respedbistesd

As mentioned above, the equations of the TOM3 mael in terms of model
parameters that describe the operation of the devitie model consists of simple
parameters to explain the gate charge and drairerduof the device in low and high
power operation [27]-[28]. The external parameteii lve extracted from measured S-
parameters of a cold-HEMT which has the probe padsndbedded [29], and the intrinsic
parameters will also be extracted by fitting to tmeasured S-parameters over bias
conditions ofV4s=0V to 0.5V,Vys=-1.2V to -0.5V.

With above method, the model parameters are egttact achieve non-linear design
for increasing design accuracy and the extractediehmarameters for the FPD-200 device
are shown in Table 3.3 and 3.4. Table 3.3 showsxtiegic parameters which are fitted
from cold PHEMT S-parameters [29]. Table 3.4 showsintvensic parameters which are

extracted by fitting to the measured S-parametétswarious bias conditions.
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mA

CdGND1 0.18 fF Lg 57.07 pH
CdGND2 2.75 fF LsExt 35.58 pH
CgGND1 7.251F Ls 2.11 pH
CgGND2 41.66 fF Rd 2.29
LdExt 99.82 pH Rs 5.1
Ld 0 pH Rg 7.42)
LgExt 82.07 pH CdsExt 54.47 fF
Table 3. 3. Extrinsic parameters of TOM3 model
Vto -0.676659 V | Qggh 9.29127E-16 Is 1.6516E-11 |
Alpha 4.0024 Qgi0 1.5016E-6 A|  Vbi 1V
Beta 0.000856944| Qgag 1.9094 N 1
Lambda -0.0185588 | Qgad 2.86281 Xti 2
Gamma 0.0394972 Qggb 177.973 Eg 0.8
Q 0.856696 Qgcl 9.499E-17F NG 2
K 2.83507 Qgsh 4.627E-16 Ff W 106
Vst 0.0681122 V | Qgdh 2.0805e-17 F Rgsh Q0
Mst 0.209481 Qgg0 2.246E-16 H Ls 0 nH
Ik 1.8E-6 mA Cds 0.000219 pF| Lg OnH
Plk 15V Tau 0.02 psec Ld 0 nH
Kgamma 0.0142667 Rd 0.@1 Qgql 1.18781E-15
Taugd 1000 nsec Rg 0.01 Rs 0.01Q

Table 3. 4. Intrinsic parameters of TOM3 model

As mentioned,Ry, Ry and Rs are chosen as 0.02 to avoid limitation value and

repetition with external parameter of modej, Ly andLs are also chosen as 0 nH to avoid

a repetition with external parameters of model. doficm the accuracy of the extracted

model parameterd;V curves for gate voltage range of 0 to -1.0V anpa&meters at

Vus=0.3V andlq<=1.4mA using model parameters are compared withsaredl-V curve

and S-parameters.

Figure 3.21 shows a comparison between measurednadeélledl-V curve. Figure

3.22 shows a comparison between measured and mdd&lparameters at bias point of

V4=0.3V andlge=1.4mA. This model shows a good agreement with nreddtv and S-

50



parameters, thus it is suitable to be used forga@sy linear and non-linear circuits with

Harmonic Balance simulation.

70
il
60 .
IR = & il
50 | - e e e =W
T 40 el e & & a—=—
[%) z i
S 30 i

freq (1.000GHz to 30.00GHz)

Figure 3. 22. Measured) and modelled (x) S-parameters of PHEMT at biag;gf0.3V
andlg=1.4mA

3.7 Oscillator

The oscillator is an essential component for micnevaystem. Oscillators can
generally be categorized as negative resistancaitsr[30]. In this section the analytical
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techniques that are used in the design of negatisistance oscillator are discussed. The
design principles of negative resistance oscilkatare basically quite simple and

straightforward. The negative resistance conceptdllastrated in Figure 3.23.

L C §-veR§R

Figure 3. 23. The negative resistance concepts

At microwave frequencies, the negative resistanesigth technique is generally
favoured. Negative resistors are easily designedaking a three terminal active and
applying the correct amount of feedback to a compam, such that the magnitude of the
input reflection coefficient becomes greater thae.orhis implies that the real part of the
input impedance is negative [31]. The input of thpoPt negative resistance circuit can
now simply be terminated with one-third time remmte and opposite sign reactance to
complete the oscillator circuit. Alternatively high series or parallel resonator circuits can
be used to generate higher quality and thereforerd@hase noise oscillators. There are
many configurations for negative resistance odoitta(e.g. Colpitts, Hartley and Clapp).
The general block diagrams for two-port negativestasce oscillators are shown in
Figure 3.24.

Terminating Input
port port
O O
Terminating Transistor Load
Network [S] Network
ZT ZOUT ZIN ZL
(M) (Foun (M) (M.

Figure 3. 24. General block diagram for two-poraié/e resistance oscillators

The transistor network is characterized by its Sypeters,Zy is the terminating

network impedance, and, is the load impedance. In an oscillator, eithert s the
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transistor can be used as the terminating porteQhe terminating port is selected, the
other port is referred to as the input port. Thelloetching network is connected to the
input port, in agreement with the one-port osailtat

To design a negative resistance oscillator usinggar networks, firstly, a potentially
unstable transistor at the frequency of oscillatigns chosen and then the unstable region
of the source stability circle can be plotted aswvah in Figure 3.25. The terminal
impedance] 1 is chosen to lien the unstable region of the smith chart. This poss
Fin>1 (i.e. a negative resistance at the input ped)lt is selected in this region for

maximizing negative resistance. Series or shumnilf@ek can be used to incredisq)|.

Figure 3. 25. Plot the unstable region of the segtability circle

The load network is designed to resorateand satisfy the start of oscillation condition in
Equation 3.22 and 3.23. That is, let

X (@) ==X (@) (322
and

_ |RIN o, a))|

R, :% (or, in generalR_ = 3 ) (3.23)

This design procedure is popular due to its higte raf success. However, the
frequency of oscillation will shift somewhat fronsidesign value aty, This occurs
because the oscillation power increases until #gative resistance is equal to the load
resistance andXy varies as a function of oscillation power [32]. pically power
efficiency is 20 to 30% for the HEMT device at 10&HHence, if we fix the output power
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at -10dBm we can expect the power consumption @ftiinsmit oscillator to be 40w
assuming a power efficiency of 25%.

In order to design the oscillator circuit using AQX8e above procedure can be used
with two-port S-parameter Touchstone files which ereated by measurement of device
(RFMD FPD-200) at a bias condition ¥§=-0.8V, V4s=0.3V, andlgs=1.4mA. First of all,
the source stability circle of device was plottehwneasured S-parameters of the FPD-
200 device using ADS simulation tool and the urstabgion was selected and then any
't in the unstable region was decided for produding>1 with short circuit or open
circuit stubs. For the FPD-200 device at the biasddion of V4<=-0.8V, Vys=0.3V, and
l4<=1.4mA, the unstable region and dnywere selected with open circuit stub as shown in
Figure 3.26.

freq (10.00GHz to 10.00GHz)

Figure 3. 26. Plot unstable region (red line) anglar point by open circuit stub

m7

freq= 10.00GHz
5(3,3)=1.570/-130.589
impedance = Z0 * (-0.266 - j0.433)

S(3,3)

m7

freq (1.000GHz to 20.00GHz)

Figure 3. 27. The negative resistance of devicesaillation ()
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The terminating network which consists of open wirstub was connected to input
port of device and then the negative resistancegeasrated to oscillate at output port of a
device. The negative resistance of device for lagi@h is shown in Figure 3.27.

The load network can be implemented from outputedamce ofRy using Equation
3.22 and 3.23. Therefore, the impedance of the tedork must be (-0.088+j0.433)
from the impedance of output port as shown in Fg8r28. The impedance of load

network which is designed using Equation 3.22 a@8 & shown in Figure 3.28.

m7

freq=10.00GHz

S(3,3)=0.864 / 132.836
impedance = Z0 * (0.087 +j0.434)

5(3,3)

freq (1.000GHzZ to 20.00GHz)

Figure 3. 28. Impedance of load network by EquaB@? and 3.23

The load network was connected to output port oficgeand then the circuit was
simulated to oscillate at 10GHz with the conditmfrRe[Z;]<-10 and Im[;]=0 for steady
state oscillation condition. Figure 3.29 shows t=zillation in 10GHz and real and
imaginary ofZ;. Using simple design procedure, the oscillatioriggenance was evaluated
and oscillator circuit was simultaneously designeing PHEMT device (FPD-200).
However, as previous mention, this procedure showed the actual frequency of
oscillation was somewhat shift from the designelieaThus, the load network must be
tuned to optimize the frequency of oscillation lre tdesired frequency. Consequently, the
circuit can be designed for a higher frequency trequired [25]. Also, the oscillation
signal was transferred to load network for maximgzihe output power of oscillator.

Figure 3.30 shows the optimal performance of csaiil using measured two port S-
parameters. It has been shown that, by using thplsidesign method, an oscillator circuit
can be optimized for output power whilst keeping thscillator operating frequency
constant. The oscillator has also been demonstraithdan optimized load network and

maximized negative resistance circuit.
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Figure 3. 29. Oscillation frequency and real andgmary ofZ;
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Figure 3. 30. Optimal performance of oscillatomgsmeasured two-port S-parameters
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3.8 Amplifier

The amplifier in a transceiver performs the functiof increasing the signal power
from switch output. In the case of a direct dematiah receiver without any filter, the
amplifier as well as envelope detector also neeus@w bandwidth to maximize receiver
sensitivity. Since the switch accepts a widebamuutinthe bandwidth of the amplifier
directly affects the maximum sensitivity througle flollowing Equation 3.24.

Sensitiviy = -174dBm/ Hz + 10log(Bandwidth + SNR+ NF (3.24)

In case of the measured 3dB bandwidth of the arapli§ 2GHz, and the NF of RF
front-end is 5dB including the loss of switch, tleeeiver’'s required signal-to-noise ratio
(SNR) is approximately 16dB for a f0bit error rate (BER) [11].The calculated
sensitivity is -60dBm which satisfies the requiremfor inter-node communication range
of 1metre (in the transceiver system with the §pace path loss of 52dB, antenna gain of
5dB, and transmitter output power of -10dBm). Thbe,amplifier must be designed for as
narrow bandwidth as possible. Also, amplifier mashieve unconditional stability to
prevent any oscillation by mismatch between an®liind other circuits. Amplifiers can
sometimes behave like an oscillator and generatenditional oscillation signals in the
system. Thus, amplifier must consider stabilitytéacn their design. The stability can be
determined from S-parameters, the matching netwarks the termination.

The two-port network shown in Figure 3.31 is saidihconditionally stable at a given
frequency if the real parts @y andZoyr are greater than zero for all passive load and
source impedances. If the two-port is not uncooddlly stable, it is potentially unstable.
That is, some passive load and source terminatmars produce input and output

impedance having a negative real part by mismatch.

S N Nour L
Zs
<« L » <« L »
Two-Port
Network Z
_> 4—
2N Zout

Figure 3. 31. Two-port network of amplifier
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In terms of reflection coefficients, the conditiofts unconditional stability at given
frequency are shown in Equation 3.25, 3.26, 3.8d,328.

Fsl<1 (3.25)
Ir|<1 (3.26)
— S,y
Ml SJ+1_SQ1 <1 (3.27)
- S,LSl s
IMout] 822+1_SMI_S <1 (3.28)

where, all coefficients are normalized to the saomaracteristic impedancéo. A
straightforward but somewhat lengthy manipulatibfEquation 3.25 to 3.28 results in the

following necessary and sufficient conditions facanditional stability.

K>1 (3.29)
1-[8," >SS, 39
1-1S,,[° >[S,Sy| 33)
where
Kzl-ﬁd;;ii;ﬂﬁz (3.32)
A =S85, ~S,5, 3I)

There are other ways of expressing the necessady saffficient conditions for
unconditional stability [33]. Adding Equation 3.88d 3.31 gives Equation 3.34.

2_|S‘11|2 _|Szz|2 - 2|812821| (3.34)

Sincelf =|S,;S,, — S1,S,1| £[S1uS| +[S,S,| . We use Equation 3.34 to obtain Equation
3.35 and 3.36.

1 1
|A| <|811822|+1_§|Sn|2 _§|Szz|2 (3.35)
1
|N<1—quJﬂsﬂfomq<1 (3.36)
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The Equation 3.36 can be simply expressed as shofvquation 3.37.
A <1 (3.37)

Hence, a convenient way of expressing the necesmauysufficient conditions for
unconditional stability is shown in Equation 3.2®1&3.37. IfK is greater than 1 then the
transistor is unconditionally stable, andKifis less than 1 the stability depends on the
position of the source and load impedance reldabvite stability circle, thus, in case kf
of greater than 1 arl of less than 1, the transistor is unconditionsthble.

Figure 3.32 shows the simulatéd stability factor andA for the FPD-200 PHEMT
device at the bias condition U§=-0.8V, V4=0.3V, andys=1.4mA. It can be seen thiétis
less than 1 at low frequencies and thas less than 1. In case éfof less than 1, there are
some methods to realize an unconditional stabtbetransistor and a resistive loading or
series feedback method can be normally used adthe side or source side of the

transistor with producing lower noise figure (NF).
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Figure 3. 32K and|A| of FPD-200 PHEMT at the bias condition\gf=-0.8V, V4=0.3V,

andlg=1.4mA
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Zs

S

Figure 3. 33. Schematic of transistor with feedbiackictance at the source side

Figure 3.33 shows the schematic of transistor g#tdback inductance line at the

source side. Figure 3.34 shoWsand|A| for the same device with feedback inductance

line that has 23° wavelengths at the source side.

