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Zusammenfassung

Innerhalb des letzten Jahrzehntes haben mobile Konkationssysteme ein enormes
Wachstum erfahren. Diese Entwicklung wird durchEiefihrung neuen Kommunikation

Standards untersttitzt, die die Audio- und die D#ventragungsqualitat erheblich verbes-
sern. Leider erfillt jedoch noch immer kein drabéi® Kommunikationssystem alle Erwar-
tungen hinsichtlich einer hoheren Mobilitat beiighzeitig groRerer Datenrate. Genauso
wenig gibt es ein Standard, der eine komplette (grérkeit auf allen Kontinenten ge-

wahrleistet. Dieser Mangel eines universellen Sethsl erfordert die Entwicklung neuer
rekonfigurierbarer Gerate, die in der Lage sindhreee Kommunikations Standards zu

unterstitzen.

Diese Entwicklung eines rekonfigurierbaren mobilEmpfangsgerats, das die Kommuni-
kationsstandard der dritten Generation UMTS, deerdaanische WLAN Standard IEEE

802.11a und die européische Entwicklung HIPERLARUBammenfihrt, stellte den Aus-
gangspunkt fir die folgende Arbeit dar. Das Framd-des Empfangers ist eine Kombina-
tion aus Super-heterodyne und Zero-IF Architektod wurde durch eine systematische
Analyse der Eigenschaften der eingesetzten Stamdaishewahlt.

Um die praktische Umsetzbarkeit der untersuchtémziien zur Rekonfigurierbarkeit zu
demonstrieren, wurden die Schlisselfunktionsbléd&e Front-Ends in einem hybriden

Empfangsdemonstrators integriert, dessen Funkité@haingehend untersucht worden ist.

Die Funktionsblockanalyse wird auf die Blocke zoeduenzumsetzung eingeschrankt. Ein
breiter Uberblick tiber den unterschiedlichen Mistirsingen wird dargestellt. Der passi-
ve Mischer hat sich angesichts seiner Linearitatd Rauschperformance gegeniber allen

anderen Mischerarten durchgesetzt. Die Schaltuhgssdung, die Implementierung und



die Performancecharakterisierung eines solchenhdiscsind in diesem Dokument aus-
fuhrlich beschrieben. Neben der praktischen Impldgmaeing, wurden auch theoretische
Aspekte, wie das Intermodulationsverhalten undAtibangigkeit dieses Verhaltes von der

Amplitude des LO (local oscillator) Signals, oder dransistorsvorspannung untersucht.



Abstract

In the past decade, portable mobile communicaty@tesms have experienced a tremen-
dous growth. This development is fully supportedlg introduction of new communica-
tion standards that push the voice and data trassoni quality to new limits.
Unfortunately, still no wireless standard can fuHil the expectations concerning a higher
mobility and superior data rates. Neither is treestandard that offers a complete coverage
on all continents. These realities create the rs#yef®r new reconfigurable devices able to

support several communication standards.

A reconfigurable mobile terminal, which supporte tinird generation Universal Mobile
Telecommunication System UMTS, the American wirgleAN standard IEEE 802.11a
and its European counterpart — HIPERLAN/2 represthie motivation for the following
work. Its receiver front-end is a combination otdredyne and zero-IF architectures and

was chosen based on a systematic analysis ofahdastds employed.

The functional block analysis is restricted to ftegjuency conversion blocks. An extended
overview over the different mixer solutions is peted. The most suitable mixer solution
for the present project was considered to be thistree mixer whose design, implementa-
tion and measurement is described in detail albegdbcument. In extension to the practi-
cal implementation, a theoretical investigationtiod intermodulation behavior is present.
The theory explains the dependency between thermit&rmodulation performance and

the transistor biasing.

In order to demonstrate the applicability of thearfiguration principle, the key functional
blocks of the receiver have been developed, imphedeand tested in a hybrid front-end,

which is fully described together with some of theasurement results.
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Introduction

There is a great diversity of wireless communicastandards existent on the market to-
day, covering all spectrums of applications. Thisersity expresses itself not only techno-
logically but also geopolitically, each region deeng its own standards. Such multitude
of communication standards leads to increased dpwednt effort for both stationary and
mobile equipment. Multi-standard devices emergedh agable solution to some of the
problems generated by this diversity. One can iflaisree main directions in the devel-
opment of reconfigurable multi-standard terminalsch having its own requirements and

particularities.

The first type of reconfigurable terminals cameasecessity dictated by the differences in
standards and spectrum allocation in different gmalgcal regions. These systems aim to
provide coverage and accessibility to people thatteaveling from one continent to an-

other and do not require simultaneously suppomaoife standards.

The second direction is economically motivated aets as a path-smoother for new
emerging standards and technologies. The best dgansp the development of
GSM/UMTS multi-standard terminals that take advgataf superior data rates of UMTS
and full coverage of GSM. Such devices are seeteraporary solutions until the new
standard is fully deployed and market accepted.akrof quality for these terminals is the
ability to handover from one standard to the othezaning that the change is made with-

out interaction of the user.
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The third direction is the one extensively treatethe present work and relate to the im-
plementation of complementary communication stasglaior example between wireless
LAN standards and digital cellular telephony. Theac advantage of such reconfigurabil-
ity option is the fulfillment of requirements suak superior data rates and high mobility in
one single device even if such properties are motilsaneously present. This document
discusses various solutions of bringing togetherttiird generation mobile communication
system UMTS and the wireless network standards the IEEE 802.11a and the

HIPERLAN/2, with the focus on RF front-end receiv@r mobile terminals.

The goal of realizing such a reconfigurable RF fremd leads to the development of a new
concept, which combines two different receiver dedtures, like super-heterodyne and
direct conversion, into the same hardware. Theagslution is based on a careful analy-
sis of different receiver architectures availaloléay and their capability to suit the particu-
larities of each of the implemented standards. Hewethis is a very complex task
because the most important RF requirements like@irejection, gain, noise and linear-
ity are very different between the standards. Meeeoin order to reduce power consump-
tion and chip area of the front-end receiver, n&atesof the art functional blocks that are
reconfigurable and/or reusable have been develdgeske functional blocks need control
and configuration signals in order to operate iocoadance with the current standard. Fur-
thermore, the reusable functional blocks must be tabfulfill the requirements of all stan-
dard they support. Therefore, a careful analysthefsystem general requirements and the

founded architecture selection significantly cdmited to the success of the project.

Thesis Organization

The structure of the thesis follows the “generap#oticular” approach not only consider-
ing the content of each chapter but also in theameation of the subjects to be treated.
Because the project, which forms the basis of liesis, was focused on a practical out-

come, it is more or less unavoidable that alsodbmument will deal with practical aspects
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of the design process. Nevertheless, there wastaised effort to overcome this focus and
to treat some of the subjects from a more thea@lgpicint of view.

The first chapter of the thesis summarizes theqe®of design and characterization of a
reconfigurable receiver front-end. This process a@glied to a particular combination of
wireless communication standards: the third germ@rainiversal Mobile Telecommunica-
tion System UMTS, the American wireless LAN stamdifEE 802.11a and the European
counterpart — HIPERLAN/2. Each of these standasd=xtensively analyzed and the most
important characteristics concerning the receiventfend are identified. Further on, the
relevant front-end requirements like noise figuméermodulation products and filter selec-
tivity are derived for each particular standarddahen their characteristics. An important
part of the first chapter accounts for the selecpoocess of the most suitable receiver ar-
chitecture that would combine the standards nomdhabove. This part provides an over-
view on the most used receiver architectures tad#ly their pros and cons and motivates
the selection of that specific architecture tormelemented. The last part of the first chap-

ter presents this particular solution and explamunctionality.

Once the reconfigurable receiver front-end architecwas chosen and specified, it is time
to concentrate on specific functional blocks ofthrchitecture. The focus moves in the
second chapter from system design to functionalkottesign. The functional block analy-

sis is restricted in this thesis to the frequenagversion blocks. Given a specific technol-
ogy (CMOS), an extended overview over the diffenerter solutions is presented. The

most suitable mixer solution for the present proyeas selected to be the resistive mixer.

The third chapter focuses on the development ofrtbxing blocks that fulfill the require-
ments of the reconfigurable front-end. The schemnatid layout design process is de-
scribed in depth and is followed by a complete mesmwent stage. In this way, the
performance of both mixers present in the front-snfiilly characterized, together with a
detailed description of the measurement methods.
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The forth chapter is the most theoretical one. Tdw that the small signal distortion
analysis of resistive mixers is relatively less ragghed in literature offered a new direc-
tion to research on. The chapter begins with atshtvoduction in the classical mixer large
signal — small signal analysis. An extension ts theory through the Taylor series method
was considered and mathematically grounded. Find®pendencies between the inter-
modulation products and the setting parametersddte and drain bias or LO signal am-

plitude were demonstrated.

The last chapter returns to the practical implemugon of the reconfigurable receiver clos-
ing in this way the circle of theory and praxis.drder to demonstrate the applicability of
the reconfiguration principle presented in thissiteethe key functional blocks of the re-
ceiver have been developed, implemented, and teBbeddemonstrator board contains the
RF mixer and both 1Q demodulator mixers developgdhle author together with the low
noise amplifiers that were also developed for gngect as monolithic circuits. The func-
tionality of the receiver solution was demonstraded a few measurements to characterize

the non-idealities of the demonstrator circuit weraized.

The thesis concludes with a summarization of tlesgmt achievements and a presentation

of the possible future developments on this subject



Chapter 1.

Reconfigurable Receiver Architectures

1.1. General Considerations

The requirements of a new wireless communicatiandard resides from a unique set of
objectives like desired data rate, signal coverageegiver mobility or interoperability.
Given these objectives and taking into accountithgations imposed by the transmission
environment, the available power or the limitedjfrency bandwidth, the standard creators
choose the appropriate signal processing methalsitake the transmission possible. In
the process of defining a communication standand, ltas to counteract all spurious ele-
ments that can influence the quality of the trassion through proper measures like sig-

nal modulation, interleaving, forward error corien{ multiplexing etc.

Generally, every signal-processing element hasdwistitutive parts, one at the transmit-
ter and one at the receiver side. The frequencgompersion is followed by frequency
down-conversion, coding by decoding, interleavigglb-interleaving and so on. Concern-
ing the implementation of these signal-processimghiwds, one can separate the process-
ing chain into a digital and an analog part. EVieitnése two branches normally carry out
separate tasks, sometimes the digital part cande#esome of the analog tasks and vice-
versa. Nowadays, the digital segment tends to camopore and more terrain against the
analog one, but there is a limit imposed by theieafrequency of the modulated signal
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that cannot be controlled by the digital processeuahnnology available today. The separa-
tion between the two segments is made by the #igitanalog converter on the transmit-
ter side and the analog-to-digital converter at theeiver side. The communication
nomenclature for the two processing blocks wasneefias thdront-endfor the analog

part and thdack-endor the digital one.

The selection process of the desired receiverfeadtarchitecture is particularly difficult.

It implies the examination of all available archkitges concerning their achievable per-
formance given a specific system requirement. Ingmbrcriteria for the selection of the

most suited receiver front-end are not only thdquarance potential but also the produc-
tion costs, integration capability or the consurpeaver. A zero-IF receiver front-end ar-

chitecture needs far less functional blocks conpavigh the super-heterodyne solution,
but lacks the selectivity performance of the lasé.oThere is always a compromise be-
tween the functional performance and the “econofhjzarameters (cost, power, integra-
tion). Some of these performance drawbacks carnvbieled with the present technology
progress, fact that also make possible the acteatittowards the zero-IF architecture in

all communication fields.

1.2. UMTS Standard Specifications

The Universal Mobile Telecommunication System (UMT&s developed upon a request
from the International Telecommunication Union (Ttbat created the International Mo-
bile Telecommunications 2000 (IMT 2000) projechtdp the standardization of third gen-
eration (3G) mobile systems. UMTS was standardizedEurope by the European
Telecommunication Standard Institute (ETSI) as Bugopean contribution to the IMT
2000 standards. Along with UMTS, other standardsewdeveloped by countries like
China, USA, Japan and South Korea.

The intention of ITU was to organize the impleméotaof a unique standard that would

allow worldwide coverage with a single radio ingeré. That vision was not realizable for
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3G systems due to political debates concerningliogce of the best standard implementa-
tion. Moreover, the frequency allocation in eachihgf important world regions was differ-

ent, requiring appropriate signal modulation tegbes and frequency band handling
strategies. Anyway, the vast majority of the subsditproposals were based on the W-
CDMA (Wideband_@de Dvision Multiple Access) technique. This technique improves
the tolerance of the system against interferenndsnaise of both the air channel and the

front-end circuitry.

The key factors and main objectives of IMT 2000 tfee 3G systems can be summarized

as follows [1]:

Minimum 144 kbps (preferably 384 kbps) in all ragiovironments (full cov-
erage and high mobility), up to 2 Mbps in low-mdliland indoor environ-
ments.

Support of symmetrical and asymmetrical traffiggthicapacity and spectrum
efficiency.

Packet switched communication must be provided dditeon to a circuit
switched mode.

Multimedia service capability and voice quality quemable to wire-line qual-
ity.

World-wide coverage and roaming including a saeetomponent.

High flexibility, beginning with the evolution frol2G systems and to future

developments. Applications independent on the uyidgrsupport layers.

The UMTS standard was submitted and accepted byitiT1®98 under the name UTRA
(UMTS Terrestrial_Rdio Access) and belongs along with other nirei® Transmission
Technology (RTT) standards to the IMT 2000 project.

ETSI has integrated under the name UTRA two diffetgpes of UMTS standards. The
first one, closer to the practical implementationtbe market is based on theeguency

Division Duplex (FDD) technique. It ensures optimal condgidor voice transfer and
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other symmetrical traffic communication. The fregag band allocation of the UTRA
FDD depicted in Figure 1.1 shows two different afal up-link and down-link respec-
tively. The UTRA TDD standard is based on thend@ Division Duplex technique and is
very well suited for asymmetrical communication eBvf there are also two communica-
tion bands as shown in Figure 1.1, there is noukaqy separation between the up-link
(UL) and down-link (DL) both directions existingnsultaneously in one band. The other
two bands depicted in Figure 1.1 represent the Mdkatellite Service bands and does not

make the object of UTRA standards but are importantheir definition and parameter

specifications.
UTRA FDD Tx

UTRA TDD UTRA TDD UTRA FDD Rx

/ / ‘ Standard ‘ / /
2
*

[ I | | | |
1.9G 1.92G 1.98G 2.025G 2.17G 2.2G
‘ Frequency [GHz] | 2.01G 2.11G

Figure 1.1. IMT 2000 frequency band allocation in Hrope

Both TDD and FDD UTRA standards share the samerdpgers, only the physical layer
is different from one standard to the other. Thist fensures optimum service for all envi-
ronments, from high mobility in macro-cells to lownobility in pico-cells in out- and in-

door scenarios.

The description of the UMTS standard will further trestricted to the characteristics of the
physical layer that is the only relevant layer amning front-end receiver specification.
Furthermore, only the FDD option of the UTRA is Baad in the design process of the
reconfigurable receiver architecture. The TDD sgadds the subject of another type of
receiver architecture, where the antenna duplexegglaced with a switch, which will not

be covered in this work. The third limitation isticonsideration of only the user equip-
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ment (shortly UE in UTRA terminology) receiver sgations in this work that is enough

for the design and implementation of the front-eexkiver.

The RF characteristics and test cases to be édfily the UE are defined in [2]. In gen-
eral, the transmitter and receiver characterisgtresspecified at the antenna connectors of
the UE and base station (BS or node B specificaiyed). The allowed test tolerances are
defined in [3].
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1.2.1. Characteristics of the standard

The transmission of information is organized ini¢tad) data flows. Depending on the na-
ture of information and their destination, theseeans (known as logical channels) are
packed in different physical bit streams (or phgbszhannels). In UMTS, two main physi-

cal channels are defined, the dedicated physidal cldannel DPDCH and the dedicated
physical control channel DPCCH. The term “dedicateders to the fact that the channel
IS not shared between several terminals but ismnétted from UE to BS or vice versa. The
transmission from BS to the UE is labeled as dawk{DL) transmission and the trans-
mission from UE to BS is known as up-link (UL). Fbre present work, only the DL

transmission and the corresponding DL-DPDCH anddMCCH are of interest.

Source L CRC& Ll Turbo . Puncturing - Interleaver
DPDCH tail insertion encoder
MUX . Spreading & RF
Base stalion ransmitter Modulation Transmitter
DPCCH
yenerator |
Air
y User enuinment receiver Power channel
DPCCH control
n DEMUX, T
BER . . .
CRC & Turbo Depuncturing Deinterleaver Despreading |_ RF
1 tail removal [*7| decoder [ ] ] | Demodulation [* Receiver

Figure 1.2. UMTS transmission chain — test-case ingmentation

The Figure 1.2 depicts the UMTS down-link transmoisschain. In this implementation
example, the transmission integrity deterioratedhgyfront-end non-idealities and the air

channel is tested by means of the bit error ratR.BE

The DL-DPDCH is prepared for the transmission beyagked with different correction
and protection codes and then time-multiplexed \thin DL-DPCCH. The obtained data
flow is then spread by multiplication with a speé@ahogonal code of constant rate. The

term “spreading” refers to the frequency domairrgspntation of the signal, whose fre-
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guency band is widened proportionally with the @age in its data rate. The data rate in-
crease , also known as spreading factor SF, véoes 4 for a high data rate channel
(video channel for example) up to 512 for a lowatadrate channel. The constant code rate
or chip rate as it is named in the UMTS standarskisto 3.84 Mcps, which will create a
RF signal bandwidth of approx. 3.84 MHz. The adaget of the orthogonal spreading
codes is given by the possibility to recover ingdigrthe data after it was impaired by other

similar channels, transmitted on the same frequency

The digital processing methods applied to the UMigdal will not make further the ob-
ject of this work. The precedent paragraphs have jostified some of the characteristics

of the RF signal and briefly illustrated the conxtie of the transmission chain.

15
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Figure 1.3. UMTS channel frequency spectrum as degtied by the spectrum analyzer during meas-

urements

The UTRA FDD communication between the base statimhthe UE takes place in paired

frequency bands. In Europe these bands are:

1920 — 1980 MHz for the UL and
2110 — 2170 MHz for the DL
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With UTRA FDD, both fixed and variable duplex dista@s are possible. The fixed duplex
distance is 190 MHz and the variable duplex distacen vary between 134.8 MHz and
245.2 MHz [2].

The nominal channel spacing is 5 MHz but this caradijusted to for a particular deploy-
ment scenario. The channel carrier frequency rast00 KHz, which means that the cen-
ter frequency must be an integer multiple of 200zKHhe actual UMTS channel occupies
only 3.84 MHz as depicted in Figure 1.3, whichwalioca guard interval between two chan-
nels of about 1.16 MHz.

1.2.2. UMTS Receiver Requirements

The UMTS receiver requirements defined in [2] arainty based on experimental tests.
The results of these tests are expressed as bit rates (BER) achieved under specific
conditions. The requirements state that a simiBRBhould be achievable under the same
or worse conditions as the ones defined in the mhecd. These conditions mean an ex-
tremely low or an extremely high signal level, yadjacent channel or an in-band or out
of band interferer. Based on these requirements,can derive a new set of performance
parameters like noise figure, linearity or interratadion intercept points that characterize
the receiver front-end. The most suitable recearehitecture that promises to fulfill the
requirements can be designed starting with thesmers. Following, the extraction of
the main performance parameters from the UMTS veceequirements will be described.

Noise Figure

The reference sensitivity level minimum requiremeefined in [2] states that a BER<10
must be achieved during simultaneous operatioreeéral UE transmitters at maximum
output power. The characteristics of the receivigdas for the sensitivity level test-case

are defined in Table 1.1.
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The power levels are defined for a measurementvialtef 3.84 MHz.Pye is the received
power spectral density of the DL as measured atffieantenna connector aid is the

average energy per chip of the Dedicated Physibah@el DPCH.

