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Abstract

This thesis details the analysis and design ofdtiw power radio transceivers
operating at microwave frequencies. Hybrid protes/mnd Monolithic Microwave
Integrated Circuits (MMICs) which achieve power somptions of less than 1 mW and
theoretical operating ranges of over 10 m are desdr

The motivation behind the design of circuits exhibitingitra low power
consumption and, in the case of the MMIGmall size is the emerging technology of
Wireless Sensor Networks (WSN). WSNs consist otialba distributed ‘nodes’ or
‘specks’ each with their own renewable energy ssuome or more sensors, limited
memory, processing capability and radio or optiicéd. The idea is that specks within a
‘speckzone’ cooperate and share computational ressuo perform complex tasks
such as monitoring fire hazards, radiation levalsfas motion tracking. The radio
section must be ultra low power e.g. sub 1 mW geomnot to drain the limited battery
capacity. The radio must also be small in sizeleggy than 5 x 5 mm so that the overall
speck size is small. Also, the radio must stilllbse to operate over a range of at least a
metre so as to allow radio contact between, formgpta, rooms or relatively distant
specks.

The unsuitability of conventional homodyne topo&sgio WSNSs is discussed and
more efficient methods of modulation (On-Off Keyjngnd demodulation (non-
coherent) are presented. Furthermore, it is shoswm Super-Regenerative Receivers
(SRR) can be used to achieve relatively large duipliages for small input powers.
This is important because baseband Op-Amps corheaitdhe RF receiver output
generally cannot amplify small signals at the inpithout the output being saturated in
noise (10mV is the smallest measured input for T3-Amp). Instrumentation
amplifiers are used in this work as they can amglignals below 1mV.

The thesis details the analysis and design of HRBibuilding blocks: amplifiers,
oscillators, switches and detectors. It also detadw the circuits can be put together to
make transceivers as well as describing varioagegjies to lower power consumption.
In addition, novel techniques in both circuit angtem design are presented which
allow the power consumption of the radio to be pedluby as much as 97% whilst still
retaining adequate performance. These techniquesbased on duty cycling the

transmitter and receiver and are possible becdube aliscontinuous nature of the On-
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Off Keying signal. In order to ease the sensitivitguirements of the baseband receive
amplifier a design methodology for large outputtagé receivers is presented. The
designed receiver is measured to give a 5 mV odigpwn input power of -90 dBm and
yet consumes less than 0.7 mW.

There is also an appendix on the non linear modglif the Glasgow University
50nm InP meta-morphic High Electron Mobility Traster (50nm mHEMT) and one on
the non linear modelling of a commercial Step Recpwiode (SRD). Models for the
50 nm mHEMT and the SRD are useful in the analysisiulation and design of

oscillators and pulse generators respectively.
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Chapter 1

| ntr oduction

This thesis details the analysis, design, impleatert and measurement of
microwave frequency radio transceivers. The desigrensceivers are intended to be
used in Wireless Sensor Network (WSN) applicatidi&N ‘nodes’ or ‘specks’ must
be physically small. This requirement imposes sevimitations on the power
consumption of the radio as the battery, being ichllg small, has limited capacity.
The small dimensions of the speck necessitate #& af relatively high carrier
frequencies as the antenna and circuit dimensiensedse as the operating frequency
increases. Therefore, the main aims of this thasasto design microwave frequency
transceiver topologies which allow the power congtiom to be made as small as
possible. All the models of electronic componenid the designs for circuits are the
work of the author. The hybrid prototypes were knfdbricated by Stuart Fairbairn
and were soldered by the author. All MMIC fabricatiwas kindly performed by
technical staff. Credit is given throughout thesibeto those who contributed to the
work .

Chapter 2 introduces the concept of WSNs and dissushe ‘traditional’ radio
solution i.e. homodyne schemes. Furthermore, Chaptdiscusses the drawbacks of
homodyne schemes from the point of view of powensconption and presents
topologies for non-coherent On-Off Keying (OOK), pet-Regenerative transceivers
which are shown, in Chapter 4, to exhibit very lpower consumption. Chapter 2 then
discusses the choice of operating frequency wiglanek to path loss and circuit/antenna
size. Chapter 2 finishes by reviewing the variouwsknpublished in the literature on
Super-Regenerative receivers.

Chapter 3 gives equations and procedures for degidgrasic RF building blocks:
amplifiers, oscillators, detectors and switchesnoWledge of these building blocks is
necessary for the discussion in Chapter 4 on campignsceivers.

Chapter 4 is dedicated to complete OOK transceiwdnieh incorporate a Super-
Regenerative Receiver (SRR). It begins with arothiction to super-regeneration and
then presents a mathematical analysis of a siregliquivalent circuit. Next, a
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complete hybrid prototype transceiver is preseatedg with measured results. Chapter
4 continues with the novel concept of duty cyclthg whole transceiver to reduce the
power consumption of first the transmitter and,oselty, the receiver. It is shown that,
with the addition of some baseband processing,otiggnal input waveform can be
reconstructed at the receiver with a reduction lhtRnsceiver power consumption of
approximately 95 %. Some measured results arepresented and finally the Chapter
ends with a discussion of the advantages and dsdages of the implemented
systems.

Chapter 5 details the design and implementatioa BIMIC solution to the design
problem. It begins with a brief discussion of teehnology process used. Next, an
illustration of the layout and performance of MMI€pacitors and inductors is
provided. EM simulation and measured data are shovagree closely. If the passive
networks (mainly inductors and capacitors) of destgMMIC circuits can be modelled
with precision and if the active devices can berati@rised accurately then the overall
performance of MMIC circuits such as amplifiers astillators can be predicted with
confidence. Chapter 5 continues with some simuladedlts and layouts for switches,
amplifiers, oscillators and super-regenerative aets. A design for a compact MMIC
antenna is also presented. Finally, the layouafoomplete transceiver/antenna MMIC
is presented. Chapter 5 ends with a discussiomeo$imulated results.

Appendix A gives a more detailed derivation of dwpiations used for the analysis
of the super-regenerative receiver in Chapter 4pefsdix B presents a step by step
guide to the extraction and implementation of detddased non-linear model of the 50
nm mHEMT used in the MMIC designs in Chapter 5. Wadel is useful for predicting
the performance of circuits such as oscillatorgpémlix C discusses a novel non linear
model of a Step Recovery Diode (SRD). The modsh®wn to be accurate in terms of
both small signal a.c. and time domain behaviobe model is useful for predicting the
performance of pulse generators. These circuit® regplications in UWB systems.
UWB systems are attractive solutions to the WSNigmegproblem because they
potentially offer very low power consumption. Thsésbecause the duty cycles of UWB
systems can be extremely low as the RF signal widtle typically measured in pico
seconds.

Chapter 6 assesses the contribution of this tliesike development of ultra low
power radio transceivers and discusses future vaark improvements to the circuits

and systems developed during the preparation sfhiesis.
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Chapter 2

Literature Review

2.1 Wireless Sensor Networks

Wireless sensor networks (WSN) [1] are emergingrietogies and are attracting a
lot of interest amongst the research community][aAd in industry [8]. SpeckNet, for
whom this research is conducted, envisage a ubiggitomputing system consisting of
a number of ‘specks’ whose size is anticipatedh@long term, to be less than 1 fam
SpeckNet is an inter-University collaborative pobjdetween Edinburgh, Glasgow,
Strathclyde, Napier and St. Andrews Universitiethvdlasgow University responsible
for the radio circuitry. The radically new aim gb&kNet is to allow for programmable
computational networks enabling data sensing anfbrnration processing to
‘disappear’ into everyday objects such as surfasegrt cards, clothes and walls. In
this scenario, objects are ‘speckled’ and the speuktomatically create an ad-hoc
sensing and processing network.

WSN consist of a number of ‘nodes’ or ‘specks’ king cooperatively to perform
some complex task such as monitoring the environnfen temperature, sound,
vibration, motion, radioactivity etc. They are esiply well suited to tasks where the
use of wired sensors is prohibitively high in castimpractical. Wireless sensor
network specks are equipped with wireless commtinitaapability — optical or radio
— to enable communication and sharing of colledath. Each speck or node, in
addition to wireless communication, is equippecwatbattery and/or renewable energy
source, a limited amount of memory, sensor(s) andgssing capability — usually some
small microprocessor running a specially designeerating system [9]. This thesis is
concerned with electronic circuits and radio toges operating at low microwave
frequencies which are suitable for use in WSNSs.

There are two distinct approaches to the probleocoofmunication between specks:
each speck can be allocated a channel (a frequemay or time slot) or the specks can

share one channel — in the former case more tharseck can ‘talk’ at a time whereas
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in the latter case sophisticated techniques anaritighs have to be used to allow the
sharing of the channel. Colleagues working at Haligh University have determined
that the sharing of one channel is possible [L0§oAthe physical size, complexity and
power consumption of a multi-frequency RF transeeiare probably prohibitively
large — as will be discussed later. The problenh wlividing specks into time slots is
that some sort of ‘mother’ speck is required ineorth synchronise the network but this
is judged to violate the principle of having a yrudistributed, ubiquitous, ad-hoc
network. Therefore, to reiterate, the decision sdento use one channel and to use
collision avoidance algorithms to allow the sharirighe channel between specks.
Current SpeckNet specifications require that, bseaof the limited power
available from the battery, the radio must consaxieemely low amounts of power
e.g. less than 1 mW and, because of the intendebdtwsiveness of the specks, the
radio must also be small e.g. less than 5 x 5 mm.radio must also be able to operate
effectively over a distance of at least a metreetmble communication between

relatively distant specks.

2.2 Conventional Homodyne Radios

In order to highlight the unsuitability of convesrial homodyne radio topologies to
WSNs and to prepare the ground for future chapteospe measured results and
technical concepts will now be described.

The traditional approach to modulating a high freagey carrier with a data signal is
to multiply the baseband binary data with a Locaciator (LO) signal. This
multiplication is achieved using a mixer and hasdffect of moving the baseband data
spectrum to a higher frequency — one which can beenconveniently transmitted
through a free space link.

A mixer is a three port device: LO, RF (Radio Freagy) and IF (Intermediate
Frequency) ports. The LO is connected to the LQ pbthe mixer and the baseband
data is connected to the RF port. The resultingowuaat the IF port is an AM
(Amplitude Modulated) signal. If the baseband sigaainusoidal the output spectrum
is a carrier with sidebands the same frequency ftbhe carrier as the baseband

frequency is from 0 Hz. The problems associated tiis form of modulation include:
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the carrier is attenuated between the input LO @rtgut IF port and there is a loss in
power between the baseband signal at the RF porth@nsidebands of the output signal
i.e. conversion loss. Figure 2.1 shows the idedlisput baseband spectrum, the LO

signal and the (filtered) output spectrum of a mikeup-conversion mode.

Magnitude Baseban Magnitude
LO
fl > >
frequenc' frequenc'
A
4
Up-Converted Signe
Magnitude with two sidebands
LO
LO-f1 LO+L
frequenc'

Figure 2.1 — Idealised LO, baseband and up-cord/egut signal of a
mixer

The figure shows that the baseband data has signiflow frequency components.
The high frequency content depends on the risdahtime of the input waveform and
the data rate. The baseband spectrum is up codvesteéhe carrier frequency by
frequency multiplication. In practice the mixer put will contain baseband and higher
frequency components but these can be filterecandtare omitted for clarity. Figure
2.2 shows the spectrum of the input RF signal,Li@esignal at the receiver and the

output baseband data of a mixer in down convernsiode.
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Figure 2.2 — Idealised LO, input RF and down coteceoutput signal

of a mixer

It can be seen that the effect of multiplying teeeived RF AM signal with an LO
at the same frequency as the input carrier is twenbe spectrum back down to d.c.
thus reproducing the original baseband data.

Microwave engineers usually quote power in termdBrh. Eq. 2.1 shows how the

power in dBm is calculated.

Power
0.001

PdBm= 10Log( (2.1)

Conversion loss is defined as the baseband powdB&minus the power in one
sideband of the output spectrum. Fig. 2.3 showbhaqggraph of a mixer operating at
2.45 GHz and fabricated on microstrip using diodesy Metelics (SMSD3012).
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RF

Figure 2.3 — Photograph of designed mixer operaitrij45 GHz.

The measured conversion loss for varying LO powelrafixed RF signal power of
-6dBm at 10 MHz is shown in fig. 2.4. These valaes related to up-conversion or
modulation of the carrier. It is clear from the ginahat the conversion loss is relatively
large (9 dB or 1/80f the power) for an LO power of 0 dBm. If we asmua value of
LO power equal to -10 dBm then the oscillator g@wer consumption is likely to be
400 uW (this will be detailed in section 3.3) and theneersion loss is 20 dB. The
conversion loss exhibited by the mixer is typicail passive mixers. However, active
mixers can exhibit negative conversion loss i.eytihhave conversion gain. Active
mixers, however, tend to consume relatively largeoants of power [11-13] e.g. 50
mW for 15 dB gain, 7 mW for 6.5 dB gain and 2 mW 8.5 dB gain.

Conversior
loss (dB)

L N LO powel
-8 -6 -4 -2 0 (dBm)

Figure 2.4 — Measured conversion loss for designieer

RF power=-6 dBm (0.25 mW), varying LO power
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A more efficient way of modulating a carrier withbanary data signal is to use an
oscillator and turn it ON and OFF with a controltage. Using this arrangement the
oscillator is only ON approximately half of the #nand so approximately half the
power is saved compared with using an oscillatoicvis always ON in conjunction
with a switch to route the oscillator output to ti@enna when there is a data ‘1’ or to
ground when there is a data ‘0'.

Another parameter of interest is the output voltajethe mixer when down
converting a signal. Fig. 2.5 shows some measwsdlts for varying LO power and
two fixed values of input power: -30dBm and -40 dBhine output of the mixer is
connected to a 1M load to simulate the high input impedance of tlasetfand
amplifier connected to the receiver (Rx) outputha full transceiver. Again we see the
same trend: at high (0dBm) powers the output stikedly high but at small powers (-
9dBm) the output is seriously degraded. It will fleown in later chapters how the

output voltage can be maximised by using a supgrerative receiver.

mv Vo
25¢

20
15}

10F

"‘““““““‘6dBmLOpower

Figure 2.5 — Graph of mixer output voltage vs. L@vpr
For RF Power = -30 dBm and -40 dBm

The traditional approach to demodulating an AM wisvi® down-convert the signal
by using a mixer. Down-converting radios are calednodyne when the RF signal is
directly converted to baseband or superheterodgeeivers when the RF signal is
down converted to an Intermediate frequency anch thewn converted again to
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baseband. Both approaches are popular becauseiohiph sensitivity (lowest input
power which produces acceptable output SNR: e.j7éBm [13]) and high selectivity
i.e. resistance to signals adjacent in frequendlgg¢anput carrier frequency.

In this case the input signal is connected to tRepBrt, the LO to the LO port and
the output is taken from the IF port. Again we h#wve same problems outlined earlier
(losses) but on top of this we need to synchrothisereceiver LO to the carrier. This is
performed by a Phase Locked Loop (PLL) or, if theut signal is carrier suppressed as
in Phase Shift Keying (PSK), a Costas Loop. Fi§.shows a block diagram of a PLL.

vp LOOF VCO orF
FILTER

A 4
v

Figure 2.6 — Block diagram of a PLL

The input RF signal is multiplied with the VCO outpand the mixer, or phase
detector, produces an output at the differenceurrqy which causes the VCO
frequency to deviate from its starting value. Whka VCO frequency matches the
input frequency the circuit will ‘lock’. The disadutage of the PLL is that a VCO is
required and this needs to output a relatively lugtver in order to ‘pump’ the mixer —
as explained in the earlier discussion on converdass. An example of a PLL
operating at microwave frequencies (1.1 GHz) isvipled by ref. [14]. The power
consumption in this case is 6.3 mW and the RF ispusitivity is only -17 dBm.

Fig. 2.7 shows a block diagram of a Costas Loop. [15
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Figure 2.7 — Block diagram of Costas loop

The Costas loop is useful for tracking the inpuggfrency of a signal with
discontinuous phase e.g. a Phase Shift Keying (R&KEeform. A PSK waveform can
be generated by switching between two near iddntaraiers which are 180° (or some
other value) out of phase with each other. Theddizatages of the Costas Loop are the
same as mentioned for the PLL but on top of thesphysical size of the circuit will be
larger than the PLL as there are more componentiseirCostas Loop as can be seen
from fig. 2.7. Also, half the power is lost at timput as the signal is split between the
two mixers. Half the power is also lost from the @@s the power is split between the
direct path to the mixer and the path via the 9§ jplease shifter. The advantages of a
Costas loop are that a signal with discontinuousspitan be tracked. In other words,
the Costas loop is a generalised PLL.

A Costas Loop was implemented at 2.45 GHz usirgitiytechnology. Microstrip
was used for all transmission lines and the mixexse those already shown in fig. 2.3.
The 90° phase shift was implemented by a lengttianismission line. The oscillator’s
frequency is tuned by the gate voltage which isligda CMOS baseband frequency
multiplier. The output power of the oscillator wd® dBm. The loop filters have a cut
off frequency of approximately 10 MHz. The circtiacked the input frequency but
only for powers above -13dBm which is insufficieseinsitivity if powers as low as, for
example, -85 dBm are to be tracked and receivee. ditcuit was fabricated using
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microstrip and discrete diode technology (hybrid)e power consumption was 0.4 mW
but this figure does not include the power consumnpbf an amplifier — used to

amplify the input signal and isolate the receivér signal from the antenna.

2.3 Evolution of Radio from Homodyne to Super

Regenerative OOK

The synchronisation problem (matching the LO toitiput carrier frequency) can
be negated if we replace the receive mixer witheawelope detector. The simplest
envelope detectors consist of a d.c. return, aedaowl an RC load (as will be detailed in
section 3.5). The envelope detector is so calledulsee it converts the envelope of the
input carrier to a corresponding baseband sigrta. ddvantages of using an envelope
detector are that no LO is required and that natsonisation circuitry is required —
saving power and real estate. The disadvantagdais gensitivity is reduced: for
example to —-69dBm at 0.915GHz [16]. We are now daweth the problem of
increasing sensitivity and also with the problemnafreasing the output voltage of the
RF front end as the envelope detector’s outputageltis relatively small for a given
input power (as will be detailed in section 4.3neOway to do this is to place an
oscillator before the detector. By quenching (tagnon and off) the oscillator at a rate
of at least twice the maximum baseband frequeneyositillator acts like a high gain
amplifier. The addition of a Super-Regenerative ilzdor (SRO) increases the
sensitivity- a typical figure is —83 dBm [17]. Gtesavings in power are also made as
the power consumption of an amplifier which prowdsuivalent gain is much larger
than that of the SRO - for example the SRO in eacti.3 provides the equivalent of
approximately 20 dB of gain. For the same transi@ti& 76038) to provide this amount
of gain in a single stage amplifier circuit, simidas show that it would need to be
biased such that it consumed approximately 90 mités ' compared to 300W for
the SRO — see section 4.3 for more details. Caligll this information together with
the information in section 2.2 on directly moduthtarriers we can draw four diagrams
showing the evolution of the system from Homodyfig. 2.8), to an On-Off Keying
(OOK) Tx (fig. 2.9), to an envelope detector Rxg(f2.10), and finally to a system with
a super-regenerative receiver (fig. 2.11).
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Figure 2.8 — Homodyne block diagram
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Figure 2.9 — OOK Tx with Homodyne Rx block diagram
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Figure 2.10 — OOK Tx with envelope detector Rx kld@agram
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Figure 2.11 - OOK Tx with super-regenerative Rxckldiagram
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From the preceding discussion on mixers, converdass, PLLs, envelope
detectors and SROs it follows that a promisinguitrtopology for WSNs in terms of
power consumption, output voltage and operatingeds a super-regenerative, directly
modulated transceiver as shown in fig. 2.11. Thibecause mixers require relatively
large LO powers if they are to exhibit acceptald@version loss. If the mixers are
active the published research in the literaturécatds that they will consume more than
1 mW. PLLs are also likely to consume large amowftpower because they use a
mixer and an LO. Envelope detectors are attradieeause they are passive but the
sensitivity is reduced compared with direct dowmwarsion. Also, the output voltage
of envelope detectors can be relatively small aardtberefore place stringent demands
on the baseband amplifier connected to the RF deawver output. Super-Regenerative
Receivers offer low power consumption, good serigtiand higher output voltages
than envelope detectors and are therefore the roptioich will be pursued in the

remainder of this thesis.