Stability Factor, K
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Frequency [GHz]
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Figure 3. 34K and|4| for the same transistor with feedback inductairee ¢f 23°

wavelength
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Figure 3.35 shows the source and load stabilitglesr at 10GHz before and after
inserting feedback inductance. In both cases itbmseen that the effect of the feedback
inductance is to move the stability circles outdige unity circle of the Smith chart. In the
case of a transistor with feedback inductance,ilgtalfactor, K, is greater than 1,
magnitudes of S11 and S22 are less than 1, andtdbdity circles place in outside the

Smith chart the transistor can be conjugately neatch
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(b)
Figure 3. 35. Source and load stability circlesb@pre and (b) after inserting feedback

inductance

For RF front-end amplifier of a receiver, the ndiggire characteristic is an important
factor with unconditional stability characteristi€igure 3.36 shows the noise figure of

two-stage amplifier.
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Amplifier 1 Amplifier 2
6) PNiszOB GAl GAlei+P ni GAZ PNo ZL
— — —
l:)nl l:)nz

Figure 3. 36. Noise figure model of two-stage afgli

Pni Is the available input noise powé,; andGa, are the available power gain of each
stage, andP,; andP,, represent the noise power appearing at the oof@mplifiers 1 and
2, respectively, due to the internal amplifier eois

The total available noise figure at the outputiveg by Equation 3.40 [34].

PNo = C;A2 (GAlei + Pnl) + Pn2 (338)
- I::'No =1+ I::'nl + I:)n2 (339)
I:)NiGAlGAZ I:)NiGAl I:)NiGAlGAZ
F=Fpa+27t (3.40)

Al

Equation 3.40 shows that the NF of two stages dascamplifier depends most
critically on the noise figure of the first stage ) and that the contribution of the second

stage F,) is reduced by the gai,) of the first stage.

gt

i b
= =
i — "

. PHEMT Device F
] | L ]
50Q %

50Q

B

Figure 3. 37. Schematic of amplifier with sourcéuantance
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Figure 3.37 shows a schematic for a source feedbaektively-matched amplifier.
This schematic also has a resistance in the hiesitcio restrict low frequency oscillation
and increase stability. As previously mentioneds gource inductor was formed by
inserting two transmission lines between sourceteldes of the PHEMT and ground
plane. As shown in Figure 3.37, the short-circutitbsfor matching also functions as
biasing circuit in this schematic. It includes degling capacitor that enable the
application of DC bias and resistor to suppressfleguency oscillation. As a stand-alone
element, the bias line would have to be a quarterelength long, which would be too
large in most case. So the technique, which realize matching and biasing circuits by a
stub and therefore greatly reduces the chip sszgyite attractive in MMIC design [35].

3.9 Envelope Detector

Detectors are used to provide an output dc sidraldontains the ‘information’ of the
input RF signal, that is, the amplitude or amplgudariation of the signal. The simplest
form of envelope detector is the diode detectorctvhs shown in Figure 3.38. A diode
detector is simply a diode between the input artgudwf a circuit, connected to a resistor

and capacitor in parallel from the output of theeait to the ground.

Vee

Matching ”

RFn RFC Cs Ry Vo

Figure 3. 38. Typical schematic of diode detector

For targeting a circuit topology which is simpledahas zero power consumption, a
Schottky diode has been mostly used for detectmuitiwith zero bias. Despite these
advantages, the zero bias Schottky diode deteatcuitcsuffers from lower sensitivity.
Thus, other techniques with high sensitivity, loestand low-power consumption at the

same time is required to achieve a significant oupment of detector sensitivity.
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Figure 3. 39. Schematic of FET-based detector ysimgh-off operation

A novel low-cost and low-power detector circuitngsia single cold-HEMT is designed
for demodulation, which will easily meet the afoesmtioned constraints. Figure 3.39
represents the circuit of the HEMT-based detedibe ASK or OOK signal is rectified at
the nonlinear channel resistance of the transj8&jt The detection does not make use of
the Schottky contact of the PHEMT, which is invéydgiased. The negative gate voltage
level can be used to optimize the performance efdhtector. Since there is no direct
biasing current, there is no power consumption @md.f noise generated. This detector
also has high-speed data transfer by the fastlswgspeed of PHEMT device.

G=agum

s,
pow Dc _Black CR
cccccccc cPws
P \ (dhm\uwz i) Subst="CPVSUb1 "
=60 um

G=a4um

15
2L C=068 pF (o}

Figure 3. 40. Schematic of PHEMT detector
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The semiconductor device employed in the detedtouits is the FPD-200 PHEMT.
S-parameter measurements were first performed terrdme the input impedancgl of
device in demodulation state. The circuits weregtesl for 10GHz band operation and
integrated on GaAs substrate with CPW transmisbi@ MIM SiN capacitor and NiCr
resistor for matching and bias circuits. The paftdiad capacitor and resistor combination
provides the function of low-pass filtering out tharrier signal and hence developing
voltage output for original data. Figure 3.40 shoawvs ADS schematic of a PHEMT
detector designed as outlined above.

Figure 3.41 shows a simulated input matching ataipey frequency of 10GHz. A
Harmonic Balance (HB) simulation was carried outl@GHz to find the output voltage
(Vo) vs. input power Ry) relationship using ADS TOM3 model which is shownthe

previous section.

311 (dB)

-20—

-2

-30 T | I | T | T | T | T | T | T | T | T

Frequency (GHz)

Figure 3. 41. Simulated input matching of detector
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Figure 3. 42. Input power vs. output voltage witniation of capacitanceCg)
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This is shown in Figure 3.42 for different load aepors (1pF to 15pF, in 1pF steps). In
case of capacitor of 15pF, Figure 3.43 shows timallsited output voltage vs. input power
with variation of load resistor (Ikto 1000K2, in 10k steps). It can be seen that at -
30dBm the output voltage increases with increasoagl capacitor but at higher input
powers the output voltages converge.

SED RL = B 5E0
1

1E-1—
1E-2—

1E-3-

Qutput Voltage (V)

1E4—

50 50 -40 -30 -20 -10 a

Input Power (dBm)

Figure 3. 43. Output voltage vs. input power widtiation of load resistor value

If the resistor and capacitor are correctly choska,output of the envelope detector
should approximate a voltage-shifted of the oribiftzaseband) signal. An envelope
detector can also be constructed to use a preaistiifier feeding into a low-pass filter,

but it restrict data rate with its cut-off frequgn€onsequently, they must be a trade-off.

3.10 SPDT Switch

The single pole double throw (SPDT) switch is aseesial element for separating
transmitter and receiver signal from the antenmeerdity. Traditionally, PIN diode
switches have been used for high speed and powdicaions, but for low power
applications, PIN diode switches have been incnghgireplaced by GaAs FET-based
monolithic switches. The FET-based switch is adkerminal device in which the gate
bias voltage/, controls the states of the switch. The FET actso#tage controlled resistor
in which the gate bias controls the drain-to-sousssstance in the channel. The intrinsic
gate-to-source and drain-to-gate capacitances awdedparasitics limit the performance
of the FET switch at higher frequencies.

In a typical switching mode a high impedance statgroduced when a negative bias

larger in magnitude than the pinch-off voltagé,f|V,|) of the FET is applied across the
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gate terminal. When a zero bias gate voltage isiexppcross the gate terminal, the FET
switch is in a low impedance state. It is importamnote that in either state virtually no
DC power is required by the FET switch itself. Thém all practical purpose, from a
power consumption point of view, these FET-baseitickes can be considered as passive
devices [37]-[38]. Figure 3.44 shows the circuitdabof a FET switch.

Cds Cds

| | | |

| | [}l

Ron Rorr
SO AN oD SO A\ oD

Cgs ng Cgs ng
| | | | |
[ 11 [ [
Riso Riso
V=0V (ON) V4LV, (OFF)

Figure 3. 44. Simplified equivalent circuits of FEWitch for ON and OFF states

From equivalent device model, a simple circuit x¢racted for each state of switch
with zero bias and pinch-off voltage. Under theozbias condition on gate terminal the
channel region is virtually open except for theozéeld depletion layer thickness. Thus,
for current level less than the saturated chanmeknt,lqss the FET can be modelled as a
linear resistorRon. When a negative voltagég, is applied at the gate terminal such that
[Vgl2IV,|, whereV, is pinch-off voltage, the channel region is cortglie depleted of free
charge carriers. Under these conditions the FETbmmodelled by series and parallel
combinations of resistor&¢rr) and capacitorsdyy). The gate terminal is isolated from the
signal path througlCyy, Cys andRso. This method is virtually no power consumption
since the current of gate terminal is as smalhas¢an be negligible.

M1 M2

ANT
RX O I O TX
S D D S
R|so RISO
Vg1 Vg2

Figure 3. 45. Schematic of SPDT switch using twdERH's
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A SPDT switch can be implemented from two PHEMTs]L Bhd M2 as shown in
Figure 3.45. In the two switch states the gatetjonds either reverse biased or is biased at
zero gate voltage. In both these states the gatesdnegligible current which greatly
simplifies the control circuit design requiremerits.the off-state of the M2 HEMT, the
gate voltage/y: is zero and gate voltadg, is at pinch off, the antenna signal is passed to
the receive amplifier since there is a short cirtidtween the antenna and the amplifier
and an open circuit between the oscillator outpt the antenna. In the on-state of the M2
HEMT, the gate voltag®/y, is zero and gate voltagé,: is at pinch-off, the oscillator
output is passed to the antenna. A short circulb tetween each drain of two PHEMT
devices has a narrow band performance with a quaréeelengths at the operating
frequency, therefore, a SPDT switch with a shortui stub results in a significant
improvement in narrow band performance at the apgrdrequency. Figure 3.46 shows
the simulated insertion loss and isolation perfarogaof PHEMT SPDT switch.

=]

Insertion Loss & Isolation (dB)
&
T

0 2 4 6 8 10 12 14 16 18 20

Frequency (GHz)

Figure 3. 46. The simulated insertion los} &nd isolation (x) performance of SPDT

switch

3.11 Conclusions

This chapter has described the MMIC process fosipascircuit such as MIM SiN
capacitor and spiral inductor, and discussed theetion and design method of four
important circuits in a whole transceiver.

The typical performance data of MIM SIiN series altint capacitors have been
presented. A good agreement between measured addlletb S-parameters has been

shown for shunt and series capacitors. MIM SiNeseand shunt capacitors were used for
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bypass and dc block in circuits. At low frequencidse spiral inductor is a popular

component to use for RF choke and matching netwarkgead of a long length of

transmission line. The typical performance dataiaddctance of different geometry spiral
inductors have been presented. A good agreemeneéertmeasured and modelled S-
parameters has been shown. The library of passimgonents has been used in circuit
designs.

Oscillator has been designed with considerationsnfdement a simple structure and
reduction of dc power consumption. There are twmesyof oscillator circuit, namely the
feedback and negative resistance oscillator. Thi#grdrom each other mainly in their
principles of operation, circuit topologies and ghanoise performances. In this chapter,
negative resistance oscillator is used to desigill@®r due to its simple design technique
and easily predicted performance. A design proeedor negative resistance oscillators
using the concept of two-port oscillator has beetaited [25], [32].

Amplifier has been designed to have an uncondiliprsiable using source feedback
inductance and has also achieved a good input atphtomatching, thus it can be well
integrated with other circuits to implement fullytegrated radio transceiver with a good
performance.

Envelope detectors have also been discussed aigheésn this chapter. A passive
PHEMT detector using pinch-off operation has beesighed for low power consumption
and higher sensitivity. The meander structure trassion line and shunt capacitor are
used to realize the matching circuit and it siguaifitly reduces the size of envelope
detector with ultra-low dc power consumption arsba good sensitivity. The load resistor
and capacitor of detector are analyzed and disdussehoose their optimal value for more
precision rectify.

In this chapter, a SPDT switch using two transsstsralso shown and detailed for low
insertion loss and high isolation performance. ggate voltage of OV and pinch-off, the
transistor exhibits an effective short circuit asmkn circuit with dominant resistance and
capacitance between source and drain terminalpectgely. As a result, the passive
HEMT switch achieved ultra-low power consumptianylinsertion loss and high isolation.
This switch also achieved a good return loss ushgrt-circuit stubs between two
transistors. The power consumption is negligibheasithe gate draws only a current of less
than 1@A which greatly simplifies the control circuits.

In conclusion, the radio transceiver with OOK madign scheme consists of one
switched oscillator, amplifier, envelope detectod &PDT switch. Oscillator must have a
simple structure and low power consumption andas#yepredicted its performance such

as output power level and optimal operating fregyeAmplifier must have unconditional
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stability and a good matching performance with ademate gain and low power
consumption. Envelope detector must have a highkitbaty while retaining low power
consumption. SPDT switch must have a good insefties and isolation with low power
consumption to separate transmitter and receiy@rats in whole radio transceiver and
effectively share a single antenna.