Ec -117 dBm/3.84 MHz

Pve [-106.7 dBm/3.84 MHz

Table 1.1.  Test parameters for reference sensitiyitlevel test-case

The required noise figure NF of the whole recenest be computed according to [1]:

NF =E, +G, +G; - El_t - Py 1.1
eff
Where: NF — receiver noise figure,
Ec — average energy per bit of the DPCH,
Gp —  processing gain through de-spreading of thavedesignal
Ge — coding gain through baseband processing
Ex/N; — ratio of energy per bit to the total effectivage,
Pn — thermal noise power in the 3.84 MHz channel badith

The thermal power noise level is calculated with firmula:

P, =10log(kTB) = - 108dBm, 1.2

Where: k —  Boltzmann constarkt1.38402° W/KHz,
— noise temperature=300 K,
B —  UMTS channel bandwidiB=3.84 MHz
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If an implementation loss in the baseband of 1dB2s considered, an effective value of
Eu/Ni=7.2 dB can be adopted. For a spreading factor 6E28 as defined in the sensitiv-

ity level test-case it will result a processingrgat:

G, =10log(128) = 21dB, 1.3

The estimation of the gain due to convolutionaliogds relatively complex. A value for
G. of 4 dB is rather conservative and was also asdumg.]. Now that all values in Equa-
tion 1.3 are defined, one can calculateNtieof the whole system:

NF =-117dBm+108dBm+21dB + 4dB- 7.2dB=8.8dB 14

In [4], a value of 9 dB was assumed for the noigeré of the whole system, fact that also

validates the above estimate.

1 dB Compression Point

The high peak to average power ratio (PAR) of th¢TS signal has a great influence on
the linearity requirements of the receiver frontt¢]. In the case of ten or more users that
share the same channel, the PAR can be above 1digB linearity requirements for the
receiver front-end cause high current consumptidhecircuits comprising the receiver.

The 1 dB compression point (P1dBCP) requiremeth®lUMTS receiver states how close
a multi-user W-CDMA signal strength may approacis thoint causing only modest de-
gradations of the BER. The characteristics of #eeived signal for the maximum input
level test-case are defined in Table 1.2:
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The E//Pgs represents the average energy per chip of thechsemel (DPCH) reported to
the total power spectral density measured at tilse-btation antenna connector. Only the
interferences introduced by the orthogonal chanoketgéher users are taken into account in
this ratio. The thermal noise added in the air lidtween the base station and the mobile
equipment is ignored because of the high levehefinput signal. This difference of 19 dB
between the user channel energy and the totallgpgmaer is much larger than the value of
10.3 dB defined in [3] for all other test-casesisTtifference comes from additional user
channels coded in the same signal-band by thediaden. These channels are orthogonal
to the DPCH channel, which leads to a special tfp@fluence that is different from the
influence of an AWGN (Average Gaussian Noise) seuhs UMTS simulations, this type
of interference is modeled with an OCNS (Orthogo@iabnnel Noise Simulator) signal.
This interference signal consists of 16 dedicatath ¢hannels uncorrelated to each other

and coded with orthogonal spreading codes.

EJ/Pgs|-19 dB

Pve |[-25dBm/3.84 MHz

Table 1.2.  Test parameters for maximum input levetest-case

The BER dependency on the receiver PLdBCP cannbalated by using a parametrical
amplifier with variable linearity and the UMTS seoardescribed above. Such simulations
[1] show a sharp drop of the coded BER for a PldB@fween -25dBm and
—15 dBm. For an UMTS signal modeled as one DPCHhredlaimpaired by RRC filtered
Gaussian noise, the dependency is not as strofiy &CNS. Both dependencies are de-

picted in Figure 1.4.

According to these results, we can conclude thatRhdBCP of the receiver should be
10 dB higher than the maximum input signal leveptevent any degradation of the BER
due to the nonlinearity effects in the receivernfrend. That gives a value of
—15 dBm for the P1dBCP parameter.
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Figure 1.4. Coded BER versus P1dBCP for OCNS andf®RC filtered Gaussian noise interference

Several effects in the UMTS receiver degrade ttieogonality between different user
channels and introduce in-band distortions of figaad. A major source of such in-band
distortions is the channel selection filter at Haseband or at the IF in the case of hetero-
dyne receiver. The distortions are caused by aogd@itand phase nonlinearity in the filter
and can be visualized as dependency between the @lERhe peak-to-peak amplitude
ripple in a Chebyshev band pass filter [1]. Ripgteplitudes of up to 1.1 dB will introduce
no critical BER degradation, but higher values stidne avoided.

Channel Filter Selectivity

The selection of the wanted channel from the rexmkivequency band includes filtering at
the intermediate frequency (IF), analog basebamddagital baseband. The selectivity re-
qguirements are defined in the adjacent channetaly test case specified in [2] and rep-

resented in Table 1.3;
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Pch is the interference signal at frequencies situattefl MHz offset on both sides of the
received channel. This modulated signal consistofmon channels needed for tests and
16 dedicated data channels. For the specifiedgitresf this interference signal, the BER

of the received data channel should not be ab@®&l10.

Ec -103 dBm/3.84 MHz

Pve [-92.7 dBm/3.84 MHz

Peh -52 dBm/3.84 MHz a5 MHz offset

Table 1.3.  Test parameters for adjacent channel stivity test-case

Since the level oEcis 14 dB above the sensitivity limit, the noisefaninor importance.
From this test-case, the selectivity of the reaefileer can be derived such the signal to
interference ratid,/N; be large enough also for the adjacent channel atheptable inter-

ference leveN;, is determined with the formula:

N, =E.+G, +G, - E : 15
Nt eff
Where: E. — average energy per bit of the DPCH,
Gp — processing gain by dispreading the receivedasign
Ge — coding gain by signal decoding in the baseband,
Ex/N; — ratio of energy per bit to the total effectivase.

If we consider the adjacent channel signal as AWise, we can accept an effective
Eu/N; level of 7.2 dB as considered for the noise figeakeulation. Under this condition:

N, =-103dBm+21dB+ 4dB- 7.2dB=-85.2dBm, 1.6
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The condition defined in the adjacent channel $eige test case of a BER<0.001 can
surely be satisfied if the selectivity of the chahfilter will attenuate the power level of
the adjacent channel at this interference noisel ldgfined in Equation 1.7. The adjacent

channel selectivity will then be:

Att,,.. =P, - N, =-52dBm+85.2dBm = 33.2dBm, 1.7

Where: Attswiz— adjacent channel attenuation for a BER%10

Second Order Intercept Point

Signals with time varying envelopes like the W-CDM#®ynals create critical second-order
distortions of the baseband signal. Second-ordatimearities in the receiver processing
chain produce a spurious baseband signal propattiorthe squared envelope of the sig-
nal. From the multitude of signals that can createh distortions, the in-band neighbor
channels and the transmission leakage are the impsirtant. The problem of the un-

wanted neighbor channels in the receive band ise®in the in-band blocking character-

istics test-case of [2] whose parameters are dapioct Table 1.4.

Ec -114 dBm/3.84 MHz

Pve [-103.7 dBm/3.84 MHz

Poiock | -44 dBm/3.84 MHz a+15 MHz offset

Table 1.4. Test parameters for in-band blocking chaacteristics test-case

The generation mechanism of second order distats@mming from a neighbor channel
under the conditions defined in the in-band blogkiharacteristics (Table 1.4) is depicted

in Figure 1.5.



Reconfigurable Receiver Architectures 19

After down-conversion of the RF signal togetherhwilie in-band neighbor channel, a sig-
nificant DC component is present in the basebaguisi This DC component resides from
the squared function of the second-order distortind represents around 50% from the
entire energy of the in-band neighbor channel. §dmae in-band channel will also produce
a component that lands over the baseband signalsttmoader than the sideband of the
user channel. The third spurious component, at Hz Ms the down-converted in-band

channel. The last two spurious signals equally eslihe rest of 50% from the in-band

channel energy.

nonlmearities down-conversion

User channel \

down-conversion

lS’ec;ﬂ'def ) 250 In-band channel

oprtlS MHz © 15 MHz [o)

Figure 1.5. In-band blocking spectral representatia with second order nonlinearity effects

Returning to the in-band blocking test-case, thpaiimeferred second-order intercept point
of the receiver can be determined from the condlité BER<10®, under the conditions
defined in Table 1.4. This condition can againtdaaglated in the power ratif/N; as de-
fined in the noise figure paragraph. Defining ttasdition for the present test-case results:

N, =E.+G, +G, - % =-114+25- 72=-96.2dBm, 1.8
t eff
Where: N — total noise and interference power spectralitgns
Ec — average energy per bit of the DPCH,
Gp —  processing gain by dispreading the receivedagign
Ge — coding gain by signal decoding in the baseband,

Ex/N; — ratio of energy per bit to the total effectivage.
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A maximal noise and interference power spectrakitgrof -96.2 dBm can be present at
the receiver antenna that will not distort the veanthannel. The interference in this test-
case comprises only the second-order distortiontfein-band channel together with its
down-converted part and the DC component. Sincepiheer of the desired signal
(-114 dBm/3.84 MHz) in this test is 3 dB higher nhdor the sensitivity test
(-117 dBm/3.84 MHz), it is assumed that noise atutss 50% of the total disturbing
power [6]. It results then:

N, =P, +P, 1.9
Py =P =N, - 3dB=-99.2dBm, and 1.10
P = Poc + Psop * Paleac: 111
Where: N — total noise and interference power spectralitgns
Pn — noise power spectral density in dBm/3.84 MHz,
P — interference power spectral density in dBm/3vB4z,
Poc — DC power level in dBm,
Psoo — second order distortion power spectral dendityh® in-band chan-

nel in dBm over the expanded frequency range,

Peleak — power spectral density of the down-convertethand channel in
dBm/3.84 MHz.

A combination of high pass and low pass filteringthe baseband can suppress the DC
component together with the in-band leakage buthcdreliminate the second order distor-
tion that falls on the user signal. Therefore, there interference power level is given by
the second order interference distortion:
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P =P, =-992dBm, 1.12

Knowing the input level of the in-band interferand the acceptable level of distortion it
can cause, the input second order intercept pobitmeoreceiver can be simply derived. It is

presumed that the receiver has no system gain.

P2, 3 2R, - Psop 3 -88dBm+99.2dBm?3 11.2dBm, 1.13
Where: 1IP2;5 — second order intercept point, input referrecim,

Peock — in-band channel power spectral density in dB8#3/Hz,

Psoo — second order distortion power spectral denditye in-band chan-

nel in dBm over the expanded frequency range,

The worst-case scenario of the second-order distois determined by the transmitter
leakage level at the receiver input. The disturbameehanisms are the same as those
shown previously but the in-band signal is replaogdhe transmitter leakage signal. Since
the duplex distance can vary between 134.8 MHz 24%12 MHz, the direct transmitter
leakage through the receiver to the demodulatorbearejected very efficiently and its in-

fluence is insignificant.

Since the transmitter signal is always present,stend-order products should be suffi-
ciently suppressed, even 10 dB under the acceptaide level. A rough estimate of P2

is then determined by:

P2, 2 2P, .- (Psyp- 10dB), 1.14

Where: 1IP21x — second order intercept point determined by ¢h&dge of the trans-

mitter signal through the receiver, input referrediBm,
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Prxeak — power spectral density level of the transmiakage as defined in
the out of band blocking test case for Band 2 imdB84 MHz,
Psoo — second order distortion power spectral denditye in-band chan-

nel in dBm over the expanded frequency range,

For a power level of —30 dBm of tligy eakas defined in the out of band blocking charac-

teristics test case [2], we will obtain:

P22 2(- 30)dBm- (- 99.2- 10)dBm3 49.2dBm, 1.15

Third-Order Intercept Point

The third-order intercept point requirement can baved from the intermodulation test

case defined in [2]. The intermodulation test patanseare listed in: Table 1.5

Pcw is the power level of a continuous wave (CW) ifeear at 10 MHz offset from the
user channel carrier frequency aPghqis the power spectral density of a modulated chan-
nel that contains 16 user dedicated physical cHarmred the usual common physical
channels, all spread with different codes, at 20zMiffset from the user channel carrier

frequency.

Ec -114 dBm/3.84 MHz

Pve |-103.7 dBm/3.84 MHz

Pcw |-46 dBm att10 MHz offset

Pmod |-46 dBm/3.84 MHz a+20 MHz offset

Table 1.5. Test parameters for the intermodulatiorcharacteristics test-case
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As depicted in Figure 1.6, the interferers showethe left side of the figure will generate
third order intermodulation products at the follagifrequencies:

fl,=2(f. +20MHz)- (fo +10MHz)- f_ » 30MHz, and 1.16

f2,=2(f.c +10MHz)- (fre + 20MHz)- f , » 0MHz, 1.17

= [l | 2@ om

g+ 10 MHz orsT20 MHz 0 10 MHz 20 MHz 30 MHz ‘o

Figure 1.6. Intermodulation test-case spectral remsentation with third order nonlinearity effects

Together with the intermodulation products describkdve, there will be also some leak-

age signals around 20 MHz and 10 MHz respectively.

The acceptable noise and interference level for vitie BER<1G condition is fulfilled
can be derived in the same manner as for the figige test-case:

N,=E.+G, +G, - % =-114+25- 72=-96.2dBm, 1.18
t eff
Where: N — total noise and interference power spectralidens
Ec — average energy per bit of the DPCH,
Gp — processing gain by dispreading the receivedasign
Ge — coding gain by signal decoding in the baseband,

Ex/N; — ratio of energy per bit to the total effectiv@se.
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As the desired signal is close to the minimum gemityi level, both noise and interference

must be taken into account. The assumed powerhilistin is then [6]:

noise, 50% of power, -3 dB

intermodulation, 15% of power, -8 dB

CW interferer’s blocking effect, 15% of power, -B d
modulated interferer’s blocking effect, 15% of pow8 dB
oscillator noise, 5% of power, -13 dB

second order distortion products will be neglected

Regarding the interference level produced by thel torder intermodulation distortion
Prop, it will be then 8 dB lower than the minimum actadge noise and interference level

conducting to a minimum receivlP3:

1

IIP33 Pm0d+§(Pmod- (N, - 8dB))=-16.9dBm, 1.19
Where: N — total noise and interference power spectralitgns
Pmoda —  power spectral density of a modulated chanraldbntains 16 user

dedicated physical channels and the usual commysiqath channels, all spread

with different codes, at 20 MHz offset from the uskannel carrier frequency.

Conclusion

The precedent considerations focus on the UMTSwecé&ont-end characteristics, which

establish the achievable performance given theitiond defined in the test-cases defined
in [2]. These characteristics are: the noise figdrelB compression point, channel filter
selectivity, second and third order intercept poiat enumerated in the Table 1.6. All

these characteristics describe the receiver frodtas one entity, independently on the
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chosen architecture. In the practical case, whenrdiceiver architecture is established,
these characteristics can be distributed to tHereit functional blocks.

The test-cases that lead to the founding of sysieanacteristics represent worst case sce-
narios in the functionality of the receiver likevary weak or a very strong input signal, a
strong adjacent channel or a strong interfererré@fbee, the defined characteristics must
hold for these particular situations. In the sameef the total amplification of the front-
end must be adapted to the strength of the ingagkin order to have a relatively constant
power level at the analog-to-digital converter (ADCherefore, the distribution of the
noise figure, amplification or intermodulation parhance over the front-end is dependent
on the input signal characteristics..

Noise Figure NF 8.8 dB
1 dB Compression Point P1dBCP| -15dBm
Adjacent Channel Selection Mtz 33.2dBm
Input Referred Second Order Intercept Point P2 49.2 dBm
Input Referred Third Order Intercept Point IP3 -16.8 dBm

Table 1.6. UMTS receiver system characteristics
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1.3. WLAN Standards Specifications

A Wireless_local Area Network (WLAN) is a data transmission system dedigttepro-
vide location-independent network access to or betwcomputing devices by using radio
waves rather than a cable infrastructure. WLAN a&&ads are intended for high data rates,
and support architectures with an infrastructurgvel as “ad-hoc” architectures, whereby
terminals communicate directly with each other withthe mediation of a fixed base sta-
tion. With their relatively low infrastructure castcompared to cellular or point-to-
multipoint distribution systems, the WLAN networksovide a good fit for the usage
model aimed at high-bandwidth consumers. They camrdsily adapted for business or
residential use, and for low-mobility environmehkg airports, hotels and other locations

where there exists a need for broadband Intermetsac

Standards are being developed for wireless LANdggeulifferent standardization bodies
on the European, Asian and the American continartSA, the Institute of Electrical and
Electronics Engineers (IEEE) droved the developnadnmultiple WLAN technologies
and standards under the generic name IEEE 802fidr. the definition of the IEEE 802
WLAN standard in 1997, the IEEE issued two of itsstnsuccessful supplements in 1999:
IEEE 802.11a and IEEE 802.11b. The specificatidn&EBE 802.11 [7] define two layers:
layer one, called Physical Layer (PHY) and layep,twalled Media Access Control
(MAC) layer. The first layer specifies the modutatischeme and signaling characteristics
for the transmission through the air channel, whetbe second layer defines a way to ac-
cess the physical layer. The specifications oflHteE 802.11 MAC layer [8], define also
services related to the radio resource and the Iityobmanagement. Both 802.11a and
802.11b standards use the MAC layer already specfbr the hdustrial_Sientific Medi-

cal (ISM) band. The IEEE 802.11b supports datesrafeto 11 Mbit/s and operates in the
2.4 GHz band(ISM) which provides only 83 MHz of sjpem to accommodate a variety
of other radiating products, including cordless @®and microwave ovens. The suscepti-
bility to interferences of the 802.11b standard esathe 802.11a alternative more attrac-
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tive for the multi-standard implementation, andréfiere will not be further regarded in
this work. On the other side, the IEEE 802.11addash development, even if much slowly
due to its complexity, proved to offer some advgesalike its intrinsic ability to handle
delay spread or multi-path reflection effects whaghalify it for mobile multi-standard re-
ceivers. The standard uses 300 MHz of bandwidtthéen5 GHz_Wlicensed Mtional h-
formation_hfrastructure (UNII) band [9].

In Europe, the Bbadband Rdio Access etworks (BRAN) project of the utopean Ele-
communications tandards nistitute (ETSI) has defined thiéigh Performance Radio Lo-
cal-Area Network, type &hortly named HIPERLAN/2 [10], [11]. The standapsifies a
radio-access network that can be used with a yaoiketore networks. The access is pro-
vided by several convergence layers defined ingbape, which links the HIPERLAN/2

standard with the following services [12]:

Internet FPotocol (IP) networks (Ethernet andiRt to Roint Protocol, PPP),
Asynchronous flansfer Mode (ATM) based networks,
third-generation core networks and

networks that use IEEE 1394 (Fireware) protocots applications.

The HIPERLAN/2 standard provides a flexible arcttitiee that besides the convergence
layers enumerated above defines network indepemdessical (PHY) [13] and data-link-
control (DLC) layers. The data units that are traitied within the core networks can dif-
fer in length, type and content. A specific conwsrce layer in HIPERLAN/2 segments the
data units into fixed-length DLC User Service Dhliaits (U-SDU). These units are then
transmitted to their destination by means of DLE@ &HY data transport services. The
HIPERLAN/2 standard supports terminal mobility gf to 10 m/s and bit rates of up to
54 Mbit/s.

In Japan, a system that is very similar to HIPERIZ2Nas also been specified by thelM
timedia Mobile Access_@mmunication (MMAC) association within thessociation of

Radio Industries and_&adcasting (ARIB) [9]. The main difference betweinand
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HIPERLAN/2 is that the spectrum-sharing rule of fla@anese system introduces a carrier-

sensing mechanism.

Close cooperation between ETSI BRAN, ARIB MMAC ditEE 802.11 has ensured that
the PHY layers of the various 5 GHz WLAN standaads broadly harmonized. The main
differences between the IEEE 802.11a and HIPERLA$t&hdards occur at the MAC
layer [14], [15]. In HIPERLAN/2, the medium accassased on a Time Domain Multiple
Access/ Time Domain Duplex (TDMA/TDD) approach wgia fixed length MAC frame
with a period of 2 ms [10]. This frame comprisedinkp(mobile terminal, MT to access
point, AP), downlink (AP to MT) and direct link (tveeen two MT in ad-hoc networks)
segments. The communication is always controlleamyP or and central controller CC
for ad-hoc networks, that schedules the length awhecommunication segment in the
MAC frame. IEEE 802.11a uses a variable length Mi#&@ne based on a carrier sense
multiple access with collision avoidance (CSMA/Cgptocol, [9], [10]. The MT must
sense the radio channel before transmitting. Iictiennel is free, transmission begins; oth-
erwise, an exponential back-off period is impleneenbefore the channel is sensed once
more. The use of distributed MAC makes IEEE 802 hbae suitable for ad-hoc networks
and non-real-time applications, whereas the HIPERI2AMAC is designed to provide

guality of service support for multimedia and raale applications.