2.4 Friis’s Free Space Equation

Friis’s equation [18], eq. 2.2, relates the powexeived at a point (B a certain
distance away (d) from a transmitter with a cer@miput power (R) using antennas
with a certain gain (Gand Gy) operating at a given wavelendth

4rd

P, =P, +G,+G, — 20Log(7j (2.2)

X

where R, Gx and Gy are in dBs. The last term of the equation is datlee ‘free
space loss’ and represents the attenuation of @ nadve between two points a
distance, d, apart. Equation 2.2 assumes an ideal@f Sight (LOS) link. The loss is
proportional to (4d)>. This results from the fact that the radio wavepagates out
from a point as a sphere and so the energy isdjogan proportion to the surface area
of the sphere. The free space loss according t@.2gis inversely proportional to the
square of the wavelength. In other words the Insgeases as the frequency increases or
the wavelength gets shorter. The reason is théteasvavelength gets shorter so does
the effective collecting area of the antenna [19].

The implications of Friis’s free space equation @t in order to increase radio

range, the operating frequency must be as low asilgle. However, low operating
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frequencies conflict with the requirement for snsafle because the lower the operating
frequency the larger the antenna. Another factdreaonsidered is that a transistor’s
gain falls of with frequency so that more power hase consumed to maintain the
same performance as the frequency increases.

Another implication of Friis’s equation is that toaximise received power the
antenna gain must be high. But as the antenna @aimcreased so does the
directionality of the radiation pattern so that thdio range is drastically reduced if the
Rx and Tx antennas are misaligned. Fig. 2.12 shlibevéree space loss as a function of

distance where the operating frequency is 2.4 GH&GHz, 14 GHz and 24 GHz.

Pathloss (dB)

80 24 GH;
0 14 GH:

5.8 GH:
60 2.4 Gkz
50
40
30

distance (m

Figure 2.12 — Graph of pathloss vs. distance fibeint values of
frequency

The free space loss increases by 6 dB as the distdwubles. Fig. 2.13 shows the

dependence of the free space loss on frequeneydten distance (1m).
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Figure 2.13 — Plot of pathloss vs. frequency fot d+
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Fig. 2.14 shows the approximate antenna size foring frequency. These figures
are based on the wavelength in Co-Planar Waved@a&V) on GaAs substrate with a

permittivity of 12.9 £=12.9). The wavelength is given approximately by:

&

2

where c is the speed of light in a vacuum andtiésoperating frequency. The term
g +1

r

o refers to the effectivdielectric constant. In CPW half of the electrieldi is in

the air and the other half in the dielectric sa tihe effective dielectric constant is the
average of the two.

Atennad ze (M)
0.04
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Figure 2.14 — Approximate antenna size vs. frequenc

What is not clear from fig. 2.14 is that the an@meedn’t be the full size predicted
by eq. 2.9. For example, if a dipole or monopoledssd the transmission line forming
the antenna can be meandered or bent (see se@jon 5

If we assume a transmitter (Tx) power of -10 dBrd arreceiver sensitivity of -80
dBm then from fig. 2.13 it is clear that an opergtifrequency of 2.45 GHz would
provide a range of well over 10 m. However, frogn .14 this results in antenna size
of approximately 1.6 cm — to big for our requirenserf we increase the frequency to 6
GHz then the corresponding range is again over Iinthe antenna size is reduced to
approximately 7.2 mm. With some folding or meanagthis antenna should fit into 5
x 5 mm (although we can expect a slight reductioaritenna efficiency). If we move to
24 GHz the antenna will fit into 5 x 5 mm withoutyadifficulty but the radio range is

reduced to about 3 m. This short analysis excltiseseduced sensitivity which results
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from moving to a higher carrier frequency. The @stlisensitivity is a consequence of
the receiver bandwidth being wider. Assuming the@etage bandwidth of the receiver
is constant, the higher the frequency, the highernbise bandwidth and the lower the
SNR.

2.5 Conclusions

From the preceding arguments we can conclude thattraditional homodyne
topology is in general unsuitable for WSNs — astamtil ultra low power mixers with
low conversion loss and ultra low power PLLs witlyhhsensitivity can be designed.
This is because of the high LO powers needed anduse of the need to synchronise
the LO with the input carrier frequency. We caroalenclude that an OOK system with
a passive envelope detector and a super regereecsoillator is a promising choice as
this maximises the receive sensitivity comparec waitdetector-only receiver and yet
consumes relatively low amounts of power. The amnuis presented in section 2.4
suggest that in order to maximise radio range whkiil maintaining a small antenna

size an operating frequency of around 6 GHz isaigihoice.

2.6 Discussion of Previously Reported Work on Super

Regenerative Receivers

From the arguments presented in the previous chapt®ajor problem with down
converting an OOK signal using a mixer is the nedynchronise the LO to the input
frequency. Another problem is the relatively lowtput voltage. By quenching (turning
on and off) an oscillator at a rate of at leastéshe maximum baseband data rate the
oscillator can be made to act like a high gain #@iepiwhen an OOK signal is applied
to the gate port of the oscillator. The additioradduper-Regenerative Oscillator (SRO)
increases the sensitivity of a receiver and maxmithe output voltage. Only a few

super-regenerative detectors, receivers and traessehave been reported in the
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literature - all employing OOK. In order to put therk contained in this thesis into
context the various papers will now be described.

A 34 GHz super-regenerative detector [20] has beescribed. The detector
consists of a 6 x 1pm PHEMT (Pseudo-morphic High Electron Mobility Tsastor)
with the input RF injected into the gate port. Tqwench signal is also applied to the
gate circuit — this time through the biasing citgui The transistor is configured as a
negative resistance oscillator using transmissinasl The measured sensitivity for
12dB SNR is -61 dBm at a baseband rate of 1 KH2 dirench signal is a 500 KHz
sine wave. The measured sensitivity is relativedgrpand confirms what was outlined
at the end of section 2.4 about the percentagevadtidand hence the noise increasing
as the operating frequency rises.

The same authors of [20] also report a 7.5 GHzIsuggenerative detector [21]
using hybrid microstrip technology and an ATF28Bahsistor. This circuit achieves a
good sensitivity of -83 dBm but consumes 100 mWisTgower consumption is more
than 100 times higher than the consumption of geeivers detailed in this thesis. The
guench frequency in this case is a 600 KHz sineewdhis paper is notable for its
claim that the optimum detection frequency (7.5Gkz}significantly lower than the
free running oscillation frequency (8.366GHz). lothb of the papers discussed so far
the demodulated signal is recovered from the drarent i.e. a demodulated voltage is
produced across a 100 Ohm resistor in the drasdiauit.

A 1.2mW super-regenerative receiver operating didA@nd from a 1.5 V supply is
described in [22]. The circuit uses a 0;8% CMOS process and achieves a sensitivity
of -97 dBm. The circuit includes an AGC (Automa@ain Control) and a baseband
amplifier. The quench frequency is 100 KHz and dla¢a rate is <18 KBit/s. CMOS
circuits have the major advantage of potentiallyngpentegrated with the digital logic,
memory, microprocessor and DSP of the speck or aodeso the overall die size and
cost is reduced. However, the power consumptidmgif frequency CMOS radios will
tend to be higher than that of compound semicomdudt-IV) solutions due to the
higher transistor gains, lower noise figure anddogsubstrate loss of GaAs/InP.

A super-regenerative CMOS receiver operating in I8 (Industrial, Scientific
and Medical) band at 2.4 GHz is detailed in [23heTreceiver works from a 1.2 V
supply and draws 3 mA i.e. power consumption is /. The sensitivity was
measured to be -80 dBm for a relatively high daii# of 500 KBit/s but the most

notable feature of the receiver is that it incogtes a feedback control loop to allow

31



channel selection by altering the operating fregyef the super-regenerative
oscillator. The power consumption exhibited by tinéceiver is too high for the
purposes of this research but represents a possihigon to the sharing of the channel
by multiple specks i.e. Frequency Division Multipleg (FDM). The transmitter could
be implemented with a VCO.

A super-regenerative receiver operating at 1 GHzeported in [24, 25]. The
receiver is constructed in O.8n CMOS and operates from a 2 V supply. The current
consumption is 60QA and the power is therefore 1.2 mW. The measueedisvity is
a very low -98 dBm whilst the data rate is a rgklif high 100 KBit/s. The receiver has
an extremely wide operating range of 0.3 GHz to@Hy. The quenching frequency is
1 MHz and the chip size is extremely small at ks 1 mm. Despite the extremely
small size of the chip a very large antenna wo@ddguired if the circuit were used as
an RF transceiver as it would have to operatevaiGbiz frequencies.

The transceiver described in [26] by Otis probaklyresents the apex of low power
super-regenerative transceiver design. The recagasumes only 40QW and yet
displays a sensitivity of -100 dBm at a BER (BitdtrRate) of 0.001 when the data rate
is 5 KBit/s. The transmitter consists of a hightptde BAW (Bulk Acoustic Wave)
based oscillator coupled with a low power amplifidiodulation is achieved by cycling
the whole Tx circuit. The Tx consumes 1.6 mW andiees a d.c./a.c. efficiency of
25%. This implies that the output power is 0.4 miW4dBm. The overall chip size is
very small at less than 1minWhilst the receive power consumption is very lte Tx
is too high for the specifications required by 3¢éet. The work in [26] has the major
advantage over IlI-1V solutions in that the circe#n be implemented on the same
silicon wafer as the other circuits comprising tepeck. However, it has the
disadvantage in that a relatively large antennalavbe required. Solutions operating at
5.8 GHz, taking up less than 6 x 6 mm in area amseming less than 1 mW are
described in chapter 4.

Ayers [27] shows that low power super-regenerateeeivers can be modified to
demodulate FSK signals. In this paper a 1 mW TZ8@W Rx transceiver in 0.25 um
CMOS is described. The data rate is 250 Kbit/s @edoperating frequency is 900
MHz. The results in this paper may indicate a way couple the low power
consumption of the super-regenerative receiver vathmodulation scheme more

resistant to noise and interference than OOK.
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Moncunill [28, 29] increases the functionality aiper-regenerative receivers by
describing two different spread spectrum architestu Using spread spectrum
techniques different users can share the samedneguband at the same time. The
sharing of the channel is achieved by allocatirftedint codes to different users and
correlation is used at the receiver to ‘de-sprahd’ RF signal i.e. the RF signal is
demodulated by using the same code at the reca$vidre transmitter uses to spread the
original baseband data. The receivers achieve @aregly large output voltage of 1 V
for the ‘periodic quench’ receiver and 0.55 V fbhetPN quench’ (Pseudo Noise code
Quench) receiver when the input power is -60 dBhe Term ‘PN quench’ refers to the
guench signal being the output of an AND gate whopats are a clock signal and a
PN de-spreading code. The power consumption is 4anW/2.75 mW respectively. In
both cases the demodulated signal is recovered finenCollector/Emitter current i.e.
no envelope detector is placed at the output oftiper-regenerative oscillator.

The results of the papers discussed so far are adsed in table 2.1

Ref. No. Operating Power Technology Sensitivity
Frequency consumption of (dBm)
(GHz2) Receiver (mW)

20 34 - PHEMT -61

21 7.5 100 MESFET -83

22 1 1.2 CMOS -97

23 2.4 3.6 CMOS -80

24,25 1 1.2 CMOS -98

26 1.9 0.4 CMOS -100

27 0.9 GHz 0.28 CMOS -

Table 2.1- Summary of the results in the literature
It can be seen from the table that the only supgemerative detectors to have
been implemented in GaAs have either very high (h®®) power consumption or else
their consumption is not stated. The only low powansceivers reported have all been
in CMOS and have an operating frequency no highan 2.4 GHz. This thesis will
present full transceivers implemented with GaAs P transistors whose power
consumption is less than any of the results diszissid whose operating frequency is

2.4 GHz or above. It will also describe techniqteesower the power consumption of
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the standard super regenerative transceiver topolGgmpared with silicon, GaAs
transistors have the advantage of lower power copton and smaller Noise Factors:
ref [30] shows that at 24 GHz the lowest noiseda® 0.7 dB compared to 5 dB with
180 nm CMOS technology at the same frequency [31].
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Chapter 3

Basic RF Building Blocks

3.1 Introduction

Before a full RF transceiver can be discussed iteisessary to detail the RF building
blocks of which the transceiver is composed. Theuds needed are as follows:
* Amplifiers — used to boost the received signal &mdsolate the receiver
oscillator from the antenna
* Oscillators — used to generate the carrier wheretie a data ‘1’ and to
amplify the received signal when used as a supggAerative
oscillator/detector
* Detectors — used to demodulate the receive sigrizaseband data
» Switches — A switch allows the antenna to be shaet@een the receiver

and transmitter

3.2 Amplifiers

The amplifier performs the most basic of functiom$hin an RF transceiver by
boosting the received power at the receiver inputhe case of a super-regenerative
receiver the amplifier also prevents re-radiatignisolating the Super-Regenerative
Oscillator (SRO) from the antenna i.e. the onlyglog is via the & parameter of the
amplifier. S, should be as low as possible but a figeirel5 dB is acceptable as the re-
radiated power for an SRO power of -10 dBm is -Bénd(including 1 dB switch loss)
which is equivalent to saying that 3 % of the poofthe SRO is re-radiated.

Since it is determined that no amplifier is necessa the transmit path (the
transmit oscillator is directly connected to theemma) the only amplifier needed is the

receive amplifier — no power amplifier is neededtfee transmitter. This is because the
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necessary output power is more efficiently achievbg an oscillator-only
implementation; the addition of an amplifier woutluce the overall efficiency of the
transmitter.

Fig. 3.1 shows a general 2-port network consistih@ two port representing the
transistor and a 2-port on either side represerttiagnatching networks. The transistor
is represented by an S-Parameter matrix whileepresentshe reflection coefficient
looking into the source matching network andrepresents theeflection coefficient
looking into the load matching network.

P - Sll 512 - Oo/P
wm matching : |‘S s J : matching Rload
Y 21 O .

network network

| S T,

Transistor

Figure 3.1 — General 2-port network

Rollet's number, k, is a measure of the stabilitg éransistor and is given by eq.
3.1[1].

2

K = 1+|A|2 _|Su|2 _|822|

(3.2)
2S.,S,|
whereA is given by
A=S,S,,-S,S, (3.2)

If k is greater than 1 and is less than 1 then any passive impedance can be
presented to either port and the circuit will bab&. If k is less than 1 then some
portion of the smith chart will represent unstalpl@edances. If the transistor is
unconditionally stable it can be ‘conjugately’ nted. Fig. 3.2 shows the simulated k
number andA for the NE76038 transistor. It can be seen tha less than 1 at low
frequencies and that is less than 1. If the transistor has k<1 at tesirdd operating
frequency then it can be resistively loaded. This lba achieved by inserting a small
(typically 50 — 15(?) resistor in series with the gate or drain circliie better choice
is to place the resistor at the drain side aspfosluces lower Noise Factor (NF). The
equation for the noise factor of two cascaded stagygiven by eq. 3.3 [1].
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NFtotal = F, +- 2
G

(3.3)

1
Eqg. 3.3 shows that the NF of two stages (resestor transistor) cascaded depends
most critically on the noise factor of the firsagé (F) and that the contribution of the

second stage ¢F is reduced by the gain (c of the first stage.

freq, GHz

Figure 3.2 — k and for NE76038 transistor

Fig. 3.3 shows k and for the same transistor with resistive loadinghet drain
(80<2)

freq, GHz

Figure 3.3 - k and for NE76038 transistor with resistive loading

Fig. 3.4 shows the source and load stability cibdéore and after resistive loading
at 2.45 GHz. In both cases it can be seen thagffieet of the resistor is to move the

stability circles outside the passive smith chart.
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witheut resistive

StabCirclel
StabCilireclel

S _
L_

Figure 3.4 — Source (red) and load (blue) stakdiitgles before and

after resistive loading
Because k is now greater than 1, the magnitude@&rfalS,, are less than 1 and the
stability circles lie outside the passive smith rththe transistor can be conjugately
matched.

The relevant equations are given below.

B +./B2-4C,|
Il i 4G4 (3.4)

° 2C,
ro=o2t VBZZ;_ Acl (3.5)
Where
B, =1+|S.|" -[S,,]" -|a|° (3.6)
B, =1"'|522|2 _|Su|2 _|A|2 (3.7)
C, =S, ~A(S,)" (8.8
C, =S, —A(S,)" (3.9)

Fig. 3.5 shows an example of an ADS schematic foresistively loaded,

conjugately matched amplifier. The two bias voltagee applied through two large
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valued inductors. The reactance must be at leastirtees the normalising impedance
(50 Q) so that the RF is isolated from the a.c. grounidhe power supplies. A large
valued capacitor on either side of the circuit preg d.c. current from flowing in either
the source or load resistances. The matching nksname realised using ideal lumped

components.

DC_Feed

[ﬂ DC_Feed1

- VAR

VAR1
vg=0.4V
vd=1V

V_DC
= SRC2
== Vdc=vd

+

DC_Feed
DC_Feed2

L

L1
L=8.020517 nH
R=1e-12 Ohm

Term

R

i

Term
Term1
Num=1
Z=50 Ohm

DC_Block
DC_Block2 C

T
Ll

c2
2 C=3.518193 pF

L=7.607573 nH
R=%e-12 Ohm

Term2
Num=2
Z=50 Ohm

DC_Block
DC_Block1
C
Cc1
C=971754794 fF

R1

R=80 Ohm

pf=mec_NE76038_19921216
A1

Figure 3.5 — Example of conjugately matched anglifi

Fig. 3.6 shows the simulated input and output céfi@ coefficient for the circuit in
fig. 3.5. The deep troughs indicate a near perfeatich to 502 for both the input and

output at the centre frequency of 2.45 GHz.
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Figure 3.6 — Input and output reflection coeffi¢iéor the circuit in fig.

3.5
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Fig.s 3.7 and 3.8 show the simulated forward pog&n and reverse transmission
respectively. The gain is at a peak at the centegukency whilst the reverse
transmission is —17.5 dB at 2.45 GHz.
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Figure 3.7 — Simulated power gain for the circaifig. 3.5
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Figure 3.8 — Simulated reverse transmission forctraiit in fig. 3.5

3.3 Negative Resistance Oscillators

Oscillators are used to generate carriers (Locaill@®r) and also as an effective
high gain amplifier when used in Super-Regenerat®eeivers. They convert d.c.
power into a.c. power with an efficienqy
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_ fundamentgpower (3.10)
d.c.power

Typically n is 20 to 30% for the NE76038 at 2.45 GHz. Henfceei fix the output
power at -10 dBm we can expect the power consumatidhe Tx oscillator to be 400
uW assumingn=25%. There are many configurations for oscillat(esy. Colpitt’s,
Hartely’s and others) but the most convenient tgpeimplement at microwave
frequencies are negative resistance oscillatorsy Hie the most convenient to design
as they are the easiest to predict the behavioandfto design. Fig. 3.9 shows a block

diagram of a 2-port network oscillator.

Terminating Transistor Load

Network q.l |.> q.l |.> Network

FT Fout Fin I_‘L

Figure 3.9 — Block diagram of 2-port negative resise oscillator

To design a negative resistance oscillator we upetantially unstable transistor
(k<1) and choose a terminal impedanke, to lie in the unstable region of the smith
chart. This produces a negative resistance oryalguitly, a reflection coefficient at the
other port[i,, greater than 1. The output matching network sgieed according to eq.
3.11 [1].

2, == j(mez, ) (3.11)

The terminal impedance is that presented to the getuit and the input reflection
coefficient, T, is associated with the drain side of the transi&ir a common source
configuration.