70



Chapter 4

10GHz Quasi-MMIC Radio Transceiver

4.1 Introduction

As mentioned in Chapter 3, the direct modulatiom/ddulation transceiver uses a
switched oscillator as transmit modulator and digiemerator. The transceiver also uses a
moderate gain amplifier and an envelope detectoa @&mple receiver with ultra-low
power consumption, good noise and dynamic rangéhdndirect modulation transmitter,
the data rate is determined by the oscillator’'st-gtp time. If the start-up time constitutes
10% of the bit period, the oscillator is able t@port data rates up to 80 kbps with on-off
keying modulation. To achieve a higher data rdie start-up current can be increased [39].

The modulated signal of switched oscillator is @ggted by antenna and then the

receiver which consists of amplifier and detectenerates a demodulated signal as shown

in Figure 4.1.
MOD_DATA ‘ DETECTOR DEMOD_DATA
J U L ‘ A D UL
— R
SWITCHED OSCILLATOR AMPLIFIER

Figure 4. 1. Block diagram of transceiver for OOldulation scheme

The signal received from an antenna is boosted mglifer and isolated from the
transmitter by SPDT switch. The reverse isolatibrithe amplifier between antenna and
envelope detector also helps to avoid re-radiatibgure 4.2 illustrates the operation of
envelope detection. Most methods for envelope regofrom ASK or OOK signals rely
upon some form of peak detection followed by a |[mgs filter to remove the carrier and
provide smoothing. Typically this is rectificaticiollowed by an RC network. When
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carrier frequencies are large relative to moduhafrequencies this approach presents no

problem.

Data Signal

Envelope Detection

=R

Negative peak clipping

'

Ideal and real
detector signal

Ripple

Figure 4. 2. Waveform of demodulated OOK signal

OOK detector or demodulator is called linear enpeldetector because the output is
proportional to the input envelope. Unfortunatdlg tlevices (diode or transistor) used can
introduce appreciable level of harmonic distortiorless modulation levels are kept low.
As a result theses detectors are unable to proaidmiitable signal for high quality
application. Thus, it is difficult to recover ancacate representation of the original
modulating waveform. The circuit also suffers frahe problem known as ripple and
negative peak clipping. The ripple effect happeesalnise the capacitor will be discharged
a small amount in between successive peaks ohfhé ivave. The time constant which is
determined by the RC network is a small value fmiding negative peak clipping and a
large value for minimizing ripple effect. Thus imaptice one should choose a value to
minimize the signal distortions caused by thesectst
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4.2 OOK Transmitter

4.2.1 Switched Oscillator Model

As shown in Figure 4.1, the oscillator in the pregd OOK transmitter is switched on
and off when transmitting a “1” or “0” respectiveljhe data rate depends on how fast the
oscillator's output can be switched on and off. Tdexay to ‘O’ can be produced by
simultaneously supplying pinch-off voltage in gated drain current is off. On the other
hand, the build-up to ‘1’ is limited by the stag-time of oscillator and can be produced by
supplying operation voltage in gate and drain eurig on. Figure 4.3 shows the schematic
and equivalent circuit of a Colpitts oscillator whethe transistor is modelled by a

sinusoidal current source at carrier frequency,[dBlose envelope is a step function.

VOUt

Resonator ) CD R § L gc e Vv
<> C — gmvgs Sln(27fot) ed e Vout =_9
y

=

Figure 4. 3. Colpitts oscillator and equivalentuit
The equivalent tank resistance and capacitanceeaxpressed as below, respectively.

R, = L @.1)

B nz[gm + gmbs + gds]

where

(4.2)
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Ceq - C1C2
C, +C,

(4.3)
When the oscillator is switched on (bias currerswétched in), oscillator starts building up.

An analysis of the equivalent circuit in Figure 4ykelds,
V,, (t) = K, (- e "**C) sin2rf,t) (4.4)

where,K; is the final amplitude of the oscillator outputhiah is proportional to the dc

drain currentlp and the tank impedance at resonant frequefijcylhe time constant for

the envelope i2R.Ceq, and the time taken for the envelope to rise fid% to 90% of its
final valueK; is
44C

— €q
= (4.5)
nz[gm + gmbs + gds]

r

According to Equation 4.5, the oscillation can tstaster ifgm or n is increased, o€,

is decreased. However, increasmgeyond 0.3 may cause squegging and sometimes bring
the circuit to stable region due to the nonlinearapitic from gate to source [40], while

C.,can only be reduced to some extent as it is limigd . It seems that, increasing the

Om IS a better option; however, it increases the pawasumption. To reduce the start-up
time without compromising much power consumptiome meeds to increase thg only

during the build-up of the oscillator.

4.2.2 Start-up Time of Switched Oscillator

As mentioned in the previous section, the switcbedllator for high data rate OOK
modulation in the transmitter requires reducedtstartime and this is achieved by
increasing theyy, during the build-up of the oscillator. Thyg, is varied in the device by
both drain and gate bias. To realize the osciljdate FPD-200 PHEMT device was used in
a simple topology that creates a negative resistanc

To confirm the dependency of start-up time withiataon of g, we used the extracted
non-linear models of the FPD-200 PHEMT device. Htart-up time is verified for
different values ofy, (or bias condition) using Agilent ADS simulatidfigure 4.4 shows

schematic of the switched oscillator.
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Figure 4. 4. Schematic of switched oscillator f@@KOmodulation

The oscillator is switched on and off when data efaxm is ‘1’ and ‘0’, respectively to
generate an OOK modulated signal. Figure 4.5 shaters-up time of oscillator circuit
using non-linear model and ADS simulation tool. f&iént start-up times are achieved
with differentgn, values as shown in Figure 4.5. Table 4.1 showsuhemary ofy, versus

start-up time of switched oscillator.

Drain Voltage (V) Drain Current (mA Om (MS/mm) Start-up time (ns)
0.5 1.5 153 4.5
0.4 1.3 142 5.0
0.3 1.1 129 6.5

Table 4. 1. Summary @, versus start-up time

If the start-up time constitutes 10% of the bitipeéy the oscillator is able to support
data rates up to 80 kbps with on-off keying modata{39]. Thus, the designed oscillator
is able to support data rates of more than 100 kdwes if bias condition with power
consumption of less than 40&/. Using bias condition with power consumption @s bs
400uW or 50QuW, the switched oscillator is capable of generatd@K modulation for

ultra-low power consumption transceiver.
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Figure 4. 5. The start-up time with differegt conditions (a) 153 mS/mm, (b) 142 mS/mm,
and (c) 129 mS/mm
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4.3 OOK Receiver

4.3.1 Shockley's Model

Figure 4.6 shows the principal circuit of the powletector. The field effect transistor
(FET) detector exploits the non-linear channel cmtance as a function of the drain
voltage. Thus, the rectification is not based anuke of the transistor as a diode, as one

might expect.

C |
z, —O—{ "M <
v v c_— G V.
o COS(L) L, COS(t) °
L
v !
7
Vgso

Figure 4. 6. Principal circuit of FET-based envel@etector

This principle of power detection was first pubbshby Krekelset al [36], who
described its performance in a qualitative mannet axamined a variety of circuit
configurations, but did not put forward an analgtiapproach. The following analytical
approach lead to a simple expression for the caiwerfactor of the FET-based detector
and its dependence on the circuit parameters.

The FET detector does not make use of a direcingiasrrent. Owing to this passive
state, there is no generation of Adise and no hot-carrier effects to be considered a
large range of input power. Hence, the applicatib6hockley’s model to a passive GaAs
device promises reliable predictions of the perfmmoe of the device, unlike the
application to an active device.

Shockley’'s model [41] formulates an analytical eegsion for the drain currehf as a

function of the drain-to-source and gate-to-sowaléagesV,;andV,y, .

Using the normalized voltages
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and

v, = e (4.7)

with the contact voltag¥, of the Schottky barrier and the pinch-off voltage of the

transistor,V, andV, both being positive constants, the drain currantlee written as
2 2
I, =GV, v, —gvf’z -V, +§vg3’2) (4.8)

where G, denotes the channel conductance in the abserdeptdtion of carriers,e. for

Vs =Vga = Ve

4.3.2 Conversion Factor

The sinusoidal RF voltage drd&cos@[ﬂ and the rectified direct voltagé, are

separated by means of high-pass and low-pass dignasnseen in Figure 4.6. We define a

conversion factoCF as
V, =CF [V, (4.9)

to describe the RF to DC signal conversion. Theanckhconductance is controlled by the

gate bias voltagé

gso*

With the normalized voltages

v -V and v _Vo (4.10)
1 Vp (o] Vp

the normalized drain voltage may then be expreased

Vy =V, +V, cosli) +v, (4.11)

(o]

which after insertion in Equation 4.8 leads to
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4 (t) = G,V, ¥, cos) +Vv, —g(vg +V, cos) +v,)¥? +§vg3’2 (4.12)

f(x)

To determine a first-order approximation of its mealuel , =1 ,(t), the power series

3/2

expansion of the functior (x) = g at x,is useful:

f(x) = %xom +x,M% [x-x,) +%xo_l/2 x-x,)°-... (4.13)

The point of expansiox, has to be chosen agin order to enable cancellation of the term

3/2. . . . . . ~
v,” “in Equation 4.12 to obtain a linear law foyas a function of the input poqu.

Consequently, we have

X=X, =V, cosw) +v, (4.14)
and the mean value df(x bgcomes
ETON — 2 3/2 + 1/2 += -1/2 + 4 15
(9= 5% vy, v Ea v;) (4.15)

which is valid for small RF magnitudéé.
Under the assumption thef is small compare %, the insertion of Equation 4.15 in

Equation 4.12 yields

1 V2
l, =GV, EEV0 [-v,)—=—F J (4.16)
8 IV,

|, can be replaced by use of the load conduct&ce

o = V.G (4.17)
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which finally leads to a square-law relation betwebe RF voltage7l and the detector

output voltageV, :

V. = 1 V2 (4.18)

’ G
8\/p\/vg q1+E'—M)

In practice, this relation is exact\fis small enough. In a large-signal simulation of

the FET detector a non-linear FET model can be wdedh is embedded in an arbitrary

linear circuit. The non-linear power detection en precisely taken into account by
measuring the RF magnitudéacross the inner channel resistance of the FEThband
applying Equation 4.18. As sucty, represents the DC conductance of the entire DC path

excluding the channel conductance.
The conversion performance of the FET detector lsanmaximized through the

variation of two parameters, namely the gate bfasand the load resistbiG, . This can
easily be checked with the aid of Equation 4.18].[42 maximum output voltage is
obtained for voltage¥ , slightly superior to the pinch-off voltagg, =V, -V and for

the load matched to the channel conduct@)ée-./v, ).

As an alternative, the bias poidM,can be established such that the channel

conductance is matched to the RF source, in oodavadid further matching networks. In

terms of the demodulator realization we used gate ¥oltageV,, =V, and a load which

provided the highest possible output voltage. Thoeleh proposed by Equation 4.18 has

been verified by measurements which will be presgim Section 4.5.

4.3.3 Signal Detection

As mentioned in the previous section, the outpltige of detected signal is dependent

onV,, which is used in the detector bias networks asd #ie load. The output voltage

amplitude of detected signal is particularly depmmdon the gate voltage of device
because the channel conductance is matched toRtsRce to obtain the highest output

voltage.
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Figure 4. 7. The variation of output voltage verthesvariation of gate voltage (a) input

modulated signal (b) demodulated output signald,(@houtput voltage versus gate bias
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To determine the relationship between gate voltagek the detector output voltage, a
non-linear model of the FPD-200 PHEMT device wasdug he model parameters shown
in Tables 3.3 and 3.4 were used. Using this nogali model, the detector was simulated
in ADS to verify the variation of output voltagerfdifferent gate voltages applied. Figure
4.7 shows the different output voltage levels wheferent gate voltages are applied to the
gate terminal of device.

For the simulation, a modulation signal with dategtiency of 100 kHz and amplitude
of 0.4V is applied to the input port of the detecidt gate voltage of -1.1V, the detector
shows the highest output amplitude but the wavefbeoomes distorted with negative
peak clipping. Thus, the gate voltage of detectostnbe chosen to achieve signal-to-noise
ratio (SNR) of approximately 16dB for a 1BER and output voltage level of greater than
1mV,., for low power baseband processing. For these nsasloe gate voltage of -0.9V is
chosen to obtain a good SNR and output voltagd teae can be processed by low power

baseband.

4.4 Implementation of Radio Building Blocks

The circuit building blocks were implemented on GaAubstrate with CPW
transmission lines, MIM SiN capacitor, NiCr thirnfi resistor, and gold wire bonds for
air-bridges. The active device was attached tosthestrate using silver epoxy and wire

bonded out.

4.4.1 Oscillator

U 4
2+

: ’VG VD

Figure 4. 8. Microphotograph of quasi-MMIC switchestillator on GaAs substrate
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Figure 4.8 shows the microphotograph of oscillathich was integrated using wire
bond process between device and substrate. Figairgshdws measured spectral responses
of oscillator for its fundamental and"2harmonic signal. This response shows the
harmonic rejection of -29.7dBc and fundamental aigoutput power of -10.4dBm at
10GHz.