1.3.1. WLAN Physical Layer Characteristics

As stated before, both European and American WLAadards occupy the frequency
band between 5 and 6 GHz. The exact spectrum &tboda depicted in Figure 1.7. A first
segment of 150 MHz between [5.15 — 5.35] GHz igiuseboth standards. In the superior
frequency domain, the HIPERLAN/2 takes the freqyermand between [5.47 -
5.725] GHz and the IEEE 802.11a the band betwe&2%5- 5.825] GHz.

The standards developed by both IEEE 802.11 and/BR8N bodies for the 5.2 GHz
band uses the hogonal_Fequency vision Multiplexing (OFDM) modulation for their
physical layer. OFDM has been designed to utileeftequency spectrum more efficiently
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than spread spectrum techniques. In both standdBisctive sub-carriers plus 4 sub-

carriers for pilot symbols are used, along wittdgp@int FFT.

HIPERLAN 2 IEEE 802.11a HIPERLAN/2

IEEE 802.11a

/////////

| =

I [
515G 5. 31IG 535G

Figure 1.7. WLAN frequency band allocation in Europe and USA

Since, both standardization bodies have workedhegen order to harmonize the physical

layer of these two standards, the main differefmdaeen these two standards are in the

MAC and DLC layers. However, there are some redyivminor differences between

IEEE 802.11a and HIPERLAN/2 standards also conogrtiieir physical layer. As shown

in Table 1.7, each standard uses different modulachemes and coding rates. More spe-
cifically the differences exist in the cases of QM (Quadrature Mplitude_Modulation)
and 64-QAM schemes. HIPERLANY/2 supports seven maoaete IEEE 802.11a supports

eight modes.
DLC Digital PHY Analoy RF
PDU train Serambling Convolutional Puncturing Interleaver BPSK QPSK OFDM DAC RF
' " ™ coding [ ") ] ™  oam Guard interval | Transmitter
insertion
Access pointtrans mitter }
Air
Mohile terminal receiver Guard interval
extracti
LC frame Descrambler Viterbi decoder Deinterleaver EPSK GPSK OFDM ADC RF
apping | oam [ | Recever
LG Digital PHY Analoy RF

Figure 1.8. WLAN frequency band allocation in Europe and USA
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Figure 1.8 shows the reference configuration oftthesmission chain common to the both
IEEE 802.11a and HIPERLAN/2 standards. Data forttaasmission is supplied to the
PHY layer in form of an inputdket Cata_Lhit (PDU) frame.

Standard Im-| Modulation Coding rate Physical dat@ Data bits per
plement scheme Rate [Mbps] | symbol[Mbps]
BPSK 1/2 6 24
Both standards BPSK 3/4 9 36
QPSK 1/2 12 48
QPSK 3/4 18 72
IEEE802.11a 16-QAM 1/2 24 96
HIPERLAN/2 16-QAM 9/16 27 108
Both standards 16-QAM 3/4 36 144
IEEE802.11a 64-QAM 2/3 48 192
Both standards 64-QAM 3/4 54 216

Table 1.7. Modulation schemes for HIPERLAN/2 and |EEE 802.11a

The PDU train is input to a scrambler to avoid Idoragns of zeros or ones in the input data.
The data is subsequent coded and punctured tanabtzanstant data rate and finally inter-
leaved in order to hinder error bursts from beimgui to the convolutional decoding proc-
ess in the receiver. The interleaved data is theapped to data symbols according to
BPSK, QPSK, 16-QAM or 64-QAM constellation. OFDM dudation is implemented by
means of an inverse fast Fourier transformationTjFk order to prevent inter-symbol
interference (ISI) and inter-carrier interferent@l) due to the delay spread, a guard inter-
val is implemented after the OFDM modulation byesiqdic extension of the symbol it-
self. This guard interval must be eliminated at ibeeption before OFDM demodulation.
The signal obtained after OFDM modulation and digib analog conversion occupies a
band of 16.6 MHz. The RF transmitter prepares tieog converted signal for wireless
transmission by frequency translation, filteringlaamplification. The frequency spectrum
of the signal that contains 48 data carriers apdact carriers is shown in Figure 1.9. The
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transmission channels are spaced 20 MHz aparttendatrier frequencies are defined at
integral multiples of 5 MHz above 5 GHz.

L
o

-60—

IEEE 802.11a Tx Signal [dBm]
L
[an]

70—
5190 5.192

I \ I [ \ I I I
5194 5196 5198 5200 5202 5204 5206 5208 5210

Frequency[GHz]

Figure 1.9. WLAN channel frequency spectrum as obseed on a spectrum analyzer

As in the UMTS requirements case, there is a seeadiver system test-cases for each of
the WLAN standards that can make the system dedigime receiver front-end much eas-
ier. These test-cases refer mainly to the receseasitivity, maximum input level and ad-

jacent and non-adjacent channel selectivity.

1.3.2. WLAN Receiver Requirements

Noise Figure

The total noise figure of the WLAN receiver fromteecan be derived from the sensitivity
test cases defined in [7] and [11] for IEEE 802.athd HIPERLAN /2 respectively.

In both test-cases _aafket Kror Rate (PER) of less then 10% is required at a PD{tlken
of 1000 bytes for input power levels at the antecoranectors as defined in the Table 1.8

below.
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Data Rate Minimum Sensitivity (dBm)
(Mbps) IEEE 802.11a HIPERLAN/2
6 82 -85
9 81 83
12 79 81
18 77 79
24 74
27 75
36 70 73
48 66
54 .65 68

Table 1.8.  Receiver sensitivity requirements for IEE 802.11a and HIPERLAN/2

The required system noise figure can be deriveth fem equivalent formulation of the
Equation 1.1 used for the UMTS standard:

NF=P,-PR-C/l, 1.20
Where: NF — noise figure of the whole receiver,

Pmin —  sensitivity at the receiver antenna as definefiable 1.8,

Pn — thermal noise power in the 16.6 MHz bandwidth,

C/ — carrier to interference ratio, equivalent herdhthe signal to noise

ratio (SNR), for which the PER degradation is et 10%.

The thermal noise power level for the WLAN chanisedgain calculated as:

P, =10log(kTB) = - 101.6dBm, 1.21

Where: k —  Boltzmann constamit1.3840%2 W/KHz,
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— noise temperature=300 K,
B — UMTS channel bandwidt®=16.6 MHz

An evaluation of the baseband processing chainbilifgao reconstruct the original signal
from the received one in the presence of a Gaussie® channel is represented in Figure
1.10. It was observed in [15] that both IEEE802.4hd HIPERLAN/2 standards exhibit

the same PER performance due to their similar P&y¥érts.
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Figure 1.10. Dependence of the Packet Error Rate BR) to the Carrier to Interference (C/I) for

different data rates and modulation types in a WLANchannel

The required point of operation as defined in Tdb&is a PER of 10% that implies a C/I
between 7 and 25 dB depending on the modulatioa. fJpe system noise figure can now

be calculated for each transmission mode as dejpictie next examples below.

NF,

6Mbps

=-85dBm+101.6dBm- 7dB=9.6dB, 1.22
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NFasavnps = - 650Bm+101.6dBm- 25dB =11.6dB, 1.23

Intermodulation performance

The ability of an RF system to reject the interfee emanating from adjacent channels is
highly dependent upon the receiver architectures. Well known that the super-heterodyne
receiver has a better selectivity performance tthendirect conversion receivers at the
price of supplemental filters. Nevertheless, thanme two critical functional blocks in the
receiver chain, independently of the chosen archite, that can seriously accentuate the
adjacent channel rejection (ACR) problem. The fiusictional block is the low noise am-
plifier (LNA) that saturates at an input level andu-15 to -20 dBm. In the presence of a
strong in-band signal above this level, the LNAIwiject non-linear distortion into the
user channel. At the other end of the receivehnesanalog-to-digital converter (ADC) that
also has a limited dynamic range.

Data rate | Adjacent channel rejed- Non-adjacent channel
[Mbps] tion [dB] rejection [dB]

6 21 40

9 19 38

12 17 36

18 15 34

24 13 29

27 11 30

36 9 28

48 5 21

54 4 23

Table 1.9.  Adjacent channel rejection requirement$or HIPERLAN/2 and IEEE802.11a

The adjacent and non-adjacent channel rejectiomssammarized in Table 1.9 for both
IEEE 802.11a and HIPERLANY/2 standards. The valegsesent the difference between
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the interfering and the user channel power. In hditand [11] specifications, the desired
signal strength is 3 dB above the sensitivity leWr the level differences given in the
Table 1.9, the Packet Error Rate PER should netatmve 10%.

4 P 1P
Ol Pi """"" H
Pragi i i
. Adj.
LGS channel
PIR};
| User
Ul channel
Pni.orou - cnt/ AR
1~ /: i ACR
Fl‘gq Py Prng 1IP; Pour

Figure 1.11. Estimation of the system third orderritercept point IP3 from adjacent channel rejection

specification

The degradation of the user channel signal in tkegmnce of a strong adjacent channel is
depicted in the left side of Figure 1.11. Here,uker channel has a lower input poes
than the adjacent chann@kg;, the difference is the ACR defined in Table 1.9st8m
non-linearities like the third order intermodulatigenerate interference products (shoul-
ders) in the user channel. When these shouldexsakisve the acceptable carrier to inter-
ference ratio (7 — 25 dB depending on the datg taeePER specifications are not fulfilled
anymore. The same condition is depicted in thet rgjthe of Figure 1.11 using the well-

known two-tone intercept point diagram.

The adjacent channel intermodulation power leveVite C/I lower than the user channel

input power. Mathematically, the condition is gives

Pw_orom = Pre - C/ 1, 1.24
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Where: Pwmorom —  adjacent channel intermodulation level for a @F§ignal,
Pirx - input signal power level,
C/l —  carrier to interference ratio.

Considering the intermodulation of a two tone sigttee relation that defines the input re-

ferred third order intercept point is well known:

IP3= 3>Pladj - I:)IM—ZTone's’ 1.25
2
Where: Pimaotones —  intermodulation level of a two tones signal ofver Piag;,
Pladj — adjacent channel input power level,
1IP3 — input referred third order intercept point.

It can be demonstrated [16], that an OFDM sigria the WLAN signals will exhibit an
intermodulation product power level, which is up&aB higher than the IM level of a

simple two-tone signal. Then, for a giveag;:

Pu-orom = P 21ones + 6dB, 1.26
Where: Pwmorom —  adjacent channel intermodulation level for a ®F§ignal,
Pim2tones —  intermodulation level of a two tones signal ofver Piag;.

From Equations 1.25, 1.26 and repladig; with Pirx + ACR results:

_ 2>P., +3>ACR+C/| + 6dB
2 )

P, 1.27

Where: 1IP3 — input referred third order intercept point,

Pirx —  input signal power level,
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ACR — adjacent channel power ratio as defined in Tal8e
C/l — carrier to interference ratio whose dependencéhe PER is

shown in Figure 1.11.

On the same basis, one can define a similar raldtiothe Input Referred Second Order

Intercept PointIP2 for which we have:

P2 = 2>(F)Iadj - I:)IM—ZTones' 1.28
Where: 1IP2 — input referred second order intercept point,

Plagj — adjacent channel input power level,

Pim2tones —  intermodulation level of a two tones signal ofyer Pagj.

Taking into account the difference between the seéarder intermodulation power of an
OFDM signal and the second order intermodulatiowgyoof a two tone signal that can be
as high as 17 dB [17], it results than:

IIP, = P, +2xACR+C/| +17dB, 1.29
Where: 1IP2 — input referred second order intercept point,

Pirx —  input signal power level,

ACR — adjacent channel power ratio as defined in Tal8e

C/l —  carrier to interference ratio whose dependencéhe PER is

shown in Figure 1.11.

Conclusion

Depending on the receiver front-end architecture,gffect of the second order intermodu-
lation product is more or less important. Anywaye effect of the intermodulation prod-

ucts cannot be independently defined. There a @lser impairments of the front-end
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like the 1Q mismatch, the phase noise and so dnctienges the linearity requirements of
the system. The sum of impairments creates the akeadguard interval in terms of dB
over the calculated worst case 1IP3 and IIP2 fergiven specifications. It was considered
then that an 1IP3 value of -15 dBm and an 1IP2 gati 0 dBm is enough in order to

achieve a 10% PER in the presence of an adjacanneh[18].

The 1 dB compression point can be deduced in Sewengs. There is a mathematical de-
pendence between the third order intercept poidtthea P1dBCP. For a receiver modeled
as an amplifier the P1dBCP should be about 9.6ad&1 then the IIP3. In the practical
case, this rule does not apply always so the atesghlue of the P1dBCP is hard to evalu-
ate. Another method to establish the minimal valiuhe P1dBCP is to consider the maxi-
mum input level for operation test case described7] and [11]. For the first class
receivers, the maximum input level has a value26fdBm in the case of HIPERLAN/2
standard and -30 dBm for the IEEE802.11a. Appldrguard interval of about 5 dB above
the maximum input level for the P1dBCP, one carsloe that the receiver is still in its
linear range also for the highest input power Iev&Vith this assumption, the P1dBCP
value would lay at -15 dBm at least. All systemgpaeters analyzed in this chapter are

enumerated together with their worst-case valuglsarmable 1.10.

Noise Figure NF 9.6 dB
1 dB Compression Point P1dBCP| -15dBm
Input Referred Second Order Intercept Point P2 0 dBm
Input Referred Third Order Intercept Point IP3 -15 dBm

Table 1.10. WLAN receiver system characteristics
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1.4. Receiver Architectures

1.4.1. Heterodyne Receiver

In the heterodyne receiver, the frequency bandaisstated to an intermediate frequency
(IF), which is usually much lower than the initialeceived signal frequency. Before this
frequency translation, the signal is first filter@aand filtering) and amplified. After the
translation, a channel filtering and the 1Q demadah follows. Alternatively, the signal at
IF frequency is directly digitalized and the IQ dmamlation is made in the digital domain..

The entire process is depicted in Figure 1.12

Channel
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Figure 1.12. Heterodyne receiver architecture

It is important to distinguish between the sighahdthat includes the entire spectrum in
which the users of a particular standard are alibteecommunicate and tlehannelthat

refers to the signal bandwidth actually used bingls user in the system. The terms “band
selection” and “channel selection” refer to the rapiens that reject out-of-band interferers

and out-of-channel (usually in-band) interfereespectively.

The first block in the receiver is the band setatfiilter that rejects the out of band inter-
ferers from the received signal, postponing thenobhselection to the other point in the

receiver. There is always a trade-off between #lecsivity of this filter and its transfer



Reconfigurable Receiver Architectures 40

loss. Considering that the filter loss decreasess#nsitivity of the entire receiver, one has
to consider very carefully the choice of the outbahd rejection parameters for the band
select filter. Even a very selective band selectilber cannot reject the in-band interferers.
For these interferers, the linearity of the LNAwWl@oise amplifier) is very important, par-

ticularly the odd-order non-linearity that yieldemmodulation products that fall in the de-
sired band. As third order distortion is usuallymdeant, the 1IP3, of each stage must be

sufficiently high to avoid corruption of the signaf the intermodulation products.

As the first mixer down-converts frequency bandsssetrically located below and above
the local oscillator (LO) frequency to the samesintediate frequency, an image reject fil-
ter is necessary in front of the mixer in ordeexelude the unwanted band (also known as

image frequency band).

The choice of intermediate frequency (IF) strond@pends on both the characteristics of
the received signal and of the type of filters usedmage rejection and channel selection.
Another criterion is the availability and the ploai size of the filters. Today's wireless
communication systems use external acoustic was&\(Jilters, because the implemen-

tation of active RC filters would need too much govior the required performance.

Concerning the image reject filter and the chariiftelr, there is a trade-off between the
rejection of the image frequency and the selegtiwitthe channel selection filter [19]. For
a higher IF frequency (see Figure 1.13 (a)), tlstadice %/ between the RF and the im-
age frequency allows a better image rejection. l@@nather hand, the channel select filter
whose resonance frequency is centeredipmust have a very good selectivity in order to
filter the in-band spurious signals. The low IFdretlyne receivers offer the advantage of
good channel selectivity but the specificationstfa image reject filter are very tight. To
minimize the image, one can either increase ther 6lerate greater loss in the image re-
ject filter while increasing its Q. This fact isgsented in Figure 1.13 (b) where the in-band

spurious signal are better filtered at the loweblf the image interference is stronger.
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The choice of the intermediate frequency is theeeflictated by the frequency spectrum
and the characteristics of the signal to be receif@e level of the in-band spurious sig-
nals and the influence of the image band are toef@ators that must be taken into account

for the choice of the intermediate frequency.

Concerning the local oscillator (LO) frequencycain be higher or lower than the center of
the desired band. In Figure 1.13 is presenteditbiedase known also as “high-side injec-
tion”. The second case wheng>w o known as “low-side injection” have the advantage
of a lower LO frequency that simplify the designtioé local oscillator, but this situation is

not always desirable hence the image bands beldvalove the desired band exhibit dif-

ferent amounts of noise. Thigo must be chosen to avoid the noisy image band.

WI1F (O]

Figure 1.13. Rejection of the image vs. suppressiaf interferers for (a) high IF and (b) low IF

In addition to the mixer linearity case, the choafehe intermediate frequency may also
be critical to the performance of the heterodyreeire. More exactly, the second order
distortion products can contribute to the signajrddation. This effect in the heterodyne
receivers is known as thalf-IF problem [20]. Considering the “high-side injectiotése,
an interferer atwWrrtwio)/2, i.e. at the equal distance from both e andw o as de-

picted in Figure 1.14 will be transferred at {f@rr+w0)-2W o|=Wir by a mixer that ex-
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periences a strong second order distortion if tBecbntains a significant second harmonic

as well.
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Figure 1.14. Problem of half-IF in heterodyne receiers

The super-heterodyne receiver proves to be a vadlgion taking into consideration sys-
tem requirements like selectivity, dynamic rangehard order intercept point. In fact, all
these parameters are strongly interconnected. Yhanaic range of the system is defined
as the ratio between the maximum power a recei@erhandle and the minimum detect-
able received signal power [21]. Referring to thiedt order intercept point 1IP3, the dy-
namic range of the system is defined as the ragiovden the IIP3 and the receiver
sensitivity S. A system with the total 1IP3 of —-Brd for example, and the sensitivity level
at =105 dBm, will have a dynamic range DR equahwid0 dB. The total IIP3 of the sys-
tem depends strongly on the selectivity of the dedfilter. Therefore, the heterodyne re-
ceiver has a strong advantage against the othes tgpreceiver architectures that do not

possess such selectivity.

On the other hand, the filters that confer the dpligy are very difficult to integrate on
chip. Such external filters are generally optimiz@da certain mode of operation resulting
in a fixed bandwidth and center frequency. For tieaison, once designed, the system is
difficult to reconfigure. That represents an impaoitdisadvantage of the heterodyne re-
ceiver. The mobile communication standards of tigederation as the UMTS include the
possibility of additional chip rates to the baseatate of 3.84 Mcps in future releases [3].
Such rates like 0.96 Mcps, 7.68 Mcps or 15.36 Mgpslti-band operation) cannot be

supported by a heterodyne receiver with an exte&3AaV filter.
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The difficulties of multi-band operation remain @leritical for the multi-standard opera-
tion of the heterodyne receiver. A WLAN/UMTS recigiufrable receiver would require a
receiver front-end that can handle both 20 MHz &ndHz signals. The multi-band and
multi-standard capabilities can only be implemeriigdising separate IF sections for each
mode. This represents a clear drawback that togetlle the complexity of the system

and the large number of components will increasectists of such receiver architecture.

1.4.2. Zero IF Receiver

The Zero-IF receiver, also known as direct coneersir homodyne receiver is the most
direct implementation of an RF receiver. As showirigure 1.15 the zero-IF receiver is a
much simpler structure compared with the heterodgaeeiver. The signal is first filtered
by a band pass filter that is usually off-chip amdplified before is down-converted by an
IQ demodulator to the baseband. The mixers than fibre 1Q demodulator will generate
also some higher order harmonic products that rnadiltered with the low pass filters
also presented in the figure. The baseband sigralally amplified and digitalized by two
analog-digital converters, one on each branch.

The zero-IF receiver offers a low cost alternatiwvehe heterodyne receiver but have to
overcome some disadvantages like flicker noise,dif€et, LO re-radiation or poor dy-
namic range. These aspects put until recently difigult problems but progress in the IC
design made the implementation of zero-IF receavenore and more accessible solution
[22].