Any small perturbation (i.e. noise) at the osadfabutput frequency is amplified
and fed back to the gate port and amplified agairustil a steady state — governed by
the non-linearity’s of the transistor - is reached.

The harmonic content of the output waveform is ontgnt because the designer
wants as much of the power in the fundamental asiple and also because spurious
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RF emissions need to be limited in most cases.eftwer, from these considerations it is

desirable to have as little power in the harmoaggpossible.

3.4 Oscillators: Return Ratio Method

As an alternative to the negative resistance metlesdribed in the previous section
this section describes how Return Ratios (RR) canubked to design microwave
frequency oscillators with decreased start up timeproved spectral purity, and
increased efficiency.

Any three terminal transistor can be modelled by equivalent circuit [2]
consisting of three frequency dependent admitta(adsandc), a frequency dependent
controlled source, or transconductancey) &nd two terminating admittances, L and G,

as shown in fig 3.10.

i Gate Drain i I Transisto
| |
: c i
G a b m | L
| |
1 1
1 1
' i
Y P nllia
| ! Sourct | |
It Fgu't __________________ 'FITTTL

Figure 3.10 - Equivalent circuit of transistor widrminations for analysis

purposes

Using standard two-port analysis the admittanceirmit found to be

atctG — +G
M4 UG X, (3.12)
mc bictl| | Y, Yt
Y11, Y12, Y21, and Yo can be converted from measured S — Parameters stsindard
formulae.
The RR, as defined by Bode [3], is given by
RR=1 a (3.13

T Am=0)
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whereA is the determinant of eq. 3.12 an(hn=0) is the determinant witim set equal
to zero. From Nyquist's real frequency test [4],daubly terminated transistor is
unstable if the RR encircles the point -1+j0 in lackwise sense with increasing
frequency.
To develop a synthesis procedure using RRs, fras342 and 3.1,3
mc
(abH{a+bg +Gl+{b+dGHa+dL

where G and L are the generator and load admittarespectively,

RR:

(3.14)

anda, b, candm are the branch admittances of the equivalentitircu
Setting eq. 3.14 equal to -n+j0 and rearrangingete

_mc+ n((ab+ (a+b)c) +(b+c)G)
-n(G+a+c)

L

(3.15)

wheren is the desired magnitude of RR at 180 deg. Varlregvalue at which the RR
passes through the 180 deg point is found to hapefund influence on oscillator
start up time, output wave-shape and magnitudeortter to investigate the effect,
several oscillators were designed for 2.45GHz enftdtlowing manner:

0] The input stability circle is drawn and a value for which results in a
maximum negative real part of,4this usually corresponds to choosing the
magnitude ofl't to be a maximum, i.e. 1, since it is associatec vait
reactive impedance and choosing the angle sut¢hats&raight line drawn
from the origin of the Smith chart 16 passes right through the centre of the
source stability circle) is chosen in the unstabgon

(i) The generator admittance, G, is calculated andtéh@inating network
designed using the smith chart tool in ADS

(i)  EqQ. 3.15is used to determine L and the output Immagcnetwork designed

(iv)  Several different values of RR from 1 to 2 are emos

(v) The circuits are simulated in Agilent's ADS soft@ausing a vendor
supplied non linear model

(vi)  The circuits were built on Rogers high frequenayitzate with h=0.762mm
and a relative permittivity of 3.48. The boards evéabricated by Stuart
Fairbairn and the boards were soldered by the autl®o, an oscillator was
designed using the standard design procedure [thl ene exception: The
point inside the source stability circle was ndii@arily chosen, instead it

was chosen to make the negative real part.od Ffhaximum.
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In order to evaluate the RR using ADS, two Y-Parm Touchstor¥ files are

created. The first, called RTR (Reciprocal Transinis), comprises’. Yu}. The
Y12 Y22

second file, Ym, consists of the entl[ieso 0} . The Y-Parameters are found from
Yu =Y, O

de-embedded small signal S-Parameter measurenfehtstoansistor.

In order to calculate the RR as a voltage ratio §]independent sources are set to
zero, the control voltage for the dependent curgemerator is transferred from branch
‘a’ to an isolated independent excitation All feedback paths between the dependent
generator and its controlling branch voltage ares throken. This approach is slightly
different from [5] in that the feedback loop is ken at the opposite side of the
controlled source and the returned voltage is takernhe voltage across branch °
instead of across the dependent generator. Howehwertwo methods vyield identical
results. Fig. 3.11 shows how ADS is used to cateulze RR for the circuit.

 — ! I 1 () 1
Term —J I_l § —J Term
Term1 MLIN MLIN MLIN MLIN Term2
TL9 TL5 TL7 TL10
MTEE_ADS . — MTHE_ADS
- Te SNP1 Tes] -
MeasEqn MLOC MLOC

Meas3

RR=-v2A1 TL6 TL8

Subst="MSub1"
W=1.6855 mm

L=19.3 mm
MSub | Q:? |AC| Vl

Figure 3.11 — ADS schematic showing how the ReRato is calculated

The upper 2-Port is the reciprocal network RTR #rellower is the 2—Port Ym.
The RR is calculated as the negative of the voltagened to port 1 of RTR,\/to the
applied test voltage, V Fig. 3.12 shows the RR- in this case the RR sgied to be

1.08 at 180 degrees

44



m1
freq=2.450GHz
RR=1.080/-178.225

RR

N

freq (2.350GHz to 3.000GHz)

Figure 3.12 — Return Ratio of circuit in fig.3.11
The RR crosses the 180 deg line, indicating osiciia, at 2.45 GHz. The measured

results for the circuits are summarised in table 3.

dc power Frequency | O/p Power of | Power of | ac/dc

RR Transistor consumption | of Fundamental | 2 nd Efficiency
Oscillation Harmonic

(mw) (GHz) (dBm) (dBm) (%)
Conventional | NEC76038 6.2 2.41 -1 -14 12.8
Circuit
1.08 NEC76038 6.2 2.325 +2.5 -16 26.2
1.2 NEC3210S01 | 20 242 +5.8 -21 19
1.26 NEC76038 6.2 2.35 +3 -15 29.3
1.35 NEC3210S01 | 20 2.41 +0.5 -17 5.6
1.9 NEC3210S01 | 15 2.55 -10 -8 0.5
2 NEC76038 6.2 2.325 -3 -5 7.4

Table 3.1 —Summary of experimental results

The results show that for spectral purity the RRudth be as low as possible.
However, this tends to result in decreased effmyeso for a practical design a value of
around 1.25 is recommended. This value resultsigh lefficiency and, as will be
discussed later, fast start up time. Also, if tmewst is designed for RR=1 there is a risk
that the circuit will not oscillate. It can be sefom the table that there are large

variations in efficiency between circuits. Thisigplained by the fact that different bias
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points were chosen and two different transistoreevussed. However, for a d.c. power
consumption of 6.2 mW using the NE76038 it can &ensthat maximum efficiency
occurs when the RR is equal to 1.26. In the cisctitat use the NE3210S01 the
maximum efficiency occurs when the RR is approxatyaequal to 1.2. The results also
show that the actual frequency of oscillation ismewhat lower than the designed value.
This is explained by the fact that that as the aidgvel increases the S-Parameters of
the device change. Large signal S-Parameters mag @i more accurate picture.
Alternatively the circuit can be designed for al@gfrequency than required. Note that
no tuning of the circuit via power supplies or stemgth was used for the results
summarised in table 3.1.

It can also be shown that designing for RR=1 at @89 phase shift and then
dividing the real part by three corresponds exactlthe common method for oscillator
design proposed in [1].

Simulated results suggest a strong correlation éetwncreased RR and decreased
start up time. This can be explained by the faat &s the RR is large the returned
voltage is also large and hence the oscillationtsl lip more quickly. This is shown in
fig. 3.13 with three plots of the start up transienvelope. It cannot be seen from the

plot but the three traces consist of approximate giaves.

3

Vout

Lime, usec

Figure 3.13 — Start up transient for circuits vtR=2, 1.25 and 1.05
It has been shown that, by using the new desighadetn oscillator circuit can be

optimised for output power or start up time by dasig for RR>1 at 180 deg phase
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shift whilst keeping the oscillator operating fregay constant. The connection

between better spectral purity and lower valugRRfhas also been demonstrated.

3.5 RF Detectors

RF Detectors [6] are used to demodulate or rettiéyinput of an AM or OOK RF
signal. Generally speaking, detectors convert inpuwers to output voltages when
properly configured with an input matching netw@ukually to 5002), a d.c. return and

an output RC network. This arrangement is showfigir8.14.

Matching | |

—*» Network | | > OIF

Figure 3.14 - General diode envelope detector

As already mentioned, the matching network tramsfothe relatively high input
impedance of the diode to, usually, 50 Ohms wiliistd.c. return is a short circuit (at
d.c. but not at RF) at the input side. The quasevelength transmission line
transforms the short circuit into an open circtiitree carrier frequency. The d.c. return
IS necessary to complete the circuit between theub@and ground otherwise no current
would flow through the diode and so no voltage widag produced across the diode. If
no d.c. return is used the output waveform exh#itsgh pass shape characteristic. This
is due to a.c. current flowing through the juncticapacitance of the diode. The d.c.
return can be incorporated into the matching netvwoy using an inductor to ground.
The RC network performs two functions: it providetad resistance so a voltage can

be developed and it filters out any of the RF sigmasent at the output. The presence
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of this signal is due to the parallel capacitamcthe diode model providing an a.c. path
for the input signal.
The design procedure used for the detectors irthiess is as follows:
* From the baseband frequency required and the Radrey used, estimate
the values for the RC network. The capacitance ldhmeisufficiently high
to short out the RF carrier. The RC product shbedufficiently low so as
not to distort the output waveform but on the ottend R should be high so
as to maximise the output voltage
* Measure/Simulate the input impedance of the dioide tve RC network
attached
» Use the smith chart tool in ADS to synthesise achiag network consisting
of a series inductor and parallel inductor to gebun
Fig. 3.15 shows an ADS schematic of a diode detelgsigned as outlined above.

______________ Diode

L L
P_1Tone L3 : L1
PORT1 L=138.283831 H L=0.2 nH
Num=1 L R=1e-12 Ohm | R=
Z=50 Ohm L2 L mm e =

P=polar(dbmtow(Pin),0) L=6.502832 nH
Freq=1 GHz R=1e-12 Ohm

[ —D— | NS
Diode_Model VARI
DIODEM1 RL=1000 {t}

Is=1e-009 Pin=0 {

Rs=11.31 Ohm
N=0.45375
Cd=0 fF
Cj0=0.18 pF
Vj=0.282 V

Figure 3.15 — ADS schematic of a matched diode REhoutput network

A Harmonic Balance (HB) simulation is carried otitlaGHz to find the Vo vs. Pin
relationship. This is shown in Fig. 3.16 for difet load resistors: 1K, 3K, 5K, 7K, 9K
and 11K Ohms. It can be seen that at -25 dBm thpubwoltage increases with

increasing load resistance but at higher input pswee output voltages converge.
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Figure 3.16 — Plot of output voltage vs. input povee different load

resistances
The higher the load resistance, the higher is tGetiRie constant of the output
network. This means that the baseband frequendimited by the value of load
resistance i.e. there is a trade off between outpliage and maximum data rate. Fig.
3.17 shows the simulated output waveforms for a date of 4Mbit/s for different load
resistors: 1K, 11K and 21K Ohms.

2.5
2.0
21KQ k\
o 1.5 | AN
» L ol llKQ ' \\\
S \ N

] \
0.07 ;
-0.5 \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

time , usec

Figure 3.17 — Simulated waveforms for detector WRth1 KQ, 11 KQ and
21 KQ

3.6 Switches

The antenna needs to be shared between the reesigddransmitter otherwise
two antennas are required and in this case theaiitireal estate will be greatly
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increased. Instead, a two way switch can be uged[switch can be constructed from
a GaAs FET by connecting a control voltage to thie gnd arranging the signal path to
flow from the drain to source or vice versa. Figd8shows the circuit model of a FET.

L R Coc Rd Ld
Gw ___________ -
™ rdin
i i 1

: —  Cpc
- Rds Cds P
GmVgs i ]

Ls

Sourct

Figure 3.18 — Circuit model of a FET

When the control voltage applied to the gate siath off or below Rsis high and
the drain is isolated from the source (see AppemJix the only connection beeing
through Gs Conversely, when the gate voltage is zegoiRvery low and there is an
effective short circuit between the source andrdri other words the FET acts like a
voltage controlled resistor. In all cases the gaieolated from the signal path: the only
connection being through Cgd. Virtually no powerconsumed by using a FET in this
way as the gate is an effective open circuit. A tmay switch can be constructed from

two FETs as shown in fig. 3.19.
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To Rx From Tx

L

Control Voltage — | | Control Voltage2=NOT/(contrc
Voltage 1)

FET1 FETZ

Y

Figure 3.19 — Configuration of two way switch ttoat antenna sharing

The two control voltages are the inverse of eatleroso that when FET1 is turned
on, FET 2 is turned off and vice versa. When cdnidtage 1 is zero and control
voltage 2 is at pinch off, the antenna signal iged to the receive circuitry since there
is a short circuit between the antenna and the riRikam open circuit between the Tx
output and the Rx. When the control voltage 2 ® zand control voltage 1 is at pinch
off, the Tx output is routed to the antenna. Bi@0 shows the simulated insertion loss
for a two way switch using NE76038 transistors digd 3.21 shows the simulated

isolation.
m
= —-1.8
2 _a .0
wn
o _
=
_2 . 2_
a
o _
To—2. 4
;‘ —
[}
2 -R.6 T | T | T | T | T
— 0 2 4 6 8 10

freq, GHz
Figure 3.20 — Simulated insertion loss for two waytch using
NE76038
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Figure 3.21 — Simulated isolation for two way switesing NE76038

A two way switch constructed on microstrip usingotWE76038 transistors is
measured to have an insertion loss of approximateB at 2.45 GHz whilst the

isolation is measured to be approximately 12 dB.

3.7 Conclusions

This chapter has discussed the function each bgildlock performs in a full
transceiver. Also, a design procedure for each@building blocks has been presented.
Amplifiers using resistively loaded transistors éaween used as these offer the best
input and output match — thus making the wholescaiver more likely to work when it
is assembled from the basic RF building blocks.

Negative resistance oscillators have been choséimeae are the most simple to
implement at microwave frequencies and their peréorce is more easily predicted
than feedback or dielectric resonator oscillatdifsese properties are due to the small
number and simplicity of the passive componentthématching networks. A design
procedure for negative resistance oscillators ugiegconcept of the Return Ratio (RR)
has been detailed. Measured results showed thatdhd.c. efficiency can be improved
from 12.8 % for the standard oscillator to 29.3%tfee oscillator designed for the RR
equal to 1.26 at the operating frequency. It has dken shown that the start up time
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and the relative level of the harmonics presenthim oscillator output can both be
changed as a function of the value of RR at theadjpg frequency.

Envelope detectors or simply detectors have alsn ldéscussed in this chapter.
It has been shown that there exists a trade ofdmt output voltage and the maximum
data rate which can be detected. It has also be®mrsthat the matching network and
d.c. return can be incorporated into the same itifey using a shunt and series
inductance — thus reducing the number of componergded.

It has been shown how two transistors can be corgdto form a SPDT switch.
The switch works by using the two transistors alsage controlled resistances: when
the gate voltage is 0 there exists an effectivetsticcuit between drain and source and
when the gate voltage is at pinch off there exasteffective open circuit between drain
and source. Configured in this way the power comgion of the switch is the voltage
at the gate times the gate current. Since the@atent is of the order of 10 to D@\,
the power consumption is negligible.

In conclusion, the proposed transceiver (see fifjl)2consists of a transmit
oscillator with an a.c./d.c. efficiency of arounfl %. The receive circuitry consists of
an amplifier with certain gain and isolation, anCsRnd an envelope detector. The
isolation of the amplifier must be as high as passio reduce leakage of the SRO
signal from the antenna. The amplifier must havedgmput and output matching in
order to ensure maximum power transfer between gaalceiver sub-circuit and also
to ensure that the transceiver as a whole works.arplifier will also add noise to the
signal. This is kept relatively low by placing tloading resistor at the drain side rather
than at the gate side. The amplifier passes theivett signal to the SRO which is
essentially the same as the transmit oscillatoe. RO output is passed to the detector
which demodulates the received signal to basebata. dhe antenna is shared by

means of a SPDT switch.
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Chapter 4

Super-Regenerative Transceivers

4.1 Introduction

As mentioned in Chapter 2, Super-Regenerative Rexe(SRRs) use a quenched
oscillator as an effective high gain amplifier. Tdngench rate (ON/OFF rate) must be at
least twice the data rate. In practice it is mames$ higher because in this case the
guench component present at the output can be einging a low order filter.

The oscillator is inserted between the receive dmpland envelope detector as

shown in fig.4.1.

Control OfF

Voltage

Quencl

Figure 4.1 Block Diagram of a Super-Regenerativan$ceiver

The amplifier in this case performs the dual fumctof boosting the antenna output
and of isolating the receive oscillator signal frdme antenna i.e. re-radiation.

Fig. 4.2 illustrates the principle of ‘linear modsuper-regeneration. The linear
mode differs from the logarithmic mode in that thput RF input causes the amplitude
of the oscillations to increase whereas in the rittgaic mode the duration of the

oscillation period increases when an RF signaftesent.
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Figure 4.2 — Diagram showing the super-regeneréitiear mode of

operation

The amplitude of the waveform which builds up fromise in the presence of the
guench signal is increased when an OOK wave iseppb the gate circuit side of the
Super-Regenerative Oscillator (SRO). When the SRipub is detected or rectified, the
guench component can be filtered out - leavingotimeband data.

4.2 Mathematical Analysis

Frink [1] presents an analysis of the super-regdiver detector in which the RF
signal is represented by an a.c. voltage sourcetanéffect of the quench signal by a
switch which is assumed to open and close in aeomeal with the quench waveform.
The impedance seen at the output of the oscillatoepresented by a tuned series LC
circuit and the negative resistance of the osolill&é represented by a negative valued
resistor. This is shown in fig. 4.3.
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A sin(ot)

{O_/\/i/\ |C|

Figure 4.3 — Simplified equivalent circuit of sugegenerative receiver for

analysis purposes

When the switch is closed, the voltage equatioefcircuit can be written as:

. di 1.
Asin(ct) = L— - Ri+—|i [dt 4.1
@)=L -Ri+—] (4.1)

Solving this equation (for details see Appendixwe) arrive at eq. 4.2

Ry
. Awe?

_ Asin(wt)
R

sin(&) (4.2)

The second term in eq. 4.2 represents a steady statsoidal current but the first
term represents an oscillation which increases memkally with time. This term is
plotted in fig. 4.4. The frequency of the tunectuit is 2.45 GHz, R is -1@ and the
amplitude of the input signal, A, is 1. Fig. 4.50als the same function but with A=10.
It can be seen that the oscillatory current reatigdser amplitude for a given period of
time. Fig. 4.6 shows a plot where the conditioresthe same as in fig.4 but the negative
resistance is doubled to -20. It can be seen Hwabscillations build up more quickly

and reaches higher amplitude for a given periotho.
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Figure 4.4 — Graph of the first term in eq. 4.20wW#2.45GHz, A=1, R=-1@
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Figure 4.5 — Graph of the first term in eq. 4.2WwW#2.45GHz, A=10, R=-1Q
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Figure 4.6 — Graph of the first term in eq. 4.2hw#2.45GHz, A=1, R=-20

Q, the scale is the same as fig. 4.5

These results indicate that for maximum outputag®tthe negative resistance of
the oscillator should be high.