- Agilent 82:48:55 Jun 30, 2609

Atten 18 B

iR
&

10.130000000 Gz

v |-29.66 dB

|

YEW 3 MHz

Figure 4. 9. Spectral responses of the fabricasedlator

4.4.2 Amplifier

Vg Vp

Figure 4. 10. Microphotograph of quasi-MMIC amg@ifion GaAs substrate
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Figure 4.10 shows a microphotograph of the fabeddt0GHz quasi-MMIC low noise
amplifier. The source inductors formed by insert@®@W line were simulated using Ansoft
HFSS and extracted S-parameters using Agilent Adtire 4.11 shows the simulated and
measured frequency responses of the quasi-MMIC ihenpMeasured responses show a
gain of 6dB, return loss of less than -10dB and groeonsumption of less than 420.
These results are suitable responses for ampéifidrgood agreement between simulation

and measurement results was obtained.
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Figure 4. 11. Simulated and measured responsesifier: simulation (grey and x) and

measurement (black)
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Figure 4.12 shows the output power 1dB comprespmnt to be -9.8dBm for a dc
power consumption of only 4WV. The output third-order intercept poin©OIPs)
characteristic of the amplifier is shown in Figdr&3 which was measured at 10GHz using
a two-tone test with 1MHz separation. The measotgdutlP3 of the amplifier is +8dBm.

If a sensor node is placed in the closest areanyosansor node, a large input level is
applied to the amplifier and it can make a distortin the amplifier if the amplifier has not
a linear characteristic, thus it is important toaswe the linear characteristic of amplifier
in large input power range. From above measuradtsest means that amplifier can still

operate in linear area in large input level duedmmunication between the closest nodes.

4.4.3 Envelope Detector

The detector was optimized to obtain a good sentyitio envelope modulation signal
with reduced distortion for recovering data sigrigthus, a gate voltage was chosen to
achieve a high sensitivity and reduce distortiarcesithey have a trade-off relationship.
Figure 4.14 shows a microphotograph of PHEMT deteusing pinch-off operation and
with optimal load capacitance and resistance. Tateador was integrated on GaAs
substrate with CPW lines, MIM SiN capacitors, anoldgwire for air bridges. The
matching circuit was also simulated using AnsoftS$k Figure 4.15 shows simulated and

measured results of PHEMT detector and the googkagent obtained between both.
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Figure 4. 14. Microphotograph of quasi-MMIC PHEM@tector on GaAs substrate
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Figure 4. 15. Input matching responses of detestorulation (grey) and measurement
(black)

To measure the demodulation responses of detecttata signal of 10 kHz was used
to modulate the carrier signal and then the moddiaignal was directly applied to the
detector. For the modulation signal, a Wiltron 6BB8ynthesized sweep generator was
used and the power levels of modulation signal vextended using a 16dB attenuator
because of the limitation of lower power level BpdBm. Figure 4.16 shows a test set-up
for measuring the response of the detector.

The voltage levels of the demodulated signal byecet were observed using an
oscilloscope for the input range of -36dBm to -1AdBFigure 4.17 presents the
dependence of the detected output voltage on e power for the OOK demodulation.
A good agreement between the simulated and theurezhgesults was observed.
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Figure 4. 16. Test set-up of output voltage vemspat signal power for detector
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Figure 4. 17. Input power versus output voltagedEMT detector: simulationx§,

measurementi

Figure 4.18 shows the demodulation responses ettuet A carrier signal of 10GHz
with a power of -20dBm (not including cable lossypdulated by a 10 kHz square signal
wave (top) was transmitted to the input of the detecircuits. A slight distortion of the
demodulated signal (bottom) due to the noise perdoice of detector was observed in the
detected signals.
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Figure 4. 18. Demodulation responses of PHEMT detec

4.4.4 SPDT Switch
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Figure 4. 19. Microphotograph of SPDT switch on GaAbstrate

Figure 4.19 shows a microphotograph of the implae@SPDT switch. The SPDT
switch, constructed on CPW structure using two PPD-PHEMT devices, was measured
to have an insertion loss of approximately 1.7dB1@GHz whilst the isolation was
measured to be approximately 23dB as shown in EigL20. The linearity performance is
also important for a switch, thus the insertiorslasd isolation versus input power was
measured using power level range of -17dBm to +h6d8r both ON and OFF states.
Figure 4.21 shows 1dB degradation at +7dBm and Bfitbr insertion loss and isolation,

respectively.
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Figure 4. 20. Simulated (x) and measurefifisertion loss and isolation performances of
SPDT switch
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4.5 Fully Integrated OOK Radio Transceiver

A block diagram of the complete OOK radio transeeiis shown in Figure 4.22. It

consists of all the circuits — amplifier, oscillgtaetector, and switch — which have been

discussed so far. The principles of the switchedillagor and power detector using

PHEMT device have also been described in the pueviections.

The data signal has dc offset voltage of -0.9V @redpeak-to-peak voltage of 0.6V to

turn the oscillator on and off for generating OOl¢dulation signal and it is consequently

achieved by function generator signal with squaawev The detected signal goes through

to baseband buffer amplifier to recover an origofetia signal with digital logic i.e. 0 and 1
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in baseband processing. The circuit uses a simpihitecture to lower the active

component count and hence the power consumption.

ENVELOPE
LNA DETECTOF BASEBAND

(.)2 I o B

VCTPLl

VCTPLZ

6},

OSCILLATOR Voo = 0.9V

BASEBAND DATA

I Vpp= 600mV (-0.6V to -1.2V)

RADIO TRANSCEIVER

Figure 4. 22. Block diagram of complete OOK radansceiver

The Schottky diode based envelope detector recdkerslata by zero bias operating
for low power application [43]. This architectuteotigh suffers from low sensitivity even
if this approach has low power consumption andetioee this approach introduces too
much noise to the baseband signal. Another apprisachsed on the GaAs FET envelope
detector with drain voltage that is introducedrtgprove the sensitivity of the detector. But
this approach consumes dc current due to draimigiaistead it is found that the addition
of a cold-HEMT envelope detector results in mucttdsenoise performance with higher
sensitivity. In fact, the received signal appeargely noise free on an oscilloscope.

The receiver consists of amplifier which has 6dBhgand passive envelope detector
without the need for band pass and low pass filtee amplifier consumes 1.4mA and the
passive envelope detector consumes 10nA. The dnath gate bias for amplifier is
Vus=0.3V, l3=1.4mA andVys=-0.8V, respectively. The overall power consumption
receiver is consequently 420/. The modulation signal is processed by receiv@uits
consisting of amplifier and passive envelope detettt recover the data signal. Amplifier
plays a role which compensates an OOK modulatignasifor free space path loss. The
OOK modulation signal which is amplified by amgéifiis passed to the drain terminal of
cold-HEMT detector with a matching circuit at thense frequency of amplifier. The
detector rectifies the OOK modulation signal witHaege output voltage which can be

processed by baseband buffer amplifier i.e. 1Im\k fddio transceiver uses five HEMT
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devices which are the FPD-200 PHEMT. Only two tistoss of them consume dc power
to realize switched oscillator and amplifier. Thegions where the transistors in all of
circuits are biased are shown in Figure 4.23.

70

50 | Amplifier and Oscillator

30 | Switch and Detect

%

0.0 0.4 0.5 0.6 0.7 0.8 0.9 1.0
vds (V)

Figure 4. 23. Bias condition of individual circuitsthe radio transceiver

Ve Vp Verrer Verrz Ve Vp Ve

Figure 4. 24. Microphotograph of fabricated qua$#i@ radio transceiver

The transceiver was fabricated on GaAs substratehwias relative dielectric constant
of 12.9, dielectric thickness of 62, and gold thickness of Tu&. The matching
networks and bias circuitry were implemented toieah compact size transceiver using
advanced GaAs MMIC process consisting of lumpedpmments and meandered
transmission lines. The total chip size is 5x12°mime SPDT switches have an insertion
loss of 1.7dB and an isolation of -23dB. The swikkurned off when the gate voltage is
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driven to below pinch off\(gz=-1.2V) and presents a low impedance path wherg#te
voltage is zero. The switch allows one antennaetshmred between TX and RX. Figure
4.24 shows a microphotograph of the fabricated igMd4IC radio transceiver. This
transceiver is also integrated with a patch antempéemented on PCB substrate (Rogers
RO4350). This patch antenna was designed by Drg@indNhyte. Figure 4.25 shows a
photograph of the complete integrated transceilgy with antenna. The total size of this
is 15x12mrA.

Figure 4. 25. Photograph of complete radio transeentegrated with antenna on PCB

The switched oscillator as the transmitter diregilgduces an OOK modulated signal
operates at 10GHz with an output power of -10.4dBhe baseband is used a negative dc
offset of -0.9V from function generator and is tigd to the gate side with peak-to-peak
voltage of 0.6V (-1.2V to -0.6V). The switched dkstdr produces the OOK modulation
signal with high logic in voltage range of -0.9V-4@6V and low logic in voltage range of
-1.2V to -0.9V. Figure 4.26 shows the variatiorswitched oscillator fundamental output
frequency measured as a function of gate bias.

As shown in Figure 4.26, the switched oscillat@gfrency varies over a 1GHz span
when the gate voltage in the switched oscillataaised with+10% from centre voltage of
-0.75V. Therefore, the OOK modulation signal calhls¢ detected by the receiver because
the receiver can cover input frequency bandwidtgreater than 1GHz as mentioned in the
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previous section and the power supply which is usednergy neutral platform is not

varied more than 10%.
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Figure 4. 26. Frequency and output fundamental pafvewitched oscillator versus gate

voltage Vgys): simulation (x), measurement)(
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Figure 4. 27. The output voltage of detector vegais voltage\(ys) of detector:

simulation (x), measurement)(

Figure 4.27 shows the detector output voltage wegsue voltageMy) of detector in
the receiver which is made up of the switch, angalidnd detector. As aforementioned, as
gate voltage is increased, the output voltage asae, but with distortion of data signal.
Thus, the optimal gate voltage is chosen to remibse distortion and achieve high

sensitivity. To measure this performance, the matedl signal from a signal source is used
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and output voltage level is measured on the osciipe. The modulated signal from
microwave signal source is directly given to SPWvitch without a leakage of signal and
then output voltage of the receiver is measuretheroscilloscope by way of the amplifier
and detector. From this measurement, the deteginaton at the gate voltage of -0.9V
shows a good sensitivity without a distortion inmibelulated signal, thus this value is
chosen to achieve high sensitivity performancevefrall receiver. These results also show
that gate bias voltage slightly above the pinchwaiitage is used to achieve the highest
possible output voltage without further matchingweoeks as mentioned in Equation 4.18.
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Figure 4. 28. The output voltage of detector veRESnput frequency: simulation (x),

measurement

With optimal gate voltage, the receiver is measumedonfirm the performance for
high sensitivity receiver. Figure 4.28 shows thdpat voltage versus the radio input
frequency for a fixed input power of -20dBm fromangiwave signal source. As shown in
Figure 4.28, the bandwidth is approximately 1 GiHd the output voltage falls off rapidly
beyond the range of 9.5GHz to 10.5GHz. As aforeropad, the modulation signal can
still be detected by the direct detection recewbile oscillator frequency varies 110%.
Therefore, the transceiver can still be operatedewthe power varies with tolerance of
+10% from centre voltage and it is straightforwandmake power supply from energy
platform that will be integrated together. From uig 4.26 to 4.28, the difference between
simulated and measured results is caused by thedhylbegration for a complete radio
transceiver. The hybrid integration with a manuakvibond process provides the variation
of inductance and capacitance in the parametersaksuod mismatch between individual
circuits. It can be reduced with repetition of devimeasurement to obtain more accurate

parameter but this work is completed with a few gia® to obtain parameters from
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measured data. Although the simulation and measneresults show a difference, it is a

reasonable result to predict the performance ainaptete radio transceiver.
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Figure 4. 29. Test set-up of direct modulation/dduatation transceivers
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Figure 4. 30. Binary data waveform with duty cya#<0, 30, 40, and 50% at 10 cm

separation between transceivers: input data (greetgctor output (yellow)
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A complete direct modulation/demodulation prot@&ywansceiver, which has been
designed and fabricated using commercial PHEMTS, sugcessfully integrated on GaAs
substrate and demonstrated a good communicatiovebattwo transceivers. The results
verify that it is possible to have ultra-low powEmsumption and communication range up
to 1m between radio transceivers thus fulfilling ttarget requirements in SpeckNet.
Figure 4.29 shows the test set-up used to demdoasteda communication with physical
separation between two transceivers.

With 50% duty-cycle square wave signal, the trawecedemodulated data signal was
measured to demonstrate the operation of trangcéibe switched oscillator is only ON
for a very short period of time relative to thedém of data ‘1’ then obviously the power
consumed is lower than if the oscillator is ON tloe same period of time as the data is at a
‘1’. This fact can be exploited to reduce the pow@nsumption of the transmitter by duty
cycling the transmit oscillator to a number loweairt 50% [25].
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Figure 4. 31. Binary data waveform with differeatal rate and 50% duty cycle at 10 cm
separation between transceivers: input data (greletgctor output (yellow)
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Figure 4.30 shows the binary data waveform witliedént duty cycles of 20%, 30%,
40% and 50% at 10 kHz data frequency and transcegparation of 10cm. Current
consumptions are 0.2mA and 1mA for duty cycles @¥2and 50%, respectively. From
these measurements, it is clear that lower poweorisumed at low duty cycles. However,
as shown in Figure 4.30, detected signal is distlolly spikes which are related to the rise
and fall of the demodulated waveform. This mearat tbw duty cycle data requires
additional low pass filtering to eliminate the digion.