Nevertheless, the zero-IF receiver suits very ¥eglthe implementation in reconfigurable

systems through the absence of the external Bt.filknother clear advantage is the practi-
cal possibility to integrate the whole receivertfwihe exception of the RF band select fil-
ter) on-chip. This possibility drastically reduaest only the producing costs but also the
consumed power. Moreover, a zero-IF receiver dagshave the image problem that is

inherent in a heterodyne receiver. All these arguméed to the explosion of zero-IF re-
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ceiver implementation on the market and the tenglento replace the heterodyne receiver

for all mobile communication standards.
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Figure 1.15. Zero IF receiver architecture

The simplicity of the zero-IF receiver comes witprece, namely the difficulty to achieve
in only one stage a high dynamic range and a losenfigure concomitantly. The zero-IF
receiver is also very sensitive at LO re-radiatimal flicker noise. The LO re-radiation ef-
fect is given by the leakage of the LO signal ta¥ygaantenna where is radiated in the air
and finally reflected back by the multi-path fadifthe re-radiated LO signal produces a
self-interference effect, resulting a DC offset amith it the desensitization of the whole

receiver.

Modern communication standards like the UMTS, dpecia very large dynamic range for
their compliant receivers. Most of the amplification such cases is contributed by the
baseband amplifiers. That means that even smalbfisgts (in range of several mV) at
the mixer outputs may lead to DC levels sufficiemtsaturate the analog to digital con-
verter (ADC) [23].

The grade of re-radiation is given by the isolati@ween the signal path and the radiating

elements in the receiver, the most important radjatlement being the antenna. Very im-
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portant is also the LO-RF isolation of the mixedahe reflection factor at the LNA out-
put. The band pass filter at the input of the nemeallows the propagation of the LO fre-
qguency and therefore cannot contribute to the &tiwh of the re-radiation effect. The DC
offset generated in this way is a time varying @ffend is more difficult to be cancelled

than a constant DC offset.

The same type of self-mixing phenomena occursl@rge interferer from the LNA leaks
towards the LO input of the mixer. This unwantef@etf will produce a constant DC offset
that is easier to reject in the digital back-endhaf receiver. All these leakage effects are

depicted in Figure 1.16.
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Figure 1.16. DC offset sources in Zero-IF receiver

An important low frequency interference source @nozlF receivers is given by the sec-
ond-order non-linearity in circuit elements, whisehave like a squaring function. Given
that the LO frequency equals the carrier frequenaay, signal passing through a second-
order non-linearity appears at the output of tleeiresr as a low frequency component plus
a second order harmonic. The latter can be filterddby the analog low pass filter, but the

former is much more difficult to eliminate becauke baseband signal generally has sig-
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nificant spectral content near DC. Therefore, gdamixer IIP2 is needed to minimize the
effect of a second-order non-linearity [24], [25].

One solution to overcome the DC offset problenpigjpply a large enough AC capacitor
so that the DC offset is blocked. Anyway, this solu can be applied only in systems
whose distribution of energy in the frequency damaidiverted to the higher frequencies
like MFSK. In such systems, the AC capacitor mwesisb large that the corner frequency
would be at most 1% of the signal bandwidth [22)tr PSF or QAM systems, which have
a strong DC content, line coding, may be used timdiuce correlation in the modulated
signal so that the DC energy is diverted to théddigrequencies. There are two problems
resulting from the employment of AC capacitors areIF receivers. In order to obtain
lower corner frequencies on has to use very laagadtors in the order of nF or uF. Such
capacitors are too large to be integrated on dWigreover, the large capacitors cause long
recovery time due to the large time constant, wigigh be in the order of a few millisec-
onds. This can be critical for packet switched esyst causing substantial over-the-air

overhead.

Another solution to the DC offset problem is to dféerential circuits through the RF re-
ceiver. Such balanced circuits have a high IIP2 reqett the DC component from the RF
signal. In addition, DC offsets due to the re-rdiahas equal power on both signal lines
of the differential circuit and therefore can baaalled out. However, the disadvantage of
this solution is the increased complexity of thewitry that will conduct to higher power

dissipation also.

Finally, he DC offset can be estimated and candeti¢her digitally or with specialized
analog circuits. Digital offset cancellation reeusra higher resolution of the ADC to pro-
vide a high dynamic range, since the cancellatiapplkns only after the ADC. The opti-

mum solution is a compromise between the digitdl @malog DC cancellation.

The Zero-IF receiver is also sensitive to the #ickoise generated by the mixer or the

baseband circuits. This problem becomes more akitigth the progress in btal kide
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Semiconductor (MOS) transistor technology becausedbntinuously smaller transistor
gate induces a higher level of flicker noise. TiMALcircuit is not critical concerning this
type of noise because its frequency band is mughehithan the corner frequency of the
flicker noise. Much more important is the mixer wbooutput is in the baseband fre-
guency. The high impedance matching demanded by.N#e output to the input of the
mixer imposes the use of smaller gate transistarghie mixer circuit. This restriction has
as effect an increase of the flicker noise levehmbaseband signal and can conduct to the
desensitization of the zero-IF receiver. The loagtrency circuits like the channel filters
and the variable gain amplifier (VGA) are not siical for the baseband processing chain
if the active gate area of the transistors is eidfitly large to keep a low flicker noise

level.

The effect of flicker noise can be reduced by a lmoation of techniques. For example,
the use of resistive mixers instead of active nejuce considerably the level of flicker
noise generated by the mixer. Moreover, periodisebfcancellation also suppresses low-

frequency noise components through correlated @osdonpling [22].

1.4.3. Low IF Receiver

This receiver architecture was developed as a comige solution to the Zero IF receiver.
As depicted in Figure 1.17, the architecture isyv@milar with the one described in the
precedent paragraph. Anyway, the RF signal is rmeniQ demodulated directly into the
baseband but at an intermediate frequency slightier than the half bandwidth of the
user channel. In this way, the down-converted cebawill land near the DC but with the
entire frequency channel into the positive freqyesmds and not half positive half negative
as in the Zero IF receiver case. The advantagei®tblution is obvious: one can filter the
received channel with a channel select filter (GSBee Figure 1.17) with a pass band
characteristic instead of a low pass. The DC offsetiuced by the re-radiation effects de-
scribed before can be here minimized by the chaselelct filter. The flicker noise be-
comes also a non-critical aspect in the low IF irerebecause the intermediate frequency
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can be chosen so that the lower channel frequeacggsigher than the corner frequency of

the flicker noise.

The disadvantage of the Low IF receiver againstZ® IF is that the suppression of the
mirror signal must be higher. In Zero IF receivdt®e mirror signal is the same as the
wanted signal, and this means that a 40 dB suppressthe mirror signal does result in a
carrier to interference ratio of 40 dB for the wahsignal. In low IF receivers, the mirror
signal can be much higher than the wanted sigreduse at the origin they stem from dif-
ferent frequencies. A mirror signal suppressiory@idB is required for a carrier to inter-
ference ratio of 40 dB when the mirror signal can30 dB higher than the wanted signal.
A careful choice of the IF, so that the mirror fuegcy is situated between two transmis-
sion channels can be a solution to this problenthimway, the suppression specs can be
lowered with 50-60 dB.
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Figure 1.17. Low-IF receiver architecture

1.4.4. Direct Sampling Receiver

To achieve multi-standard ability, the analog-tgHail converter (ADC) should be placed
as near the antenna as possible in the chain aoRfponents in the front-end. This solu-

tion is depicted in Figure 1.18 where the filtefesjuency band received at the antenna is
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amplified and delivered to the ADC [27]. The seca@arhdition is to process the resulting
samples on a programmable micro or signal proce$designing of analog functional
blocks can be often expensive, while the digitalgpamming is usually convenient and

cheaper.

Duplexer BPF LNA
— % A Digital Front DSP
— Ny D End

Figure 1.18. Direct sampling receiver architecture

Efforts are made to move the analog-digital corargADC) closer to the antenna but such
approach has some serious drawbacks [28], [29]algecthe ADC would be exposed to
numerous interferences, it must have a very widedyc range. That means that the reso-
lution for the UMTS standards for example shouldnbare than 16 bits. This huge dy-
namic range must be implemented at a carrier freguaround 2 GHz, requirement that

not seems to be achievable in the near future.

One possible solution would be to include one orenfequency translations stages. How-
ever, this adds additional hardware between thenaat and ADC, adding in complexity
and lowering the performance. A second option, Wwitioes adhere to the design goals, is

the utilization of band-pass sampling.

Band-pass sampling is the intentional aliasinghef information bandwidth of the signal
[30], [31]. The sampling frequency requirement gslonger based on the frequency of the
RF carrier, but rather on the information bandwidthhe signal. Thus, the resulting proc-
essing rate can be significantly reduced. The deaWlof this method is the overlapping of
the frequency bands that requires a very goodifileand lowers the sensitivity of the re-

ceiver.
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1.4.5. Half-IF Receiver

This type of receiver architecture was first présdnin [32]. Until now was little re-

searched, hence it appears only referenced in ther @ublications but no other authors
seem to have experienced it. This architecture aoeslthe advantages of both direct con-
version and heterodyne receivers but, on the diaad, has its own characteristics that

must be taken into account.
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Figure 1.19. Half-IF receiver architecture

The circuit performs a first frequency translatfoom the RF frequency to an intermediate
frequency that is half the RF frequency. Subsedyetite IF signal is translated directly
into the baseband by an 1Q demodulator driven lysdmme LO frequency as for the first
frequency translation. As a result, we can redleereceiver with only a frequency syn-
thesizer, although there is a double conversiothefsignal. The receiver architecture is

depicted in Figure 1.19.

The chosen frequency planning offers several adggstover that of conventional hetero-
dyne or image reject architectures. Consideringatichitecture, the half-IF receiver looks
like a high IF receiver because the intermediaguency is rather high at the half the RF

frequency. This solution eliminates the need ofraage reject filter and therefore is well
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suited for on-chip integration. The LO frequencyeded for the first mixer is relatively
low compared with the conventional heterodyne aechire, only at the half of the RF fre-
quency, and therefore relaxes the requirementseolioical oscillator. Another advantage is
the image frequency, which is located around thedd®t and therefore very efficiently
rejected by the antenna and the LNA selectivitym@ared to the direct conversion archi-
tecture, the half-IF architecture creates lessdgakat the antenna, also because the high
difference between the RF and LO frequencies. $emkage from the LO is rejected by
the LNA and the antenna. Furthermore, unlike otfmaige-reject receivers [33], it does not

require extremely accurate phase and gain matching.

The half-IF architecture has also some issuesabwii¢h, which are not so critical in other
receiver architectures. Perhaps the most imporsatite flicker noise problem generated
by the LNA and the input circuit of the first mixéfhe small transistor dimensions cause
flicker noise corner frequencies of up to sever&layiwhich can degrade considerably the
sensitivity of the receiver. As depicted in Figur@0, the flicker noise generated by the
LNA and the input circuit of the mixer is up-contet by the first mixer directly into the

IF band without any attenuation.
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Figure 1.20. Up-conversion of the flicker noise ahe IF frequency

Another spurious signal that land in the IF bargides from the LO-IF leakage of the first
mixer. Because the leaked LO carrier may be coraidle stronger than the RF signal, it
may drive the mixer into saturation and create umec intermodulation effects. More-
over, the leaked LO signal will mix again with tk@me LO frequency in the 1Q demodula-

tor and create a critical DC offset for the ADCtthéll desensitize the whole receiver.
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The compromise between the image rejection andnetaelection presented for the het-

erodyne receiver is very important in the half-#eeiver. Here, the image band is pushed
to the extreme and therefore very easy to filter.te other side, the high IF frequency

makes a channel select filter almost impossiblienfdement, even as external component.
This compromise requires therefore a high lineantthe IF mixers to overcome the pos-

sible in-band blocking interferers.

1.5. UMTS-WLAN Reconfigurable Receiver

After extensive studies of the possible receiventirend architectures, one can now make
the choice of the best combination of architectures would receive both UMTS and
WLAN standards. In the present project, the mairppse is to demonstrate the reconfigu-
ration principle both in the front-end as in thelk&nd of the UMTS-WLAN receiver. In
this scope, the simultaneously reception of batimddrds was not part of the projects de-
siderates. Instead, it was specified a possibléd*cor “warm” switch between the re-
ceived standards, meaning that during the stanslaith, the user equipment should be
switched off or remain on, respectively. This baspecification offered the freedom to
maximize the principle of re-configurability and ittroduce a new concept in the design
of multi-standard receivers, the principle of rehibgy. This means, that functional blocks
or entire paths of the receiver can be active dutine reception of each of the standards.
The reusable functional blocks are therefore desigio comply with signals stemming
from both UMTS and WLAN standards. There are twesihilities to design such reusable
functional blocks. The first one is to design agmaetrical functional block, whose charac-
teristics change depending on the input signal. Sdeond solution is applicable only for
some of the functional blocks and implies that they designed to be un-sensitive to the
input signal, meaning that these functional bloeksild be able to process the signals in-

dependently of the active standard.

The complete consideration of the entire sign#éh p@ar both standards makes obvious that
the most desirable segment to reuse is the final meaning the 1Q demodulator, the auto-
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mated gain control block, the channel filter anel #malog-to-digital converter. Even if the
channel bandwidth of both standards is differeints ipossible to modify the functional
block parameters to comply with them. The most irtgu fact is that the carrier fre-
guency along the defined path remains the sambdibr standards. This condition is ful-
filled by the 1Q demodulator that translates theereed signals into the baseband. As the
first functional block in the common processinghpdhe IQ demodulator has to meet very

high requirements concerning the linearity, inpagfiency range and noise figure.

The selected common architecture is shown in Figu2&. For the UMTS standard, a di-
rect conversion receiver solution was chosen. Adagxed before, this solution offers the
best control of the frequency conversion and thghést integration percent. For the
WLAN standards, the Half-RF receiver solution prees the most advantages in combina-
tion with the direct conversion solution for UMT$8he most important advantage is the
translation of the intermediate frequency IF inandin near the UMTS RF frequency
band, which allows the use of a single voltage radled oscillator VCO for both stan-
dards. As stated before, the WLAN standards aresmnéted at frequencies between 5.15
and 5.825 GHz. Halved will result an intermediateqtiency range between 2.5 and
2.9 GHz that together with the frequencies arouddGHz of the UMTS standard must be
addressed by the 1Q demodulator. The entire IFulgaqy range will be about 700 MHz
wide that is a challenge for the voltage-controlbedillator. Anyway, this frequency band
is not continuous but comprised of relative narsegments spread over the entire band.
This gives the possibility to realize a reconfiqlleacommon VCO that can switch be-

tween these frequency segments.

The 1Q demodulator mixers are also very challengondesign. Their input port must be
matched for the entire frequency range of 700 MHthe IF signal. As stated in 1.4.2, the
port-to-port isolation is a critical aspect becaakéhe Zero-IF architecture for the UMTS
standard. Concerning the WLAN standard, from th#-R& receiver characteristics de-

scribed in 1.4.5, the mixers will have to exhibivery low flicker noise level. A double
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balanced solution for these mixers will improvetbatquirements but a careful design of
the layout symmetry is very important in order thiave the desired characteristics.

Configuration Bus

Channel

|
| select BB AGC
UMTS I s A
\[ _ L X % D
o0 0 ~
N

WLAN

%%

select [ BB AGC

I
ICum mon Local
Oscillator

|
| )

Figure 1.21. UMTS-WLAN reconfigurable receiver archtecture

The central block of the front-end receiver is st@ndard switch, also presented in Figure
1.21. The standard switch is controlled by the igumtion bus, a signal coming from the

digital back-end that controls the standard bemwpived both in the analog and digital

domain. The switch links the RF signal path of skendard being received with the com-
mon baseband path. The signal path of the idledatanis isolated and the active compo-
nents like the LNA are switched off. The controkhs the second path of communication
between the digital back-end and the analog frodt-&s task is to adapt the functionality

of the functional blocks in the front-end to theaddcteristics of the signal being received.
This implies also to switch off the active functarblocks that are not used for one par-
ticular standard reception, which is very importambrder to reduce the power consume
and to isolate the signal paths. The control bulsheia digital signal comprised from sev-

eral bits that along with the switch of the unu$enctional blocks will also control the
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amplification of the baseband amplifier, the ostitin frequency of the voltage controlled

oscillator or the pass-band of the low pass filter.

Concerning the system specification for the comibireceiver architecture, the require-
ments defined in 1.2.2 and 1.3.2 must be tightdneatldress the possible leakages from

one path to the other.



Chapter 2.

Comparison of Different FET Mixer Circuits

2.1. Overview of Existent FET Mixers

For most types of communication receivers, a mimast have a low noise figure and ade-
quate, but not excessive, conversion gain. In a FiXEr, these two properties are more or
less independent. This is somewhat different frowm $chottky diode mixer where the
minimum noise and conversion loss usually occuettogr. Concerning the resistive mix-
ers that have a conversion loss instead of ga@y, finiesent the advantage of generating
exclusively thermal noise and are not subject ti-sloise like the diode mixers. As the
gate length of standard CMOS processes achievemgubn orders, RF performance is
becoming accessible for CMOS transistors. Theseegsses offer a much higher integra-

tion density for much less power consumption aradipction costs.

Several of the circuit elements of a FET transiater bias dependent. Hence, when a low
level signal is applied to a FET pumped with arsgraO signal, the modulated circuit ele-
ments, will cause signal power to be convertedhermfrequencies.

56



Comparison of Different FET Mixer Circuits 57

C-:.'F
I}
L R, Rg Ly

G g g . D

W] T ——
Coaa

C..5 o = = =
oy [l CM iy fﬁ_ L C‘a\. Cud C,_n
Ry

M
= =

Figure 2.1. Large-signal equivalent circuit of a FE with the dominating nonlinear circuit elements

Figure 2.1 shows an equivalent circuit of a FET™icating which circuit parameters are
voltage-dependent.qRRs andRy are the parasitic resistanceg; Ls andLy are the parasitic

inductances (bond wire inductances) in the gatgar,ceoand drain respectively.
One can classify the simple, one-transistor, FEXensi into three categories:

Gate pumped transconductance mixersoperate by changing the gate-source
voltage, which swings the FET from the saturatiegion into the cutoff re-
gion. The gate pumped transconductance mixer iallydoiased at the thresh-
old voltage and is operated with a 50% duty cyaleich results in maximum
conversion gain.

Drain pumped transconductance mixersoperate by a drain fed LO modulat-
ing the drain-source voltage of the device. Thikage swings the FET from
the linear region into the saturation region.

Resistive mixers operate by modulating the channel resistancés{eexe be-
tween source and drain) with a large LO signal evkgeping the FET in the
linear region of operation. The FET channel is saet between fully depleted
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and fully inverted regions of operation. To keep BET in the linear region of
operation no drain-source bias is applied.

The bias points for each of the described mixezsdapicted in Figure 2.2.
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Figure 2.2. Bias points for gate pumped, drain pumed and resistive mixers

Each of the above-described mixers possessesipartardivantages and disadvantages that
qualify them or not for integration in the reconfigble mobile receiver described in the
first chapter. Further, each of these mixers walldonsidered and their characteristics and

performance will be analyzed.

2.1.1. Gate Pumped Transconductance Mixer

The gate pumped transconductance mixer existsvieraleconstructive variants, as single
or multiple gate transistor mixer. The common cbtastic is, that the LO signal is deliv-

ered at the gate of the transistor. The block diagrof such mixers in their most simple
form are shown in Figure 2.3. For the left variamtere both RF and LO signals are deliv-

ered at the gate of the same transistor, someiridf@s necessary in order to isolate the
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signals. The depicted filter blocks present theppraerminations to the FET's gate and
drain at unwanted mixing frequencies, and provio-fo-port isolation. The bias voltages

also depicted in Figure 2.3 drive the transistahim saturation region.
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Figure 2.3. Single (left) and dual (right) gate purmped transconductance mixers
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The mechanism of these mixers and optimizationcpplas were extensively explained in
[34] — [37] so it will not be treated here anymoiidne most used solution on the mixer
field today, proved by the huge number of publmagi written in the last ten years seams
to be given by the more complex single and doublarized (Gilbert Cell) gate transcon-
ductance mixer that will be shortly analyzed in tiext paragraphs. These mixers belong
also to the gate pumped transconductance mixesugththey contain three to five transis-

tors. Both mixers are depicted in Figure 2.4.