A problem with eq. 4.2 is that no limiting valuersached. Instead the oscillatory
current increases exponentially with time. Thishpean can be overcome by adding a
tanh function to the exponential term. X is an taaloy constant which sets the limiting
value of the amplitude:

R
xtan}{—tj
. Awe 7
= sin(&) (4.3)
Fig. 4.7 shows a graph of this function. It carsben that the amplitude of the sine

wave initially increases exponentially and therches a limiting value.
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Figure 4.7 — Graph of eq. 4.3 with x=2
A delayed version of eq. 4.3 can be expressed as
R - Xtan ;pR
Aa)r extanh[zl_t pj e ti h( oL )
I = sin
R (B) (4.4)

p represents the quench period and the second exjnérm ensures that the

waveform equals zero before the exponential iner@asscillatory current.

The sum of successive quench cycles can be exdrasse

xtan?‘(z—it—np) xtan?—( _QERJ
Aw | e -e

sin(a) +3 = sin(A) (4.5)

i _ Aa)r extanf{z—litj

This equation is plotted in fig. 4.8
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Figure 4.8 — Plot of eq. 4.5

4.3 Implementation of Super-Regenerative Transceive

Putting the circuits discussed so far — amplifiessillators, detectors and switches-

together with the principles of super-regeneratio® obtain a block diagram of a

complete transceiver as shown in fig. 4.9. Theslaer is a comparator with hysteresis

which converts the two valued, noisy baseband autplogic levels e.g. 0 and 5 V.

vb

Quench signi

5 dB Gair

Envelope

Detector

Ot

NOT(vb)
-«

Av=100C

4®k Data Ir
R

LY

Switct

Bit

slicer

Olp
>

Figure 4.9 - Block diagram of complete super-reganes transceiver
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The circuit uses a simple architecture to lower dlotive component count and
hence the power consumption. Previous GaAs bagest-segenerative detectors [2, 3]
recover the data by ‘tapping off’ the drain currerd a load resistor. This realisation
was tried but measurements indicated that thiscagmprto introduce too much noise to
the base-band signal. Instead, it is found thaattbtion of an envelope detector results
in much better noise performance. In fact the regksignal appears largely noise free
on an oscilloscope.

The receiver consists of a low noise, low gain (bdBnplifier, a super —
regenerative oscillator and passive envelope demteshich includes a 2nd order,
Butterworth, RC low pass filter to filter out tharder and quench signals. The circuit is
designed as follows:

* The amplifier uses a transistor with resistive logdat the drain and is
conjugately matched. The matching networks araseshlusing microstrip
transmission lines. The noise factor is measurdxttiess than 3 dB.

» The receive oscillator and transmit oscillator traesmission lines and have
a return ratio equal to 1.25 at the operating feeqy

» The detector is matched to 80using series and shunt lumped inductances

* The switch is designed as detailed in section 3.6

The amplifier conducts 0.6mA and the super-regdngr oscillator conducts 1.3
mA. The supply voltage is 0.2 V. The overall powensumption is therefore 0.38 mW.
The amplifier isolates the super regenerative lagoil signal from the antenna and
hence prevents transmission during reception —re-<adiation. The amplified OOK
signal is applied to the gate port of the osciladad the quenching signal is applied
through a bias inductor to the gate port. Becaliseoutput resistance of the amplifier
is 50Q, the oscillation frequency of the SRO is the samen normal operation. The
regenerated signal is then detected and is readypdse-band amplification and bit
slicing. Bit slicing uses a comparator with hyssesgop-amp with positive feedback) to
convert the received signal to a clean, two valukgital signal. The total number of
transistors used in the transceiver is five — tloeehich consume power if we ignore
the gate current flowing in the switching transistoThe base-band amplifier is an
instrumentation amplifier from Analog Devices art thit slicer is built around a

standard LF353 op-amp.
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All transistors are NE76038 and the diode (SMSD30@42rom Aeroflex-Metelics.
The measured IV curve for the NE76038 transistehi®wvn in fig. 4.10. Also shown is
the region where the amplifier and oscillator agséd.

15
i Vg=-0.375\
N - Vg=-0.44 \
< 10—
= i
. i
J 5 —
i bigs point
|\
. e - Vg=-0.9V
I I I | I I I I
0.0 0.5 1.0 1.5 2.0

Figure 4.10 — Measured IV curve for NE76038

The circuit board has a dielectric constant of 3ad8 a thickness of 0.762mm. The
matching networks and bias circuitry are realisesingt a mixture of lumped
components from ATC and meandered transmissiors.liffidhe two switches are
approximately passive and allow the antenna tohbeesl and have an insertion loss of
1dB. The switch is turned off by bringing the gatdtage to below pinch off (-0.9 V)
and presents a low impedance path when the gatageois zero. Fig.4.11 shows a
photograph of the circuit.
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Figure 4.11 — Photograph of the designed supemezgéve transceiver

The transmitter is an oscillator operating at 234z with an output power of -10
dBm. The base-band data is given a negative o#fsdtis applied to the gate. The
oscillator produces the carrier when there is atd is pinched—off when there is a ‘0'.
In this way data rates of plus 500Kbit/s can beea@d. Fig. 4.12 shows the variation
in transmit oscillator output frequency as a functof gate bias.
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242 L L 1 L L L 1 L
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Figure 4.12 — Variation in transmit oscillator outfrequency as a

function of gate voltage
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The main reason why the oscillation frequency wanéth gate bias is the non-
linearity of Cgs in the circuit model. From Figl2.it is clear that a variation in gate
voltage of approximately 10% results in a frequeshift of 10 MHz. A tolerance of
less than 10% in the power supply is not unreal@tid, moreover, if the Tx oscillator
varies by + 10% it will still be detected by thepsuregenerative receiver — see fig.
4.14.

It was found that an input power as low as -85dBas sufficient to produce a clean
bit sliced output. This compares well with publidhesults - see table 2.1 - although
this result was measured with an instrumentatioplifier (AD620) connected at the
output of the detector. Instrumentation amplifiare specially designed so they are able
to amplify extremely low level signals. The powensumption of the instrumentation
amplifier is 6.5 mW. It is expected that a custossign using a short gate length
CMOS process will lower this figure considerablythe shorter the gate length the
lower the power consumption tends to be for a goissuit function.

Fig. 4.13 shows a plot of the a.c. detector ouymliiage versus input power at the
switch. These results were obtained by injecting #ignal from a signal source
modulated by a baseband signal via an RF switcle Mlodulated signal was fed
through a pair of antennas in order that there maseakage of the baseband signal
through the switch or power supplies. The path lwas measured with a Spectrum
Analyser and then subtracted from the output paéine signal source in order to find
the actual RF input power. Also plotted is the diteoutput voltage with a 5dB gain
amplifier in front. It can be seen that the outpaltage of the receiver is much larger
than the amplifier plus detector — especially at ioput powers. The super regenerative
architecture ensures large output voltages for Ismpalt powers but also introduces
noise to the signal. The noise of the receiver I$o glotted. These results were

estimated from an oscilloscope.
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Figure 4.13 — Output voltage vs. input power igper-regenerative
receiver

Fig. 4.14 shows the output voltage versus the Riatifrequency for a fixed input
power (-20 dBm). It can be seen that the bandwgltpproximately 20 MHz and that
the output voltage falls off rapidly above 2.5 GHz.

40

35-

30+

Vout (mV)
N N
o [6)]

[y
ol
T

10+

L L L L L
2.4 2.42 2.44 2.46 2.48 25 2.52
frequency (GHz)

Figure 4.14 - Output voltage vs. input frequenaysioper-regenerative
receiver

Every circuit in the transceiver described is matthio 50Q. Virtually all test
equipment has 5@ output and inputs therefore it is normal practioematch all

circuits to 50Q. A receiver with a higher (100Q) normalising impedance is presented
in section 4.6.
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A complete super-regenerative, sub-milliwatt, tramger using GaAs transistors
has been designed and tested for the first timsulReindicate that ultra low power

transceivers can be designed which produce useghdldevels for small input powers.

4.4 Super-Regenerative Transceiver with Low Tratiemi

Duty Cycle

If the transmit oscillator is only ON for a veryah period of time relative to the
length of a data ‘1’ then obviously the power cansd is lower than if the oscillator is
ON for the same period of time as the data is dt.aThis fact can be exploited to
reduce the power consumption of the transmittedity cycling the transmit oscillator
to a number lower than 50 %.

In order to operate with extremely low duty cycliée binary data waveform is high
pass filtered via a capacitor to produce a seriespikes which are related to the rise
and fall of the data waveform as shown in Fig. 4Ttese spikes are used to trigger an
oscillator via the bias network. Instead of highlsdiltering the data waveform and
using the resulting spikes to trigger an oscillagoidedicated pulse generator may be
used as a trigger.

v

time

Figure 4.15 — lllustrative plot of input (data) amdh pass filtered

waveforms

If the spikes are given a negative offset and ppied to the gate of the oscillating
transistor via the bias network then the circuill wscillate during the narrow positive
going spike and will be pinched off otherwise. Tinegative offset is necessary for
depletion mode FETs as the transistor needs tantobexd off (i.e. drawing no current)
when the circuit is not oscillating. The data wawvef can be attenuated by voltage
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division before being passed to the gate of theststor via the bias network capacitor.
Fig. 4.16 shows an ADS schematic of an oscillativh & capacitor in the bias network.

The capacitor is used to high pass filter the lyikata in order that a pulse - modulated
carrier is produced at the output.

v_DC v_DC
- SRC1 « SRC2
Vdc=0.9V Vde=3V

+ +
) vdata R DC_Feed
\éh'lghzfov R6 DC_Feed1
clay=ansec R=100kOhm
Edgedinear
Rise=100 nsec vin
Fall=100 nsec L
Width=tusec c 0 % A
Period=2 usec c1 L=100 nH TLIN
TLIN R4
C=500pF R= TL4 3 :EE}Butterwort R=50 Ohm
Z500hm 2750 Ohm Fpass=2 GHz
= E67.61 E1058  ApascadB
- F=2.45GHz F=2.45 GH —
R5 TL2 TLIN - Fstop=15GHz =
R=50 Ohm DC_Block 750 Ohm L1 Astop=20dB
DC_Block1 E=00.83 750 0hm pf'Eec_NE76038_19921216
F=2.45GHz E=49.55 Al
— F=2.45GHz

Figure 4.16 — ADS schematic of a pulsed oscillator

The data waveform is high pass filtered via a capaand then added to a d.c.
offset of -0.9 V through a resistance of 1QQ. kThe composite waveform is applied
through an RF choke inductor and is used to britrgu@smission line oscillator in and
out of oscillation. The output RF waveform is highss filtered to remove the data
pulses. In practice the spectra of the input pulses the output RF pulses are far
enough apart that a simple capacitor can be usied.4Fl7 shows the simulated

transient waveforms for the circuit.
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Figure 4.17 — Simulated data (pink), filtered (rad§l output RF pulses
(blue) for circuit in Fig. 4.16

The width of the pulse is controlled by the valdieapacitance and the rise and fall
time of the data waveform. When the triggering agé rises from transistor pinch off
to its maximum value the oscillator begins to dat#l and stops oscillating when the
triggering waveform falls back to pinch off. Durinige negative going portion of the
data waveform the transistor is still pinched afttlse circuit does not oscillate.

A problem arises with the architecture describedasaf two or more consecutive
1's occur. In this case, only one logic 1 is traiteed because there will be only one
positive going spike triggering the oscillator. $iproblem can be resolved by clocking
the data and then performing a Boolean AND opamnatio the clock and the data. This
ensures that a number of negative to positive itians occur equal to the number of
data 1's. At the receiver, the narrow RF pulsesaanplified, regenerated and envelope
detected. Then the baseband data are amplified@msequently bit sliced (bit slicing
converts a two valued waveform with noise to artleatput with two logic values e.g.
0 and 5V). The output at this point consists ofesies of narrow pulses with 0V
representing logic 0 and 5 V representing logidnlL.order to recover the missing
portions of the 1's a mono-stable circuit with mei constant dependent on an external
resistor and capacitor is used. The mono-stableowtput a 1 when it is input a 1 but
will hold this level for a time dependent on théezral resistor and capacitor.

This approach works in that a 50 % duty cycle camdproduced for the baseband
output but a drawback is that a fixed data ratetrbasused. In order to accommodate
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varying data rates a bank of switch-able resisbora voltage controlled resistor in the
monostable circuit could be used.

Fig. 4.18 shows the measurement set up used ttheesbncept. The oscillator works
at a drain voltage of 0.56 V but conducts less SB@pA. This is a power consumption
of less than 3@W. The oscillator considered in this section opesatt 2.48 GHz with a
drain bias of 0.56 V and conducts 0.7 mA under rabroperating conditions. The
output power is -10dBm. This is an a.c./d.c. effinay of 25.5%. Note that the super-
regenerative receiver includes the base-band aepdihd bit slicer. The Pseudo-Noise
(PN) code sequence generator was used to simulaiesgquence and the antennas
ensure no leakage of the baseband signal from topattput. The bias inductor should
be large enough at the operating frequency to beft@ttive open circuit. The bias
capacitor should be chosen to provide output pu$eke required width. The system
works as well as the basic super-regenerative desvexr as the peak output voltage of
the Tx oscillator remains constant if the pulsetiwidoes not exceed 15 (for this
particular circuit) and the Rx output remains canstif the input RF pulses do not
exceed the bandwidth of the receiver. The pulseéhaded is 2nS and the bit rate is 7
kbit/S. Higher data rates could be used but thg dutle (the pulse width remaining

constant) and hence the power consumption wilease.

—»| MonoStabll —p

Figure 4.18 — Measurement set-up to test
low duty cycle transmitter

Fig. 4.19 shows the waveforms at various pointhiésystem. Note that the result of
ANDiIng the clock and the data produces a waveforth the number of positive going

transitions equal to the number of data 1's.
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A low pass RC filter is connected to the outputtted monostable and has a pass
band high enough to allow the data waveform to pghssugh but low enough to
remove any narrow glitches which may be presenthAt point the signal can be bit
sliced again if the effect of the low pass filterto introduce an unacceptable degree of

rounding to the transitions. All logic was implentesh using the CMOS 4000 series.

Date

Clock
O/p ot AND
Gate

RF pulse

O/p of Monc-
stable

Figure 4.19 — Waveforms at various points in thve ¢luty cycle transmitter

system

Fig. 4.20 shows an example of measured RF pulses.

V 50 mV/div|:

v

T.ime 20(118/(.:iiv‘ .
Figure 4.20 — Measured RF pulses

The smallest achievable output RF pulse widthasiad 1QS. Below this the peak
voltage of the RF pulse decreases. In order tocovee this problem, two circuits for

obtaining shorter RF pulses were devised. The i&sghown in Fig. 4.21. This is a
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standard transmission line RF oscillator designeddetailed in Chapter 3.3. Bias

circuits are omitted for clarity.

oV

Matching Matching | RF
VP — | network network pulses
from 50
Q J—
pulse -

Figure 4.21 — Circuit for obtaining short RF pulse

The circuit is biased at pinch off (-0.9 V) withrse positive value on the drain
(0.56 V). The input baseband pulse results in aghaf operating point and the circuit
oscillates during the positive portion of the ingutlse. The smallest RF pulse width
achieved before degradation in output voltage wa$.1 The circuit achieves smaller
pulse widths than the standard circuit becausebtag resistor, inductor and bypass
capacitor of the circuit previously described lithie high frequency response.

The second circuit for obtaining narrow RF pulsgeshown in Fig. 4.22.

Terminating Matching |_> RF
from - I
network network ! pulses
pulse ] i
: Standarc
generati IJ_I‘ «—
oy e S . oscillator
I ' || i Switching
NN i
— i
] transistor
-Vp L R : | :
! i

Figure 4.22 — Second Circuit for obtaining shortfiriise

Again the circuit uses a standard RF oscillatoti{viRR=1.25 at the operating
frequency) but this time modulation is achieved tha switching transistor in the
source circuit of the oscillating transistor. Wheemegative voltage below pinch off is
applied through the resistor to the gate of thectwiransistor there is, in effect, an open
circuit between the drain of the oscillating trasr and ground. When the gate of the
switch is brought up to OV by the data wavefornrent flows and the circuit oscillates.

71



The shortest RF pulse width achievable before dbssitput voltage was 048S for this
circuit. The experimental results just describeahifrthese two circuits indicate that

extremely low duty cycles can be achieved.

4.5 Super-Regenerative Transceiver with Low Receive

Duty Cycle

The same principle of turning the circuit ON foperiod considerably less than the
bit period described in the previous section carapglied to the receive circuitry. In
this case an input composed of short RF pulsepptieal to the receiver. A quench
signal synchronised to the input data and with lagwidth greater than the RF input
pulse width (2x in this particular case) is givenegative offset and applied to the gates
of the amplifying and oscillating (super-regenemyitransistors. In this way the receive
amplifier and oscillator are turned on only whefl’aor a ‘0’ is ‘expected’. Fig. 4.23

shows the measurement set up used to test theptonce

Bit O/F

Slicer [ Monc L,
,—> Stable

RF pulse _ﬂ/

Figure 4.23 — Measurement set up to test low dytiedRx concept

Fig. 4.24 shows the waveforms at various pointhésystem. It can be seen that
the RF output contains the quench signal as welaslata. Usually the quench period
is at least twice the frequency of the input datd ean therefore be filtered out. In this
case however the quench signal is the same asathepdriod. It can be seen from fig.
4.24 that the data can be recovered by exclusivin@the Rx output with the quench
signal. This leaves a series of short pulses kitehe data 1's. The missing portions
of the data can be recovered in exactly the sanyeawan the previous section i.e. with
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a monostable. The quench waveform in fig. 4.2 to be much wider than the RF

pulses for clarity - in practice it is twice thedth.

Data

RF inpu |

Pulses |

Quencl j - - -

Rx O/F

Rx O/P @ Quen

Monostable
o/P -

Figure 4.24 — Waveforms for low duty
cycle receiver

The hybrid prototype detailed in section 4.4 iscuk® the RF part. The additional
baseband circuitry (logic and monostable) is redligsing the CMOS 4000 series. Fig.

4.25 shows the ac, pk-pk, output voltage of thepRif of the receiver.
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Figure 4.25 — Output voltage vs. input

power for low duty cycle receiver
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The receiver achieves an output of 1 mV for an ingfu-50 dBm. This is many
times larger than the output of the amplifier cdechwith the detector (see section 4.4)
and yet consumes only 10N — a 97.5% reduction in power over the basic super
regenerative receiver which is turned ON all oftilhee.

As with the transmit circuitry, if the data rateimcreased then so does the duty
cycle (the pulse width remaining constant) andgbeer consumption. The measured

results in Table 4.1 illustrate this effect.

Data Rate| Quench | Duty Power
pulse Cycle consumption
width

800 bit/'S | 5QS 2% 1w

50 kbit/S | 1S 25 % 10QW

Table 4.1 — A comparison between Rx
data rate and power consumption

In order for the duty cycled receiver to work theegch waveform needs to be
synchronised to the input RF pulses. Synchronisatan be achieved by using a stable
frequency source matched to the input data andabying the position of the quench
pulses in time until a lock is achieved. Two 55%drs and an inverter can be used to
achieve an output of narrow pulses whose positiciime can be altered as a function
of a control voltage. Fig. 4.26 shows an exampla afonostable-connected 555 timer
circuit. Two such circuits are connected in casocddean inverter. The control voltage
is applied to pin 6 of the first monostable and pive 3 output of the first monostable is

fed through an inverter to pin 2 (trigger) of tleesnd monostable.

Voo
\J Ra
1] B
=l DISCHARGE
1|~ TRIGGER o—]Z] 7 .
OUTPUT "_E ICM7555 THRESHOLD
f I 3
o CONTROL
3} meser o—{% 5 J— VOLTAGE
OPTIONAL

—=c
CAPACITOR _-_r_ I

Voo =18V

Figure 4.26 — Monostable connected 555 timer dircui
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Fig. 4.27 shows the relevant waveforms. The twoetgnare connected as
monostables. The first timer's output duty cycle dse altered as a function of the
applied control voltage. The output is inverted dhdn used to trigger the second

monostable. In this way variations in duty cycle ttanslated into varying delays.

1st Monostabl

olp

2nd Monostableé

Tt

Fig. 4.27 Synchronisation of quench waveform bydlating variation in
duty cycle into variations in delay

The extra power consumption of the synchronisatiocuit is 600uW. Again, custom
design should allow this figure to be drasticaétgduced.