Figure 4.31 shows the binary data waveform witliedent data rates and 50% duty
cycle at 10cm separation. With increasing data theedemodulated signal is distorted and
it clearly decreases the transceiver sensitivitye Transceiver is therefore suitable for
sensor nodes for SpeckNet which is required lova date (<200kbps) operation. The
small physical size and low power consumption atekkes the transceiver ideally suited
for wide range deployment and long unattended djp@aravithout battery replacement.
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Figure 4. 32. Binary data waveform with duty cya#0, 30, 40%, and 50% at 1 metre
separation between transceivers: input data (greletgctor output (yellow)

97



Figure 4.32 also shows the binary data waveforrh ditty cycles of 20%, 30%, 40%,
and 50% at 10 kHz data frequency and transceiymaragon of 1m. The detector output
shows a noisy signal but the signal and noise m detector output can still be
distinguished. They can also be improved by usiog-pass filtering and baseband
processing. Thus, the transceiver as it is carsbd at a distance of 1 metre.

4.6 Conclusions

This chapter has introduced a quasi-MMIC OOK ramlansceiver which has been
fabricated and demonstrated with the concept actlimodulation and demodulation for
ultra-low power radio transceiver. The data signgh 50% duty-cycle square waveform
is used in the gate side of switched oscillatgprmduce the OOK modulation signal and it
is produced at the drain port of switched oscillato propagate via antenna. The
modulated signal is transmitted and received byhemtenna for communication. The
demodulated signal is obtained at the load of detdzy way of switch, amplifier and
detector. This concept is very simple and exhilotg cost, ultra-low power performance
simultaneously. The transceiver also exhibits sgia#.

The start-up time of switched oscillator and outpoitage level of detector with gate
voltage has been validated with a mathematicalyaisahnd measurement results. With a
mathematical analysis, the start-up time of odoilléss demonstrated to achieve the higher
data rate operation and the operating voltage tfotiar is also analyzed to choose the gate
voltage for achieving higher sensitivity and lowdistortion. This chapter also gave a
detailed description of quasi-MMIC OOK radio traes@r operating at 10GHz and with
data rate up to 200 kbps. The transmitter consibtswitched oscillator with negative
resistance design concept. The switched oscillewasumes dc power of 420/ and it
also achieves an efficiency of around 22% withdbgput power of approximately 10/
or -10dBm. To produce a modulation signal, the d&gaal with square wave is given a
negative dc offset of -0.9V from function generaémd is injected to the gate side with
peak-to-peak voltage of 0.6V (-1.2V to -0.6V). Tdwitched oscillator produces the OOK
modulation signal when there is a voltage rangd®V to -0.6V which means a ‘1’, and
is pinch off when there is a voltage range of -1@V-0.9V which means a ‘0’. The
receiver consists of an amplifier and detectortokial the receiver consumes 488 and
generates an output voltage of 1mVp-p for a tramscaseparation of 1 metre.

In conclusion, this chapter has provided a desonpof the operation of direct

modulation/demodulation radio transceiver with OQ®odulation scheme and has
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provided an equation to describe the switched lasoil operation and output voltage level
of a detector. The equation of start-up time farilor has also been derived together
with a description of power consumption for inciegdata rate. An implementation of an
ultra-low power OOK radio transceiver has been desd and measured results to
demonstrate its performance. It has been showrthkgtower consumption of a complete
radio transceiver, integrating both transmit anckinee circuitry can be as low as §40.
Further, the power consumption of the transceieer lee reduced by adjusting duty-cycle
of data signal has been presented. Also, the owutgteige of the receiver can be increased
by a gate voltage of detector and thus operatingea@f the complete transceiver can be
greatly increased by optimizing the gate voltagelie detector circuit.
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Chapter 5

24GHz MMIC Radio Transceiver

5.1 Introduction

In the previous chapters, the 10GHz radio buildifdocks and direct
modulation/demodulation transceiver were realizedquasi-MMIC form. This enable
rapid prototypes to be developed for verifying tiveuit ideas but it results in a larger size
compared with the ultimate requirements of SpebksS(mnf). Thus, further reduction of
circuit and antenna size is needed to satisfy éinget of SpeckNet project. Monolithic
microwave integrated circuit (MMIC) technology dae used to reduce the size of circuits
and antenna on GaAs substrate with a high operdtemuency. The use of a high
frequency, as well as MMIC technology, can prodfwdly integrated transceivers with
compact size. For compact antenna size, the 24@&dudncy band (which is one of the
ISM bands) can be used with high performance devicea MMIC process. To achieve a
compact transceiver, MMIC technology is better iblacks capability for post-fabrication
tuning. Thus, an accurate design method is requipeckalize good performances and
reduce process cost. Accurate device measuremdnnadelling using simulation is also
required.

In this chapter, the device technology used indésign of MMIC is discussed and
then the devices are measured on-wafer in a caplazeguide (CPW) structure on GaAs
substrate. To obtain a pure device S-parametees,ethbedded structures which are
inserted for measurement are simulated and measureampare between them and then
these structures are de-embedded from measureckdgyparameters to use in the design.
As mentioned in the Chapter 3, capacitors and itmlsicare measured on wafer and
simulated with Ansoft HFSS and also validated vatimparison between simulation and
measurement results. They will be used to desigivitlual circuit such as amplifier,
oscillator, detector, and switch. To achieve anueste design and implementation of
MMIC circuits, passive circuit library such as csganction and tee-junction are required.
They are already used in Chapter 3 to implemensigdMIC radio transceiver and will
also be used to design MMIC circuits with the samethods. Individual circuits such as
oscillators, envelope detector, switches and arepdifof the radio transceiver are designed

using de-embedded device data with libraries ofpledacomponents and discontinuities.
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The use of the library with simulation data is as)ye and accurate method to achieve
MMIC circuit design without measurement and eximctand thus the performance of
MMIC circuit can be accurately predicted.

The MHEMT device technology at University of Glasgaoising an advanced IlI-V
compound semiconductor will now be described antihwe followed by a description of
the design of individual circuits and finally the@ropletely integrated transceiver with

antenna that meets the target size of the Speqkidpct.

5.2 MHEMT Device

To realize the transceiver in MMIC technology, theetamorphic high electron
mobility transistor (MHEMT) device with 50nm gatenigth have used. The 50nm GaAs
MHEMT structures withd-doped 13 52Al 0.46AS/INg 538G & 47AS profile, as shown in Figure

5.1, were grown by molecular-beam epitaxy on semidating GaAs substrates.

Au/Ge/Ni TilPY/Au Au/Ge/Ni

n+ Ings3Gag 47AS n+ Ings3Gap47AS

20nm Ing 50Alp.48AS Barrier

15nm Ing53Gag.47As Channel

InAIAs/InGaAs Superlattice Buffer

S.I. GaAs Substrate

Figure 5. 1. Device cross section of thdoped 1R 507l 9 48AS/INg 558G & 47AS 50nm gate-
length GaAs metamorphic HEMTs

The doubled-doped strategy was used to increase drive curneahice access
resistance and enhance linearity [44]. The 1200netamorphic buffer graded linearly
from GaAs to 1gsGa47As and followed by a 72nm thick dBAlo.48AS/INg 558Gy 47AS
superlattice prior to the growth of the device lsyd he relatively low value of mobility of
6470 cmi/Vs was obtained due to the doulleloping strategy which increases ionized
impurity scattering. Ohmic contact resistancesoasds 0.08-mm were obtained using an

annealed 150nm thick Au:Ge:Ni based metallizatidavices were realized using furh
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source to drain separation between 50nm T-gatds 260nm thick Ti:Pt:Au [45]. As
shown in Figure 5.2, a typical drain-to-source s&tan current Igs9 and maximum
transconductancef,may Versus gate-to-source voltagé,d of the fabricated device are
770 mA/mm and 950 mS/mm, respectively. The RF nreasents were performed on-
wafer over a frequency range of 0.1 to 110GHz uamé\gilent EB361A with N5260 mm-
wave controller. At the bias condition ¥fs of 0.3V andlys of 1.1mA, the two-finger 50-
um gate width MHEMT device has a cut-off frequen&y 6f 56 GHz and a maximum
oscillation frequencyfiay of L09GHz, respectively.
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Figure 5. 21-V and transconductanceg.j characteristics of 2x5@n, 6-doped
INo.52Al 0.48AS/INg 558G & 47AS 50nm gate-length T-Gate GaAs metamorphic HEMT
(Vgs=0.1V to 0.9V and/ygs=0V to -1.4, 0.1V step)
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5.2.1 Non-linear Model of 50nm MHEMT Device

To enable Harmonic Balance analysis of the indiaiduircuit such as oscillator and
detector, a non-linear model of the MHEMT device baen extracted using measuir&d
and RF data over different bias conditions. As nomeid in the previous chapter, the
TOM3 model as shown in Figure 3.10 is used to ek@anon-linear model from measured
S-parameters arieV curve.

Intrinsic Parameters
ADS TOM3 Model

Rd Ld
Gate MA’_/W\T‘ Drain
MHEMT Cpd
Rs -
Ls
Source

Figure 5. 3. The device model with external parag&rameters

The TriQuint TOM3 scalable non-linear model is usedorovide a good fit to the
measured data. Figure 5.3 shows the networks wthiehexternal parameters present
around the non-linear device model. The externalarpaters were extracted from
measured S-parameters of cold-HEMT which are deeeadd from the probe pads [29]
and then the intrinsic parameters, which are desdrby equations 3.3 to 3.21 in Chapter 3,
were also extracted by fitting to the measured B#paters taken at various bias
conditions. Table 5.1 shows the extrinsic paramnsetgtracted from measured cold-HEMT
S-parameters [29]. Table 5.2 shows the intrinsiapa&ters which are extracted by fitting
to the measured S-parameters over several differastconditions.

Cpd 19.18 fF Rd 2.20
Cpg 4.73 fF Rs 3.53158
Ld 0 pH Rg 6.602
Ls 0.016 pH

Lg 0.01 pH

Table 5. 1. Extrinsic parameters of TOM3 model50nm, 2x5Qm MHEMT
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Vto -0.644261V | Qggh 7.29104E-14 Is 3.3386E-13 mA
Alpha 7.70356 Qgi0 1.19957E-6 A  Vhbi 1V
Beta 0.00149702 | Qgag 1.881 N 1
Lambda -0.121785 Qgad 3.21664 Xti 2
Gamma 0.128896 | Qggb 144.034 Eg 0.8
Q 0.389345 Qgcl 1.01055E-16 F NG 2
K 0.940054 Qgsh 5.87858E-16|F W 511
Vst 0.0767583 V | Qgdh 1.18716E-16|F Rgsh Qo0
Mst 0.39525 Qgg0 2.98356E-17F Ls 0 nH
Ik 1.8E-6 mA | Cds 0.0001373 pF Lg 0nH
PIk 15V Tau 0.488 psec Ld OnH
Kgamma 0.00378975| Rd 0.01

Taugd 1000 nsec Rg 0.01

Qgql 1.07693E-15| Rs 0.a2

Table 5. 2. Intrinsic parameters of TOM3 model306nm, 2x5@m MHEMT

To validate the accuracy of the extracted modehmpaters, an-V curve for gate

voltage range of 0 to -1.4V and S-parameter¥ 0.3V andlq<=1.6mA using model

parameters are compared with the measured datareFsg4 shows a comparison between

measured and modelléd/ curve. Figure 5.5 also shows a comparison betwesssured

and modelled S-parameters at bias pointggf0.3V andlg<=1.6mA.
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Figure 5. 4. Measuredi) and modelled (x)-V curves of 50nm MHEMT
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freq (2.000GHz to 40.00GHz)

Figure 5. 5. Measuredi] and modelled (x) S-parameters of MHEMT at bia¥@£0.3V
andlgs=1.6mA

This model shows a good agreement with meaddvedata making it suitable for non-
linear design of oscillators and detectors whidghraquired accurate design for integration

into a complete transceiver.