A single balanced active mixer is shown in the sfte of Figure 2.4. The transistor; M
acts as a trans-conductor that converts the RFalsig@g into a current of magnitude
gmavre(1+sgnsls) ™. Transistors Mand M act as current switches that steer the current de-
pending on the polarity of the LO signabv The overall effect of current steering is mix-
ing the current through Mwith a square wave, which has a fundamental frecueatw, o

with the associated odd harmonics. The desireduénecy component is obtained by prop-

erly filtering the mixer output, usually with therted load Z
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The feed-through of the LO signal to the mixer otitpan be reduced with a double bal-
anced configuration shown in the right side of Eingure 2.4. Since the drain current in M
(in the left side) is a function of.gvrr, the mixer response can become non-linear at
higher RF signal levels. To linearize the mixeg ffiource degeneration inductor is selected

such thatwgnsLc>>1 thereby making the current independent of thasistor transcon-

ductance gs.
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Figure 2.4. Single balanced (left) and double balaed (right) gate transconductance mixer

A study on the most recent publications that desctine realization of some gate pumped
transconductance mixers (mostly of them as doublaniced solutions) was brought to-
gether in Table 2.1. Even if not all publicatiorssdribe the same mixer parameter suite,
one can extract some trends and limitations of tiype of mixers. For example, one can
observe that all mixers exhibit very high levelsnoise figure NF that overstep the value
of 10 dB. The conversion gain CG, on the other,sigfeecad over a wide range of values.
One can clearly remark a trade off between the e@mn gain of the mixer and its con-
sumed power. The input referred third order intergmint [IP3 represent a critical point
in the design of such mixers. Their values hardililf the specifications of the recon-
figurable UMTS-WLAN receiver front-end. In additipthe input referred 1 dB compres-
sion point P1dBCP, exhibit relatively low valueseovhe entire table. Another aspect that
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must be taken into consideration is the consumedepthat for some of the mixer solu-
tions proves to be relative high. As a conclustbme,gate trans-conductance mixer solution

has the singular advantage of presenting a comregsiin that is directly proportional with
the consumed DC power.

Ref. | Tech.| Voo | loo | fre | fie | Pio | CG | CPug| IIP3 | NFsss
um] | [V] | [mA] |[MHZ] [[MHZ] |[dBm]| [dB] |[dBm]|[dBm]| [dB]
39] | 0.18| 1 | 0.18] - - - 12 - 4| 22
[40) | 08 | 3 | 23| 1900 250 5 o] -1( 2l 136
[41] | 035| 27| 6 | 900 O - 18 - 4 18
[42] | 0.35| 2 5 | 3000 100 - 9 - 5 18
[43) | 035 09| 52| 900 104 -17 3 4 35 135
[44] | 025| 1 | 45| 1909 21d -1§ 3.6 - 41 125
[45] | 035| 2 | 47| 2400 100 -5/ 948 -87 3 177
[46] | 0.18| 0.8 | 05| 1900 250 0O 3 oAl 10

Table 2.1.  Performance comparison for several recéig published gate transconductance mixers

2.1.2. Drain Pumped Transconductance Mixer

The fundamental block diagram of the drain pumpadsconductance mixer is depicted in
Figure 2.5. For this constructive solution, the &i@nal will be applied at the drain of the
transistor and the transconductance will be a neal function of Ws This mixer type
present an important advantage compared with tkee gamped mixer. The RF and LO
signals are injected at different ports, simplityithe filtering and improving the LO-RF
isolation. This advantage qualifies the drain tistos for direct conversion receivers where

the LO-RF isolation plays an important role in twerall system performance.

The FET transistor must be biased at the transliEtwveen the linear and the saturation

regions where the maximum level of non-lineariaes generated and thg gill have the
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maximum amplitude variation. For aggressively dagated FET'’s, the drain saturation
voltage Vs satiS very small, and a zero DC voltage in the trstasidrain will permit the
mixer to function with relatively low deterioratiasf the conversion gain. In this case, the
Vgs must be large enough ¢#Vi,) to provide adequate magnitude e @therwise, the

Om Will be too small, in which case thgdfelement would dominate.
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Figure 2.5. Single balanced drain pumped transconduance mixer

If the biasing conditions were met, the transcomalume g, would show a time characteris-
tic that can be approximate through a sine functth 50% duty cycle (only the positive
wave part would exist, the rest of time being zeFwr higher values of y the g, will

converge more and more to a step function anddaotre increasingly stronger intermodu-

lation products.

Another constructive solution of the drain pumpethsconductance mixer is given by the
distributed mixer depicted in Figure 2.6. This $in, which offers an ultra-wideband per-
formance was firstly proposed in [47]. The ideaives from the distributed amplifiers.
The key to the design of a distributed mixer isitow the RF and LO signals to propagate
along the transmission lines also depicted in FEigu6 with minimum attenuation, as well
as to ensure that all the IF output currents geeérat the drain of each transistor propa-
gate and arrive at the forward drain output tertmamain phase. In essence, the concept of

distributed mixing is based on the idea of sepagatthe input as well as output capacitan-
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ces of the transistors connected in parallel bynaed artificial transmission lines, while

effective adding their conversion trans-conductance
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Figure 2.6. Distributed drain pumped transconductare mixer

The Table 2.2 offers again an overview of the mmesent realized mixers with this archi-
tecture. One can already observe the wideband miratistributed variants from their up

to one decade RF input [49], [50].

Ref. | Tech| Voo | loo | fre | fie | Pio | CG | CPus| IIP3 | NFsss

um] | V1 | [mA] |[GHz]|[MHZ] |[dBm]| [dB] |[dBm]|[dBm]| [dB]
[48] | 0.09| - - 35 | 2500 7.5 -4.6 -6 2 7.
[49] | 015| 11| -07] 333 104 13 -1 0 10 -
[50] | 0.18 | - - | 25-40 100 | 18 | -2 0 -
51 | 02 | 03| 02| 60 - 10| 37 - 78
52] | 02 | 06| - | 14-16 1000| 15 2 - 21 76

Table 2.2.  Performance comparison for several recélg published drain pumped trans-conductance

mixers in plain and distributed form
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Concerning the used technology, with the excepbiotine first mixer [48], that is realized
in an advanced CMOS process, all other mixerseatized in GaAs HEMT technologies.
The drain transconductance mixers seem to be usestaexclusively for millimeter wave

applications where they are a good alternativenéoactive mixer topologies. Even if the
conversion gain is for most of them negative, ay\small compared with the active mix-

ers, they tend to have also very good noise figNFe values.

Unfortunately, the published papers failed to pnésery much results concerning the in-
termodulation behavior of these mixers, but thayallg present a good performance con-
cerning the LO RF isolation. It is obvious thaistfact resides from the separation of the
two signals at the transistor inputs. As a conolusthe drain pumped mixers seem to be a
good alternative that qualify them for a reconfagale mobile terminal, but they do present
some problems concerning the relatively low intedmation performance and the fact

that they need prohibitively high LO power values.

2.1.3. Resistive Mixer

The third constructive solution for the FET mixe&ghe resistive mixer. The fundamental
difference against the previously described mixgotogies is given by the fact that the
channel conductance is the primary nonlinear elénvemch realizes the mixing process.
In the current topology, no DC bias is applied et train of the transistor, which will

transform the FET into a voltage-controlled resis&a This constructive solution in its

most simple form is presented in Figure 2.7.

The gate bias is set near the threshold voltagarVorder to provide the dynamic range of
the channel conductance necessary to minimizedheecsion loss. The channel conduc-
tance performs in this situation as a voltage @detl switch controlled by the large signal

LO supplied at the transistor gate. The RF smghalidelivered to the transistor drain de-
termines the mixed current that flows through thammel. As in the drain pumped trans-
conductance mixer, the LO and RF signals are bestiéaited from each other because are
supplied at different ports of the transistors. ¥way, for a single balanced mixer structure,
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this isolation is still to low, so a supplementitlefing is necessary. Together with filter-
ing, also matching networks are needed do provmgentaximum signal strength at the

mixer inputs.
\' GB % GRF
LO Lo = OIF
>
D— % h-[l

Figure 2.7. Unbalanced resistive FET mixer

A better isolation against the LO coupling problean be offered by a single balanced
mixer topology as presented in Figure 2.8. For $lisition, the LO signal is provided in a

balanced form to the gates of the transistorshénpositive stage of its duty cycle, the tran-
sistor M, is closed and the transistor, M open. For the negative stage, the conduction in
verts, so the both transistors will function ondy bne half of the period. The RF signal is
provided at the common gate of the transistorsthadalanced IF signal is present at the
both sources. In the unbalanced topology, a path®fLO voltage can leak over thgsC

and Gg capacitances to the transistors source and despectively.

Q

o
7 '
LO IF
CRES _
<

Figure 2.8. Single balanced resistive FET mixer
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The advantage of this topology, is that the LO agydt will evanish at the IF output of the
mixer. This will dramatically increase the LO-IFoiation compared with the unbalanced
mixer. The second advantage is represented byuph@ession of all other odd harmonics
of the LO signal because of the balanced topolbigy.only the LO-IF leakage can be very
disturbing for our mobile terminal but also the IRP-leakage, especially for the direct
conversion branch. In order to solve this probledoable balanced mixer topology may

be proposed as the one depicted in Figure 2.9.

LOp

Figure 2.9. Double balanced resistive FET mixer

The functional principle of the double balanced eniis exactly the same as for the single
balanced solution, only that this time, always tirensistors are in conduction and the
other two are closed in one half of the LO dutyleyé¢or the positive stage of the LO

wave, the transistors Mand M, are on conduction and {8ind M; are on high impedance.

The balanced RF input assures that the odd harsiohithe LO signals that leak through
the G will be attenuated not only at the IF port butoadg the RF port. The same thing
happened also with the odd harmonics of the RFakigrhat topology will improve dra-
matically the intermodulation distortion (IMD) perfmance of the mixer.
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Table 2.3 offers an overview of the most recentlipabons implying resistive mixers. The
suite of publications is intended to be a homogermilection with similar values of fre-
quency, but with different fabrication processed asable power levels. In this way, one
can extract some characteristics of the mixersat@tndependent on the above mentioned
parameters. The technologies spread from the HQNMEOS processes through GaAs high
power MESFET. Compared with the previous enumerataasconductance mixers, the
resistive mixer topologies are characterized by mlative high levels of LO power
needed. The mixers developed for mobile terminaliegtions, will need a level of avail-
able LO power between 0 and 7 dBm, whereas the staen mixers will need more LO
power in order to provide the required high lingarThe conversion gain has, as expected,
negative values between -5 and -8 dBm becauseeqgbdksive nature of the mixers. This
relative disadvantage compared with its active tenparts, is well balanced by the excep-
tional linearity, these mixers offer. Input refatrhird order intercept points (1IP3) of up to
20 dBm are very usual values among them. The sestnodg argument for the use of re-
sistive mixers in the UMTS-WLAN receiver constitsitine low levels of noise figure pub-
lished in these papers and the exceptional isolgtierformance of the double balanced

solutions.

Ref. Tech. Vob lop fRF f||: Po CG CPldB IP3 NFssg
[um] | V] | [mA] |[GHZ]|[MHZ]|[dBm]| [dB] |[dBm]|[dBm]| [dB]

[53] |0.35 2 | 100 7| -55 5 15| 62 62 1]
[54] 0.6 52| 950| O | -7.4 4 13 17 14 7P
[55] |0.25 | 1.8| 170| 14| -54 10, 195 43 - ]
[56] (0.3 58| 100| 4| -78 - 12| 60 50 -
[57] |0.5 2 | 300| 5 -8 - - - - -

Table 2.3.  Performance comparison for several recéig published resistive mixers
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2.1.4. Conclusion

After this thorough study of the different mixeptdogies proposed in the literature a deci-
sion has been made in favor of a resistive mixethasbest solution with respect to the
UMTS-WLAN system requirements. Because of the nometil advantages compared to
their active counterpart, resistive FET mixers seerbe well suited candidates especially
for direct conversion receivers. Besides of no @Wer consumption passive FET mixers
show very good performance with respect to pofatsans, second and third order inter-
modulation and low frequency noise. These are laarmpeters of direct conversion re-
ceivers. Concerning the super-heterodyne brancthefUMTS-WLAN receiver, an IF
amplifier can successfully balance the loss of BWer due to the resistive mixer. Another
argument to the employment of the resistive mirethie reconfigurable receiver is its ex-
ceptional constancy over wide frequency ranges.rébistive mixer topology proves to be
very insensitive at process variations and misnegciConcerning all these aspects, the
resistive mixer confirms to be the best solutiontfee reconfigurable receiver architecture

being capable to fulfill the system requirements.



Chapter 3.

Resistive Mixer Design and Measurement

3.1. Introduction

There are two particular mixers that were develofpedhe reconfigurable mobile termi-
nal. The first one is employed in the super-hetgnedbranch and down-converts the
WLAN signal to the half frequency. The second wgltm, in a double configuration, to-
gether with a 90° phase shifter the IQ demodulatod will function for both super-
heterodyne and direct conversion branches. Thesersnwill be identified after their pur-

pose in WLAN mixer and IQ demodulator mixer respesy.

Both mixers are realized in a double balanced tigsitopology and are different only con-
cerning the frequencies of operation and consefyuehe matching networks at the input
ports. The WLAN mixer will have the LO and IF si¢gmaf similar frequency values

whereas the 1Q demodulator mixer will have complar&# and LO signal frequencies.

The IQ demodulator mixer was realized in two digf@rprocesses: 0.35 um BiCMOS and
0.13 um HCMOS, both from ST Microelectronics. Th& AN mixer was designed only

in the 0.13 um HCMOS process. The first designhef ) demodulator was made to test
the topology performances and to get accustomed tivé design environment. In the re-

configurable demonstrator, the 0.13 um technologgemvas employed because it offered

69
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better performance with regard to the conversi@s,lmoise figure, port-to-port isolation
and required available LO power. The descriptionthaf IQ demodulator mixer design
process will imply the newest process involved, @& um HCMOS. Anyway, because
there are some differences in the schematics aitbdQ demodulator mixers, some indi-

cations to the first mixer design will also be made

Concerning the differences between the two variafhtthe 1Q demodulator mixer, the

older 0.35 um BICMOS mixer used a higher LO avddapower (6 dBm) than the

0.13 um HCMOS mixer (0 dBm). Consequently, the RaEBperformance was better,
even if the newer mixer fulfills the system requient concerning this parameter. En-
hancements concerning the geometrical symmetripe@Dt13 um HCMOS transistor ring
and the parasitic capacitances at the crossovevafransmission lines on the chip have
brought a qualitative increase in the port-to-psoiation performance. The smaller tran-
sistor gate in the 0.13 pm technology determinesuah smallerCys capacitance, which

minimize the leaked LO, current at the transistateg This allowed us to let aside the
matching network used to block this current at L@t @mnd therewith to improve the con-

stancy of the conversion gain over the LO frequeacyge.

Along with the mixer structures, several transisést structures in common source topol-
ogy were also tested on wafer. These structures wsed for the characterization of the
current-voltage (I/V) characteristics of the tratsis modeled as BSIM3 models in the
ADS design environment. The same structures weed ts measure the low frequency

noise performance of the particular transistorslusehe mixer design.

In the next paragraphs, the schematic principléhefdesigned mixers will be described.
The requirements of the 1Q demodulator mixer anel WAILAN mixer defined for the
UMTS-WLAN reconfigurable receiver are listed in Apmix A, in Table A.1 and Table
A.2 respectively. After a thoughtful analysis oetmixers schematic, the layout particu-
larities will be described, followed by the posydat-processing procedures. Closing the

chapter, a complete synthesis of the mixer perfageavill also be done.
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3.2. Schematic Design

All mixer schematics were simulated using the AdezhDesign System (ADS2003) ap-

plication from Agilent. The transistor, inductan@apacitor and resistance models were
provided by ST Microelectronics as design kitslfoth 0.35 pm and 0.13 um processes.
The simulations were made using the harmonic balamd the S-parameter simulation
tool integrated in ADS. All components providediie design kits have included parasitic
elements. The transistors were modeled as BSIM3vigd@els in both processes. Simula-
tions of the static I/V characteristics togethethwtheir transconductance and drain con-
ductance derivates showed a great difference inmbeéels quality of the two processes.
As it will be explained later, the higher orderigiatives of the transconductance and drain
conductance of the transistors are very importantiHfe accuracy of the mixer intermodu-

lation behavior. If these parameters are not wellleted, the intermodulation performance
of the mixers cannot be foreseen. The simulatioderan the 0.35 pum transistors showed
discontinuities starting with the second derivatofethe channel conductance. This poor
approximation was the cause of inadvertences betwe® simulation and measurement
results for the first realized 1Q demodulator mjxeoncerning the third order intercept

point. On the other side, the model used for ti& @m HCMOS process showed an ex-
ceptional accuracy of the simulated values of tilecharacteristics up to the fifth deriva-

tive of the channel conductance. This allowed & g&od prediction the intermodulation

behavior of the designed mixers.

The schematic of the 1Q demodulator mixer is degpidn Figure 3.1. As already men-
tioned in the introduction, the matching networkte gates of the transistors was imple-
mented only for the 0.35 um BICMOS process. Thisvoek acts as a band stop filter that
provide a high impedance input at the LO frequeinye to the resistive part of the inte-
grated inductance, the band stop filter was neffiident as desired. For this reason, in the

0.13 um process, the filter was not used anymore.
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Figure 3.1. 1Q Demodulator mixer schematic for the0.35 um BIiCMOS and 0.13um HCMOS

processes

The entire circuit around the 1Q demodulator mikerepresented in Figure 3.2. Single
ended, 50 referred power sources were used for the RF anpd@. For the higher fre-
guency ports (RF and LO) of the IQ demodulator mixe have used S-parameter models
of 180° hybrids as unbalanced-balanced transforméngse models are realistic S-
parameter representations of the devices later isseoh-waver measurements. In the IF
port (0-100 MHz) we have also used an S-parametateinof a real coiled impedance
transformer as used for the measurements. TheTgiagere ideal models of DC block and
DC feed elements taken from ADS.

The bulk ports of the mixer transistors were grad)dso the drain current shows only a
bi-dimensional dependence % Vps), not being dependent on any bulk voltage. This
measure has simplified the design of the mixersmgihe experience of the MESFET tran-

sistor designs in optimizing the mixer schematics.
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Figure 3.2. 1Q demodulator mixer simulation bench

The sources of the transistors were also ground#daencern of the RF and LO signal
through the RF coupling capacitancesa@id G on both IF branches (see Figure 3.1). The
RF signal is injected into the transistors draim®ugh the matching inductanceg and

L.. The value of these inductances was chosen inocdacce with the input impedance of
the common drains of the transistors as to matehRik input of the mixer to 50. The
gate bias voltage 3 was supplied to the gates at the same input Asebe LO signals.
The separation between the RF and DC paths wageedlefore the circuit through some
bias-Ts as depicted in Figure 3.2. The output iraped of the mixer depends on the tran-
sistor width and length. For the 0.35 um mixer, anput impedance of 150 was
reached, fact that made necessary the use of immpeldance transformer at the IF port in
order to realize the output matching. For the u&BIQ demodulator mixer, we were able,
through proper optimization of the transistor disien, to achieve an output impedance of
50 inthe IF ports, so another 1:1 transformer waslus
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3.3. Layout Implementation

The mixer layouts were implemented using the Vstuadool from Cadence instead of
ADS. This solution was imposed by the design kitMHECS9GP that was better supported
in Cadence than in ADS. Features like layout veesatic verification (LVS) and para-
sitic extraction were implemented for Cadence litfar ADS. However, the schematic
optimization and post layout simulations were stiide in ADS. The transfer of informa-

tion between the two applications was possiblegugie RFIC Dynamic Link feature.

Figure 3.3. Capacitive couplings between the transission lines (left) and methods of minimization

with grounded shields and blind traces (right)

The layout design was done with special attentiothé physical and geometrical symme-
try. This condition guarantees a high level of asimin between the LO and RF/IF signals.
The four transistors that make the kernel of theemwere fused together in the middle of
the chip. The transistor mismatch was minimizethia way, assuring again the symmetry
of the mixed signals. The LO and RF signal routiags orthogonal to each other in order
to prevent any on-chip magnetic coupling betweenities, although the magnetic on-chip
coupling can be considered almost insignificantisgd frequencies. Concerning the ca-
pacitive couplings between the LO and RF signaisumgded isolation surfaces were de-

signed between all intersections of these signals.
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To further avoid the capacitive coupling of the k@nal into the RF and IF ports, the in-
tersections between these lines were replicated saime blind traces on the opposite po-
larity lines as depicted in Figure 3.3. The blinates provide the same voltage potential as
the signal lines although only the coupling curseftdw through them. At the mixer out-
put, through the 180° couplers, these leakage misrmgill destructively add and therefore
the LO signal at the RF and IF outputs will be styly attenuated.