It has been shown that, by duty cycling the reaeithee power consumption of
the RF circuitry can be reduced to 1¥/. Duty cycling the receiver does lead to some
degradation in performance because only one saimpiken per bit period. This is
contrast to normal operation where at least two pdasnare taken. However, the
performance is still much better than that provided an amplifier and envelope
detector. The reduction in power arises becauseetteve circuitry is turned ON for a
short period of time compared to the bit periode Téw duty cycle receiver may find
application in short range, low data rate links wehaltra low power consumption is

required for example the SpeckNet project.
4.6 High Impedance Transceiver

The circuits described in the previous section8 (4.4.5) are based on circuitry
designed in a 52 environment. In this section, a receiver is disedswhich is
designed to have a normalising impedance of 1Q00 It will be shown that this
maximises the output voltage of the receiver amdetiore relaxes the specifications of
the baseband amplifier.

Ref [4] describes a high data rate (10 Mbit/s) supgenerative receiver. The

circuit achieves this high data rate by synchrogjsihe quench waveform with the
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input data but it is the detector in [4] that ismbst interest here. The detector in [4]
converts a modulated voltage into a demodulatethgel This is in distinction to the
detectors previously described in this work. Th@erated as power in/voltage out
demodulators. The common drain detector schensashaown in fig. 4.28.

-Vag +Vdd

a.c. shol

Matching
> Network —>

» Demod Ou

Figure 4.28 — Schematic of common drain detector

Use of the common drain envelope detector alldvesdesigner to maximise the
voltage at the input to the detector, and hencesyiséem output voltage, by using a
higher normalising resistance to match the recewaplifier output (the receive
amplifier input is still matched to 5Q), the input and output resistance of the super-
regenerative oscillator and the input resistancéhefdetector. The reason the output

voltage is maximised is that, for a given powee, télation

2

Power= VF (4.6)

shows that the voltage will be larger for a largesistance i.e. for a doubling of

resistance the voltage will increase b@ This is a refinement of the techniques
described in [4] in that, previously, a high impeda load was presented to the output

of each stage rather than individually matching tektive input and outputs to a
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certain normalising resistance. Using the curreshique reflections are minimised
and maximum power is transferred between each.stage

The high normalising resistance precludes the @isleeckind of negative resistance
oscillator previously described. Instead a feedbauit based on a modified Colpitt's

oscillator is used. Fig. 4.29 shows a schematigrdia of the circuit.

O/F

Ip

TL | |

Figure 4.29 — Schematic of modified Colpitt’s olstor (bias circuit not

included)

A circuit consisting of a 5@ input and high output impedance amplifier, a high
impedance oscillator and detector, @Qransmit oscillator and a two way switch was
designed. The designed circuit was realised usimgostrip transmission lines on a
substrate with a dielectric constant of 3.48 anthiekness of 0.762 mm. Lumped
inductors and capacitors from ATC were used fomtlaching networks. The transistor
is the NE76038. The supply voltage is 0.75 V. Taeaent drawn by the amplifier is 0.2
mA and the current drawn by the super-regeneratseodlator is 0.7 mA. The detector
consumes less than 50W so the total power consumption of the receiver is
approximately 67pW.

To summarise:

* The amplifier is designed to have a athput impedance and a 1000output

resistance

» The oscillator is based on a modified Colpitt’s figeration with a capacitive

feedback network and a meandered transmissiondagecitive resonator
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 The detector converts an RF voltage to a demodllatdtage and uses a
common drain configured transistor. An LC matchnagwork provides a 1000
Q input impedance
* The transmit oscillator is a standard@Megative resistance oscillator designed
to have a RR equal to 1.25 at the operating frecuen
* The antenna is shared via a switch as outlinechapr 3.6
Fig. 4.30 shows the measured input match to thest¢edver i.e. looking into the
switch when the receiver is turned on. It can bens¢hat the return loss is
approximately 30 dB at 2.47 GHz and 15 dB at tloeiker operating frequency of 2.5
GHz.

a

_ ml
- 1 freqg=2.470GHz
— ] dB(S(1,1))=-29.301
- 10—

- - m
— 4 me
— ] freq=2.500GHz
I e dB(S(1,1))=-15.078
- ]
= ]
- 20 \ \ \ \

-]
(-4

2.2 2.4 .8 2.8 8.0
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Figure 4.30 — Input match of the high impedanceixer

Fig. 4.31 shows the measured a.c. output voltageusehe input power for a quench
rate of 10 MHz and a data rate of 10 KBit/s. Thesilts were obtained by injecting an
RF pulse train at varying powers into the receigad measuring the peak to peak
voltage of the RF output on an oscilloscope withirgput impedance of 1 M and a

shunt capacitance of 20 pF.
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Figure 4.31 — Output voltage vs. input power ohhigpedance receiver

It can be seen from fig. 4.31 that the output \g#tés still at a usable level of 5
mV for an input power of -90 dBm and rises to akpealtage of 12mV for Pin=-60
dBm. The circuit exhibits a sort of AGC since thaiations in output voltage are very
small. In fact the output voltage drops when thutrpower increases above -60 dBm.
An input power of -90 dBm is equivalent to a trarsen with an output power of -10
dBm over 60 m distant from the receiver assumi @ain antennas and an operating

frequency of 2.5 GHz. Fig. 4.32 shows the frequemsponse of the high impedance

receiver
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Figure 4.32 — Output voltage vs. input frequencthefhigh impedance
receiver

It can be seen from fig. 4.32 that the centre feaqy is 2.5 to 2.505 GHz and that
the 0.707 bandwidth is approximately 15 MHz. Thiwiously reflects poor selectivity
and is a well known problem with super-regenerataeeivers. However, this feature
can be regarded as positive as it accommodatesganput frequencies i.e. it allows

for variations in the transmit frequencies of conmicating specks.

4.7 Conclusions

This chapter has introduced the reader to the @rafesuper-regeneration: an
oscillator which is quenched such that oscillatipesiodically build up, reach a steady
state and then die out acts as a high gain amplifieus, an OOK signal which is
applied to the gate port of an oscillator is samfde a rate of at least twice the input
data rate and appears at the drain port of thdlatsci with greater amplitude. The
output signal also contains also contains an RMmasignodulated at the quench
frequency. When the RF signal is demodulated thencju component can be filtered
out with a low pass filter. The higher the quenomponent is relative to the data rate

the more precisely the quench component can beveano
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A mathematical analysis of an SRR has also beesepted. The analysis can be
reduced to the statement that the greater the imegadsistance of the oscillator the
larger is the effective amplification of the SRMeTreader is referred to appendix A for
a more detailed treatment of the analysis. It Hae Been shown that the equation
describing the output of the SRR can be modifiethghat successive quench cycles as
well as a limiting value for the oscillator outpare included.

The chapter continues with a detailed descriptibthe implementation of an
OOK, super-regenerative, hybrid prototype transsreoperating at 2.4 GHz and with a
data rate of 200 kBit/s. The transmitter consistsdwectly modulated negative
resistance oscillator designed using the RR metthestribed in section 3.4. The
oscillator is biased such that consumes gdd0and achieves an efficiency of around 25
% i.e. the output power is 1QON or -10 dBm. Modulation is achieved by biasing the
oscillator at positive drain voltage and the gateiach off. A data ‘1’ is produced by
raising the gate voltage above pinch off and th@mging the voltage back to pinch off.
In this way a burst of RF carrier is generated wineme is data ‘1’ and the transistor is
pinched off and draws no current during data ‘Qsing this arrangement virtually no
power is consumed during data ‘O’s and so a sawfrat least 50 % is achieved over
using a switch to modulate the output of an LO. Téeeiver consists of an isolation
amplifier, SRO and detector. In total the receieensumes 38QW and generates an
output voltage of 2 mV for an input power of — 3Bnal. If we assume antennas with O
dB gain and a baseband amplifier with an abilitameplify signals as low as 1 mV this
translates into a maximum operating range of 4 m.

In section 4.4 the novel concept of duty cycling transmitter is detailed. The
basic concept is to utilise the discontinuous reatfrOOK signals to reduce the power
consumption of the transmit circuitry. Instead @ntsmitting a burst of carrier for the
total time the data is at a high logical level, thensmitter only generates a burst of
carrier for a short period of time relative to tirae the baseband binary signal is high.
The correct duty cycle is then reproduced by aoi#i baseband circuitry connected at
the RF receiver output. It is shown that the RFuwir power consumption can be
reduced by 97 % with no loss in performance as sthe RF pulses do not exceed the
bandwidth of receiver.

Section 4.5 applies the same concept describeectina 4.4 to the receiver. In
this case narrow quench pulses are used to cyelevtivle receiver i.e. the amplifier

and the SRO. The reduction in power consumptioativa to the static d.c. power
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consumption is always less than the reduction er duty cycled transmitter as the
pulse width of the quench signal must be wider tt@ninput RF pulses for successful
operation. Despite this a reduction in power comstion of 95 % was achieved. The
major drawback of the technique is that the quesighal must be synchronised to the
input RF pulses although a synchronisation mechanigsed on monostables is
discussed in which the position of the narrow ghepalses can be shifted back and
forth in time as a function of a control voltageisl envisaged that a training sequence
can be used so that a control loop is used to treycontrol voltage until a ‘lock’ is
achieved.

In section 4.6 a design methodology for receiveith mcreased output voltage
is presented. It is important to maximise the outmitage of the RF receiver as this
relaxes the specifications of the receive basebamglifier thus reducing overall power
consumption. Maximising the output voltage of tleeeiver will also increase the
operating range of the transceiver.

In conclusion, this chapter has provided a desonptf the operation of super-
regenerative receivers and has provided an equitidascribe the output waveform of
a quenched oscillator. An implementation of a supgenerative transceiver has been
described and measured results have been presérnted. been shown that the power
consumption of a standard transceiver can be asa®W0OOuW for both transmit and
receive circuitry. In addition, it has been shovmattthe power consumption of the
transceiver can be reduced by approximately 95 %uby cycling both the transmitter
and receiver circuits. Also, it has been shown hbe output voltage and hence
operating range of the complete transceiver cagrbatly increased by using a larger
normalising impedance for the receiver.

Future work should concentrate on designing a cetepkontrol loop to
synchronise the receiver quench pulses to the iguiat pulses. Another important piece
of work to be followed up is to design a high imaede, low duty cycle receiver. The
result thus obtained should couple extremely lowegroconsumption with large output
voltages. The experiment was tried but it was fotimat, for reasons which remain
unclear, the high impedance receiver proved registaduty cycling: it was found that
the circuit produced the correct output but waseswely sensitive to the bias voltage
on the gate of the SRO — too sensitive for reliapleration.
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Chapter 5

Monolithic Microwave I ntegrated

Circuits

5.1 Introduction

So far, the circuits described are realised in ildytborm — i.e. using discrete
transistors, inductors and capacitors — and as auehvery large compared with the
requirements of specks (i.e. less than 5 x 5 mmulfs can be made smaller if the
transistors, lumped components and transmissi@s kame realised in Integrated Circuit
(I.C.) form or, in the case of microwave frequemincuits, as Monolithic Microwave
I.C.s or MMICs. The reduction in size is partly doethe high permittivity substrate of
12.9 for GaAs (smaller wavelength) and the lackntéérconnects, soldering pads etc
which are necessary when a hybrid circuit is faied. The physical size of the lumped
components, especially the capacitors (due to #sisirof the dielectric between the
plates — yielding higher capacitance per unit aralsp contributes to the smaller size.
The absence of solder joints also greatly incredisesreliability of the circuit. The
disadvantage of MMICs, are the greater care reduiieen designing the circuits and
the lack of any tuning facility.

The methodology used in the design of MMICs isddi®s:

* The transistors are measured on-wafer in a Co-Plafaaeguide (CPW)
configuration

* Electro-Magnetic (EM) simulations are performed dhe CPW
waveguide structure connecting the transistor ¢ootirwafer probes and
are compared with measurements

* The transistors are de-embedded using the Electyobter simulation
data for the CPW interconnects

* EM simulations are performed on a number of capegitnductors and
resistors
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» The EM data for the lumped components are compartéd measured
results
* Alibrary of S-Parameter files for the lumped coments is created
* An EM-based library of T-Junctions and cross jumtsiis created
* Oscillators, Super Regenerative Detectors (SRD),plifiers and
switches are designed using S-Parameter fileshiotransistor, lumped
components, interconnects and junctions.
This methodology ensures that the performanceefittal circuits and transceiver are
predicted with accuracy. The models for the passivere obtained using Agilent’s
Momentum planar EM solver. Use of EM data negdiesieed to measure and extract
models for a large number of passive structureselferal passive components are
shown to agree with simulation, the performancewy passive geometry of similar
size can be predicted with confidence. The MMICcpss technology will now be
described and will be followed by a discussionhaf tlesign of lumped components, sub

circuits, transceiver, antenna and finally the clatgpintegrated antenna/transceiver.

5.2 MMIC Process

The MMIC process at Glasgow University is an adeahtl-V process based
on 3 inch GaAs substrates. The standard devicedepietion mode, 2 x 50m gate
width, 50 nm gate length, mHEMTs with a composité®’/GaAs channel. The
breakdown voltage is approximately 1.3 V and Idssnithe region of 70 mA. The
circuit interconnects are realised in CPW form. @ared to microstrip, CPW offers
reduced fabrication complexity as no vias or batkgirocessing are required. CPW is
also superior to microstrip in terms of microwavefprmance as CPW transmission
lines are less dispersive: in microstrip, thin $tdies are required in order to eliminate
higher order substrate modes whereas in CPW relatihick substrates can be used
without the introduction of higher order modes asgl as airbridges are used to
suppress the higher order slot-line mode. Ft ferdbvices is approximately 270 GHz.
The MMICs fabricated as part of this work were faated by Harold Chong, Susan

Ferguson, Helen McLelland and others and not byttikor.
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A MMIC wafer involves many process steps - afbdescription of which is

given below:

» A first gold metal layer, 1.2um thick, is deposited on the substrate and is
used for text, the bottom plate of the MIM capawstand for finely detailed
structures

A 150 nm thick SiN layer is deposited using a dighetechnique. This is
used for MIM capacitors and for passivation.

* Next, ohmic contacts are fabricated

* A MESA isolation layer, 60 nm thick, for the actidevices is deposited

* The recessed T-gates of the transistors are theicdded with a thickness of
approximately 70 nm

* Next, a 150nm thick, 50 Ohm/square, NiCr layerepakited. This is used
for resistors ands realized using an e-beam evaporation and theffif
technique

* The penultimate stage is to deposit thein?thick gold layer used for the
CPW transmission lines

» Finally the airbridges are added to tie the twougbplanes together and so

eliminate any higher order modes which may othexwi®pagate
5.3 MMIC Capacitors

Fig. 5.1 shows the top and side view of a seriemected Metal Insulator Metal
(MIM) capacitor used in MMIC design.

Lcap

Side Elevation of Overlay (- Gold track
1 — MIM Capacitor L Silicon Nitride
[Weap = Air Bridge

L ]

top view side viev

Figure 5.1 — Layout of series MIM capacitor
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Fig. 5.2 shows a shunt connected MIM capacitor.

e Side Elevation of Overlay L1 Gold track
] MIM Capacitor L Silicon Nitride

N |

Figure 5.2 — Layout of shunt MIM capacitor

In the series connection there is dielectric filgap between the gold signal tracks
whereas in the shunt connected track there is extdoonnection between input and
output port and there is gold track beneath th@adidine and dielectric which is
connected to ground.

The dielectric thickness is 150 nm and has a pauityt of approximately 6.7
yielding a typical capacitance of 0.4 fF pen®. A number of capacitor structures with
varying length and width were simulated and thdrrifated and measured. Fig.s 5.3
and 5.4 shows the measured and simulated reflepaosmeters for a two port shunt
capacitor which is 6@m in length and 2@m in width. ADS/Momentum was used to
simulate the structure and the measurement wasrperfl on-wafer using Cascade
probes and an Anritsu network analyser. Similadgdjagreement is obtained for other

capacitors both series and shunt.
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Figure 5.3 — Measured (red) and simulated (blyehfagnitude

for 20x60um shunt capacitor
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Figure 5.4 — Measured (red) and simulated (blyep&ase for 20x60
um shunt capacitor

As a rough approximation the capacitance of a MiiMcsure is given by eq. 5.1

Cideal = £,¢, WT“ (5.1)

wheregg is the permittivityof free spaces; is the dielectric permittivityw is the plate
width, | is the plate length antlis the height of the dielectric or the distanceseen
the plates. To this, a term for the fringing capmae must be added. By comparing the
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measured and ideal capacitance a term for theifigngapacitance pem of edge can
be derived. The empirically derived formula for tberrected capacitance including
fringing term is given by eq. 5.2

Ccorr = &,¢, WT“ + 7810wl (5.2)

Some indicative results for capacitance againsiuieacy for different areas are
shown in fig. 5.5

5000
_ 70x80um
4000—
— 50x60um
B 3000 —
b —
© 2000—
7 35x45um
1000 —
7] 15x37um
0 T | T | T | T | T | T | T | T
0 2 4 6 8 10 12 14 16

freq, GHz

Figure 5.5 — lllustrative capacitance vs. frequenwyes for different

areas

5.4 MMIC Inductors

The layout of a general Co-Planar Waveguide (CPW)I®™ inductor is shown in
fig. 5.6. The airbridges connecting the two groumtisminate modes other than the
guasi-TEM mode from propagating and the long aildpgi ensures a series connection
between the input, central inductive track anddbgut. The number of turns in this
particular case is four. The width of the centratk is 10um and the spacing of the
track is also 10um. The Overall Dimension (OD) is the length and tiaf the

inductor.
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Figure 5.6 — General Layout for MMIC inductor
A number of test inductors were fabricated, meabkarel compared with simulation
results. Figs. 5.7 and 5.8 show a comparison of siheulated and measured;S

parameters. Similar agreement is obtained for famgd smaller inductors.
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Figure 5.7 — Comparison between measured and nedd®llmagnitude

for inductor
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Figure 5.8 — Comparison between measured and neddsll phase for

inductor
Fig. 5.9 shows some illustrative inductances féfedent geometries.
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n H

170

fregq, GHz

Figure 5.9 — lllustrative inductances for vario@®metries

5.5 MMIC Two Way Switch

Fig. 5.10 shows the layout of a switch designethagction 3.6 (see fig. 3.19). The
two sources are connected to each other and tipaitioput transmission line whilst
the two drains are connected to either the recamplifier or the transmit oscillator.
The two control voltages are connected via isohatiesistors to the two gates. This

arrangement is equivalent to the schematic shovig.ii3.19.
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Figure 5.10 — Layout of two way switch

The taper at the input allows on-wafer probing #mtwo rectangular pads allow
d.c. probing. The d.c. supply is decoupled fromdineuit by two 1 K resistors. Two
of the sources are grounded whilst two are lefatftay (future designs will strap the
sources together using airbridges). Two CPW cuatethe right hand side allow for
connection to the receive amplifier and transmdiltzor. The transistors used are 50
nm mHEMTs and have a pinch off voltage of approxetya-1.45 V. Idss on this
particular wafer is in excess of 100 mA and coudtl e measured directly because the
Semiconductor Parameter Analyser used has an olitpitof 100 mA. For more
details on the transistor see Appendix B.

The circuit was fabricated and tested. Fig. 5.1awshthe simulated (red) and
measured (blue) insertion loss between the tagkoaa of the ports when the switch is
ON (gate voltage of 0 V). It can be seen that tiseition loss is approximately 1 dB at
6 GHz. This figure is acceptable but may be impdolrg optimising the layout and by
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strapping the transistor sources together. Fifj2 Shows the modelled (red) and
measured (blue) input match to the switch in thesatie. It can be seen that the match
is good (< 10 dB) up to 10 GHz. Fig. 13 shows tieeition loss when the switch is in
the OFF (gate voltage of -1.45 V) state. Isolatdr23 dB is achieved around 6 GHz.
Finally, Fig. 5.14 shows the match of the switchtlie OFF state. The switch is

effectively an open circuit in this state.