5.3 Oscillator
101
VorrseT =
1| W—] Wi
RFOUT_OOK
- —| — -

Figure 5. 6. Schematic of switched oscillator f@kKmodulation
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Figure 5.6 shows a schematic of the switched @soill The oscillator is switched on
and off when data waveform is ‘1’ and ‘0’, respeely to generate an OOK modulated
signal. Figure 5.7 shows the optimal performancesaillator using measured two port S-
parameters. It has been shown in Chapter 3, bygusia simple design method, an
oscillator circuit can be optimized for output peowehilst keeping the oscillator operating
frequency constant. The oscillator has also beenodstrated with an optimized load
network and maximized negative resistance cirdihie biasing arrangement ¥=0.3V

andly=1.6mA.
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Figure 5. 7. Optimal performance of oscillator gsmeasured two-port S-parameters

Figure 5.8 shows the layout of the MMIC oscillatArseries inductor connected at the
source terminals increase the portion of unstaimpedances in the Smith chart. This
makes it easier to match for negative resistanceedative resistance at the drain port is
created by appropriately matching the gate cirsaithat the reflection coefficient lies in
the unstable region of the Smith chart. The negatsgistance is then increased in value by

the output matching network.
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]

Figure 5. 8. The layout of MMIC oscillator

5.4 Amplifier

i l — v
Ls . :L: ve v :L: . La
VWA — — F\WAAHn
- —
L . 2x50um F L2
—
500% - % 500
) - CPW Ls

Figure 5. 9. The schematic of amplifier with souteedback

This section describes a 24GHz MMIC amplifier thaets the requirements of high
gain, low noise and high isolation while achievitigg lowest dc power consumption

possible. Several amplifier architectures were aned for ultra-low power high gain
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amplifier [46]-[48]. The single stage amplifier Wiseries source feedback topology was

designed to achieve the aggressive performancetsasgich as low power consumption,

stability and high gain. The inductance of seriegree feedback is optimized to achieve

the stability and high gain characteristics sirmgtausly. Moreover, the overall matching

network of amplifier is kept simple and thereforeaanpact chip size is achieved. Also the

out-of-band stability of the amplifier is improvewy bias circuits [49]. The simplified

schematic of the amplifier is presented in Figuf Bias condition is similar to that of the

oscillator previously described.

Gain & Return Loss (dB)
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Figure 5. 10. Gain and return loss of amplifiersusrvariation of line length at (a) bias
circuits (3, L4=10Qum to 100@m, 10Qum step) and (b) input and output feeds (-

=10Qum to 50Qum, 10Qum step)

By determining appropriate width and length forieginductancel(s) and the biasing

elements this amplifier was designed to be uncamditly stable from low megahertz up

to the unity gain frequency of the transistor arfileits high gain at 24GHz. Bias circuits
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are connected to external line by wire bonding @sscso bias circuits provide increased
inductance. Thus, an amplifier circuit must be gesd by considering these variations.
The amplifier was simulated with variation of likength in bias circuitl(s, L4) and input
and output feedd , L,). Figure 5.10 shows amplifier characteristics witase variations
of line lengths.

The amplifier was designed with consideration @sth effects and fabricated around a
2x50um, 50nm gate-length MHEMT. Figure 5.11 shows SEMrophotographs of the
MMIC amplifier chip which occupies 1.9x2.3 im

IN ouT

[ I | 1 I LI | I | 1
S4700 10.0kV 13.0mm x50 SE(U) 4/23/07 14:47 1.00mm

I
54700 10.0kV 13.0mm x800 SE(U) 4/23/07 14.48 50.0um

Figure 5. 11. SEM microphotograph of fabricated Einep

The MMIC layout employs a single MHEMT device withstributed elements in
coplanar waveguide, quarter wavelength open stihos,film NiCr resistor, and metal-
insulator-metal SiN capacitors. In order to achiestability, the amplifier used D
impedance short circuit stubs at the source oMREMT device and shunt resistors with
series capacitor on bias circuits [47]. The fahadaVIMIC amplifiers were measured on-
wafer using Agilent E8361A with N5260 mm-wave cafigr. In order to confirm dc
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power consumption and transmission performanceathplifier was biased at 0.3V and
1.1mA, 2.9mA, and 4.3mA.
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Figure 5. 12. Comparison between simulation (gaey) measurement result (black) with

bias condition o¥/4=0.3V andl4=2.9mA
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Figure 5. 13. Gain and return loss of the singgstMMIC amplifier:Vy<=0.3V,
lg=1.1mA @), 2.9mA (A), and 4.3mAX)
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Figure 5.12 shows measurement results with biaditon of Vys=0.3V andl4<=2.9mA

to compare with simulation results. Figure 5.13vehneasured S-parameters at bias point
of 0.3V and 1.1mA, 2.9mA, and 4.3mA. The gain igi¢glly 4.4dB and return loss is less
than -7.9dB for the amplifier at bias point of 0.8wd 1.1mA. In the other bias points, the
gain is 6.4dB and 7.6dB, respectively. The dc poe@mrsumption of this single stage
amplifier is 87@W. This amplifier has typical gain of 6.4dB at thiss point. Figure 5.14
shows the output power 1dB compression charadtsrisi be -10.5dBm for a dc power
consumption of only 330V. The output third-order intercept poif@1Ps) characteristic of
the amplifier is shown in Figure 5.15 which was smwead at 24GHz using a two-tone test

with 1IMHz separation. The measured outpstof the amplifier is +7.5dBm.

-10

-15 ~

Gain (dB)

-20

Output Power (dBm)

-25 1

30 28 26 24 22 20 -18 -6 14 12 -10
Input Power (dBm)

Figure 5. 14P145 characteristic at 24GHZ;=0.3V, I4=1.1mA: simulation (%),
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5.5 Envelope Detector

As mentioned in Chapter 3, there are two technekgssing diode or cold-HEMT. A
Schottky diode has generally been used for detedtouit with zero bias since this
topology is simple and has zero power consumptldowever, this topology has a
disadvantage of low sensitivity as mentioned in@é&a3. Thus, a novel low-cost, ultra-

low power detector using a single cold-HEMT is dasid for demodulation in this chapter.
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Figure 5. 17. Input matching performance of coldMHEdetector

The semiconductor device employed in the detectauits is a 50nm gate-length
GaAs MHEMT device. S-parameter measurements wesederformed to determine the

input impedanc&1 of device in demodulation state. The circuits wagsigned for 24GHz
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band operation and integrated on GaAs substrate @RW transmission line, MIM SiN

capacitor and NiCr resistor for matching and biasuits. The load capacitor and resistor
provides a load resistance so a voltage can belapmd and it filters out any of the

microwave signal present at the output. Figure Sshéws an ADS schematic of a
MHEMT detector designed as outlined above. Figur&7 5shows input matching

performance of detector with cold-HEMT using AgileADS. Figure 5.18 shows the
layout of a high sensitivity detector using a siengbld-HEMT. The bias condition used is
Vgs OF -1.2V.
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Figure 5. 18. The layout of MMIC detector usingdcelEMT
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5.6 SPDT Switch

The design issues associated with the optimizatidhe series SPDT MHEMT switch
are strongly influenced by choice of device widdigure 5.19 shows insertion loss and

isolation performances with different gate-widttiglevices.

|S,41 [dB]
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(b)

Figure 5. 19. Modelled transmission response iOfd)state and (b) OFF-state for 50nm
GaAs MHEMT with different unit gate-width of ftn (O), 2um (J) and 12.5m (D)

Increasing the device width will result in smaN@atues of ON-state resistanRgy, and
therefore lower ON-state insertion loss. HoweMais teduction of insertion loss comes at
the expense of reduced isolation in the OFF-stae td the increase dfys and Cgys.
Therefore a trade-off for low loss, high isolatiand circuit compactness is essential for
high performance. Figure 5.20(a) show the schenaidt layout, Figure 5.20(b) show
simplified equivalent circuits of the MHEMT switch.
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A single, two-finger MHEMT in a coplanar waveguidenfiguration was used as the
switch and uses an optimal gate width ofu@5 for low loss and high isolation.
Independent bias of each gate finger controls aéing of the microwave signal from the
drain terminal to one or other of the source tealsimas shown schematically in Figure
5.20(a). This layout technique eliminates impedamtematch and reduces transmission
line interconnect loss [50]. Cold-HEMT operation idilized to minimize power
consumption. Figure 5.20(b) shows the equivalercuds of the SPDT switch. In the ON-
state,Cys, Cgs andCyq are not critical parameters compare with ON-staggstance Ron)
therefore this equivalent circuit can simply beresgnted byRon. In the OFF-StateRorr
is adequately large value for applying open cireumitl consequentlyCys, Cys andCyq are
the dominant parameters for OFF-state switch pexdoce [51]-[52]. Extracted values of
Ron and Coer for ON-state Yg=0V) resistance and OFF-Stai,%-1.8V) capacitance are
2~32 and 6~7fF, respectively. The circuitry controllitige gate bias included a @k
resistorRso to attenuate unwanted microwave signal leakageheagates. Figure 5.21
shows an SEM microphotograph of the fabricatecese®PDT MMIC switch with a 26n
unit width, 50nm gate-length MHEMT in CPW technojod he total chip area including
probe pads is 1:8.2 mnf.
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Figure 5. 20. Schematic and layout of SPDT swiftatud. (b) ON and OFF-states
simplified equivalent circuit of the MHEMTS in thssvitch circuit
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S$4700 10.0kV 13.0mm x80 SE(U) 4/23/07 14:34 500um

S4700 10.0kV 13.0mm x600 SE(U) 4/23/07 14:36 50.0um

Figure 5. 21. SEM microphotograph of the fabriceg8&DT MMIC switch

The switch was designed to achieve broadband deaisics from DC to 35GHz in
order to cover a range of ISM bands being targdtegure 5.22 compares the simulated
and measured insertion loss, isolation and retoss Iresponse of the MMIC switch
utilizing the 25um unit device width. Insertion loss is less tha®dB, isolation is greater
than 27dB, and return loss is better than 12dBsscthe frequency range from DC to
35GHz. There is good agreement between simulatddnaeasured results. Figure 5.23
shows the insertion loss and isolation responseugeinput power at 24GHz. The
measured insertion loss degrades 1dB at the impépof +14dBm. The isolation starts to
degrade at the input power of +11dBm and becomd8 2&en the input power reaches
+15dBm. With signal input power of -10dBm, a lea&agurrent of less than 1.3nA is
observed. This dc power consumption in the ON-gtatess than 0.1nW. The OFF-state
voltage is -1.8V, with gate leakage current of ldsn 3.2RA, leading to a maximum
power consumption of less thapWw for the switch.
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5.7 Fully Integrated MMIC Radio Transceiver
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Figure 5. 24. The schematic of MMIC 24GHz radimseeiver
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Figure 5. 25. Final integrated MMIC 24GHz radionseeiver with antenna
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The radio building blocks that were designed in pinevious section are integrated
together to form the complete MMIC radio transcei@gure 5.24 shows a schematic of
the fully integrated radio building blocks. The diaircuit of amplifier is changed to
achieve a reduced size from first prototype usipgnocircuit stub. Figure 5.25 shows the
layout of the final transceiver integrated with taetenna. The power consumption is
approximately 0.9mW for receiver and 0.5mW for smaitter. The antenna was designed
by Dr Griogair Whyte and it has a gain of 2dBi &GHz. The final dimensions are
4.98%x5.03 mnf while the transceiver consumes ultra-low dc poavet operate at 24GHz.
This fits into 55 mnt for SpeckNet project.

5.8 Conclusions

This chapter has presented a device technologynainddual circuit design for MMIC
radio transceivers based on libraries such as taepgcinductors, tee-junction, cross-
junction and impedance lines along with measurgéi@meters and non-linear model for
the active devices. The use of the library withdation data has been validated in the
Chapter 3 and 4 with the implementation of quasiH@Madio transceiver. A description
of the MHEMT device using the advanced IlI-V tecloyy in the University of Glasgow
has been given and the measured S-parameters adth@a model have been presented.

The non-linear TriQuint TOM3 model has been fittedhe measured S-parameters. It
has been shown that excellent agreement is obtdiesdeen measured and modelled S-
parameters for MHEMT device. Use of non-linear niquevides an accurate design of
oscillator and detector as shown in Chapter 3 alWith measured S-parameter and non-
linear model, individual circuits have been destynesing S-parameter and Harmonic
Balance simulation method.

A switched oscillator as transmit oscillator harmealesigned to achieve an output
power of -10dBm and power consumption of less O&mW using 2x50m MHEMT
device and S-parameter and Harmonic Balance desigthod. Its performance is
predicted for the operating frequency of 24GHz had output power of -10dBm with an
efficiency of 20%.

A MMIC amplifier operating at a centre frequency24iGHz was designed as shown in
Figure 5.12 exhibiting 6.4dB gain with return lossless than -10dB while consuming
only 0.9mW of dc power. To reduce the circuit sitbes amplifier used shunt capacitors to

implement bias circuits instead of open circuibstu
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An envelope detector has been designed to obtingat radio communication range
with the same topology as a complete quasi-MMIQodacnsceiver. The gate voltage is
also optimized to achieve a large output voltagésHz envelope detector.

A SPDT switch have been designed and fabricate22fum MHEMT device which
is chosen to achieve a good performance from a agsgn of several device dimensions.
A SPDT switch has shown an insertion loss in the ke of 1.9dB at 24GHz and the
isolation in the OFF state of 27dB whilst the ratloss is better than 12dB. The switch
layout has been considered to improve the perfoceamd reduce its size. The switch is
compact and measures only X5.2 mnf including probe pads. The switch is passive and
the gate current is less than JuA2

The layout shows that all of individual circuit vesuccessfully integrated on GaAs
with an on-chip patch antenna provided by Dr Grioighyte. The overall chip size of
4.98%x5.03 mnf fits the specification of 85 mnt at the operating frequency of 24GHz for
SpeckNet.
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Chapter 6

Novel Planar Filters

6.1 Introduction

In the previous chapters, details of active cistir ultra-low power transceivers have
been described. Another critical but optional bagdblock in such transceivers is passive
filters as shown in Figure 2.4. The receiver sensjtis influenced by the frequency
selectivity of the RF front-end, therefore, the sBwty can be improved by using
bandpass filter.