Figure 3.4. 1Q demodulator mixer layout (left) andWLAN mixer layout (right)

The both mixers were realized using the above-de=stmmethods. Post layout simulations
showed an important improvement in the port-to-psotation, fact that validates these

measures.

The mixer layouts are depicted in Figure 3.4. Eatlthem occupies a surface of about
1 mnt imposed by the pad ring. On the upper side of eaisler are test structures con-
taining singular transistors of different dimensdor further tests and transistor charac-

terization.

The four transistors of the mixers are identicathva width of 95 um for the IQ demodu-
lator mixer (left in Figure 3.4) and 139 um for WA AN mixer (right in Figure 3.4). For
both structures, the transistors have 12 fingelschvprovide the best performance at the

working frequency.
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In the case of the IQ demodulator mixer, two sum@etary capacitances were needed to
filter out the higher frequency spurious componettshe differential IF port. These ca-
pacitances have a value of 5.0 pF and a width gfifeO In order to maximize the trans-
ferred RF power at the RF port, two matching indaces with a value of 1.35 nH and 2.5

turns were also used.

For the WLAN Mixer, only the matching network aetdifferential RF port was needed.
Therefore, a shunt LC tank was implemented in #yeut, where the inductances have a

value of 2 nH with 3.75 turns and the capacitaricB8pF.

3.4. Measurement Results

The characterization of the IQ demodulator mixafgrenance was made with direct “on-
wafer” measurements, where the measurement probes ealibrated at the chip level
with a calibration substrate. Mixer characterizatiocludes the port impedance measure-
ments, conversion loss, noise figure, saturationgopintermodulation behavior and port-
to-port isolation. All these performance charactés are of great importance concerning
the overall receiver performance. For some measemesnthe available LO power or the
gate bias voltage 3 was slightly varied in order to observe the sévnigitof the mixer to

these parameters and to identify possible wayptionize its performance.

Because the measurement process for the WLAN magsrsimilar, only the 1Q demodu-
lator mixer will be extensively characterized. Hoee at the end of the chapter, a per-

formance table of both of the mixers will be prdsen

3.4.1. Measurement of the Port Impedances

The measurement bench for the port impedance mezasuts is depicted in Figure 3.5.
As the LO port is known to be of high impedancenitied only by the g capacitance, only
the RF and IF ports were characterized as funcodesher the available LO power or the

gate bias voltage d.



Resistive Mixer Design and Measurement 77

The differential impedances were measured as daihdge ended ports in order to elimi-
nate the errors caused by the 180° couplers amichtiSformer. During one measurement,
all free output ports were closed with 50terminations. The available LO power was

measured through a directional coupler as showigare 3.5.

Ves
LO RF/IF

ooo
@ ooo
:180° T
50 —o
Vs Network
50W 50\ 50W Analyzer

LO signal
generator

RF Power meter

Figure 3.5. Port impedance measurement system

The measurement results are depicted in Figure 3.6.

Figure 3.6. RF impedance vs. available LO power angate bias, sweeps according to Table 3.1
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Parameter Value Remarks
Frequency domain [2...3] GHz 401 points
Available LO power sweep [-4...4] dBm 5 points @ VG#3
Vg Voltage sweep [0.1...0.5] V 5 points PLO=0 dBm

Table 3.1. Measurement parameters for RF port impednce

As can be observed, the mixer RF port impedano®i® dependent on thesybias volt-
age than on the available LO power. Anyway, atrtiedle values of both sweeps, which
where also used in normal use{®0 dBm, \xs=0.3 V), the RF port impedance is 50

over the entire frequency domain.

The same measurements are made at the IF porhdofrequency domain depicted in
Table 3.2.

The measurement results are depicted in Figure 3.7.

Figure 3.7. IF impedance vs. available LO power andate bias, sweeps according to Table 3.2
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Parameter Value Remarks
Frequency domain [10...100] MHz 401 points
Available LO power sweep [-4...4] dBm 5 points @ VG#3
Vg Voltage sweep [0.1...0.5] V 5 points PLO=0 dBm

Table 3.2. Measurement parameters for IF port impednce

Here is observed a stronger dependence on theébigateroltage then on the available LO
power, which means that the output impedance ofrtresistors is more dependent on the
middle value of the gate voltage then on the amgitof the large signal present at the LO
port. Anyway, the impedance is slightly higher tHshh , but with very small reactive
components which shows a good optimization of thesistor gate width.

3.4.2. Conversion Loss Measurements

The measurement system for this parameter is debictthe Figure 3.8. The available LO
and RF power levels are observed during the measne which assure more reliable and
repeatable results. The blocks 8482A, 8487D and84de power sensors that together
with the power meters show the signal level at gauth. The power sensors are different
concerning the sensitivity and the working frequenthe signal level at the RF and LO
ports are measured by extracting the available pthweugh a directional coupler. At the
RF port we have also used an attenuator in orddmbinish the strength of the reflected
power at the source. The losses introduced by tbeswonents together with the losses
from cables and measurement probes are de-embé&daedhe conversion loss determi-

nation.
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Figure 3.8. Conversion loss measurement system

The variation of the LO power with the frequencysvadso extracted from the conversion
loss. This procedure of de-embedding the LO wasiblesbecause we have also measured

the available LO power for all measured points.

As listed in Table 3.3 the measurements are made @nstant output frequency of
40 MHz, which is relatively high for UMTS or WLANdseband signals but still relevant
concerning the low frequency output domain. Thelakke LO power and the gate bias
voltage &g were chosen as optimum values given by the pretedeasurements. The
RF power was chosen well below the simulated saurgoint of the mixer but high

enough to provide accurate measurements results.

Parameter Value Remarks
RF frequency domain [2...3] GHz 21 points
LO frequency domain [1.96...2.96] GHz 21 points
IF frequency 40 MHz constant
RF power -20 dBm
Available LO power 0 dBm
Gate bias voltage 3 0.3V

Table 3.3. Measurement parameters for conversion 3
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The conversion loss performance is depicted inrféigi9. The mean value of 5.7 dB is
identical with the simulated conversion loss foisthircuit. Over the entire frequency
range of 1 GHz, the conversion loss variation $s lihan 0.5 dB, which simplifies the sig-

nal path optimization in the reconfigurable systsign.
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Figure 3.9. Measured conversion loss vs RF frequepcsweep parameters according to Table 3.3

3.4.3. Noise Figure Measurements

The noise figure measurement was made using a b@ddd noise source at the RF input
port and measuring the noise level at the IF pdth & noise figure meter. In order to in-
crease the measurement sensitivity, a low noisdi@npetween the mixer and the noise
figure meter has amplified the weak output sigsadi@picted in Figure 3.10.
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Figure 3.10. Noise figure measurement system

The measurement parameters are enumerated in 3.dldbelow:

Parameter Value Remarks
RF frequency domain [2...3] GHz 81 points
LO frequency domain [1.99...2.99] GHz 81 points
IF frequency 10 MHz constant
Available LO power 0 dBm
Gate bias voltage 34 0.3V

Table 3.4. Measurement parameters for noise figure

In the calibration stage, the measurement chainouttthe mixer was evaluated in order to
extract the measurement set-up induced noise fnenfirial result. The mixer converts the
noise from both RF and image frequencies, so thglesiside band noise figure will be
about 3 dB lower than the result displayed by tbisermeter. The result shown in Figure
3.11 is relative constant over the entire frequedoynain and has a value of approx.
6.5 dB.
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Figure 3.11. Single side-band noise figure and theonversion loss over the RF frequency domain,

sweep parameters according to Table 3.4

3.4.4. Compression Point Measurements

Measurement parameters:

Parameter Value Remarks
RF frequency 2.35 GHz constant
LO frequency 2.31 GHz constant
IF frequency 40 MHz constant
RF power sweep [-10...10] dBm 21 points
Available LO power 0 dBm
Gate bias voltage 3 0.3V

Table 3.5. Measurement parameters for compressiornts

The compression point measurement was made inatine svay as the conversion loss,

this time varying the RF power at a constant RF & frequency. The same de-
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embedding methods were used for the compression paasurement. We have made the
measurement at different RF working frequenciesthoeiresult remained unchanged.
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Figure 3.12. Compression point measurement, sweepnameters according to Table 3.5

The input 1 dB compression point was measuredhiergiven conditions at 0 dBm input

(RF) power. This result coincides with the simulattoo.

3.4.5. Intermodulation Measurements

For intermodulation measurements, a slightly dé@férmeasurement system with two RF
signal generators was used as depicted in Figuré Because we had to measure the
power level at an intermodulation product frequenahgo in a very narrow frequency
band, we used a spectrum analyzer to measure tdrenmdulation power level instead of

the power meter.
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Figure 3.13. Noise figure measurement system

As showed in Figure 3.14, a third order intercemnpof 10 dBm input power and a sec-
ond order intercept point at 65 dBm input power wesasured under the conditions listed
in Table 3.6.

Figure 3.14. Intermodulation products measurementsweep parameters according to Table 3.6
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Parameter Value Remarks
RF frequency 1 2349.9 MHz constant]
RF frequency 2 2350.1 MHz constant]
LO frequency 2310 MHz constant
IF frequency 1 39.9 MHz constant
IF frequency 2 40.1 MHz constant
3% order IM frequency 1 39.7 MHz constant
3% order IM frequency 2 40.3 MHz constant
2"% order IM frequency 200 KHz constant
RF total power sweep [-20...0] dBm
Available LO power 0 dBm
Gate bias voltage 35 0.3V

Table 3.6. Measurement parameters for intermodulatin products

The dependence of the third order intercept pomthe available LO power was also
measured. The measurement system is the same @setloepicted in Figure 3.14. For the
measurement, we have swept the available LO pawthe [-7.5...7.5] dBm domain and
kept all other parameters as defined for the pratecheasurement.

Figure 3.16 shows the dependence of the input TOthe RF frequency. For this meas-
urement we have swept the RF frequency (both bemnctoncomitantly) in the
[2000...3000] MHz range and measured the input TOe&xh frequency point.
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Figure 3.15. Input TOI versus the available LO powe measurement parameters according to Table
3.6, excepting LO power swept by [-7.5 ... 7.5] dBnma constant RF power at -20 dBm

The LO frequency was also swept concordantly ireotd keep the intermediate and in-
termodulation products constant around 40 MHz dmele for the first intermodulation
measurement. All other parameters remain unchar@gdve can see, the input TOI re-

mains relatively constant with the frequency, asstihhe conversion loss.
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Figure 3.16. Input TOI versus the RF frequency, paameters according to Table 3.6, except the RF
frequency swept for both tones by [2000 ... 3000] MHat a RF power of -20 dBm
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Figure 3.17. Input TOI versus the gate bias ¥, parameters according to Table 3.6, except the gate
Bias swept by [-0.2 ... 0.7] V at a RF power of -20Bin

Figure 3.17 shows the dependence of the input trdér intercept point of the gate bias.
Here, we swept the gate biaggvn the range [-0.15...0.65] V and measured the ifjiit

for each of these points. All other parameters reethunchanged as defined at the begin-
ning of this subchapter. We can observe that ti@l i§ not critical dependent from the
gate bias in a relative large voltage range (betw@85 and 0.4 V) but is strongly influ-

enced outside this voltage range.

3.4.6. Port Isolation Measurements

We have measured the leakage of the LO signal iraftFIF ports. The measurements
were done at large signal (0 dBm LO power). The susament system is depicted in
Figure 3.18 and show the leakage measurement flOMoOLRF port. The IF port is termi-

nated in 50N. The same measurement system was used also foOHE leakage. The
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isolation results are strongly influenced by thepaimde and phase imbalance of the hy-

brids and we expect superior isolation valuestierrmixer alone.

Figure 3.18. Noise figure measurement system

Parameter Value Remarks
LO frequency [2...3] GHz 21 points
Available LO power 0 dBm
Gate bias voltage 3 0.3V

Table 3.7. Measurement parameters for LO power leadge at the RF and IF ports

#$19681)-
#$ 1%&1) evvv’

“($)1%&1) -
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Figure 3.19. LO-IF and LO-RF port isolations, meastement parameters according to Table 3.7
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Parameter IQ Demodulator WLAN mixer

RF frequency [MHZz] [2000...3000] [5000...6000]
LO frequency [MHZz] [2000...3000] [2000...3000]
IF frequency [MHZz] [0...30] [2000...3000]
Available LO power [dBm] 0 0
Gate bias voltage 34 [V] 0.3 0.3
Conversion loss [dB] ~5.7 ~7
Single sideband noise figure [dB] ~6.5 ~8
1 dB compression point [dBm] 0 0
Input third order intercept point [dBm] 10 10
Input second order intercept point 65 60
LO-IF isolation [dB] >55 >55
LO-RF isolation [dB] >50 >50

Table 3.8. Measurement results for IQ demodulator rixer and the WLAN mixer
The measurement values depicted in Figure 3.19 shuery good isolation between the
LO and RF and IF ports, respectively. These vata#iect the measures taken with respect

to the layout symmetry and signal isolation, anchdestrate their efficiency.

3.5. Conclusions

The extensive measurements have demonstratechéhpetformance of a passive mixer is
high enough in order to fulfill the requirementsao€omplex receiver as the one presented
in this document. A summary of measurement ressilfgesented in Table 3.8 for both

mixers.



Chapter 4.
Intermodulation Analysis in Resistive FET

Mixers

4.1. Introduction

The intermodulation distortion and the noise irgeghce are constantly addressed subjects
in the design process of a receiver front-end. iftermodulation distortion is becoming
even more important with the development of mutid digital telecommunication sys-
tems demanding very high dynamic range amplifienigers and switches. Since the field
effect transistors are increasingly common in ladise active blocks, nonlinear characteri-

zation of these devices has become an importang.iss

The empirical models usually adopted to repres&iit #evices cannot be used to produce
accurate intermodulation distortion (IMD) calcutats, although they can predict gain or
conversion loss very well for different applicatsorhey are usually designed to repro-
duce the FETSs static current-voltage (I/V) and gkaroltage (Q/V) characteristics, when
in fact, as it will be demonstrated; the derivasive# those characteristics are dominant in
determining the intermodulation levels. Numericatidation of the drain current after its
measurement is generally impractical because thes FelEain current is very small and is

often lost its nonlinearity within measured tolezes.

91
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In the last decade, a continuous effort was dickttevard an accurate model to character-
ize the intermodulation distortion. Most of the retsdreproduce the drain current and its
derivatives up to at least the third order withpexg to the gate and drain voltages in the
saturated region, although they do not perform \vellhe linear region or with varying

load conditions ([61] — [63]). Others, e.g. [65faditly model the transistor nonlinear con-
ductances and capacitances instead of the drarentuand charge, using special meas-
urement procedures in order to increase the modetigion. A few number of

publications, however offer models specificallydi for the cold FET operation, oriented

on resistive mixer applications ([66], [69] and [}1

The accuracy of the intermodulation distortion easibn depends not only on the chosen
transistor model but also on the nonlinear analieibnique used to characterize the de-
vice. Depending on the direction wherefrom thelysig is made — analytical or numeri-
cal, two important methods can be identified: Violeseries method and the harmonic
balance method.

The Volterra series method is an analytical prooedbat extends the Taylor series ap-
proximation method to dynamic systems. By substiguthe circuit's nonlinearities by

Taylor series approximations of nth degree, it gigesolution to that nth-order problem by
recursively solving n times the same linear circillitterefore, and contrary to any other
nonlinear method, it provides closed-form expressifor the sought nonlinear solutions.
Behaving this way, it offers detailed qualitativeiarmation on the system’s properties,
enabling analysis, performance optimization, arglgitetasks. Since it can operate entirely
in the frequency-domain, it imposes no restrictionghe excitation signal spectrum, mak-

ing it the ideal method for multi-tone distortionadysis.

Despite these benefits, Volterra series suffensfam important disadvantage: it cannot be
applied to strongly nonlinear problems. Actualligher because the series simply does not
converge or requires an intractable number of tdonsequired accuracy, Volterra series
is usually limited to quite smooth nonlinearitiaghgect to small amplitude signals. These

are the so-called mildly nonlinear problems. Inctice, the series’ range of applicability
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becomes restricted to signal levels comfortablyiteethe 1-dB compression point. More-
over, even in the case of a mildly nonlinear citcaithough Volterra series can handle the
nonlinear effects pressed onto the signal, it canope with the strong nonlinearities usu-
ally associated with the time-variant quiescennpaealculation as is the case of the LO
excitations in mixers. For example, despite Vo#egeries being the best method to predict
distortion behavior of mixers, it can only be apdliafter the local oscillator pumping has
been determined by some other nonlinear analystsnigue. Finally, it should be also
stressed that only the engineer’s intuition andeemce can tell him when the series’ re-
sults are no longer useful, since there is no sutication available from the method. That
Is, one may perform a power sweep simulation ua sdimulus level where the series no

longer produce any useful results without the séigherror or warning [72].

The harmonic balance analysis method is a numetaaltive method that does not pro-
vide symbolic expressions for the solutions. Althout is classified as a frequency-

domain technique, because it solves the circuitiferFourier coefficients of the voltages
and currents, it still requires time domain caltiolas. Actually, a harmonic balance en-
gine relies on balancing the harmonic levels ofenodrrents arising from the circuit’s lin-

ear-dynamic and nonlinear-memory less elementsingaan estimate of the node voltage,
it must find a way to determine those levels inlthear (simply by admittance representa-
tion) and nonlinear elements. For the nonlineamelas, the HB machine converts the
voltage into time-domain, using the inverse diger€burier transform, computes the
nonlinear algebraic currents in a time sample pee{sample basis, and then converts
again this time-domain current back into the frempyedomain using the DFT. The har-

monic balance method is therefore, mainly conséichioy that Fourier transform. The han-
dled signals must be periodic and their spectracated up to a convenient number of
harmonics. If those two conditions are not met, ribgults’ accuracy becomes severely
compromised by spectral leakage or aliasing erddoseover, if the number of harmonics

is too small, then convergence problems may belfaod the HB routine may never reach
a solution. Nevertheless, a great research effast been continuously put into the HB

method for the last 20 years, which permitted teroeme some of these limitations. With
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these modifications, the harmonic balance becom#sed a very powerful tool even for
distortion analysis. There are various commercialigilable nonlinear simulators using
this method, among them also the ADS from Agilevttich was used to design the pre-

sented mixers.

Concerning the resistive mixer, its mechanism aashortly formulated as a voltage con-
trolled channel conductance whose value varies with LO frequency and which is
loaded with the RF signal voltage. The current flats through this time-variant conduc-
tance will have frequency components not only ataR& LO frequencies but also at com-
binations of these. Distortion analysis in mixesssignificantly more complex than in
amplifiers, due to the time-varying nature of tiewt. The RF signal is treated as a small
deviation of the large-signal, time-varying draurrent which is controlled by the LO sig-
nal. Hence, the intermodulation products can be tmna Volterra (or Taylor if the system
is considered memoryless) series expansion useag@hvoltage as a central “point”. The
resulting series coefficients are time-varying {}6The frequency spectrum of the mixer
output is formulated ag,,=tm f otn fre. For a RF input signal which contain two har-
monics at the frequencidg-1 andfre,, the nonlinearity of the drain conductance wilbpr
duce mixing products at frequencies likg=2f | o-2frr1+fre2 known as the third order
intermodulation product. This frequency is verysgdo the intermediate frequency IF and
cannot be rejected producing self-interference djacent channel interference in multi-

tone modulated signals like OFDM.

The qualitative analysis of the resistive mixerlviakégin with the simple one-transistor
mixer topology presented in Figure 2.7. Becauséhefnormally much lower RF signal

amplitude compared with the LO driving, the mixemcbe analyzed as a time-varying
mildly non-linear system. For such systems, thevemsion matrix method for the analysis
of the large signal non-linearities followed by aylor series approximation to characterize
the small signal distortions will be derived.
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4.2. Large and small signal analysis for resistive mixers

A typical cold FET nonlinear equivalent circuitsdsown in

Figure 4.1. The most nonlinear element in this egjent circuit is the channel conduc-

tanceGy. Frequency mixing occurs due to its functionaletefence on the gate voltage.