(dB)

Sel

freq, GHz

Figure 5.11 — Measured (blue) and modelled (reshriron loss of the

switch
0
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Figure 5.12 — Measured (blue) and modelled (repl)timatch of the

switch in ON (Vgs=0 V) state
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Figure 5.13 — Measured (blue) and modelled (reshrtion loss of the
switch in OFF (Vgs=-1.45 V) state
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Figure 5.14 — Measured (blue) and modelled (repl)timatch of the
switch in OFF state

The discrepancy between modelled and measured ptaemis attributable to the
imprecise EM modelling of the passive structure neming the transistors to the

external circuitry. The transistor was modelled®iParameter files.
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5.6 MMIC Amplifier

The receiver amplifier must be low noise (<2dB)dgood input match (<12 dB) and high
isolation (>20 dB) whilst the amount of forward & not as important but must be greater
than 0 dB. The amplifier must be low noise in ortteensure good receiver sensitivity. It
must also have good matching to @&o ensure maximum power is transferred from the
antenna. The isolation must be high in order thaessive amounts of re-radiation are
avoided. Finally, the amplifier must provide sonmangto the received signal in order to
boost the signal fed to the SRO and also to retheaoise of the second stage SRO (see
e(.3.3). A trade off exists between gain and paasumption. Fig. 5.15 shows the layout
of a designed MMIC amplifier. The transistor isiséigely loaded at the drain side and is
then conjugately matched. The gate bias is fedutfiraa 1 K2 resistor, shunt decoupling
capacitor (1 pF) and a large inductance (15 nHg diain bias is fed through a low valued
resistor (20Q2), shunt decoupling capacitor (1 pF) and a largigtance (15 nH). A d.c.
blocking capacitor (2 pF) is placed at the inpud antput port. A 5@2 resistor is placed at
the drain to ensure unconditional stability. The ogresistors in the drain circuit mean that
the final circuit will have to be biased at a stighhigher drain voltage than the measured
S-Parameters on which the circuit is based. Thiduie to the voltage drop across the
resistors. The matching networks are realised usimmt capacitors and series inductors.

The total chip size is 1.4 x 2 mand the power consumption is 0.45 mW. The transisto
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biased at 0.3 Vds and draws a current of 1.5 mA

I 3

bias resistor

1.4 mm

d.c. hlock

d.c feed

Loading
Resistor

E

L4

r'y

Figure

2 thtn

5.15 — Layout of MMIC amplifier

Fig. 5.16 shows the simulated input and outpuectibn coefficient magnitude in

dBs. The return loss at both ports is better thadB at 5.6 GHz.
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Figure 5.16 — Simulated input and output reflecttoefficient gain for

MMIC amplifier
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Figure 5.18 — Simulated reverse transmission forl®l&mp

Fig. 5.17 shows that the power gain of the ampliBe7 dB at the centre frequency.
Fig. 5.18 shows that the isolation is better th@&ndB. These figures indicate a useful

amount of gain coupled with acceptable isolation.

5.7 MMIC Oscillators/Super-Regenerative Detectors

Fig. 5.19 shows the layout of a MMIC oscillator.eThiasing arrangement is similar
to that of the amplifier previously described. Aedback capacitor connected between
drain and gate increases the portion of the smiartcrepresenting unstable
impedances. This makes it easier to match for negaesistance using low Q
components. A negative resistance at the drainipameated by suitably matching the
gate circuit so that the reflection coefficientslian the unstable region of the smith
chart. The negative resistance is then increaseslaine by the output matching

network. As a final check the Return Ratio is clHt®d to ensure oscillations. The
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overall dimensions of the circuit are 1x2.2 mm. Pplogver consumption is 0.6 mW. The

transistor is biased at 0.3 Vds and 2 mA.

2

Figure 5.19 — Layout of MMIC oscillator

Fig. 5.20 shows the simulated Return Ratio (RR)cdh be seen that the RR
encircles the point -1+j0 in a clockwise fashiom dhat it crosses the 180 deg point at

5.6 GHz indicating oscillations at this frequency

m3

m 1
freq=5.180GHz=z
RR=0.56569 / —-160

.556

m2
freq=5.620GH
RR=1.038 / 1

tfreq (5.000GHz to 6.500GHZz)

z
T9.317

om3

freqg=6. 370GCGHz
RR=1.7868 / 125

. 061

Figure 5.20 — Simulated MMIC oscillator Return Rati
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In Chapter 4 it was stated that the addition otgector at the output of the Super-
Regenerative Oscillator (SRO) improved the receiperformance. However, a
transistor based common drain detector was designddmeasured and despite the
good input match failed to generate useful outmltages. The reason for this remains
unclear. For this reason it was decided to us&R@ as a Super-Regenerative Detector

by placing a resistance in the drain bias circod asing the voltage developed across

the resistor to recover the demodulated signal.

The same oscillator just described can be confijtoeact as a Super-Regenerative
Detector by inserting a load resistor in the didas circuit, a d.c. block and load at the
drain side port and by adding a taper for probhmg gignal developed across the drain

load resistor. The layout for this circuit is shoinrfig. 5.21.

Figure 5.21 — Oscillator in fig. 5.20 adapted tadrae a Super- Regenerative

Detector

5.8 Complete Transceiver MMIC

Now that all of the necessary sub circuits havenbeesigned they can be put
together to form a complete transceiver. The layoshown in fig. 5.21. The total chip
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size is 2.5x4.9 mm. The power consumption is agprately 1 mW receive and 0.6

mW transmit. The area and power consumption ate Wwithin specifications.

Rx super —tegeneraive

detector

2.5 mm

‘@:l Tz oscillator

L J

A

49 mm

Figure 5.22 — Layout of complete MMIC transceiver

5.9 Antenna

A wire loop antenna was designed for 5.6 GHz. Titersna was designed by first starting
with a half wave length wire loop and then the ldmgck width was adjusted to maximise
gain. Next, the loop was meandered to reduce z&s and finally the geometry of the feed
was optimised to achieve a good input match. Th&Mdmentum layout of the simulated
antenna is shown in fig. 5.23. The transceiver apgroximated by a conductive metal
polygon. The total area taken up is 6.8 x 6.3 mniclwhs slightly larger than SpeckNet
requirements (5 x 5 mm). Simulations show that@Hz antenna will fit into into 5x5 mm.

The track width is 0.25 mm and the gap betweerCthe/ feed and the loop is 0.1 mm. Fig.

5.24 shows a close up of the feed. The signal toh¢ke CPW feed line is connected to one
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end of the loop whilst the other end of the loogasmnected to one of the CPW grounds.

)

Figure 5.23 — ADS layout of the wire loop antennthva metal polygon

representing the transceiver

gnc
sig

gnd

Figure 5.24 — Close up of the antenna feed
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Fig. 5.25 shows the radiation pattern of the arderihshows a dipole — like
omni-directional radiation pattern. The simulatedhgs -1.06 dB. The radiation pattern
and relatively high gain make it ideally suitedWwSN applications with the high gain
allowing for low path-loss radio links and the ordnectional response allowing for
communication between specks orientated in diftedé@ections.

Figure 5.25 — Radiation pattern of the antenna

Fig. 5.26 shows the input reflection coefficientloé antenna. It can be seen that
the return loss at 5.6 GHz is 27 dB - indicatingamost perfect match to 5Q.
However, on the negative side, the 10 dB bandwisithpproximately 0.6 GHz. The
large bandwidth will increase the noise floor of tleceiver as out of band noise will be
input to the receiver. However, the bandwidth & tkeceiver amplifier and the band
pass like response of the SRD should filter outesamwanted noise.
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Figure 5.26 — Input reflection coefficient of thetenna

5.10 Integrated Antenna/Transceiver MMIC

Fig. 5.27 shows the layout of the final antenna&grated with the transceiver. The
Super-Regenerative Detector (SRD) has been rotat&d ° to make more efficient use
of the available space. The final dimensions a8x66.3 mm. This is slightly larger
than SpeckNet requirements but simulations shotalieansceiver operating at 7 GHz

would fit into 5 x 5 mm.
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53 mm

Figure 5.27 — Final integrated transceiver/anteviVdC

5.11 Conclusions

This chapter has presented a design methodologylkC transceivers based
on EM data for the lumped components, junctions iatetconnects and S-Parameter
files for the active devices. The accuracy of thé @ata has been confirmed for both
capacitors and inductors by a comparison betweeasaoned and modelled S-
Parameters. This close agreement ensures the mparfoe of complete circuits can be
predicted with confidence. An overview of the fabtion steps used in the advanced
I1I-V in-house technology has been given and tineusated performance of low power
MMIC circuits has also been given.
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The layout of MIM series and shunt capacitors typital performance data has
been presented. It has been shown that excellememgnt is obtained between
measured and modelled S-Parameters for shunt ¢aaciUse of MIM shunt
capacitors greatly reduces the circuit real estammpared with open circuit stubs -
especially at relatively low microwave frequenci8gries capacitors are essential for
d.c. blocks — excellent agreement between measumédnodelled parameters for series
capacitors is obtained.

Lumped inductances are preferred to lengths afstrassion lines at low
microwave frequencies as they take up considerigsly circuit real estate. Accurate
models are required and excellent agreement isewaetii between measured and
modelled S-Parameters using EM data — see figuBearisl 5.4.

With close agreement between measured and modelpdnses for capacitors
and inductors for a number of given geometriebmaty of components can be created.
Powerful additions to the library include EM data interconnects and for T/Cross
junctions. The data for the passive components wtaupled with accurate de-
embedded measured data for the transistors proaidesund basis for the design of
complete circuits and, ultimately, complete transses.

Measured data for a two way switch is given. isertion loss in the ON state
is 1.1 dB at 6 GHz and the isolation in the OFFResia 17 dB whilst the return loss is
better than 10 dB. The switch layout should beroisid to better the input match and
decrease the insertion loss. The switch desigmnspact and measures 0.78 mm x 1
mm. The switch is effectively passive as the gateent is of the order of tens pAs.

A design for a linear amplifier with a centre foeacy of 5.8 GHz is shown in
fig.5.15 the circuit exhibits 7 dB gain with 23 dlation and consumes 0.45 mW.

A design for an oscillator intended for use ashbattransmit oscillator and a
receive SRO is given. The predicted output frequesc5.8 GHz and the predicted
output power is -10 dBm. The power consumption 450mW. The circuit was
designed using Return Ratios.

As discussed earlier in the chapter, a commomdtatector was designed and
measured but it was found that, despite a good imatch, the output voltage was very
low. The reason for this is still under investigati It was therefore decided that a
resistor would be placed in the drain bias cirofithe SRO to convert the circuit into a

Super-Regenerative Detector.
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A design for a compact wire loop antenna opegatih 5.8 GHz is given in
section 5.9. The antenna exhibits an omni-direalioesponse with satisfactory gain of
-1 dB. The antenna is therefore suited to use iMN®/&s its radiation pattern allows for
misaligned specs to communicate with each otheitaridgh gain reduces the path loss
and hence increases the distance over which spaoksommunicate.

Finally the layout for an integrated transceigaténna is given in fig. 5.27. The
overall chip size at 6.8 mm x 6.3 mm is slightlygla compared with the specification
of 5 x 5 mm. The operating frequency of 5.8 GHmmian unlicensed ISM band but if it
were possible to move to the slightly higher frempyeof 7 GHz simulations show that

the complete transceiver would fit into 5 x 5mm.
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Chapter 6

Conclusions

6.1 Discussion of Results

The focus of this thesis has been to design raditsteivers which exhibit ultra low
power consumption, small size and are suitableiserin WSNs. The radio must exhibit
small size as the overall ‘speck’ size must be kni&le battery capacity is therefore
severely limited. Another, conflicting, requiremastthat the radio must be able to
operate over a distance of at least a metre. Tidies radios with high sensitivity but
again this requirement is in conflict with the derdahat the radio exhibit low power
consumption. However, the radio is only requirechémdle relatively low data rates.
This latter fact facilitates the design of a radsolution which satisfies the
specifications: this thesis has demonstrated tratittra low power consumption, low
data rate (<200 kBit/s) applications the super-negative receiver coupled with a
directly modulated transmit oscillator providesigactory performance with respect to
output voltage and operating range. Measured mesulthybrid prototypes described in
this thesis confirm this assertion.

Chapter 2 discussed the unsuitability of ‘convemibhomodyne transceivers to the
design problem. This is mainly due to the relagvagh LO powers required to ‘pump’
the mixers and the power hungry PLL. Chapter 2 disoussed the choice of operating
frequency in terms of physical size, power consuonptand operating range: the
circuitry requires low frequencies as the gain wipéfiers and the output power of
oscillators can be higher at low frequencies. Atke,insertion loss of switches and the
path loss of LOS links are lower at low frequenci®s the other hand, in terms of
physical size the operating frequency must be gh Bs possible as this allows the
antenna, lumped components and transmission knbe tade extremely small. There
thus exists a trade off between physical size, aip®y range and power consumption.
For this particular application the optimum opergtirequency is judged to be between
5 and 10 GHz for a physical circuit size of aro@thm x 5 mm.

Chapter 3 described the function of each RF stdatiti or building block.

Design procedures for all the circuits required $wuper-regenerative transceivers:
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amplifiers, oscillators, detectors and switches evpresented. The amplifier uses
resistive loading at the drain side and conjugadéching to achieve as close a match to
50 Q as possible. A novel oscillator design method t{sec3.4) which allows the
designer to optimise the circuit for either spdcparity, start up time or a.c./d.c.
efficiency was also detailed. The efficiency camide twice as high as the efficiency
obtained with the standard design technique. Alse,designer may want to decrease
the start up time of their circuit when, for exampthey are designing quenched
transmit oscillators for carrier-UWB applicationSection 3.5 discussed the design
procedure for envelope detectors. It was shown ttiete exists a trade off between
output voltage and the highest possible data refewever, for low data rate
applications an output RC network with a high tioomstant (and load resistance) can
be used - therefore maximising output voltage.i8e@&.6 described how two FETs can
be connected together to form a SPDT switch. Thebws important because it allows
the antenna to be shared between the receiveramsiriitter. Switch insertion losses of
around 1 to 1.5 dB at low microwave frequencieslzaachieved.

The standard transceiver operating at 2.48 GHzritbestin section 4.3 achieves an
output voltage of 2mV for an input power of -55 dBBxtrapolating to lower powers
and assuming that the baseband amplifier can amplgignal as small as 1mV then
with an -11 dBm Tx output power the transceiver @ark over a distance of 4 m
assuming antennas with 0 dB gain. The power consampf the receiver is 0.38 mW
and the transmitter consumes 0.4 mW. These impontasults indicate that a
transceiver can be designed using GaAs FETs, apgratt low microwave frequencies
and built from standard circuits that operates @vearetre and yet consumes less than a
milliwatt.

Sections 4.4 and 4.5 described how the transnaittdrreceiver circuits can be duty
cycled to reduce power consumption by as much &¥87The principle underlying the
duty cycling technique is simple: rather than segda burst of carrier for the same
length of time as the data is at a high logicakleinstead send a much shorter pulse to
signal a ‘1'. If the transmitter is only ON wheretl is a short burst of carrier then the
power consumed will be less than if a ‘long’ bwktarrier is sent. The same principle
can be applied to the receiver: it only turned Ohew a O or a 1 is ‘expected’. The
technique of duty cycling the transmitter requitbe addition of a capacitor and an
AND gate at the transmit side and a monostable &ithRC timing network at the

receive side. These simple additions can reducedibepower consumption of the
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transmitter by as much as 97.5 % and yet the padnce is the same as that of the
standard transceiver — as long as the bandwidtheofransit RF pulses do not exceed
the bandwidth of the receiver. As the radios casrgd in this thesis all operate at low
data rates the bandwidth of the receiver (approtdatyal5 MHz) is always large
enough. Duty cycling the receiver is more complentduty cycling the transmitter but
can potentially reduce the power consumption by@5Duty cycling of the receiver
requires a high pass filter and an Ex-OR gate disasg¢he additional circuitry required
to duty cycle the transmitter. Moreover, a contamp is required to synchronise the
receiver pulses with the input RF pulses. An imgatristep towards this goal has been
achieved: a circuit has been designed using arrtervand two monostables whose
output consists of narrow pulses whose positidinie can altered by a control voltage.
Thus a control voltage can be varied electronicahyil a ‘lock’ is achieved. Unlike
duty cycling the transmitter, duty cycling the reee leads to a reduction of output
voltage by approximately half. This is due to lessnples being taken than in the
normal case (>2 per bit).

It was shown in section 4.6 that by using a highhmalising impedance 2.45 GHz
transceivers can be designed to work over 10 m wiffower consumption of 0.675
mW. The increased operating range compared witstdredard transceiver described in
section 4.3 is a direct consequence of the higmalising resistance: the envelope
detector operates as RF voltage in/baseband vottageletector having a gain of
slightly less than 1. Therefore anything that cardbne to maximise the input voltage
to the detector will also increase the output \g@taThis can be achieved by using a
higher normalising resistance since, for the sanwep, as the normalising resistance
increases by 2 the associated voltage increase$.4dt. The receiver works by
matching the input of the amplifier to $B the output to 100, the input and output
of the oscillator to 100 and the input of the detector to 1000 This ensures
maximum power transfer between each stage.

Chapter 5 presented simulated results for a MM#@dceiver operating at 5.6 GHz.
The simulated results for each sub circuit wereeas measurements for the transistor
and EM data which has been compared with measutsrfarthe lumped components
and junctions. Excellent agreement between the unedsand modelled response for
inductors and capacitors was obtained. If the tsémisis characterised accurately this
design methodology allows the designer to predind final performance of the

transceiver with confidence. Unfortunately, dueetdernal circumstances associated
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with the in-house foundry, the circuit could not Kebricated in time for final
measurements. The predicted power consumption WL receive and 0.45 mW
transmit. The overall chip size is 2.5 x 4.9 mmrtkermore, it was shown that the
transceiver can be integrated with an antenna @ndtd 6.8 x 6.3 mm. The antenna
exhibits -1.06 dB gain and an omni-directional aidin pattern. Simulations show that
moving to an operating frequency of 7 GHz will sikrthe overall chip size to less than
5 x 5 mm. These results for the MMIC coupled witrfprmance of the transceivers
detailed in Chapter 4 indicate that a transceiypearating at low microwave frequencies
can be designed which works over a metre and ye$woes less than 1 mW and,
moreover, fits into size comparable with the speation of 5 x 5 mm. The
performance of the MMIC should be superior to tbfithe transceiver described in
Chapter 4 as the shorter gate length of the tramsisused provides greater
transconductance for a given power consumptiontl@garasitic components are less
significant than in the packaged devices used iap@r 4. Also, the noise performance
of the 50 nm devices is approximately 2 dB bett@ntthe packaged devices used in
Chapter 4. In conclusion, practical measured resultChapter 4 coupled with the
rigorously obtained simulation results for MMICssdgbed in Chapter 5 demonstrate
the feasibility of sub-milliwatt, I1I-1V radios stable for Wireless Sensor Networking.

Crucial to the successful prediction of the behawiof non linear circuits such as
pulse generators and oscillators is the accuratéelinog of semiconductor devices such
as transistors and diodes. Appendices B and C geodetails of accurate non linear
models of transistors and step recovery diodeseotisely. Both models use look up
tables in order to closely model complex behavigitinout recourse to two dimensional
curve fitting.

Appendix B details an accurate non linear model 60nm mHEMT. The model is
assembled from small signal data and stored in &2 @lles. The model is proved to
accurately predict, d.c., small signal and gain passion characteristics of the
transistor. The model can also be used to prelécoutput power of simple oscillator
circuits. However, simulations do not converge docuits with S-Parameter files for
the cross junctions, inductors, capacitors etc.ugitions only converge for circuits
containing simple lumped components and transmmdé@s with or without Q factor
information. Future work should include increasthg robustness of the model perhaps

by extending the valid bias range.
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Appendix C describes an accurate table based nearlmodel of a Step Recovery
Diode (SRD). The efficacy of the model is demortstitain a comparison between
measured and simulated output waveforms for a dwvPhase Wavelet generator. The
model is useful for low power designs as UWB carctesidered to be OOK with an

extremely low duty cycle: similar to the circuitstdiled in sections 4.4 and 4.5.