In this chapter, three bandpass filters concepsdemonstrated in MMIC and PCB
process using semi-insulating GaAs and Rogers RO4kMbstrates, respectively. No
constraint was placed on the design frequencyhiesd filters in order to ensure maximum
generality.

W-band and G-band bandpass filter (BPF) have besigiged on GaAs substrate with
MMIC process of the University of Glasgow. A bandgpdilter with wide out-of-band
suppression has been designed with defected grstomcture which makes it possible to
use low phase noise oscillator with good out-ofebegjection characteristics on RO4350
substrate. Details of these filter circuits arelaxyed in the next sections.

6.2 W-Band Bandpass Filter

Commercial applications such as passive imagingtesys inter-satellite
communications, and collision avoidance radar aeind developed using specific
properties of free space propagation in the W-bmeduency. In this frequency band,
sophisticated filters are required in the developthad high-performance millimetre-wave
system for wideband and high speed data commuaicapplications. In the design of
planar BPFs, the major issue is realization of losertion loss and high selectivity
filtering performance to accomplish appropriate daelections by efficiently rejecting
spurious signals and out-of-band noise. To redligh performance planar filters at W-
band, sophisticated structures and advanced pexess achieving its structure are
required. The interest in microstrip and coplanaveguide (CPW) bandpass filters with
sophisticated structure on GaAs substrate in teguency band has been further increased
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due to the realization of high performance, highiyniaturized and fully integrated

MMICs. In W-band frequency, several planar filtbesre been recently reported [53]-[55].
Wide and narrow band planar filters at W-band hlaeen presented by using traditional
third-order quarter-wavelength shunt stubs and ledljine resonators in coplanar
waveguide (CPW) [55]. In this section, a W-band nwstrip branch-line bandpass filter is
proposed which exhibits high selectivity, low irts@n loss, and simple structure that is
compatible with monolithic integrated millimetre-wea circuits. This filter has been

designed and fabricated on GaAs substrate andeceiy simulation and measurements

with good agreement up to 110GHz.

6.2.1 W-Band BPF Design

In this section, a bandpass filter structure thddased on the branch-line coupler in the
W-band frequency is described. The details of therostrip bandpass filter based on

branch-line coupler are given in Figure 6.1.

Z1 Z11,6:
Input

Z12, 62
Output
Z1
Figure 6. 1. Topology of microstrip bandpass filbased on branch-line coupler with open

stub on coupled ports

The passband behaviour and out-of-band performainttee branch-line bandpass filter
are strongly dependent on the characteristic impsslaf design parameters suctZga<,,
Z,1, andZ,. Thus, these parameters can be used for adjustngiain characteristics of
the filter performance such as bandwidth, transionssero point of lower and upper sides,
and stop-band attenuation level. The best trarfsiaection regarding close to passband
selectivity and stop-band rejection performancadlieved by optimizing the lengthé, (
and &) of the open-ended stubs [56]-[58]. The initiahdéhs of stubs are set to a half
wavelength and five half wavelengths at the cefiegguency, respectively [56]-[57]. The
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characteristic impedance of open-ended stubs iserthao satisfy the bandwidth

specification for the bandpass filter.

Figure 6. 2. The layout of proposed microstrip hzass filter based on branch-line coupler
with open stub (unitum)

The layout of a single-section branch-line filteithwopen-ended stubs on the coupled
ports is shown in Figure 6.2 with the relevant ptgisdimensions. Two of these filter
sections are directly cascaded and then the oviltal optimized as a unit using the
design parameters of the single-section, the tresssom line segment cascading the
sections, and the filter input and output line. €auently, the filter performance is also
improved. For optimization of characteristic impeda and lengths of open-ended stubs,
the commercial simulator Agilent ADS and Ansoft F&=%ere used in the design and

optimization of the filter.

6.2.2 Simulation and Experiment Results

For an experimental demonstration, the designéer filas fabricated on fén thick
GaAs substrate with relative dielectric constant1@f9 and gold thickness of .
Microphotographs of the fabricated single and titering sections are shown in Figure
6.3. As shown in Figure 6.3(b), overall filter Haeen accomplished by cascade connection
of two filtering section based on branch-line cauplThe fabricated filters include input
and output broadband CPW-to-microstrip transitiofigr probe measurement.
Measurements were taken with the substrate placetbp of quartz and used LRRM

calibration was used with an alumina impedancedstahsubstrate (ISS).
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(a) (b)
Figure 6. 3. Microphotographs of (a) single-secfitiar and (b) overall filter based on

branch-line directional coupler with open stub onmed ports
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Figure 6.4 shows the measured and simulated frequesponses from the fabricated
single and two section filters. As shown in Figaré(a), the measured 3dB bandwidth of a
single section filter is from 81 to 107GHz, repmasgg a fractional bandwidth (FBW) of
27% at the centre frequency of 94GHz. The insertams is less than 1.4dB at centre
frequency. The measured return loss performanceoie than 13dB. The out-of-band
rejection level in both the lower and upper stopéare below -15dB. The transmission
zero on the lower side of the passband is aroubdB2at 77GHz. As shown in Figure
6.4(b), the measured 3dB bandwidth of overall fiisefrom 81 to 107GHz, representing a
FBW of 27% at the centre frequency of 94GHz. Theertion loss is less than 2.0dB at
centre frequency. The measured return loss perfiwengs more than 18dB. The out-of-
band rejection level in the lower and upper stopebare below -22dB. The transmission
zero on the lower side of the passband is aroubhdB5at 76.4GHz. The proposed filter
exhibits good bandpass behaviour as predicted toylgtions. Its circuit size occupies

only 1.6x2.4 mrh The filter design can be easily scaled to othegdencies.

6.3 G-Band Bandpass Filter

The interest in narrow-band planar filter in G-bdrejuency range has increased due
to the selectivity and performance requirementgdlications such as passive imaging
and inter-satellite communication systems. In addjta narrow-band planar filter is
required to have low loss and accurate bandwidsigde Beyond 100GHz, especially, the
high resolution process appears as one of the enitistl points. In the G-band frequency,
several planar filters have been recently repofte8]-[54], [59]-[60]. To compare
simulated and experimental results, traditionatddairder quarter-wavelength shunt-stub
filter has been presented with centre frequencyl@8GHz [59]. The passive bandpass
filters in Thin Film Microstrip (TFMS) technologyf millimetre-wave application in the
G-band frequency range have been realized on a IB3Bd technology [60]. Narrow-
band filter at G-band using photoimageable thitkk-imaterials were presented in [53]. To
compare between classical shunt-stub filter integran High Resistivity Silicon on
Insulator (SOI) technology, standard CMOS and lite¢hnology, a bandpass filter in G-
band frequency has also been designed [54]. Thiseresents a novel parallel coupled-
line bandpass filter with branch-line shape in thédand frequency range. This filter
design uses open circuit stubs at the open endaddllel coupled-line and a half
wavelength open circuit stubs on input and outmgianar waveguide (CPW) lines. The
result is a more compact design that occupiesemafronly 1x1.1 mfand compatible to
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GaAs-based CPW MMIC devices. Moreover, this filimses CPW technology on GaAs
substrate without special materials or processesygarison with experimental results was

performed up to 220 GHz.

6.3.1 G-Band Bandpass Filter Design

In this section, a fourth-order bandpass filterudire that is of narrow band
performance in the G-band frequency range is dpeeloThe geometric cross section of
the CPW is shown in Figure 6.5(a). The layout addpgmsed unit parallel coupled-line
resonator with open circuit stubs at the open encbaventional parallel coupled-line is
shown in Figure 6.5(b).

m 1.2um
ISOpm

(@)

(b)

Figure 6. 5. (a) G-band frequency CPW geometrisection and (b) unit parallel

coupled-line resonator with open circuit stubs

This configuration has the property of spuriouspgapsion by adjusting the length of

open-circuit stubs [61]-[63]. The initial lengthd etubs are set equal to a quarter-
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wavelength (at double of centre frequency). Thealpar coupled-line resonators are
combined with branch-line shape with suitable leagbf coupled-line and open circuit
stubs for performance of bandpass filter in desfirequency band.

L2

Figure 6. 6. The layout of proposed parallel codgiee bandpass filter with branch-line

shape

The combined parallel coupled-line filter with bearine shape is shown in Figure 6.6.

The physical dimensions of the parallel couple@-lplanar filter with open circuit stubs
are shown in Table 6.1.

Unit parallel coupled-line resonator with open-eshdtubs

W G S L W1 Gl L1
20 15 10 170 20 15 79
Open-circuit stubs on input and output ports
W2 G2 L2
20 15 300

Table 6. 1. Physical dimensions of the parallelpted-line bandpass filter with branch-
line shape (unitum)

The parallel coupled-line filter with branch-lineagpe occupies less area because of its
shape as hairpin resonator filter or ring resonditer with coupled-line. The final
structure also incorporates open circuit stubstodlawavelength on input and output ports.
These open circuit stubs enhance the rejectioropeéance in the lower band because
these stubs have a half wavelength at centre freguévioreover, the extension of the

bandwidth at the desired centre frequency can &lezeel by these stubs. With this reduced

127



size compared to conventional coupled-line filténgs structure can realize a planar filter
which has the narrow bandwidth and a high rejeaiostop-band.

6.3.2. Simulation and Experiment Results

For an experimental demonstration, the designéer fWith dimensions optimized by
electromagnetic (EM) simulation of HFSS was faliedaon GaAs substrate which has
relative dielectric constant of 12.9, dielectricckmess of 5(m, and gold thickness of
1.2um. A microphotograph of fabricated planar filtesslsown in Figure 6.7.

Figure 6. 7. Microphotograph of the parallel coapl@e bandpass filter with branch-line
shape: The total chip size including probe padsis1 mnf

S-Parameter (dB)

140 150 160 170 180 190 200 210 220
Frequency (GHz)

Figure 6. 8. Simulation and measurement resulpaddllel coupled-line bandpass filter

with branch-line shape: simulatior)(and measurement (-)
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The fabricated filter includes probe pads for orfevaneasurement and air-bridges for
the common ground plane. Measurements were takémtke substrate placed on top of
quartz and using LRRM calibration on an alumina eofgnce standard substrate (ISS).
Figure 6.8 shows the measured and simulated S-pteamesponses from fabricated
planar BPF. The measured 3dB bandwidth is from &@7209GHz, representing a
fractional bandwidth (FBW) of 17% at the centregfrency of 190GHz. The insertion loss
is less than 6.5dB, which includes the input antpuutaper feed pads. The measured
return loss (S11) performance is better than 12a8 @ut-of-band rejection level in the
lower stop-band is below -30dB at 153GHz. The trassion zero on the lower side of the
passband is about -38dB at 149GHz which is highan tsimulation result due to a
tolerance of placement. The measured S11 resoraniency is 197GHz which matches
well to the simulated value of 195GHz. The proposiéeér exhibits good bandpass
behaviour as predicted by simulations but it h@s2tB difference between measured and

simulated passband insertion loss due to mismaidhagper feed probe pads.

6.4. Wide Bandpass Filter

The interest in wide and ultra-wideband (UWB) bamipfilters have been increased
due to the fast development of broadband commuaitatystems. A wideband bandpass
filter (BPF) is a very important passive componfentoroadband radio systems. To realize
such wideband BPF, they are required to have ulida-bandwidth and low passband loss,
a good harmonic out-of-band suppression, and asdhee time have a good group delay
performance for minimizing the distortion of pulseape in the UWB system. It is very
difficult to satisfy all these requirements simakausly by conventional bandpass filter
structure such as parallel coupling technique amdszade structure of shunt stubs with
guarter wavelength.

For the construction of ultra-wideband bandpadsr§| several structures have been
reported recently. For instance, the use of midmwsbplanar waveguide [64]-[65], also
BPFs using microstrip/slotine have been presentedachieve desired bandwidth,
attenuation, and out-of-band suppression [66]. @same coupled microstrip/CPW
structures have also been utilized to realize ddsiight couplings for designing UWB
filters, where either a half-wavelength or one -fullvelength long CPW resonators are
used [67].

This section presents a new wideband BPF usingric@tion of a cascade of shunt
stubs with equal length and defected-ground strastwith equal shape. The filter uses
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two defected-ground structures with lowpass fiieyperty between shunt stubs. The filter
shows a three-pole response with wideband harmautiof-band suppression. This filter
also uses 90 impedance line for the signal line. The widebaaddpass filter with DGS
patterns in the bottom ground plane was desigredatjcated and measured. Its structure
and operation are described by electromagnetic (EMulated results and confirmed by

experimental results.

6.4.1. Proposed Bandpass Filter

(a) (b)
Figure 6. 9. (a) Proposed wideband microstripriil{e) bottom view for the dumb-bell-
shaped DGS

The schematic of the proposed wideband filter iswshin Figure 6.9(a), which is
constructed on RO4350 substrate with a relativenfigvity of ¢ = 3.66 and a thickness of
h=0.762 mm. Dielectric and metallic losses, as wslkhe finite thickness of the metallic
layers [=35um) were taken into account during design. The pare of the filter structure
is a combination of three short circuit stubs whings the property of the wideband BPF
[68], and a dumb-bell-shaped DGS pattern which &mmentally has the property of
lowpass filter (LPF) when it is combined with mistop line with the impedance of &0
[69]-[70]. As shown in Figure 6.9(a), dumb-bell-pbd DGS patterns are designed on the
ground of the microstrip line, this then provideseay wide out-of-band suppression for
wideband BPF. A bottom view for the dumb-bell-shhjpeGS patterns is given in Figure
6.9(b).