Figure 4.1. A typical FET nonlinear equivalent cirait with no drain bias.

If the capacitance§ysandCyq, in theequivalent circuit of the transistor, would be adas
ered non-linear dependent on the gate voltage tridresistor should be analyzed as a
mildly-nonlinear, time-variantdynamicsystem. The nonlinear transfer function of these
systems is much more complex than the one for m@ess systems. The Taylor series
expansion applied later to the time-variant drainductance must, in such case, be gener-
alized to a Volterra series ([59], [72]). It is coman knowledge that for the mildly-

nonlinearmemorylessystem, it is enough to characterize the systempsilse response in
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order to determine the output of the system for iapyt signal [67]. A power series ex-
pansion of the impulse response (or of the harmerdaitation if the analysis is made in
the frequency domain) will lead to the analyticapeoximation of the transfer function of
such a system. The impulse response charactenzatiwot sufficient anymore in the case
of dynamicsystems. One must characterize the system resporsee, two and up to
independent impulses and build a system of ordid#fgrential equations which are ex-
pandable with Taylor series [73]. This process lsarvery laborious and unnecessary for
the understanding of the resistive mixer behavitierefore, in the following analysis, the
nonlinear capacitances were considered linear badconlinear circuit was treated as a

memorylessne.

R
G g
. YW
+
Cys ucs( Lo) Cyd
Gy
Zs( Lo) Rs Ry
S D

VLoC0s ( Lot)

Figure 4.2. Large signal equivalent circuit of theresistive gate mixer

The first step of the analysis is the separatiotheflarge signal, which forces the time
variation of the drain conductance from the smigthal, which introduces only the mildly
non-linear behavior. In this scope, only the LOnsigs applied to the gate, and the drain is

connected to the ground. The large signal equiva&iecuit is depicted in Figure 4.2.
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Figure 4.3. Measured channel conductance vs. gatéab voltage (left) and its time variation (right)

for a harmonic excitation of a HCMOS transistor gat with L=0.13 pm and W=40 pm

Applying a large harmonic signal at the transigfate, will produce a periodic variation of

the channel conductance of this transistor. Thdimeer transfer characteristic G-V for the

particular case of the HCMOS transistor in 0.13tgalhnology used for the resistive mixer
described in the third chapter is depicted in Fegli3. The harmonic signal applied at the
transistor gate is of very low frequency (severda)lin order to minimize the parasitic

effects due to the reactance characteristics ofale-source junction.

In order to determine the frequency dependent systsponse of the circuit, the voltage at
the gate-source junctiagsgt) must be determined for the circuit excited onlytwthe har-
monic gate voltage of LO frequency and the LO Kias(t)=U o+u,cos( Lot)). This de-
termination equals the solution of the quiescembtpequation in non-linear amplifiers. In
the mixer case, this quiescent point is composethéywoltage and currents forced by the
local oscillator, or pumping signal, plus any pbésidc value. The methods of determina-
tion of the time variant quiescent point are vasioout the most suitable seems to be the
non-linear numerical iteration methods like Newtaphson. The method is extensively
described in [72] and will not be further detaileste.

The next step after the time variant quiescenttmiution was found is the determination

of the time variation of the channel conductandais Btep is very simple if the channel
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conductance variation with the LO voltage as presenn Figure 4.3 is known and
mathematically modeled. This variation is surelyigdical as the LO signal, so it can be

expressed as a Fourier series expansion with kr@g\k/ncoefficients:

¥
2 —_ Jkmg ot
gD[uGS(t)] = Gye™ 4.1
k=-¥
Where: Jp — channel conductance variation with the LO harnmercitation,
Gdk — frequency conductance coefficient of the Fowsaaies,
Lo — frequency of the LO signal.

The equivalent circuit presented in Figure 4.4 banadopted if the transistor is excited
with the small signal of RF frequency applied & timain and the channel conductance ex-

hibit a frequency dependent value as expresseti 1i). (

Rd D Rd D
T VWW—e WW—e
Cyd Ga(ues, Lo) <=> Gy(ugs, Lo)
C
Rg gs Rs Zo( RrF) Rs Zo( re)
G S
Zo( rF) urcos (- ret) UtCos ( ret)
Zo( )

Figure 4.4. Small signal equivalent circuit of theresistive gate mixer

When a small-signal single-tone voltage at thedesgy RF is applied at the channel
conductance, currents and voltages are generatdte inircuit at alk- o+ ¢ frequen-

cies, were | are the frequencies closest to DC arising froraafidown-conversion of the
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RF excitation. At each of these frequencies, plrasgpresent these voltages and currents.
The sum of these voltage phasors on the channdlictance is:

: 4.2
k=-¥
Where: GDS('[) — total small-signal voltage on the time varyimmpductance,
UdSk — voltage component at the mixing frequeRcyo+ I,
Lo — frequency of the LO signal.
IF — frequency of the IF signal.

The sum depicted in 4.2 is not a Fourier seriesaaum of phasor components. Expressed
in this way, GDS(t) Is complex, not a real function of time, and tirewanflex is used to

emphasize this point. For the currents, the sanidshioue. The drain current can be

therefore expressed as:

b(t)= 1 kel 4.3
k=-¥
Where: iD (t) - total small-signal current through the time vagyconductance,
Idk — current component at the mixing frequekcyot k.
Lo — frequency of the LO signal.
IF — frequency of the IF signal.

Although the summations in (4.2) and (4.3) are @reinfinite number of terms, the circuit
will only produce a limited number of mixing prodscowith significant amplitudes. The

summation will be further limited tol [-N,N].
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Figure 4.5. Complete spectrum of voltage and currda in the circuit for N=3

Figure 4.5 represents the entire spectrum of fnecjes, which are generated in the circuit
considering the RF signal so small in the amplittiée the mixer can be consideretina

ear time varying device. The intermediate frequengyis preferred over the gr for sim-

plicity.

When the RF excitation is small enough, the cusramid voltages on the drain conduc-
tance will contain no higher harmonics of the R&gfrency. If the amplitude of the RF
signal increases, the mixer will exhibitraldly non-linearbehavior. Concomitantly, higher
harmonics of the RF frequency will be generatedambination with the higher harmonics
of the LO frequency. Considering for the moment the is not the case, one can express

the relation between the current and the voltageslated by the drain conductance:

iAD (t): gD[aGS(t)]mADS(t)a 4.4
Substituting the equations (4.2) and (4.3) intd)4jives the relation:

N _ N N _
Id, )eJ(IWLO+”/IF)t = de>Udsn )el((m"”)WLo"'WlF)t ’ 45
I=-N nme- N == N
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Separating the terms at the same frequency on sdehand expressing them in matrix

form gives:
l N Go Gl GN G—N—l GZN U N
I—N+1 Gl GO G—N+1 G N G—2N+1 U—N+1
|1 GNl GNZ G-l G-z GNl U1 4.6
Io = GN GN 1 C""o G-l G N X Uo , '
Il GN+1 GN G1 GO G—N+1 Ul
IN 1 GZN—l GZN—Z GN—l GN 2 G 1 UN 1
IN GZN GZN—l GN GN 1 Go UN

In the above equation, the indexel ‘and ‘ds” were omitted from the currents, conduc-
tances and voltages to facilitate the reading. tEhes in the two dimensional matrix are
the Fourier series components of the conductanasefaan between DC anaN™ har-

monic.

Currents and voltages at the same frequency aatedebyG,, the DC component of the
Fourier series, which is obviously a real componéiit other conductance components
can be complex values. The matrix in equation (&.@plled theconversion matriof the

time varying conductance.

One can recognize a clear regularity in the pasitbthe terms of the conversion matrix
G. They are all located as if the matrix was filleg simply horizontally shifting to the
right the4N+1vector Gon Gna ... @ ... Gonez  Gon and retaining only the
middle 2N+1 positions. A matrix in which the elertenerify the relatiorg;=t;;, where
thet;; are the elements of a line vector, as is the ob&g is called a Toeplitz matrix and

can be used to represent a linear convolution taa@ix-vector product.
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Linking the conversion matrix formalism with theyit side equivalent circuit in Figure
4.4, we can now write the global relationship o€ tdrain current for all involved

frequencies:

I =Gy U, [1+G, Ry +R, +2Z, )", 4.7

where all linear elements of the circuit are expeesas diagonal matrixes with the values
at each frequency written on the main diagonalvigglthis system of equations, one can
estimate the conversion loss of the mixer and thkioterms implying superior harmonics
of the LO signal. Still, the intermodulation behavof the mixer is impeded by the as-
sumption that the transistor is linear concernlmgRF excitation. This assumption will be
abandoned in the next subchapter, the transistog lm®nsidered as havingnaildly non-
linear dependencen the RF excitation.

4.3. Mixer Small-Signal Distortion Analysis

As stated before, the resistive mixer is principallvoltage controlled (time variant) con-
ductance. The current that flows through this catahce was considered linearly depend-
ent on the drain-source voltage. However, as oneobaerve in the V-1 diagram in Figure
4.6, this linearity condition is limited for smamplitudes of the input voltage.
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Figure 4.6. Measured channel current as function ofboth drain and gate bias voltage for the
HCMOS transistor with L=0.13 pm, W=40 um and 10 firgers

If the RF signal amplitude increases, the linegsraximation become inaccurate and a
Taylor series approximation must be applied. Theetdependent relation in equation 4.4

can be now written as:

Io(t) = 9o [Ges(t) Gos ()] s 1), 4.8

where the channel conductanfg, dependes now not only on the LO excitation bub als

on the momentary amplitude of the RF signal.

In this situation the channel conductance becomisia variant non-linear element that
can be approximated with a Taylor series expanggdj. If the measured channel
conductance can be mathematically modeled with gim@ccuracy up to a high enough
order (three for weakly non-linear systems, ashis tase), than the intermodulation
behaviour of the mixer can be correctly estimafg8]j.
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The channel conductancg, and all its differentiated components in the Tayeries

expansion will fluctuate with the ¢ frequency. The Taylor series can be written as:

gD[GGS(t)’GDS(t)] = gD[aGS(t)’O] ﬂgD[UGS() ) S('[)]XGDS('[)"'

et
{ps (t)=0
1 ﬂng[aGS( ) GDS(t)] A2
+— UL+
2! 1624 (t) os(!) | 4.9
s (t)=0
lﬂngo[aes( )’GDS( )]
- 10, (t ugs(t)
uDS O
or in compact form:
gD(t) = gD,l(t) + gD,Z(t) >1]Ds(t)'l' Ops(t) >1jlg,s(t)'|' 4.10
where
gy (t) = 1 T | [Ues(t)’ DS(t)]
o ! ﬂuDS(t) ’ 4.11

uDS O

e., the derivatives are time-varying witﬁbs(t) and their waveforms, not their static

values are of primary concern.

The very first component in the seriépi(t) = gD[aGs(t)io] is the one expressed in

equation (4.1) through its Fourier expansion aneduir the entire conversion matrix

formulation.

The conductance current in equation (4.8) can be& egpressed based on the new

formulation:
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iAD (t) =0p.(t) x’jDS(t) +0p,(t) >1]és(t)"' Op5(t) >‘ﬁgs(t) t.., 4.12

In the equation (4.2) the drain-source voltd:ggg (t) was defined as a sum of harmonics

at frequency combinations & o+ | which can be described as intermodulation
products of first order. The same voltage in thedipn (4.12) will consist of

intermodulation products of all orders at frequesdikek- o+tn- .

In order to further simplify the intermodulationaysis, it will be assumed that all voltage
products for which n 2 are shortcircuited at the load so that the akoit voltage will be

limited to first order intermodulation productsdik- o+ .

The second-order components of the drain currémz contain frequencies like

k- Lot2- ¢ and are synthesized from:
I52(t) = 9o (1) Xps , (t) + 9o, (1) 36, (1), 4.13

The second order excitatidﬁD,Z is considered short-circuited as assumed abovihato

only the second term in Equation (4.13), igib,z(t)’ﬁos,l(t) will remain. This means that

the second order intermodulation performance oftittiesistor mixer depends exclusively
on the time variation of the second-order deriv&at¥ the drain conductance represented in

Figure 4.7.
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Figure 4.7. Second derivative of the channel condtance vs. gate bias voltage (left) and its time
variation (right) for a harmonic excitation of a HCMOS transistor gate with L=0.13 pm
and W=40 pm

Like in the large signal analysis of the transistoxer, the second derivative of the chan-

nel conductance can be expressed as a Fouries:serie

K .
gD,Z[GGS(t)’O] = Gy, eJkWLOt, 4.14
k

Where: 0Op, - second derivative of the channel conductancatiam with the LO
harmonic excitation,

G4 — frequency coefficient of the Fourier series eygpan of the second

k
derivative of the channel conductance,

Lo — frequency of the LO signal.

On the other side, the square of the drain volfageorder excitation can be expressed as

a double sum:
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K

K
U, U, g (KLk2 o +(wge e )
S

(5s,(t) = , 4.15

NI

k1 k2

Where: Upg,(t) - square of the first-order voltage on the timeyiray conductance,

U, voltage component at the mixing frequekcyo+ |,
Lo — frequency of the LO signal.
IF — frequency of the IF signal.

It can be easily observed that the terms of thims sull contain either the double of the IF

frequencyk- o+2- ¢ or only harmonics of the o without any | components.

The second order component of the drain curr.ktﬂi, can now be expressed like in Equa-

tion (4.5)

N 1 K K K Gd’2k1>U XJ X

|, el (Mot thsn)t - dsk2 ~ T dsk3
2

o RN (SR RO I A 4.16

Another separation on terms with same frequenclypeilmit a tri-dimensional conversion
matrix representation similar with the one exprdsseEquation (4.6). The IF frequency
terms in Equation (4.16) are those for whicht+k2+k3=0. In the case of the FET mixer
circuit, the dominant terms are those for which khéerms are relatively small (e.qg.
{k1,k2,k3={0,1,-1}), therefore the first two lower harmorsf the channel conductance
derivative accounts for the second order intermatth performance. In very strongly
nonlinear circuits like the diode mixer, the highermonics of the channel conductance

derivation may become significant though.

The third order terms of the drain curre'hjﬁ, are found similarly. Its expression is:
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iAD,3 (t) =0p, (1) Xps 5 (t) +2xg,, () Xps , (t)XGDs,l (t) +0p5(t) xais.l (t) 4.17

whereas the last term is the dominant one anditbietérm can be ignored because the
aDs,s(t) Is considered short-circuited at the load. Th@sdderm describes the third-order

IM distortion resulting from second-order voltagemponents at the gate; these result from
the feedback and are likely to be so small thatnagan be ignored. The remaining third
term contains the third derivative of the chanratductance with the gate voltage. This

dependence together with its waveform is depiateféigure 4.8

Again, can be observed a periodical variation efttiird derivative of the channel conduc-
tance with the LO excitation. This fact permits theurier series expansion like in the

precedent case:

K .
b3 [Oes(t)!o] = Gy ,3keJkWLOt : 4.18
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Figure 4.8. Third derivative of the channel condudnce vs. gate bias voltage (left) and its time
variation (right) for a harmonic excitation of a HCMOS transistor gate with L=0.13 pm
and W=40 pm
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The third order drain currents arising from theabexpressions are:

1K K KK Gd,3k1>Udsk2>Udsk3>Udsk4x

'd'3(t)_§ o ra ca @GO o st ) 4.19

The frequency components resulting from Equatiori9y contain the combinations:
k- 1ot3- randk- ot ¢ whereas the last combination is of great impoedoc the in-
termodulation analysis representing the frequenbgres the third order intermodulation
performance is evaluated. All the theory developetl now started from the simple sup-
position that the drain of the transistor is extwath a single-tone signal at the frequency
RF- SUpPpoOsing that there is a two-tones excitati@s@nt at the transistor drain at the fre-
quency combination reit rr2, the third order drain currents will contain tiiewanted
frequency combinations: 21— 2, Which will fall in the IF band and cannot be diled

away.

In order to probe the above presented theory, resisr model was numerically imple-
mented and simulated. For this scope, the generalbge numerical computing environ-
ment Matlab from MathWorks has been used. The istmrsmodel is based on the work
published in [64], which was modified to fit theVl/characteristics of the measured

HCMOS 0.13 um transistor used in the mixer circuit.

The junction capacitancé&3s;s andCgp were considered linear and were not modeled for
the simulation. The simulations were made with Mewy frequency excitation signals (50
MHz and below) in order to avoid the influence loé junction capacitances. The simula-
tion results were compared with measurements madieeasame frequencies. The test
transistor mixer was not optimized with respectaooversion gain or input/output imped-
ance matching. For measurement purposes, thetestuse containing singular transistors
on the mixer chip where used.

The simulation program written in Matlab calculatee Fourier transformation of the
channel conductance and its derivatives with the g&s voltage, where the channel con-
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ductance and its derivatives was modulated by ak€xation with the voltage amplitude
of about 0.5 [V] and a variable DC bias in the ®af@...1] [V]. The higher harmonic

components of the drain-source voltagiqas(t), containing frequency terms like

k- Lotn- |, wheren 2 were not considered during the simulation. Thst fihree har-
monics of the channel conductance derivative welded in magnitude considering that
their phase remains constant with the bias voltadeD amplitude.

Based on this simulation, the conversion loss aedltird order intermodulation products
were estimated. A comparison between the simulahthe measurement results is de-
picted in Figure 4.10. The comparison shows a gmmsistence between the third deriva-
tive channel conductance variation with the gases la@ind the third order intermodulation

power of the measured one transistor mixer.

Figure 4.9. Conversion gain (left) and third orderintermodulation output power (right) of the one

transistor mixer vs. the gate bias voltage, simulad and measured values

In a second stage, the dependency of the channdlictance and its derivatives with the
LO amplitude was simulated. The gate bias was &ept constant value of 0.34 [V] and
the LO amplitude was swept so that the availablevgwovaries in the range

[-10...10] [dBm]. The simulated and measured resarésdepicted in Figure 4.10. Again, a
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good agreement can be observed between the thinhtlee of the channel conductance

and the third order intermodulation power overltepower range.

Figure 4.10. Conversion gain (left) and third orderintermodulation output power (right) of the one

transistor mixer vs. the LO available power, simuléed and measured values

The above-depicted comparisons demonstrate theatibude of the theoretical approach
described here. Nevertheless, the method of intdutation performance evaluation de-
scribed here is either complete, nor it providesetl solutions for the mixer optimization.
The only objective of the method is to demonstthte dependence between the channel

conductance derivations and the intermodulatiorateh of the transistor mixer.



Chapter 5.

Reconfigurable Receiver Demonstrator

5.1. Introduction

The present chapter describes the concept anddperties of the reconfigurable receiver
demonstrator realized within the “Mobile, reconfighle multi-standard terminal for
UMTS and WLAN" project. The demonstrator is ableréceive RF signals belonging to
the UMTS or wireless LAN standards and to transftiiem in base-band signals ready to
be digitized by an AD Converter. The demonstrasonat meant to be a fully functional
receiver front-end, but rather a system that detnates the principles of reconfigurability
and reusability. It is also meant as a test boarcdséme of the key functional blocks that
were developed within this project in line with tepecifications defined for a real re-
ceiver. In addition to the reconfigurability pripte, the demonstrator means also to prove
the possibility of combining two different receivarchitectures like direct conversion and
half-frequency super-heterodyne in the same syatairto point out the relevant problems
of this solution. Except for the key functional tks developed within this project (WLAN
mixer and LNA, UMTS LNA and the 1Q demodulator migk all other functional blocks
used in the demonstrator are purchased componeatherefore not always fully matched

to the receiver specifications.
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Concerning the principle of reconfigurability, ita from the beginning defined as the ca-
pacity ofalternatively &nd notconcomitantlyreceiving one of the above mentioned stan-
dards. This definition provides the possibility ¢ptimize the signal processing path

applying the principle of reusability.

The combination of two different receiver architees in the same system creates new
problems that are accentuated by the reusabilisoofe functional blocks. The signal iso-
lation between the different receiver paths ordiseonnection of the temporarily not used

functional blocks are examples of such problemsdhaopen to further examinations.

The demonstrator is able to down-convert signakhénfrequency band between 2.11 and
2.17 GHz belonging to the UMTS standard, and botheAcan and European WLAN
standards IEEE 802.11a and HIPERLAN/2 that occingyftequency band between 5.15
and 5.825 GHz. The frequency allocation is graplyichsplayed in Figure 5.1 below.