6.2 Future Work

From the discussion in Chapter 2, research shaulthlried out to reduce the power
consumption of active mixers which exhibit good wersion loss. This may include
exploring new FET-based circuit topologies as waslithe optimum layout of the FETs
in order to reduce the LO power needed to attaodgmnversion loss. The new mixer
circuits thus obtained may form the basis for POastas Loops which exhibit low
power consumption and high RF sensitivity. With ersxand frequency control loops
suitable for low power implementation, transceivesgng more sophisticated forms of
modulation than OOK can be designed. This may allowOrthogonal Frequency
Division Multiplexing or Code Division Multiplexingsystems to be used thus
alleviating the problem of scheduling transmissiomsavoid multi-user interference.
Coherent demodulation will also improve the sewisjti of the receiver and the
resistance to interference. Another feature whiculd/ improve the sensitivity of the
receiver would be a narrowband, low loss, band pidss This work may involve the
design of high Q MMIC spiral inductors perhaps mgEending the structure in air
using airbridges.

Research should also be conducted into extendieaglésign methodology using
RRs to include transistors which are unconditignatable. In Chapter 3 and in
Chapters 4 and 5 all of the designs used transistbich are potentially unstable at low
frequencies and unconditionally stable at somedridgrequency and above. The new
methodology may include the use of a feedback d¢tpee and inductance to make the
transistor exhibit negative resistances at botlispover some narrow frequency range.
Transmission lines can then be used to tune tla¢ diperating frequency. Investigations
have already begun but it has been found thatpkeating frequency is very sensitive —
especially to slightly differing transistor chamgastics such as are found from device to
device. Another improvement to be made is to irszethe frequency stability of the
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oscillators especially with respect to the variagian transistor performance from batch
to batch or even from individual device to devithis may involve the use of some
external frequency determining component such asystal, dielectric resonator or
SAW (Surface Acoustic Wave) element. Such frequedetgrmining elements tend to
be large and are usually placed off chip and ammected with wire bonds. The switch
designs presented in this thesis are very basicandave their isolation improved by
the use of more transistor stages.

Radios with higher data rates than those presemtedhapter 4 should be
considered. The power consumption of radios ineredth higher data rates but on the
other hand it takes less time to send a messafieedf size using high data rates than
low data rates so the total energy consumed windssmitting and receiving a packet
may actually be less.

The duty cycled designs presented in Chapter 4 dvbehefit from an all-digital
logic device to reproduce the correct duty cycle tbé signal at the bit slicer
(comparator) output. Currently, a monostable isdus@ich is a quasi analog-digital
device and depends on an RC network to deternsrene constant. A sequential logic
state machine which when input a logical ‘1’ outpat'l’ for a given number of clock
cycles would ensure that a perfect 50 % duty cyaeld be reproduced without any
narrow glitches — thus negating the need for logsgddtering and a subsequent stage of
bit slicing.

Another important piece of future work is the desaj a complete synchronisation
loop for the duty cycled receiver. As outlined ihapter 4 a circuit has been devised
which outputs a series of narrow pulses whose ipasih time can be shifted back and
forward as a function of a control voltage. Thiscagit can be used as the basis of a
process which uses an incoming signal incorporatitigining sequence - for example,
a long sequence of alternating 1s and 0s. A DAQdcstep the control voltage until the
output of a sequence generator (10101etc) is ebdecklwith the input signal over a
given number of clock cycles. This correlation ebbe achieved with an Ex-OR gate.
The gate would output O constantly if the input aodput code were perfectly aligned.
If this output were 0 over a given number of clegkles a state machine could then be
used to signal to the DAC to stop ramping the @dntoltage and hold the output at its
current value. The trade off to be evaluated isgteater power consumption of the
increasingly complex baseband circuitry and thereised power consumption of the

RF circuitry. Another important poinis that, forwopower consumption, emphasis

111



should be placed on RF/baseband co-design: thébdmadeand RF parts can not be
designed separately if optimum performance is regui

The work on the MMICs can also be much advancdd improvements can
equally be made on the devices and components Hgearircuits and transceivers. For
the transistors, modifications should be made te thevice to increase the
transconductance of the device when it is biaséovatoltages and currents. This may
include producing devices with decreased gate wadthtior shorter gate length. Lower-
loss passive components can be designed by inogetse thickness of the gold layer
from 1.2um to, for example, 2..am. The price paid is an increase in fabricationt cos
and time but the advantages are higher Q comporaedtfience higher gain amplifiers
and higher efficiency oscillators. In terms of aitcdesign, the performance of the
switch can be improved by optimising the layoutimreasing the number of stages.
The circuit layout of the transceiver can also pémised to reduce circuit real estate.
The use of a MMIC process with the capability ajthfrequency performance can be
used to explore the performance of a high frequémé® GHz) transceiver with much
smaller dimensions than currently envisaged. Therma size may be so small that
arrays of electronically switch-able antennas coloéd used to form beam steering
systems. In such a system an extremely narrow, d¢gm LOS link would be formed
automatically by the speck to mitigate the increlapath loss incurred by the higher
carrier frequency. Use of such highly focused beafmslectromagnetic energy would
also allow frequency reuse — thus accommodatingipheiusers without any frequency,
code or time division multiplexing. Use of a mualhter carrier frequency would also
facilitate high data rate links.

Future work should also include the design and oreasent of a carrier-UWB
transceiver as the theoretical power consumption ba very low. This is a
consequence of the fact that the circuitry onlydse¢o be ON for hundreds of
picoseconds at a time. Thus, if the data rate laively low, the transceivers can be
made to operate with extremely low duty cycles haedce the power consumption can
be made correspondingly low. Use of a carrier fezmy over ‘traditional’ impulse
radio implementations allows the antenna to be nsaut|.

In conclusion, this work has demonstrated that owewve frequency radio
transceivers exhibiting ultra low power consumpsi@an be designed (<0.1 mW) but
the designed transceivers are all low data rat®q<Bit/s) and use OOK and are

therefore susceptible to interference and rely ounltiple access techniques to
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accommodate more than two users. The transceive@so large (approximately 6 x 6
mm for the MMICs). Therefore, the improvements &rbade and the focus of future
work should be on improving the functionality ofethradio, the resistance to
interference, increasing the data rate and on neduts physical size.
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APPENDIX A: Mathematical Analysis of Super-

Regenerative Recelver

A model of a super-regenerative receiver was desdrin Chapter 4, section 2.
A detailed mathematical analysis is given herecdampleteness. When the switch is
closed (see section 4.2 — fig.4.3), the voltageatqu of the circuit can be written as:
: di 1.
Asin(at) =L— - Ri+—=|i [dt Al
@)=L cJ (A1)

differentiating with respect togives:

d% _ o di, i

Awltost) =L— - R—+— A.2
@) dt> dt C (A-2)
Solving this equation we obtain:
R (m‘ _wlcj
i = K,e®™P' 4+ K e@™®) - ~ Asin(at) - ~ Acos(ut)
R2+(aj_—1j R2+(cd_—1j
aC aC
= K, e@*" + K el — Asin(at +¢)
2
R® + (aj_ - 1)
aC
(A.3)
where
R
a=— A.4
oL (A.4)
/ R* 1
b=—-—— A5
4% LC (A-5)
and
(- %)
@p=tan™ (A.6)
R
andK; andK; are arbitrary constants
Assuming that at=0, i is 0 and therefore from eq.1
Asin(at) =0 = L4t B

dt
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We can evaluate the constants of integratarandK,. First we substitute eq. A.3 with
t set equal to zero into eq. A.7 to obtain:

A(wL—wle
K, +K, - =0

1 )2 (A.8)
R? + (a)L - J
wC
And differentiating eq. A.3 with respecttthen settind=0 gives:
K,(a+b)+K,(a-b)- ARG ~=0 (A.9)
R® + (aj_ - 1)
aC
Also:

PP G I
wefu 2] eofwe(a- 1]
A{a—a@

R2+(C‘L_acj

K,((a-b)-(a+h))= A{Rw(d _‘i:j(az_bﬂ @)
B
- A{Ra)+(m_ —wlcj(a— b)j )
—2b[R2 +[m‘_wlcj2]

Similarly,

A{Rm [aj_ ~ wlcj(a+ b)]
oo 2 o
aC

Substituting eg.s A.12 and A.13 into eq. A.3 gives:

(

(A.10)
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i o i s i G )

Tefefed] Aefeed]

_Asin(at +¢)
el
aC

If bis an imaginary quantity the first and second team be transformed into

(A.14)

oscillatory cos and sin functions. The third teepresents a sine wave component the

same frequency as the applied RF voltage. Makiagstistitutiorb=-j 4 into eq. A.14

where,
RZ 1
=.|- +— .
 RTERNTS 5)
we obtain:

Arelael] | Aplaezon]
fefas]] el

Asin(at + @)

Velo-d]

expressing (A.16) in terms of sine and cosines,

A{Ra)—(aj_ —ai:](a— j,B)j
i= —~——€"(cos(A) + jsin(A)) -
jﬂ[R2 +(a;|_ _ai:j J
(A.17)
ARo-(et- 2 Jari0)] .
e’ (cos(@) - jsin(A))- sin(at + ¢)

S a) (2]

If we consider only the case where the input fregyes the same as the LC resonant

frequency then we have
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1o (A.18)

aj__
aC

Substituting (A.18) into (A.17) we get:

. Awe™ . Aw e . Asin(wt)

i =~ (cos(@) + jsin(R))-————(cos@) - jsin(R)) -———*> (A.19)
2R 2R R

Alternatively,

R

. Awe? . Asin(wt)

= sin - A.20
R &) R (A.20)

The second term in eq. A.20 represents a steatly stausoidal current but the

first term represents an oscillation which incresaseponentially with time.



APPENDIX B: Non-Linear Model of 50nm
MHEMT

B.1 Introduction

This appendix describes the development of an ateumble-based non linear
model of a 50 nm GaAs/InP mHEMT fabricated usingpause technology at Glasgow
University. This transistas used in all the MMICs described in this work.

The process of non linear modelling consists of stages. The first stage is to
determine the small signal model for multiple bpasnts and the second stage is to
combine the small signal models with the IV curt@snake a bias and signal - level
dependent model. The basic assumption made is thigattransistor's non linear
behaviour (bias dependence, harmonics, IV curvén gampression etc) can be
approximated by extracting the small signal modslsnultiple bias points and then
combining them into one model. The validity of thissumption can then be tested by
comparing the measured and modelled IV curves, r8aRaers, gain compression
characteristic and output harmonics due to a siimglat tone. Another good test is to
use the model in a HB/transient oscillator simolatiThe output frequency, power and
harmonics can then be compared with measuremeansiigble.

First, an ‘average’ transistor was identified. Thenety measurements were made
at different bias points: from Vds=0 to 0.9 V il Gteps and Vgs =-1.45 to -1.05 in
0.05 V steps and, in addition, two ‘cold’ bias geimwere measured i.e. forward biased
gate and 0 V on the drain and the gate pincheaviff 0 V on the drain. The current
range is from 0 to 26 mA. Fig. B.1 shows the meagul curves the gate voltage
increases in steps of 0.05 V.
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Figure B.1 — Measured IV curves for 50 nm mHEMT

The first stage of non linear modelling, the exii@at of the small signal models,
can be divided into another two stages: the extnaaif the extrinsic components and
the extraction of the intrinsic components. Theriggic or ‘parasitic’ components
should not vary with bias i.e. they are linear whihe intrinsic components do vary
with bias and are thus non-linear. The locatiorthelse components within the small

signal model used in this chapter is shown inBig.
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Figure B.2 — Equivalent circuit of a FET showingyimsic and extrinsic

components

The method due to Dambrine [1] for extracting tlxériesic components is used.
For the intrinsic components, Berroth’s method sedi As will be seen, the values
yielded by Dambrine’s method require some ‘tunittgachieve a good match between
measured and modelled parameters when extractegnthinsic components. Some
tuning is necessary for the extrinsic componentsradisno tuning is necessary for the
intrinsic components. This latter fact considerapgeds up the modelling process.

B.2 Extraction of Extrinsic Components

In Dambrine’s method the transistor is biased with on the drain and some
positive value on the gate. The gate voltage shbalduch that the gate-source diode

shorts out G The equivalent circuit under these conditionshiswn in fig. B.3.
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Figure B.3 — Equivalent circuit of FET when gatéaosvard biased and

drain voltage is 0 V

The input reactance obtained should therefore thective (i.e. lies in the top half
of the Smith Chart). From the measured S-Param#tersxtrinsic components,LR,,
Ly, R, Ry and Ly can be found after de-embedding the CPW lines hwiattow
connection of the device to the on-wafer probeswBaod biasing the device in this
manner is likely either to damage the device or ifgatie characteristics such that S-
Parameters measured at the same bias point befd&tar shorting out the gate-source
junction will differ so it is advisable to have twar more transistors with similar
characteristics. The next stage is to pinch off glaée by applying a negative gate
voltage. This has the effect of making the reflattcoefficients purely capacitive. The
equivalent circuit under these conditions is shawing. B.4.
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Figure B.4 — Equivalent circuit of FET when gatgiisched off and
drain=0 V

The measured S-Parameters can be used to fincktiese capacitancesggand
Cps- Now that the extrinsic components are known tbay be de-embedded from the
measured S-Parameters at a particular bias poiobtain the intrinsic model only.
Equations can then be used to obtain values fanthasic components.

To reiterate, the gate is pinched off and the dmaiat OV. First a value for Rs
assumed. The actual value can be calculated ifctiennel resistance is known.
However, the channel resistance is not known salaevfor R is assumed then the
extraction is performed. If the curves of the otlextrinsic components are not
independent of frequency then the value g@filkchanged. In this way, sRs found
iteratively. Before the extrinsic components can foend the S-Parameters are
converted to Z-Parameters using standard form@aee the value for Rs found the
following equation is used to determine the soumdectance, L

— Z2I.2
L, = Im(ﬁj (B.1)
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Equations B.2 and B.3 are now used to determinettier parasitic inductances; and

Ly
Z
L =Im =2 |-L B.
(2] s
Z
L, =Im =22 |-L B.
d [271_ j s 3)
A new variable Ris defined as
R = 2(Re(le) - Rs) A3
also we define the variablea' ‘as:
a= 0.026 (B.5)
lg
where Ig is the gate current. We can now finchRd R from the following:
R, =RdZ,)-R -—>-a (B.6)
R, =R€Z,,)-R -R, (B.7)

Fig. B.5 shows an example of the frequency depwreleof the extrinsic

inductances. It can be seen that the inductaneesekatively independent of frequency

so we know that the assumptions made regardingiétseconditions and corresponding

simplified equivalent circuit are valid. Fig. B.&i@vs the parasitic resistances versus

frequency. Again it can be seen that the slopeig glose to horizontal.

50
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= 10— m &
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-20] o
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Figure B.5 — Parasitic inductances versus frequency
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Figure B.6 — Parasitic resistances versus frequency

In order that the remaining extrinsic components lsa found the S-Parameters are
converted to Y-Parameters using standard formulee. find the parasitic pad
capacitances bias the gate at pinch off and keepa¥® V. First we define a variable,
Cb, as:

Y,
Cb=-1m| 1% .
We can now find gy and Gg from:
Y.
od = Im(ﬁj—Cb (B.9)
C,=Im A -2Cb (B.10)
pg 271: '
Fig. B.7 shows the pad capacitances versus freguenc
9.5E-14 mt —
3 w—u%Mmﬂ*vq“““ﬂM!Wﬂww_wwmew freq=22 55GHz
1 Cpd=3 030E—-14
] m'Z
o Z.0E-14— m 3
333 1 Ireq=R%.55GHz2
. Cpg=3.471E-15
1 _dE-14—]
% m2
] freg=22. 55GHz
0-e T T T T T ] Cb=1_ 929E—14

freq, GHz

Figure B.7 — Parasitic capacitances versus frequenc
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Table B.1 shows the extracted values and the ogditin{tuned) values used to de-

embed the transistor in order to find the intrinsdenponents. The optimisation goal is

to achieve a horizontal characteristic with respedtequency.

Component Extracted Value Optimised value
L, -40 pH 0 pH

Cog 3.5fF 0 fF

Ry 16Q 6.16Q

L, -0.27 pH 0 pH

Rs 1.5Q 1.5Q

Rg 1.75Q 1.50

Cod 30 fF 15 fF

La 11.8 pH 4 pH

Table B.1 — Comparison between extracted and tualegks
It can be seen from Table B.1 that most of the cwmepts differ from their
extracted values considerably. Note in particthat ty and Ly are extracted as negative
values. This is clearly un-physical and suggestsetainty in the position of the
reference planes e.g. through not placing the gr@ltehe optimum positions during
calibration.

B.3 Extraction of Intrinsic Components

Now that the extrinsic components are known, thay be de-embedded from S-
Parameter measurements performed at a particuhar gmint. Berroth’s method can

now be used to find the intrinsic components. Tdgadions are:

ng = —M (EB)]_
w
- Im(Y,,) - aCyq [E“ (RefY,))? ] 512
w (lm(Yn) - aﬁgd)
_ Re(Y,,)
R Im(v) —aC,, ) + (Ret)) (13)
0, = (Re(Y,))” + (Im(Y,,) + aCyy))(L+ 0?C R, %) (B.14)
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- Im(Y22) - a'ng
w

Cy. (B.15)

1
Re(Y,,)

R, = B.16)

Figures B.8 to B.11 show examples of the frequetteyendence of the extracted
intrinsic components. In this case this value o6Vg-1.25 V and the drain voltage is
0.5 V. It can be seen that the graphs are faidy lith frequency thus validating the
equations used to derive the valueg.iRa strong function of frequency but fortunately

the overall S-Parameters of the transistor do aot imnuch with the value of;R
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3.5E-14—| m3 mJ
freg=25.01GHz
a.oE-uM Cgs=3.003E—-14
2.5B-14—
] m mz
gzg 2.0E-14— freq=25 01GHz
1.6E-14—| :"'\—Mi: :::::::Cds:i‘éﬁf@iEfié&
1.0E-14— o
6.0E-165— freg=26.01GHz
0.0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ | Cgd=1.680E—14

0

&
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16

treq,
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26

30
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46

Figure B.8 — Intrinsic capacitances vs frequencydd = 0.5 V and

Vgs =-1.25V
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Figure B.9 —Drain-source resistance vs frequen®dat= 0.5 V and
Vgs =-1.25V
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Figure B.10 — Transconductance vs. frequency atvd$ V and

Vgs =-1.25V
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Figure B.11 — Intrinsic resistance vs. frequency@d = 0.5 V and
Vgs =-1.25V

Fig.s B.12 through B.16 show the dependence pfRys, Rin, Cys, Cga and G

respectively on the drain and gate voltages. Theeesome curious non linear effects

particularly around 0.9 Vds but the general tresmidsas follows:

Gm is very small for all values of Vds when Vgs isnpinch off. Gm increases as
Vgs becomes less negative and Vds becomes morté/posi

Rysis very high when the gate voltage is close telpioff and Vds is close to zero.
R4s decreases when Vgs becomes less negative andladsoVds becomes more
positive.

Rin varies little with gate voltage and is negativeiomost of the range of bias
points. R, becomes more positive as the drain voltage isas=ad.

Cgsincreases very smoothly as Vds increases andhals@s becomes less negative.
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Rds (Ohms)

The influence of the gate voltage ogy @ weak but gy decreases as the drain

voltage is increased.

Cgsdecreases as the gate voltage becomes less nemadidecreases as the drain

voltage is increased.