The prototype wideband BPF of three short circtitbs with centre frequency of
1.4GHz and stub length of 33s designed. To determine the impedance valueheof
microstrip line and the short circuit stubs, thgp@dance values which are proposed in [71]
were used. The impedance values were optimizetidampedance values of 124and

80Q for three short circuit stubs, respectively. Ti€5mpedance line was also used for
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the microstrip line and this is applied to desidraovpass filter using dumb-bell-shaped
DGS pattern.

Wi ¢ L3 50Q Line c1

L1

|

(a) (b)
Figure 6. 10. (a) Schematic and (b) equivalenudisoof LPF with 5@ microstrip line and
periodic dumb-bell-shaped DGS patterns

The schematic of the lowpass filter with(®@nicrostrip line and the dumb-bell-shaped
DGS pattern on the ground plane is shown in Figut@(a). To realize a wideband BPF, a
lowpass filter with cut-off frequency of 5.5 GHz svrst designed. The dimensions shown
in Figure 6.10(a) were optimized. An equivalentuit of this LPF is shown in Figure
6.10(b). For wideband BPF, the physical length &f & 1.4GHz for the prototype BPF
with three short circuit stubs and the line widfrb0Q impedance at the centre frequency
of 3.5GHz are 12.9mm and 1.62mm, respectively. lifeewidth of short circuit stubs by
impedance values are 0.2 mm (two short circuitsinlihe in/out position) and 0.7 mm (a
short circuit stub in the middle position), respesly. The LPF has dimensions of
W1=1.47mm, W2=1.69mm, L1=4.6mm, L2=3.0mm, and L3868 m by electromagnetic
(EM) simulation. The wideband BPF which is combingth the prototype wideband BPF
and dumb-bell-shaped DGS is also simulated by irapeel values, physical length, and
fixed dimensions of the prototype BPF and DGS pattend achieves a good out-of-band
suppression, the property of the wide passband, itmertion loss, and group delay

simultaneously.

6.4.2. Simulation and Experiment Results

For an experimental demonstration, the designddr filvith fixed dimensions by
electromagnetic (EM) simulation was fabricated db4R50 substrate which has relative
dielectric constant of 3.66, thickness of 0.762nue)ectric loss of 0.004, and metallic

thickness of 3pm. The top and bottom views of the filter are showfigure 6.11(a) and

131



(b), respectively. The %D impedance microstrip lines are extended for megsent
purposes, while the actual size of the filter ify@#.5x15mm on the substrate used.

(a) (b)
Figure 6. 11. Fabricated wideband BPF using dunibsbaped DGS: (a) top view
(microstrip) and (b) bottom view (DGS)
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Figure 6. 12. Measured (black) and simulated (gresiilts for the fabricated LPF using
dumb-bell-shaped DGS
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Figure 6. 13. Measured (black) and simulated (g&pparameter responses for the
fabricated BPF with dumb-bell-shaped DGS on theigdoplane

132



Measurements were taken using the E8362B microwateork analyzer. Figure 6.12
compares the measured and simulated S-paramepenses from the LPF. These results
show a cut-off frequency of 5.5GHz and the insertioss was measured to be 0.4dB
including the loss from two SMA connectors. FigBel3 shows the measured and
simulated S-parameter responses from the wideb&#d Bhe measured 3dB bandwidth is
from 1.5 to 5.2GHz, representing a FBW of 105%hattentre frequency of 3.5GHz. The
insertion loss is less than 0.9dB. The measuredrrédss performance is more than 9dB.
This mismatch could be attributed to a misalignnettveen the top and bottom patterned

circuits during fabrication.
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Figure 6. 14. Measured (black) and simulated (goeyjof-band results for the fabricated
BPF with dumb-bell-shaped DGS on the ground plane
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Figure 6. 15. Measured (black) and simulated (ggeyup delay responses for the
fabricated BPF with dumb-bell-shaped DGS on theigdoplane

Figure 6.14 shows the measured and simulated eodod responses from the
wideband BPF. Measured and simulated results ebbband suppression are greater than

24dB over a very broadband. The measured and dimduroup delay responses of the
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filter are plotted in Figure 6.15, where a goodeagnent between the two can be observed.
The measured in-band group delay in the passbaaadmg about 0.5ns.

In particular, the rejection-slope and out-of-basuppression characteristics of the
proposed wideband BPF with DGS pattern on the git@ura excellent even though it only
has three poles. In the conventional design, mughen-order poles are required to get
such level of skirt slope and out-of-band suppoasshiso, it is true that the highbrleads

to the higher the loss and the larger the size.

6.5 Conclusions

In this chapter, three novel compact filters withherp rejection or a wide out-of-band
suppression for wireless communication applicatiwege been introduced.

A W-band bandpass filter based on a microstrip dirdme coupler has been designed
using EM simulation and then fabricated using an IKMbrocess at the University of
Glasgow. It has a good agreement between simulamh measurement results. The
measured 3dB bandwidth of overall filter is from ®1107GHz, representing a FBW of
27% at the centre frequency of 94 GHz. The insertass is less than 2.0dB at centre
frequency. The measured return loss performandeeti®er than 18dB. The out-of-band
rejection level in the lower and upper stop-barellass than -22dB. The transmission zero
on the lower side of the passband is about -51dB &GHz. Its circuit size occupies only
1.6x2.4 mm. The proposed filter demonstrates low insertioss lavith high selectivity
compared to conventional coupled-line filters.

A G-band bandpass filter which used parallel codulilee with branch line shape has
also been designed using EM simulation and thericidled on GaAs substrate using a
MMIC process at the University of Glasgow. Theeifiltdemonstrates a high rejection
performance of below -30dB and low insertion loE6.6dB with compact size compare to
conventional coupled-line filter.

Wideband BPF with defected ground structure has blesigned using EM simulation
to achieve a wide out-of-band suppression and dated on RO4350 substrate using
printed circuit board (PCB) process. The measuddl [Bandwidth is from 1.5 to 5.2GHz,
representing a FBW of 105% at the centre frequei@&/5GHz. The insertion loss is less
than 0.9dB and the measured return loss performasnogre than 9dB. Measured and
simulated results of out-of-band suppression agatgr than 24dB over a very broadband.

The measured group delay in the passband was baiyt 8.5 ns.
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The proposed bandpass filters has been demonstraiegl optimized simulation and
accurate fabrication process and have outstanditenpal to realize a high performance

millimetre-wave BPF and wide band BPF.
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Chapter 7

Conclusions

7.1 Summary

This thesis has focused on the design and impletientof OOK radio transceivers
which exhibit ultra-low power consumption, compaite and good performance for
wireless sensor network applications. The sensaesianust consume extremely low
power, communicate with its neighbours at bit-rateseveral hundred kilobits per second
and potentially need to operate at high volumetaasities. Since the power constraint is
the most challenging requirement, the radio tramecenust be ultra-low power in order to
prolong the limited battery capacity. The radicngeeiver must also be compact to achieve
a target size of less than 5x5 fmior each sensor node, and be able to operateaawerge
of at least one metre to allow nodes to be depl®pzisely. This thesis has demonstrated
an OOK direct modulation/demodulation radio tramsse architecture that exhibits an
ultra-low power consumption of 84W, data rate of less than 200 kbit/s and
communication range of greater than 1 metre toeaehtihe target specifications.

The direct modulation transmitter employs a swittlescillator without the need for
pre-PA circuits like the traditional direct conviers transmitter and also substitutes the
power hungry frequency synthesizer with an ultra-fmwer consumption oscillator. The
transmitter oscillator consumes a dc power offd®0vith power conversion efficiency of
22% and delivers an output power of -10.4dBm. Trendmitter oscillator directly
generates OOK modulation signal by injecting dagaa (0 and 1) on the gate terminal of
the oscillator. The data rate is limited by thertstigp time of the oscillator. Since the
oscillator shows a start-up time of less than Snssipossible to realize data rate
applications up to 200 kbps as required in the E@etproject.

The direct demodulation receiver employs a simpipldier and envelope detector
using a cold-HEMT to reduce power consumption bsielating power hungry circuits.
Since the availability of HEMT also is more flex@band the price is lower, the HEMT
detector can be more cost effective than the Gadhwtiky diode detector. Based on this
fact, the direct demodulation receiver achieves ¢oat and small size as well as ultra-low
power consumption that is required to realize senede (speck) of SpeckNet project. The

direct demodulation receiver consumes a dc powéRqiW as oscillator and shows the
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detector output voltage of 1mV for an input powersddBm at the range of 1 metre that
is required to establish communication between eacde.

The direct modulation transmitter and demodulati@ceiver were integrated to
implement an ultra-low power and small size OOKigatansceiver with a cold-HEMT
SPDT switch to separate the transmitter signal ftbenoscillator and the receiver signal
from the antenna. The transceiver showed a totapalger consumption of less than
90uW and this can be further reduced by approximatyo by direct-modulation
scheme in the transmitter since it has virtuallypoaver consumption during data ‘0’ state.
Furthermore, the transceiver has more flexible ajp®y range since it can be greatly
increased by using gate voltage of the HEMT detestxrificing virtually no power
consumption.

By employing direct modulation and demodulatiomseeiver architecture and ultra-
low power circuit design techniques, the work pm¢sé this thesis has shown the

significant performance of radio transceiver forel@ss sensor networks.

7.2 Future Works

The research work presented in this thesis hasichrtallowed us to realize the
potential of OOK radio transceiver for wireless s@nnetworks. However, much research
is needed in the following areas to completelyilftitfe potential of OOK radio transceiver.

Firstly, MMIC implementation of OOK radio transceivis needed to further reduce
the size of sensor node. Advanced device techndikgyMHEMT is needed to overcome
the limitation of PHEMT device technology such asise figure, gain and dc power
consumption. Since the MHEMT device has low voltageration, it can reduce dc power
consumption by an order of magnitude compared waitlequivalent GaAs PHEMT and
InP HEMT. To achieve this goal, the fabrication MMIC radio transceiver using
MHEMT device is still undergoing fabrication by BRichard Oxland.

Next, to realize the full potential of OOK radioamsceivers for wireless sensor
networks, the operation range of transceiver néeds increased while keeping a small
size and ultra-low power consumption. As mentiortbd, FET detector is improved with
variation of operating gate voltage. Although thghler gate voltage in detector generates
a bit distortion of detected signal, it can inceedise communication range of transceiver
by higher sensitivity of detector if it can be pessed by baseband circuits. Therefore, the

confirmation of performance with optimum integratibetween transceiver and baseband
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circuits is needed to realize a high sensitivityt@nsceiver with no increase in power
consumption.

Next, to improve the transceiver sensitivity, wa cse the optional bandpass filter at
the expense of increasing the size of radio tramsceOne of the novel filter topologies
discussed in Chapter 6 can be used to improvedhsita/ity with good signal-to-noise
performance due to out-of-band performance.

Finally, the integration of transceivers with areggy-neutral platform is needed to
efficiently use the limited energy of the batterithasmall size. It can allow us to realize
ultra-low power and small size sensor node for g® sensor networks due to the
potential of ultra-low power and compact size radamsceiver.

With the above works, it becomes possible to achieylementation of outstanding

OOK radio transceiver for wireless sensor networks.
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Appendix

The appendix shows the description of TOM3 modehipeters [72].

Parameter| Description

Ugw Gate width to which model parameters are ndeedl

Ngf Number of gate fingers to which model paransetee normalized
Vto Threshold voltage

Alpha Saturation parameter lig equation

Beta Transconductancg.f parameter irys equation

Lambda Channel length modulation / output condwsan

Gamma Coefficient for pinch-off change with respedys

Q Power generalizing the square-law lfgrcurrent

K Knee function power law coefficient

Vst Sub-threshold slope voltage

Mst Parameter for sub-threshold slope voltage dégrece orgs
Ik Reverse leakage saturation current — diode fsode

PIk Reverse leakage reference voltage — diode model
Kgamma | Feedback coefficient for the internal VCVS

Taugd Series rRiau time constant (implicit definition of )

Ctau Dispersion model capacitance

Qgqi Low-power gate charge nonlinear term coeffitie

Qggh High-power gate charge nonlinear term coeffici

Qgi0 Reference current in high-power gate chargdimear|ys term
Qgag Low-power gate charge nonlinear term expoalectiefficient
Qgad Low-power gate charge nonlinear term expoalevii coefficient
Qggb Transition coefficient for combined low-higbvper charge
Qgcl Low-power gate charge linear terms coefficient

Qgsh High-power gate charge lindgg; term coefficient

Qgdh High-power gate charge line4y term coefficient

Qgg0 Combined low-high power additional linear tereoefficient
Cds Drain-source capacitance

Tau Transit time under gate

Rd Drain ohmic resistance

Rg Gate resistance

Rgmet Gate metal resistance

Rs Source ohmic resistance

Is Saturation current in forward gate current dioumlels

Xti Temperature exponent for saturation current

Eg Energy gap for temperature effectign
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