Figure 5.1. Frequency allocation for UMTS and WLANstandards

5.2. Demonstrator Concept

The architecture of the demonstrator is based erctimbination of a zero IF receiver for
UMTS signals and a half-IF super-heterodyne recdimeWLAN signals. This hybrid ar-
chitecture provides the maximum number of reusélohetional blocks by setting the IF
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band of the WLAN receiver very close to the RF bafhdhe UMTS receiver. This way,
the receiver chain behind the first WLAN mixer aage the same functional blocks pro-
vided by the direct conversion receiver. As one @aserve in Figure 5.2, beginning with

the power divider, all functional blocks are comnfonboth architectures.

Figure 5.2. Demonstrator architecture (the shadedlbcks are not on the experimental board)

The central functional block represents the Stah@awitch that determines which signal
will be processed at a time. On the other side,trobthe functional blocks are controlled
in order to establish an optimal path of the sigira to increase the isolation between the
different standard signals. The receiver will psx@nly one standard at a time, either
UMTS or WLAN. When the receiver down-converts thgnal coming from the UMTS
board input, the WLAN path is idled. The same hagper the WLAN signal reception.
The idling means that the LNA and the mixer in theeption path of the unused standard
are not getting any DC power nor an LO signal (ttieer). In order to further separate the
signals coming from the two antennas, a RF swigbuit in place that brings a further 30
dB isolation between the path from the unused sti@hdignal and the working receiver

path. The variable gain baseband amplifiers togethth the AD Converters have not
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been implemented on the test board, but used tepafar measurements, therefore they

are separated by a dashed line in Figure 5.2
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RF Signal Generator | | umTs UMTS LO Spectrum Analyzer
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2832 88— | Ve T apL: 8222
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Figure 5.3. Demonstrator concept

The concept of standard switching implies threéediint processes. The first takes action
in the RF path and switches the link between theepalivider on the common path and
the UMTS LNA or the WLAN mixer respectively. Thecemd process implies switching
off the active functional blocks belonging to thet msed receiver path. This assures a
greater isolation between standard signals andcesdthe current consumption. The third
process establishes the frequency of the locallatses used for the system mixers. All
three processes take place simultaneously. Thdagcwafion is responsible only for the
first process, the control bus, on the other ssdeesponsible for the off switching and for
the control of the LO frequency. The demonstratiters the possibility of switching not

only between the two types of standards but alsmsing a specific channel within one
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standard type. The channel selection is made Wwelsame control bus and is commanded
with a special hardware present on a separate basalso depicted in Figure 5.3.

The measurement signals were generated using agR& generator and delivered to the
test board through coaxial cables. Each transmmssiandard follows at the beginning a
separate path in which the signal is amplified &hered. After the standard switch, the
RF UMTS signal or the IF WLAN signal, both ampldiend filtered, are delivered to a
common wide-band 1Q demodulator. The obtained iasphand quadrature signals were

analyzed with a signal vector analyzer or withdlgmal spectrum analyzer.

5.3. Practical Realization of the Experimental Boar d

5.3.1. PCB Layer Structure

The demonstrator board was realized on a four IRg&B whose dimensions are approxi-
mately 15x10 cm. The upper layer is based on afneggluency RO4003 substrate material
with a dielectric constard, of 3.38. On this layer are driven all high freqogpaths. The
lower substrates are made from the usual FR4 rahtbat is not critical for low frequency
circuitry. The substrate dimensions, along with #mire board layer structure, are de-

picted in Figure 5.4.

The high frequency lines are designed a¥\aficrostrip lines with circa 0.43 mm width.

In order to avoid coplanar coupling effects we hkegpt a large distance between the RF
lines and isolated them from the other DC linesulgh ground vias along their sides. The
first middle metal layer was defined as ground eland covers the whole layer surface
excepting the vias of the signal and supply lirldse second middle layer is defined as a
power plane and is splat into several regions ddipgron the voltage level needed for the
components above. Totally, there are five regiomsesponding to the 20, 12, 7, 5 and
3.3 V. All vias in the demonstrator board are tlylmwias (from one side to the other of

the circuit board), fact that simplify the fabriat process and reduce the total cost.
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Figure 5.4. Board layer structure

The demonstrator is supplied with two differenttage levels at 20 and 7 V respectively.
All other voltage levels needed by different comguatis are obtained through voltage regu-
lators. The supply voltages are DC coupled withfiR€rs at the input so the actual volt-
age coming from the supply sources must be sligathyer than 20 and 7 V respectively in

order to overcome the voltage fall on the resisanfcthe filters.

5.3.2. Mixer Bonding Structures

Figure 5.5. Demonstrator board

The bright color structures depicted on the lefardoin Figure 5.5 are the support struc-

tures for the mixers together with the baluns drekias networks. These structures were
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separately developed as bonding structure for alsmehange in case that one of the mix-
ers does not function as expected

The bounding structures (Figure 5.6) are doublerlayrcuits created on the same RO4003
substrate as for the high frequency materials enntlain board. The structures are gold
plated for a better bonding with gold wires. Be@atlse mixers are balanced circuits and
the input and output circuits are single ended elgs) we have used Baluns like FB850
(WLAN RF) and FB650 (WLAN IF, UMTS RF) from Anaren.

14.5 mm 16.5 mm

A

A
\ 4

8.0 mm

Figure 5.6. Bonding structures for WLAN Mixer (left) and 1Q Demodulator Mixer (right)

5.3.3. RF Test-Board Description

Considering the fact that the LO baluns are redli#gth transmission lines that act as
short circuit at DC, we have realized the bias onetwsing only one voltage divider as

depicted in Figure 5.7.

As already described in the previous chapter, tMTS receiver part corresponds to an
zero-IF architecture. Along the receiver path, sfgnal is first filtered with a SAW filter

from EPCOS with a center frequency of 2140 MHz aqhss-band of 60 MHz. The signal
is afterward amplified and delivered to the IQ démator that down-converts it into the
baseband. The WLAN signal goes through a littleermymplicated path, being after the

filtering and amplification process, first down-e@nted to a intermediate frequency be-
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fore being delivered to the 1Q demodulator. Thernmediate frequency is exactly the half
frequency of the WLAN RF frequency and is in theginency domain between 2.5 and
2.9 GHz. That fact eliminate the need of a imageguency filter before the WLAN mixer
because the image frequency is in the basebant dittér by the AC coupling capacitors
and the band filter at the input of the receivere Btandard switch assures a signal isola-
tion of about 30 dB between UMTS and WLAN signatel & DC switch at the supply
voltage of the LNA's that switches off the unusedjpdifier will further increase this isola-
tion. Both switches are controlled with a mechanseegtch that is placed between the two
WLAN and UMTS input connectors. In the assemblycpss of the demonstrator, we had
great difficulties to mount the WLAN amplifier oimé board. That fact was due to the
UCSP package of the amplifier that needs about 800f the area where the chip is lo-
cated in order to make its solder balls to flow.s&th higher temperature, our board bent
because of its relatively unsymmetrical layer stuieee and formed blisters at the lower
layer. After few try and error cycles we had togyiyp for a new redesign of the board and
replaced the amplifier with a simpleV@resistance. A new redesign of the demonstrator
should include the self-designed WLAN amplifier aiiniwill be bounded on test structures

like the mixer circuits.

Figure 5.7. The LO input balun together with the bas network
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The LO signals for the IQ demodulator and the WL#AlXers are delivered by two syn-
thesizers from Synergy. Although the original rgeeiarchitecture includes only one wide
range synthesizer, there was no synthesizer alaitabthe market that can cover the en-
tire frequency domain between 2.1 and 2.9 GHz. O@esignal delivered by the UMTS
signal coincides with the carrier frequency of TS RF signal and corresponds to the
frequency domain between 2.11 and 2.17 GHz. Theakigill be amplified through an
amplifier and delivered directly to the LO switdiat separate the LO signal coming from
the UMTS synthesizer from the LO signal coming frone WLAN synthesizer. This
switch is controlled also as the standard switath e DC switch for the LNA’s by the
mechanical switch presented on the board. The WLENsignal will correspond to a fre-
quency band of [2.59 ... 2.902] GHz and each frequesiequal to the half carrier fre-
quency of the WLAN RF signal. Totally, the WLAN L€dgnals can produce 23 different
frequency signals corresponding to both IEEE 802.44d HIPERLAN/2 standards. The
LO signal delivered by the WLAN synthesizer is atsoplified with the same type of am-
plifier and afterward splat in two. One part of wignal is delivered to the WLAN mixer
and the second part is inputted into the LO swifide two synthesizers need different
supply voltages for their function. The UMTS syrdizer needs 20 V and 5 V supplies and
the WLAN synthesizer need 12 V and 5 V suppliese 28 V supply voltage is delivered
directly on the board as described above, and 2h¢ {oltages is extracted from the 20 V
voltage source with a voltage regulator. The 5 \tage level is also obtained from the 7 V
voltage level through a voltage regulator. Beslue supply voltages, the synthesizers also
need some reference and control signals. The refersignal has a frequency of 10 MHz
but have different forms for UMTS and WLAN synthesis. For the UMTS synthesizer
we need a 5V square wave and for WLAN synthesieeneed a 1 ) sinus wave. The
reference signal is externally provided from thelsade of the signal generator through a
SMA connector on the board and has exactly the foemded from the WLAN synthe-
sizer. The digitalization of the reference sigral the UMTS synthesizer is done with an
operational amplifier and a Schmidt trigger. Alhet control signals like Data In, Latch
Enable and Clock In are provided through a spentalface through the Control Board
that will be described later in this chapter.
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From the LO switch, depending on the standard ithatrrrently in use, the LO signal of
UMTS or WLAN type will enter into a 90° phase shiftIn order to minimize the phase
imbalance produced by the phase shifter we havgries the LO lines of the 1Q demodu-

lator as variable length lines whose length arerd@ned through the proper placement of

a OWjumper.

The LO signal and the UMTS RF or WLAN IF signalg anixing into the IQ demodula-
tor, resulting a low frequency balanced signalcamformity with the standard definition,
this resulted baseband signal carry the informaitiothe 2.48 MHz band for the UMTS
standard and in approximately 10 MHz band for theAN signal. Concerning this fact
we have used operational amplifiers to transfore ltalanced signals into single ended
signals and to add some amplification to the basgisggnal. The resulted signal is output-
ted through SMA connectors that can be observéldeimiddle of the board in Figure 5.5.

5.3.4. Control Board

The core of the control board is the microcontro”Ad89S8252 from Atmel. Its 64 kB

FlashRom program memory is enough for the wholgnam; therefore, no external pro-
gram memory is needed. The FlashRom is writtenutiinathe serial programming inter-
face SPI only once. Afterwards, the functionalifytlee board remains unchanged until a

new upgrade to the board software is made.

The meaning of the SPI port signals is:

SCK- clock signal,

MOSI- data in signal for the controller during praxgpming,
MISO- data out signal for the controller during gn@mming,
RESET- reset signal for the microcontroller.

In order to program the microcontroller, one hasdonect the RS232 port of the computer
to the JP2 port on the board. Because the hardvean@onents that transform voltage lev-
els are placed on the board (DZ1-DZ3, R2-R4), tiemo need for any adapter between
the computer and the control board. During nornperation, the SPI port of the Atmel
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microcontroller is used for communication with Reéntbnstrator board. There is also an
LCD display (W1, DEM16217 from Hitachi) on the bdahat informs the user about the

current state of the demonstrator and the LO freque

The user can change the operation frequency andrrator status (idle/ active) by us-
ing four keys (SW1 — SW4).

The supply voltage for the board is of 7 V. Thisueahas been chosen to keep compatibil-
ity with the values present on the demonstratordodowever, the digital components
placed on the board need 5 V. For this reason|tagestabilizer (U2), together with some

capacitors is used.

54. Performance measurements

In order to prove the functionality of the demoasir, the measurement system showed in
Figure 5.3 was used. The ESG Vector Signal Geneezt38C from Agilent that can gen-
erate RF signals for both UMTS and WLAN standards wsed as signal source.

In order to determine the dynamic range of theivecdront-end, an UMTS signal with
variable power was applied at the receiver input. gidhe frequency of the signal was arbi-
trary chosen as the first carrier in the UMTS bé2atil2.5 MHz), although no difference
was observed for all other carriers in the entiMT$ band concerning the performance of
the demonstrator. The same LO frequency (2112.5)M#éiB set through the control board
for the UMTS synthesizer. The input signal corgdira control channel and several data
channels. Because the baseband amplifiers andBheoAverters are idealized functional
blocks integrated in the measurement instrumemtatice dynamic range of the receiver
front-end is determined exclusively by the totaisedfiigure and linearity of the LNA and
IQ demodulator. The measured dynamic range of teenodistrator ranged from
-90 dBm/3.84 MHz (Sensitivity) up to -20 dBm/3.84H¢l (Maximum input power). These
values doesn't fulfill the UMTS requirements bubyide a first figure of merit for the em-

bedded functional blocks developed for the prepenject. In order to determine the above
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values, the 1Q demodulated signal at the outptit@demonstrator was introduced into the
PSA Series Spectrum Analyzer E4440A from AgilertisTspectrum analyzer can depict
along with the frequency spectrum of the input algriiso the code domain spectrum or the
IQ diagram of the same signal. As depicted in FeguB, the code domain spectrum of the
IQ demodulated signal with the correspondent dathcantrol channels. The input power
was varied until the control channel was not recgghanymore in order to determine the

sensitivity and the saturation point of the receive

Figure 5.8. UMTS code domain and frequency domairpgctrum at the demonstrator output

The same procedure was used also in the WLAN ewdtle,the input signals containing
information on only several of the 48 sub-carriegliencies. After demodulation, the 1Q

signal was depicted by the spectrum analyzer asthi@sn in Figure 5.9.
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Figure 5.9. WLAN frequency domain spectrum at the dmonstrator output

Anyway, there were difficulties in the phase symetization procedure and unacceptable
phase and amplitude imbalances in the 1Q demodullt@se unwanted effects that distort
the 1Q diagram of the demodulated signal appeaauss not all components in the dem-
onstrator fulfill the specifications defined forghreceiver. These non-idealities can though
be eliminated with a redesign of the demonstrabat till contain balancing circuits.

Some of the non-idealities were also partially éliated through some patches made on
the demonstrator board, but more measures are chdedea better functionality of the

demonstrator.



Conclusions and future work

The present thesis focused on conceptual solutiongeconfigurable receiver analog
front-ends with special focus on the mixer cir@evelopment and its performance evalua-
tion. The reason for this thesis is the developnudrd reconfigurable receiver front-end
demonstrator, which is able to process signalsnigghg to the UMTS and WLAN stan-
dards. This demonstrator was developed duringlaatile project between Nokia and the
Technical University of Berlin, Karlsruhe Universiand Dortmund University, which
aimed to develop a reconfigurable mobile termif@deao communicate in both UMTS
and WLAN networks.

The first chapter of the thesis is dedicated to ttieoretical overview of both standard
specifications and receiver front-end solutionsn€&wning the standard specification, the
description was restricted to front-end relevardrahteristics, which permitted the deriva-
tion of the front-end requirements for both UMTSIANLAN standards. Particularly, the

noise figure, intermodulation performance, charseéctivity and saturation level were
the main front-end characteristics derived from s$t@ndard specifications. There were
three methods used to achieve these requiremartiicgtion research, theoretical calcu-

lus and system simulation done with the ADS tooirfrAgilent.

The second part of the first chapter is dedicatethé analysis of different receiver front-
end solutions, which can be used for the standafdsterest. The chapter provides an
overview of the advantages and disadvantages dabks®e possible solutions provide and

deliver the arguments for the choice of the paldicgolution adopted for implementation.
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The chapter concludes with the presentation ofcti@sen reconfigurable receiver front-
end, which is a combination of a Zero-IF architeettor the UMTS standard and a Half-
RF architecture with direct-conversion in the setstage for WLAN. While the Zero-IF
receiver architecture is already a very populantsmh with many advantages and proved
implementations, the Half-RF architecture still haslemonstrate its potential. The work
presented here was the first known attempt to hiseatchitecture in combination with the
Zero-IF architecture. Even if considerably work ambwas invested to define the front-
end specifications, only a further research caweibthese specifications provide a solid
ground for a high-quality receiver. One possibledion of further research is the signal
path optimization with accent on the path isolati@ween the two united architectures. A
good balance of gain, noise figure and intermodutaperformance along the receiving
path is crucial in order to maximize the receiverfprmance. Further methods for the sup-
pression of the DC offset and flicker noise, bpathe IQ amplitude and phase balance
should still be taken into consideration for a lfert development of the presented recon-

figurable architecture.

The focus moves in the second chapter from systsigi to functional block design. The
functional block analysis is restricted in this diseto the frequency conversion blocks.
Given a specific technology (CMOS) an extended \aeer over the different mixer solu-
tions is presented. The most suitable mixer satufio the present project proved to be the
resistive mixer. The advantages of this solutiompared to the transconductance mixer
are its high linearity and the low noise figure,emBs the conversion loss instead of gain
proved not to be so important for the present x&cesolution.

The third chapter focuses on the development ofribxing blocks that fulfill the require-

ments of the reconfigurable front-end. The schemmatid layout design process is de-
scribed in depth and is then followed by a complatasurement stage. In this way, the
performance of both mixers present in the front-snfiilly characterized, together with a

detailed description of the measurement methods.
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The fourth chapter takes a more theoretical appraache resistive mixer performance
analysis. The one transistor mixer is thoroughlglyred with respect to the intermodula-
tion behavior. It was analytically demonstratedt tthee dependence of the derivatives of
channel conductance on the drain voltage is redplenfor the intermodulation perform-

ance of the mixer. This demonstration was basetth@i aylor series approximation of the
time-variant channel conductance. The analyticat@gch is further grounded with meas-
urement and simulation comparisons. These comparisbow that the theory developed
for the one transistor mixer concerning the intedoiation behavior is true. Further work
would imply the single and double balanced transistixer analysis. It is easily demon-
strable that such circuits exhibit a common chamoeglductance which is symmetrically
identical over the gate voltage (LO pump). Thisrakteristic leads to an isolation on odd
harmonics of the LO signal at the IF output anddf@e a much better linearity perform-

ance.

In the last chapter, a receiver demonstrator, wipictctically proves the viability of the
reconfigurable receiver solution is presented him present form, the demonstrator proves
the principle of reconfigurability and demonstraties functionality of the receiver. More-
over, the functionality of several functional blec#eveloped during the project has been
tested and their performance was evaluated un@distreally conditions. On the other
side, some non-idealities present in the recenatfend have been identified. These non-
idealities represent path-to-path isolations, matgiproblems and 1Q imbalances and all

have to be addressed in the subsequent designs.



Appendix A. Mixer Requirements

Parameter Value Unit Remarks
2110 ... 2170 UMTS
2560 ...2690 WLAN
RF frequency MHz
2720 ... 2875 WLAN
2852.5 ... 2922.5 WLAN
2112 ... 2168 UMTS
2590 ... 2660 WLAN
LO frequency MHz
2750 ... 2850 WLAN
2872.5 ... 2902.5 WLAN
IF frequency ~0...20 MHz
_ -64 ... -19 WLAN
RF input power -80 ... -18 dBm
-80 ... -18 UMTS
LO input power 0 dBm
Conversion gain -6 dB
Noise figure 7 dB
[IP3 2 dBm
P2 22 dBm
-9 WLAN
P1dBCP -8 dBm
-8 UMTS
Isolation: LO-RF 50 dB
Isolation: LO-IF 50 dB
Input / Output type Differential
Table A.1. Performance specifications for the I1Q dmodulator mixer
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Parameter Value Unit Remarks

5150 ... 5350 Europe/USA

RF frequency 5470 ... 5725 MHz Europe
5725 ... 5825 USA
2590 ... 2660 Europe/USA

LO frequency 2750 ... 2850 MHz Europe
2872.5 ... 2902.5 USA
2560 ...2690

IF frequency 2720 ... 2875 MHz
2852.5 ... 2922.5

RF input power -75 ... -10 dBm

LO input power 0 dBm

Conversion gain -6 dB

Noise figure 7 dB

IP3 10 dBm

P2 30 dBm

P1dBCP 0 dBm

Isolation: LO-RF 50 dB

Isolation: LO-IF 50 dB

Input / Output type Differential

Table A.2. Performance specifications for the WLANmixer
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