-1.2

vds (V) Ves (V)

Figure B.12 — Transconductance as a function ofarakVgs

-1.05

44 35 13 12T

Vds (V) Vas V)

Figure B.13 — Output resistance as a function of &dd Vgs
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— Intrinsic resistance as a functioWa$ and Vgs

Figure B.14
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Vgs (V)
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Figure B.15 — Gate
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Figure B.16 — Gate-drain capacitance as a funcaiords and Vgs
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Figure B.17 — Drain-source capacitance as a fumctio/ds and Vgs
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B.4 SDD Implementation of Non Linear Model

Now that the values of the components comprisirgg rttodel are known for the
various bias conditions, they can be combined tdyce an SDD (Symbolically
Defined Device) non-linear model. This model canblased on curve fitted equations
or, as in this thesis, can be linked via a DAC @aiccess Component) to a file
containing tables of bias points and correspondimigponent values. Before the non
linear model can be implemented the capacitors teeée converted to charge sources
and ¢, and Rsneed to be converted to a high frequency curm@mnice.

Fig. B.18 shows how a current source is implemeimexDS.

V_DC V_DC
== SRC1 == SRC2
= Vdc=vgs = Vdc=vds
+ +
DC_Feed DC_Feed
DC_Feed1 DC_Feed2
I Il I I 11 I
Term ILI I 1 z = ILI
Term  DC_Block = = DC_Block Term
Num=t  DC_Block1 - DC_Block2 Li'mm_zz
Z=50 Ohm | 3 g
L =] Z=50 Ohm
= SDD3P1 =
1[10]=0
M 13,0]=IDS
Cci=
C D Cport[1=
DataAccessComponent
VAR DAC1
_ VAR1 File="C:\users\default\50nmGlasgowNonLinearM odel_prj\data\50nmFETdata\50nmTables\Idsextended .txt"
IDS=file{DAC1, "Ids"} Type=CiTlfile
vgs=125 InterpM ode=Cubic Spline
ng:O '5 InterpDom=Rectangular
h ExtrapM ode=Interpolation Mode
iVart="VDS"
iValt=_v2

iVar2="vGs"
iVal2=_v1

Figure B.18 — ADS implementation of a current seurc
Here, the current flow from Port 3 to ground is ttoltked by the two port voltages
_vl and _v2. The instantaneous value of the cuiigenélculated by interpolating the
data stored in the table. Before a CITI file candssembled for gand Rs (or the

inverse @y they can be integrated [3] to form a currenteadaicording to:

Vgs\Vds Vgs\Vds
ldsRF = jgmﬁdVgs+ desdes (B.17)
Vgs0,Vds0 Vgs0,vds0 '

Alternatively, they can be modelled by the d.c.vesrif the device is not strongly

dispersive. ldeally the values of IdsRF should la¢hpindependent. It was found,
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however, that IdsRF was path dependent. This afrees the fact that the function
representing lds(Vgs,Vds) is not infinitely diffeteable. A non linear model in this
case can still be derived although the small sigpatameters will not match
measurements at all bias points. In particulamtlagnitude of & and $; will differ as
these are the parameters which depend most stramgty, and Rs. The d.c. curves
were used to modelgand Rs because of the difficulties just discussed ancevieund
to yield reasonable accuracy.

Fig. B.19 gives an example of a CITIFILE. The valaee read out as follows:
First value VGS for all values of VDS, second vati&/GS for all values of Vds etc.

Thus, for instance, the current is 2.5588 mA whes ¥ -1.05 and Vds = 0.05.

Cl TI FI LE A 01. 00
NAVE DATA

VAR VGS MAG 10
VAR VDS MAG 19
DATA | DS MAG
VAR LI ST_BEG N
-1.05

1.1

VAR LI ST_END
VAR LI ST_BEG N
0

0. 05

0.1

VAR LI ST_END
BEG N

0

0. 0025588

0. 00465707

. 00155646
. 00276932
ND

mooo

Figure B.19 — Example of CITIFILE current table

In contrast to other table based models [3,4], rafn@e capacitors are lumped
together. Instead, each capacitor is representeddharge source. This has the benefit
of preserving the topology of the small signal maa& it is also more convenient to

perform the numerical integration this ways@ given by:
Vgs\Vds
Qqs = I Cys LHIVYs (B.18)

Vgso,Vds0

Qusis given by:
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Vgs,vds

Q= [Cyliivds

VgsO.VdsD (B.19)
whilst Cyq is split into two parts. The first of which is giv by:
Vgs\Vds
di = J.ng I]jvgs (BZO)
Vgs0,Vds0
The second part of Qis given by:
Vgs\Vds
Qu = |CylEiVds (B.21)

Vgs0,Vds0

The total charge is then found by subtracting e@0Brom eq. B.21. In order to find
the charge sources the capacitance data is nudheiiczgrated with respect to the
local voltage. For example to find,Qve fix Vds and integrate with respect to Vgs from

0 V to the particular bias point of interest. HB320 shows a plot of the charge function

Qgs

Vgs (V) 150

Vds (V)

Figure B.20 — Plot of g charge function
Fig. B.21 shows the ADS schematic for the model.
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L
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|L
Q
111
- =
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o

SDD9P
SDD9P1

I[1,01=0
I[2,0]=0
H[3]=(exp(4§*omegafOpS))*(i*omega/(1+j*omega))
I[3,1]=QGS fC
I[4,3]=IDSRF
I[5,0]=(_v5)/RIN
I[6,0]=IDS
I[7,11=QGDVD fC-QEDVG fC
I[8,1]=QDS fC
1[9,0]=IGS uA
AR
VAR4
R QGS=file{DACT, "Qgs"}
R3 RIN=file{DAC2, "Rin"}
R=1.5 Ohm QGDVG=file{DAC3, "Qgd1"}
QGDVD=file{DAC4, "Qgd"}
. IDSRF=file{DACS5, "IdsRF"}
03 QDS=file{DACS, "Qds1"}
L=0 pH IDS=file{DAC7, "Ids"}

1GS=file{DACS, "Igs'}

Figure B.21 — ADS schematic of the non linear model

Ports 1 and 2 are the controlling voltages forvthele circuit. It is these voltages which
determine the values of the components as a fundtidoth the d.c. and a.c. voltage.
Both have the current set to zero so as not taiplishe RF signals. The control voltage
*_vl’is connected across Cgs and the controlag@t v2’ is connected acrosgsRCqs

and g,. Port 3 corresponds oy Qys is represented by a charge table which is a
function of the two voltages and has a weightingcfion of 1 i.e. ¢ or d/dt in the time
domain since the voltage equals the time derivaifitbe charge.

Cya (port 7) and @s (port 8) are also modelled by charge sources. chneect
polarity must be observed in all cases. The gateestis stored in a table and is
assigned to port 9. The inclusion of the gate cumeeans that the phase qf Batches
measurements at low frequencies. If the gate cursenot included the phase of,S
starts at 90 degrees instead of 0 degrees. Allgmprations are linked to DACs (Data
Access Components). The independent variableseat® § _v1’ and ‘ v2’ whilst the
interpolation is set to cubic spline. The optioR& current has a weighting function
with a high pass response with the option to ineladime delay. The d.c. current has a
d.c. feed (idealised inductor) connected in sefiéss arrangement ensures that the d.c.
current has no effect on the RF signhals and theaRth current has no effect on the d.c.

curves.
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B.5 Model Validation

Figs. B.22 and B.23 show the IV curves for the mli@nd gate respectively. The Ids
curves are out by as much as 0.06 V at high cwardae to the difference between
internal (vl and _v2) and external (measured) nealeages. In other words the
difference is due to the voltage drop acrosaml R. For more accurate modelling the
voltages in the look up table need to be re-refednAt the gate side, the voltage drop

across Rand R is negligible as the gate current is very small.

50

n -0.75 Vg

40— -0.7 Vgs
< _
g 30—
" _
o 20—
10—

0 — = = — i | : : -1.45 Vgs

0.0 0.2 0.4 0.6 o0.8 1.0

0

o

<t |
|
-1}
—_ .
— 60—
0.9vd
—80 T | T | T | T | T | T | T | T
| | | | | | | | |
— = - — = = Q [=] (=)
o)) L %] N — (=] © to -2

Ve

Figure B.23 — Simulated gate current for 50nm PHEMT

Figs. B.24 to B.26 show the measured and mod&ia@rameters at a particular bias

point: Vgs =-1.3Vand Vds = 0.5 V.
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St1/822

freq (50.00MHz to 45.00GHz)

Figure B.24 - Measured and modelled &d $,

freq (50.00MHz to 45.00GHZz)

Figure B.25 - Measured and modelled S
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freq (50.00MHz to 45.00GHz)
Figure B.26 - Measured and modelled S

The gain compression characteristic is shown in Big7. The simulated results are
in good agreement with measured values. The max isrl dB. The agreement can be

made exact by modelling the transistor over a vadg range of gate voltages.

—~~
=
as]
o
N
)
o
o 4
A _30—
-40 L L L L L B L L B
-25 -20 -15 -10 -5 0 5 10

Pin(dBm)
Figure B.27 - Measured and modelled gain comprassharacteristic

Table B.2 shows the measured and modelled outpdtrspfor two slightly

different bias points. The largest error is in tihied harmonic



Vds VQs Fund. 2nd 3rd
Out Harmonic Harmonic
(dBm) (dBm) (dBm)
measure 0t -1.2¢ -1C -33 -4€
modelle( t -1.2¢F 9.t -31 -51
measure 0.t -1.3 -12.5 -31 -57
modellec t -1.2 -10.t -3C -b2.t

Table B. 2 - Measured and modelled one tone test
(frequency=2 GHz, Pin=-15 dBm

The model can be used in a time domain oscillatoulation. Fig. B.28 shows the
start up transient. Note that the oscillator outaiches a steady state. The frequency of
oscillation is 6.96 GHz

400
200 —
—
2 i
o] WWWMWWWMM
O _
>
—-200—
-400 | | | T 1 T
0 20 4 Q B0 80 100 120

Figure B.28- Time domain oscillator start up transi

This appendix has presented a step by step guidéhgoimplementation and
verification of a table based non linear model. ¢dove fitting is necessary. This fact

considerably simplifies the process of non lineadsiling.
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APPENDI X C: Step Recovery Diode
L ook-Up Model

C.1: Introduction

In this appendix, the first reported look-up nonelr model of a Step Recovery
Diode is described. The model uses a more elabpaatasitic network and contains
more non linear elements than models previouslycrde=d. Good agreement is
obtained between the measured and modelled resubisth the small signal and time
domain. Finally, a new bi-phase wavelet generatalescribed whose output consists of
two cycles of 2.4 GHz carrier whose polarity is ttoled by the positive and negative
transitions of a bipolar data source.

UltrawideBand (UWB) Technology offers many potehtienefits such as high
data rates, increased resolution in radar appdicatand increased security. Following
from the discussion in sections 4.3 — 4.4, UWB larconsidered to be a form of ultra
low duty cycle OOK and therefore has the potentbatleliver extremely small power
consumptions. Ultra short pulses are required fo¥BJhence the attention pulse
generators have received in the literature. Ste¥y Diode (SRD) pulse generators
have proved popular for UWB applications in botbitHixed [1,2] and variable [3,4]
pulse width varieties. In order to investigate perfance characteristics such as pulse
width, amplitude and ringing, accurate models arpiired. To date a few workers have
constructed models of SRDs. Particular attentioa been paid to the problem of
modelling the sudden change in junction capacitahe¢ occurs when the diode is
sufficiently forward biased. Some have modelled ta@acitance as two piecewise
linear charge sources [5,6] whilst others have reddt as two linear capacitors
controlled by a switch [7]. The approach in thisrkvis to have a non linear charge
source to represent the ‘reverse’ capacitance witBwitched high valued linear
capacitor in parallel to represent the ‘forwardpaeitance. This approach was found to

accurately model the S-Parameters of the diodettamdime domain response of SRD
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pulse generators. Moreover the convergence pregertitime domain simulations are
good.

Other researchers have modelled the IV curve bglage controlled resistor [5-7]
whilst this appendix uses the measured IV curwe-referenced for higher currents to
take account of the voltage drop across the seestance. The parasitic network is
extended to include an extra parasitic inductor @amghcitor in order to more accurately
model the small signal parameters.

An impulse contains significant low frequency coments. It can therefore be hard
to radiate and receive without significant distmmtunless large antennas with a low cut
off frequency are used. One way around this proliteto use more than one impulse to
simulate short bursts of an RF carrier. This hasefifect of centring the spectrum of the
pulse around a carrier frequency (see fig. C.12e @ay to achieve such an output is
presented in this appendix. The circuit outputs b&ok to back impulses of a positive
polarity when it is input a positive to negativartsition and outputs two back to back

impulses of opposite polarity when it is input @agve to positive transition.
The proposed model is shown in fig. C.1.

si\ .d
q
I

Rs
L2

Figure C.1 — Circuit model of the SRD

Cr

Cp

Aﬁx

L1, L2, Cs and Cp represent the package parasitidst the current source, Cr and

Rs are all non linear. Cf is linear and is switch®&d the circuit above a certain value of
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forward bias. Cr is modelled as a charge sourceisandnnected in parallel with Cf so
that its effect when Cf is switched on is negligibl

The methodology used to model the SRD is measurebased. First the IV curve
is measured. Then the S-Parameters of the deviteected between a transmission line
and ground are measured at a number of bias pdnmaist -2 V to 1.2 V in this
particular case. The measured S-Parameters aretausiedive a small signal model at
each bias point. The bias dependence of the nearlielements is now known. These
can be directly assembled in a table in the casé¢hefcurrent source and series
resistance or can be numerically integrated indfge of Cr to form a charge table

according to:

Vb
Qr = J;Cr.dVb (C.1)

where Vb is the (internal) voltage across the ‘regecapacitance. Look up tables are
used because they can model complex behaviour wtitth@ need to fit equations to

measured data.

C.2 Model Implementation

The SRD modelled in this chapter is SMMD840 —SODBa& Aeroflex-Metelics.
Fig. C.2 shows the modelled IV curve. The measaraetimodelled IV curve is exactly
the same since the measured, re-referenced, I\éasirgopied to a table and linked to

the circuit.

0.03—

0.02—

0.01—

0.00

Vbias (V)

Figure C.2 — IV curve of the SRD
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Fig. C.3 shows the modelled charge characteri$ticeo'reverse’ capacitance.

Qr (pC)

Figure C.3 — Modelled reverse charge curve of RB S

Note that the charge function is extrapolatedvabibhe point (0.72V) where the
forward capacitance is turned on — this is to emgiwod convergence in time domain
simulations.

It was found that in order to make the S-Parametérthe model match to the

measured results it was necessary to make Rs mear liFig. C.4 shows a graph of the
series resistance versus bias voltage.
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Figure C.4 — Plot of series resistance versusvumhage

It can be seen that the resistance is highly nogah, being almost constant until
OV where it rises sharply and then falls againr&ité V.

The model is implemented as an SDD (Symbolicallyingel Device) running in
Agilent’'s ADS. The values of the non linear elenseate linked to CITIFILEs via a
DAC (Data Access Component). Fig.5 shows the didiagram of the model.

Port 1 contains the current source representingnisesured characteristic. Port 2 is
the reverse charge source and has a weightingidnnat 1. A weighting function of 1

is equivalent to a time derivative or multiplicatiby jo in the frequency domain.
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AL / ;] -
L DataAccessComponent
L2 J DAC1
L=2.5nH 3 4 Type=CITlfile
c R= InterpM ode=Cubic Spline
C4 I ExtrapM ode=Interpolation Mode

C=0.101pF {t} [ iVart="vd"
iValt=_v1

Port
P1
Num=1

SDD6P

SDD6P1

110]=Id -

I[2,1=Qr1pC m

13,01=0

[ :{gg]]zf (Vg;/st: ) then _v4/1elbe _v4/1E6 endif -
VAR1 g — " DataAccessComponent
Qrifile{DACT, "Qr"} 1[6,11=4000 pF*_ DAC2

Rs=file(DAC2, "Rs"} - H2]=exp(-j"omeg§"1pS) Type=CITlfile

Id=file{DAC3, "Ib"} c2 InterpM ode=Cubic Spline
:: C=0.212 pF| b ﬁ;(;:?zll\\lllz?e%onstam Extrapolation
L=0.4125nH Valt= vi

S

DataAccessComponent

0
— =

DAC3

Type=CITlIfile

InterpM ode=Cubic Spline

ExtrapM ode=Constant Extrapolation
iVart="vd"

ivalt=_v1

Port

Num=2

Figure C.5 — ADS schematic of the SRD model

Port 4 implements a switch which closes above ¥.32d is open circuit otherwise.
The controlling voltage for the switch is the vgkaacross port 3. The switch is
connected in series with the forward (linear) capace Cf. In this particular case Cf is
4000 pF. To make the model more physical, a timaydaf 1 pS is associated with the
switch. The time delay is implemented with the vistilgg function H[2]:

H[2] =€ jw1107? 20

C.3 Model Validation

Figs. C.6 and C.7 show the measured and modelledr&neters at two different
bias points - reverse biased and forward biasedrzkyhe point when Cf is switched

into the circuit.
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freq, GHz

Figure C.6 — Measured (circles) and modellegd @) at -0.5 V and 0.85
V bias

It can be seen that the agreement at both biasspsigood thus validating the model

in the small signal domain.

0.85V
200
3
~ 100
=1} -
(] — OOOOO
kel ]
- :
= i
-100—
-200 — T T T T T T 1 T T T 1 T T
) - © @ ~ w ES 4 o
& (4 w (2] w ca (4 (4] (=4

Figure C.7 — Measured (circles) and modelled(&qg) at -0.5 V and 0.85
V bias

C.4 Bi-Phase Wavelet Generator

A more rigorous test of the model than S-Paramaierparisons is in time domain
simulations. For this purpose a pulse generator adessgned. It consists of a series
connected SRD with a small length of shorted trassion line at the output (cathode)
side to form an impulse [2]. Fig. C.8 shows the AB&ematic for the impulse

generator.

14%



Vi | VO
FVSED MW D—-__1 Temn
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Viow=0 V R2 X1 TL1 Num=1
Vhigh=0.8 v~ R=50 Ohm Subst="MSub1" ~ MTFE ADS Z=50 Ohm
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Mur=1 —
Cond=4.8E7 -
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T=0.035 mm
TanD=0
Rough=0 mm

Figure C.8 — ADS schematic of the impulse generator

Fig. C.9 shows the measured and modelled outpuéfeam. It can be seen that the

agreement is good. The circuit triggers on a pasito 0 V transition and the pulse
width is approximately 400 pS.
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Figure C.9 — Measured (blue) and modelled (red)ututvaveform of the

impulse generator

A dual cycle pulse generator can be made by comgetivo pulse generators in
parallel and then combining the outputs with a \idglon Coupler (W.C.). One output is
delayed by a time equal to the pulse width bef@iad combined with the other pulse.
A bi-phase UWB modulator can be constructed by ragidhe output of two pulse
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generators with the polarity of the diodes reversethe output of the other composite

pulse generator via another Wilkinson Coupler. Brrangement is shown in Fig. C.10.
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Figure C.10 — Schematic for Bi-phase wavelet gdoera

The circuit outputs two back to back impulses o$ippee polarity when there is
input a +V to -V transition and outputs two backbtick impulses of opposite polarity
when it is input a =V to +V transition. Fig. C.1hosvs the simulated (red) and
measured (blue) output waveforms for negative gglatt can be seen that the

agreement is fairly good. The agreement for pasipiglarity pulses is similarly good.
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Figure C.11 — Measured (blue) and modelled (rethudwaveform of

the Bi-phase wavelet generator
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Fig. C.12 shows the simulated and measured spedfuhe waveforms in fig. C.11.
It can be seen that good agreement is obtainedhatdhe wavelet generator output is
centred around 2.2 GHz with a bandwidth of appratety 1 GHz.
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Figure C.12 — Measured (blue) and modelled (retd)goepectrum of the
Bi-phase wavelet generator

This appendix has described a new measurement hasedp model of an SRD.
The agreement obtained in both S-Parameter and don@in simulations are good.
Also, a new Bi-Phase Wavelet generator has beesrided. The circuit outputs either a
positive or negative polarity waveform consistirfgwo back to back impulses. Again

good agreement is obtained between measured anelletbcesults.
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